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Abstract

Astragalus glycyphyllos (Fabaceae) is known to be a source of flavones, flavonols, and
isoflavones, and its in vitro culture may promote the efficiency and sustainability of obtaining
pharmacologically valuable fractions. The aim of this study was to develop an effective
plantlet regeneration protocol for A. glycyphyllos, providing the accumulation of phenolic
compounds and antioxidants in cultured tissues. The results show a maximum seed ger-
mination rate (67.8%) after scarification (mechanical with sandpaper followed by treatment
with 50% sulfuric acid) and subsequent sterilization with 1.1% sodium hypochlorite solution.
The maximum regeneration rate (95%) was achieved on Murashige and Skoog medium
supplemented with 0.5 mg-L~! thidiazuron. A thidiazuron concentration of 0.05 mg-L~1,
combined with a twofold increase in iron chelate content, induced the maximum yield of
total flavonoids (8.74 mg-g~! DW), and significant levels of total phenolics (4.15 mg-g~?)
and antioxidants (1.83 mg AAE-g~!) in the microshoot tissues. HPLC analysis showed
kaempferol glycosides (1.51 mg-g~!) and acylated kaempferol glycosides (2.76 mg-g~!) as
major components. Formononetin in a modest amount (0.09 mg-g~!) was detected in hy-
drolyzed extracts. The phenolic profiles of the microshoots and native plants coincided in
hydroxycinnamic acid composition; meanwhile, quercetin glycosides were present only in
in situ plants, and formononetin was found only in the plantlets. The results confirm the
prospects of biotechnological methods for the industrial production of standardized medicinal
raw materials.

Keywords: Astragalus glycyphyllos; seed dormancy; plant growth regulators; thidiazuron;
iron chelate; phenolic compounds; kaempferol; in vitro-derived plants

1. Introduction

Discovering new plant sources of pharmacologically active compounds is increasingly
in the focus of contemporary research. The development of novel plant-derived medicines
with low toxicity, high efficacy, good patient tolerance, and minimal side effects has become
a global priority. Their relevance continues to rise in the face of the rapid spread of human
diseases [1,2]. Wild plant species are a valuable biological resource and represent an impor-
tant part of the raw material potential of countries. Many of them are rare and endangered
plants, and their use is restricted due to the risks associated with overexploitation, damage
to their natural habitats, and uncontrolled human activities [3]. One way to conserve and
expand the bioresource base and take advantage of the economically valuable features of
new non-traditional plants is the development of technologies for creating in vitro cultures
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of resource species and establishing artificial ecosystems. This approach will help avoid
the removal of biological objects from natural populations for their cultivation [4-6].

The demand for plant-based raw materials is huge all over the world. However,
humanity is now coming to realize that it is impossible to meet the needs of the market solely
by harvesting wild plants. In addition, the standardization of plant-derived drugs presents
a particular problem, since their composition and the content of valuable metabolites
vary significantly depending on environmental conditions, climatic changes, infection
by microorganisms, the effects of pesticides, insect infestations, production methods, etc.
Meanwhile, the chemical synthesis of target secondary metabolites is difficult due to
the complexity of their structures and stereospecificity [7]. Biotechnological approaches,
including the development of systems for cultivating medicinal plants in vitro, represent
an attractive alternative for the production of pharmacologically significant compounds [8].

Various in vitro cultivation strategies (elicitation, hairy root cultures, suspension cul-
tures, etc.) are widely used to improve the production of plant secondary metabolites.
In vitro technologies allow for the production of biomass regardless of season, climate, or
soil conditions. They also facilitate the extraction and purification of target compounds.
Totipotency is the property that enables isolated plant cells to produce a variety of sec-
ondary metabolites in vitro, which are typically synthesized in vivo by plants. This genetic
potential can be realized through specific cultivation strategies to enhance the yield of
valuable compounds [9].

The presented study is a continuation of our series of studies dealing with Astra-
galus tissue culture and their phenolic compounds [10,11]. The in vitro-derived plants
of A. sericeocanus showed a rich aglycone composition (7 compounds), while the con-
centrations of most aglycones, including quercetin, were not high (0.1-0.2 mg-g~! DW).
Isorhamnetin was the predominant aglycone (0.13 mg-g~! DW), and kaempferol was also
found in moderate quantities (0.04 mg-g~! DW). The complete aglycone composition was
detected only in generatively grown in vivo plants; meanwhile, quercetin and luteolin were
not found in the seedlings [12]. In addition, we induced and established an A. penduliflorus
hairy root culture by co-cultivating seedling explants with Rhizobium rhizogenes. The hairy
roots showed total phenolic compounds of up to 6.3 mg-g~! DW, with hydroxybenzoic
acids (including gallic acid) and flavonoids such as baicalin and isoliquiritigenin as major
compounds. Extracts of the roots manifested pronounced radical scavenging and anti-
influenza activity [13]. Thus, in vitro culture of Astragalus plants can be considered a
sustainable source of active metabolites.

Astragalus is a large genus of perennial herbaceous plants, comprising approximately
2500 species. The most well-known and medicinally important species, possessing the widest
spectrum of pharmacological properties, are A. dasyanthus, A. adsurgens, A. virgatus, A. mem-
branaceus, A. galactites, A. galegiformis, A. onobrychis, A. mongholicus, A. vulpinus, A. zingeri, A.
falcatus, A. glycyphyllos, and many others [14]. The therapeutic properties of a number of
Astragalus species are mainly attributed to saponins, flavonoids, and polysaccharides [15].
Medications based on aqueous, ethanolic, and other organic solvent extracts of their above-
ground and underground parts have been shown to exert a wide array of biological effects, in
particular, immunomodulatory, antioxidant, antitumor, antibacterial, antiviral, cardiotonic,
hepatoprotective, and antidiabetic activities [15,16]. In Russia, only A. dasyanthus and A. falca-
tus have been incorporated into the Russian State Pharmacopoeia. The medication Flaronin,
which has hypoazotemic and diuretic action, based on A. falcatus flavonoids, has been devel-
oped [17]. Similar to A. dasyanthus, which exhibits a variety of pharmacological properties [18],
A. glycyphyllos has also shown therapeutic potential [19-21]. Since A. dasyanthus has not been
found in Siberia [22], A. glycyphyllos is of interest as a source of health-promoting metabolites.
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A. glycyphyllos was reported to contain biologically active compounds of various
classes: phenolic compounds, terpenoids, alkaloids, higher fatty acids, amino acids, and
polysaccharides [23-31]. Phenolic compounds of A. glycyphyllos are represented by hy-
droxycinnamic and hydroxybenzoic acids, flavonoids, and isoflavonoids. Glycosides of
flavonols (kaempferol, quercetin, and isorhamnetin) and flavones (such as apigenin glyco-
sides) have been shown to be the main flavonoid constituents of Astragalus. Previously, the
following flavonoid glycosides in the aboveground part of A. glycyphyllos were identified:
cosmosiin, astragalin, isorhamnetin-3-O-{3-diglucoside, apigenin-7-O-arabinosylglucoside,
kaempferol-3-O-xylosylglucoside, kaempferol-7-O-galactoside, rutin, camelliaside A, and
mauritianin [24,26,29,32]. Four isoflavones have been identified in the leaves, stems, and
flowers of A. glycyphyllos: biochanin A, daidzein, formononetin, and genistein [23,33].
Chlorogenic, caffeic, p-coumaric, ferulic, and rosmarinic acids [34], (—)-gallocatechin, (—)-
epigallocatechin, (+)-catechin, (—)-epicatechin, (—)-epicatechin gallate, and gallic acid were
identified and quantified in the aboveground part of Astragalus plants [35].

A. glycyphyllos is widely used in the traditional medicine of many countries in Europe
and Asia (France, Bulgaria, Ukraine, Belarus, Russia) as an emollient, diuretic, antihyperten-
sive, and anti-inflammatory agent [36]. Hypotensive, anticoagulant, diuretic, antimicrobial,
antioxidant, and neuroprotective activities have been found in biochemical assays and
clinical trials [19,27]. In Bulgaria, a dry tablet extract was obtained from the aboveground
part of A. glycyphyllos with a pronounced antiviral effect against human alphaherpesvirus 1
(including acyclovir-sensitive strains) standardized in terms of saponin content [37].

Currently, A. glycyphyllos is primarily harvested from wild populations and is utilized
in medicine for its medicinal properties or as a forage plant. Established large-scale
agricultural protocols for this species are absent. Therefore, the second assignment of
tissue culture is to be an alternative source of biochemicals, including phenolic acids,
flavonols, and isoflavonoids. To date, despite the widespread use of A. glycyphyllos in the
folk medicine of many countries, reports on its in vitro propagation are rare [38,39].

Methods of clonal micropropagation of Astragalus species are extensively developed
to maintain the stability of native populations [40,41]. Furthermore, the capacity of tissue
culture to enhance phenolic metabolite production in this plant is far from exhausted. In this
context, the development of an integrated protocol that combines efficient regeneration with
the stimulation of secondary metabolism is of high priority for pharmaceutical applications.
Information on increasing in vitro biosynthesis of bioactive compounds is still scarce.
Investigations in this field deal with species endemic to Mediterranean regions (A. aitosensis,
A. thraciens, A. fruticosus, A. gymnolobus, A. hamosus, A. chrysochlorus) and North America
(A. missouriensis) [42—46]. We can find only one study concerned with phenolic metabolites
of the widespread, cold-tolerant species A. glycyphyllos, whose range encompasses most of
Europe, Central and Western Asia, including Western Siberia [38]. The value of these plants
is in specialized metabolites involved in physiological and biochemical support of cold
stress resistance through scavenging ROS and membrane stabilization [47]. Meanwhile,
the concentration of these stress-responsive metabolites usually decreases in controlled
conditions of tissue culture [48]. Accordingly, it is of interest to examine a tissue culture
of A. glycyphyllos from Western Siberia as a source of phenolic compounds. Our previous
results showed the abundance of glycosides of quercetin, kaempferol, and isorhamnetin in
Astragalus species growing in Siberian conditions [10,49].

In our earlier investigations and in other authors’ studies, various techniques (light
regime, Ca®" and Mg?* supplement, elicitors) have been applied to enhance the yield of
target compounds [38,46,50]. Yeast extract, sucrose, casein, methyl jasmonate, salicylic acid,
quercetin, and a complex plant-derived supplement were used as elicitors [38,43,46,48,51].
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To our knowledge, no studies have developed a reproducible protocol for in vitro
culture establishment of A. glycyphyllos or obtained in vitro-derived tissues with enhanced
phenolic compound production and antioxidant activity. Therefore, in the present study,
our objectives were (a) to develop a seed germination protocol; (b) to assess the in vitro
regenerative potential of plantlets depending on the combinations and concentrations of
plant growth regulators and the type of nutrient medium; (c) to measure the content of the
main photosynthetic pigments in microshoots; (d) to quantify the concentrations of phenolic
compounds and flavonoids in the extracts from in vitro-derived plants and analyze them
comparatively; and (e) to evaluate the antioxidant activity of the plant extracts.

2. Materials and Methods
2.1. Plant Material

The plants of A. glycyphyllos were identified and verified by the Department of Systemat-
ics of vascular plants at the Central Siberian Botanical Garden, Siberian Branch of the Russian
Academy of Sciences (CSBG SB RAS), Novosibirsk, Russian Federation. A voucher specimen
(accession number NS0063037) was deposited in the digital herbarium of the CSBG SB RAS
and is available at http:/ /herb.csbg.nsc.ru:8081 (accessed on 22 March 2026). Mature seeds
of A. glycyphyllos were collected in August 2022 from a natural population in Novosibirsk
(geographical coordinates: 54°50'35.4” N 83°06'11.6" E). The seeds were harvested at the
full fruit maturity stage. The seeds were stored at 5 °C for one year prior to the experi-
ments. To overcome seed dormancy, four scarification treatments were tested: (1) mechanical
scarification with sandpaper; (2) chemical scarification with 50% sulfuric acid (40 min) [12];
(3) combined mechanical scarification followed by treatment with 50% sulfuric acid; and
(4) mechanical scarification followed by thermal treatment in water at 50 °C.

Following scarification, the seeds were surface-sterilized using one of two methods:
(i) immersion in 70% aqueous ethanol for 2-3 min, followed by treatment with 37.7%
hydrogen peroxide for 10 min, or (ii) immersion in 70% aqueous ethanol for 2-3 min,
followed by treatment with 1.1% sodium hypochlorite solution for 25 min. In both cases,
each sterilization step was followed by three rinses in sterile distilled water (10 min per
rinse). The number of seeds for each variant was 200.

2.2. Seed Germination

Seeds were germinated on hormone-free Murashige and Skoog (MS) medium [52].
Germinated seeds were counted daily. The time of root emergence was recorded. The total
germination percentage (GP) and average seed germination rate (Mdays) were calculated.
A seed was considered germinated when the primary root exceeded 2 mm in length [53].
The total percentage of seed germination was determined using the following formula:

GP = (1;/N) x 100

where #; is the number of germinated seeds at the end of the experiment, and N is the total
number of seeds.

The mean seed germination time (the conventional number of days required for
one seed to germinate) was calculated according to the M.A. Ranal and D.G. Santana
method [54]:

Myays = 2?21 N; x G/ Z?:l G;j

where Ni is the number of days from the beginning of cultivation to the i-th observation,
and Gi is the number of seeds that germinated at the i-th observation.
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2.3. In Vitro Shoot Organogenesis

To induce in vitro microshoot formation, a 2-mm stem segment with a single axillary
bud, excised from 30-day-old plantlets, was used as an explant. Explants were cultured
on standard MS medium and on a modified MS medium with a twofold concentration of
iron chelate (MS with 2 x Fe-chelate), supplemented with 30 g-L~! sucrose and 6 g-L~!
Bactoagar (PanReac®, Barcelona, Spain). The media were further supplemented with
plant growth regulators (PGRs) in various concentrations and combinations: (1) 1.0, 2.0, or
5.0 mg-L~! 6-(2-isopentenyl)adenine (2-iP) combined with 0.1 mg-L~! indole-3-acetic acid
(IAA); (2) 1.0, 2.0, or 5.0 mg-L’l 6-benzylaminopurine (6-BAP) combined with 0.1 mg-L’1
IAA (ICN Biomedicals, Aurora, OH, USA); or (3) 0.1, 0.5, or 0.05 mg~L’1 thidiazuron
(TDZ) (Sigma Aldrich Laborchemikalien GmbH, Seelze, Germany). MS and MS with
2 x Fe-chelate media without PGRs were used as controls. The pH of all media was
adjusted to 5.7-5.8 prior to autoclaving at 121 °C and 1.05 kg-cm 2. PGRs were added
to the cooled media after autoclaving. Cultures were maintained in 200-mL glass jars
containing 20 mL medium, and incubated at 23 4= 2 °C under a 16-h photoperiod with a

~2.57! provided by cool-white fluorescent lamps for 8 weeks

light intensity of 40 umol-m
(Philips, Pila, Poland). The experiment was conducted twice with 10 explants per replicate,
resulting in a total of 20 explants per treatment.

The axillary microshoot proliferation frequency—the percentage of explants producing
axillary microshoots out of the total number of explants (%)—the number of microshoots
per explant, the length of microshoots (cm), the number of internodes per microshoot, and
the fresh weight (FW) of the microshoots (g) were measured. The dry weight (DW) of

microshoots was measured after drying at 50 °C for 48 h.

2.4. Extraction of Metabolites

The tissues of aboveground parts of 10 microshoots were combined in each sample for
the spectrophotometric and high-performance liquid chromatography (HPLC) analyses
and estimation of antioxidant activity. Determination of photosynthetic pigments was
performed in samples of fresh microshoot tissues. To determine the total phenolic and
flavonoid concentrations, air-dried leaves and stems (0.01 g) were homogenized with
1.5 mL of 95% ethanol. Phenolic compounds were extracted for 45 min at 45 °C with
periodic stirring. The extract was then centrifuged using an Eppendorf 5430 R centrifuge
(Eppendorf®, Hamburg, Germany) at 16,000 rpm for 2 min. The supernatant was separated
and used for the analysis.

For the HPLC analysis and determination of total antioxidant activity, the air-dried
microshoots were powdered, weighed (0.2 g), and extracted twice. First, maceration was
carried out with an aqueous-ethanol mixture (50:50, v/v) for 5 days, and then extraction
was performed with an aqueous—ethanol mixture (70:30, v/v) in a water bath at 60 °C.
To characterize the aglycone profile, extracts were hydrolyzed with 2N HCl for 1 hin a
water bath.

The leaves of in situ plants were treated similarly at the same time. Each sample
presented leaves from 10 plants from a native population grown in a grassland (Novosibirsk,
Russia; 54°50'35.4” N 83°06'11.6” E). Five leafy shoots collected from the middle part of
the stem of each plant were combined in the sample.

2.5. Spectrophotometric Analyses

For quantification of photosynthetic pigments, fresh microshoots (0.01 g) were ho-
mogenized with 1.5 mL of 95% ethanol and centrifuged at 8000 rpm for 10 min. The
supernatant was made up to a volume of 3 mL with 95% ethanol. The absorbance (A) of
the extracts was measured at wavelengths of 470, 664, and 648 using a UNICO 2100UV
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spectrophotometer (UNICO, Dayton, NJ, USA). Some 95% ethanol was used as a control.
The pigment concentration in the plant extract (C, mg-L~!) was calculated according to
H.K. Lichtenthaler [55]. The concentrations of pigments (CP) in tissues were calculated and
are expressed in milligrams per gram of FW (mg-gfl). Samples were analyzed in triplicate.

The total concentration of phenolic compounds was assessed by the Folin—Ciocalteu
method [56]. An extract (0.25 mL) was placed in a 10 mL tube; then, 1.25 mL of the Folin—
Ciocalteu reagent (diluted 1:9 with distilled water, v/v) was added and the solution was
mixed. After 3 min, 1.0 mL of a 7.5% aqueous solution of sodium carbonate was added, and
the mixture was incubated at room temperature for 2 h. The absorbance of each sample was
measured at 765 nm using a UNICO 2100 UV spectrophotometer. A standard curve was
constructed with gallic acid from Sigma-Aldrich (Saint Louis, MO, USA). The results are
expressed as mg gallic acid equivalent per gram of DW. Samples were analyzed in triplicate.

The total flavonoid content was measured by the AICls colorimetric assay according to
J. Zhishen et al. [57]. An extract (0.1 mL) was placed into a 10 mL test tube containing 4 mL
of distilled H,O. Then, 0.3 mL of 5% NaNO, solution was dispensed into the tube. After
5 min, 0.3 mL of 10% AICl3 solution was added to the tube, and the mixture was maintained
for 6 min, followed by the addition of 2 mL of 1 M NaOH solution. The total volume was
made up to 10 mL with distilled H,O. The solution was mixed and the absorbance was
measured at 510 nm. The total flavonoid content was calculated using a calibration curve,
and is expressed as mg quercetin equivalent per gram of DW [58]. Samples were analyzed
in triplicate.

2.6. HPLC Analysis

HPLC analysis of the extracts was performed on an Agilent 1200 instrument with
a diode array detector (Agilent Technologies, Santa Clara, CA, USA) and ChemStation
software (Version Rev. B.04.01. SP1 [647]) for data processing. The chromatographic
separation was performed at 25 °C on a Diaspher 110-C18 column (4.6 x 150 mm, 5 um
internal diameter) (AO BioChemMack ST, Moscow, Russia) [48]. The quantification of
compounds was conducted by the external standard method. To prepare calibration curves,
standard samples of p-coumaric acid, kaempferol, rutin, and formononetin from Sigma-
Aldrich (Saint Louis, MO, USA) were used. Standard stock solutions at a concentration of
1 mg-mL~! in methanol were employed to obtain calibration curves in the concentration
range of 10-100 pg-mL~!.

Identification of the class of unidentified compounds was conducted according to maxima
of the UV spectrum. Quantification of unidentified hydroxycinnamic acids and acylated
flavonol glycosides was conducted based on the calibration curve of p-coumaric acid; flavonoid
glycoside concentrations were calculated according to the rutin calibration curve.

Concentrations of the compounds in the extracts are expressed in milligrams per
gram of absolute DW of the microshoots. Dry weight concentrations in the samples were
calculated by the gravimetric method. Samples were analyzed in triplicate.

2.7. Total Antioxidant Activity

The total antioxidant activity was evaluated in ethanol extracts based on the reduction of
Mo(VI) to Mo(V) and subsequent formation of a green phosphate/Mo (V) complex at acidic
pH [59]. The extract (0.3 mL) was mixed with 3 mL of reagent solution (0.6 M sulfuric acid,
28 mM sodium phosphate, and 4 mM ammonium molybdate). The mixture was incubated
at 95 °C for 90 min, and the absorbance was measured at 695 nm against a blank (ethanol)
after cooling to room temperature. A calibration curve was constructed with ascorbic acid in
the concentration range of 2-10 ug-mL~!, and the results are expressed as mg ascorbic acid
equivalents (AAE) per gram of DW [60]. Samples were analyzed in triplicate.
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2.8. Statistical Analysis

The data were analyzed using STATISTICA 10.0 software (Statsoft Inc., Tulsa, OK,
USA). Quantitative data are presented as the mean =+ standard error (SE), and the sig-
nificance of the differences between data sets was determined by a one-way analysis of
variance (ANOVA), followed by Duncan’s multiple range tests. Two-way ANOVA was
used to analyze the effects of “TDZ concentration” and ‘medium type’ on the proliferation
of A. glycyphyllos axillary microshoots and on their growth and development characteristics.
Differences between means were considered statistically significant at p < 0.05.

3. Results and Discussion
3.1. Seed Germination of A. glycyphyllos Depending on Scarification Method and Sterilizing Agent

Although Astragalus (Fabaceae) is considered the largest genus of flowering plants
in the world [61], an increasing number of Astragalus species are regarded as vulnerable,
imperiled, or critically imperiled species. This depletion is caused largely by elevated
demand and intensive harvesting of these traditional medicinal herbs with high bio-
logical value [62]. We found no available information on the cultivation of Astragalus
plants ex situ, most likely due to hard seed dormancy, which is the main factor hindering
the distribution of Astragalus plants in nature and in the field [62]. In vitro propagation
is one way to increase seed germination and to maintain the natural biodiversity of
Astragalus species.

Seeds of representatives of the Fabaceae, possessing a hard, water-impermeable
seed coat, are typically characterized by physical dormancy [63,64]. The most effective
method to facilitate germination of A. glycyphyllos seeds was shown to be the combined
application of mechanical and chemical scarification, which achieved the highest final
germination percentage (GP) of 67.8%. This high efficacy suggests the necessity of a
complex approach to overcome not only the physical dormancy imposed by the dense
seed coat but also a pronounced physiological dormancy of the embryo. Physiological
dormancy, as described by J.M. Baskin and C.C. Baskin [65], often necessitates combined
treatments to effectively activate metabolic processes and stimulate embryo growth.
This dual dormancy explains the requirement for aggressive scarification methods,
including combining mechanical and chemical actions, to overcome both physical and
physiological barriers. Seeds of A. glycyphyllos without scarification treatments did not
germinate in our experiment.

Surface sterilization was also critical for maintaining seed viability and prevent-
ing contamination. Sterilization using a 1.1% sodium hypochlorite solution proved
most effective, achieving a germination rate of 16.5% even without prior scarification
(Table 1). Variations in the efficacy of the seed sterilization methods may arise from
the species-specific structural features and permeability of the seed coat to sodium
hypochlorite’s active components, as well as the unique microflora associated with A.
glycyphyllos seeds. These factors collectively determine the species-specific response to
the sterilizing agent.

The mean germination time for seeds treated with combined scarification and steril-
ization with a 1.1% sodium hypochlorite solution was 18.8 days. Following a 4-day period
with no germination, radicle emergence was initiated on day 5 and peaked on day 19
(Table 1, Figure 1).
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Table 1. Effects of scarification method and sterilizing agent on the germination performance of
A. glycyphyllos.

Sterilizing Agent
1.1% Sodium Hypochlorite Solution 37.7% Hydrogen Peroxide
e ee % of Total Seed M.e an .Seed‘ % of Total Seed M'e an 'Seed‘
Scarification Method o Germination Time S Germination Time
Germination (GP) Germination (GP)
(Mdays) (Mdays)
Control (without scarification) 0 0 0 0
Mechanical with sandpaper 494243 8.4 +8.35 0 0
Chemical with 50% sulfuric acid (40 min) 0 0 0 0
Mechanical with sandpaper and chemical with
50% sulfuric acid (40 min) 67.8 0.0 16.2+047 0 0
Mechanical scarification with sandpaper and 73400 15.7 4 0.24 0 0

heating in water at a temperature of 50 °C

80

1 : : ’ .
e Mechanical scarification with
sandpaper, sterilization in 1.1%

70

60

sodium hypochlorite solution

2
s\ echanical scarification with

50

sandpaper, sterilization in 37.7%
hydrogen peroxide

Germination, %
B
=)

30

20

10

Mechanical scarification with
sandpaper and chemical
scarification with 50% sulfuric acid
(40 min), sterilization in 1.1 %
sodium hypochlorite solution

;Chemjcal scarification with 50%
sulfuric acid (40 min), sterilization
in 1.1 % sodium hypochlorite
solution

;Mechanjcal scarification with
1 sandpaper and heating in water at a
temperature of 50°C, sterilization in
1.1 % sodium hypochlorite solution

(9]

2, 4, and control

e (Control (without scarification)

7 9 11 13 15 17 19 21 23 25 27
Days

Figure 1. Seed germination of A. glycyphyllos in response to different scarification and sterili-
zation treatments.

Seedling development after germination was significantly influenced by the chosen
pretreatment and sterilization methods (Table 2). The most rapid development through
the initial stages—primary root emergence, cotyledon growth and development, and
true leaf formation—was observed with the combined mechanical-chemical scarifica-
tion, followed by surface sterilization with a 1.1% sodium hypochlorite solution. With
this combined treatment, primary root emergence occurred within 5-8 days, cotyledon
growth and development by 10-15 days, and true leaf formation by 17-20 days. In
contrast, mechanical scarification followed by surface sterilization with 1.1% sodium
hypochlorite solution significantly delayed these stages, with primary root emergence
requiring 19-20 days, and true leaf formation taking 28 days. Notably, chemical scarifica-
tion alone or mechanical scarification combined with sterilization with 37.7% hydrogen
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peroxide did not result in germination and, consequently, any subsequent seedling
development. Although HyO, has been documented to stimulate seed germination in
different species [66], its application in this study did not have a positive effect on A.
glycyphyllos seeds. High concentrations of HyO,, which might be necessary to overcome
the physical seed coat barrier, can induce oxidative stress and damage the embryo be-
fore its intrinsic antioxidant system is fully activated [67]. These results highlight the
importance of optimizing both seed dormancy breaking and subsequent developmental
conditions for effective in vitro propagation of A. glycyphyllos.

Table 2. Stages of growth and development of A. glycyphyllos plantlets in response to different
scarification and sterilization treatments.

Mechanical
Scarification with . . Mechanical
. Chemical with cp .
Mechanical . Sandpaper and o . Scarification with
P . Mechanical . 50% Sulfuric
Scarification with e . Chemical . . Sandpaper and
Scarification with e . Acid (40 min) ..
e . Sandpaper; Scarification with e Heating in Water at
Scarification and Sterilizing e e Sandpaper; o . . Scarifications;
Sterilization in AN 50% Sulfuric Acid e e . a Temperature of
Treatments X Sterilization in . Sterilization in o [
1.1% Sodium o (40 min); o . 50 °C; Sterilization
. 37.7% Hydrogen e e 1.1% Solution of . o .
Hypochlorite . Sterilization in . in 1.1% Solution of
X Peroxide o . Sodium X
Solution 1.1% Solution of Hvpochlorite Sodium
Sodium yp Hypochlorite
Hypochlorite
Primary root 19-20 0 5-8 0 8-13
emergence
Plantlet Cotyledon
development growth and 23-27 0 10-15 0 15-20
stages, days development
True leaf 28 0 17-20 0 22-26
formation

3.2. Effects of PGRs and Nutrient Medium Composition on Axillary Microshoot Growth and
Development, and Photosynthetic Pigment Content in A. glycyphyllos Microshoots

To study the in vitro morphogenic potential of A. glycyphyllos explants, various com-
binations and concentrations of PGRs were tested on different nutrient media. Initially,
the explants were cultured on media supplemented with 6-BAP, IAA, 2-iP, and TDZ.
However, PGR combinations involving 6-BAP, IAA, and 2-iP did not yield satisfactory
results, as evidenced by chlorosis, reduced shoot size, and a low regeneration frequency
(Table S1). Due to the lack of positive morphogenetic effects, these PGRs were excluded
from further analysis.

Subsequent experiments focused solely on TDZ, a cytokinin whose effectiveness in
inducing regeneration in Astragalus species, especially those recalcitrant to propagation, has
been confirmed in previous studies [68-70]. These studies have reported shoot formation
both via callus induction and direct organogenesis. In our experiment, TDZ stimulated the
development of axillary microshoots via direct organogenesis (Figure 2).

It was found that the maximum regeneration rate (95%) was achieved on MS medium
supplemented with 0.5 mg-L~! TDZ (Table 3). However, this high frequency was associated
with reduced microshoot quality on standard MS medium. On MS with 2 x Fe-chelate, the
highest regeneration frequency reached 85% at the same TDZ concentration, but it was
not significantly different from the rate observed at lower TDZ concentrations (0.05 and
0.1 mg-L~! TDZ).
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0.05mg L' 0.1 mg ' 0.5 mgL!

Figure 2. Effect of thidiazuron (TDZ) concentration and medium composition on the quality of
A. glycyphyllos axillary microshoots on Murashige and Skoog medium (MS) and modified Murashige
and Skoog medium with a twofold content of iron chelate (MS with 2x Fe-chelate) supplemented
with 0.05-0.5 mg-L~! TDZ after 8-wk cultivation.

Table 3. Effects of TDZ concentration and medium type on proliferation, growth, and development
of A. glycyphyllos axillary microshoots.

TDZ Concen-

% of Axillary Number of Number of

Type of ; > Weight of Microshoots, g . Microshoot
Medium tratloil, Mlc‘roshqot Fresh b Microshoots Inte'rnodes per Length, cm
mg-L-1 Proliferation es ry per Explant Microshoot
0.0 55.0 £ 0.50b 025£0.05¢ 0.08 + 0.04 bc 0.75+0.19 ab 1.65 £+ 0.60 a 1.04 £+ 0.40 ab
MS 0.05 700+ 0.00ab  0.11+£0.02abd  0.06 £ 0.02 bc 0.70 £ 0.10 ab 0.55 +0.22 cd 0.79+£0.18b
0.1 60.0 +0.00 b 0.08 £0.01b 0.04 £ 0.01 be 0.60 £0.10a 0.25+0.10d 0.63£0.16 b
0.5 95.0 £ 0.50 a 0.06 +0.03 d 0.04 £0.02¢ 1.05+0.11b 0.05+0.05d 0.68 + 0.08 b
0.0 55.0 £ 0.50 b 0.05£0.02d 0.03£0.01c 0.75 £ 0.18 ab 1.55 £ 0.40 ab 0.64 £0.16 b
VB with 2 x 0.05 700+100ab  028+006c  020+006a  070+011ab  120+026abc 159 +029a
0.1 80.0 £ 0.00 ab 0.21 £0.04a 0.15 £ 0.03 ab 0.85 4+ 0.11 ab 0.75 4+ 0.19 bed 1.68 £0.27 a
0.5 85.0 + 1.50 ab 0.19 £ 0.06 abc 0.13 = 0.05 abc 1.05+0.14b 0.50 £ 0.14 cd 115+ 0.21ab
Significance of two-way ANOVA
TDZ concentration * ns ns * * ns
Medium type ns * ns ns ns *
TDZ concentration x ns . . ns ns "

Medium type

TDZ—thidiazuron; MS—Murashige and Skoog medium; MS with 2x Fe-chelate—modified Murashige and Skoog
medium with a twofold concentration of iron chelate. Data are presented as mean + SE. Means followed by the
same letter do not differ significantly from each other according to Duncan’s multiple range test at p < 0.05. The
interaction between TDZ concentration and medium type was analyzed using two-way ANOVA. * Significant at
p < 0.05; ns—not significant.

Although regeneration frequency was high, the FW of microshoots generally decreased
with increasing TDZ concentration on both medium types. On standard MS medium, FW
decreased from 0.11 g at 0.05 mg-L~! TDZ to 0.06 g at 0.5 mg-L~! TDZ, corresponding to a
45.5% decrease. On MS medium supplemented with 2 x Fe-chelate, FW decreased from a
peak of 0.28 g at 0.05 mg-L~! TDZ to 0.19 g at 0.5 mg-L~! TDZ, representing a 32.1% decrease.
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The highest FW (0.28 g) was observed on the modified medium with 0.05 mg-L~!
TDZ, which was 460% higher than the control on the same medium, indicating the produc-
tion of healthier and larger microshoots under these conditions. Dry weight followed a
similar trend, with the highest value (0.20 g) also obtained on MS with 2x Fe-chelate and
0.05 mg-L~! TDZ—a 566.67% increase over the corresponding control.

Furthermore, lower TDZ concentrations generally promoted better shoot elongation,
as evidenced by a higher number of internodes. On the modified MS medium, microshoot
length initially increased with TDZ concentration up to 0.1 mg-L~! (1.68 cm), and then slightly
decreased at 0.5 mg-L~! (1.15 cm). This observation suggests that the twofold Fe-chelate
concentration may mitigate the typical inhibitory effect of TDZ on microshoot elongation at
moderate concentrations (Table 3). These findings indicate that optimal microshoot quality
and biomass accumulation were achieved not by high TDZ on standard MS, but rather by the
use of modified MS combined with moderate TDZ. concentrations (0.05-0.1 mg-L_l).

Possibly, this tolerance is attributed to the specific expression patterns of cytokinin
signaling genes in this species [71]. Furthermore, the physiological properties of A. gly-
cyphyllos, such as potentially elevated levels of endogenous cytokinins, may reduce its
sensitivity to exogenous growth regulators. Additionally, features of iron metabolism likely
influence cellular differentiation and in vitro organogenesis.

A two-way ANOVA revealed that TDZ concentration had a significant effect on
the regeneration frequency, the number of microshoots per explant, and the number of
internodes per microshoot (p < 0.05). In contrast, medium type significantly influenced
only the microshoot FW and length (p < 0.05). No significant effect of medium type
was observed on regeneration frequency, DW, the number of microshoots per explant, or
internode number. Importantly, a significant interaction between TDZ concentration and
medium type was found for microshoot FW, DW, and length (p < 0.05). This indicates
that the effect of TDZ concentration on these parameters is not independent but varies
significantly depending on the type of nutrient medium used. In contrast, no significant
interaction was observed for regeneration frequency, the number of microshoots per explant,
or the number of internodes per microshoot.

The highest concentrations of photosynthetic pigments were associated with high TDZ
concentrations (0.5 mg~L’1) and an increased iron concentration (Figure 3). Iron is a crucial
element in the physiology of A. glycyphyllos, participating in oxidation—reduction processes
during chlorophyll synthesis. The key enzymes involved in chlorophyll formation contain
iron atoms in their active site. Of particular importance is the cytochrome system, where
iron-porphyrin complexes ensure electron transfer through changes in the iron’s oxidation
state [72,73].

The chlorophyll a/b ratio on standard MS medium (4.6) was significantly higher
than on the modified MS (1.9), indicating basic physiological differences in the pigment
complex even without the addition of TDZ. On standard MS medium, TDZ caused a 22-55%
decrease in total chlorophyll content relative to the control (MS without TDZ), reaching
a minimum at 0.1 mg-L~!. In contrast, on the modified MS medium, TDZ stimulated
an increase in total chlorophyll by 5-66% compared to the control on the same medium.
The maximum concentrations of total chlorophyll a and b (0.67 mg-g~!) and carotenoids
(0.18 mg-g~!) were achieved on the MS with 2x Fe-chelate supplemented with 0.5 mg-L~!
TDZ. The presence of iron chelate in the nutrient medium not only mitigates the inhibitory
effect of TDZ on shoot elongation (as demonstrated previously) but also eliminates its
negative impact on pigment composition.
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0.9 = Chlorophyll a

0.8 m Chlorophyll b d
0.7 - ® Chlorophyll a+b

0.6 m Carotenoids T
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Culture medium and supplement

Figure 3. Concentrations of photosynthetic pigments in A. glycyphyllos microshoots depending on
thidiazuron (TDZ) and iron chelate concentration in the medium. Data are presented as mean =+ SE.
Means followed by the same letter do not differ significantly from each other according to Duncan’s
multiple range test at p < 0.05. Abbreviations: A—MS, 0.0 mg~L_1 TDZ; B—MS with 2x Fe-chelate,
0.0 mg-L~! TDZ; C—MS, 0.05 mg-L~! TDZ; D—MS with 2x Fe-chelate, 0.05 mg-L.~! TDZ; E—MS,
0.1 mg-L~! TDZ; F—MS with 2x Fe-chelate, 0.1 mg-L~! TDZ; G—MS, 0.5 mg-L~! TDZ; H—MS with
2x Fe-chelate, 0.5 mg~L*1 TDZ; MS—Murashige and Skoog medium; MS with 2 x Fe-chelate—modified
Murashige and Skoog medium with a twofold concentration of iron chelate.

The results are consistent with the well-established role of TDZ as a potent cytokinin
capable of inducing shoot regeneration in numerous plant species. Literature data confirm
that TDZ effectively induces shoot formation in the range of 1 nM to 10 uM [74], with the
maximum number of regenerants often achieved at concentrations of 0.1 to 1.0 uM [51].
Importantly, TDZ exhibits a dual role in morphogenesis: lower concentrations promote
axillary shoot proliferation, while higher concentrations induce adventitious shoot for-
mation. Our applied concentration of 0.05 mg-L~! TDZ (approximately 0.23 uM) falls
within this optimal range, confirming its efficacy for inducing microshoot development in
A. glycyphyllos. One of the key aspects of our study is the effect of TDZ on shoot elongation.
It is widely reported that while inducing regeneration, high concentrations of TDZ often
inhibit the subsequent growth and development of regenerants [75], leading to shortened
microshoots, a reduced internode number, and abnormalities such as hyperhydricity and
fasciation [76]. Our observations on standard MS medium confirmed this trend, as shoot
length generally decreased with increasing TDZ concentration. This is consistent with the
findings of B.N.S. Murthy et al. [77], who reported growth retardation and other adverse
effects of TDZ. However, our study revealed a significant synergistic effect of the modified
MS medium with twofold the concentration of iron chelate. On this modified medium, mi-
croshoot length peaked at 1.68 cm at 0.1 mg-L~! TDZ, which was significantly longer than
that on standard MS. This result demonstrates that an elevated iron chelate concentration
can mitigate the typical inhibitory effect of TDZ on shoot elongation, thereby promoting
more vigorous growth at moderate TDZ levels. This effect may be attributed to the stress
response induced by TDZ, which is characterized by the accumulation of mineral ions
and stress-related metabolites [77,78]. Supplemental iron may help plants cope with this
stress by improving metabolism or supporting key physiological processes required for
elongation. TDZ may also negatively impact endogenous auxin and cytokinin levels [79],
and improved iron nutrition may partially offset this imbalance. Thus, although high TDZ
concentrations on standard MS can maximize explant regeneration rates, our protocol
on modified MS medium with a twofold concentration of iron chelate and a moderate
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TDZ concentration (0.05-0.1 mg-L~!) proved optimal for obtaining high-quality, elongated
microshoots with improved biomass. This provides a valuable strategy for overcoming
the limitations of TDZ associated with subsequent growth and plantlet quality, which
is a common problem in micropropagation. Our study demonstrates that not only TDZ
concentration but also modifications to the basal medium play a crucial role in achieving
the desired morphogenetic response and the quality of the resulting plants.

3.3. Concentrations of Phenolics and Flavonoids and Their Associated Antioxidant Activity in A.
glycyphyllos Microshoots

The total phenolic concentrations in the aboveground part of A. glycyphyllos microshoots
were comparable to or higher than those in plants under in situ conditions (Figure 4). The
highest level of total phenolic concentration (5.96 mg-g~!) was achieved on the modified MS
medium supplemented with a relatively low TDZ concentration (0.05 mg-L~1). A similarly
high concentration was registered on a medium without TDZ supplemented with a twofold
concentration of iron chelate (5.89 mg-g~!). This may indicate an increased sensitivity of this
species to cytokinins and the important role of iron in stabilizing chloroplast membranes,
where some of the reactions of phenolic compound biosynthesis occur [71].

12
m Total flavonoid
m Total phenolic
10 m Total antioxidant
1) a
b 8 1
g
P a
g 6 - 2
= b b b &
g a c b b a
=
g ¢ b b
5
O 2 d d d d d d d d d
0 T T T T T T
A B C D E F G H |

Culture medium and supplement

Figure 4. Total phenolic (gallic acid equivalent) and total flavonoid (quercetin equivalent) concentra-
tions, and total antioxidant activity (ascorbic acid equivalent) of microshoots and in situ plants of A.
glycyphyllos, depending on concentrations of thidiazuron (TDZ) and iron chelate in the medium. Data
are presented as mean + SE. Means followed by the same letter do not differ significantly from each
other according to Duncan’s multiple range test at p < 0.05. Abbreviations: A—in situ plants; B—MS,
0.0 mg-L~! TDZ; C—MS with 2 x Fe-chelate, 0.0 mg-L~! TDZ; D—MS, 0.05 mg-L~! TDZ; E—MS with
2 x Fe-chelate, 0.05 mg~L_1 TDZ; F—MS, 0.1 mg-L_1 TDZ; G—MS with 2 x Fe-chelate, 0.1 mg-L_1
TDZ; H—MS, 0.5 mg-L.~! TDZ; I—MS with 2x Fe-chelate, 0.5 mg-L.~! TDZ; MS—Murashige and
Skoog medium; MS with 2x Fe-chelate—modified Murashige and Skoog medium with a twofold
concentration of iron chelate.

The total flavonoid concentration in the microshoots either corresponded to or was
lower than that in the leaves of in situ plants, with the exception of microshoots grown on
MS medium with a twofold concentration of iron chelate and the highest TDZ concentra-
tion (0.5 mg-g~!). Microshoots grown on this medium showed the maximum flavonoid
concentration (8.74 mg-g_l) (Figure 4).
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Total flavonoid concentrations in aboveground parts of Astragalus plants, which have
been determined previously, varied significantly. Leaves of A. glycyphyllos plants grown
in Poland exhibited 2.43 and 1117.62 pg of quercetin equivalents per gram with aqueous
methanol and water extraction, respectively [19]. Meanwhile, under Novosibirsk condi-
tions, 0.88-1.95 mg of rutin equivalent per gram were revealed in the aboveground part
of A. glycyphyllos [80]. The presented result for native plants (5.01 mg-g~!) is higher than
these values. In addition, the highest total flavonoid content, which was registered in the
microshoots grown on a medium supplemented with 0.5 mg-L~! TDZ (8.74 mg-g~'), may
indicate a stressful effect of a high TDZ concentration.

The level of total antioxidant activity of the in vitro microshoots grown with a ma-
jority of the supplements (1.66-1.83 mg AAE-g~!) significantly surpassed that of plants
grown under in situ conditions (1.44 mg AAE-g~!). The highest antioxidant activity
(1.83 mg AAE-g 1), correlating with the highest flavonoid level, was recorded in the mi-
croshoots cultivated on a medium supplemented with 0.5 mg-L~! TDZ.

The phenolic profile of A. glycyphyllos microshoots cultivated on the medium that
exhibited the highest increase in microshoot biomass was examined (MS with 2 x Fe-chelate,
0.05 mg-L~! TDZ) (Table 3). Hydroxycinnamic acids, kaempferol glycosides, and acylated
flavonoids were primarily detected in aqueous ethanol extracts of the aboveground part
of the microshoots (Figure 5, Table 4). The contents of hydroxycinnamic acids, flavonoid
glycosides, and acylated flavonoids in the extract were 1.72, 1.51, and 2.76 mg-g~! (Table 4).
Accordingly, acylated flavonoids showed the highest abundance in microshoot tissues.
The total phenolic content in microshoots was 5.99 mg-g~!. Kaempferol was the main
component in the hydrolyzed extract (0.98 mg-g~!). Meanwhile, formononetin in a modest
amount (0.09 mg-g~!) was detected (Figure S1).
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Figure 5. Representative section of an HPLC chromatogram of an aqueous ethanol extract of
A. glycyphyllos microshoots (detection at 325 nm). The number of peaks is presented in Table 4.

The major compounds of the microshoots and in situ A. glycyphyllos plants generally
coincided. Their shared main components included hydroxycinnamic acid 1, p-coumaric
acid, and acylated flavonol glycosides 6, 8, and 13. The in situ plants, however, con-
tained rutin and flavonol glycoside 12, which were not detected in the microshoots. On
the other hand, the microshoots contained flavonoids 3 and 7, which were not found in
in situ plants. Moreover, the concentrations of the majority of phenolic compounds in the
microshoots were higher compared to those in in situ plants analyzed simultaneously (Table 4).
This phenolic profile shows similarity to that of A. glycyphyllos plants from a considerably
distant region—western Ukraine [34]. It was also characterized by a number of hydroxycin-
namic acids, with p-coumaric acid as the main component. The concentration of p-coumaric

https://doi.org/10.3390/ijpb17040025


https://doi.org/10.3390/ijpb17040025

Int. ]. Plant Biol. 2026, 17, 25

15 of 21

acid recorded for plants from Ukraine (1.3 mg-g~!) was higher than that in our microshoots
and in situ plants.

Table 4. Concentrations of phenolic compounds in native and hydrolyzed extracts of microshoots
and leaves of in situ plants of A. glycyphyllos (mg-g~! dry weight).

No Compound tr, Minutes Amax, M Microshoots In Situ Plants
Extract
Hydroxycinnamic acids
1 Hydroxycinnamic acid 1 6.9 220, 295sh., 314 0.46 +0.03 0.43 + 0.02
2 Hydroxycinnamic acid 2 9.3 200, 309 0.12 +0.01 0.08 + 0.00
4 p-Coumaric acid 114 229,313 0.56 + 0.02 0.32 +0.01
5 Hydroxycinnamic acid 5 12.2 219, 298sh., 325 0.08 + 0.01 0.08 = 0.00
19 Hydroxycinnamic acid 19 23.4 238, 295sh., 329 0.11 £+ 0.01 0.06 = 0.00
Total hydroxycinnamic acids * 1.72 £0.14 1.71 £ 0.12
Flavonoid glycosides

3 Flavone glycoside 3 9.6 265, 350 0.25 + 0.02 ND

7 Flavonol glycoside 7 16.0 265, 295sh., 355 0.40 +0.03 ND
8 Flavonol glycoside 8 16.5 268, 345 0.26 £ 0.01 0.24 +0.01
9 Kaempferol glycoside 18.5 266, 350 0.14 £ 0.01 0.14 +0.01
11 Rutin 18.9 256, 357 ND 0.04 + 0.00
12 Quercetin glycoside 12 20.4 252,350 ND 0.36 + 0.02
20 Kaempferol glycoside 20 239 268, 348 0.46 + 0.02 0.01 £+ 0.00
Total flavonoid glycosides 1.51 £ 0.09 0.79 +0.03

Acylated kaempferol glycosides
6 Acylated kaempferol glycoside 6 15.2 218, 268, 318 0.25 + 0.02 0.19 £+ 0.01
10 Acylated kaempferol glycoside 10 19.3 232sh., 269, 321 0.73 +0.05 0.11 +0.00
13 Acylated kaempferol glycoside 13 20.7 231,270, 318 0.30 £ 0.02 0.23 £ 0.01
14 Acylated kaempferol glycoside 14 21.3 231,271,319 0.21 +0.01 0.06 = 0.00
15 Acylated kaempferol glycoside 15 21.6 266, 320 0.09 4 0.01 0.08 = 0.00
16 Acylated kaempferol glycoside 16 221 231,270, 319 0.27 £ 0.02 0.08 £ 0.00
17 Acylated kaempferol glycoside 17 22.6 242,265,321 0.10 + 0.01 0.03 +0.00
18 Acylated kaempferol glycoside 18 23.0 225,269, 315 0.21 4+ 0.02 0.06 = 0.00
Total acylated kaempferol glycosides * 2.76 £0.18 1.12 £ 0.05
Total phenolic compounds 5.99 + 0.30 3.62 + 0.15
Hydrolyzed extract

Kaempferol 27.7 268, 368 0.98 + 0.02 0.22 + 0.01

Formononetin 29.5 250, 302 sh. 0.09 4+ 0.00 ND

Data are presented as mean + SE. * Total of all detected components calculated as p-coumaric acid equivalents.
Abbreviations: tg—retention time; Amax—absorption maxima; ND—not detected.

Another phenolic profile with a lack of p-coumaric acid and a significant level of rutin
was revealed by S. Shahrivari-Baviloliaei et al. [19]. The concentration of total phenolic acids,
determined by spectrophotometry and HPLC analysis, was comparable to that of native
plants from our study. A similar phenolic profile was demonstrated by P. Popova et al. for
A. glycyphyllos microshoots [38]. The highest concentration of flavonoids (2.37 mg-g~! DW),
which was significantly lower than that in the microshoots in our work (4.27 mg-g~! DW),
was observed by the authors in callus cultures cultivated on G48 + 2Ca%* medium [38]. We
did not find a significant amount of quercetin glycosides in the microshoots, but they were
detected in the in situ plants. However, their concentration was moderate (0.4 mg-g~!).

On the other hand, our culture produced a number of acylated kaempferol glycosides
(2.76 mg-g~1). They were also revealed in the native plants at lower concentrations. Acy-
lated kaempferol glycosides of various structures have been identified in representatives
of the genus Astragalus [81,82]. These compounds, combining organic or phenolic acids
and flavonoids in their molecules, require accurate identification and evaluation of their
biological properties. Acylated compounds have been found to possess higher stability
and bioactivity [83]. The antimicrobial, anti-parasitic, anti-inflammatory, anti-nociceptive,
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analgesic, and anti-complementary properties of acylated flavonoids have been compre-
hensively reviewed [84]. The difference in phenolic composition of the microshoot cultures
may be related to the variation of medium supplements, other culture conditions, and
geographic origin (according to literature data) of A. glycyphyllos plant material.

The concentration of formononetin in the microshoots from our study was comparable
to that reported by B. Butkute et al. [23]. The authors observed a significant variation in
isoflavone levels in plant tissues throughout the vegetation period. The total biochanin A,
formononetin, and genistein in the aboveground part of field-grown A. glycyphyllos plants
reached a maximum at the stem elongation stage (0.204 mg-g~! DW) [23].

Thus, the established in vitro culture, combining a TDZ concentration of 0.05 mg-L_1
with a twofold increase in iron chelate concentration, induced a high accumulation of
flavonoids (4.27 mg-g~! DW), as well as significant levels of total phenolics (5.99 mg-g~1),
and antioxidants (1.83 mg AAE-g~!) in the microshoot tissues. The highest levels of
flavonol glycosides, quercitrin (8.1 mg-g~!) and isoquercitrin (5.3 mg-g~1), were achieved
by L Tonkova in cell cultures of A. missouriensis on medium supplemented with 1.0 mg-L~!
1-naphthaleneacetic acid, 2.0 mg-L~! kinetin, and 6% (w/v) sucrose [43].

In the available literature, we could not find any references on the application of iron
chelate in tissue culture of Astragalus plants or on its possible influence on the physiological
state and accumulation of bioactive compounds. However, its crucial role in plant develop-
ment has been known [85,86], and iron chelate has been shown to enhance the content of
flavonoids and phenolic acids in legume sprouts [87]. We applied this component to boost
the physiological state of the plantlets, which had shown reduced chlorophyll content in
our preliminary experiments. In the current study, iron chelate exhibited a positive effect
on both chlorophyll content and flavonoid content in the tested microshoots. Therefore,
iron chelate application may be of interest to scientists concerned with Astragalus propaga-
tion. Investigating the correlation between iron chelate, physiological state, and phenolic
compounds in in vitro culture could be a promising direction for future research.

In addition, the results of the present study reveal a peculiarity of flavonoid accumulation
in the Astragalus microshoots. The detection of only one flavonol aglycone—kaempferol—in
the hydrolyzed extracts and of numerous kaempferol glycosides in the extracts indicates that
kaempferol is the main flavonol compound in the established in vitro culture.

In the study by P. Popova et al. (2020), only two chromatographic peaks, corresponding
to rutin and camelliaside A, were identified [38]. Concentrations were determined only for
these two compounds. Thus, the previous results do not provide insight into the complete
chromatographic profile of A. glycyphyllos, including the main aglycone components, the
ratios between components, and their flavonoid classes. Our findings clearly indicate that
kaempferol is the main aglycone component of the microshoots, present in the form of
glycosides and acylated glycosides. Further LC-MS or other chemical assays are necessary
to unequivocally identify these glycosides, although their chemical class is clear.

4. Conclusions

The established in vitro culture contributes to improving the propagation efficiency of
A. glycyphyllos plants, which can be considered a source of phenolic compounds, mainly
p-coumaric acid and kaempferol derivatives. In this culture, iron chelate, along with a low
concentration of thidiazuron, stimulated the accumulation of phenolic compounds and
antioxidants. Future studies will focus on inducing quercetin biosynthesis in the plantlets
through variations in environmental factors (light intensity, temperature, salt concentration)
and the application of elicitors. Moreover, a comprehensive study of the dynamics of the
main phenolic compounds throughout the entire clonal micropropagation, including ex
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vitro and in vivo stages, is necessary to enhance the biological value of in vitro-derived
Astragalus plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijpb17040025/s1. Figure S1: UV spectra of kaempferol and
formonetin in hydrolyzed extracts (A) and kaempferol glycoside and acylated flavonol glycoside (B)
in extracts of A. glycyphyllos microshoots; Table S1: Effect of concentration of plant growth regulators
and type of medium on the proliferation of A. glycyphyllos axillary microshoots and the growth and
development characteristics of microshoots.

Author Contributions: Conceptualization, E.A. and O.K.; methodology, E.A. and O.K,; validation,
E.K. and O.K,; formal analysis, E.A., EK. and O.K,; investigation, U.P., O.K. and E.A.; resources, E.A;
data curation, E.A., EK. and O.K.; writing—original draft preparation, U.P.,, E.A., EK. and O.K;;
writing—review and editing, E.A., EK. and O.K,; visualization, E.A. and O.K.; supervision, E.A.;
project administration, E.A.; funding acquisition, E.A. and O.K. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was supported by the state assignment of the CSBG SB RAS (Project
No. 11126012336365-0).

Data Availability Statement: Raw data of this study are available upon request from the correspond-
ing author.

Acknowledgments: In vitro plant material was obtained from the collection of the CSBG SB RAS,
registered as a Unique Scientific Unit (USU No. 440534, “Collection of living plants indoors and out-
doors”). The maintenance of the in vitro collection was supported by the Biotechnology Laboratory
of the CSBG SB RAS (project No. 11126012336365-0). Plant material from natural populations (in situ)
was kindly provided by L.E. Lobanova, Senior Researcher at the Phytochemistry Laboratory of the
CSBG SB RAS.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations were used in this manuscript:

MS Murashige and Skoog medium

ified Murashi ki i ith fol i
MS with 2 x Fe-chelate mc?dl ied Murashige and Skoog medium with a twofold concentration
of iron chelate

6-BAP 6-benzylaminopurine
IAA indole-3-acetic acid
2-iP 6-(2-isopentenyl)adenine
TDZ thidiazuron
HPLC high-performance liquid chromatography
References
1. Veeresham, C. Natural products derived from plants as a source of drugs. J. Adv. Pharm. Technol. Res. 2012, 3, 200-201. [CrossRef]
[PubMed]
2. Butler, M.S,; Capon, RJ.; Blaskovich, M.A.T.; Henderson, I.R. Natural product-derived compounds in clinical trials and drug
approvals. Nat. Prod. Rep. 2025, 43, 20-88. [CrossRef]
3.  Chaachouay, N.; Zidane, L. Plant-Derived Natural Products: A Source for Drug Discovery and Development. Drugs Drug
Candidates 2024, 3, 184-207. [CrossRef]
4. Wyk, A.S,; Prinsloo, G. Medicinal plant harvesting, sustainability and cultivation in South Africa. Biol. Conserv. 2018, 227, 335-342.
[CrossRef]
5. Pathirana, R.; Carimi, F. Management and Utilization of Plant Genetic Resources for a Sustainable Agriculture. Plants 2022,
11, 2038. [CrossRef]
6. Paramonov, S.; Kudryavtseva, D. Harvesting and Cultivation of Medicinal Plants as a Health-Preserving Practice and a Form of

Responsible Nature Management. Pharm. Formulas 2025, 7, 70-75. [CrossRef]

https://doi.org/10.3390/ijpb17040025


https://www.mdpi.com/article/10.3390/ijpb17040025/s1
https://www.mdpi.com/article/10.3390/ijpb17040025/s1
https://doi.org/10.4103/2231-4040.104709
https://www.ncbi.nlm.nih.gov/pubmed/23378939
https://doi.org/10.1039/D5NP00031A
https://doi.org/10.3390/ddc3010011
https://doi.org/10.1016/j.biocon.2018.09.018
https://doi.org/10.3390/plants11152038
https://doi.org/10.17816/phf681765
https://doi.org/10.3390/ijpb17040025

Int. ]. Plant Biol. 2026, 17, 25 18 of 21

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nandagopal, K.; Halder, M.; Dash, B.; Nayak, S.; Jha, S. Biotechnological approaches for production of anti-cancerous compounds
resveratrol, podophyllotoxin and zerumbone. Curr. Med. Chem. 2018, 25, 4693-4717. [CrossRef] [PubMed]

Zahmanova, G.; Takova, K.; Tonova, V.; Minkov, I.; Barbolov, M.; Nedeva, N.; Vankova, D.; Ivanova, D.; Kiselova-Kaneva, Y.;
Lukov, G.L. How can plant-derived natural products and plant biotechnology help against emerging viruses? Int. J. Mol. Sci.
2025, 26, 7046. [CrossRef]

Zhou, L.G.; Wu, J.Y. Development and application of medicinal plant tissue cultures for production of drugs and herbal medicinals
in China. Nat. Prod. Rep. 2006, 23, 789-810. [CrossRef]

Kotsupiy, O.V.; Shemetova, T.A.; Petruk, A.A. Flavonolglycoside of some Siberian species of the section Xiphidium Bunge of the
genus Astragalus L. Khimiya Rastit. Syr'ya 2019, 2, 67-72. (In Russian) [CrossRef]

Kotsupiy, O.V.; Shemetova, T.A. Phenolic profile of the endemic species Astragalus palibinii Polozhij. BIO Web Conf. 2021, 38, 00063.
[CrossRef]

Ambros, E.V,; Kotsupy, O.V.; Novikova, T.I.; Vysochina, G.I. Clonal micropropagation of Astragalus sericeocanus Gontsch. and
content of phenolic compounds in vitro. Turczaninowia 2018, 21, 87-99. (In Russian) [CrossRef]

Novikova, T.; Ambros, E.; Kotsupiy, O.; Shaldaeva, T.; Protsenko, M.; Filippova, E.; Mazurkova, N. Astragalus penduliflorus Lam.
hairy roots: A promising biotechnological platform for obtaining anti-influenza drugs. S. Afr. J. Bot. 2022, 147, 63-70. [CrossRef]
Zheng, Y.,; Ren, W.; Zhang, L.; Zhang, Y.; Liu, D.; Liu, Y. A Review of the Pharmacological Action of Astragalus Polysaccharide.
Front. Pharmacol. 2020, 11, 349. [CrossRef]

Li, S.; Hu, X,; Liu, F; Hu, W. Bioactive components and clinical potential of Astragalus species. Front. Pharmacol. 2025, 16, 1585697.
[CrossRef]

Lobanova, LE. Astragalus glycyphyllos (Fabaceae): Biologically active substances, pharmacotherapeutic activity and beneficial
properties, use in pharmacy and medicine (review). Flora Veg. Asian Russ. 2025, 18, 210-227. [CrossRef]

Guzhva, N.N. Technology of liquid extract of Astragalus falcatus. Pharmacia 2008, 6, 40-42.

Khvorost, O.; Zudova, Y.; Budniak, L.; Slobodianiuk, L.; Kramar, H.; Palamarchuk, O.; Ocheretniuk, A. Analysis of carboxylic
acids of Astragalus dasyanthus Pall. herb. Pharmacia 2023, 70, 1231-1238. [CrossRef]

Shahrivari-Baviloliaei, S.; Konopacka, A.; Pascoalino, L.A.; Reis, F.; Kunkowski, D.; Petropoulos, S.A.; Konieczynski, P.; Orhan,
LE,; Plenis, A.; Viapiana, A. Nutritional, chemical, antioxidant and antibacterial screening of Astragalus cicer L. and Astragalus
glycyphyllos L. different morphological parts. Foods 2025, 14, 250. [CrossRef] [PubMed]

Ilieva, V.; Shkondrov, A.; Aluani, D.; Valkova, I.; Kondeva-Burdina, M.; Georgieva, T.; Tzankova, V.; Krasteva, I.; Georgiev, M.
Early detection of toxic cyanobacteria in Bulgarian dam water and in vitro evaluation of the effect of saponins from Astragalus
glycyphyllos and A. glycyphylloides in cyanotoxin (anatoxin-«)-induced neurotoxicity. Rev. Bras. Farmacogn. 2020, 30, 202-213.
[CrossRef]

Hinkov, A.; Tsvetkov, V.; Shkondrov, A.; Krasteva, I.; Shishkov, S.; Shishkova, K. Effect of a total extract and saponins from
Astragalus glycyphyllos L. on human coronavirus replication in vitro. Int. J. Mol. Sci. 2023, 24, 16525. [CrossRef]

Maylandt, C.; Kirschner, P; Pirkebner, D.; Frajman, B.; Pefias de Giles, J.; Schonswetter, P.; Carnicero, P. Evolution, range formation
and a revised taxonomy of the disjunctly distributed European members of Astragalus sect. Caprini, an intricate group including
highly endangered species of dry grasslands. Mol. Phylogenet. Evol. 2025, 204, 108242. [CrossRef]

Butkute, B.; Padarauskas, A.; Ceseviciene, J.; Taujenis, L.; Norkeviciene, E. Phytochemical composition of temperate perennial
legumes. Crop Pasture Sci. 2018, 69, 1020-1030. [CrossRef]

Nikolov, S.; Elenga, P.; Panova, D. Flavonoids of Astragalus glycyphyllos. Farmatsiya 1984, 34, 26-29. Available online: https:
/ /www.cabidigitallibrary.org/doi/full /10.5555/19850333027 (accessed on 22 March 2026).

Linnek, J.; Mitaine-Offer, A.C.; Miyamoto, T.; Duchamp, O.; Mirjolet, ].F; Lacaille-Dubois, M.A. Cycloartane-type glycosides from
two species of Astragalus (Fabaceae). Nat. Prod. Commun. 2009, 4, 477-478. [CrossRef]

Bratkov, V.M.; Shkondrov, A.M.; Zdraveva, PK.; Krasteva, I.N. Flavonoids from the Genus Astragalus: Phytochemistry and
Biological Activity. Pharmacogn. Rev. 2016, 10, 11-32. [CrossRef]

Shkondrov, A.; Krasteva, I.; Bucar, F.; Kunert, O.; Kondeva-Burdina, M.; Ionkova, I. A new tetracyclic saponin from Astragalus
glycyphyllos L. and its neuroprotective and hMAO-B inhibiting activity. Nat. Prod. Res. 2020, 34, 511-517. [CrossRef]

Shkondrov, A.; Krasteva, I.; Kozuharova, E.; Zdraveva, P.; Savev, S. Bulgarian species of genus Astragalus as potential sources of
mauritianin. Pharmacia 2020, 67, 229-232. [CrossRef]

Butkute, B.; Dagilyte, A.; Benetis, R.; Padarauskas, A.; Olsauskaite, V.; Lemeziene, N. Mineral and phytochemical profiles and
antioxidant activity of herbal material from two temperate Astragalus species. BioMed Res. Int. 2018, 2018, 6318630. [CrossRef]
[PubMed]

Wang, B.; Wu, B.; Ma, Y,; Liu, X,; Tao, L.; Jia, L.; Ding, X.; Zhou, X. Astragalus polysaccharides: Structure immunomodulation
relationships, multitarget pharmacological activities, and cuttingedge applications in immune modulation. Front. Immunol. 2025,
16,1714898. [CrossRef]

https://doi.org/10.3390/ijpb17040025


https://doi.org/10.2174/0929867324666170404145656
https://www.ncbi.nlm.nih.gov/pubmed/28393691
https://doi.org/10.3390/ijms26157046
https://doi.org/10.1039/b610767b
https://doi.org/10.14258/jcprm.2019024263
https://doi.org/10.1051/bioconf/20213800063
https://doi.org/10.14258/turczaninowia.21.4.10
https://doi.org/10.1016/j.sajb.2021.12.036
https://doi.org/10.3389/fphar.2020.00349
https://doi.org/10.3389/fphar.2025.1585697
https://doi.org/10.15372/RMAR20250302
https://doi.org/10.3897/pharmacia.70.e111279
https://doi.org/10.3390/foods14020250
https://www.ncbi.nlm.nih.gov/pubmed/39856916
https://doi.org/10.1007/s43450-020-00050-4
https://doi.org/10.3390/ijms242216525
https://doi.org/10.1016/j.ympev.2024.108242
https://doi.org/10.1071/CP18206
https://www.cabidigitallibrary.org/doi/full/10.5555/19850333027
https://www.cabidigitallibrary.org/doi/full/10.5555/19850333027
https://doi.org/10.1177/1934578X0900400406
https://doi.org/10.4103/0973-7847.176550
https://doi.org/10.1080/14786419.2018.1491040
https://doi.org/10.3897/pharmacia.67.e48634
https://doi.org/10.1155/2018/6318630
https://www.ncbi.nlm.nih.gov/pubmed/29581980
https://doi.org/10.3389/fimmu.2025.1714898
https://doi.org/10.3390/ijpb17040025

Int. ]. Plant Biol. 2026, 17, 25 19 of 21

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Ionkova, I.; Shkondrov, A.; Krasteva, I.; Ionkov, T. Recent progress in phytochemistry, pharmacology and biotechnology of
Astragalus saponins. Phytochem. Rev. 2014, 13, 343-374. [CrossRef]

Shkondrov, A.; Krasteva, I. High resolution LC-MS/MS screening for secondary metabolites in Bulgarian species of genus
Astragalus L. Quim. Nova 2021, 44, 683-688. [CrossRef]

Butkute, B.; Padarauskas, A.; Ceseviciene, J.; Pavilonis, A.; Taujenis, L.; Lemeziene, N. Perennial legumes as a source of ingredients
for healthy food: Proximate, mineral and phytoestrogen composition and antibacterial activity. J. Food Sci. Technol. 2017, 54,
2661-2669. [CrossRef] [PubMed]

Lysiuk, R.; Kozachok, S.; Darmohray, R. HPLC-analysis of hydroxycinnamic acid from the aerial parts of Astragalus glycyphyllos
L. In Agrobiodiversity for Improving Nutrition, Health and Life Quality; Slovak University of Agriculture: Nitra, Slovakia, 2016;
pp. 250-254.

Lysiuk, R.; Kozachok, S. HPLC-UV determination of catechins and gallic acid in aerial parts of Astragalus glycyphyllos L. Dhaka
Univ. J. Pharm. Sci. 2019, 18, 241-247. [CrossRef]

Stambolov, I.; Shkondrov, A.; Krasteva, I. Astragalus glycyphyllos L.: Phytochemical constituents, pharmacology, and biotechnol-
ogy. Pharmacia 2023, 70, 635-641. [CrossRef]

Shkondrov, A.; Hinkov, A.; Cvetkov, V.; Shishkova, K.; Todorov, D.; Shishkov, S.; Stambolov, I.; Yoncheva, K.; Krasteva, 1.
Astragalus glycyphyllos L.: Antiviral activity and tablet dosage formulation of a standardized dry extract. Biotechnol. Biotechnol.
Equip. 2023, 37, 2221752. [CrossRef]

Popova, P; Zarev, Y.; Shkondrov, A.; Krasteva, I.; Ionkova, I. Induction of flavonoid biosynthesis by in vitro cultivation of
Astragalus glycyphyllos L. Pharmacia 2020, 67, 95-99. [CrossRef]

Khamidullina, L.; Cherepanova, O.; Tobysheva, P; Rybina, E.; Pestov, A. Activation effect of 3-alanine and chitosan derivative
on A. glycyphyllos and A. membranaceus seed germination and seedling growth and development. Agron. Res. 2021, 19, 484-495.
[CrossRef]

Stoyanov, S.; Stanilova, M.; Yankova-Tsvetkova, E.; Marinov, Y.; Traykova, B. In vitro micropropagation of Astragalus physocalyx
(Fabaceae) and reintroduction of plants in its “Locus Classicus” on Mladezhki Hill in Plovdiv. Bulg. J. Agric. Sci. 2024, 30, 31-37.
Available online: https:/ /www.agrojournal.org/30/01-05s.pdf (accessed on 22 March 2026).

Tran, TN.A.; Xu, FJ.; Ko, ] H.; Yang, D.C.; Yang, D.UK,; Jung, S.K. Establishing an efficient micropropagation method for
Astragalus membranaceus (Huang Qi). Plant Cell Tiss. Organ Cult. 2024, 157, 34. [CrossRef]

Ionkova, I.; Alfermann, A.W. Transformation of Astragalus species by Agrobacterium rhizogenes and their saponin production.
Planta Med. 1990, 56, 634—635. [CrossRef]

Ionkova, I. Optimization of flavonoid production in cell cultures of Astragalus missouriensis Nutt. (Fabaceae). Phcog. Mag. 2009,
5,92-99.

Yildirim, A.; Uyar, E.; Turker, A. In vitro culture of endemic Astragalus gymnolobus Fischer and comparison of its antibacterial,
antioxidant, and phenolic profiles with field grown plants. J. Agric. Sci. Tech. 2020, 22, 815-828.

Zayed, R.A.; El-Sayed, A.S.; Ismaeil, WM. In vitro micropropagation, biological activities and phenolic profile of Astragalus
fruticosus Forssk. Asian J. Plant Sci. 2022, 21, 192-202. [CrossRef]

Vasilev, H.; émejkal, K.; Gronover, C.; Priifer, D.; Jankovska, D.; Ionkova, I. Development of in vitro cultures from Astragalus
thracicus Griseb and Astragalus aitosensis (Ivanisch.) and evaluation of their bioproduction potential. Res. Sq. 2025, 164, 82.
[CrossRef]

Li, J.; Yu, Q,; Liu, C.; Zhang, N.; Xu, W. Flavonoids as key players in cold tolerance: Molecular insights and applications in
horticultural crops. Hortic. Res. 2025, 12, uhae366. [CrossRef]

Kotsupiy, O.; Karpova, E.; Trofimova, E.; Novikova, T.; Ambros, E. Transformation of strawberry plants” phenolic profile after
treatment with a mechanocomposite based on silicon chelates in the course of development under in vitro, ex vitro, and in vivo
conditions. Horticulturae 2023, 9, 157. [CrossRef]

Kotsupiy, O.V.; Stepantsova, N.V.; Vysochina, G.I.; Petruk, A.A. Phenolic Compounds in Astragalus rytyensis Stepantsova and
Other Species of the Astragalus L. Genus from Joint Growth Places on the North-Western Coast of Lake Baikal. Bull. Irkutsk. State
Univ. Ser. Biol. Ecol. 2018, 24, 3-15. (In Russian) [CrossRef]

Ionkova, I. Astragalus Species (Milk Vetch): In vitro culture and the production of saponins, astragaline, and other biologically
active compounds. In Medicinal and Aromatic Plants VIII. Biotechnology in Agriculture and Forestry; Bajaj, Y.P.S., Ed.; Springer:
Berlin/Heidelberg, Germany, 1995; Volume 33, pp. 97-138.

Cakir, O.; Ari, S. Defensive and secondary metabolism in Astragalus chrysochlorus cell cultures, in response to yeast extract
stressor. J. Environ. Biol. 2009, 30, 51-55. Available online: http://www.jeb.co.in./journal_issues/200901_jan09_spl/paper_09.pdf
(accessed on 22 March 2026).

Murashige, T.; Skoog, F. A revised medium for rapid growth and bioassays with tobacco tissue cultures. Physiol. Plant. 1962, 15,
473-497. [CrossRef]

https://doi.org/10.3390/ijpb17040025


https://doi.org/10.1007/s11101-014-9347-3
https://doi.org/10.21577/0100-4042.20170730
https://doi.org/10.1007/s13197-017-2703-8
https://www.ncbi.nlm.nih.gov/pubmed/28928506
https://doi.org/10.3329/dujps.v18i2.44464
https://doi.org/10.3897/pharmacia.70.e107989
https://doi.org/10.1080/13102818.2023.2221752
https://doi.org/10.3897/pharmacia.67.e50390
https://doi.org/10.15159/AR.21.034
https://www.agrojournal.org/30/01-05s.pdf
https://doi.org/10.1007/s11240-023-02622-3
https://doi.org/10.1055/s-2006-961276
https://doi.org/10.3923/ajps.2022.192.202
https://doi.org/10.1007/s11240-026-03395-1
https://doi.org/10.1093/hr/uhae366
https://doi.org/10.3390/horticulturae9020157
https://doi.org/10.26516/2073-3372.2018.24.3
http://www.jeb.co.in./journal_issues/200901_jan09_spl/paper_09.pdf
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.3390/ijpb17040025

Int. ]. Plant Biol. 2026, 17, 25 20 of 21

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

International Rules for Seed Testing (ISTA). International Rules for Seed Testing. Seed Sci. Technol. 1993, 21, 160-186. Available
online: https:/ /www.seedtest.org/en/publications/international-rules-seed-testing.html (accessed on 22 March 2026).

Ranal, M.A_; Santana, D.G. How and why to measure the germination process. Braz. J. Bot. 2006, 29, 1-11. [CrossRef]
Lichtenthaler, H.K. Chlorophylls and carotenoids: Pigments of photosynthetic biomembranes. Methods Enzymol. 1987, 148,
350-382. [CrossRef]

Blainski, A.; Lopes, G.C.; de Mello, ].C. Application and analysis of the Folin Ciocalteu method for the determination of the total
phenolic content from Limonium brasiliense L. Molecules 2013, 18, 6852-6865. [CrossRef] [PubMed]

Zhishen, J.; Mengcheng, T.; Jianming, W. The determination of flavonoids contents in mulberry and their scavenging effects on
superoxide radicals. Food Chem. 1999, 64, 555-559. [CrossRef]

Sevket, A.L.P; Sezai, E.; Tunde, J.; Ozlem, C.; Sadiye, G. Bioactive content of rose hips of different wildly grown Rosa dumalis
genotypes. Not. Bot. Horti Agrobot. 2016, 44, 47-476. [CrossRef]

Prieto, P; Pineda, M.; Aguilar, M. Spectrophotometric quantitation of antioxidant capacity through the formation of a phospho-
molybdenum complex: Specific application to the determination of vitamin E. Anal. Biochem. 1999, 269, 337-341. [CrossRef]
Boestfleisch, C.; Wagenseil, N.B.; Buhmann, A K.; Seal, C.E.; Wade, E.M.; Muscolo, A.; Papenbrock, J. Manipulating the
antioxidant capacity of halophytes to increase their cultural and economic value through saline cultivation. AoB Plants 2014,
13, 6-12. [CrossRef]

Watrous, K.M.; Cane, ].H. Breeding biology of the threadstalk milkvetch, Astragalus filipes (Fabaceae), with a review of the genus.
Am. Midl. Nat. 2011, 165, 225-240. [CrossRef]

Statwick, J.M. Germination pretreatments to break hard-seed dormancy in Astragalus cicer L. (Fabaceae). Peer] 2016, 4, e2621.
[CrossRef]

Baskin, J.; Baskin, C. Some considerations for adoption of Nikolaeva’s formula system into seed dormancy classification. Seed Sci.
Res. 2008, 18, 131-137. [CrossRef]

Baskin, ].M.; Baskin, C.C. A classification system for seed dormancy. Seed Sci. Res. 2004, 14, 1-16. [CrossRef]

Baskin, ].M.; Baskin, C.C. Classification, biogeography, and phylogenetic relationships of seed dormancy. In Seed Conservation:
Turning Science into Practice; Smith, R.D., Dickie, J.B., Linington, S.H., Pritchard, H-W., Probert, R.]., Eds.; Cambridge University
Press: London, UK, 2003; pp. 518-544.

Wojtyla, L.; Lechowska, K.; Kubala, S.; Garnczarska, M. Different modes of hydrogen peroxide action during seed germination.
Front. Plant Sci. 2016, 7, 66. [CrossRef]

Barba-Espin, G.; Herndndez, J.A.; Diaz-Vivancos, P. Role of H202 in pea seed germination. Plant Signal. Behav. 2012, 7, 193-195.
[CrossRef]

Basalma, D.; Uranbey, S.; Gurlek, D.; Ozcan, S. TDZ-induced plant regeneration in Astragalus cicer. Afr. ]. Biotechnol. 2008, 7, 955-959.
Available online: http:/ /academicjournals.org/journal /AJB/article-abstract/C639FAD8286 (accessed on 22 March 2026).

Erisen, S.; Atalay, E.; Yorgancilar, M. The effect of thidiazuron on the in vitro shoot development of endemic Astragalus cariensis in
Turkey. Turkish J. Bot. 2011, 35, 521-526. [CrossRef]

Yorgancilar, M.; Erisen, S. The effect of thidiazuron (TDZ) on shoot regeneration of Astragalus schizopterus. J. Anim. Plant Sci.
2011, 21, 519-524. Available online: https://www.researchgate.net/publication/263746945_The_effect_of_Thidiazuron_TDZ_on_
shoot_regeneration_of_Astragalus_schizopterus (accessed on 22 March 2026).

Lomin, S.N.; Krivosheev, D.M.; Steklov, M.Y.; Osolodkin, D.I.; Romanov, G.A. Receptor Properties and Features of Cytokinin
Signaling. Acta Naturae 2012, 4, 31-45. [CrossRef]

Rout, G.R; Sahoo, S. Role of iron in plant growth and metabolism. Rev. Agric. Sci. 2015, 3, 1-24. [CrossRef]

Ning, X.; Lin, M.; Huang, G.; Mao, J.; Gao, Z.; Wang, X. Research progress on iron absorption, transport, and molecular regulation
strategy in plants. Front. Plant Sci. 2023, 14, 1190768. [CrossRef] [PubMed]

Thomas, T.D.; Philip, B. Thidiazuron-induced high-frequency shoot organogenesis from leaf-derived callus of a medicinal climber,
Tylophora indica (Burm. E)) Merrill. Vitr. Cell. Dev. Biol. Plant 2005, 41, 124-128. [CrossRef]

Shirani, S.; Mahdavi, F.; Maziah, M. Morphological abnormality among regenerated shoots of banana and plantain (Musa spp.)
after in vitro multiplication with TDZ and BAP from excised shoot-tips. Afr. J. Biotechnol. 2010, 8, 5755-5761. [CrossRef]

Guo, B.; Abbasi, B.H.; Zeb, A.; Xu, L.L.; Wei, Y.H. Thidiazuron: A multi-dimensional plant growth regulator. Afr. J. Biotechnol.
2011, 10, 8984-9000. [CrossRef]

Murthy, B.N.S.; Murch, S.J.; Saxena, PK. Thidiazuron: A potent regulator of in vitro plant morphogenesis. Vitr. Cell. Dev. Biol.
Plant 1998, 34, 267-275. [CrossRef]

Murch, S.J.; Saxena, PK. Modulation of mineral and fatty acidprofiles during thidiazuron mediated somatic embryogenesis
inpeanuts (Arachis hypogaea L.). ]. Plant Physiol. 1997, 151, 358-361. [CrossRef]

Zhang, C.G.; Li, W,; Mao, Y.F; Zhao, D.L.; Dong, W.; Guo, G.Q. Endogenous Hormonal levels in scutellaria baicalensis calli
induced by thidiazuron. Russ. J. Plant Physiol. 2005, 52, 345-351. [CrossRef]

https://doi.org/10.3390/ijpb17040025


https://www.seedtest.org/en/publications/international-rules-seed-testing.html
https://doi.org/10.1590/S0100-84042006000100002
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.3390/molecules18066852
https://www.ncbi.nlm.nih.gov/pubmed/23752469
https://doi.org/10.1016/S0308-8146(98)00102-2
https://doi.org/10.15835/nbha44210432
https://doi.org/10.1006/abio.1999.4019
https://doi.org/10.1093/aobpla/plu046
https://doi.org/10.1674/0003-0031-165.2.225
https://doi.org/10.7717/peerj.2621
https://doi.org/10.1017/S096025850803674X
https://doi.org/10.1079/SSR2003150
https://doi.org/10.3389/fpls.2016.00066
https://doi.org/10.4161/psb.18881
http://academicjournals.org/journal/AJB/article-abstract/C639FAD8286
https://doi.org/10.3906/bot-1009-74
https://www.researchgate.net/publication/263746945_The_effect_of_Thidiazuron_TDZ_on_shoot_regeneration_of_Astragalus_schizopterus
https://www.researchgate.net/publication/263746945_The_effect_of_Thidiazuron_TDZ_on_shoot_regeneration_of_Astragalus_schizopterus
https://doi.org/10.32607/20758251-2012-4-3-31-45
https://doi.org/10.7831/ras.3.1
https://doi.org/10.3389/fpls.2023.1190768
https://www.ncbi.nlm.nih.gov/pubmed/37465388
https://doi.org/10.1079/IVP2004575
https://doi.org/10.5897/AJB09.1080
https://doi.org/10.5897/ajb11.636
https://doi.org/10.1007/BF02822732
https://doi.org/10.1016/S0176-1617(97)80265-9
https://doi.org/10.1007/s11183-005-0052-3
https://doi.org/10.3390/ijpb17040025

Int. ]. Plant Biol. 2026, 17, 25 21 of 21

80.

81.

82.

83.

84.

85.

86.

87.

Lobanova, L.E.; Kukushkina, T.A.; Shaldaeva, T.M.; Filippova, E.I,; Protsenko, M.A.; Makarevich, E.V.; Mazurkova, N.A;
Khramova, E.P. Phytochemical characterization and antiviral activity of Astragalus glycyphyllos (Fabaceae) extracts. Flora Veg.
Asian Russ. 2024, 2, 120-130. Available online: https://www.sibran.ru/en/journals/issue.php?ID=188595&ARTICLE_ID=188598
(accessed on 22 March 2026).

Cui, B.; Kinjo, J.; Nakamura, M.; Nohara, T. A novel acylated flavonoid glycoside from Astragalus complanatus. Tetrahedron Lett.
1991, 32, 6135-6138. [CrossRef]

Semmar, N.; Jay, M.; Chemli, R. Chemical diversification trends in Astragalus caprinus (Leguminosae), based on the flavonoid
pathway. Biochem. Syst. Ecol. 2001, 29, 727-738. [CrossRef] [PubMed]

Essa, A.F.; Teleb, M.; El-Kersh, D.M.; El Gendy, A.E.G.; Elshamy, A.L; Farag, M.A. Natural acylated flavonoids: Their chemistry
and biological merits in context to molecular docking studies. Phytochem. Rev. 2023, 22, 1469-1508. [CrossRef]

Khalil, A.; Sabry, O.; El-Askary, H.; El Zalabani, S.; Fayek, N. Acylated polyphenolics of family Fabaceae: Distribution, chemodi-
versity, and bioactivity, a comprehensive review. Int. J. Food Sci. Technol. 2023, 58, 1028-1036. [CrossRef]

Dey, S.; Regon, P; Kar, S.; Panda, S.K. Chelators of iron and their role in plant’s iron management. Physiol. Mol. Biol. Plants 2020,
26,1541-1549. [CrossRef] [PubMed]

Nurozi-Boldaji, Z; Fallah, S.; Yusefi-Tanha, E.; Gollner, G.; Salehi, A. Seed- and foliar-applied iron chelate improves performance,
physiological, and biochemical aspects of black cumin (Nigella sativa) under semi-arid conditions. Agronomy 2024, 14, 1788.
[CrossRef]

Debski, H.; Wiczkowski, W.; Horbowicz, M. Effect of elicitation with iron chelate and sodium metasilicate on phenolic compounds
in legume sprouts. Molecules 2021, 26, 1345. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijpb17040025


https://www.sibran.ru/en/journals/issue.php?ID=188595&ARTICLE_ID=188598
https://doi.org/10.1016/0040-4039(91)80772-X
https://doi.org/10.1016/S0305-1978(00)00105-8
https://www.ncbi.nlm.nih.gov/pubmed/11399359
https://doi.org/10.1007/s11101-022-09840-1
https://doi.org/10.1111/ijfs.16271
https://doi.org/10.1007/s12298-020-00841-y
https://www.ncbi.nlm.nih.gov/pubmed/32801485
https://doi.org/10.3390/agronomy14081788
https://doi.org/10.3390/molecules26051345
https://www.ncbi.nlm.nih.gov/pubmed/33802449
https://doi.org/10.3390/ijpb17040025

	Introduction 
	Materials and Methods 
	Plant Material 
	Seed Germination 
	In Vitro Shoot Organogenesis 
	Extraction of Metabolites 
	Spectrophotometric Analyses 
	HPLC Analysis 
	Total Antioxidant Activity 
	Statistical Analysis 

	Results and Discussion 
	Seed Germination of A. glycyphyllos Depending on Scarification Method and Sterilizing Agent 
	Effects of PGRs and Nutrient Medium Composition on Axillary Microshoot Growth and Development, and Photosynthetic Pigment Content in A. glycyphyllos Microshoots 
	Concentrations of Phenolics and Flavonoids and Their Associated Antioxidant Activity in A. glycyphyllos Microshoots 

	Conclusions 
	References

