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Abstract

Efficient in vitro propagation of Sida cordifolia L. from nodal explants is often limited by
poor shoot and root elongation. This study aimed to improve elongation of shoots and roots
from two-node explants through simple modifications of the Murashige and Skoog (MS)
culture medium. Explants were cultured on full- and half-strength MS media. Half-strength
MS (1/2MS) significantly increased shoot (3.9-fold) and root (4.2-fold) elongation compared
to full-strength MS. Therefore, subsequent experiments were conducted using 1/2MS.
Further modifications included supplementation of 1/2MS medium with KH2PO4, plant
growth regulators (TDZ, BAP, 2iP, GA3), and pretreatment of nodal segments with Norit
buffer before cultivation. KH2PO4 did not further affect shoot elongation but significantly
enhanced root elongation, with the greatest effect at 170 mg L−1. Pretreatment of nodal
segments in Norit buffer had almost the same effect as KH2PO4, both on shoots and roots.
In contrast, cytokinins and GA3 inhibited both shoot and root elongation compared to
hormone-free 1/2MS medium. The results indicate that 1/2MS medium alone is most
suitable for improving shoot and root elongation in vitro in S. cordifolia. Supplementation
of the 1/2MS medium with 170 mg L−1 KH2PO4 further enhances root elongation. The use
of cytokinins and GA3 should be avoided.
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1. Introduction
The genus Sida L., belonging to the family Malvaceae, comprises approximately

200 species worldwide. Among them, Sida cordifolia L. (commonly known as country
mallow, Ilima, flannel weed, and heart-leaf sida) is one of the most extensively studied
species. It is widely distributed in tropical and subtropical regions. Although considered
an invasive weed in some areas, S. cordifolia is a perennial herb with a long history of
use in traditional medicine systems, particularly in Indian, American, and Chinese folk
medicine [1,2]. In Ayurveda, it is known as “Bala” or “Indian ephedra”. Traditionally, S.
cordifolia has been used to treat a wide range of conditions, including inflammation, pain,
arthritis, nervous disorders, abdominal infections, bronchial asthma, the common cold
and influenza, headaches, nasal congestion, joint pain, cough, wheezing, oedema, blood
and bile disorders, urinary diseases, and other human ailments [1–5]. Various parts of the
plant, including the bark, seeds, and roots, are associated with specific pharmacological
properties, such as cooling, aphrodisiac, astringent, stomachic, tonic, aromatic, bitter, and
diuretic effects [6].
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More than 50 chemical constituents have been identified in S. cordifolia, including
quinazoline and phenethylamine alkaloids, flavones, flavonols, phytosterols, fatty acids,
and other secondary metabolites [1]. Additional bioactive compounds present in the roots,
leaves, and seeds include alkaloids, such as ephedrine, fatty oils, and steroids [2,5]. The
presence of alkaloids, flavonoids, and coumarins is closely associated with the pharma-
cological activities of plants [3]. Specific constituents, including rosmarinic acid and its
4-O-β-D-glucoside derivative, have also been reported [7]. Numerous in vitro and in vivo
studies have demonstrated the broad spectrum of pharmacological activities of S. cordifolia
extracts. Ethyl acetate extracts of the roots and aerial parts exhibited analgesic activity
comparable to that of indomethacin, whereas the aqueous acetone extracts showed dose-
dependent analgesic effects [4,8]. Methanolic fractions containing compounds such as
rosmarinic acid demonstrated strong activity against Gram-positive antibiotic-resistant
bacteria, including multidrug-resistant Staphylococcus aureus [7]. Cryptolepine, an alkaloid
isolated from this plant, has been shown to induce p21WAF1/CIP1 protein expression and
cause cell-cycle arrest in human osteosarcoma cells, suggesting its potential chemothera-
peutic applications [9]. Methanolic root extract also exhibited significant hypoglycemic
effects [8]. Polysaccharides present in aqueous extracts have demonstrated immunomodu-
latory activity and enhanced resistance to bacterial infections [7]. Aqueous extracts of S.
cordifolia have been reported to induce hypotension and bradycardia through stimulation of
muscarinic receptors [10] and exert cardioprotective effects [1]. In addition, hydroalcoholic
leaf extracts showed depressant activity on the central nervous system [5,6,11], significantly
reduced blood glucose and glycated hemoglobin (HbA1c) levels, restored renal function
indices, and inhibited the formation of advanced glycation end-products in animal mod-
els [12]. Preclinical studies have attributed notable antioxidant properties to Sida species [3],
and S. cordifolia has demonstrated free-radical scavenging activity without cytotoxic effects
in the PC12 cell line [13]. Moreover, S. cordifolia fibers are currently being investigated for
the development of eco-friendly composite materials, offering a sustainable alternative
to synthetic materials in various industrial applications [14]. Overall, Sida L. represents a
promising subject for further advances in phytochemistry and pharmacology; however,
sustainable sourcing and additional clinical investigations remain necessary [3].

The efficient propagation of S. cordifolia and the development of new cultivars with
desired chemical profiles are constrained by poor seed germination. Even after chemi-
cal treatments with agents such as H2SO4, HCl, or gibberellic acid, as well as physical
treatments including boiling or freezing, germination rates rarely exceed 50% [15,16]. In
addition, pollen grains exhibit low natural viability, even under optimal temperature [17].
Overcoming the limitations associated with the propagation and cultivation of S. cordifolia
would enable the consistent production of high-quality plant material and ensure a reli-
able supply of biologically active secondary metabolites for the pharmaceutical industry,
thereby supporting the development of new drugs and nutritional and sports supplements.
Furthermore, the medicinal importance of this species highlights the need for effective
conservation strategies, as increasing demand may render natural populations vulnerable
to overexploitation, endangerment, and extinction [18].

Tissue culture techniques, particularly in vitro micropropagation, represent an ef-
fective strategy for the propagation and conservation of this valuable medicinal plant.
Micropropagation enables the production of uniform plant material of S. cordifolia and may
play a crucial role in meeting the increasing demand for this species in the future. Although
direct or indirect somatic embryogenesis represents a highly efficient regeneration system,
it has not yet been successfully achieved in S. cordifolia. An alternative approach involves
micropropagation through direct organogenesis from primary explants or indirect organo-
genesis via previously induced callus tissue. In both systems, the initiation, elongation,
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and development of shoots and roots are essential for obtaining complete regenerants that
can subsequently be transferred to in vivo conditions. Shoots can be induced through
direct shoot organogenesis from nodal explants [19] or indirectly from callus derived from
nodal explants [18]. Root induction in regenerated shoots has been achieved using cul-
ture media supplemented with auxins such as NAA, IAA, or IBA [18,20]. Regenerated
plants were morphologically similar to the donor plants [18]. However, these findings
primarily demonstrate the feasibility of the reported protocols for the mass propagation
and germplasm conservation of S. cordifolia. To date, only four studies have addressed the
in vitro micropropagation of this species [18–21], indicating that the methodology remains
insufficiently developed for efficient large-scale application. A major limitation is the slow
and poor growth and elongation of shoots and roots obtained through direct or indirect
organogenesis from nodal segments under in vitro conditions. We hypothesized that shoot
and root growth from nodal explants can be enhanced through modifications of the cul-
ture medium and the addition of selected compounds, without the use of plant growth
regulators. Therefore, the aim of this study was to improve shoot and root elongation
in plantlets regenerated from explants, thereby increasing the efficiency of the in vitro
micropropagation system for Sida cordifolia L.

2. Materials and Methods
Seeds of Sida cordifolia L. were scarified in concentrated sulfuric acid for 15 min and

subsequently surface-sterilized with 70% (v/v) ethanol for 30 s, followed by immersion in
a 4.7% (v/v) sodium hypochlorite (NaOCl) solution for 15 min. The seeds were then rinsed
repeatedly with sterile distilled water and cultured on solid Murashige and Skoog (MS)
medium [22] supplemented with vitamins, 30 g L−1 sucrose, and 0.8% (w/v) agar, adjusted
to pH 5.7–5.8 before autoclaving. Young, aseptically grown plants were used as explant
sources. Stem segments containing two nodes were excised and placed on either full-
strength or half-strength MS medium (1/2 MS, containing half the concentration of all the
components). Potassium dihydrogen phosphate (KH2PO4) and the plant growth regulators
thidiazuron (TDZ), 6-benzylaminopurine (BAP), 6-(γ,γ-dimethylallylamino)purine (2iP),
and gibberellic acid (GA3) were added to the culture medium as specified. Concentrations
of plant growth regulators were as follows: TDZ at 0.1, 0.25, 0.5, and 2.0 mg/L, BAP
at 0.5 and 2.0 mg/L, 2iP at 2.0 mg/L, and GA3 at 0.2 or 0.6 mg/L. All chemicals were
obtained from Duchefa Farma B.V. (Haarlem, The Netherlands). In one experimental
variant, nodal explants were pretreated with Norit buffer prior to in vitro cultivation. The
Norit buffer consisted of 0.05 M sodium/potassium phosphate buffer (pH 7.0), 1 mM
ethylenediaminetetraacetic acid (EDTA), 5 mM sodium diethyldithiocarbamate (DIECA),
and 5 mM thioglycolic acid (all from Carl Roth GmbH + Co. KG, Karlsruhe, Germany), and
the explants were immersed for 5 min. All cultures were maintained at 22 ± 1 ◦C under a
16 h light/8 h dark photoperiod. Shoot and root growth were evaluated after eight weeks
of cultivation period.

The results are expressed as the mean ± standard deviation (SD). Graphs were pre-
pared using Microsoft® Excel® for Microsoft 365 MSO (v. 2511). Statistical analyses were
performed using one-way analysis of variance (ANOVA) followed by Tukey’s honestly
significant difference (HSD) post hoc test at a significance level of p < 0.05 using the Statistics
Kingdom Calculator [23].

3. Results
In the first phase of the experiment, the effects of full-strength and half-strength

Murashige and Skoog (MS) media on the development of two-node explants and the
subsequent growth and elongation of shoots and roots were evaluated. After only four
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weeks of cultivation, differences in shoot elongation were evident between explants grown
on MS and 1/2MS (Figure 1).

 

Figure 1. Differences in shoot elongation from nodal segments cultured on MS medium (A) and
1/2MS medium (B), after the first 4 weeks.

Evaluation after eight weeks of cultivation revealed statistically significant differences
(p < 0.05) in the average lengths of both shoots and roots between the MS and 1/2MS media
(Figure 2). The mean shoot length on 1/2MS medium was 4.31 ± 1.15 cm, approximately
3.9-fold greater than that observed on full-strength MS medium (1.10 ± 0.14 cm). Similarly,
root length was significantly greater on 1/2MS (4.38 ± 0.18 cm), representing a 4.2-fold
increase compared with full-strength MS medium (1.04 ± 0.31 cm). These results indicate
that half-strength MS (1/2MS) is more suitable for in vitro growth and elongation of
shoots and roots from nodal explants than full-strength MS. Therefore, all subsequent
experiments were performed using only 1/2MS medium, which was already considered a
control medium.

Enhancement of shoot and root elongation was anticipated following the treatment
of two-node explants with Norit buffer, which contains components, particularly EDTA
and DIECA, that are known to positively influence tissue growth. Treatment of explants
with Norit buffer, followed by eight weeks of cultivation on 1/2MS medium, resulted in
a statistically significant (p < 0.05) increase in root growth and elongation (Figure 2). The
average root length reached 13.46 ± 0.62 cm, which corresponded to a 3.1-fold improvement
compared to the control 1/2MS medium. Conversely, the mean shoot length decreased
to 3.75 ± 0.94 cm, representing a 13% reduction compared with explants cultured on
1/2MS medium.

The effect of potassium supplementation, applied as potassium dihydrogen phosphate
(KH2PO4), a key macronutrient influencing in vitro plant growth and development, was
also evaluated in 1/2MS culture medium. All tested concentrations of KH2PO4 (85, 170,
and 255 mg/L) resulted in a statistically significant (p < 0.05) increase in mean shoot length
(2.93 ± 0.23 cm, 4.94 ± 0.48 cm, and 3.08 ± 1.67 cm, respectively) compared with the full-
strength MS medium (1.10 ± 0.14 cm). However, supplementation of 1/2MS medium with
KH2PO4 did not significantly affect shoot elongation compared with the control 1/2MS
medium, even at the most favorable concentration of 170 mg/L, where shoot lengths were
comparable to those observed on 1/2MS medium (Figure 2). The mean root lengths on
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1/2MS media supplemented with 85, 170, or 255 mg/L KH2PO4 were 6.01 ± 2.31 cm,
11.68 ± 3.71 cm, and 5.07 ± 2.22 cm, respectively, whereas roots on the control 1/2MS
medium reached only 4.38 ± 0.18 cm. Among the tested treatments, the most effective
supplementation was 170 mg/L KH2PO4 (Figure 2), which did not significantly increase
shoot length, but enhanced root elongation by 2.7-fold compared to the control 1/2MS
medium. A larger standard deviation in root elongation was observed on 1/2MS medium
supplemented with 170 mg/L KH2PO4 (Figure 2), likely reflecting the natural genetic
and biological variation among nodal segments derived from plantlets originating from
different seeds. These plantlets may differ in their physiological state, genetic background,
growth rate, and other characteristics. The regenerated plantlets were viable, with well-
developed shoots and roots, and were suitable for acclimatization and transfer to in vivo
conditions (Figure 3).

Figure 2. The most effective modifications of the MS medium influencing shoot and root length
of plantlets developed from nodal segments. Lowercase and uppercase letters indicate statistically
significant differences among treatments for stem and root length, respectively (p < 0.05; Tukey’s
HSD test).

 

Figure 3. Eight-week-old S. cordifolia plantlets regenerated from nodal segments on 1/2MS medium
supplemented with 170 mg/L KH2PO4.
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Shoot growth promotion in in vitro cultures is typically induced by the use of cy-
tokinins. Accordingly, 1/2MS medium was supplemented individually with the cytokinins
TDZ and BAP at concentrations of 1.0, 2.0, and 4.0 mg/L to stimulate shoot elongation from
the nodal segments. However, in all treatments, shoot length was significantly reduced,
ranging from 0.25 to 0.60 cm compared with 4.31 ± 1.15 cm on 1/2MS medium. As shoot
elongation was severely inhibited, root elongation was not assessed in these treatments.

Further experiments were conducted to test shoot elongation with the simultane-
ous use of cytokinins TDZ (0.1, 0.25, 0.5, and 2.0 mg/L), BAP (0.5 and 2.0 mg/L),
and 2-isopentenyladenine (2iP; 2.0 mg/L) in the 1/2MS medium supplemented with
170 mg/L KH2PO4. Supplementation with TDZ and BAP again resulted in reduced mean
shoot lengths (0.19–0.67 cm). The addition of 2iP (2 mg/L) increased shoot length to
1.72 ± 0.25 cm; however, this remained substantially lower than that observed on the
control 1/2MS medium without growth regulator (4.31 ± 0.15 cm), as well as on 1/2MS
medium with 170 mg/L KH2PO4 added (4.94 ± 0.48 cm). Supplementation of 1/2MS
medium containing 170 g/L KH2PO4 with GA3 at concentrations of 0.2 or 0.6 mg/L resulted
in shoot lengths of 2.00 ± 0.73 cm and 3.78 ± 0.84 cm, and root lengths of 4.89 ± 0.55 cm and
2.61 ± 1.46 cm, respectively. Both shoot and root elongation remained lower in comparison
with 1/2MS medium containing 170 mg/L KH2PO4 without growth regulators.

4. Discussion
Murashige and Skoog medium (MS) is one of the most used culture media for in vitro

plant propagation. Variations in its concentration can significantly influence shoot and
root development in vitro [24–26]. Full-strength MS often promotes shoot development,
particularly in terms of shoot length and number, whereas reduced concentrations (half or
quarter strength) of its components can enhance root number and elongation, depending on
the plant species and growth regulators applied. Consequently, the optimal concentration
of MS medium components varies with both the plant species and the specific objectives
of cultivation [27–30]. These observations underscore the importance of optimizing the
medium strength for each genus and species to achieve the desired outcome of microprop-
agation, namely, efficient shoot and root proliferation. In our experiments with S. cordifolia,
half-strength MS medium was more effective than full-strength MS medium in promoting
the development and elongation of both shoots and roots in vitro.

In addition to modifying the overall concentration of MS medium, adjustments to
individual inorganic components and supplementation with various non-regulatory (pre-
dominantly organic) additives have also been investigated. Nutrients and ions in plant
tissue culture media are generally classified into four main groups, with nitrogen, potas-
sium, and phosphorus serving as the principal macronutrients. These macronutrients act
as structural components and participate in metabolic reactions, exhibiting complex inter-
actions with micronutrients and other medium constituents. In MS medium, potassium
and phosphorus were supplied together as potassium dihydrogen phosphate (KH2PO4).
Both elements generally exert positive effects on shoot development, rooting, and the
prevention of hyperhydricity in regenerants during in vitro culture [31,32]. The standard
concentration of KH2PO4 in MS medium is 170 mM; however, this level can be adjusted,
and in interaction with other components, such modifications can influence shoot and root
growth [33–35]. To date, the effects of KH2PO4 adjustment on micropropagation within
the genus Sida L. have not been reported. In our study, nodal segments of S. cordifolia were
cultivated on half-strength MS medium supplemented with KH2PO4, increasing the final
concentration from 170 mg/L to 225 mg/L. This simple modification further enhanced the
positive effect of the half-strength MS medium on both shoot and root elongation.

https://doi.org/10.3390/app16073423

https://doi.org/10.3390/app16073423


Appl. Sci. 2026, 16, 3423 7 of 10

The Norit buffer used in this study did not contain activated carbon and therefore
functioned as a standard buffer solution without adsorption properties. Although it was
not added directly to the culture medium, a brief pretreatment of nodal segments was suffi-
cient to elicit a positive response, likely due to the presence of several bioactive compounds.
Diethyldithiocarbamic acid (DIECA), a component of the buffer, has been shown to affect
plant tissue cultures primarily through its antioxidant activity and influence on the sta-
bility of secondary metabolites, including growth regulators [36,37]. Another component,
EDTA, particularly in the form of Fe-EDTA, has been demonstrated to significantly enhance
shoot regeneration from callus cultured on MS medium [38]. Increased concentrations of
Fe-EDTA above standard MS levels promoted shoot regeneration in hormone-free media,
whereas its absence inhibited regeneration. Thioglycolic acid, a further component, func-
tions as a chemical antioxidant and may help reduce explant browning, similar to other
antioxidants commonly used in plant tissue cultures. Additionally, the sodium/potassium
phosphate buffer may exert beneficial effects by stabilizing the medium pH, thereby reduc-
ing physiological disorders such as hyperhydricity and tissue necrosis [39]. Pretreatment
of nodal segments with Norit buffer produced effects on plantlet regeneration comparable
to supplementing the medium with 170 mg/L KH2PO4. However, this approach requires
additional handling steps, which can increase the risk of contamination in in vitro culture.

Several factors may explain why cytokinins, whether generally or as used in this
study, did not promote shoot elongation. The efficiency of regeneration can be strongly
influenced by the intrinsic hormone content of the explant and its original location on the
plant. Shoot regeneration results from the interaction between endogenous hormone levels
and exogenous plant growth regulators (PGRs) supplied in the culture medium [40,41].
Nodal segments contain axillary meristems with their own hormonal regulation, which
often require lower levels of exogenous PGRs to initiate shoot growth compared with other
tissues; in some cases, addition of extrinsic hormones may be unnecessary [42]. PGRs,
particularly auxins and cytokinins, are the primary drivers of plant morphogenesis. How-
ever, the culture medium, in this case MS medium, provides a physiological environment
that critically influences plant growth. Variations in MS components, even without al-
tering hormone levels, can significantly affect regeneration because mineral nutrients act
as structural building blocks, signaling molecules, and morphogenesis elicitors [32]. For
example, nitrogen levels and the nitrate-to-ammonium ratio can modulate shoot induction
independently of added growth hormones [43], while calcium concentration affects cellular
perception of endogenous hormones [44]. The salt concentration in the medium determines
osmotic potential, and dilution of MS media can increase explant survival and promote
root development in sensitive species, even in hormone-free media [45]. Full-strength MS
can induce vitrification (hyperhydricity), whereas reduction in medium strength alleviates
this stress [46]. Mineral composition also influences pH dynamics and nutrient availability,
with medium acidification inhibiting uptake of essential elements and high levels of one
nutrient potentially suppressing others, thereby affecting regeneration independently of
added growth hormones [44]. In line with our hypothesis, the results demonstrate that
improved shoot and root growth and elongation during micropropagation can be achieved
through simple modifications of the MS medium. Specifically, reducing MS component con-
centration by half and increasing potassium dihydrogen phosphate levels were sufficient
to enhance plantlet development. Exogenous growth regulators have proven unnecessary,
simplifying the protocol and reducing the cost of the culture medium by approximately
50%. Future research should focus on increasing the multiplication coefficient, particularly
through indirect organogenesis and somatic embryogenesis.
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5. Conclusions
Simple modifications of the MS medium significantly enhanced shoot and root elon-

gation from two-nodal explants during in vitro micropropagation. Reducing all MS com-
ponents to half-strength resulted in an approximately fourfold increase in both shoot and
root elongation compared to full-strength MS medium. When additional root elongation is
required, either supplementation of the medium with 170 mg/L KH2PO4 or pretreatment of
nodal segments with Norit buffer prior to culture on half-strength MS medium is effective.
In both cases, the effect was similar, with root length increasing by approximately threefold
compared with 1/2MS medium. Application of the cytokinins TDZ, BAP, and 2iP, as well
as GA3, adversely affected both shoot and root elongation.
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