B BioTechnologia

vol. 106(3) « pp. 291-308 « 2025
JBCBB Journal of Biotechnology, Computational Biology and Bionanotechnology

RESEARCH PAPER

BY 4.0

https://doi.org/10.5114/bta/209760

In vitro regeneration of Portulaca grandiflora Hook.
and analysis of betalain content within in vivo plants

ARCHANA SRIVASTAVA!, ARUNA JOSHI?

!Department of Botany, Bhavan’s Sheth R.A. College of Science, Gujarat University, Ahmedabad 380001, Gujarat, India

*Department of Botany, Faculty of Science, The Maharaja Sayajirao University of Baroda, Vadodara 390002, Gujarat, India

Received: 25 November 2024, Revised: 12 June 2025, Accepted: 20 August 2025

Abstract

Background: Synthetic colors are widely used in the food and cosmetic industries to make products
more appealing to consumers. However, the health hazards associated with synthetic colors have
prompted their replacement with natural colors. Portulaca grandiflora is a promising candidate for
natural color extraction, as it is rich in betalains. This study presents a reliable, reproducible three-step
regeneration protocol for this plant and analyzes its betalain content.

Materials and methods: In vitro shoot cultures were established on Murashige and Skoog (MS)
medium supplemented with different plant growth regulators. Anatomical studies were conducted to
determine the stages of shoot primordium development. Betalains were extracted from % vivo plants
using 60% methanol and subjected to spectrophotometric analysis. The effect of sodium ascorbate on
betalain stability was also evaluated.

Results: Juvenile leaf explants regenerated shoots on MS medium supplemented with 10 uM 6-benzyl-
adenine and 5 uM indole-3-acetic acid. Shoots were multiplied with 20 uM BA (6.25 + 0.85 shoots/
explant), and elongation was achieved with 5 UM gibberellic acid (GA,) (8.2 + 0.37 shoots/explant).
Shoot primordia developed from well-organized meristemoid cells. The betalain content in the stem
was 26.66 = 0.19 mg/100 g, but this pigment degraded within 24 h (42.19% degradation). The addition
of 50 mM sodium ascorbate prevented betalain degradation, even after 24 h.

Conclusion: This study reports a regeneration protocol from juvenile leaf explants and demonstrates

that betalain stability in the stem can be maintained with 50 mM sodium ascorbate.

Key words: anatomy, betalain, callus, in vitro shoots, leaf explants, Portulaca grandiflora

Introduction

The genus Portulaca (family Portulacaceae) com-
prises over 100 species, distributed across tropical
and subtropical regions (Gilbert and Phillips 2000).
Portulaca grandiflora, commonly known as moss rose
or office hour plant, is widely cultivated in gardens
and landscapes as an ornamental plant. Its flowers
are large and showy, appearing in several shades (red,
pink, magenta, yellow, orange, white, etc.), and may
occur in single, semidouble, or double forms, bloom-
ing during summer. The plant has a prostrate growth
habit, and its stem is red due to the presence of beta-
lain pigment.

This species is also a source of various phytochemi-
cals, including phenols, sterols, flavonoids, and poly-
saccharides (Anghel et al. 2013). The betalain pigment
has multiple medicinal benefits for human health, such
as antidiabetic, anti-inflammatory, antioxidant, lipid-
lowering, and antiobesity effects (Calvi et al. 2022).
Nutritionists and cosmetologists are interested in this
pigment because it acts as a natural colorant. Synthetic
colors, associated with several health hazards, are in-
creasingly being replaced with natural alternatives to en-
hance the appeal of products. Betalains are considered
safe, water-soluble, and require no chemical modifica-
tion before use in food (Polturak and Aharoni 2018).
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Beetroot is a widely used source of betalains; how-
ever, it presents certain disadvantages. Beetroot betalains
contain geosmins and pyrazines, which are aromatic ter-
pene derivatives (Wang et al. 2020a). These compounds
impart an unpleasant earthy and musty odor to food pro-
ducts, negatively affecting consumer satisfaction (Wang
et al. 2020b). Moreover, beetroot may carry microorga-
nisms from the soil that can compromise product quality.
Therefore, alternative sources of betalains need to be
explored, and P. grandiflora is a promising candidate.

Plant tissue culture is a method by which the pri-
mary and secondary metabolite content of plants can
be enhanced. In Portulaca, different metabolites have
been increased iz vitro using several techniques, such
as elicitation, mutagen treatment, and hairy root cul-
tures (Azni et al. 2021; Srivastava and Joshi 2021;
Moghadam et al. 2014). Reproducible regeneration pro-
tocols are required to harness these important meta-
bolites through such manipulations.

In wvitro regeneration has been reported from
P. oleracea and P. pilosa (Safdari and Kazemitabar
2009; Sedaghati et al. 2019; Chen et al. 2020; Sriva-
stava and Joshi 2021). In P. grandiflora, regenera-
tion from hypocotyl explants was reported by Rossi-
Hassani and Zryd (1995) and Bhuiyan and Adachi
(2002). Cruz et al. (2019), Safdari and Kazemitabar
(2010), and Srivastava and Joshi (2009) regenerated
in wvitro shoots from nodal explants. Furthermore,
Safdari and Kazemitabar (2010) successfully induced
shoots from callus derived from the lanceolate leaf form
of P. grandiflora. To the best of our knowledge, a rege-
neration protocol for P. grandiflora plants with obovate
succulent leaves and magenta flowers (Figure 1A) has
not yet been reported.

The aim of the present study was to develop a re-
producible regeneration protocol for iz vitro shoot de-
velopment from leaf explants of P. grandiflora (plants
with obovate succulent leaves and magenta flowers).
The protocol described here can be used to enhance
the biochemical synthesis of betalains within iz vitro
shoots. We report a three-step protocol for in vitro re-
generation of P. grandiflora (plants with magenta flo-
wers and obovate succulent leaves) from leaf explants,
along with an analysis of the anatomical stages leading
to shoot development. The betalain content in garden-
grown plants was evaluated, and the potential of beta-
lain production from in vitro shoots was explored.

Materials and methods

Source of explants

Seeds of P. grandiflora were obtained from the local
market of Vadodara, Gujarat, India. Twenty pots filled
with garden soil were maintained in the botanical gar-
den of The Maharaja Sayajirao University of Baroda,
Vadodara, Gujarat, India. A lot of seeds, each contain-
ing 10 seeds, were shallowly mixed with soil per pot and
kept in bright sunlight. The seeds were sown in Feb-
ruary 2016 and watered regularly without the applica-
tion of pesticides or fertilizers. Fully developed plants
were available by the middle of May, which were used
for different experimental analyses. The plants were
multiplied by stem cuttings from the parent experimen-
tal plants. As the stem of P. grandiflora is herbaceous,
3-4 cm segments were cut with a sharp, sterilized blade.
The bottom 3-4 leaves were removed, and these stem
cuttings were planted in fresh pots. Within 4-5 weeks,
the cuttings developed into healthy plants. Multiplication
through stem cuttings was carried out regularly through-
out the experimental period to ensure sufficient fresh
biomass for betalain analysis.

The leaves of P. grandiflora are sessile, glabrous,
obovate, and alternately arranged. The young leaf at
the apex of the stem was designated as the first nodal
leaf, or juvenile leaf, while leaves present at or beyond
the 5" node were considered mature leaves. Tissue cul-
ture experiments were performed using juvenile leaves
as well as leaves from the 5" or 6" node. The response
of juvenile leaf explants to plant growth regulator (PGR)
concentrations that induced maximum shoot produc-
tion in mature leaf explants was also evaluated. Thus,
a comparison of the responses of juvenile (1% node) and
mature (5" node) leaf explants under the same medium
composition (concentration of PGRs that induced maxi-
mum % vitro shoots) was conducted.

The source of leaf explants for tissue culture experi-
ments was these plants potted in the botanical garden
of The Maharaja Sayajirao University of Baroda, Vado-
dara, Gujarat, India. Leaves were washed with a mild
detergent and rinsed under running water for one hour
to remove soil or dust particles. They were then surface-
sterilized with 0.1% HgCl, for 3 min, followed by seve-
ral washes with sterile distilled water. A 1 cm? portion
of each explant, cut from the center of the leaf (includ-
ing the midrib) with a sterile blade, was inoculated onto
the prepared medium under a laminar airflow cabinet.
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Figure 1. Response of leaf explant of Portulaca
grandiflora inoculated on MS medium sup-
plemented with different plant growth re-
gulators. A) Experimental plant. B) In vitro
shoot induction from mature leaf explant at
10 uM 6-benzyl adenine (BA) and 5 uM indole-
3-acetic acid (IAA) after 4 weeks. C) Induction
of green-red callus from mature leaf explant
on medium supplemented with 10 uM BA and
10 uM IAA after 8 weeks. D) Shoot multi-
plication on medium supplemented with
20 uM BA after 2 weeks of transfer from
juvenile leaves. E) Elongation of in wvitro
shoots in medium supplemented with 5 uM
gibberellic acid (GA,) after 2 weeks
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Preparation of medium

Tissue culture studies were initiated using Murashige
and Skoog (MS) medium (Murashige and Skoog, 1962),
supplemented with 3% sucrose, 0.8% agar, and diffe-
rent PGRs. Chemicals, sucrose, and agar required for
the preparation of MS medium and other experimental
analyses were purchased from Sisco Research Laborato-
ries (SRL, Mumbai, Maharashtra, India).

The following PGR combinations were used for in
vitro shoot regeneration, each tested at four concentra-
tions (0.5, 2.5, 5.0, and 10.0 uM):

* 6-benzyladenine (BA) + kinetin (Kin),

* BA + indole-3-acetic acid (IAA),

* BA + 1-naphthaleneacetic acid (NAA),

* BA + 2,4-dichlorophenoxy acetic acid (2,4D),
e Kin + IAA,

* Kin + NAA,

e Kin + 2,4D.

All PGRs used in this study were purchased from Hi-
Media Laboratories Pvt. Ltd., Mumbai, Maharashtra, India.

Shoot multiplication was carried out on basal MS
medium supplemented with BA at 5, 10, 15, 20, 25, and
30 uM. Shoot elongation was performed on basal MS
medium supplemented with gibberellic acid (GA3) at 0.5,
2.5, 5.0, and 10 uM. After the addition of PGRs, the pH of
the medium was adjusted to 5.8. Agar (0.8%) was used as
the gelling agent. The medium was warmed on a hot plate
(Remi Elektrotechnik Ltd., Mumbai, Maharashtra, India),
dispensed into culture tubes or 150 ml Erlenmeyer flasks,
and sealed with autoclavable caps. Sterilization was carried
out by autoclaving at 121°C for 20 min at 15 Ib/square inch.

Since GA, is thermolabile, it was freshly prepared
in sterile distilled water, passed through a filter ste-
rilization assembly with a pore size of 0.2 um, and added
at the required concentration to the molten autoclaved
medium. The entire procedure was performed under
the sterile environment of the laminar airflow cabinet.

The inoculated explants were maintained on diffe-
rent medium combinations in culture rooms fitted with
cool white fluorescent lamps (2000 lux in each 1 m?
culture rack) with a 12-h photoperiod at 25°C. Lamps
for the culture racks were procured from Signify Inno-
vations India Ltd., Mumbai, Maharashtra, India.

Anatomy studies of the developing in vitro shoots

For anatomical studies, regeneration was induced
from juvenile leaves inoculated on MS medium supple-

mented with 10 uM BA and 5 uM IAA. The anatomical
regeneration pattern was studied at 7-day intervals. De-
veloping explants were harvested weekly and fixed in
formaldehyde-acetic acid-alcohol (FAA). The FAA fixative
consisted of 40% formaldehyde, acetic acid, ethanol, and
distilled water in the ratio of 10 ml : 5 ml : 50 ml : 35 ml,
respectively (Moreno-Sanz et al. 2020).

Histological slides were prepared from transverse
sections of first-node leaves of in vivo plants and 2-3 de-
veloping explants per week (inoculated on 10 uM BA and
5 uM IAA medium composition), following the method
of Johansen (1940). FAA was removed from the samples
by washing them in an ascending tertiary butyl alcohol
(TBA) series (30%, 50%, 70%, 90%, and 100%) purchased
from Baroda Chemical Industries Limited (BCIL),
Vadodara, Gujarat, India. Each step of the TBA series
treatment was carried out for 30-35 min at 20-25°C.

The dehydrated tissues were then cleared in xylene
to remove TBA. Samples were placed in a 100 ml cou-
pling jar filled with xylene for 10 min at room tempera-
ture (20-25°C), and the procedure was repeated twice
for complete clearing. The cleared tissues were infiltrat-
ed with molten paraffin wax (melting point 56-58°C) and
embedded in paraffin blocks. Sections of 15 um thick-
ness were cut from the embedded tissues using a rotary
microtome (Leica Biosystems, Nussloch, Germany).

The sections were mounted on glass slides, de-
waxed, and stained with hematoxylin and eosin (SRL,
India). They were then mounted in DPX (Distrene-
plasticizerxylene), and photomicrographs were cap-
tured with a Leica Research Microscope (Leica Micro-
systems, a Division of Danaher, Wetzlar, Germany).

Extraction of betalain

In vivo plants (approximately 1-1.5 kg fresh weight)
were harvested from pots maintained in the botanical
garden of the University. These plants were separated
into two groups: the first consisting of whole vegetative
plants (roots + leaves + stems), and the second con-
sisting of stems only (with roots and leaves removed).
Samples were washed under running tap water for 1 h
and air-dried overnight. They were then transferred to
a hot-air oven (Thermolyne Corporations, Iowa, USA)
at 60°C for 2 days.

Dried samples (10 g) were ground into a fine powder
using a mortar and pestle, and betalains were extracted
with 100 ml of 60% methanol (BCIL, India) in a porcelain
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Buchner funnel (Cole-Parmer India, Mumbai, Maha-
rashtra, India) for 30 minutes at room temperature
(Kugler et al. 2004). The extract was subjected to spec-
trophotometric analysis (A = 400-600 nm) using a UV-
Visible Spectrophotometer (PerkinElmer, Connecticut,
USA) equipped with Lambda 25 software.

The extract was diluted with Mcllvaine’s buffer
[pH 6.0 (Mcllvaine 1921)] to obtain an absorption value
of 0.9 < A< 1.0 at a wavelength scan of 400-600 nm.
The amount of betalains was calculated according to
El-Ashry et al. (2020) using the following equation:

Betalain content mg/g = A x (DF) x (MW) x Vd / (e x L x W)

where A - absorption value at the absorption maxi-
ma, Vd - volume of extract sample (ml), W - weight of
sample (g), DF - dilution factor, L — path length (1 cm)
of the cuvette, MW - molecular weight, and € — molar
extinction coefficient.

The values for betacyanin are MW = 550 g/mo],
€ = 60000 L/mol - cm in H,0, A (wavelength) = 540 nm.
The values for betaxanthin are MW = 340 g/mol,
€ = 48000 L/mol - cm in H,0, A = 480 nm. The content
of betalains obtained as mg/g was converted to mg/100 g.

The betalain contents of both the whole plant and
the stem were evaluated. Initial spectrophotometric
analysis revealed that both samples (whole plant and
stem) lost betalain pigment after 12 h of storage at 4°C.
To improve stability, a stock solution of sodium ascor-
bate (1 M) was prepared in distilled water and added to
the extracts at a final concentration of 50 mM (Kugler
et al. 2004). After 24 h, the betalain content of stem
extracts, with and without 50 mM sodium ascorbate,
was analyzed using a UV-Visible Spectrophotometer
(PerkinElmer, Connecticut, USA) equipped with Lamb-
da 25 software. The difference in betalain content be-
tween the two treatments was compared to assess the
role of sodium ascorbate in preventing pigment degra-
dation and enhancing pigment stability.

Shoot cultures (explants containing iz vitro shoots
and shoot buds) obtained from plant tissue culture ex-
periments were subcultured on multiplication medium.
This medium consisted of MS medium supplemented
with BA at concentrations of 5, 10, 15, 20, 25, and
30 uM. Shoot cultures from one flask were transferred
into two to three fresh flasks containing multiplication
medium (MS + 5-30 uM BA) every 4 weeks for a period
of three months to increase biomass production.

Thereafter, the shoot cultures were collected with
sterilized forceps, dried on a paper towel, wrapped in
coarse filter paper, and kept in an oven at 60°C for 48 h.
From this material, 10 g of dried iz vitro shoot cultures
(without any iz vivo plant part) was used for betalain
assessment, following the same procedure as described
for whole plants and stems.

Statistical analysis

Plant tissue culture experiments were performed
with ten explants for each combination, and each experi-
ment was repeated twice. The number of i vitro shoots
was expressed as the mean * standard error (SE). Sta-
tistically significant differences in the data (mean + SE)
for shoot multiplication and elongation were analyzed
using one-way ANOVA, followed by posthoc Tukey’s
HSD test (p < 0.05).

The analysis of betalain content (whole plant and
stem) was performed in triplicate. Betalain content
after spectrophotometric analysis was expressed as the
mean of triplicate values for both whole plant and stem
in mg/100 g £ SE. The significant difference between
betalain content of whole plants and stems treated
with or without sodium ascorbate was evaluated using
Student’s ttest at p = 0.01. Heat map matrices repre-
senting the percentage of leaf explants forming callus
and shoot buds were generated using Google Colab
(https://colab.research.google.com/).

Results
Regeneration of the in vitro plant

The experimental plants exhibited prostrate, de-
cumbent stems, obovate succulent leaves, and single-
form magenta flowers (Figure 1A). Regeneration from
in vivo mature leaf explants was tested on 112 different
medium compositions of PGRs, but well-developed
shoots were achieved only on MS medium supplement-
ed with 10 uM BA and 5 uM TAA.

Leaf explants inoculated on MS medium contain-
ing 0.5 uM BA and TAA (5-10 uM) produced little to
moderate callus without shoot bud induction. Medium
supplemented with 2.5 uM BA and IAA (2.5-10 uM) in-
duced little to moderate white callus, along with shoot
buds in 40-70% of explants. Increasing BA to 5 uM
with IAA (0.5-10 uM) resulted in minimal callus forma-
tion; however, the proportion of explants forming shoot
buds increased to 100% at this concentration. A similar
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Table 1. In vitro shoots (mean * SE), % share of explants
forming shoot buds, and % share of explants inducing callus
from mature leaf explant of Portulaca grandiflora on MS
medium supplemented with 6-benzyl adenine (BA)
and indole-3-acetic acid TAA (uM) after 4 weeks

PGR’s [uM] % Explants Number
T Callus forming of shoots/
BA IAA shoot explants
buds (mean + SE)

0.5 0.5 - - _

0.5 2.5 + - _

0.5 5 + - _

0.5 10 ++ - -

2.5 0.5 - - _

2.5 2.5 + 40 _

2.5 5 ++ 50 _

2.5 10 ++ 70 B

5 0.5 + 30 -

5 2.5 + 60 _

5 5 + 100 -

5 10 + 100 _

10 0.5 + 40 _

10 2.5 + 50 _

10 5 ++ 100 2.31+0.86
10 10 ++ 100 _

- = No response, + = little callus, ++ = moderate callus
MS medium - Murashige and Skoogs medium, 1962

morphogenic response (callus and shoot bud induction)
was observed in explants inoculated on MS medium
supplemented with 10 uM BA and 0.5-10 uM IAA.

At low concentrations of BA (2.5-5 uM) with [AA
(2.5-10 uM), clusters of shoot buds were initiated
by the 6" week, with a response rate of 40-100%.
A much faster response was recorded at 10 uM BA and
2.5-5 UM TAA, where 50-100% of explants formed shoot
buds by the 3" week. Shoot buds were green, shiny, and
emerged from the abaxial surfaces of explants. These
buds proliferated into iz wvitro shoots (2.31 = 0.86)
by the end of the 4" week on medium supple-
mented with 10 uM BA and 5 uM [AA (Figure 1B).
A greenish-red callus developed from explants cultured
on medium supplemented with 10 uM BA and 10 uM
IAA (Figure 1C and Table 1).

Since explant age is a crucial factor for regeneration,
mature leaf explants were replaced with juvenile leaves.
Juvenile leaves obtained from the first node of plants
were inoculated on MS medium containing 10 uM BA
and 5 uM IAA, the concentration selected because ma-
ture leaves produced iz vitro shoots only under this con-
centration. Shoot buds, a cluster of dense short shoots,
and 2.7 = 0.15 well-developed shoots were induced by
the juvenile leaf explant by the end of the 6" week on
this combination of PGR. Thus, the mature leaves in-
duced 2.31 * 0.86 shoots only, while the juvenile leaves
induced shoot buds, a cluster of dense short shoots,
and 2.7 + 0.15 well-developed shoots. This result de-
picted that the juvenile leaf gave a better response than
the mature leaf in the induction of iz vitro shoots.

Multiplication and elongation of in vitro shoots

The entire juvenile explant that induced 2.7 = 0.15
well-developed i vitro shoots, clusters of short shoots,
and shoot buds (on 10 uM BA and 5 uM IAA) was
transferred to multiplication medium consisting of MS
medium supplemented with BA (5-30 uM). Multiple
shoots were formed from the adventitious shoot buds,
and nodular green callus was occasionally observed
between the newly developed shoots. The number of
shoots per explant increased in MS medium supple-
mented with 5 and 10 uM BA, while medium containing
20 and 25 uM BA produced a similar number of shoots.
Notably, 20 uM BA resulted in 6.25 = 0.85 shoots
per explant along with clusters of incipient shoots after
2 weeks. However, at 30 uM BA, a decline in the num-
ber of shoots was observed (Figures 1D and 2). There-
fore, MS medium supplemented with 20 uM BA was
selected as the optimum concentration for shoot multi-
plication.

Shoot cultures grown on multiplication medium
(MS + 20 uM BA) consisted of explants bearing several
incipient or newly developed shoots. These explants
were subsequently transferred to elongation medium
containing basal MS medium supplemented with GA,
at different concentrations (0.5-10 uM). Visual obser-
vations revealed rapid elongation of incipient shoots
within 1 week of inoculation. The best response was
achieved at 5 UM GA,, with 8.2 + 0.37 shoots/cluster
after 2 weeks. Initially, the shoots appeared green,
and by the 2™ week, they had elongated and developed
a pale pink coloration (Figures 1E and 3).
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Figure 2. Effect of 6-benzyl adenine (BA) (uM) on the
multiplication of i wvitro shoots (mean * SE) of Portulaca
grandiflora after 2 weeks. Means followed by the same letters
are statistically not significant with Tukey’s HSD test, » <0.05

Induction of callus from mature leaf explants

The response of mature leaf explants of P. grandi-
flora was evaluated on MS medium supplemented with
combined concentrations of other PGRs (Kin + IAA,
BA + NAA, Kin + NAA, BA + 2,4D, Kin + 2,4D). Ex-
plants inoculated on medium with Kin and IAA pro-
duced white friable callus and shoot buds from the ab-
axial surfaces during the 4™ week of culture. At low
concentrations of Kin (0.5 uM) and IAA (0.5-2.5 uM),
negligible callus was formed. Kin at 2.5 uM with TAA
(2.5-10 uM) induced little callus, but at 5-10 uM IAA,
all explants (100%) produced callus, and 20% formed
shoot buds. At higher concentrations of Kin (5-10 uM)
with TAA (5-10 uM), 100% of explants formed callus,
while 40-100% induced shoot buds (Figure 4A). How-
ever, these shoot buds failed to develop into in wvitro
shoots (Figure 5). Medium supplemented with 0.5 uM
BA and 0.5 uM Kin induced roots (1.82 + 0.23) in 80% of
explants. At higher cytokinin concentrations (5-10 uM
BA with 0.5-10 uM Kin), clusters of shoot buds were
observed in 20-50% of cultures by the 3" week. Again,
these shoot buds failed to regenerate into shoots (Fig-
ure 4B; Supplementary Table 1).

Medium with BA and NAA induced white-green
compact callus and one or two large shoot buds at low
concentrations [0.5 uM BA + NAA (2.5-10 uM)] (Fig-
ures 4C and 6). At higher concentrations [2.5-10 uM
BA + NAA (2.5-10 uM)], only green callus was induced.
Medium with Kin and NAA produced little to moderate
white-red friable callus (Figures 4D and 6). Combina-
tions of BA (2.5-10 uM) with 0.5 uM Kin did not in-
duce callus, but other combinations formed callus in

Number of elongated
shoots/cluster
o)}
1

5
4
3
2
14
0

Concentrat|on of GA, [ pM]

Figure 3. Effect of basal MS medium supplemented with
gibberellic acid (GA,) (uM) on elongation of in vitro shoots/
cluster (mean *= SE) in Portulaca grandiflova after 2 weeks.
Means followed by the same letters are statistically not
significant with Tukey’s HSD test, p < 0.05

40-100% of explants. Moderate to profuse callus was
observed on medium supplemented with 5-10 uM BA
and 0.5-10 uM 2,4D (Figures 4e and 7). Kin and 2,4D
also induced white friable callus in the 1% week of ino-
culation, which later turned greenish-white (Figures 4F
and 7).

Thus, only MS medium supplemented with 10 uM
BA and 5 uM IAA supported successful regeneration,
where juvenile explants produced shoot buds that proli-
ferated into clusters of small shoots and 2.7 + 0.15 well-
developed shoots. All other PGR combinations tested
resulted only in callus or shoot buds, none of which de-
veloped into mature shoots.

Anatomy of the regenerating shoots

At the time of inoculation (day 0), the transverse
section of ¢z vivo juvenile leaves (first nodal leaf of the
stem) displayed Kranz anatomy, with a distinct layer of
bundle sheath cells surrounding the vascular bundles.
Mesophyll cells were clustered around the bundle
sheath, and large water-storage cells were present be-
tween the upper and lower epidermis (Figure 8A).

Anatomical changes in explants inoculated on MS
medium supplemented with 10 uM BA and 5 uM TAA
revealed a high rate of cell division. After 7 days, the
vascular bundles became distorted and were pushed to-
ward the periphery of the explant. Large water-storage
cells were replaced by parenchymatous cells, which oc-
cupied the central mass (Figure 8B). By the 4" week,
rapid cell division of these parenchymatous cells was
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Figure 4. Induction of callus and shoot buds on mature leaf explants of Portulaca grandiflora inoculated on MS medium
supplemented with different plant growth regulators. A) Shoot bud induction and callus initiation from mature leaf explant at
5 uM kinetin (Kin) and 2.5 uM indole-3-acetic acid (IAA) after 4 weeks. B) Shoot bud induction from mature leaf explant
at 10 uM 6-benzyl adenine (BA) and 5 uM Kin after 4 weeks. C) Shoot bud and callus induction from mature leaf explant at
0.5 uM BA and 2.5 uM 1-naphthalene acetic acid (NAA) after 4 weeks. D) White and red mixed callus induction from mature
leaf explant at 5 uM Kin and 2.5 uM NAA after 4 weeks. E) White friable callus induction from mature leaf explant at 5 uM
BA and 10 uM 2,4-dichlorophenoxyacetic acid (2,4D) after 4 weeks. F) Little white green mixed friable callus induction from
mature leaf explant at 5 uM Kin and 10 uM 2,4D after 4 weeks. SB - shoot buds
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2.5 uM Kin + 2.5 uyM IAA
2.5 uMKin + 5 uM 1AA
2.5 uM Kin + 10 uM IAA
5 uMKin + 2.5 uM 1AA

5uMKin + 5 uM IAA

PGRs

5 uMKin + 10 pM 1AA
10 uM Kin + 0.5 pM 1AA
10 uM Kin + 2.5 pM 1AA

10 uM Kin + 5 uM 1AA

10 uM Kin + 10 uM [AA

% explants forming callus

100

L 40

- 20

L0
% explants forming shoot buds

Figure 5. Heat map matrix displaying the combined effect of kinetin (Kin) and indole-3-acetic acid (IAA)-supplemented MS
medium on the % share of explants forming callus and % share of explants forming shoot buds

PGRs - plant growth regulators

evident. The cells were isodiametric, with deeply
stained cytoplasm and conspicuous nuclei. They were
arranged in clusters, leading to the formation of loca-
lized meristemoid regions after 5 weeks (Figure 8C).
Subsequently, these meristemoids were organized
into layered structures forming the apical meristem.
The apical dome initiated the development of leaf pri-
mordia, and shoots emerged from the leaf explants after
6 weeks. Meristems at different developmental stages
were observed (Figure 8D). Thus, abundant parenchy-
matous cell proliferation gave rise to organogenic callus,
which initiated shoots through indirect organogenesis.

Estimation of betalain pigment content

Betalains consist of two components: betacyanins and
betaxanthins. Spectrophotometric analysis revealed that
the betalain extract of P. grandiflora (stem/whole plant)
contained betacyanins, whereas betaxanthins were ab-
sent. Betalain content was higher in the stem (26.66
= 0.19 mg/100 g) than in the whole plant (Figure 9).
Betalain is an unstable pigment that degrades rapidly.
Initial analysis showed that both whole plant and stem
samples lost pigment within 12 h of storage at 4°C.
The addition of 50 mM sodium ascorbate slowed this
degradation. In samples without sodium ascorbate, be-
talain content was 14.35 + 0.16 mg/100 g (whole plant)
and 26.66 = 0.19 mg/100 g (stem). In contrast, samples
treated with 50 mM sodium ascorbate showed 12.35
+0.14 mg/100 g (whole plant) and 20.08 = 0.13 mg/100 g
(stem). Thus, betalain content appeared higher in un-

treated samples than in those with sodium ascorbate
(Figure 9). The betalain content of stem samples (with
or without sodium ascorbate) was nearly twice that
of whole plant samples. Therefore, subsequent analyses
focused only on stem samples after 24 h of extraction.
These results showed 42.19% degradation in betalain
content without sodium ascorbate (11.25 + 0.62 mg/
100 g) compared with samples containing sodium ascor-
bate (20.11 £ 0.04 mg/100 g; Supplementary Figure 1).

Thus, it is concluded that the stems of P grandi-
flova are rich in betalains and that sodium ascorbate
helps prevent pigment degradation. However, the in
vitro shoots and calluses did not synthesize sufficient
amounts of pigment for quantification.

Discussion

Regeneration protocols have been developed for
several species of Portulaca and successfully applied
in various biotechnological interventions, such as Agro-
bacterium-mediated transformation and upregulation of
different metabolites (Sedaghati et al. 2019; Chen et al.
2020; Srivastava and Joshi 2021). The regeneration pro-
tocol developed for P. grandiflova in the present study
can similarly be used for harvesting important second-
ary metabolites, such as flavonoids (quercetin) and phe-
nolics (Nurcholis et al. 2023).

Different explants of Portulaca show varied responses
to PGRs, as demonstrated in several studies. Srivastava
and Joshi (2009) and Cruz et al. (2019) reported regene-
ration from nodal and hypocotyl explants, respectively,
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Figure 6. Heat map matrix displaying the combined effect of 6-benzyl adenine (BA)/kinetin (Kin) and 1-naphthalene acetic
acid (NAA)-supplemented MS medium on the % share of explants forming callus and % share of explants forming shoot buds

PGRs - plant growth regulators

using cytokinins (BA/Kin) in P. grandiflora. Bhuiyan
and Adachi (2002) emphasized that high concentrations
of cytokinin (thidiazuron) were required for organoge-
nesis in hypocotyl-derived calli. However, in the present
study, cytokinins (BA + Kin) were not effective, as they
induced only negligible callus or shoot buds from mature
leaf explants, and these shoot buds failed to develop into
in vitro shoots in cytokinin-rich media.

Previous reports also indicate that regeneration in
P. grandiflora is favored by a combined concentration
of cytokinin and auxin. Safdari and Kazemitabar (2010)
reported indirect organogenesis from leaf explants in
BA + NAA, and Rossi-Hassani and Zryd (1995) obtained
shoots from hypocotyls in the same combination.
In contrast, in the present study, explants cultured on
BA + NAA produced callus and shoot buds, but these
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PGRs - plant growth regulators

shoot buds failed to proliferate into shoots. This is con-
trary to the reports of Safdari and Kazemitabar (2010)
and Rossi-Hassani and Zryd (1995) in P. grandiflora.
The combination of BA and IAA induced the development
of shoot buds into shoots, indicating that the use of IAA
instead of NAA in the medium led to the regeneration of
P. grandiflora leaf explants (magenta flower phenotype).

The addition of auxins and cytokinins to the medium
also influenced the formation and morphology of callus.
BA + NAA induced white-green compact callus, Kin + NAA
induced white-red callus, while BA/Kin combined with
2,4D induced white friable callus.

A similar observation was reported for P. grandi-
flova by Rossi-Hassani and Zryd (1995), where the color
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Figure 8. Anatomy of the stages in the development of iz vitro shoots of Portulaca grandiflora. A) Transverse section of

juvenile leaf on day 0 (200 um; WS - water storage cells). B) Vascular bundles (VB) are pushed towards the periphery, and

water storage cells are replaced by parenchymatous cells (200 um) after 1 week. C) Vigorous mitotic division and the cells

organize as clusters of meristemoids (M) after 5 weeks (200 um). The cells are deeply stained with a conspicuous nucleus.
D) Asynchronous development of apical meristems leading to the formation of iz vitro shoots after 6 weeks (200 um)

and texture of the callus were determined by the type
of PGR used in the medium. Trezzine and Zryd (1990)
also reported the formation of a mosaic callus in
P. grandiflora - a white callus interspersed with red
sectors. The present study confirmed the formation of
such a heterogeneous mass of tissues (white mass with
patches of red tissue) in callus cultures obtained on MS
medium supplemented with 5 uM Kin and 2.5 uM NAA.

Similarly, the formation of white-green compact cal-
lus from leaf explants in MS medium supplemented
with BA and NAA in this study aligns with the findings
of Xu et al. (2024) in P. oleracea, where leaf explants
produced dense, chlorophyll-synthesizing, smooth-
textured callus on BA + NAA medium. The interplay of

BA/Kin with 2,4D is also known to induce callus in seve-
ral plants. For example, Srivastava and Joshi (2024)
reported a wide spectrum of morphogenic responses
in P. oleracea when leaf explants were inoculated on
MS medium with BA and 2,4D. Their study demon-
strated that explants produced 2-3 roots on 0.5 uM BA
+ 0.5 uM 2,4D; shoot buds and callus on 2.5-5 uM BA
+ 0.5 uM 2,4D; and well-developed shoots with green
callus on 10 uM BA + 0.5 uM 2,4D. A similar pattern
of callus and iz vitro shoot induction was observed in
leaf explants supplemented with Kin and 2,4D in the
same study (Srivastava and Joshi 2024).

Mousa et al. (2022) also reported callus induction
from stem, leaf, and seed explants of P. oleracea on MS



Regeneration from leaf explants of Portulaca grandiflora

303

medium supplemented with BA and 2,4D, where leaf
explants produced nodular and compact callus. These
reports, however, contrast with the present findings in
P. grandiflora, where callus generated on MS medium
supplemented with BA/Kin and 2,4D was friable and
soft and did not undergo organogenesis to produce
roots or shoots. Clearly, the response of Portulaca to dif-
ferent concentrations and types of PGRs varies among
species.

The technique of plant tissue culture is based on to-
tipotency, which implies that any living part (explant) of
a plant is capable of dedifferentiation (Long et al. 2022).
However, the age of the explant is a crucial factor, as
young explants generally exhibit better physiological
responses (Kalyan and Sil 2015). In the present study,
the performance of juvenile leaf explants was tested on
the same medium composition that induced shoots from
mature leaf explants. On MS medium supplemented with
10 uM BA and 5 uM IAA, mature leaf explants produced
only 2.31 £ 0.86 shoots, whereas juvenile leaf explants
consistently yielded 2.7 + 0.15 well-developed shoots,
along with clusters of incipient shoots and shoot buds.
Thus, juvenile explants demonstrated a better regenera-
tive response than mature explants.

These findings align with earlier studies. Becerra
et al. (2004) reported higher induction of adventitious
shoots from juvenile compared with mature leaf explants
in P. edulis. Long et al. (2022) observed that, regardless
of explant type, cell division initiated near the cambium
and vascular bundles of young plant parts. Kalyan and
Sil (2015) further noted that juvenile tissues possess
less rigid cell walls and higher meristematic activity,
which promote faster growth. These reports support
the present finding that juvenile leaf explants respond
more effectively than mature leaf explants.

In the current study, shoot buds developed into
shoots on MS medium supplemented with 10 uM BA
and 5 uM IAA; however, these buds failed to multiply
even under prolonged culture. Therefore, cultures were
transferred to the multiplication medium. Cytokinins
are known to promote mitotic cell divisions and diffe-
rentiation of adventitious shoots from callus and organs
(Schaller et al. 2014). In the present study, the multi-
plication of shoots was obtained in the medium supple-
mented with BA. This is consistent with the findings
of Geng et al. (2016), where the addition of cytokinin
to the medium induced a faster rate of multiplication of
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Figure 9. Betalain content (mg/100 g; mean = SE) in the
whole plant and the stem alone of Portulaca grandiflora
without or with 50 mM sodium ascorbate. Student’s i-test was
significant at p < 0.01 between the samples (without or with
50 mM sodium ascorbate)

in vitro shoots in G30 cultivars of apple. Similarly, Xu
et al. (2024) report that the leaf explant of P. oleracea
induced callus in MS medium supplemented with BA
and NAA. This callus, which, when transferred to MS
medium supplemented with BA, resulted in the deve-
lopment of multiple shoots.

Thus, BA supplementation has a high potential to
induce rapid cell division, leading to the development
and multiplication of i vitro shoots. The present study
confirms that MS medium supplemented with BA is ef-
fective for in vitro shoot multiplication in P. grandiflora.

GA, is commonly used for in vitro shoot elongation.
Based on the findings of Geng et al. (2016) in apple, it
was concluded that GA, in combination with BA promot-
ed both elongation and multiplication of iz vitro shoots,
which contrasts with our results. Little and Macdonald
(2003) reported that GA, stimulates the subapical meri-
stem in newly developed shoots of Pinus; as such, GA,
does not increase shoot numbers but promotes elon-
gation. Our findings are consistent with this phenome-
non, as the number of shoots did not increase apprecia-
bly, but elongation was observed in basal MS medium
supplemented with GA,.

The anatomy of the regenerating shoots was exa-
mined to establish the mode of regeneration (direct/
indirect organogenesis) in this plant via leaf explants.
The anatomical studies have established a series of
stages that lead to the development of in vitro shoots
in culture systems.
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The transverse section of P. grandiflora leaves at
day 0 showed vascular bundles surrounded by large
bundle sheath cells, a feature known as Kranz anatomy,
characteristic of C, plants (Guralnick et al. 2020).
These vascular bundles, arranged laterally, were encir-
cled by large water-storage cells. A similar anatomical
pattern was described in P. grandiflova leaves by Vozne-
senskaya et al. (2010) and Guralnick et al. (2020), who
referred to it as the “pilosoid type of Kranz anatomy.”

Shoot organogenesis involves the formation of
clusters of rapidly dividing, thin-walled meristematic
cells, characterized by dense cytoplasmic staining and
prominent nuclei. These clusters have been variously
termed meristemoids, pro-meristems, or meristemoid-
like precursors and are a common feature of shoot or-
ganogenesis (Schuchovski et al. 2020). The present
study demonstrated indirect organogenesis, where
shoots originated from callus cells, consistent with
the reports of Schuchovski et al. (2020). Asynchronous
development of leaf primordia was also observed on
the apical meristem, corroborating earlier findings by
Schuchovski et al. (2020) and Woo and Wetzstein (2008).

Thus, the present study illustrates the sequential
anatomical stages underlying iz vitro shoot develop-
ment in P, grandiflora culture systems.

P. grandiflora is rich in betalains, which impart
adeep red color to its stem. Betalains are derived
from a core betalamic acid, which forms betacyanins
through imino linkage with cyclo-DOPA or betaxanthins
through conjugation with an amine (Polturak and Aha-
roni 2018). These pigments are restricted to the order
Caryophyllales in plants and to certain basidiomycetes
in fungi (Timoneda et al. 2019). Owing to their bright
coloration, betalains attract insects for pollination and
seed dispersal. In addition, they function as secondary
metabolites involved in plant defense mechanisms (Pol-
turak and Aharoni 2018).

Trezzini and Zryd (1991) reported the presence of
betaxanthins (Portulacaxanthin III) in the petals of red,
yellow, and orange phenotypes of P, grandiflora, but not
in the white flower phenotype. Gandia-Harrero et al.
(2005) detected betanidin (a precursor of betacyanin)
in the violet variety and betaxanthins in the yellow va-
riety, whereas in the white-flowered phenotype, only
negligible amounts of betanidin were present and be-
taxanthins were absent. Similarly, Trezzini and Zryd
(1990) found that plants with violet-colored flowers and

stems contained betacyanins in the stem but no beta-
xanthins. More recently, Spérna-Kucab et al. (2022) re-
ported that yellow and orange flowers of P. grandiflora
had the highest betaxanthin content but significantly
lower levels of betacyanins, while purple flowers were
particularly rich in betacyanins.

The present study reported the presence of beta-
cyanins and the absence of betaxanthins in the stems
of P. grandiflora with a deep magenta flower pheno-
type. Flower color is, therefore, an indicator of the type
of pigment that can be isolated from the plant: yellow
or orange flowers yield betaxanthins, whereas pink or
magenta flowers are rich in betacyanins. It was also ob-
served that betalain content was higher in stem samples
compared to whole-plant samples. The whole plant con-
sisted of root, leaves, and stems, while the stemcon-
tained only stem tissue, excluding the nonpigmented
roots and leaves. Both samples had the same biomass
weight (10 g). The leaves and roots did not have betalain
pigment. Thus, in the whole plant, the biomass contrib-
uted by leaves and roots did not contribute to pigment
quantity. Understandably, the pigment content is higher
in only the stem sample rather than the whole plant.

Betalains are highly unstable and sensitive to chang-
es in pH, temperature, and light exposure. Pigment
stability can be enhanced by the addition of ascorbic
acid, which lowers pH and prevents oxidation by inhibit-
ing polyphenol oxidase activity (Guerrero-Rubio et al.
2019). Studies on Chenopodium quinoa (Escribano et al.
2017) and Parakeelya mirabilis (Chung et al. 2015) re-
ported that 50 mM sodium ascorbate enhanced beta-
lain stability. The present findings are in agreement
with these reports, as the addition of 50 mM sodium
ascorbate to samples prevented betalain degradation
after 24 h.

Further, Vieira Teixeira da Silva et al. (2019) demon-
strated that betalains in highly purified beetroot ex-
tracts remained stable for 9 months at -30°C and for
20 days at 4°C. These findings highlight the importance
of strict control of temperature, pH, and light exposure
during purification, which significantly reduces pig-
ment degradation. Thus, achieving betalain stability
requires a holistic approach in which the activity of so-
dium ascorbate is enhanced by strict control over tem-
perature, pH, and light exposure.

In contrast, appreciable amounts of betalains were
not synthesized within iz vitro cultures in the present
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study. Georgiev et al. (2008) noted that betalain yield
in i vitro cultures is generally low and is influenced
by multiple physical and chemical factors, including
cultivar type, subculture duration, and nutrient me-
dium composition. Cytokinins have also been reported
to exert an antagonistic effect on betalain production
(Santos-Diaz et al. 2005).

Comparative studies show wide variation in beta-
lain content across plants. Silva et al. (2020) reported
75 mg/g betalains in red beet, and Swamy et al. (2014)
reported 30.9 mg/100 g in beetroot. In the present study,
the stem of P. grandiflora contained 26.66 + 0.19 mg/
100 g betalains. Moreover, the presence of amino acids
such as tyrosine and leucine, as well as elicitors like
silver nitrate, has been shown to enhance betalain con-
tent (Winson et al. 2021).

Conclusions

In the present study, a regeneration protocol from
leaf explants was developed for P. grandiflora. This
three-step procedure, involving shoot bud induction,
shoot multiplication, and shoot elongation, proved to be
reliable and reproducible. Anatomical studies confirmed
that regeneration of in vitro shoots followed an indirect
pathway. A high content of betalains was detected in
the stems of garden-grown plants, and rapid degradation
of the pigment was prevented by the addition of sodium
ascorbate. In contrast, iz vitro shoots and callus cultures
did not accumulate appreciable amounts of betalains.
Future investigations could focus on enhancing betalain
accumulation within iz vitro plants or callus cultures,
for which the developed regeneration protocol provides
a useful platform. Additionally, the influence of abiotic
factors such as temperature, pH, and light on betalain
synthesis should be explored to further improve pig-
ment stability.
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