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ABSTRACT. Taraxerol is a pentacyclic triterpenoid with several reported
biological activities and is naturally accumulated by Strobilanthes crispus, a
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metabolite production. This study aimed to establish an in vitro culture system
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for S. crispus using axillary shoot and nodal explants, evaluate the effects of
cytokinin treatments on shoot multiplication and development, and compare
taraxerol accumulation between field-grown and in vitro-grown tissues.
Axillary shoot explants showed the highest establishment success, with 78.0 £
2.74% survival following sterilization with 20% (v/v) Clorox™ for nine minutes,
whereas field-derived nodal explants did not survive the tested sterilization
treatments. Subsequent micropropagation using in vitro nodal explants showed
that the combination of 0.5 mg/L kinetin (KN) and 0.1 mg/L thidiazuron (TDZ)
produced 9.4 + 2.8 shoots per explant with an 86.4 £ 17.24% regeneration
frequency after 30 days. Transfer to hormone-free MS medium promoted shoot
development, achieving 100% shoot elongation and a mean shoot length of 6.0
+ 1.15 cm. Taraxerol assessment showed the highest content in field-grown
leaves (48.83 + 0.18 mg/g dw), followed closely by leaves of in vitro plantlets
(45.17 £ 1.25 mg/g dw) and field-grown axillary shoots (26.39 + 1.14 mg/g dw).
The establishment of an in vitro propagation system capable of maintaining
substantial taraxerol accumulation in S. crispus leaves provides an important
foundation for further optimization of controlled biomass and taraxerol
production.

Doi :
10.51200/bsj.v47i2.7674

Keywords:

Taraxerol; Strobilanthes
crispus, in vitro culture,
triterpenoid, accumulation

INTRODUCTION

Natural products remain important sources of bioactive compounds for pharmaceutical and therapeutic
applications. Among these compounds, taraxerol is a pentacyclic triterpenoid that has attracted
considerable interest because of its reported biological activities, including anti-inflammatory and anti-
tumour-promoting properties (Mus et al., 2022). Strobilanthes crispus (L.) Blume, commonly known in
Malaysia as Pecah Beling, is a medicinal plant that naturally accumulates taraxerol (Koay et al., 2013).
The plant has traditionally been used for various medicinal purposes, while more recent studies have
reported antioxidative and wound-healing (Ban et al., 2022), antidiabetic (Fauziah et al., 2022), and
anticancer activities (Baraya et al., 2022). Collectively, these properties highlight S. crispus as a
potentially valuable plant source of biologically active secondary metabolites, including taraxerol.
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Despite its potential value, obtaining taraxerol through conventional plant harvesting presents several
limitations. Taraxerol occurs as a relatively minor constituent in plant tissues, requiring substantial
quantities of plant material for extraction. In addition, its structural complexity presents challenges for
chemical synthesis and may constrain economical and sustainable production at larger scales (Mus et
al., 2022). Consequently, alternative approaches that permit controlled plant biomass production while
maintaining the biosynthesis of taraxerol are desirable.

Plant tissue culture offers such an alternative by enabling plant material to be propagated under
controlled conditions independently of seasonal and environmental variation. In vitro systems have also
been explored for the production of valuable plant secondary metabolites and may provide a more
consistent and controllable source of biomass than conventional harvesting (Sharma et al., 2023;
Chandran et al., 2023). Previous studies have demonstrated the feasibility of producing secondary
metabolites through in vitro systems, including taraxerol and related triterpenoids in other plant species,
as well as triterpenic acids from Malus domestica and cytotoxic secondary metabolites from Jatropha
curcas (Swain et al., 2012; Geand et al., 2021; Adriano-Anaya et al., 2016). These examples demonstrate
the potential of plant tissue culture for secondary-metabolite production.

However, despite these advances in other plant systems, information specifically linking the
establishment and micropropagation of S. crispus in vitro cultures with their capacity to accumulate
taraxerol remains limited. In particular, there is a need to establish suitable explant and plant growth
regulator conditions for efficient S. crispus propagation and to determine whether tissues produced
under in vitro conditions can maintain taraxerol accumulation at levels comparable to field-grown
plants. Addressing these aspects is important for evaluating the feasibility of S. crispus tissue
culture as a controlled platform for subsequent optimization of taraxerol production.

Therefore, the present study aimed to establish an in vitro culture system for S. crispus using
axillary shoot and nodal explants; evaluate the effects of individual and combined cytokinins on
multiple shoot induction and subsequent shoot development; and compare taraxerol accumulation
among tissues obtained from field-grown plants and in vitro plantlets. By integrating
micropropagation with comparative taraxerol assessment, this study provides a foundation for the
further development and optimization of controlled S. crispus cultures for taraxerol production.

MATERIALS AND METHODS
Plant Materials

Healthy Strobilanthes crispus plant materials were purchased from local sources in Likas, Kota
Kinabalu, Sabah, Malaysia. Upon arrival at the laboratory, the plant materials were thoroughly washed
under running tap water to remove adhering soil and debris. The cleaned plant materials were then
maintained in the laboratory with their basal portions immersed in tap water until new axillary shoots
developed. Young axillary shoots and nodal segments produced during this laboratory maintenance
period were subsequently excised and used as explants for the establishment of in vitro cultures.

The plant material was authenticated by Mr. Johny Sigil, a botanist at the Institute for Tropical Biology
and Conservation (ITBC), Universiti Malaysia Sabah. A voucher specimen was deposited at the
BORNEENSIS Herbarium, ITBC, under voucher number BORH 2481.

Surface Sterilization and Establishment of Aseptic Cultures

Nodal segments (approximately 1 year old) and young axillary shoots (approximately 3—4 weeks old)
of Strobilanthes crispus were excised using sterile blades. The explants were initially washed thoroughly
with Dettol solution (1:20, v/v) and subsequently placed under running tap water for 30 min to remove
adhering surface debris. The explants were then blotted dry using sterile tissue paper and transferred to
a laminar-flow cabinet for subsequent surface sterilization.
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Under aseptic conditions, the explants were rinsed five times with sterile distilled water before being
subjected to Clorox™ treatments at different concentrations and exposure durations. For axillary shoot
explants, Clorox™ concentrations of 10, 20, 30, and 40% (v/v) were evaluated at exposure durations of
5,7,9, and 12 min. For nodal explants, Clorox™ concentrations of 10, 20, and 30% (v/v) were evaluated
at exposure durations of 10, 20, and 30 min. Following each sterilization treatment, the explants were
rinsed five times with sterile distilled water to remove residual sterilant. The treatment combinations
correspond to those reported in Tables 1 and 2.

Each sterilization treatment consisted of five replicates, with 10 explants per replicate, giving a total of
50 explants per treatment (n = 50). Following sterilization, the explants were cultured on Murashige and
Skoog (MS) basal medium supplemented with 3% (w/v) sucrose and 0.8% (w/v) agar. Cultures were
maintained at 25 + 2 °C and 45% relative humidity under a 16-h photoperiod provided by cool-white
fluorescent lamps at a light intensity of 36 umol m™2 s

Aseptic culture establishment was evaluated after seven days of culture based on explant survival,
contamination, and mortality. The percentages of surviving, contaminated, and dead explants were
calculated for each treatment and used to evaluate the effectiveness of the sterilization conditions.

In Vitro Multiple Shoot Induction and Development

Successfully established aseptic Strobilanthes crispus cultures were maintained on basal Murashige and
Skoog (MS) medium supplemented with 3% (w/v) sucrose and 0.8% (w/v) agar and subcultured at 45-
day intervals. Plantlets maintained for two consecutive subculture cycles were used as the source of
nodal and leaf explants for the multiple shoot-induction experiments. Cultures were maintained at 25 +
2 °C under a 16-h photoperiod, and the culture medium was adjusted to pH 5.7.

For multiple shoot induction, nodal and leaf explants were cultured in Petri dishes containing MS
medium supplemented separately with 6-benzylaminopurine (BAP), kinetin (KN), or thidiazuron (TDZ)
at concentrations of 0.5, 1.0, 2.0, or 4.0 mg/L. MS medium without plant growth regulators served as
the control. The effects of combined cytokinins were further evaluated by supplementing the MS
medium with either 0.5 mg/L BAP or 0.5 mg/L KN in combination with TDZ at concentrations of 0.05,
0.1, 0.2, or 0.4 mg/L. Each treatment consisted of three replicates with six explants per replicate, giving
a total of 18 explants per treatment (n = 18). Morphogenic responses were monitored for 30 days, with
observations recorded every six days. The parameters evaluated included the time required for shoot
induction, shoot regeneration frequency, number of shoots produced per explant, shoot length, and other
morphological responses, including callus formation and tissue browning.

For subsequent shoot development, nodal explants that had produced more than two shoots, with an
initial shoot length of approximately 0.7 + 0.5 cm, were selected and transferred to fresh MS medium
in 250-mL conical flasks. The shoots were cultured on MS medium supplemented separately with BAP
or KN at concentrations of 0.5, 1.0, 2.0, or 4.0 mg/L, while hormone-free MS medium served as the
control. Each treatment consisted of three replicates with six explants per replicate, giving a total of 18
explants per treatment (n = 18). Shoot development was evaluated over a 30-day culture period based
on the percentage of shoots showing elongation, number of newly formed shoots, shoot length, number
of leaves, and occurrence of callus formation.

Extraction of Taraxerol from In Vitro and Intact Plants

Taraxerol content was quantified using reverse-phase high-performance liquid chromatography (RP-
HPLC) based on the method of Sharma and Zafar (2014), with slight modifications. An authentic
taraxerol standard (Sigma) was used for calibration and peak identification. A stock solution of 200
pg/mL was prepared by dissolving 2 mg of taraxerol in 10 mL of analytical-grade methanol (99.9%
purity; Fisher), followed by sonication for 30 min to ensure complete dissolution. The stock solution
was subsequently diluted to prepare a five-point calibration series consisting of 200, 100, 50, 25, and
12.5 pg/mL taraxerol.
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RP-HPLC analysis was performed using an Agilent Series 200 HPLC system (Model G131104)
equipped with a diode-array detector (DAD) and a Supelco C18 column. HPLC-grade acetonitrile and
methanol were used as the mobile phase at a ratio of 70:30 (v/v) under isocratic conditions. The mobile
phase was sonicated for 10 min before analysis. Prior to HPLC analysis, the taraxerol standard solutions
were filtered through a 0.45-um membrane filter and sonicated for 6 min. Chromatographic detection
was performed at 210 nm with a total run time of 5 min.

A five-point calibration curve was generated by plotting chromatographic response area against
taraxerol concentration. The relationship between response area and taraxerol concentration was
described by the equation y = 23.684x, where y represents the chromatographic response area (mAU)
and x represents the taraxerol concentration (pg/mL). Linearity was assessed using the coefficient of
determination (R?), with an R? value greater than 0.9985 considered indicative of an acceptable linear
fit.

Plant extracts were dissolved in analytical-grade methanol, filtered through a 0.45-pm membrane filter,
and sonicated for 6 min before HPLC analysis. Samples were analysed under the same chromatographic
conditions used for the authentic taraxerol standard. Taraxerol peaks in the samples were identified by
comparing their retention times with those of the authentic standard, which ranged from 1.970 to 2.220
min under the chromatographic conditions used.

Taraxerol concentration in each sample was calculated from the chromatographic response area using
the calibration equation and subsequently normalized to the dry weight of the extracted plant material.
Results were expressed as milligrams of taraxerol per gram of dry weight (mg/g dw). All HPLC analyses
were performed in triplicate.

Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics version 25 (IBM Corp., Armonk,
NY, USA). Data are presented as mean + standard deviation (SD), and statistical significance was
determined at p < 0.05.

For the surface-sterilization experiments, the effects of Clorox™ concentration, exposure duration, and
their interaction on explant survival, contamination, and mortality were evaluated using analysis of
variance (ANOVA). Each treatment consisted of five replicates with 10 explants per replicate (n = 50
explants per treatment). Where significant differences were detected, treatment means were separated
using Duncan’s Multiple Range Test (DMRT) at p < 0.05.

For the multiple shoot-induction and shoot-development experiments, treatment effects on shoot
regeneration frequency, number of shoots per explant, shoot length, shoot elongation, and number of
leaves were evaluated using ANOVA followed by DMRT for multiple comparisons. Both experiments
consisted of three replicates with six explants per replicate (n = 18 explants per treatment).

Taraxerol content among the different field-grown and in vitro plant tissues was analysed using one-
way ANOVA followed by DMRT at p < 0.05. HPLC measurements were performed in triplicate, and
taraxerol concentrations are expressed as mean + SD in mg/g dry weight.

For all multiple-comparison analyses, means assigned different lowercase letters were considered
significantly different at p < 0.05. Available F-statistics and exact p-values from the original statistical
analyses are reported where applicable.
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RESULTS AND DISCUSSION
Establishment of S. crispus Aseptic Culture

The establishment of aseptic Strobilanthes crispus cultures was strongly influenced by explant type,
Clorox™ concentration, and exposure duration. Axillary shoot explants responded more favourably to
surface sterilization than field-derived nodal explants, indicating that both explant developmental stage
and sterilization intensity were important determinants of successful culture establishment.

For axillary shoot explants, treatment with 10% (v/v) Clorox™ for 5-7 min was insufficient to
control contamination, resulting in a contamination rate of 89.0 & 2.24% and a survival rate of only 6.0
+ 2.24%. Increasing the Clorox™ concentration to 20% (v/v) substantially improved aseptic
establishment. The numerically highest survival rate of 78.0 + 2.74% was obtained following treatment
with 20% (v/v) Clorox™ for 9 min, with contamination and mortality rates of 14.0 = 2.24% and 8.0 +
2.74%, respectively (Table 1). Treatment with the same Clorox™ concentration for 12 min resulted in
73.0 £ 4.47% survival, which was not significantly different from that obtained after 9 min. Therefore,
treatment with 20% (v/v) Clorox™ for 9 min provided a favourable balance between reducing microbial
contamination and maintaining explant viability.

Table 1. Effect of Clorox™ concentration and exposure time in establishment of aseptic culture on
axillary shoot explant after 7 days of culture.

Clorox™ Exposure Contamination
concentration time Survival rate (%) o Death rate (%)
(% vIv) (min) rate (%)
5 6.0 + 2.24¢ 89.0 + 2.24* 5.0 +0.08
10 7 6.0 + 2.24¢ 89.0 + 2.24% 5.0+0.08
9 11.0 £2.24¢ 79.0 + 4.18P 10.0 £+ 3.548
12 11.0 +£2.248 79.0 + 6.52° 10.0 + 5.00¢
5 36.0 + 6.52¢ 53.0 + 7.58¢ 11.0 +5.488
20 7 62.0+5.71° 33.0+5.714 5.0+0.08
9 78.0 + 2.742 14.0 +2.24° 8.0 +2.74¢
12 73.0 + 4.47° 17.0 £ 4.47¢ 10.0 £ 0.08
5 50.0 + 3.53¢ 13.0 £ 4.47°8 37.0+£6.71°
10 7 39.0 + 6.52¢ 9.0 + 4.18fh 52.0 £2.74¢
9 23.0+9.75¢° 8.0 +2.74¢h 69.0 + 10.84¢
12 23.0 + 8.37¢f 5.0 + 0.00M 72.0 + 8.374
5 28.0 + 8.37° 0 72.0 + 8.374
40 7 20.0 +7.07" 0’ 80.0 = 7.07°
9 12.0 £ 4.47¢ 0 88.0 +4.47°
12 5.0 +0.008 0! 95.0 + 0.00?

Values represent mean =+ standard deviation from five replicates of 10 explants each (n = 50 explants per treatment). Means
sharing the same letter are not significantly different at p < 0.05 according to Duncan’s Multiple Range Test.

Increasing the Clorox™ concentration beyond 20% (v/v) progressively reduced contamination
but was accompanied by a marked increase in explant mortality. At the most severe treatment, 40% (v/v)
Clorox™ for 12 min, no contamination was detected, but 95.0 = 0.00% of the explants died. This inverse
relationship between contamination and survival demonstrates that increasing sterilant intensity beyond
an optimal level can become phytotoxic. Thus, complete elimination of microbial contamination does
not necessarily represent successful aseptic establishment when explant viability is severely
compromised. Clorox™ concentration and exposure duration significantly influenced the responses of
axillary shoot explants, with their combined effects further demonstrating the importance of optimizing
both factors simultaneously.
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The greater establishment success of axillary shoots may be associated with their relatively
young developmental stage. Young axillary shoots and buds are exposed to the external
environment for a shorter period than mature stem tissues and may therefore carry a lower microbial
load. Appropriate optimization of sodium hypochlorite concentration and exposure duration is
essential because the sterilant must sufficiently suppress surface microorganisms while minimizing
tissue injury, browning, and loss of viability (Eliwa et al., 2024; Nour Athiroh et al., 2024). The
present findings therefore indicate that moderate sterilant concentration and exposure duration were
more suitable for axillary shoots than either weak treatments, which failed to adequately control
contamination, or severe treatments, which caused excessive tissue damage.

In contrast, none of the tested Clorox™ treatments successfully established aseptic cultures
from field-derived nodal explants. Survival remained at 0% across all treatment combinations. At
the lowest treatment intensity, 10% (v/v) Clorox™ for 10 min resulted in 100% contamination
without explant mortality. Increasing the concentration and exposure duration progressively
reduced contamination but increased mortality, culminating in treatment with 30% (v/v) Clorox™
for 30 min, which eliminated detectable contamination but resulted in 100% explant mortality
(Table 2). These findings indicate that increasing sterilization intensity alone was insufficient to
establish viable aseptic cultures from mature field-derived nodal explants.

Table 2. Effect of Clorox™ concentration and exposure time in establishment of aseptic culture on
nodal explants after 7 days of culture

Clorox™ Exposure . .
. : Survival Contamination o
concentration time o o Death rate (%)
(% vAV) (min) rate (%) rate (%)

10 0 100* 0

10 20 0 86.0 £ 5.48° 14.0 £ 5.48¢°
30 0 86.0 + 5.48° 14.0 £ 5.48°¢
10 0 76.0 = 8.95° 24.0 £ 8.95¢

20 20 0 60.0 + 10.0° 42.0 + 8.37¢
30 0 46.0 £ 11.4¢ 54.0+114°
10 0 36.0 + 11.44 64.0 +11.4°

30 20 0 16.0 + 8.95° 84.0 + 8.95°
30 0 0 100*

Values represent mean =+ standard deviation from five replicates of 10 explants each (n = 50 explants per treatment). Means
sharing the same letter are not significantly different at p < 0.05 according to Duncan’s Multiple Range Test.

The poor response of nodal explants may be associated with their morphology, physiological
age, and exposure history. The axillary bud of a nodal segment is situated within a V -shaped region
formed between the stem and petiole, which may trap environmental debris and microorganisms
while limiting effective penetration of the sterilizing solution. Older nodal tissues may also harbour
more deeply established contaminants that are difficult to eliminate through surface sterilization
alone (Andeli¢ et al., 2024; Gu et al., 2022). Differences in donor-plant growing conditions may
further influence the microbial load carried by explants, particularly when material is collected from
open-field environments rather than controlled growing conditions (Martini et al., 2022).

Overall, young axillary shoots were more suitable than mature field-derived nodal segments
for establishing aseptic S. crispus cultures. Among the treatments evaluated, 20% (v/v) Clorox™
for 9 min provided the most favourable practical balance between contamination control and explant
survival. Once aseptic cultures were successfully established, nodal tissues derived from these in
vitro plantlets could subsequently be used as explant material for the micropropagation experiments.
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Effect of Single Cytokinin on Leaf and Nodal Explant of S. crispus

Successfully established aseptic cultures of S. crispus were maintained on basal MS medium and
subcultured for two consecutive cycles before nodal and leaf explants were used for multiple shoot
induction. The two explant types exhibited markedly different morphogenic responses to single-
cytokinin treatments, with nodal explants showing shoot-regeneration capacity whereas leaf explants
predominantly underwent callus formation.

For nodal explants, the hormone-free control and all concentrations of BAP and KN maintained
a 100% shoot-regeneration frequency after 30 days of culture (Table 3; Figure 1). At the lower
concentrations of BAP and KN, shoot initiation occurred relatively early and the resulting shoots showed
comparatively greater elongation. BAP at 0.5 and 1.0 mg/L produced mean shoot lengths of 4.92 + 0.93
and 5.18 £ 1.34 mm, respectively, while KN at 0.5 and 1.0 mg/L produced shoot lengths of 5.13 + 1.23
and 4.82 + 0.84 mm, respectively. However, these treatments generally produced approximately two
shoots per explant, indicating that although BAP and KN supported shoot regeneration and elongation,
their ability to promote shoot multiplication when applied individually was limited.

Table 3. Effect of single cytokinin on multiple shoot induction from nodal explant of S. crispus after
30 days of culture.

Cytokinip Days Shoot‘ No. of Other
concentration required regeneration hoot/ Length of hological
(mg/L) for shoot  frequency shoot's shoots (mm) morphologica
BAP KN TDZ induction (%) per explant changes
MSO (control) 5 100* 2.00+£0.0° 4.92+0.93° None
0.5 - - 3 1002 2.00+0.0° 4.92+0.93% None
1.0 - - 4 100° 2.00£0.0° 5.18+1.34° None
20 - - 5 100° 1.93£0.26> 3.21£0.56° Callus
formation
4.0 - - 5 1002 2.07+0.46° 2.95+0.53° Callus
formation
- 05 - 3 100° 2.00£0.00° 5.13+1.23° None
- 1.0 - 4 1002 1.80+£0.41° 4.82+0.84 None
- 2.0 - 5 100? 1.60 + 3.13+£1.23° Callus
0.51% formation
- 40 - 5 100? 1.33 + 2.77+0.57° Callus
0.49¢ formation
- - 0.5 4 100? 3.13+049*  1.92+0.66° Callus
formation
- - 1.0 4 100* 2.93 £0.80* 2.14+0.79° Callus
formation
- - 20 5 73.3% + 1.20£0.41¢  1.55+0.50% Callus
16.89 formation
- - 4.0 5 59.8°+ 1.00 £0.00¢  1.05+0.56¢ Callus
11.86 formation

Values represent mean + standard deviation from three replicates of six explants each (n = 18 explants per treatment). Means
sharing the same letters are not significantly different (p < 0.05) using Duncan’s Multiple Range Test.
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Figure 1. The effect of single cytokinin on multiple shoot induction from nodal explant of S. crispus
after 30 days of culture in MS medium supplemented with 3% (w/v) sucrose, 0.8% (w/v) agar, pH 5.7
at temperature 25 + 2°C with 16 h photoperiod. (Bar=5mm)

Among the three cytokinins evaluated, TDZ was more effective in promoting shoot
multiplication at relatively low concentrations. TDZ at 0.5 and 1.0 mg/L produced 3.13 £+ 0.49 and 2.93
+ 0.80 shoots per explant, respectively, while maintaining 100% shoot-regeneration frequency.
Nevertheless, the shoots produced under these treatments were shorter than those obtained with BAP,
KN, or the hormone-free control. This response illustrates an important functional difference among the
cytokinins: BAP and KN were more favourable for maintaining shoot elongation, whereas low
concentrations of TDZ favoured the initiation of a greater number of shoots. The strong multiplication
response to TDZ is consistent with its potent cytokinin-like activity and its ability to influence
endogenous cytokinin metabolism (Ali et al., 2022).

Increasing the cytokinin concentration generally reduced the quality of the morphogenic
response. At 2.0 and 4.0 mg/L, BAP and KN produced shorter shoots and promoted callus formation,
whereas TDZ induced callus formation at all concentrations tested. The inhibitory effect was particularly
evident with TDZ at 2.0 and 4.0 mg/L, where shoot-regeneration frequency declined to 73.3 £ 16.89%
and 59.8 + 11.86%, respectively, accompanied by reductions in both shoot number and shoot length.
These findings indicate that increasing cytokinin concentration does not necessarily improve
multiplication efficiency. Instead, excessive cytokinin exposure can shift the developmental response
away from organized shoot formation towards callogenesis and reduced shoot growth. High or
prolonged exposure to potent cytokinins such as TDZ has been associated with abnormal tissue
proliferation and impaired shoot development (Suminar et al., 2024).

In contrast to the nodal explants, leaf explants failed to produce shoots in response to any of the
single-cytokinin treatments evaluated (Figure 2). BAP and KN at 0.5-2.0 mg/L predominantly induced
compact, white callus, while increasing their concentrations to 4.0 mg/L resulted in tissue necrosis. TDZ
similarly promoted callus formation across all tested concentrations without inducing shoot
regeneration. The contrasting responses of the two explant types highlight the importance of explant
origin in determining morphogenic competence. Nodal explants contain pre-existing axillary meristems
that can respond directly to cytokinin stimulation, whereas leaf tissues lack these established
meristematic structures and require more extensive cellular reprogramming before shoot organogenesis
can occur (Hesami et al., 2023; Pasternak & Steinmacher, 2024).
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Figure 2. The effect of single cytokinin on multiple shoot induction from leaf explant of S. crispus
after 30 days of culture in MS medium supplemented with 3% (w/v) sucrose, 0.8% (w/v) agar and
grown at 25 + 2°C with 16 h photoperiod. (Bar = 3mm)

Overall, nodal explants were clearly more suitable than leaf explants for direct shoot
regeneration in S. crispus. However, the relatively low multiplication rate obtained with BAP or KN
alone and the reduced shoot growth observed at higher TDZ concentrations indicate that no single
cytokinin simultaneously optimized shoot regeneration, multiplication, and elongation. Low
concentrations of TDZ improved shoot multiplication, but this benefit was accompanied by shorter
shoots and an increased tendency toward callus formation. These findings provided the rationale for
subsequently evaluating cytokinin combinations to enhance shoot multiplication while maintaining
acceptable morphogenic development.

Effect of Cytokinin-Cytokinin combination on Leaf and Nodal explant of S. crispus

Following the relatively low multiplication rates obtained with individual cytokinins, combinations of
cytokinins were evaluated to improve multiple shoot induction in S. crispus. BAP or KN at 0.5 mg/L
was combined with TDZ at concentrations ranging from 0.05 to 0.4 mg/L. The combined treatments
markedly improved shoot multiplication from nodal explants compared with the hormone-free control
and the corresponding single-cytokinin treatments, although the response depended strongly on the
concentration of TDZ.

Axillary bud break was observed within 4-5 days in most cytokinin-combination treatments, whereas

nodal explants cultured with 0.5 mg/L BAP or KN alone initiated shoots as early as day 3. The hormone-
free control maintained a 100% shoot-regeneration frequency but produced only 2.07 + 0.00 shoots per
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explant, demonstrating that a high regeneration frequency alone did not necessarily correspond to
efficient shoot multiplication (Table 4, Figure 3). Similarly, 0.5 mg/L BAP or KN alone produced
approximately two shoots per explant.

Table 4. Effect of cytokinin-cytokinin combination on multiple shoot induction from nodal explant of
S. crispus after 30 days of culture.

Cytokinin Days
concentration required for ~ Shoot regeneration ~ No. of shoots per ~ Length of shoots
(mg/L) shoot frequency (%) explant (mm)
BAP KN TDZ  induction

MSO (control) 5 100? 2.07 +0.0¢ 4.92 +0.90*
0.5 - - 3 100* 2.00 +0.0¢ 4.92 +0.88*
0.5 - 0.05 4 93.2 +14.08% 2.07 +£0.72¢ 3.38 £1.01°
0.5 - 0.1 4 86.4 +17.24% 527 £1.75¢ 5.05+1.52°
0.5 - 0.2 5 79.8 £27.79% 6.60 + 1.35° 427 +1.81®
0.5 - 0.4 5 66.2 +21.93% 2.0+0.0¢ 2.01 +£0.50°
- 0.5 - 3 100° 2.0+0.0¢ 5.11+1.20°
- 0.5 0.05 4 93.2 + 14.08% 5.60 +1.92% 3.49 £1.73°
- 05 0.1 4 86.4 + 17.24% 9.40+£2.752 5.11+0.62°
- 05 02 5 79.8 +27.79% 10.27 £2.572 428 +1.55%®
0.5 04 5 59.6 +25.89¢ 2.07 £ 0.26¢ 2.15 +0.49°

Values represent mean + standard deviation from three replicates of six explants each (n = 18 explants per treatment). Means
sharing the same letters are not significantly different (p < 0.05) using Duncan’s Multiple Range Test.

Figure 3. The effect of cytokinin-cytokinin combination on multiple shoot induction from nodal
explant of S. crispus after 30 days of culture. (Bar = 3 mm)

The addition of low concentrations of TDZ substantially enhanced shoot multiplication,
particularly when combined with KN. Treatment with 0.5 mg/L KN + 0.1 mg/L. TDZ produced 9.40 £
2.75 shoots per explant, with an 86.4 = 17.24% regeneration frequency and a mean shoot length of 5.11
+ 0.62 mm. Increasing TDZ to 0.2 mg/L in combination with 0.5 mg/L KN resulted in the numerically
highest shoot number, 10.27 + 2.57 shoots per explant, although the regeneration frequency decreased
to 79.8 £ 27.79% and the mean shoot length declined to 4.28 + 1.55 mm. The two KN-TDZ treatments
shared the same statistical grouping for shoot number, indicating that their multiplication responses were
not significantly different.
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Considering shoot number together with regeneration frequency and shoot length, 0.5 mg/L KN
+ 0.1 mg/L TDZ provided the most favourable overall response among the combinations evaluated.
Although the 0.2 mg/L TDZ combination produced a slightly greater numerical shoot number, the 0.1
mg/L TDZ treatment maintained a higher proportion of regenerating explants and produced longer
shoots. This distinction is biologically relevant for micropropagation because an effective multiplication
treatment should not maximize shoot number at the expense of regeneration capacity or subsequent
shoot development.

BAP-TDZ combinations also enhanced shoot multiplication compared with BAP alone,
although the response was less pronounced than with KN-TDZ. Treatment with 0.5 mg/L BAP + 0.1
mg/L TDZ produced 5.27 + 1.75 shoots per explant with 86.4 + 17.24% regeneration, whereas
increasing TDZ to 0.2 mg/L produced 6.60 + 1.35 shoots per explant but reduced regeneration frequency
to 79.8 £ 27.79%. These results indicate that combining a relatively low concentration of TDZ with
either BAP or KN can enhance multiplication, but KN was more effective than BAP when used in
combination with TDZ under the conditions evaluated.

The beneficial effect of KN combined with low concentrations of TDZ may reflect
complementary cytokinin activities during shoot proliferation. TDZ is a potent cytokinin-like regulator
capable of promoting vigorous cell division and shoot initiation, partly through its effects on cytokinin
metabolism, whereas excessive TDZ exposure can negatively affect subsequent morphogenic
development (Ali et al., 2022). The present results therefore suggest that maintaining TDZ at a relatively
low concentration was important for obtaining enhanced multiplication without severely compromising
regeneration and shoot growth.

This concentration-dependent response became particularly evident at 0.4 mg/L TDZ. When
combined with 0.5 mg/L BAP, this treatment reduced shoot regeneration to 66.2 + 21.93%, with only
2.00 = 0.00 shoots per explant and a mean shoot length of 2.01 + 0.50 mm. Similarly, 0.5 mg/L KN +
0.4 mg/L TDZ resulted in 59.6 + 25.89% regeneration, 2.07 + 0.26 shoots per explant, and a shoot length
of 2.15 + 0.49 mm. Thus, increasing TDZ concentration beyond the optimal range effectively reversed
the multiplication advantage observed at lower concentrations. This finding reinforces the importance
of optimizing the concentration of a potent cytokinin such as TDZ rather than assuming that increasing
its concentration will further enhance shoot production.

In contrast to nodal explants, leaf explants failed to regenerate shoots under all cytokinin-
cytokinin combinations tested and instead produced callus (Figure 4). Higher TDZ exposure,
particularly 0.4 mg/L TDZ combined with 0.5 mg/L. BAP, also caused pronounced browning of the leaf
explants. This response was consistent with the single-cytokinin experiment and further demonstrates
that increasing cytokinin complexity or concentration was insufficient to confer shoot-regeneration
competence on S. crispus leaf tissues.
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Figure 4. The effect of cytokinin-cytokinin combination on multiple shoot induction from leaf explant
of S. crispus after 30 days of culture. (Bar = 3 mm)

The contrasting responses of nodal and leaf explants reinforce the importance of explant-specific
morphogenic competence. Nodal segments contain pre-existing axillary meristems that can respond
directly to cytokinin stimulation, whereas leaf tissues lack established meristematic regions and require
more extensive cellular reprogramming before de novo shoot organogenesis can occur. Under the
conditions evaluated in this study, cytokinin-only combinations therefore favoured callus formation
rather than shoot regeneration from leaf explants.

Overall, combining KN with a low concentration of TDZ substantially improved the
multiplication efficiency of S. crispus nodal explants compared with single-cytokinin treatments.
Among the treatments evaluated, 0.5 mg/L KN + 0.1 mg/L TDZ offered the most favourable balance
between shoot multiplication, regeneration frequency, and shoot length, while increasing TDZ to 0.4
mg/L markedly inhibited morphogenic performance. These findings identified nodal explants and the
KN-TDZ combination as suitable components of the subsequent S. crispus micropropagation protocol.

Effect of Cytokinin on Shoot Development of S. crispus

Following multiple shoot induction, nodal explants bearing more than two shoots with an initial shoot
length of approximately 0.7 = 0.5 cm were transferred to fresh MS medium containing BAP or KN at
0.5-4.0 mg/L, together with a hormone-free control, to evaluate subsequent shoot development. After
45 days of culture, shoot development differed markedly among the treatments, demonstrating that the
hormonal requirements for shoot elongation were distinct from those required during the preceding
multiplication stage.

The hormone-free MS medium produced the most favourable overall shoot-development response. All
shoots elongated in the control treatment, which also produced the highest mean number of new shoots
(6.60 = 1.90) and the greatest mean shoot length (6.0 + 1.15 cm). The control additionally produced 4.6
+ 1.35 leaves per shoot (Table 5; Figure 5). These findings indicate that continued supplementation with
exogenous cytokinin was not required once sufficient shoot multiplication had been achieved. Instead,
transfer to hormone-free medium favoured further shoot growth and elongation.
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Table 5. Effect of cytokinin on multiple shoot development from nodal explant containing shoots
more than 2 and shoot length of 0.7 + 0.5 cm after 30 days of culture.

PGR Average Average
. Percentage of Average
concentration number number Callus
shoots shoot length .
(mg/L) elongated (%) of new shoots 1 SD (cm) of leaves +  formation
BAP KN & ° +SD SD
Control 100* 6.60 = 1.90* 6.0+1.15  46+1.35% No
0.5 - 04 0 0 0 Yes
1 - 0¢ 0 0 0 Yes
2 - 04 0 0 0 Yes
4 - 04 0 0 0 No

- 0.5 97.0+6.75%® 1.8+£0.79° 298+0.66° 5.3+0.95 No
- 1 97.0 + 9.492 3.24+0.79° 40+0.68>  4.1+1.37 No
- 2 94.0+10.75%  2.1+0.74¢ 1.82+0.48% 4.0+ 1.63" No
- 4 91.0 +.76° 2.1+0.99¢ 1.22+0.52¢  3.4+143° No

Values represent mean =+ standard deviation from three replicates of six explants each (n = 18 explants per
treatment). Means sharing the same letters are not significantly different (p<0.05) using Duncan’s Multiple Range
Test.

-\P 2mg/ ‘

Figure 5. The effect of cytokinin on multiple shoot elongation from nodal explant containing shoots
more than 2 and shoot length of 0.7 + 0.5 cm after 30 days of culture.

The strong response in the hormone-free medium also demonstrates an important practical
distinction between the multiplication and development phases of the micropropagation protocol.
Cytokinin supplementation was beneficial during the earlier shoot-induction stage, particularly for
increasing shoot number, but its continued presence during the development phase did not improve shoot
elongation. Removal of exogenous cytokinin may therefore allow shoots to proceed from active
proliferation towards elongation and normal vegetative development. This is consistent with reports that
prolonged exposure to relatively high cytokinin activity can suppress internode elongation, whereas
transfer to cytokinin-free medium can promote subsequent shoot growth (Faisal et al., 2023).

KN supported shoot elongation at all concentrations tested, but its overall performance remained
below that of the hormone-free control. Shoot-elongation frequency declined moderately from 97.0 +
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6.75% at 0.5 mg/L KN to 91.0% at 4.0 mg/L. The greatest mean shoot length among the KN treatments
was obtained at 1.0 mg/L (4.0 = 0.68 cm), whereas increasing KN to 2.0 and 4.0 mg/L reduced shoot
length to 1.82 + 0.48 and 1.22 £ 0.52 cm, respectively. The number of leaves also declined from 5.3 +
0.95 leaves per shoot at 0.5 mg/L KN to 3.4 + 1.43 at 4.0 mg/L. Thus, although KN maintained a
relatively high proportion of elongated shoots, higher concentrations were increasingly unfavourable for
shoot length and leaf development.

The response of the number of newly formed shoots to KN was less clearly concentration-
dependent. KN at 1.0 mg/L produced 3.2 + 0.79 new shoots per explant, compared with 1.8 + 0.79 at
0.5 mg/L and 2.1 shoots per explant at both 2.0 and 4.0 mg/L. Therefore, the principal inhibitory effect
of increasing KN concentration was more evident in shoot elongation and leaf development than in the
number of newly formed shoots. This distinction is important because shoot-development quality, rather
than continued multiplication alone, is required to obtain plantlets suitable for subsequent culture and
analysis.

In contrast, BAP was unsuitable for shoot development under the conditions evaluated. None of
the BAP concentrations tested promoted shoot elongation. At 0.5-2.0 mg/L BAP, the explants instead
produced callus, whereas the highest concentration, 4.0 mg/L. BAP, did not promote elongation and was
associated with tissue browning. The contrasting responses to BAP and KN indicate that cytokinins with
different physiological activities cannot necessarily be used interchangeably between the multiplication
and shoot-development phases of S. crispus culture.

The callus formation observed following BAP treatment may have been influenced by residual
hormonal effects from the preceding multiplication phase, during which the shoots had been exposed to
cytokinin combinations containing TDZ. The original study similarly proposed a possible TDZ carry-
over effect during subsequent subculture. However, because residual TDZ concentrations within the
tissues were not measured and a specific carry-over experiment was not conducted, this mechanism
should be regarded as a plausible explanation rather than a demonstrated causal effect. TDZ is known
to persist in plant tissues and prolonged exposure can influence subsequent morphogenic responses,
including callogenesis and impaired shoot elongation (Ali et al., 2022; Faisal et al., 2023).

Overall, the shoot-development experiment demonstrated that the hormonal conditions
favourable for shoot multiplication were not necessarily favourable for subsequent shoot elongation.
Although KN permitted further shoot development, particularly at lower concentrations, the hormone-
free MS medium produced the best overall combination of elongation frequency, shoot length, and
continued shoot growth. Consequently, transfer to hormone-free MS medium after the multiplication
phase was the most suitable treatment among those evaluated for developing S. crispus shoots before
subsequent culture or analysis.

Taraxerol Content Assessment from Field Grown Plant and In Vitro Culture

Following establishment of the S. crispus micropropagation protocol, taraxerol accumulation was
assessed in leaves, nodes, stems, axillary shoots, and roots obtained from field-grown plants and in vitro
plantlets. Taraxerol content varied considerably among tissues and between plant sources, indicating a
strong tissue-dependent pattern of accumulation (Table 6). The highest taraxerol concentration was
detected in leaves from field-grown plants at 48.83 + 0.18 mg/g dry weight (dw), followed closely by
leaves from in vitro plantlets at 45.17 = 1.25 mg/g dw. Field-grown axillary shoots contained the next
highest concentration at 26.39 + 1.14 mg/g dw.
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Table 6. Taraxerol content assessment between field grown plant and in vitro culture

Tissue Field-grown (mg/g dw)  In vitro plantlet (mg/g
dw)

Leaf 48.83 +0.18* 45.17 £1.25°
Nodes 15.18 £ 0.46° 2.19+0.418
Stems 4.73 £0.09° 2.19+0.415

Axillary shoots 26.39 + 1.14° 22.43 +£0.78¢

Roots 2.52 £0.26¢ 5.53+0.13"

Values represent mean =+ standard deviation of triplicate HPLC measurements. Means sharing the same lowercase letter are
not significantly different according to Duncan’s Multiple Range Test at the 5% significance level.

Although the field-grown and in vitro leaves were statistically separated in the multiple-comparison
analysis, the magnitude of the difference was relatively small. The difference between the two leaf
sources was only 3.66 mg/g dw, corresponding to approximately 7.5% lower taraxerol content in the in
vitro leaves. Thus, in vitro leaves retained approximately 92.5% of the concentration measured in field-
grown leaves. This is biologically important because it demonstrates that leaf tissues developed under
controlled in vitro conditions retained substantial capacity for taraxerol accumulation rather than
showing the pronounced reduction observed in some of the other vegetative tissues.

The relatively high taraxerol accumulation in leaves from both sources also indicates that the
distribution of taraxerol within S. crispus is strongly tissue dependent. Field-grown nodes, stems,
axillary shoots, and roots contained 15.18 £ 0.46, 4.73 £ 0.09, 26.39 + 1.14, and 2.52 + 0.26 mg/g dw,
respectively, whereas the corresponding in vitro tissues contained 2.19 £ 0.41,2.19+£0.41,22.43 + 0.78,
and 5.53 + 0.13 mg/g dw. The comparatively high concentrations detected in leaves and axillary shoots
suggest that taraxerol accumulation is associated more strongly with particular differentiated tissues than
with plant biomass in general.

Such tissue-dependent accumulation of plant secondary metabolites has been associated with
differences in cellular differentiation and the presence of specialized biosynthetic or secretory structures.
Previous studies have shown that secondary metabolite accumulation can be restricted to particular
tissues or specialized structures, while terpenoid biosynthesis is also associated with plastid-containing
cells and related precursor pathways (Mallon et al., 2016; McCaskill et al., 1992; Kongduang et al.,
2012; Swain et al.,, 2012). The original study similarly proposed that the greater abundance of
photosynthetically active tissues may contribute to the higher taraxerol concentrations observed in
leaves. Therefore, the relatively high taraxerol content retained by in vitro leaves may reflect
preservation of the differentiated cellular structures and metabolic capacity required for triterpenoid
biosynthesis.

Differences between field-grown and in vitro tissues were nevertheless tissue specific. For
example, taraxerol concentrations were substantially lower in in vitro nodes and stems than in their field-
grown counterparts, whereas in vitro roots contained more taraxerol than field-grown roots. Axillary
shoots showed a smaller difference, with 26.39 £+ 1.14 mg/g dw in field-grown shoots compared with
22.43 + 0.78 mg/g dw in in vitro shoots. These contrasting responses indicate that the effect of the
culture environment on taraxerol accumulation cannot be generalized across all plant organs. Instead,
the capacity to maintain taraxerol accumulation under in vitro conditions appears to depend on tissue

type.

The field versus in vitro comparison should, however, be interpreted cautiously because the
tissues were not matched for developmental age. The field-grown plants were approximately one year
old, except for the approximately four-week-old axillary shoots, whereas all tissues collected from the
in vitro plantlets were approximately 45 days old. Consequently, differences between the two sources
may reflect not only environmental conditions but also developmental stage and tissue maturity. The
available records also do not establish a standardized leaf position between the two sources. Thus, the
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present comparison demonstrates the capacity of in vitro tissues to accumulate taraxerol but should not
be interpreted as a strictly age-matched comparison between field and in vitro plants.

From a practical perspective, the small difference between field-grown and in vitro leaves is
more informative than statistical significance alone. The retention of approximately 92.5% of the field-
leaf taraxerol concentration suggests that micropropagated S. crispus can maintain substantial taraxerol
biosynthetic capacity under controlled culture conditions. This supports the use of in vitro plantlets as a
potential controlled source of taraxerol-containing biomass and provides a basis for subsequent
optimization of culture conditions. However, the present experiment evaluated taraxerol concentration
rather than total taraxerol productivity per culture cycle; therefore, commercial or large-scale production
efficiency cannot be concluded without additional assessment of biomass yield, multiplication rate,
cultivation duration, extraction efficiency, and scale-up performance.

Overall, leaves represented the most favourable tissue for taraxerol accumulation in both field-
grown and in vitro S. crispus. Importantly, the relatively small difference between field-grown and in
vitro leaves indicates that the micropropagation process preserved a substantial proportion of the
taraxerol-accumulating capacity of leaf tissues. These results establish in vitro leaves as a promising
material for further studies aimed at optimizing taraxerol production under controlled culture conditions,
while additional analytical validation and developmentally matched comparisons are required before
conclusions regarding production equivalence or large-scale yield can be made.

CONCLUSION

This study established an in vitro culture and micropropagation approach for Strobilanthes crispus and
demonstrated that micropropagated plantlets retained the capacity to accumulate taraxerol. Young
axillary shoots were more suitable than field-derived nodal explants for establishing aseptic cultures,
with 20% (v/v) Clorox™ for 9 min providing the most favourable balance between contamination
control and explant survival. During shoot multiplication, nodal explants responded better than leaf
explants, and the combination of 0.5 mg/L KN with 0.1 mg/L TDZ provided a favourable balance
between shoot multiplication, regeneration frequency, and shoot growth. Subsequent transfer to
hormone-free MS medium was most suitable for shoot development, producing 100% shoot elongation,
6.60 = 1.90 new shoots per explant, and a mean shoot length of 6.0 + 1.15 cm.

Taraxerol accumulation was strongly tissue dependent, with leaves containing the highest
concentrations in both field-grown and in vitro plants. Field-grown leaves contained 48.83 + 0.18 mg/g
dry weight, whereas in vitro leaves contained 45.17 £+ 1.25 mg/g dry weight. Although these values were
statistically differentiated, the absolute difference was only 3.66 mg/g dry weight, with in vitro leaves
retaining approximately 92.5% of the taraxerol concentration measured in field-grown leaves. This
relatively small difference indicates that the micropropagation process preserved substantial taraxerol-
accumulating capacity in leaf tissues and supports the use of in vitro S. crispus plantlets as a promising
controlled source of taraxerol-containing biomass.

Nevertheless, the comparison between field-grown and in vitro tissues was limited by
differences in developmental age, and the original HPLC analysis did not include complete analytical
validation parameters such as recovery, LOD, LOQ, and intra- and inter-day precision. The absolute
taraxerol concentrations should therefore be interpreted cautiously. Future studies should employ a fully
validated analytical method together with developmentally matched plant material and evaluate total
taraxerol yield per culture cycle, including the effects of targeted elicitation, to determine whether the
established in vitro system can be further developed for efficient controlled production.

ACKNOWLEDGEMENT

We would like to thank Universiti Malaysia Sabah for supporting this project under SBK0247-SG-2015
internal grant scheme awarded to Hartinie Marbawi.

47:2(2026) 1-5 | ISSN 1394-85 | elSSN 2231-9085




17 Mus et al. / Borneo Science Journal 47:1

REFERENCES

Adriano-Anaya, L., Ovando-Medina, 1., Pérez-Diaz, L. P., Ruiz-Gonzalez, S., Salvador-Figueroa, M.,
& Urbina-Reyes, M. E. (n.d.). Production of cytotoxic compounds in dedifferentiated cells of
Jatropha curcas L. (Euphorbiaceae). https://doi.org/10.7717/peerj.2616

Ali, H. M., Khan, T., Khan, M. A., & Ullah, N. (2022). The multipotent thidiazuron: A mechanistic
overview of its roles in callogenesis and other plant cultures in vitro. Biotechnology and Applied
Biochemistry, 69(6), 2624-2640. https://doi.org/10.1002/bab.2311

Andeli¢, T., Vujovi¢, T., Jevremovi¢, D., Tomi¢, J., & Radivojevi¢, D. (2024). Comparative study of
different surface sterilization treatments and optimal month for establishment of aseptic cultures of
raspberry  cultivars.  Journal of Central FEuropean  Agriculture, 25(2), 470-480.
https://doi.org/10.5513/jcea01/25.2.4201

Ban, W. K., Fong, I. L., Khong, H. Y., & Phung, J. H. Y. (2022). Wound Healing, Antimicrobial and
Antioxidant Properties of Clinacanthus nutans (Burm.f.) Lindau and Strobilanthes crispus (L.) Blume
Extracts. Molecules 2022, Vol. 27, Page 1722, 27(5), 1722.
https://doi.org/10.3390/MOLECULES27051722

Baraya, Y. S. aibu, Wee, C. L., Mustapha, Z., Wong, K. K., & Yaacob, N. S. (2022). Strobilanthes
crispus elicits anti-tumor immunogenicity in in vitro and in vivo metastatic breast carcinoma. PLoS
ONE, 17(8). https://doi.org/10.1371/JOURNAL.PONE.0271203

Bennur, P. L., O’Brien, M., Fernando, S. C., & Doblin, M. S. (2024). Improving transformation and
regeneration efficiency in medicinal plants: insights from other recalcitrant species. Journal of
Experimental Botany, 76, 52—75. https://doi.org/10.1093/jxb/erae189

Chandran, S., Raghu, A. V., & Mohanan, K. V. (2023). In Vitro Conservation of Rare, Endangered, and
Threatened Plants. 391-408. https://doi.org/10.1007/978-981-19-5841-0 16

Cheong, B. E., Zakaria, N. A., Cheng, A. Y. F., & Teoh, P. L. (2016). GC-MS analysis of Strobilanthes
crispus plants and callus. Transactions on Science and Technology, 3(1-2), 155-161.

Eliwa, G. L., El-Dengawy, E. F., Gawish, M. S., & Yamany, M. M. (2024). Comprehensive study on in
vitro propagation of some imported peach rootstocks: in vitro explant surface sterilization and bud
proliferation. Scientific Reports, 14. https://doi.org/10.1038/s41598-024-55685-3

Faisal, M., Qahtan, A. A., & Alatar, A. A. (2023). Thidiazuron Induced /n vitro Plant Regeneration,
Phenolic Contents, Antioxidant Potential, GC-MS Profiles and Nuclear Genome Stability of
Plectranthus amboinicus (Lour.) Spreng. Horticulturae, 9(2), 277.

Falcioni, R., Antunes, W. C., Chicati, M. L., Dematté, J. A. M., & Nanni, M. R. (2026). Chloroplast—
Thylakoid Organisation Is More Important than Carotenoid Accumulation for Optimum
Photosynthetic Quantum Yield and Carbon Gain. Cells, 15(6), 514.

Fauziah, L. A., Fitri, N., Hernawati, T., Sari, D. D., Indra Kusuma, W., Kunti, S., Hadi, H., Kurniasari,
Y., Afifah, E., & Aprilia, V. (2022). The Effect of Strobilanthes crispus on Blood Glucose Levels
and Lipid Profile of Streptozotocin-induced Diabetic Rats. Open Access Macedonian Journal of
Medical Sciences, 10(T8), 35-40. https://doi.org/10.3889/0AMIMS.2022.9468

Geana, E. I, Ciucure, C. T, lonete, R. E., Ciocarlan, A., Aricu, A., Ficai, A., & Andronescu, E. (2021).
Profiling of Phenolic Compounds and Triterpene Acids of Twelve Apple (Malus domestica Borkh.)
Cultivars. Foods, 10(2). https://doi.org/10.3390/FOODS10020267

Gu, M,, Li, Y., Jiang, H., Zhang, S., Que, Q., Chen, X., & Zhou, W. (2022). Efficient In vitro
Sterilization and Propagation from Stem Segment Explants of Cnidoscolus aconitifolius (Mill.) .M.
Johnst, a Multipurpose Woody Plant. Plants, 11(15), 1937. https://doi.org/10.3390/plants11151937

Hesami, M., Adamek, K., Pepe, M., & Jones, A. M. P. (2023). Effect of Explant Source on Phenotypic
Changes of In vitro Grown Cannabis Plantlets over Multiple Subcultures. Biology, 12(3), 443.
https://doi.org/10.3390/biology 12030443

Hussain, S., Chang, J., Li, J., Chen, L., Ahmad, S., Song, Z., Zhang, B., & Chen, X. (2025).
Multifunctional Role of Cytokinin in Horticultural Crops. International Journal of Molecular
Sciences, 26(3), 1037. https://doi.org/10.3390/ijms26031037

Kalaiselvan, P., Salem, M., & Bhatla, R. (2024). Mechanisms of Action of Plant Extracts as Alternatives
to Antibiotics in Aquaculture. Al-imad Journal of Humanities and Applied Sciences.

47:2(2026) 1-5 | ISSN 1394-85 | elSSN 2231-9085



https://doi.org/10.7717/peerj.2616
https://www.google.com/search?q=https://doi.org/10.1002/bab.2311
https://www.google.com/search?q=https://doi.org/10.5513/jcea01/25.2.4201
https://doi.org/10.3390/MOLECULES27051722
https://doi.org/10.1371/JOURNAL.PONE.0271203
https://www.google.com/search?q=https://doi.org/10.1093/jxb/erae189
https://doi.org/10.1007/978-981-19-5841-0_16
https://doi.org/10.1038/s41598-024-55685-3
https://doi.org/10.3889/OAMJMS.2022.9468
https://doi.org/10.3390/FOODS10020267
https://www.google.com/search?q=https://doi.org/10.3390/plants11151937
https://www.google.com/search?q=https://doi.org/10.3390/biology12030443
https://www.google.com/search?q=https://doi.org/10.3390/ijms26031037

18 Mus et al. / Borneo Science Journal 47:1

Koay, Y. C., Wong, K. C., Hasnah, O., Ibrahim, E. M. S., & Mohammad, Z. A. (2013). Chemical
constituents and biological activities of Strobilanthes crispus L. Records on Natural Products, 7(1),
59-64.

Liu, Y., Zhang, X., & Chen, H. (2026). Advances in the Biosynthesis of Plant Terpenoids: Models,
Mechanisms, and Applications. Plants, 14(10), 1428. https://doi.org/10.3390/plants14101428

Martini, A. N., Vlachou, G., & Papafotiou, M. (2022). Effect of Explant Origin and Medium Plant
Growth Regulators on /n vitro Shoot Proliferation and Rooting of Salvia tomentosa, a Native Sage
of the Northeastern Mediterranean Basin. Agronomy, 12(8), 1889.

Mus, A. A., Goh, L. P. W., Marbawi, H., & Gansau, J. A. (2022). The Biosynthesis and Medicinal
Properties of Taraxerol. Biomedicines 2022, Vol. 10, Page 807, 10(4), 807.
https://doi.org/10.3390/BIOMEDICINES 10040807

Nour Athiroh, A. S., Hayati, A., & Mubarakati, N. J. (2024). Optimization of explant surface sterilization
protocol for the tissue culture of Scurrula atropurpurea using combination formula NaOCI, ascorbic
acid and citric acid. AIP Conference Proceedings, 3065, 040002.

Nurraihana, H., & Norfarizan-Hanoon. (2013). Phytochemistry, pharmacology and toxicology
properties of Strobilanthes crispus. International Food Research Journal, 20(5), 2045-2056.

Pasternak, T. P., & Steinmacher, D. (2024). Plant Growth Regulation in Cell and Tissue Culture /n vitro.
Plants, 13(2), 327. https://doi.org/10.3390/plants 13020327

Sharma, K., & Zafar, R. (2015). Occurrence of taraxerol and taraxasterol in medicinal plants.
Pharmacognosy Reviews, 9(17), 19-23. https://doi.org/10.4103/0973-7847.156317

Sharma, M., Saini, L., Kumar, P., Panigrahi, S., & Dwivedi, P. (2023). Strategies for Conservation and
Sustainable Use of Medicinal Plants. 251-263. https://doi.org/10.1007/978-981-19-9936-9 9

Suminar, E., Rahmawati, V., Sumadi, S., & Nuraini, A. (2024). In vitro multiplication of strawberry in
various types and concentrations of cytokinins and auxins. Kultivasi, 23(1), 1-7.
https://doi.org/10.24198/kultivasi.v23i1.42727

Swain, S. S., Rout, K. K., & Chand, P. K. (2012). Production of triterpenoid anti-cancer compound
taraxerol in Agrobacterium-transformed root cultures of butterfly pea (Clitoria ternatea L.). Applied
Biochemistry and Biotechnology, 168(3), 487-503. https://doi.org/10.1007/s12010-012-9791-8

Tao, T., Zhang, P., Zeng, Z., & Wang, M. (2023). Advances in autophagy modulation of natural products
in cervical cancer. Journal of Ethnopharmacology, 314, 116575.
https://doi.org/10.1016/J.JEP.2023.116575

Teixeira da Silva, J. A., Nezami-Alanagh, E., Barreal, M. E., Kher, M. M., Wicaksono, A., Gulyas, A.,
Hidvégi, N., Magyar-Tabori, K., Mendler-Drienyovszki, N., Marton, L., Landin, M., Gallego, P. P,
Driver, J. A., & Dobranszki, J. (2020). Shoot tip necrosis of in vitro plant cultures: a reappraisal of
possible causes and solutions. Planta, 252. https://doi.org/10.1007/s00425-020-03449-4

Wang, J., Li, S., & Zhao, Q. (2025). Biosynthesis of triterpenoids in plants: Pathways, regulation, and
biological functions. Plant Physiology and Biochemistry, Advance online publication.

47:2 (2026) 1- 5 | ISSN 1394-85 | elSSN 2231-9085


https://www.google.com/search?q=https://doi.org/10.3390/plants14101428
https://doi.org/10.3390/BIOMEDICINES10040807
https://www.google.com/search?q=https://doi.org/10.3390/plants13020327
https://doi.org/10.4103/0973-7847.156317
https://doi.org/10.1007/978-981-19-9936-9_9
https://doi.org/10.24198/kultivasi.v23i1.42727
https://doi.org/10.1007/s12010-012-9791-8
https://doi.org/10.1016/J.JEP.2023.116575
https://www.google.com/search?q=https://doi.org/10.1007/s00425-020-03449-4

