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Abstract

The main phenylethanoid glycosides in the Plantago genus are acteoside (verbascoside) and plantamajoside, compounds
with broad biological effects. This is a report on Plantago ovata callus induction, proliferation and establishment as well as
the content of those phenylethanoids in that cell biomass. In the experimental studies, callus initiated from various seedling
explants (roots, hypocotyls and leaves) was cultured on MS (Murashige-Skoog) media augmented with 2,4-D (2,4-dichlo-
roacetic acid) and KIN (kinetin) or NAA (a-naphthaleneacetic acid) and BAP (6-benzylaminopurine). Callus proliferating
on MS without NH,NO; (ammonium nitrate) supplemented with 2,4-D (1.0 mg/l) and KIN (0.5 mg/I or 1.0 mg/l) turned out
to be a good growth system for biomass production—mean increase of fresh weigh calculated on three following passages
was 9.1 +1.8. The phytochemical analyses and antiradical DPPH (1,1-diphenyl-2-picryl-hydrazyl) tests revealed that the
antioxidant activity is due to the presence of phenylethanoid glycosides. The quantitative screening of the callus extract by
TLC (thin-layer chromatography) video densitometric method showed the highest content of acteoside (9.58 +0.75 mg/g
dry weight) in root-derived and plantamajoside (8.15+0.81 mg/g d.w.) in hypocotyl-derived callus biomass. In in vitro
redifferentiated cultures of P. ovata, compounds with a demonstrated therapeutic effect, can be obtained in a manner that is
completely independent of cultivation or harvesting from the wild.
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Three callus lines of Plantago ovata, initiated from roots, hypocotyls and leaves of seedlings, showed good growth on medium
without ammonium nitrate and high content of valuable acteoside and plantamajoside.
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Introduction

Plantago ovata Forssk. (Plantaginaceae), a dicot annual herb
popularly known as Ispagula (or Isubgol), is indigenous to the
flora of South East Spain, North Africa and South West Asia
(Dhar et al. 2005). It is cultivated for seeds and seed husks
(Plantaginis ovatae semen, Plantaginis ovatae seminis tegu-
mentum (European Pharmacopoeia 2023a, b)), which are com-
mercially important anticonstipant remedies due to the high
content of mucilage (10-30%) (WHO 1999; Fischer et al.
2004; Singh 2007). It has been shown that P. ovata displays
hypocholesterolemic, anti-diabetic, anti-diarrhea, antibacte-
rial, and antioxidant activity (Singh 2007; Motamedi et al.
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2010; Ahmadi et al. 2012; Gongalves and Romano 2016; Sar-
fraz et al. 2017). Moreover, it was applied for the treatment
of bowel syndrome symptoms, abdominal pain, wounds, and
termination of pregnancy (Sarfraz et al. 2017; Franco et al.
2020). On the other hand, a natural biocoagulant extracted
from P. ovata was applied for a water clarification (Ramavandii
2014). Phytochemical analyses showed the presence of iridoids
(aucubin, catalpol, 8-epiloganic acid, arborescoside, gardoside,
and asperuloside), flavonoids (apigenin 7-glucoside, luteo-
lin 7-glucoside, luteolin 4'-glucoside) and phenylethanoids
(acteoside=verbascoside, plantamajoside) in plants from field
cultivation (Kawashty et al. 1994; Rgnsted et al. 2000; 2003)
as well as phenylethanoids (verbascoside, forsythoside B) and
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flavonoids [rutin, plantaovaside (quercetin 3-O-f-rutinoside
3’-0-B-apioside)] (Nishibe et al. 2001), simple sugars, vari-
ous organic acids, some amino acids and kaempferol (Frezza
et al. 2021) in seeds. The fruits are rich source of primary (fatty
acids and amino acids) and secondary metabolites (phenolic
compounds, mostly flavonoids) (Patel et al. 2020).

Pharmacological studies have shown that phenylethanoids
possess a pletora of pharmacological activities including
antibacterial, antifungal, antiviral, antitumor, anti-inflamma-
tory, neuro-protective, antioxidant, hepatoprotective, immu-
nomodulatory, and tyrosinase inhibitory activity (Fu et al.
2008; Fons et al. 2008; Guangmiao et al. 2008; Alipieva
et al. 2014; Ravn et al. 2015; Gongalves and Romano 2016;
Galli et al. 2020; Wu et al. 2020; Lou et al. 2021). The most
frequently investigated phenylethanoid—acteoside was also
included in the International Nomenclature of Cosmetic
Ingredients (INCI) database as an antioxidant, bleaching,
chelating, and skin protecting agent (CosmileEurope 2023).

In recent times, plant biotechnology offers alternative
opportunities for the constant and controlled production of bio-
active compounds in medicinal plant-based in vitro systems.
Selected lines of homogenous and stabilized undifferentiated
cell biomass may represent effective source of the value-added
secondary metabolites e.g. pharmaceuticals, food additives,
cosmetic compounds. Many biotechnological research has
been conducted in order to establish callus cultures with rap-
idly growing biomass and increased accumulation of desired
compounds. Factors, which affect the both parameters, includ-
ing plant growth regulators exogenously supplementing the
culture media, are still being search (Ahmadi-Sakha et al.
2016; Benjamin et al. 2019; Effert 2019).

Recently, we have established callus cultures of P. ovata
as an alternative material for obtaining adventitious root
culture as a source of phenylethanoid glycosides (Bud-
zianowska et al. 2022). The aim of the present work was
the establishment and development of P. ovata callus cul-
tures and their investigation for phenolic compounds pat-
tern. In this paper, the callus established from leaves, roots
and hypocotyls of seedlings cultured on MS medium with
reduced nitrogen source and supplemented with various
plant growth regulators are described. The quantitative con-
tent of the main phenylethanoids—acteoside and plantama-
joside was determined by HPTLC densitometry. The DPPH
radical scavenging activity was also investigated.

Materials and methods
Plant material
The seeds of Plantago ovata were purchased from the local

vendor (Herba Studio Mscisz i Wspdlnicy Sp., Wysogotowo,
Poland).

In vitro culture conditions

The induction, proliferation and establishment of callus cell
lines derived from in vitro-originated seedling explants were
carried out on artificial media augmented with plant growth
regulators (PGRs) under controlled conditions in the growth
chamber. The cultures were performed at 22 + 1 °C, 60-70%
relative humidity, 16 h of photoperiod, 60 pm/m?s light inten-
sity provided by Flora fluorescent tubes (16 h light /8 h dark
photoperiod). Culture media consisted of Murashige-Skoog
media (Murashige and Skoog 1962)—full strength (MS) or
half-strength (1/2 MS) or MS with sucrose 30 g/, solidified
with agar 7.2 g/l and variously supplemented with PGRs—
cytokinins 6-benzylaminopurine (BAP), kinetin (KIN) and
auxins: 2,4-dichloroacetic acid (2,4-D), a-naphthaleneacetic
acid (NAA). All media compounds and plant growth regula-
tors were purchased from Sigma—Aldrich.

Seed sterilization and germination

The seeds of P. ovata were surface-sterilized by soaking in
70% ethanol (v/v) for 30 s, then rinsed with autoclaved tap
water, soaked in water for 24 h at 24 °C, soaked in 25% com-
mercial bleach with 1 drop of Tween 20 for 20 min. Then,
the seeds were rinsed with double-autoclaved water (5X) and
placed on 1/2 MS medium in the test tube (5 seeds per test
tube) for germination. The axenic seedlings were the source
of the explants for further experiments.

Callus initiation and passaging

The callus lines were initiated from leaves, roots and hypoco-
tyls excised from 10-20 days-old seedlings. The explants
(0.5-1.0 cm length) were placed on culture medium in 100
ml Erlenmeyer flasks (5-10 explants per flask) on 7 vari-
ants of MS medium: supplemented with 2,4-D and KIN (1)
1.0 mg/l and 1.0 mg/1, (2) 1.0 mg/l and 0.5 mg/1, (3) 2.0 mg/1
and 1.0 mg/l; supplemented with BAP and NAA—(4) 1.0 mg/1
and 0.5 mg/1, (5) 2.0 mg/l and 0.1 mg/I; without NH,NO; and
supplemented with 2,4-D and KIN (6) 1.0 mg/l and 1.0 mg/1,
(7) 1.0 mg/1 and 0.5 mg/1 (Table 1). After 4 weeks the calli
were passaged onto the same medium. Further passages were
performed in 2-3 week intervals onto either the same or differ-
ent medium variant. Calli growth and texture were recorded.
For each plant material growth index was determined
using 10 flasks in triplicate. The quantitative measurement of
callus growth was estimated as growth index (GI). For deter-
mination of calli index of growth the accurately weighted
fresh calli portions of 1 g each (n=10) were passaged
onto MS — NH,NO;+2,4-D (1.0 mg/1) + KIN (0.5 mg/l)
medium and weighted again after 4 weeks of culturing. The
fresh mass of calli (passage X—XII) was weighted immedi-
ately after collecting from media and growth indices were
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Table 1 The influence of

) ’ MS medium supplementation
medium variant and plant

Callus characteristic

growth regulators on Plantago Auxin (mg/l) Cytokinin (mg/1) NH,NO;* Induction® Morphology

ovata callus induction and its

morphology 2,4-D 1.0 KIN 1.0 + ++ Yellow—green, gelatinous
24-D 1.0 KIN 1.0 - +++ Yellow—green, friable
2,4-D 1.0 KIN 0.5 + ++ Yellow—green, gelatinous
24-D 1.0 KIN 0.5 - +++ Yellow—green, friable
24-D2.0 KIN 1.0 + + Brown, gelatinous
NAA 0.5 BAP 1.0 + ++ Green—brown, compact
NAA 0.1 BAP 2.0 + ++ Green—brown, compact

d+present, —absent

bt weak growth, ++good growth; ++-+abundant growth of callus

calculated from an equation GI = (final mass — initial mass)
/ initial mass .

Phytochemical analysis
Extraction and sample preparation

The calli from leaves, hypocotyls and roots were dried at
45 °C. The accurately weighted samples of callus from roots
(3.903 g), hypocotyls (4.935 g) and leaves (6.753 g) were
separately extracted with boiling methanol, 4 X 50 ml, for 1 h
each time. The combined extracts were each concentrated to
dryness on a vacuum rotary evaporator at the temperature <
40 °C to give extracts of calli derived from leaves (2.550 g),
hypocotyls (2.094 g) and roots (1.453 g). The solutions in
70% ethanol were prepared from extracts (0.1 g/ml) and
standards (1.0 mg/ml) (section: Qualitative analysis).

The samples of dry methanol extracts (0.1 g) of calli
derived from leaves, hypocotyls and roots were each sepa-
rated over a polyamide MN-SC6 (grain size < (0.07 mm;
Macharey-Nagel, Diiren, Germany) column (1 X 10 cm) by
the sequential elution with water, methanol, methanol with
0.1% ammonia (v/v), and methanol with 0.1% formic acid
(v/v) to give the aqueous (IA, IB), methanol (IT), ammonium
(ITT) and acidic (IV) fractions. The fractions were evaporated
to dryeness.

Qualitative analysis

Solutions of extracts from each callus type in 70% etha-
nol (0.1 g/1ml), as well as their fractions obtained by
column chromatography (section: extraction and sample
preparation), were analysed by thin-layer chromatography
using band-wise (1D-TLC) or spot (2D-TLC) application
of 5 ul samples to the plates on cellulose (Merck, Darm-
stadt, Germany) (1-butanol-acetic acid-water 4:1:5, upper
phase, 15% acetic acid), polyamide 6 (Macherey-Nagel,
Diiren, Germany) (butan-2-one saturated with water or
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butan-2-one-ethyl acetate-water 30:10:4) and silica gel
(Merck, Darmstadt, Germany) (ethyl acetate-acetic acid-
water 4:1:1), using samples (5 pl, 1 mg/ml) of phenyletha-
noids isolated from P. lanceolata (Budzianowska et al. 2004)
for reference (acteoside, plantamajoside, lavandulifolioside,
leucosceptoside A, martinoside), and visualization of devel-
oped chromatograms under UV (254 and 366 nm) before and
after spraying with 0.1% solution of NA (phenylboric acid
2-aminoethanol complex, Roth, Germany) for the general
detection of phenolic compounds or 1% aluminium chloride
solution in ethanol followed by heating for the detection of
flavonoids.

Chromatographic examination of the column chromatog-
raphy fractions showed the presence of phenolic compounds
only in the methanol fractions and their composition was
similar for all types of callus. The methanol fraction from
the callus derived from the leaves was separated by prepara-
tive thin-layer chromatography on a polyamide (Macherey
Nagel) home-made plate developed in butan-2-one saturated
with water to give four compounds after elution of scrapped
bands with methanol. They were identified as phenyletha-
noid glycosides: acteoside (verbascoside) and plantama-
joside as the main constituents, and martinoside and leu-
cosceptoside A as minor constituents by co-chromatography
with the reference compounds and UV spectral analysis with
diagnostic reagents (Budzianowska et al. 2004).

Quantitative analysis

The solutions of standards in methanol (acteoside and
plantamajoside) (1.0 mg/ml) and extracts in 70% ethanol
(100 mg/ml) were applied to HPTLC 60 F,s, silica gel
glass plates 20 X 10 cm (Merck, Darmstadt, Germany)
as bands by using Camag Linomat automatic TLC sam-
pler (Camag, Mutenz, Switzerland). The bands of 1.0 cm
length were applied 1.0 cm from the lower edge and 1 cm
from the left and right edge of the plate. To prepare cali-
bration curves, the standards solutions were each applied
in amounts of 2.5, 5, 7.5, 10 and 15 pl, in triplicate. The
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volumes of 5 pl of each extract were applied in tripli-
cate to the same plate together with 10 pl of the standard
also in triplicate. The plates were developed in a vertical
TLC chamber for plates 20 X 20 cm (Camag) in a mobile
phase consisting of a mixture ethyl acetate-acetic acid-
water 4:1:1 (v/v/v) to the distance of 9 cm. The developed
plates were dried at room temperature and chromatograms
were captured under ultraviolet wavelength of A =366 nm
with Camag Reprostar 3 device using Videostore com-
puter program (Camag). For quantitative evaluation the
images of chromatograms were scanned with Videoscan
program (Camag) using previously described integration
parameters (Budzianowska et al. 2019). The five-point
calibration curves were constructed by plotting the TLC
band average area against the amount of the standard.
The acteoside and plantamajoside content was deter-
mined by comparing the band area of the compound in
the extract with that in the calibration curve using polyno-
mial regression y = — 916x%+31963x + 54,102, correla-
tion coefficient R? = 0.9936, for acteoside, and polyno-
mial regression y = — 1385x” +44668x + 6044, correlation
coefficient R* = 0.9986, for plantamajoside.

Analysis of DPPH scavenging activity

The free radical scavenging activity of the fractions
was estimated using the 1,1-diphenyl-2-picryl-hydrazyl
(DPPH) standard method as described by (Molyneux
2004). The water fractions (IA, IB) were dissolved in
50% ethanol, while the methanol (II), ammonia (III), and
acidic (IV) fractions and reference compounds—acteo-
side (isolated from Plantago lanceolata (Budzianowska
et al. 2004)) or BHA - fert-butylhydroxyanisole (Aldrich,
USA) in methanol (each 200 pg/ml). One millilitre of the
fraction or the reference solution dilution (final concen-
tration of 1, 2.5, 5, 10, 20, 40, 80, 100 ug/ml) was mixed
with 1.0 ml of 200 uM DPPH (Aldrich, USA) in methanol
(final concentration 100 uM). The absorbance was read at
517 nm against a blank. The negative control was a mix-
ture of the DPPH reagent and the solvent used.

For each sample, the measurement was performed three
times. The values were expressed as the mean of three
replications + SD. The percentage of DPPH free radical
reduction inhibition was calculated using the following
equation: % DPPH reduction = (A — Ax) / A X 100, where
A is the absorbance of the DPPH solution with solvent,
Ax is the absorbance of the DPPH solution with a sample
solution.

The DPPH scavenging activity was expressed as the
concentration of the fraction required to decrease the
DPPH absorbance by 50% (ICs,). The ICy, value was
determined from the graph of the %DPPH reduction

plotted against the sample final concentration (Budzianow-
ski and Budzianowska 2006).

The antioxidant activity index (AAI) was calculated
from the equation: AAI=DPPH final concentration (ug/
ml)/ICs, (ug/ml) (Scherer and Godoy 2009). This param-
eter was claimed to allow for the reliable comparisons of
ICs, values determined by using different concentrations
of DPPH mixed in various proportions with the solu-
tions of tested extracts or compounds (Scherer and Godoy
2009).

Statistical analysis

Differences between means were tested for statistical signifi-
cance with the one-way ANOVA test and multivariate analy-
sis of variance, followed by the Tukey’s test. Data were cal-
culated using Statistica 13.3 (TIBCO, Palo Alto, CA, USA)
and MS-Excel 2016 (Microsoft Sp. z 0. 0., Warsaw, Poland).

Results and discussion
In vitro cultures

The species propagates from seeds and does not have abil-
ity for vegetative propagation. Nevertheless, in vitro regen-
eration through induction of axillary shoots (Barna and
Wakhlu 1988; Budzianowska et al. 2022), indirect organo-
genesis (Wakhlu and Barna 1989) and somatic embryogen-
esis (Chowdhury et al. 1996) was described for P. ovata
(Fons et al. 2008). Moreover, the reliable protocol for adven-
titious root culture characterized by good biomass growth
parameters and effective acteoside production was developed
recently (Budzianowska et al. 2022).

The callus cultures of P.ovata were initiated from hypoco-
tyls (Wakhlu and Barna 1989), also from seeds, shoots and
roots (Mahmood et al. 2012), leaves of seedlings (Gupta
et al. 2015) and shootlets (Talukder et al. 2016). More
recently, callus biomass was obtained, which was found to
produce gallic acid and flavonoids, like rutin and possess
anti-oxidative properties (Talukder et al. 2016).

In the present study, in vitro cultures of P. ovata were ini-
tiated from seeds, which successfully (90%) germinated on
MS medium with reduced concentrations of mineral compo-
nents and vitamins. The same result (90% seeds germinated)
was observed by Mahmood et al. 2012), when the aseptic
seeds were placed on 1/2 MS medium, however, supple-
mented with 2 mg/l gibberellic acid. The callus occurred
in each case between 7th to 14th day of culturing leaves,
roots and hypocotyls excised from 20-days-old seedlings.
This observation is consistent with previous studies on this
species, which described callus induction on hypocotyls
excised from 5-day-old seedlings within 7 days of culturing
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(Wakhlu and Barna 1989). The experiment was evaluated
for optimum biomass production in response to the medium
variant (full medium or reduction of NH,NO; content), types
and concentration of plant growth regulators as well as seed-
ling explant.

Readily achieved callus on all used explants was main-
tained on media supplemented with 2,4-D/KIN (three vari-
ants) or NAA/BAP (two variants) in various concentrations.
The morphological aspects—colour and texture of the result-
ing callus on different media and from various explants are
shown in Table 1; Fig. 1. The calli morphology was very
similar in the case of each explant employed. However, it
had a different consistency depending on the phytohormonal
supplementation of the medium (Table 1). Callus grown in
the presence of NAA/BAP was more green and compact,
while the one on the media with the addition of 2,4-D/
KIN—yellow—green, watery and gelatinous. In turn, the
reduction of NH,NO; content in the medium made callus
more soft and friable (Table 1). This approach has appeared
to be useful in the case of callus cultures of related species—
P. lanceolata (Budzianowska et al. 2004; Gonda et al. 2014).

As a result of the conducted experiments, it was found
that although all hormonal variants of the MS medium were

good for P. ovata callus induction, the supplementation with
2,4-D 1.0 mg/l and KIN 1.0 mg/1 and the reduced concentra-
tion of NH,NO; content was the best for callus morphology
and growth. In the present study, the best increase in cal-
lus proliferation was observed when the concentration ratio
of 2,4-D to KIN was 2:1 (auxin predominated)—similar to
the research of Talukder et al. 2016), while in the case of
Gupta studies the opposite observation was made—the ratio
of 2,4-D to KIN was 1:2 (cytokinin predominated) (Gupta
et al. 2015). In the study of Wakhlu and Barna (1989), the
highest P. ovata callus index and growth was achieved on
MS medium with 2,4-D 1.0 mg/l and KIN 1.0 mg/l, which
was in accordance with our results. In the study of Mahmood
et al. 2012) an increase in the concentration of 2,4-D beyond
4.0 mg/l has a negative impact on P. ovata callus induction
and proliferation. It was shown that the lowest concentra-
tions of 2,4-D (0.5-2.0 mg/1) influenced the highest per-
centage of callus proliferation, which was characterized
by creamy or yellow colour and fragile or compact texture
depending on the explant used (seed or shoot) (Mahmood
et al. 2012).

In the present study, a tendency towards organogenesis
was shown by callus formed from seedling explants on

Fig. 1 Plantago ovata in vitro cultures: a seedlings on 1/2 MS
medium, b callus initiation on root explants on MS medium with
2,4-D 1.0 mg/1+KIN 1.0 mg/l, ¢ callus initiation on leaf explants
on MS medium with BAP 2.0 mg/l+NAA 0.1 mg/l; d callus from
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root (after 6th passage), e callus from hypocotyl (after 12th passage),
f callus from leaf (after 6th passage)—(d—f) on MS medium without
NH,/NO; with 2,4-D 2.0 mg/1+KIN 1.0 mg/l
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Table 2 The growth indices

. . Culture type
of the various calli of

Growth index + standard error (SE)

Plantago ovata cultured on Passage X Passage XI Passage XII Average mean
MS medium without NH,NO,

and supplemented with 2,4-D Leaf-derived callus 3.6 +£0.3" 59+ 0.6° 3.8+0.3" 44 +0.6"
(1.0 mg/1) +KIN (0.5 mg/1 or Hypocotyl-derived callus 3.8+0.2° 9.0 +0.5° 7.0 +0.6° 6.6 + 1.28

1.0 mg/l) Root-derived callus 55405 13.0 +2.0° 8.9+ 1.7 9.1+ 1.8

The values bearing the same label, small letters in the row or capital letters in the column, are not signifi-
cantly different in Tukey’s test at p < 0.05

medium MS with BAP (2.0 mg/l) and NAA (0.1 mg/l) as
well as with BAP (1.0 mg/l) and NAA (0.1 mg/l) due to
the significant predominance of cytokinin in the culture
medium. The combination of 2,4-D and KIN greatly stimu-
lated the proliferation of callus cells, which was also con-
firmed in other studies on this taxon. However, these authors
carried out the process of inducing callus to in vitro regen-
erate shoots by indirect organogenesis (Wakhlu and Barna
1989; Pramanik et al. 1996).

In passages X, XI and XII the growth indices were meas-
ured (Table 2). The calli of best growth and morphology
occurred on MS medium without NH,NO; and supple-
mented with 2,4-D (1.0 mg/1) + KIN (0.5 mg/l or 1.0 mg/1),
induced from the root explants. The growth indices for the
root-derived calli in passages X, XI and XII were 5.5+0.5,
13.0+2.0 and 8.9+ 1.7, respectively (Table 2).

Other scientists dealing with the induction and prolif-
eration of callus of this species did not estimate the rate of
biomass gain, partly because this callus was intended for
other purposes e.g. regeneration of organs. In this study,
for the first time, the growth index determining the rate of
proliferation of callus cells depending on the explant used
was determined.

Phytochemical analyses

The analyses of the crude extracts of calli biomass (Fig. 2),
and their fractions from column chromatography, showed
the presence of four phenylethanoids—acteoside and plan-
tamajoside, as major compounds, and leucosceptoside A
and martynoside, as minor constituents. Both compounds—
acteoside and plantamajoside are in an approximately equal
ratio. Moreover, lavandulifolioside—a constituent of P.
lanceolata (intact plants, shoot culture) (Murai et al. 1995;
Budzianowska et al. 2004) was completely absent in callus
cultures of P. ovata. Intact, fresh plants of P. ovata were
found to contain phenylethanoid glycosides, like acteoside
and plantamajoside (Rgnsted et al. 2003), which are consid-
ered to be active principles of other medicinally useful Plan-
tago species, like e.g. P. lanceolata, P. major or P. asiatica
(Gongalves and Romano 2016). Moreover, seeds from intact
plants were found to contain two phenylethanoid glycosides,

like acteoside and forsythoside B (Nishibe et al. 2001) also
being typical of the genus Plantago (Rgnsted et al. 2003).

The quantification of selected phenylethanoid glycosides
was performed by TLC video densitometric method (Mustoe
and McCrossen 2001; Popovic and Sherma 2014; Fichou and
Morlock 2018), which is particularly useful for the simulta-
neous determination of metabolites, including phenyletha-
noid glycosides, in different samples of crude plant extracts
(Agatanovic-Kustrin et al. 2013; Budzianowska et al. 2019;
2022). The quantitative screening showed the content of
acteoside (from 0.43 +0.04% to 0.96 +0.08% of d.w.) and
plantamajoside (from 0.75+0.03 to 0.81 +0.08% of d.w.)
in in vitro cultured calli. The highest content of acteoside
and plantamajoside was detected in in vitro root-derived and
hypocotyl-derived calli, respectively, i.e. 9.60+0.75 mg/g
and 8.15+ 0.81 mg/g, respectively (Table 3; Fig. 3). In
P. ovata adventitious roots culture the respective con-
tent of these compounds was 33.02+1.14 mg/g d.w. and
6.39+0.20 mg/g d.w. (Budzianowska et al. 2022).

Callus cultures of P. ovata were not investigated for the
presence of phenylethanoid compounds, which are con-
sidered to be active principles of other medicinally useful
Plantago species, like e.g. P. lanceolata or P. major. In the
study of callus initiation and stabilization of P. ovata per-
formed by Wakhlu and Barna (1989), Pramanik et al. 1996),
Mahmood et al. 2012), Gupta et al. 2015) the phytochemical
analysis of phenylethanoids in in vitro-derived biomass was
not performed.

No flavonoids could be detected in all three kinds of cal-
lus—neither in crude extracts nor in their fractions obtained
by column chromatography. This class of phenol metabolites
has been reported from intact plants of P. ovata. Two struc-
turally different groups of flavonoids have been found in
this species—flavones (glycosides of apigenin and luteolin)
in aerial parts (Kawashty et al. 1994) and flavonols (glyco-
sides like rutin (quercetin 3-O-p-rutinoside) and plantaova-
side (quercetin 3-O-f-rutinoside 3'-O-B-apioside)) in seeds
(Nishibe et al. 2001). The obvious ability of P. ovata for the
synthesis of flavonoids was lost in the case of callus cultures
and the similar phenomenon has been observed for the callus
cultures of P. lanceolata (Budzianowska et al. 2004).

Talukder et al. 2016) have reported P. ovata shootlets-
derived callus culture producing flavonoids, like rutin and
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Fig.2 TLC video densitometric analysis. a Chromatogram with
extracts of calli derived from roots (CR), hypocotyls (CH) and leaves
(CL) (A—acteoside, P—plantamajoside); b—d densitograms (1—

quercetin, besides gallic acid, cinnamic acid, p-coumaric
acid, caffeic acid and chlorogenic acid (5-O-caffeoylquinic
acid), but not phenylethanoids. The content of those metab-
olites, as well as the phenylalanine ammonia lyase (PAL)

@ Springer

plantamajoside, 2—acteoside) applied for video densitometric deter-
mination in extracts from calli b CR, ¢ CH, and d CL; e, f polynomial
calibration graphs

activity—a key enzyme in the phenylpropanoid and flavo-
noid biosynthesis pathway (Fig. 4), could be increased by
additives in the medium such as casein hydrolysate or coco-
nut water.



Plant Cell, Tissue and Organ Culture (PCTOC) (2024) 156:54

Page90of 14 54

Table 3 Mean + SD acteoside and plantamajoside content in the dry extracts and dry plant material from various callus lines of Plantago ovata

In vitro culture Extract yield (%) Acteoside Plantamajoside
Extract Plant material Extract Plant material
Callus from roots (CR) 37.23 2.58+0.20% 0.96+0.08% 2.01+0.08% 0.75+0.03%
9.58 +£0.75* mg/g 7.46 +£0.3* mg/g
Callus from hypocotyls (CH) 42.43 1.29+0.07% 0.55+0.03% 1.91+0.19% 0.81+0.08%
5.49+0.30° mg/g 8.15+0.81* mg/g
Callus from leaves (CL) 37.76 1.15+0.10% 0.43+0.04% 1.78 £0.42% 0.67 +0.06%
4.33+0.39° mg/g 6.71 +£1.60* mg/g

The values bearing the same letter in the column are not significantly different in Tukey’s test at p < 0.05

18

Oplantamajoside
16

Bacteoside
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o]
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root-derived callus
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callus

Fig.3 Graphical comparison of the acteoside and plantamajoside
content in the calli of Plantago ovata (Table 3)

It is remarkable, that callus cultures of P. ovata may
have biosynthesis capability restricted to either phe-
nylethanoid glycosides (current work) or flavonoids
(Talukder et al. 2016) among phenylpropanoid second-
ary metabolites. Both classes of these compounds have

common precursor, i.e. phenylalanine, while phenyle-
thanoid biosynthesis utilizes additionally tyrosine (Ellis
1983; Saimaru and Orihara 2010; Hu et al. 2014; Zhou
et al. 2020) and flavonoids formation requires malonyl-
Coenzyme A (Davies and Schwinn 2006; Ververidis et al.
2007) (Fig. 5). It is difficult to indicate the factor deter-
mining such a switch in the biosythethic pathway directed
to either phenylethanoids or flavonoids. It has been shown
that culture conditions of P. lanceolata callus, such as
nitrogen level and NH,*/NO;™ ions ratio, significantly
influenced (Gonda et al. 2014).

The in vitro cultures of P. ovata appear to be an inter-
esting source of phenylethanoids, which have been shown
to have various, very promising, medicinal properties—
e.g., antioxidant, antibacterial, anti-inflammatory, anti-
cancer, antimicrobial and antiviral (Guangmiao et al.
2008).

DPPH anti-radical analysis

Taking into consideration the anti-oxidative activity as an
important prerequisite feature of the biological activity of

Fig.4 Correlations between 20,00
1Cs values for anti-DPPH
activity of methanolic fractions S 1800 e A acteoside
of calli extracts and the content o . *
. . — 16,00
of phenylethanoid glycosides &0 o
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Fig.5 Simplified scheme of relationships of biosynthesis pathways
leading to phenolic compounds found in callus cultures of Plantago
ovata (shown in boxes) in the present and previous studies (Talukder
et al. 2016). Compiled from (Muir et al. 2011) (benzoic acids), (Ellis

constituents of the produced calli, the anti-DPPH tests were
performed for the fractioned extracts obtained by column
chromatography on polyamide. The results of these DPPH
tests for all studied fractions are presented in the Table 4.
The anti-DPPH activity was found only in the methanol frac-
tions and, significantly lower (less than 50%), in ammoniacal
fractions. It was possible to determine the ICs, value only
for the methanol fractions, which contained phenylethanoid
glycosides. On the basis of this value, it was found that the
activity of the methanol fraction of callus extract from roots
(15.94 £0.72 pg/ml), hypocotyls (16.71 +0.54 ug/ml) and
leaves (19.24 +4.13 pg/ml) is similar. Determination of
the DPPH scavenging activity for the reference compounds
showed that the ICs, value for acteoside was 5.94 +0.36 g/
ml (9.51 +0.58 uM) and for BHA was 5.66 +0.43 ug/ml
(31.40+2.38 uM). The reported anti-DPPH 1Cy, values for

@ Springer

i\é
/

quercetin

1983; Saimaru and Orihara 2010; Hu et al. 2014) (phenylethanoid
glycosides), (Davies and Schwinn 2006; Ververidis et al. 2007) (fla-
vonoids). Dashed line arrows indicate multistep processes. PAL phe-
nylalanine ammonia lyase

acteoside and plantamajoside were 13.0 uM and 11.8 pM,
respectively (Skari et al. 1999). Thus, all three methanol
fractions were less potent than the acteoside and BHA stand-
ards (Table 4). In turn, based on the Pearson correlation
coefficient analysis, the ICs, values of the methanol fractions
showed statistically significant strong correlation with the
content of acteoside (r=—0.8101) and the sum of acteoside
and plantamajoside (r=—0.9373) (Fig. 4) determined in
calli. It should be noted, that the negative sign for the cor-
relation coefficient values points to the inverse correlationthe
higher the content of phenylethanoids, the lower ICs, value,
i.e. the stronger anti-DPPH activity.

Studies of the anti-DPPH activity of fractionated extracts
from P. ovata callus have not been carried out so far, how-
ever, research on the anti-radical activity for unfraction-
ated extracts of in vitro-derived callus can be found in the
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Table 4 The results

(mean +SD) of DPPH (100 In vitro C}Jlture column chromatogra-  %DPPH reiiuction ICs, value® (ug/ml) AAI value®
uM) scgvenging activity by phy fraction (100 pg/ml?)
ind%vidual fract.ions from Callus from roots (CR)
Zis;;ub callus lines of Plantago Aqueous fraction TA 363 3 3
Aqueous fraction IB 3.90 - -
Methanolic fraction IT 93.18+0.46 15.95+0.37 2.47+0.06°
Ammoniacal fraction III 33.47+5.16 >100 -
Callus from hypocotyls (CH)
Aqueous fraction IA 0 - -
Aqueous fraction IB 1.29 - -
Methanolic fraction II 93.88+0.88 16.77 £0.54° 2.35+0.08°
Ammoniacal fraction III 29.60+1.21 >100 -
Callus from leaves (CL)
Aqueous fraction IA 7.75 - -
Aqueous fraction IB 0 - -
Methanolic fraction II 93.49+1.94 19.24+2.06° 2.06+0.21¢
Ammoniacal fraction III 26.68+2.90 > 100 -
Reference
Acteoside 93.35+0.29 5.94+0.36° 6.65+0.401
(9.51 M)
BHA 93.41+1.40 5.66+0.43° 6.99+0.55"
(31.40 uM)

“at the highest concentration measured

PIC5,—Inhibitory concentration 50%

°AAl—antioxidant activity index

*fyalues bearing the same letter in the column are not significantly different in Tukey’s test at p < 0.05

literature (Talukder et al. 2016). The supplementation of the
medium had a significant influence on the antioxidant capac-
ity of callus extracts. The DPPH inhibition of callus from
the basal medium ranged from 26.7 to 36.7%, and from the
enriched media it ranged from 57.2 to 70.1%. These calli
contained flavonoids such as rutoside and quercetin, and
phenolic acids, such as benzoic acid derivative—gallic acid,
and phenylpropanoid derivtives—cinnamic, p-coumaric,
caffeic acids and chlorogenic acid, but not phenylethanoids
(Talukder et al. 2016). According to the literature data, the
DPPH radical scavenging activity was determined for a
number of extracts from various organs of ground plants
of several related Plantago species - P. major, P. bellardi,
P. asiatica, P. afra, P. coronopus, P. lagopus, P. lanceolata,
P. serraria or P. reniformis (Galvez et al. 2005a, b; Choi
et al. 2008; Beara et al. 2012; Kartini et al. 2014). Most of
these extracts (methanol or water) from ground plant organs
(aerial parts or leaves or roots or seeds) showed weaker anti-
DPPH activity than the methanol fractions of P. ovata callus
extracts. The exception is a methanol extract from aerial
parts of P. serraria, whose ICs;=7.60+0.46 ug/ml (Gal-
vez et al. 2005b) and the calculated AAI=5.17, and from
P. reniformis, whose 1C5,=11.07 +0.43 pg/ml (Beara et al.

2012) but the calculated AAI=1.07 rather points to weaker
activity.

Conclusions

The present study showed the successful attempt for the
excellent callus biomass proliferation and phenolic com-
pounds, with several health benefits, enhanced production.
The callus lines retained the ability to produce four phe-
nylethanoids—acteoside and plantamajoside as major com-
pounds and leucosceptoside A and martynoside as minor
constituents. The homogenous and stabilized callus with
good growth characteristic offers a promising source for
suspension cell culture initiation.
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