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ABSTRACT

The present study describes an improved, efficient method for in vitro propagation of the underutilized
fruit tree, Dillenia indica L. Nodal segments obtained from a mature tree were used as initial explants for
in vitro regeneration. Among the various cytokinin types (BAP, Kin, mT, and TDZ) and concentrations
tested, MS medium containing 0.5 mg-L"! 6-benzylaminopurine was optimal for shoot induction. Subcul-
turing mother explants into fresh medium during subsequent passages significantly influenced shoot mul-
tiplication. A maximum of 5—7 shoots were regenerated after the third subculturing on MS medium con-
taining 0.5 mg'L"!' 6-benzylaminopurine. Maximum rooting was achieved in MS medium containing
2 mg-L! indole-3-butyric acid. Approximately 80% of the plants survived acclimatization. A comparative
study revealed significant changes in leaf micromorphology and architecture, including developmental and
structural changes in venation patterns, trichomes, and stomata, in both in vitro-grown and fully acclima-
tized plants. This foliar micromorphological study elucidated the mechanism of adaptation of in vitro-re-
generated plantlets during acclimatization. The current investigation could provide a foundation for the
large-scale propagation and conservation of this medicinally important and underutilized fruit tree species.
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INTRODUCTION

Dillenia indica L., a member of the Dilleni-
aceae family, is an underutilized fruit tree grown in
tropical and subtropical regions of many countries
in Asia and Australia (Das et al. 2023; Saikumar et
al. 2023). This tree grows primarily wild, and its
fruit is edible for many animals, including birds and
especially elephants, hence its popular name — ele-
phant apple (Sharma et al. 2024). The fruit is rich in
nutrients, with an excellent source of ascorbic acid,
carbohydrates, carotenoids, fiber, minerals, protein,
and vitamin C (Abdille et al. 2005; Saikia et al.
2023). Furthermore, it is used in the preparation of
processed food products, like jam, jelly, and bever-
ages, and locally for curries, pickles, and chutneys
(Nayak et al. 2020; Saikumar et al. 2023). D. indica
also exhibits notable medicinal attributes and is
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highly popular among indigenous and tribal popula-
tions in northeastern and central India. The leaves,
bark, and fruit of this plant are used for gastrointes-
tinal problems such as indigestion, colic, constipa-
tion, flatulence, anorexia, diarrhea, hyperacidity,
stomach ache and jaundice, as well as respiratory
ailments such as asthma, bronchitis, pneumonia,
colds, influenza, mucus buildup, tonsillitis, and sore
throat (Rai & Lalramnghinglova 2010; Saikia et al.
2023; Sharma et al. 2024). In recent years, this spe-
cies has become well known in herbal and Ayurve-
dic medicine for its antidiabetic, antioxidant, anti-
microbial, hepatoprotective, and anticancer proper-
ties (Kumar et al. 2010; Kamboj et al. 2019; Nayak
et al. 2020). Several studies reported that this plant
contains many active phytoconstituents such as al-
kaloids, terpenoids, flavonoids, glycosides, and pol-
yphenols (Yazan & Armania 2014).
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In India, this fruit tree is considered underuti-
lized because it grows mostly wild, and is not typ-
ically cultivated commercially. Its fruit is primar-
ily used by various tribal communities in Assam
and northeastern India (Boruah et al. 2020; Das et
al. 2023). Furthermore, there is no information on
any commercial cultivars or commercial domesti-
cation (Das & Das 2003). Conventional breeding
programs for improving many tree species are
quite challenging due to prolonged breeding cy-
cles, self-incompatibility, heterozygosity, limited
genetic data, and the need to assess specific traits
until the plant attains physiological maturity
(Arora et al. 2022). Alternatively, several biotech-
nological approaches have substantial potential
for improving many commercially important trees.
However, biotechnological tree improvement pro-
grams require an efficient regeneration system
(Pefa & Séguin 2001). D. indica is conventionally
propagated from seed or stem cuttings. However,
seed propagation is not particularly suitable due to
low seed germination, high heterozygosity, specific
environmental requirements for germination, and
mature seeds with underdeveloped embryos (Da-
sanayaka et al. 2022; Singh et al. 2026). Moreover,
propagation of D. indica plants by stem cutting has
sometimes been limited by diseases such as wilt or
rot (Singh et al. 2026). Clonal propagation using cell,
tissue, and organ culture techniques has become an
effective and preferred approach, surpassing tradi-
tional propagation systems (Rai et al. 2010). Previ-
ously, D. indica received little research attention,
with only a few papers published on its in vitro prop-
agation (Abd El-Kadder & Hammad 2012; Taha et
al. 2018). However, these studies were inefficient,
and there is a need to improve existing protocols,
particularly regarding shoot multiplication and root-
ing responses. A somatic embryogenesis system for
D. indica using seed explant was recently devel-
oped (Singh et al. 2026). However, the low embryo
induction rate and the presence of morphological
abnormalities in the embryos remained an experi-
mental challenge.
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In vitro-grown plantlets develop under condi-
tions of high humidity, low light, and a sugar-rich
medium, leading to the development of plantlets
with significant morphophysiological anomalies,
such as thin cuticles, weak root systems, and non-
functional or aberrant stomata. Such morphophysi-
ological anomalies in in vitro-grown plantlets are
not conducive to the acclimatization process (Po-
spisilova et al. 1999; Hazarika 2006). Therefore, the
transfer of plants from in vitro to the natural envi-
ronment is a crucial phase, and careful monitoring
of these morphophysiological alterations is essential.

The aim of this study is to develop an improved
and efficient method for in vitro regeneration of
D. indica using nodal explants from a mature tree.
Furthermore, efforts were made to assess foliar mi-
cromorphological changes, i.e., developmental and
structural changes in veins, trichomes, and stomata,
in D. indica plantlets grown in tissue culture and
compare them with plantlets acclimatized under ex
vitro conditions.

MATERIALS AND METHODS

Young, freshly sprouted branches for culture
initiation were collected from a 12-15-year-old
D. indica tree growing on the campus of Indira Gan-
dhi National Tribal University (Amarkantak,
Madhya Pradesh, India) between April and August
2023. Nodal segments (2—3 c¢cm long) were excised
from the harvested shoots and used as explants for
culture initiation. The explants were initially rinsed
under running water for 20—25 min to remove any
particulate matter. They were then submerged for 3—
5 min in a 1% (v/v) solution of cetrimide (ICI India)
and Tween 20, i.e., 23 drops in 100 ml of double-
distilled water (DDW). During D. indica culture es-
tablishment, problems with leaching of phenolics
and gums/latex were encountered. To minimize this,
the explants were initially treated with NaCl (50 mg
per 100 ml DDW) for 5-7 min and then with PVP
(50 mg per 100 ml (w/v) polyvinylpyrrolidone) for
3-5 min. This was followed by a combination of
chilled ascorbic acid and citric acid (100 mg per
100 ml and 50 mg per 100 ml DDW, respectively)
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for 8—10 min. Surface sterilization was carried out
under aseptic conditions in a laminar airflow hood
in three steps. Initially, the explants were immersed
in 0.1% (w/v) Bavistin (BASF, India) for 10 min,
then in 2-3% (v/v) sodium hypochlorite solution for
4-5 min, and finally treated with 0.05% (w/v) HgCl,
for 3—5 min. After each sterilization step, the ex-
plants were rinsed three times with DDW.

Culture media and conditions

Surface-sterilized nodal explants were cultured on
MS (Murashige & Skoog 1962) basal media con-
taining 3% (w/v) sucrose. All media were solidified
using 0.8% (w/v) agar. Various plant growth regula-
tors (PGRs), i.e., auxins and cytokinins, were added
to the medium according to the experimental recom-
mendations. Before adding agar to the medium, the
pH was adjusted to 5.8 £0.02 with 1 N NaOH and
I N HCl. The medium was then autoclaved at
121 °C and 103 kPa for 15 min. Cultures were main-
tained at 25 £2 °C, with a photoperiod of 16: 8 h of
light and dark, a photon flux of 5060 pmol-m?-s,
and a relative humidity of 50-60%. All chemicals
and PGRs used in this study were sourced from Hi-
Media, India.

Effect of plant growth regulators on shoot induc-
tion and multiplication

For shoot induction, nodal explants were cultured in
MS medium fortified with various concentrations of
cytokinins (0.5, 1.0, 2.0, and 4.0 mg-L™), including
6-benzylaminopurine (BAP), kinetin (Kin), meta-
topolin (mT), and thidiazuron (TDZ), alone or in
combination with an optimized concentration of
BAP (0.5 mg-L") and a low concentrations (0.1 or
0.3 mg-L™") of indole-3-acetic acid (IAA) or a-naph-
thaleneacetic acid (NAA). Medium without PGRs
served as a control. After 4 weeks of culture, the per-
centage response to shoot induction, average num-
ber of shoots, and shoot length were recorded. To
enhance shoot multiplication, initial explants with
shoots were repeatedly subcultured in optimized
medium (MS + 0.5 mg-L!' BAP) for 5 passages,
1 month apart. During subculturing, dried shoots
and dead cells or tissue were carefully removed
from the mother explants. Data on the average num-
ber and length of shoots were collected after 4 weeks.
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In vitro rooting

Shoots 4-5 cm long were individually excised from
the multiplied shoots and transferred to MS basal
medium supplemented with different auxins,
namely indole-3-butyric acid (IBA), indole-3-acetic
acid (IAA), o-naphthaleneacetic acid (NAA), or
2-naphthoxyacetic acid (NOA) at concentrations of
1,2,3,and 4 mg-L'. As a control, shoots were also
placed on auxin-free medium. Data on percentage
rooting, number of roots per shoot, and average root
length were collected after 4 weeks after rooting.
Acclimatization of plantlets

Well-rooted, one-month-old plantlets were carefully
removed from the medium, washed under running wa-
ter, and placed in a pot with a mixture of autoclaved
soil, sand, and commercial vermiculite (w/w 1:1:1).
Initially, under laboratory conditions (25+2 °C, 16-h
photoperiod, illumination 40-50 umol-m2-s' PFD,
and relative humidity 50-60%), the plantlets were
covered with polythene bags to maintain humidity.
After 1-2 months, the bags were removed, and well-
acclimatized plantlets were transferred to earthen
pots and moved to under field conditions. One month
after transfer to the field, the survival of the acclima-
tized plantlets was recorded.

Foliar micromorphological analyses

Foliar micromorphological assessment was con-
ducted on leaves obtained from both in vitro-derived
shoots and well-acclimatized D. indica plants to
compare the developmental and structural changes
in leaf veins, trichomes, and stomata during adapta-
tion from in vitro to field transfer. Leaves were col-
lected from in vitro-derived plantlets (30 days after
shoot regeneration) and well-acclimatized (30—45
days after field acclimatization) for foliar micromor-
phological assessments. The procedure for fixing
leaf samples in FAA solution (formaldehyde, acetic
acid, ethanol), dehydration, staining, and finally sec-
tioning was carried out as described by Manokari
and Shekhawat (2017). Photomicrographs were
taken using a light microscope (Magnus Opto Sys-
tems, India). Stomata were observed under a light
microscope at 10x40 magnification, while the vena-
tion pattern and trichomes in leaves were observed
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at 10x10 magnification. Various foliar micromor-
phological parameters, i.e., stomatal index and den-
sity, trichome density, and vein architecture, were
calculated using the equations adopted by Manokari
and Shekhawat (2017). All micromorphological as-

sessments were conducted thrice with 4-5 replicates.

Statistical analysis

The experiment was performed in a completely ran-
domized design (CRD) for a single factor. Each ex-
periment was conducted three times with fifteen
replicates per repetition. One replicate represents
one nodal explant cultured in one test tube. Results
are expressed as the mean + SE of three repeated
experiments. Data were statistically analyzed using
SPSS vs 20. One-way analysis of variance
(ANOVA) was conducted to assess differences be-
tween means, and significant differences between
means were assessed using the least significant dif-
ference (LSD) and Duncan’s multiple range test
(DMRT) at P <0.05.

RESULTS AND DISCUSSION

Culture establishment

In the current study, establishing axenic D. indica
cultures from explants taken from mature trees
proved difficult due to culture contamination, sea-
son-dependent responses, and leaching of phenolics
and gums from the cut ends of the explants. The lat-
eral branches from which the nodal explants were
obtained displayed hairy and thick shoots that har-
bored numerous fungal and bacterial contaminants.
Thus, a systemic fungicide (Bavistin) and surface-
sterilizing agents (sodium hypochlorite, mercuric
chloride) were used to establish a microbial-free cul-
ture of D. indica. The rate of culture contamination
and the performance of nodal segments in shoot in-
duction varied with the season. After the spring sea-
son, in April and May, new, healthy sprouts appeared
on existing branches. Explants taken from these
sprouts performed well in culture establishment,
with a low rate of culture contamination (5-10%)
and better shoot induction. During the rainy season
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(June—August), bacterial and fungal contamination
markedly increased (70—80%), which caused diffi-
culties in culture establishment. During the winter
season, microbial contamination was relatively low,
but the explants performed poorly, likely due to
their maturity and dormancy. The effect of seasonal
changes on explant performance in the present study
may be correlated with their physiological state,
which is influenced by the annual growth cycle of
trees, i.e., the end of the dormancy period after win-
ter and the beginning of the active growth period in
spring (Chhajer & Kalia 2017; Asthana et al. 2024;
Yadav et al. 2025). After standardizing the explant
collection seasons in April and May (2023), all fur-
ther shoot induction and multiplication experiments
were performed in the subsequent two years (2024—
2025) on explants collected only in April and May.
During culture establishment, the cut ends of
nodal explants produced high levels of phenolic ex-
udates, leading to their browning. Excessive phe-
nolic exudation from cut ends and explant browning
are two major obstacles to tissue culture in woody
plant species (Arora et al. 2022). The synthesis of
phenolic compounds in woody plants is determined
by genetic and environmental factors, especially as
a protective response to biotic and abiotic stresses
(Lux-Endrich et al. 2000; Liu et al. 2024). However,
compared to herbaceous and annual plants, peren-
nial woody species synthesize phenolic compounds
in excess because they are exposed to multiple
stresses, such as heat, drought, and cold throughout
the year (Vibha et al. 2014). Explant browning in-
volves the enzymatic oxidation of polyphenols re-
leased from the cut ends of the explants, leading to
the formation of quinones, which cause tissue
browning and inhibit culture growth (Liu et al.
2024). Phenolic exudation can be reduced by rins-
ing the explants with NaCl (50 mg per 100 ml
DDW), PVP (50 mg per 100 ml), and then with
a cooled antioxidant solution containing ascorbic
acid and citric acid (100 mg per 100 ml and 50 mg
per 100 ml DDW, respectively). Antioxidants and
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PVP have been shown to significantly control phe-
nolic exudation in many woody plant species (Pan-
dey et al. 2006; Rai et al. 2010; Phulwaria et al.
2012; Rathore et al. 2014; Sharma et al. 2017; Ekka
et al. 2020; Patel et al. 2020; Shekhawat et al. 2021).
The beneficial effects of antioxidants may be at-
tributed to their ability to scavenge reactive oxygen
species generated by wounded explants during cul-
ture establishment, while PVP acts as a phenol ad-
sorbent, reducing phenol leaching and slowing the
progression of tissue necrosis (Krishna et al. 2008;
Permadi et al. 2024). NaCl has also been reported to
control tissue browning in Paeonia lactiflora (Cai et
al. 2020). NaCl has been suggested for browning
control because it inhibits polyphenol oxidase
(PPO) activity, which is primarily involved in phe-
nolic synthesis in plants.

Shoot induction and multiplication

The response of nodal explants to shoot induction in
D. indica was strongly dependent on the type of cyto-
kinin and its concentration (Table 1). Nodal explants
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cultured on MS media without cytokinin also ex-
hibited shoot induction, with a response rate of
82.2+4.4%. It appears that the nutrients of the ba-
sal MS medium stimulated preexisting meristems,
thereby causing the proliferation of 1-2 shoots
from nodal explants on medium without cytokinin.
The performance of nodal explants, measured by
the percentage response to shoot induction, the
number of shoots per explant, and average shoot
length, varied depending on the type of cytokinin.
The most effective cytokinins for shoot induction
were BAP > Kin > mT > TDZ (Table 1). Selecting
the suitable cytokinin and its proper concentration
is essential for establishing a regeneration protocol
for any plant species. The results of this study
clearly showed that BAP performed better than
other cytokinins in shoot induction in D. indica.
Due to its ability to stimulate cell division and me-
ristem activation, BAP is considered the most com-
mon and highly rated cytokinin, widely used for
axillary bud proliferation and multiple shoot induc-
tion (Bhojwani & Dantu 2013; Rademacher 2015).

Table 1. Effect of cytokinins on shoot induction from Dillenia indica nodal explants

Cytokinin COI(IIC:;FSgOHS Rei;%?;::iieof (iz()mt Average shoot number Average(ilécl))o tlength
Control 0.0 82.24+4 .4abc 1.4+0.1cdef 1.50+0.08¢
BAP 0.5 93.3+3.8a 2.11+0.15a 2.07£0.11a
1.0 88.8+2.2abc 1.73+£0.10b 1.96+0.11abc
2.0 84.4+5.8abc 1.41+0.10cdef 1.90+0.09abc
4.0 75.5+5.8¢cd 1.32+0.09def 1.85+0.06abc
Kin 0.5 91.1+5.8ab 1.73+0.15b 1.97+0.16ab
1.0 88.8+2.2abc 1.66+0.04bc 1.62+0.21cd
2.0 84.4+5.8abc 1.58+0.07bcd 1.44+0.11de
4.0 77.7+5.8bcd 1.29+0.08def 1.34+0.05de
mT 0.5 88.8+2.2abc 1.53+0.08bcde 1.85+0.07abc
1.0 84.442.2abc 1.43+0.16bcdef 1.63+0.09bcd
2.0 82.242.2abc 1.31+£0.09def 1.46+0.11de
4.0 66.6+3.8de 1.15+0.10f 1.26+0.08¢
TDZ 0.5 55.5+2.2ef 1.19+0.03ef 1.09+0.04ef
1.0 51.1+2.2fg 1.08+0.04ef 0.85+0.13f
2.0 51.1£2.2fg 0.87+0.06g 0.594+0.01g
4.0 42.24+2.2¢g 0.72+0.03g 0.484+0.01g
LSD (P <0.05) 11.69 0.28 0.3
ANOVA F16,34= 1358 F1(,,34= 9363 F16,34:16.186

Medium: 0.8% agar-solidified medium + 3% sucrose; Mean values followed by different letters under different treatments within
a column are significantly different from each other at P < 0.05 according to Duncan’s multiple range test
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Regardless of the cytokinins and their concen-
tration, shoot initiation from nodal explants was ob-
served within 10-14 days of culture (Fig. 1A). Of
all the cytokinin concentrations tested, 0.5 mg-L"!
BAP was found the most effective in shoot induc-
tion with a maximum response of 93.3+3.8% and
2.11+0.15 shoots per explant (Table 1, Fig. 1B).
The interaction of 0.5 mg-L"! of BAP with low con-
centrations (0.1 or 0.3 mg-L") of TAA or NAA auxins
was also tested for shoot induction. However, the in-
teractive effect of BAP with auxins was found to be
suppressive for both the percentage response to shoot

induction and the average number of shoots (Table 2).
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The suitability of lower concentrations of BAP for
shoot induction may be due to the presence of suffi-
cient endogenous cytokinin in the explants. Supply-
ing higher amounts of exogenous cytokinin, alone or
in combination with auxin, may lead to excessive ac-
cumulation of the hormone in plant tissues and thus
inhibit shoot formation (Bhojwani & Dantu 2013).
Similar to our observations, BAP alone and in lower
concentrations was also found to induce shoots in
many trees, like Psidium guajava (Rai et al. 2009),
Azadirachta indica (Arora et al. 2010), Garcinia in-
dica (Malik etal. 2005), Salix nigra (Lyyra etal. 2006),
Betula lenta (Rathwell et al. 2016), and Aflatunia
ulmifolia (Kirillov et al. 2024).

Table 2. Effect of auxin—cytokinin interaction on shoot induction from Dillenia indica nodal explants

Plant growth regulator concentration (mg-L")

Response to shoot

Average number  Average shoot length

BAP T1AA NAA induction (%) of shoots per explant (cm)
0.5 93.3+3.8a 2.11+0.15a 2.07+0.11a
0.5 0.1 82.1+3.0b 1.51+0.19b 1.48+0.03b
0.5 0.3 75.5+4.8b 1.30+0.12b 1.31£0.07b
0.5 0.1 78.8+2.2b 1.27+0.09b 1.45+0.09b
0.5 0.3 72.2+2.9b 1.18+0.03b 1.2540.03b
LSD (P <0.05) 11.01 0.41 0.23
ANOVA F4 10:3.37 F4 10:7.87 F4 10 — 18.90

Medium: 0.8% agar-solidified medium + 3% sucrose; Mean values followed by different letters under different treatments within a column
are significantly different from each other at P < 0.05 according to Duncan’s multiple range test

Figure 1. Shoot induction and multiplication from nodal segments of Dillenia indica: bud breaking from a nodal explant on MS medium
with BAP (0.5 mg-L™") within 2 weeks (A); induction of 3—4 shoots from a nodal explant on MS medium with BAP (0.5 mg-L"') within
4 weeks (B); shoot multiplication on MS medium with BAP (0.5 mg-L™) after the third monthly subculture of the mother explant (C);
in vitro rooting on MS medium with IBA (2.0 mg-L") (D & E); 2-3-month-old, well-acclimatized D. indica plant (F)

Scalebar: A& C—-1.0cm,B&E-1.5cm,D—-2.0cm, F-5.0 cm
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For shoot multiplication, the mother nodal seg-
ments, along with the induced shoots, were trans-
ferred to MS medium containing an optimized con-
centration of BAP (0.5 mg L") and repeated for five
passages at 1-month intervals. Monthly subculture
of the mother explants to fresh medium significantly
affected shoot multiplication. The number of shoots
increased until the third transfer and then decreased
significantly (Table 3). A maximum of 5-7 shoots
with a mean shoot number of 5.62 £+ 0.1 were regen-
erated after the third subculture on medium contain-
ing 0.5 mg-L!' BAP (Fig. 1C). Regular subculture
of the mother explants not only provides fresh nu-
trients, thus avoiding nutrient deficiencies, but also
leads to shoots rejuvenation, resulting in enhanced
shoot multiplication (Martinez et al. 2017). How-
ever, the decrease in shoot multiplication potential
after the third subculture may be due to residual hor-
monal effects and the accumulation of inhibitory
substances resulting from prolonged culture (Vujo-
vi¢ et al. 2012).

Table 3. Effect of subculture on shoot multiplication in
Dillenia indica

Number of transfers Average number of shoots
1 3.5+0.3¢
2 4.2+0.2b
3 5.6+£0.1a
4
5

4.2+0.08b

3.8+0.1bc
0.56

Fi10=20.93

LSD (P <0.05)
ANOVA

Medium: 0.8% agar-solidified MS medium + BAP (0.5 mg-L")
+ 3% sucrose; Mean values followed by different letters under
different treatments within a column are significantly different
from each other at P < 0.05 according to Duncan’s multiple
range test
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Rooting and acclimatization of plants in vitro

In the present study, four auxins, namely IBA, IAA,
NAA, and NOA, were tested separately for in vitro
rooting in D. indica shoots. However, [AA, NAA,
and NOA completely failed to induce root formation
in shoots. In vitro rooting was observed only on MS
medium containing 1-3 mg-L' IBA. No rooting
was obtained on medium lacking IBA (control) or at
a higher concentration of IBA (4 mg-L"). The best
rooting performance was recorded on MS medium
containing 2 mg-L™! IBA (Table 4). Approximately
86% of shoots rooted in this medium, with a maxi-
mum number of roots per shoot (11.6+£0.8) and an
average root length of 8.5 cm (Table 4; Fig. 1D-E).
Root initiation was evident within 2 weeks of IBA
treatment. The success of micropropagation of any
plant largely depends on effective and reasonable
shoot rooting responses, which are necessary for suc-
cessful field acclimatization. /n vitro rooting is quite
difficult in woody plant species and often depends on
several factors, such as auxin types and concentra-
tions, duration of auxin treatment, medium strength,
and shoot developmental stage of (De Klerk et al.
1999; Giri et al. 2004; Ragonezi et al. 2010; Arora et al.
2022). Of several auxins used for rooting, IBA has
been reported to be the best auxin for both in vitro
rooting and rooting of cuttings or in other propaga-
tion methods, like aeroponics or hydroponics (Bho-
jwani & Dantu 2013; Mehandru et al. 2014; Scaltrito
et al. 2024; Zalt et al. 2024; Gabryszewska et al. 2025).
Better rooting of shoots treated with IBA is mainly
due to its greater stability and easier uptake by plant
tissues (Martinez et al. 2017). In tissue culture of
woody plants, IBA is widely used to enhance rooting,
even in difficult-to-root species (Phulwaria et al. 2012;
Rathore et al. 2014; Patel et al. 2020; Shekhawat et al.
2021; Asthana et al. 2024). Approximately 80% of
the plantlets survived after acclimatization (Fig. 1F).

Table 4. Effect of indole-3-butyric acid (IBA) on the rooting of Dillenia indica shoots in vitro

IBA concentration

Response to shoot induction

Number of roots Average root length

(mg-L'" (%) per shoot (cm)
0 0.0+0.0d 0.0+£0.0c 0.0£0.0c
1 63.3+5.1b 5.6+0.8b 3.3+0.5b
2 86.0+£3.3a 11.6+0.8a 8.5+0.6a
3 37.449.5¢ 4.0+£0.6b 3.5+0.3b
4 0.0+0.0d 0.0+£0.0c 0.0+£0.0c
LSD (P <0.05) 15.89 1.93 1.29
ANOVA F4,10=56.90 F4,10=61.67 F4,10= 72158

Medium: 0.8% agar-solidified medium + 3% sucrose; Mean values followed by different letters under different treatments
within a column are significantly different from each other at P < 0.05 according to Duncan’s multiple range test
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Foliar micromorphological studies

In vitro-grown plantlets usually grow in high hu-
midity, low light, and sugar-rich media, leading to
abnormal morphophysiological traits (Bhojwani &
Dantu 2013). Understanding the foliar micromor-
phological features of in vitro-grown plants, espe-
cially anatomical anomalies and their structural ad-
justments during acclimatization, is vital for devel-
oping a successful protocol for plant regeneration.
Providing valuable information on structural
changes will enable tissue culture-grown plantlets
to survive in the field and natural environments
(Pospisilova et al. 1999; Hazarika 2006; Sharma
et al. 2023).

In the present study, a comparative assessment
of foliar micromorphological features and their ar-
chitecture, i.e., developmental and structural
changes in venation patterns, trichomes, and sto-
mata, was conducted in both in vitro-grown and
fully acclimatized D. indica plants, and some nota-
ble changes were observed in microscopic analyses.
The venation pattern was less pronounced in in vitro
leaves, with a lower density and incomplete vein
network (Fig. 2A). In contrast, acclimatized plants
showed a well-developed venation pattern with in-
creased vein density (Fig. 2B). A significant quanti-
tative change in the vein islets (VI) and veinlet ter-
minations (VT) was also observed in both in vitro
and acclimatized plants. In in vitro plants, the num-
ber of VI was approximately 6.00 VI per mm?, rep-
resenting a nearly two-fold increase (12.25 VI per
mm?) after 4 weeks under field conditions. Similarly,
the number of VT also increased from in vitro plant-
lets (2.95 VT per mm?) to acclimatized plants
(4.27 VT per mm?). The well-developed venation
pattern and increased number of vein islets and
veinlet terminations in acclimatized plants support
environmental adaptation by developing vascular
tissues, maturing leaves, and ensuring proper min-
eral and nutrient translocation (Shekhawat & Mano-
kari 2017; Manokari et al. 2022). Similarly, tri-
chome density was noticeably lower in leaves of in
vitro-derived plantlets compared to acclimatized
plants (Fig. 2C-D). Moreover, trichomes were un-
derdeveloped and smaller in leaves of in vitro plants,
which became fully developed, larger, and thicker
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after acclimatization of the plantlets to field condi-
tions (Fig. 2C-D). The marked increase in trichome
density during hardening reflects an adaptive fea-
ture that strengthens plant natural defense system
under both biotic and abiotic stress (Bandyopadh-
yay et al. 2004; Shekhawat & Manokari 2017;
Grzelak et al. 2024).

Stomatal structure and distribution also dif-
fered between leaves of in vitro and acclimatized
plants. Leaves of in vitro-derived plantlets displayed
stomata with large guard cells that were always
open, regardless of the time and culture conditions,
indicating their nonfunctional status (Fig. 2E). In
contrast, plants acclimatized to field conditions de-
veloped well-structured and functional stomata,
with apertures that were either partially open or
closed in response to surrounding environmental
factors (Fig. 2F). Leaves of in vitro-derived plantlets
possessed stomata in greater numbers compared
with acclimatized plants (Fig. 2E—F). Quantitative
analysis of the stomatal index (SI) also showed
a higher SI of 30.5 = 1.75 in in vitro-grown plants,
which decreased to 23.1 £ 0.27 in plants transferred
to the field. In vitro, plants grow under artificial
light and high relative humidity, requiring sugars as
an energy source and growth regulators, which in-
terfere with the natural development of stomata and
photosynthetic apparatus (PospiSilova et al. 1999;
Hazarika 2006; Grzelak et al. 2024). Thus, in vitro-
grown plants produced a large number of open, ab-
normal, and nonfunctional stomata with a high sto-
matal index, which correlated with reduced accli-
mation success due to excessive water loss. During
acclimatization, plants underwent a number of mor-
phophysiological adaptations, including the devel-
opment of normal stomata with reduced stomatal
density, well-developed venation patterns with an
increased vein islets, veinlet terminations, and tri-
chome density, etc. Similar to this study, several
others also reported that these foliar micromorpho-
logical changes facilitated the survival of in vitro-
grown plants during the acclimatization process
(Rathore et al. 2013; Lodha et al. 2015; Manokari
& Shekhawat 2017; Sharma et al. 2017; Shekhawat
& Manokari 2017; Choudhary et al. 2020; Manokari
et al. 2020; Chouhan et al. 2025).
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Figure 2. Foliar micromorphological studies of D. indica plants grown in vitro and transferred to the field: venation pattern
in leaves of in vitro-grown shoot (A) and the hardened plant (B), VI — vein islet, VT — veinlet termination, magnification 10x10;
trichomes in leaves of vitro-grown shoot (C) and the hardened plant (D), magnification 10x10; stomata of in vitro-grown shoot (E)

and the hardened plant (F), magnification 10x40

CONCLUSION

An improved, more efficient in vitro regener-
ation protocol for Dillenia indica was developed
using nodal explants taken from mature trees.
However, culture establishment was challenging
due to excessive leaching of phenolics from the cut
ends, culture contamination, and season-dependent
responses. The best time to collect initial explants
was April-March. Despite these problems, the cul-
ture was successfully established. Shoot induction
was obtained on MS medium containing 0.5 mg-L"!
6-benzylaminopurine. Further increases in shoot
production occurred after subsequent transfer of the
mother explants to fresh media. The protocol could
serve as a basis for large-scale propagation and con-
servation of this medicinally important, underuti-
lized fruit tree species. The findings of foliar micro-
morphological studies could help understand the
adaptation and improved survival of tissue cultured
plants under field conditions.
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