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Abstract
The present study aimed to determine the foliar micro-morpho-anatomical features of in vitro cultured Gardenia jasminoides 
J. Ellis (Rubiaceae) to compare the effect of exogenous supplementation of growth regulators (cytokinins; 6-benzylami-
nopurine and Kinetin), in order to attenuate heterotrophic nutrition (in vitro) induced structural disorders in the proliferating 
shoots. Murashige and Skoog’s (MS) medium supplemented with 2.0 mg L−1 6-benzylaminopurine (BAP) in combination 
with 0.15 mg L−1 indole-3-acetic acid (IAA) was detected optimal for axillary bud induction. Nutrient medium containing 
0.5 mg L−1 BAP and 0.25 mg L−1 IAA was found appropriate combination for proliferation of multiple shoots, and yielded 
37.2 shoots (per explant) with 7.45 cm average length after 2nd subculture (8 weeks). Supplementation of NAA with cyto-
kinins resulted in callus formation. The proliferation of shoots on kinetin (Kn) and IAA combination resulted in the formation 
of fragile shoots and the leaves with increased structural impairments like underdeveloped photosynthetic, vascular, and 
ground tissue systems, non-functional stomata, and reduced vein density. Comparatively, BAP and IAA treatment favoured 
healthy shoot proliferation and development of stable tissue systems with reduced structural abnormalities. Half strength MS 
medium augmented with 3.0 mg L−1 indole-3-butytric acid (IBA) was the optimal medium for root induction (32.0 roots per 
shoot with 3.5 cm in length). The regenerated plantlets showed 97% survival success during acclimatization and exhibited 
normal growth characteristics and morphology. The light microscopic evaluation of foliages provided technical support to 
in vitro regeneration techniques to understand the structural adaptational mechanism of in vitro raised plantlets, thereby 
substantially contributed in the reduction of the rate of mortality of regenerated plants of G. jasminoides.
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Introduction

Gardenia jasminoides J. Ellis belongs to the madder family 
Rubiaceae, and originally found in India, Vietnam, South-
ern China, Taiwan, Japan, Myanmar etc. (Khare 2007; Chen 
et al. 2008). It is commonly known as Anant and Gandharaj 
in India, Zhi Zi in China, and Cape jasmine in English. Gar-
denia jasminoides is an evergreen flowering plant and grown 
in gardens for its heavily fragrant flowers with glossy green 
foliage. The flowers are borne singly or in small clusters with 
white or yellow color; and are often strongly scented. The 
large berry fruits contain a sticky orange colored pulp (Kes-
wick 2003; Chen et al. 2020). A yellow silk dye, ‘crocetin’ 
has been extracted from its flowers and fruits (Hong et al. 
2015; Zhou et al. 2015) and used for dying of cloths, food 
items, and as an adulterant of Crocus sativus (Moras et al. 
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2018). This plant species has been recognized as an ancient 
medicinal herb and mentioned in the Indian, Chinese, and 
Korean pharmacopoeias (Phatak 2015). Traditionally, the 
fruits are used to treat inflammation, headache, oedema, 
fever, hepatic disorders, and hypertension (Koo et al. 2006). 
The topical application of plant extracts on dermatophagoi-
des reduces the symptoms of atopic dermatitis and lowered 
the serum level of IgE (Sung et al. 2014). In modern system 
of medicines, the plant is used for the treatment of ankle 
sprain (Chen et al. 2009), osteoporosis, and melanogenesis 
(Kwak et al. 2013).

Cape jasmine is well known for its antiapoptotic, antian-
giogenic, antiarthritis, antiatherosclerotic, anticancer, antide-
pressant, antihyperglycemic, anti-inflammatory, antioxidant, 
antiprotozoal, antithrombotic, antiviral, neuroprotective, 
retinoprotective activities, etc. and in the treatment of Alz-
heimer’s disease (Wang et al. 2012; Li et al. 2013; Qin et al. 
2015). Apart from crocetin, crocin, geniposide, genipin, 
and geniposidic acid are the major phytoconstituents of G. 
jasminoides, which are responsible for wide spectrum phar-
macological activities (Luo et al. 2014; Wu et al. 2014). 
Approximately, 19 patented reports (Chinese) on pharmaco-
logical, taxonomical, and cosmetic actions of G. jasminoides 
are available in literature (Phatak 2015).

The propagation of G. jasminoides is typically done using 
vegetative stem cuttings, which is a slow method and takes 
time to establish the plants in the field and to achieve flow-
ering. Root-knot nematodes, premature flower wilting, and 
chlorosis even at mild stress are the other constraints. More-
over, vegetative propagation is not a reliable technique and 
it is labour intensive for cultivation of this plant (Kobayashi 
and Kaufman 2006). Therefore, successful micropropagation 
would be a suitable technique to satisfy the farmers, and 
pharmaceutical demands and to ensure supply of standard 
planting material within stipulate time.

Several studies were carried out to optimize the micropro-
pagation system for G. jasminoides (Pontikis 1983; Duman-
ois et al. 1984; Scaramuzzi and D’Elia 1984; Economou and 
Spanoudaki 1985; Mizukami 1989; Al-Juboory et al. 1998; 
Serret and Trillas 2000; Serret et al. 2001; Chuenboonngarm 
et al. 2001; Duhoky and Rasheed 2009; Salim and Hamza 
2017; Amer et al. 2019; Gaber and Barakat 2019; Kadhim 
et al. 2020; Ahmed et al. 2021). But, the rate of shoot pro-
liferation was not effective and consequently, the negative 
impact of in vitro culture environments on shootlet’s mor-
pho-anatomy and ultra-structures was rarely studied (Serret 
and Trillas 2000).

The optimization of various physiochemical factors to 
influence in vitro response in plants often displays certain 
adverse abnormalities in morphology and micro-morpho-
anatomy of the regenerated plants (Isah 2015; Manokari 
et al. 2021a). The characteristic in vitro heterotrophic envi-
ronmental parameters such as high relative humidity, lower 

irradiance, increased minerals and salts contents, plant 
growth regulators, readymade source of carbon, growth 
regulators, and accumulation of ethylene and other gases in 
culture vessel promote anatomical, physiological, and bio-
chemical disorders in plants (Chirinea et al. 2012; Martins 
et al. 2018; Manokari et al. 2021b). The microscopic assess-
ment of in vitro regenerated plantlets revealed the presence 
of underdeveloped cuticular wax deposition, undifferenti-
ated and non-functional epidermal, hypodermal, mesophyll, 
ground tissues, fewer vascular elements, and altered stomatal 
complexes (Barupal et al. 2018; Jogam et al. 2020; Manokari 
et al. 2020, 2021a). These abnormalities led to the loss of 
plantlets during the rooting and acclimatization stages and 
hindered the success of in vitro propagation techniques 
(Bidabadi and Jain 2020).

The study on the influence of plant growth regulators 
(PGRs) on foliar micro-morpho-anatomical characters under 
in vitro conditions could help in the development of effective 
in vitro propagation system, as structural developments are 
directly related to the physiological and biochemical adapta-
tions of the tissue culture raised plantlets. Hence, an effec-
tive regeneration system and a detailed microscopic analysis 
of in vitro leaves of G. jasminoides, with respect to differ-
ent growth regulators (cytokinins; 6-benzylaminopurine and 
Kinetin) at multiplication stage of plant development have 
been investigated in this study.

Materials and methods

Plant material and disinfection treatments

The nodal segments from freshly emerged shoots were 
procured from phenotypically superior plants grown in the 
experimental garden of the institute. The explants (2–3 cm 
long) were disinfected using 0.5% (w/v) aqueous solution 
of systemic fungicide (Bavistin, BASF India Ltd., India) 
for 10 min. Afterwards, the explants were surface-steri-
lized with 0.1% (w/v) aqueous solution of mercuric chlo-
ride (HiMedia®, Mumbai, India) under aseptic conditions 
for 5 min and washed (6–7 times) with autoclaved distilled 
water prior to inoculation.

Optimization of growth regulators for in vitro 
morphogenesis and high‑frequency shoot 
proliferation

The sterilized explants were inoculated aseptically onto 
MS medium (Murashige and Skoog 1962) gelled with 0.2% 
(w/v) plant-gel and fortified with various concentrations (1.0 
– 3.0 mg L−1) of cytokinins namely 6-benzylaminopurine 
(BAP) and 6-furfurylaminopurine (Kinetin/ Kn) alone and 
combined with auxins [0.05–0.3 mg L−1 indole-3 acetic acid 
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(IAA) or α-Naphthalene acetic acid (NAA)]. After 4 weeks 
of incubation, the shoots of standardized length (approx. 
3.0 cm) were sub-cultured for proliferation on MS medium 
fortified with combinations of cytokinins (0.25–1.0 mg L−1 
BAP or Kn) and auxins (0.1–0.5 mg L−1 IAA or NAA). 
The cultures were maintained under in vitro controlled 
conditions (24 ± 2 °C temperature, 16 h/8 h photoperiod, 
35–40 μmol m−2 s−1 irradiance, and 50–60% relative humid-
ity). These cultures were transferred to fresh medium after 
every 4 weeks of incubation and the data on response, shoot 
numbers, and shoot length were recorded.

Effect of plant growth regulators on foliar 
micro‑morpho‑anatomy

Micro-morpho-anatomical characterization of the leaves was 
performed with the samples collected from the optimized 
treatments (BAP + IAA and Kn + IAA derived shoots). The 
samples were randomly collected after 2nd subculture (8 
weeks of growth), and fixed in formaldehyde, acetic acid, 
and ethanol (FAA solution—1:1:3, v/v) for 24 h (Johansen 
1940). Paradermal and transverse sections of the leaves were 
made using a double-edge razor. The sections were cleared 
using 10% sodium hypochlorite (v/v) solution, stained with 
safranin, and assembled on slides using 75% (v/v) glycer-
ine. The specimens were examined using bright field light 
microscope (Leica microscope, model number DM750, 
Leica Microsystems, Heidelberg, Germany) under suitable 
magnification and the structural descriptions were studied. 
Magnifications of the figures were indicated using scale-
bars. The photomicrographs were used to study the compara-
tive foliar micro-morpho-anatomical differentiations.

Rooting and acclimatization of plantlets

The shoots proliferated on optimized medium were selected 
and cultured on half strength of MS medium supplemented 
with various concentrations (1.0–5.0 mg L−1) of indole-3 
butyric acid (IBA) or NAA. After 4 weeks, the comparative 
rooting efficacy was noted and the plantlets were shifted to 
sterilized soilrite® (KelPerlite, Bangalore, India), and mois-
tened with quarter strength of MS macro-salts solution twice 
a day for 4–5 weeks under the greenhouse conditions. The 
well hardened plantlets were subsequently shifted to nursery 
polybags containing garden soil and soilrite® (1:1, w/w), and 
maintained under shadenet, finally the completely acclima-
tized plantlets were exposed for field trials.

Experimental design and data analysis

The experiments were performed in a completely rand-
omized design consisted of 20 replications for each treatment 
and repeated thrice. The results obtained were subjected to 

analysis of variance (ANOVA) and the significance of dif-
ferences among mean values was compared using Duncan 
multiple range test at P < 0.05. All the statistical analyses 
were performed using the SPSS Statistics for Windows, ver-
sion 17.0 (SPSS Inc., Chicago, USA).

Results and discussion

Establishment of cultures

The type and dosage of plant growth regulators (PGRs) 
control the in vitro morphogenetic responses in plants. In 
this study, axillary bud break occurred after 2 weeks of 
inoculation, and significant differences were observed in 
the percentage of induction response and shoot numbers 
among the treatments applied (Table 1). To optimize the 
best effective concentration and type of PGRs on shoot-
bud induction, node explants were placed on the MS 
medium containing different concentrations of cytokinins 
(BAP/Kn) alone or together with auxins (IAA/NAA). 
The highest average shoot establishment (98%) occurred 
on 2.0 mg L−1 BAP combined with 0.15 mg L−1 IAA 
and resulted in the formation of 6.0 shoots with 4.6 cm 
average length (Fig. 1a). The lowest bud break percent-
age (65%) was observed with Kn and NAA combination 
(Table  1). The higher concentrations of PGRs caused 
stunted growth of shoots during culture establishment 

Table 1   Effect of cytokinins (BAP and Kn) and auxins (IAA and 
NAA) on axillary shoot bud induction from nodal explants of Garde-
nia jasminoides 

The values are average mean ± standard error for three replicates and 
the different alphabet indicates significant differences among the 
mean values

Conc. of growth 
regulators (mg L−1)

Shoot induction 
response (%)

Shoot number 
(mean ± SE)

Shoot 
length (cm) 
(mean ± SE)

0.0 0 0.0 ± 0.00j 0.0 ± 0.00i

BAP 1.0 79 3.4 ± 0.25gh 3.0 ± 0.43de

BAP 2.0 94 4.5 ± 0.35c 3.8 ± 0.19b

BAP 3.0 86 3.0 ± 0.12i 3.5 ± 0.31c

Kn 1.0 70 2.2 ± 0.18g 2.6 ± 0.25f

Kn 2.0 83 3.5 ± 0.31fg 3.0 ± 0.19de

Kn 3.0 78 2.6 ± 0.26i 2.5 ± 0.20fg

BAP 2.0 + IAA 0.05 95 5.0 ± 0.22b 3.8 ± 0.28b

BAP 2.0 + IAA 0.15 98 6.0 ± 0.17a 4.2 ± 0.40a

BAP 2.0 + IAA 0.3 90 5.2 ± 0.11d 3.1 ± 0.34d

BAP 2.0 + NAA 
0.15

85 3.7 ± 0.40e 3.5 ± 0.31c

Kn 2.0 + IAA 0.15 89 4.2 ± 0.29d 3.0 ± 0.25de

Kn 2.0 + NAA 0.15 65 3.6 ± 0.33ef 2.3 ± 0.10h
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experiments. Earlier studies on in vitro propagation of G. 
Jasminoides found that B5 medium supplemented with 
10.0 mg L−1 BAP was better than 2iP for shoot induc-
tion (Chuenboonngarm et al. 2001). Kadhim et al. (2020) 
induced shoots from the nodes on MS medium containing 
1.0 mg L−1 BA with adenine sulphate. Salim and Hamza 
(2017) regenerated shoots on MS medium supplemented 
with 3.0 mg L−1 TDZ and 0.3 mg L−1 IAA. The cyto-
kinins (BAP/ Kn) treatment with IAA was more effective 
than NAA, and this was in agreement with Duhoky and 
Rasheed (2009) as they attained maximum of 1.6 shoots 
per explant on MS medium supplemented with 2.0 mg L−1 
BA and 0.4 mg L−1 IAA. 6-benzylaminopurine metab-
olism has been reported to possess positive interaction 
with plant systems as it induces cell division and improves 
developmental metabolism for effective shoot organogen-
esis (Auer et al. 1992; Glocke et al. 2006). 

Synergistic effect of cytokinins and auxins on shoot 
proliferation

The maximum shoot proliferation efficiency was achieved 
when the shoots were inoculated on cytokinins in combi-
nation with IAA. Incorporation of NAA did not seem to 
enhance the rate of shoot proliferation, instead promoted the 
development of callus, hence avoided. The highest prolifera-
tion rate (37.2 ± 0.30 shoots with 7.45 cm length per node 
after 8 weeks) was achieved on MS medium augmented with 
0.5 mg L−1 BAP and 0.25 mg L−1 IAA (Table 2; Fig. 1b). 
This combination has also improved the number and size 
of foliage in cultures. On the contrary, a decreased rate of 
shoot multiplication was observed on MS medium contain-
ing 0.5 mg L−1 Kn and 0.25 mg L−1 IAA (25.9 ± 0.44 shoots 
with 6.0 cm average length). The shoots derived on Kn and 
IAA were weak and with reduced foliages (Fig. 1c).

Fig. 1   In vitro propagation of G. jasminoides via axillary bud break. 
a Shoot bud induction from node explants on MS medium contain-
ing 2.0  mg L−1 BAP and 0.15  mg L−1 IAA. b Shoots proliferated 
using 0.5 mg L−1 Kn and 0.25 mg L−1 IAA after 2nd subculture. c 
Shoots proliferated on 0.5 mg L−1 BAP and 0.25 mg L−1 IAA show-
ing improved quantitative and qualitative morphological traits. d 

Shoot rooted in vitro on half strength MS medium supplemented with 
3.0 mg L−1 IBA. e Hardening of rooted shoots using soilrite® under 
the greenhouse conditions. f Completely acclimatized plantlets of 
in  vitro regenerated G. jasminoides in nursery polybags containing 
garden soil and soilrite®
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The PGRs are the fundamental compounds that regu-
late essential biochemical and physiological metabolism to 
support plant developmental processes responsible for cell 
division, photomorphogenesis and proliferation of shoots 
in vitro (Aremu et al. 2014). Benzylaminopurine is the uni-
versally used cytokinin as it can metabolize immediately 
in plant tissues and enhance the rate of shoot regeneration 
and proliferation (Auer et al. 1992). However, differential 
responses were reported by several researchers on the types 
and optimal concentrations of growth regulators used with 
regard to shoot proliferation in G. jasminoides. According 
to Dumanois et al. (1984), 0.3 mg L−1 BAP with 1.0 mg L−1 
IAA in the medium was effective in multiple shoot produc-
tion. Economou and Spanoudaki (1985) reported maximum 
of 6.1 shoots using 10 mg L−1 2iP after 6 weeks of incu-
bation. Mizukami (1989) produced 5 shoots per culture on 
25 µM 2iP and 12.5 µM gibberellic acid, and induced callus 
for the production of secondary metabolites. A maximum 
number of 19.9 adventitious shoots were regenerated from 
the leaf derived callus using TDZ and IAA by Al-Juboory 
et al. (1998) and Chuenboonngarm et al. (2001) who were 
able to proliferate 7.3 shoots on 10 mg L−1 Benzyladenine 
after 120 days. The synergistic effect of cytokinin-auxin 
combination has been reported beneficial in amplification 
of shoots in G. jasminoides, but the shoot proliferation fre-
quency was comparatively low in previous studies to be used 
for commercial propagation. El-Ashry et al. (2018) regener-
ated a maximum of 2.66 shoots per explant using 1.0 mg L−1 
BA and 0.2 mg L−1 IAA. In contrast to the present findings, 
Duhoky and Rasheed (2009) reported that MS medium con-
taining a combination of 2.0 mg L−1 BAP and 0.4 mg L−1 
IAA could develop 1.6 shoots only, whereas 2.0 mg L−1 

BAP alone regenerated 2.2 shoots (1.8 cm length). Nutri-
ent medium with 5.0 mg L−1 BAP alone proliferated 17.67 
shoots/explants (Nower and Hamza 2013). Salim and Hamza 
(2017) were able to induce 3.8 shoots with 3.28 cm length 
on MS medium containing 3.0 mg L−1 TDZ and 0.3 mg 
L−1 IAA. Amer et al. (2019) recorded a maximum of 4.25 
shoots/explants using 1.0 mg L−1 BAP, and the addition of 
IAA in the medium increased shoot length. According to 
Gaber and Barakat (2019), 2.0 mg L−1 BA combined with 
0.25 mg L−1 NAA could develop 4.0 shoots at proliferation 
stage. In a recent attempt by Ahmed et al. (2021), a com-
bination of 2.0 mg L−1 BAP with 0.1 mg L−1 IBA yielded 
4.8 shoots per explants after 8 weeks of culture. Chen et al. 
(2021) germinated seeds of G. jasminoides and the in vitro 
grown stem pieces were used for further multiplication of 
shoots. These used MS medium with 1.0 mg L−1 BAP and 
0.1 mg L−1 NAA to produce 9.43 shoots with more amount 
of calli whereas, MS medium fortified with 0.5 mg L−1 BAP 
and 0.1 mg L−1 NAA induced 6.25 shoots with less calli. 
The present findings demonstrate many folds proliferation of 
shoots of G. jasminoides as compared to the existing reports.

Effect of PGRs on foliar micro‑morpho‑anatomical 
developments

The optimized growth regulators and physiochemical param-
eters implemented certain inherent micro-morpho-anatom-
ical disorders in leaves under in vitro conditions and sig-
nificant differences were observed in the foliages developed 
on BAP + IAA and Kn + IAA media combinations after 2nd 
subculture (incubated under same culture conditions).

Analysis of foliar anatomical characteristics

The leaves derived from Kn and IAA treatment composed 
of thin midrib, fragile lamina with two layered palisade, 
and 2–3 layered spongy parenchyma tissues (Fig. 2a). The 
midrib possessed thin walled epidermal cells, followed by 
2–3 layered collenchymas tissues, and thin walled globular 
ground tissues (Fig. 2a–c). The vascular bundle was con-
cave in arrangement with underdeveloped and few xylem 
elements facing adaxial surface and thin phloem ring around 
the xylem elements (Fig. 2b). Whereas, the leaves from BAP 
and IAA combination possessed thick walled epidermal 
cells, dense deposition of cuticle on lamina, well organized 
palisade and spongy parenchyma, ground tissues, and vas-
cular elements (Fig. 2d–f). The transverse sections of leaf 
revealed thick midrib and lamina. The midrib consisted of 
thick walled epidermal cells, 4–5 layered collechymatous 
hypodermis, and several layered well developed parenchy-
matic ground tissues without intercellular spaces (Fig. 2d). 
The mesophyll was made of 3 layered palisade and 4–6 
layered spongy parenchyma tissues (Fig. 2f). The vascular 

Table 2   Statistical comparison of different hormonal treatments on 
multiple shoot proliferation of G. jasminoides 

The values are average mean ± standard error for three replicates and 
the different alphabet indicates significant differences among the 
mean values

Conc. of growth regulators 
(mg L−1)

Shoot number 
(mean ± SE)

Shoot 
length (cm) 
(mean ± SE)

BAP 0.25 + IAA 0.1 22.0 ± 0.25f 4.00 ± 0.17h

BAP 0.25 + IAA 0.25 29.0 ± 0.45d 5.30 ± 0.20d

BAP 0.25 + IAA 0.5 25.0 ± 0.11e 5.00 ± 0.25e

BAP 0.5 + IAA 0.1 31.0 ± 0.57c 6.30 ± 0.30b

BAP 0.5 + IAA 0.25 37.2 ± 0.30a 7.45 ± 0.22a

BAP 0.5 + IAA 0.5 34.5 ± 0.44b 5.60 ± 0.39c

BAP 0.5 + NAA 0.25 20.0 ± 1.00g 4.90 ± 0.30f

Kn 0.5 + IAA 0.1 18.0 ± 0.37h 5.28 ± 0.19d

Kn 0.5 + IAA 0.25 25.4 ± 0.44e 6.00 ± 0.25c

Kn 0.5 + IAA 0.5 20.0 ± 0.30g 4.40 ± 0.42g

Kn 0.5 + NAA 0.25 15.6 ± 0.19i 3.00 ± 0.55i
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tissue system presented comparatively advanced structural 
features such as thick walled xylem and clear phloem tis-
sues (Fig. 2e). More calcium oxalate druses (Fig. 2d) and 
improved vascular tissues were detected in lateral vascular 
bundles of BAP and IAA derived leaves (Fig. 2f), whereas, 
few and underdeveloped druses and less number of vascu-
lar elements were observed on Kn and IAA derived leaves 
(Fig. 2c).

Comparative evaluation of stomatal apparatus

Leaves of G. jasminoides were amphistomatic, characterized 
by paracytic stomata. The comparative study of the struc-
ture, development, and distribution of stomatal apparatus 
from the leaves derived from BAP + IAA and Kn + IAA 
revealed that the foliar developments in both treatments 
have undergone significant changes. The leaves developed 
on Kn and IAA combination possessed undifferentiated sto-
mata with higher stomatal index (53.0 ± 1.70) and number 
of contiguous stomata (Fig. 3a). The stomata of BAP and 

IAA treatment were responsive to culture environment, uni-
form in size, and distributed with reduced stomatal density 
and index (22.8 ± 1.13). The contiguous stomata were rarely 
detected in these leaf samples (Fig. 3b).

Influence of growth regulators on vein architecture

The foliages of G. jasminoides possessed reticulate venation 
with vein-islets and veinlet terminations. The combinations 
of growth regulators considerably affected the second and 
third order veins development, but did not affect the dis-
tribution pattern of the first order of veins. The number of 
vein-islets and veinlet termination formation were few in the 
leaves developed from Kn and IAA treatment as there were 
more spaces between the veins (Fig. 3b). Whereas, BAP and 
IAA derived leaves possessed relatively organized order of 
veins, reduced spacing, resulted in the increased vein density 
(Fig. 3d). In general, vein-islets were rectangular shaped and 
the veinlet terminations were simple. The higher vein-islet 
density (23.6) and veinlet terminations (12.0) were observed 

Fig. 2   Effect of cytokinins and IAA on foliar anatomy in G. jasmi-
noides at multiplication stage (ABS abaxial surface, ADS adaxial sur-
face, black arrow stomata, CO collenchyma, CU cuticle (red arrow), 
EP epidermis, GT ground tissue, LVB lateral vascular bundle, MX 
metaxylem, PH phloem, PL palisade parenchyma, PX protoxylem, SP 
spongy parenchyma, VB vascular bundle, (*) calcium oxalate druses). 
a Transverse section (T.S.) of the in vitro derived leaf on Kn and IAA 
containing medium representing underdeveloped structural features. 

b T.S. of midrib showing underdeveloped vascular elements and 
ground tissues. c Cross section of the lamina cultured in Kn and IAA 
medium showing reduced mesophyll tissues. d T.S. of leaf derived 
from BAP and IAA combination with comparatively improved struc-
tural parameters. e Effect of BAP and IAA on the development of col-
lenchymas, ground tissues, and vascular elements in midrib portion. f 
T.S. of lamina with increased density of mesophyll tissues
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with the leaves derived from BAP and IAA, whereas, Kn 
and IAA derived leaves possessed comparatively reduced 
vein-islets (14.0) and veinlet terminations (5.0).

Though the heterotrophic culture conditions implemented 
common in vitro induced structural aberrations, the leaves 
of shoots grown in BAP + IAA containing medium found to 
posses superior features which can withstand rooting and 
acclimatization stress factors than the Kn and IAA derived 
leaves. The micro-morpho-anatomical studies of the foliar 
apparatus of BAP + IAA and Kn + IAA derived shoots 
revealed developmental changes in stomatal complex, vein 
architecture and internal anatomy, which took place as the 
leaves developed in different hormonal conditions. These 
changes in structure are responsible for establishing proper 
physiological and biochemical metabolisms during shoot 
development (Shekhawat and Manokari 2017; Revathi et al. 
2018; Rajput et al. 2020).

Besides culture proliferation, the type of growth regula-
tors may also affect the structural development of in vitro 
cultured plants (Eburneo et al. 2017; Martins et al. 2018). 
The combination of benzyladenine and IAA stimulate axil-
lary growth by promoting increased upward movement of 
nutrients (Black and Osborne 1965). The abnormal stoma-
tal functionality and higher density of stomata on cytokinin 

enriched medium in vitro has been well discussed in various 
reports (Martins et al. 2014; Shekhawat and Manokari 2016; 
Pereira et al. 2016; Wafa et al. 2016).

Taken together, the results suggest that shoots proliferated 
using BAP and IAA combination showed the most promis-
ing structural stability. This could be of pivotal importance 
to optimize the appropriate growth regulators for effective 
plantlet production with functional photosynthetic organs.

Rooting of proliferated shoots

A good number of roots were successfully induced from the 
cut ends of the in vitro produced shoots using various con-
centrations of IBA, IAA and NAA in almost all the previous 
tissue culture/micropropagation studies in G. jasminoides 
(Pontikis 1983; Dumanois et  al. 1984; Scaramuzzi and 
D’Elia 1984; Economou and Spanoudaki 1985; Mizukami 
1989; Al-Juboori et al. 1998; Serret and Trillas 2000; Ser-
ret et al. 2001; Chuenboonngarm et al. 2001; Duhoky and 
Rasheed 2009; Salim and Hamza 2017; Amer et al. 2019; 
Gaber and Barakat 2019; Kadhim et al. 2020; Ahmed et al. 
2021). In the present study, roots were induced from the 
shoots on all types and concentrations of auxins tested, but 
significant differences in the mean number and length were 

Fig. 3   Stomatal and vein 
density of G. jasminoides as 
in vitro response of different 
hormonal treatments (CS con-
tiguous stomata, EP epidermal 
cells, PS paracytic stomata, VI 
vein-islets, VT veinlet termina-
tions). a Impact of Kn and IAA 
on increased stomatal density 
and structural abnormalities in 
leaves. b Underdeveloped vein 
density of leaves derived from 
Kn and IAA medium. c Struc-
tural stability and stomatal den-
sity of leaves developed on Kn 
and IAA containing medium. d 
Increased venation pattern and 
vein density of leaves derived 
from BAP and IAA medium
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observed (Table 3). In general, NAA and IBA play crucial 
roles in root induction and development (Cui et al. 2019; 
Kannan et al. 2021; Manokari et al. 2021b). Half strength 
MS medium augmented with 3.0 mg L−1 IBA resulted in 
100% rooting of shoots, and 32.0 average number of roots 
with 3.5 cm length of roots after 4 weeks of incubation 
(Fig. 1d). In contrast, implementation of NAA (3.0 mg L−1) 
had a low rate (about 83%) of induction of adventitious 
roots from shoots (24.8 roots). These results were distinctly 
corroborated with the optimal auxin type for effective root-
ing in other woody plants of the family Rubiaceae such as 
Morinda citrifolia and M. coreia (Shekhawat et al. 2015a, 
b). Whereas, a maximum of 20.66 roots/shoot was reported 
by El-Ashry et al. (2018) on 2.0 mg L−1 each of IBA and 
NAA in G. jasminoides. Maintaining proper levels of auxins 
and the establishment of an auxin gradient in the tissues 
is essential to establish root patterning and meristem for-
mation (Iyer-Pascuzzi and Benfey 2009). Indole-3 butyric 
acid holds significant role in various aspects of root devel-
opment, including regulation of root apical meristem size, 
root hair elongation, lateral root development, and formation 
of adventitious roots (Frick and Strader 2018). Although, 
IBA may be predominantly transported in the form of con-
jugates, the uptake of IBA molecule itself is a saturable pro-
cess (Rashotte et al. 2003).

Hardening and acclimatization of regenerated 
plantlets

The rooted shoots were carefully washed with water and 
transplanted into paper cups containing sterile soilrite® and 

moistened with quarter strength of MS macro-salts solution, 
and maintained in the greenhouse for 5 weeks (Fig. 1e). One 
of the usual problems of plant propagation using in vitro 
methods is the acclimatization to the ex vitro conditions, 
which adds to a higher mortality of plantlets caused by non-
functional and under developed structural features (Isah 
2015; Shekhawat and Manokari 2016). Thus, the evaluation 
of foliar micro-mopho-anatomy assists in understanding of 
structural developments in essential foliar constants (Moyo 
et al. 2015; Shekhawat and Manokari 2018). The results of 
hardening showed significant differences in the acclimatiza-
tion of plantlets among the tested concentrations and com-
binations of growth regulator types (data not shown). The 
hardened plantlets were shifted to the perforated nursery 
polybags filled with garden soil and soilrite® (1:1, w/w) for 
5 weeks in the greenhouse (Fig. 1F) and finally transferred 
to the field, where about 97% survival success was noted 
after 3 months. The field transferred plantlets showed no 
evident variations with respect to growth characteristics of 
the donor plant.

Conclusion

The present study reported an effective mechanism for plant 
regeneration in G. jasminoides via direct organogenesis 
using the nodal meristems. The effect of growth regulators 
on in vitro induced structural aberrations were determined 
using conventional light microscopy. The foliar micro-mor-
pho-anatomy based selection of growth regulators for plant 
regeneration technique could be employed for large-scale 
propagation and successful field survival of plants, thereby 
making a valuable contribution to germplasm conservation 
and for further research in genetic transformation for produc-
tion of valuable bioactive compounds from Cape jasmine.
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Table 3   Effect of indole-3-butyric acid (IBA) and 
α-naphthaleneacetic acid (NAA) on in vitro root induction in G. jas-
minoides 

The values are average mean ± standard error for three replicates and 
the different alphabet indicates significant differences among the 
mean values

Auxins and their 
concentration (mg 
L−1)

Root induc-
tion response 
(%)

Root number 
(mean ± SE)

Root 
length (cm) 
(mean ± SE)

0 0 0.00 ± 0.00h 0.00 ± 0.00i

IBA 1.0 88 25.0 ± 0.38d 2.9 ± 0.25d

IBA 2.0 94 27.0 ± 0.27c 3.2 ± 0.49b

IBA 3.0 100 32.0 ± 0.32a 3.5 ± 0.40a

IBA 4.0 90 29.8 ± 0.20b 3.0 ± 0.38c

IBA 5.0 75 25.0 ± 0.11d 3.0 ± 0.35c

NAA 1.0 72 10.5 ± 0.40f 2.2 ± 0.28g

NAA 2.0 78 18.0 ± 0.34f 2.5 ± 0.35f

NAA 3.0 83 24.8 ± 0.30d 2.8 ± 0.17e

NAA 4.0 75 20.0 ± 0.21e 2.5 ± 0.34f

NAA 5.0 70 15.0 ± 0.26g 1.9 ± 0.10h
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