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Key message: Development of in vitro cultivation media preferences of two endangered 19 

Astragalus species, resulting in a developed micropropagation protocol. Measurement of 20 

characteristics of callus cultures and flavonoid content analysis after stress induction. 21 

 22 

Abstract: Two endemic Astragalus species - A. thracicus and A. aitosensis were investigated 23 

to establish and develop their in vitro cultures. We managed to optimize the in vitro 24 

growth conditions, suitable for growing and maintaining stable and long-lasting callus 25 

cultures. Furthermore, we measured the behavior and flavonoid biosynthetic potential of 26 

callus cultures after stress induction with selected elicitors methyl jasmonate (MJ), 27 

salicylic acid (SA), and yeast extract (YE). In case of biotic stress, we concluded that 28 

growth index of callus cultures from A. thracicus decreased inversely proportional to the 29 

concentrations of elicitors applied, as SA showed the strongest growth inhibiting effect. 30 

The synthetic potential of the same callus cultures was evaluated based on HPLC analysis 31 



of levels of three flavonol aglycons – kaempferol, quercetin, and methylquercetin. The 32 

highest amount of kaempferol (9.12 µg/g dry weight) and quercetin (5.72 µg/g dry 33 

weight) was detected when callus cultures were exposed to YE at a concentration of 50 34 

mg/l in medium for 72 hours. For the synthesis of the third aglycon studied, 35 

methylquercetin, the best inductive conditions (equivalent to 4.69 µg/g dry weight) were 36 

measured in media supplemented with MJ at a concentration of 200 µmol/l for 72 hours. 37 

The fastest kaempferol synthesis was found in the medium supplemented with 1000 38 

µmol/l SA at 24 hours, quantified as 7.61 µg of kaempferol per gram of dry weight. Based 39 

on all these experiments, the study resulted in a development of a micropropagation 40 

protocol. 41 

 42 

Abbreviations: Indole-3-acetic acid (IAA), kinetin (6-Furfuryladenine or kin), 1-43 

naphthylacetic acid (NAA), thidiazuron (TDZ), dry weight (DW), yeast extract (YE), 44 

methyl jasmonate (MJ), salicylic acid (SA) 45 

 46 

Introduction: With more than 2200 taxonomically classięed species, the genus Astragalus 47 

(Fabaceae) is one of the largest genera of dicotyledonous plants (Frodin 2004). Astragalus 48 

species are widespread mainly in the temperate regions of the northern hemisphere 49 

(Heywood et al. 1972), growing in arid and semiarid regions up to 1700 meters above sea 50 

level (Pistelli 2002). Nearly 133 species grow in Europe, of which 29, classięed in 8 51 

subgenera, are found in Bulgaria (Heywood et al. 1972; Tutin et al. 1972; Platikanov et al. 52 

2005; Assyov et al. 2006). Several of them are endemic or protected with vulnerable, 53 

endangered or critically endangered status (Petrova and Vladimirov 2009). 54 

Among the protected species, Astragalus thracicus (Griseb) is a tertiary relict, endemic to 55 

the Balkans, listed under the "vulnerable" status. It is a xeromorphic shrub with strong 56 

roots and hairy, densely branched stems (16-40 cm high), and leaves ending in a spine. 57 

Nowadays it is found in only three habitats in Bulgaria (around the towns of Sliven, 58 

Yambol, and Haskovo), but it also occurs in some limited areas in the Greek and Turkish 59 

regions of Thrace (Stoeva). 60 

The second object of this research is Astragalus aitosensis (Ivan.). As an endemic relic plant 61 

in Bulgaria, it is also protected by the Bulgarian Biodiversity Act and is included in the 62 

Bulgarian Red List of Threatened Plants. A. aitosensis is a low, spiny, tussock-forming 63 

shrub with highly branched stems (30-50 cm high) (Apostolova). The plant grows on dry, 64 

stony sites (90-550 m altitude) with neutral to alkaline soils. Nowadays the plant is only 65 

found in the suburbs of the small Bulgarian town of Aytos (from which it takes its name). 66 



The long history of use of Astragalus species as medicines, food, and cosmetics has led to 67 

considerable progress in its chemical investigation. In general, literature describes a high 68 

content of saponins and phenolics, which contribute to a variety of biological activities of 69 

their extracts (Ionkova et al. 2014; Bratkov et al. 2016). The phenolic compounds isolated 70 

from Astragalus are composed of a wide range of flavonoids. Many species of Astragalus 71 

naturally contain the widely distributed aglycones – kaempferol, quercetin and 72 

methylquercetine in their free and glycosidic forms (Bratkov et al. 2016; Vasilev et al. 73 

2019, 2021, 2024). 74 

The approach to grow plants in in vitro cultures is now a very attractive way to use them 75 

as source for the production of various phytochemicals. It has added value, especially for 76 

endangered or rare plants. In this study, the propagation and cultivation of A. thracicus 77 

and A. aitosensis was investigated with regard to the establishment and development of 78 

their in vitro cultures. In a series of experiments, germination rate, influence of gelling 79 

agent, and carbon source were analyzed and compared. After determining the basic 80 

requirements for in vitro culturing, an elicitation experiment was carried out using methyl 81 

jasmonate (MJ), salicylic acid (SA), and yeast extract (YE). 82 

Material and methods 83 

Plant material 84 

Seeds of A. aitosensis and A. thracicus were collected in June 2013. A. aitosensis: habitat 85 

located in the region of the town of Aytos (coordinates on Google Maps: 42.703065 N, 86 

27.268543 E). A. thracicus: habitat located in the area of Bakadzhitsite, near the town of 87 

Yambol (coordinates on Google maps: 42.452016 N, 26.663550 E). The voucher specimens 88 

have been deposited in the herbarium of the Institute of Biodiversity and Ecosystem 89 

Research, Bulgarian Academy of Sciences, Sofia, with ref. no. № SOM001362 and № 90 

SOM001363, respectively. The voucher specimens are shown in the Supplementary 91 

Materials section Figure S1 and Figure S2. 92 

Surface sterilization 93 

Surface sterilization was performed by immersion in 70% EtOH for 60 s, followed by 30 94 

min on Vortex® in 10% NaClO with the addition of 20 µl Tween 80, and the seeds were 95 

rinsed three times with sterile distilled water for 10 min each time. Seed coats were 96 

incised with a sterile scalpel. Unincised and incised seeds were aseptically placed in full 97 

strength Murashige and Skoog (MS) with added casein DoH media (see Supplementary 98 

Materials Table S3). 99 

Seed germination 100 



This experiment was carried out with Petri dishes filled with 20 ml of DoH medium (2% 101 

sugar; 6 g/l agar; measured pH 5.6) and 7 seeds in each, 10 dishes of each group, i.e. 70 102 

scarified and 70 non-scarified seeds for each Astragalus species - A. thracicus and A. 103 

aitosensis. The experiment was performed once. 104 

Media preparation 105 

The culture media required for the experiments were prepared using commercial 106 

products from Duchefa™: Murashige and Skoog (MS) including vitamins and Gamborg 107 

B5, both dissolved in demineralized water with 3% sucrose added. The mineral and 108 

vitamin content of both media is given in the Supplementary Materials (Table S3). For 109 

the preparation of half strength media (½ MS and ½ B5), the same commercial products 110 

were used, but the measured amount was divided by 2. The pH of the media was adjusted 111 

to 5.80 using 1 N and 0.1 N solutions of HCl and NaOH under constant stirring. After 112 

measuring the pH, sucrose was added. The prepared medium was sterilized in 113 

Certoclav® at 121 °C for 20 minutes. Hormonal modifications: * stays for added BAP 1 114 

mg/l and IAA 200 µg/l. ** means a modification with 1 mg/l Kin, 200 µg/l IAA and 100 115 

µg/l 2,4-D. *** contains added 400 µg/l TDZ and 200 µg/l NAA Supplementary Materials 116 

(Table S4). 117 

Growing conditions 118 

All cultures were maintained at 24 ± 2 °C in a growth chamber with fluorescent light (20 119 

klx light intensity) and a 16 h light/8 h dark photoperiod. The short-day conditions 120 

required for the vernalization stage of ex vitro plants were 8 h light/16 h dark photoperiod 121 

at 18±2 °C. 122 

Callus induction 123 

20-day old stem, leaf, and petiole explants were cut and placed under sterile conditions 124 

on different media compositions (MS, ½MS, B5 and ½B5) with different hormone 125 

regimens (*, **, ***; see Media preparation - data available in Supplementary Materials, 126 

Table S4). The flasks were kept in light growth conditions 16 / 8 h. After additional 20-25 127 

days, a callus was induced and results were collected. The experiment was performed 128 

once. 129 

Comparison of the gelling agent 130 

The gelling agents used in this experiment were: plant agar at a concentration of 6 g/l and 131 

Gelrite™ at two concentrations with a difference of 20% (2.0 g/l and 2.4 g/l). The 132 

experiment was carried out in 10 petri dishes per group, each containing 7 callus explants. 133 

Results were collected on day 10. 134 



Measurement of survival rate 135 

Survival of callus was assessed per oculi. Fresh green callus was scored as 1; brown dead 136 

callus was scored as 0; green callus with dead parts was scored as 0.5 (Fig. 1). 137 

 138 

Fig. 1: Parameters of the evaluation of callus vitality 139 

The formula for the evaluation is: 140 

% = ℎݏ݅݀ ݅ݎݐ݁ܲ ܽ ݊݅ ݏ݁ܿ݁݅݌ ݏݑ݈݈ܽܿ ݂݋ ݎܾ݁݉ݑ݊ ݈ܽݐ݋ݐݏݑ݈݈ܽܿ ݁ݒ݈݅ ݂݋ ݏ݁ܿ݁݅݌ ݉ݑݏ  ×  100 141 

 142 

Comparison of survival rate according to carbon source 143 

The survival rates of callus cultures of A. thracicus and A. aitosensis were compared 144 

according to the carbon source (sucrose and glucose), their concentrations (2-6%) on two 145 

diěerent hormonal regimes MS* and MS**. Each group in the experiment consisted of 5 146 

glass containers for biotechnological cultivation with 50 ml of nutrient medium and 7 147 

pieces of callus, placed in each container. 148 

Measurement of growth index and quantification of concentrations of flavonoid aglycons in callus 149 

cultures under induced stress conditions. 150 

Callus lines of A. thracicus grown on MS* medium supplemented with 3% sucrose and 151 

the gelling agent Gelrite™ (2.0 g/l) were selected for the experiment. The experiments 152 

were performed in triplicates with 7 callus pieces placed on 25 ml of medium. The 153 

elicitors used were YE at concentrations of 5, 10, 20, 50, and 100 mg/l, MJ at concentrations 154 

of 10, 50, 100, 200, 500, and 1000 µmol/l, and SA at concentrations of 100, 200, 400, 500, 155 

800, 1000, and 1600 µmol/l. The control medium contained no added elicitors. Evaluations 156 

of experiments were performed on 24, 48, and 72 hours. 157 



Extraction of flavonoids from in vitro cultures and ex vitro plants from A. thracicus 158 

100 mg of lyophilized plant material was placed into a centrifuge tube together with 2 ml 159 

of 80% methanol and immersed in an ultrasonic bath for 15 minutes. Tubes were 160 

centrifuged to separate the supernatant from the plant cell sediment. The solvent from 161 

the supernatant was evaporated in a vacuum desiccator at 30 °C. The dried extract was 162 

subjected to hydrolysis by dissolving in 1 ml of 1 N aqueous HCl and heating in a water 163 

bath (96 °C) for 1 hour. 1 ml of ethyl acetate was added to the hydrolysate and after 164 

separating the two phases, the upper ethyl acetate layer was carefully removed and 165 

evaporated to dryness at 30 °C. The dried residue obtained was dissolved in 1 ml of 166 

methanol and injected into the HPLC system. 167 

Construction of a standard curve for the quantification of kaempferol, quercetin, and 168 

methylquercetin in in vitro cultures and ex vitro plants of A. thracicus 169 

Quantification of kaempferol, quercetin, and methylquercetin was performed using the 170 

method of external standard with kaempferol. Solutions containing 6.25, 12.5, 25, 50, and 171 

100 μg/ml of kaempferol were prepared by a series of dilutions from a 1 mg/ml solution 172 

of kaempferol in methanol. Measurements were made on LC20A HPLC Shimadzu 173 

system (Shimadzu, Duisburg, Germany), coupled to a UV detector (SPD-M20A). Column 174 

oven temperature: 40 °C. Detection wavelength used: λ = 330 nm. HPLC program: 5% to 175 

35% of B, for 35 min, followed by increasing of B from 35% to 70% for a further 15 min 176 

(solvent A: deionized water + 0.2% HCOOH; solvent B: acetonitrile) and rinsing and 177 

equilibrating the column. Column: Ascentis® C18, 250 × 4.6 mm I.D., 5 μm (Supelco 178 

Analytical, USA). Flow rate: 1 ml/min. Injection volume: 20 μl. Each solution was 179 

analyzed in a triplicate by HPLC and a calibration curve (See Supplementary Materials 180 

Figure S7) was constructed using the average peak areas. The retention time for 181 

kaempferol was 36.9 minutes (Mr 286.23), for quercetin 37.3 minutes (Mr 302.24), and for 182 

methylquercetin 37.6 minutes (Mr 316.26), respectively. For mass measurements of each 183 

of these three peaks was used UPLC-ELSD-ESI-MSnDionex Ultimate 3000RS UHPLC 184 

system (Thermo Scientific, Milford, USA) and an ESI-MSn-detector (amaZon speed, 185 

Bruker, Bremen, Germany). equipped with an RP-18 Kinetex column (2.1 × 100 mm, 2.6 186 

μm, Phenomenex, Torrence, CA, USA). The flow rate was set to 0.4 ml min−1 and the 187 

column oven temperature to 35 °C. Aliquots of 1 μl of sample were injected into the 188 

system using an autosampler. The statistical data of the curve were calculated by linear 189 

regression using GraphPad Prism 6.01. The equation of the curve is calculated as y = 190 

22740x - 12916, r2 = 0.9999, p <0.001 (Supplementary materials Figure S7). 191 

The quantities of quercetin and methylquercetin were determined by reference to the 192 

standard curve constructed for kaempferol due to the similarities in the chromophores. 193 



Micropropagation protocol for A. thracicus and Ěavonoid accumulation in ex vitro plants 194 

1. Seeds were sterilized with 20 % sodium hypochlorite and 0.1% Tween 20, followed by 195 

scarięcation. 196 

2. Ten days after germination, the plantlets were incised and placed on solid MS medium 197 

containing 1 mg/l BAP, 200 μg/l IAA, 3% sucrose, and 2.0 g/l Gelrite™ to induce callus 198 

formation. 199 

3. Pieces of the resulting callus were transferred to MS medium with 2 mg/l BAP, 100 200 

μg/l IAA, 6% glucose, and 2.0 g/l Gelrite™ to promote embryogenic callus and shoot 201 

development. 202 

4. After three weeks, the shoots were moved to a root-inducing MS medium with 200 203 

μg/l IAA until roots formed. 204 

5. After another three weeks, plantlets were transferred to hormone-free MS medium to 205 

allow for further growth and strengthening. 206 

6. The plantlets were removed from the in vitro containers, their roots carefully washed, 207 

and then planted in pots with soil substrate. They were grown in a greenhouse under 208 

long-day conditions (16 hours light at 23 ± 2 °C) for three months. 209 

7. Once the plants were strong enough, they were transferred to a room with short-day 210 

conditions (8 hours light at 18 ± 2 °C) for three weeks for Ěower induction. 211 

8. The plants were returned to long-day conditions in the greenhouse (16 hours light at 212 

23 ± 2 °C). 213 

9. Two weeks after the return to these conditions, plants started to Ěower. 214 

 215 

RESULTS AND DISCUSSION 216 

Seed germination 217 

Seed coat of members of the Fabaceae family is relatively strong and tough, which 218 

significantly hinders the germination process. The scarification is a technique for 219 

mechanical or chemical damage of the seed coat in order to facilitate and accelerate the 220 

entry of water and mineral salts into the inner seed (Statwick 2016). It is important to note 221 

that mechanical scarification is carried out carefully, without damaging the cotyledons 222 

themselves. The control group consisted of non-scarified seeds that have undergone the 223 

same sterilization conditions and have been grown under the same temperature and light 224 

regiment. As the results of this experiment show, the creation of this small "scar" greatly 225 

facilitated the rupture of the seed coat and significantly increased the germination rate 226 

and shortened the germination period by 10-12 days (Fig. 2). 227 



228 
Fig. 2: Determination of seed germination. (A) Seed germination 20 days after sterilization. (B) 229 

Germination rate and time required in scarified and non-scarified seeds (78% scarified seeds vs. 230 

52% non-scarified seeds for A. aitosensis and 86% scarified seeds vs. 66% non-scarified seeds for 231 

A. thracicus) 232 

Of the two species studied, A. thracicus showed a higher germination potential, 233 

determined by the germination rate and the time required for germination. A. thracicus 234 

showed a maximum germination rate in scarified seeds (86%), reached on day 12, and 235 

66% germination in non-scarified seeds on day 21. A. aitosensis showed a germination rate 236 

of 70% in scarified seeds on day 12, rising to 78% on day 21 and 52% in non-scarified seed 237 

on day 24. 238 

Callus induction 239 

After testing different media compositions (MS, ½MS, B5, and ½B5) and hormone 240 

concentrations (*, **, ***) added to the nutrient medium (data in Supplementary Materials 241 

Table S3 and Table S4), it was found that MS* medium shows best potential for callus 242 

formation (Fig. 3). Therefore, 20-day old leaf, petiole and stem explants were cut and 243 

placed on MS* medium for callus induction. After a further 20-25 days, callus was 244 

induced. 245 

 246 



 247 

Fig. 3: Callus formation rate from leaf or stem explants cultivated on media with different 248 

mineral and hormonal compositions. (A) A. aitosensis and (B) A. thracicus. 249 

Comparison of the gelling agent effect 250 

Gelling agents are traditionally considered to be an inert component of the culture media, 251 

primarily due to the large molecular size of the consisting polysaccharides (for example 252 



agarose), which makes them virtually indigestible by the plant cell. What significantly 253 

affects the plant cells is the level of admixtures (impurities) such as various phenolic 254 

acids, salts, etc. in the gelling powder. Another very important characteristic of the gelling 255 

agent is its retention strength, which measures the way in which water and mineral salts 256 

are osmotically released from the solid nutrient medium. 257 

Gelrite™ is a natural gelling agent that in recent years is increasingly replacing plant agar 258 

usage as a medium solidifier in biotechnology. Gelrite™ is a highly purified natural 259 

anionic polysaccharide produced by microbial fermentation, without the significant 260 

variations in composition, typical of plant agar (Huang et al. 1995). In presence of soluble 261 

salts, such as Mg2+ and Ca2+, Gelrite™ forms hard, but brittle gels with similar osmotic 262 

properties to these of plant agar, using only half of its amount. Another important feature 263 

of Gelrite™ is that it does not contain the phenolic impurities, normally found in plant 264 

agar, which can be toxic to some sensitive organisms. The strength of the gel formed 265 

(according to the characteristics of the commercial product) is 1100 g/cm2 for agar and 266 

400-700 g/cm2 for Gelrite™. 267 

We compared the viability of A. aitosensis callus explants on media, solidified with three 268 

different gelling conditions: plant agar at a concentration of 6 g/l and Gelrite™ at 269 

concentrations 2.0 g/l and 2.4 g/l (representing a 20% increase in Gelrite™ concentration). 270 

For each group of this analysis were used ten petri dishes, containing 7 callus explants in 271 

each. The results were collected on day 10. 272 

All media formulations showed relatively high viability rate. However, the highest value 273 

was observed on the medium with 2.0 g/l Gelrite™, reaching 98%. When Gelrite™ 274 

concentration was increased to 2.4 g/l, this change led to a reduced viability rate 275 

measured to 81%, representing a decrease of 17%, compared to the optimal value. In 276 

contrast, media solidified with 6 g/l plant agar showed 77% of survival rate, which was 277 

21% less than that, observed for 2.0 g/l Gelrite™. These results suggested that lower 278 

concentration of Gelrite™ not only reduced medium cost, but may also create more 279 

favorable osmotic conditions for callus viability, compared to higher Gelrite™ 280 

concentrations or standard plant agar. 281 



 282 

Fig. 4: Survival rate comparison of callus cultures from A. aitosensis and A. thracicus on media, 283 

solidified with different gelling agent used: Gelrite™ and Plant agar. 284 

In contrast to A. aitosensis, the viability of A. thracicus callus explants was not significantly 285 

affected by the used concentrations of Gelrite™. Explant survival rates were measured to 286 

91% on medium solidified with 2.0 g/l Gelrite™ and 89% with 2.4 g/l, which indicates 287 

low sensitivity to applied variations in concentration of Gelrite™. However, a markedly 288 

reduced viability was observed when plant agar was used as gelling agent . The survival 289 

rate on agar-solidified media declined to 39%, which is 52% decrease according to the 290 

optimum (Fig. 4). These results suggest that A. thracucus callus cultures show compliance 291 

to changes in Gelrite™ concentrations, but their viability is significantly compromised 292 

when grown on media, solidified with conventional plant agar. 293 

Comparison of callus survival by carbon source 294 

As described in Plant Propagation by Tissue Culture 3rd Edition, the type and 295 

concentration of carbon source has a strong influence on the osmoticum of nutrient media 296 

(Thorpe et al. 2008). It plays such an important role in plant physiology that it can even 297 

influence plant morphogenesis. Therefore, our third approach to determine the optimal 298 

growth conditions of in vitro cultures examined the effect of the carbon source and its 299 

concentration in two media with different hormonal regimes. 300 

Callus cultures of A. aitosensis and A. thracicus were exposed to two carbon sources, 301 

sucrose and glucose, at five concentrations each (2%, 3%, 4%, 5%, and 6%; Fig. 5). In order 302 

to maintain the in vitro cultures studied in the state of callus, it was necessary to apply 303 

two different hormonal regimes, MS* and MS** (Table S4; Supplementary Materials). 304 

 305 



 306 

Fig. 5: Survival rate (in %) measured for in vitro callus cultures of (A) A. aitosensis and (B) A. 307 

thracicus over three parameters: type of carbon source (sucrose and glucose), its concentration (2-308 

6%) and hormonal composition of the MS** medium MS*. 309 

A. aitosensis showed impaired development and comparatively low survival of its callus 310 

cultures compared to A. thracicus. Only 4 of the 10 tested media variations showed 311 

survival rates above 80%, those were 6% Glc-medium MS** (100%), 5% Glc-medium MS** 312 



(90%), 4% Glc-medium MS** (83%) and 3% sucrose on MS**-medium (89%). In the 313 

nutrient media with the hormonal composition of MS* the highest survival rate (61%) 314 

was observed in 2%, 3% and 5% sucrose (Fig. 5A). 315 

Callus cultures of A. thracicus showed significantly better performance with a higher 316 

survival rate (Fig. 5B). Unlike A. aitosensis, the growth of callus cultures of this species 317 

was not affected by the concentration of the carbon source provided and the observed 318 

survival rate was 100% in 17 out of 20 variations of the nutrient medium. The only 319 

deviations observed were in the MS** medium with 2% and 6% sucrose and 5% glucose. 320 

This is good evidence that the two species behave differently under the same conditions. 321 

Due to the poor cultivability of A. aitosensis callus lines, work with this species was 322 

subsequently discontinued. 323 

Measurement of growth index and quantięcation of Ěavonoid aglycons in A. thracicus callus 324 

cultures under induced stress conditions 325 

Another method to inĚuence the development rate of callus cultures and their secondary 326 

metabolite production is the application of elicitors. According to literature, elicitation 327 

with MJ, SA, and YE has proven to be an eěective strategy for enhancing Ěavonoid 328 

production in plant in vitro cultures (Halder et al. 2019). In plant metabolism, MJ and SA 329 

are intracellular signal molecules, which trigger plant defense mechanisms, respectively 330 

stress response. In that way, they signięcantly activate secondary metabolite biosynthetic 331 

pathways (see Supplementary Materials Figure S5), resulting in higher Ěavonoid yield 332 

(Jeyasri et al. 2023). On the other hand, YE is classięed as an exogenous biotic elicitor. 333 

Exogenous elicitors are chemicals, normally originating from microbial pathogens such 334 

as polysaccharides, peptides, glycoproteins etc. They also show to be eěective in 335 

enhancing secondary metabolite production (Zaman et al. 2022). 336 

This experiment was carried out to determine the eěect of biotic stressors on biomass 337 

accumulation in callus cultures and the measurement of Ěavonoid aglycones, quantięed 338 

by HPLC. 339 



 340 

Fig. 6: Graphical representation of the measured growth index for A. thracicus callus cultures 341 

under diěerent stress conditions by yeast extract (YE), methyl jasmonate (MJ), and salicylic acid 342 

(SA). 343 

Fig. 6 illustrates the growth index for A. thracicus callus cultures subjected to elicitation 344 

with YE, MJ, and SA over diěerent time intervals (24, 48, and 72 hours) in MS* medium. 345 

an inversely proportional correlation was observed between the callus biomass 346 

accumulation and the concentration of the used elicitor, indicating that higher levels of 347 

stressors were associated with reduced growth. 348 

At the 72-hours exposure time point, all elicitors signięcantly reduced the growth rate of 349 

their cultures compared to the control (growth index: 0.21). Callus grown on a medium 350 

supplemented with 800 μmol/l SA exhibited minimal growth, with a reported growth 351 

index of 0.01. In contrast, the highest applied concentrations of YE (100 mg/ml) and MJ 352 

(1000 μmol/l) yielded growth to 0.08 and 0.06, respectively. While all three elicitors 353 

reduced callus proliferation, the degree of inhibition varied as salicylic acid showed the 354 

strongest suppressive eěect on callus culture growth, followed by methyl jasmonate and 355 

yeast extract (Fig. 6). 356 

Subsequently, HPLC analyses were performed to quantify the three main Ěavonol 357 

aglycones kaempferol, methylquercetin and quercetin after treatment with the three 358 

diěerent elicitors: yeast extract (YE), methyl jasmonate (MJ) and salicylic acid (SA) (Fig. 359 

7). Overall, the strongest eěect on kaempferol biosynthesis in A. thracicus calli was 360 

observed for all three elicitors. 361 
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 362 

Fig. 7: Heat map diagrams for kaempferol, methylquercetin and quercetin (μg/g DW) yield after 363 

treatment with diěerent concentrations of (7A) yeast extract (YE), (7B) methyl jasmonate (MJ) 364 

and (7C) salicylic acid (SA) 365 

The highest concentrations of kaempferol (9.12 µg/g dry weight (DW)), methylquercetin 366 

(3.01 µg/g DW), and quercetin (5.72 µg/g DW) were obtained after 72 hours of elicitation 367 

with 50 mg/l YE (Fig. 7A). Compared to the corresponding control values – 5.18 µg/g DW 368 

for kaempferol, 2.50 µg/g DW for methylquercetin, and 2.92 µg/g DW for quercetin – a 369 

noticeable enhancement in kaempferol and quercetin accumulation is represented. This 370 

indicates that a concentration of 50 mg/l YE is optimal for the induction of kaempferol 371 

and quercetin biosynthesis. However, the increase of methylquercitin is marginal under 372 



the same conditions, indicating that the influence of YE on its biosynthesis is not 373 

significant. 374 

In the case of treatment with MJ, the maximum kaempferol accumulation (7.65 µg/g DW) 375 

was detected after 48 hours at 100 µmol/l MJ, compared to a control value of 5.88 µg/g 376 

DW) (Fig. 7B). Methylquercetin accumulation peaked to 4.69 µg/g DW at 200 µmol/l MJ 377 

(control: 2.50 µg/g DW), while quercetin reached 3.75 µg/g DW at concentration of 100 378 

µmol/l MJ (control: 2.92 µg/g DW). These findings demonstrated that MJ also promotes 379 

flavonoid accumulation, particularly methylquercetin, but with differing optimal 380 

concentrations for each compound. 381 

Elicitation with SA resulted in 8.12 µg/g DW of kaempferol after 72 hours at a 382 

concentration of 100 µmol/l SA (control: 5.18 µg/g DW) (Fig. 7C). A similar value (8.00 383 

µg/g DW) was observed at 500 µmol/l of SA after the same period of exposure. 384 

Interestingly, when SA concentration was increased to 1000 µmol/l, peak of kaempferol 385 

biosynthesis (7.61 µg/g DW) was reached just after 24 hours, followed by a decline at 48 386 

and 72 hours. Such a pattern of biosynthesis was not observed either for YE or MJ. The 387 

highest value for quercetin was 5.67 µg/g DW (control: 2.92 µg/g DW) at a concentration 388 

of 200 µmol/l SA. In contrast, no significant induction of methylquercetin biosynthesis 389 

levels could be detected following SA application, suggesting a compound-specific 390 

response to this elicitor. 391 

Large number of papers discuss in vitro biosynthesis of flavonoids. Different research 392 

groups are using different protocols with significant fluctuations in parameters during 393 

the developing process, which would bring to a vast variation in the results gained. One 394 

of the most critical parameters influencing in vitro flavonoid production is the type of 395 

culture used for investigation. The choice of culture must be carefully chosen according 396 

to the metabolites of interest. As noted in a review by Krasteva et al. (Krasteva et al. 2016), 397 

for in vitro flavonoid production from Astragalus species most commonly used are callus 398 

or suspension cultures. Although some studies have utilization of organ cultures, like 399 

adventitious and hairy roots (Hussain et al. 2022), in vitro root cultures from Astragalus 400 

are more frequently reported to produce astragalosides or calycosin (Jiao et al. 2014; Park 401 

et al. 2015). Of a matter is also the age of the used culture, which could significantly 402 

influence its biosynthetic capacity, with reports ranging from newly established calli to 403 

cultures maintained for years (Grzegorczyk-Karolak et al. 2016). 404 

Another major factor, which complicates the direct comparison of gained results with 405 

literature is the diversity in developing elicitation protocols. Commonly used elicitors 406 

such as YE, MJ, and SA are applied with wide variation of concentrations and times of 407 

exposure (Narayani and Srivastava 2017). For instance, YE has been reported in 408 

concentrations ranging from as low as only 1 mg (Zaman et al. 2022) to as high as 1000 409 



mg per liter of medium (Akbary and Golkar 2023). MJ and SA are typically applied at 410 

concentrations between 50 to 200 µmol/l (Woch et al. 2023). The period of exposure of the 411 

callus cultures to the elicitor also considerably varies  from short-term treatments of 24, 412 

48, 72, or 168 hours (Tůmová et al. 2010; Anusha et al. 2016) to extended periods of 21 413 

days (Mounika and Giri 2024), 28 days (Lescano et al. 2025), and even reaching up to 80 414 

days (Szymczyk et al. 2021). 415 

A third source of variability could be the process of extraction and analytical procedures 416 

used. In literature was found only one study (Mendoza et al. 2020), which describes 417 

similar method (including acidic hydrolysis, followed by a liquid/liquid extraction with 418 

ethyl acetate) for extraction and sample preparation, comparable to the one used in 419 

present report. 420 

Taken together, all those factors in culture type, elicitation protocols and analytical 421 

methodologies make it challenging to directly compare the results of this study towards 422 

broader scientific literature and research background. 423 

Micropropagation protocol for A. thracicus and Ěavonoid accumulation in ex vitro plants 424 

After establishing a successful micropropagation protocol for A. thracicus (See Material 425 

and methods), the last step of this research was to determine the biosynthesis and 426 

accumulation of Ěavonoids in ex vitro plants grown in the greenhouse (Fig. 8). For that 427 

purpose, the content of three Ěavonol aglycones in four plants was analyzed using the 428 

same HPLC protocol as described above. 429 

 430 

Fig. 8: Determination of Ěavonoid production in A. thracicus by HPLC. Plants used in the 431 

experiment are one Ěowering plant and three non-Ěowering plants obtained by 432 

micropropagation (1-3). Wild collected plants served as controls.  433 

HPLC analysis of extracts from leaves of wild collected A. thracicus plant was used to 434 

compare the content with ex vitro plants gained with micropropagation – one Ěowering 435 

and three non-Ěowering plants (Fig. 8). The kaempferol aglycone content was highest in 436 
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wild collected material, measured as 569 μg/g DW, while in vitro – propagated plants 437 

(Ěowering and non-Ěowering) contained 269 μg/g DW, approximately half the amount 438 

measured in wild plant material. 439 

However, the most signięcant variation was observed in methylquercetin content. In wild 440 

collected plant material, the content was measured to be 572 μg/g DW, while in vitro – 441 

propagated plants showed ranging accumulated methylquercetin: 351 μg/g DW in the 442 

Ěowering plant and 883 μg/g DW (non-Ěowering plant 1), 1290 μg/g DW (non-Ěowering 443 

plant 2), and 2012 μg/g DW (non-Ěowering plant 3) values, which signięcantly exceed 444 

the amount in wild-grown plant.  445 

For the third analyzed aglycone – quercetin, a trend towards higher synthesis was 446 

observed in the Ěowering plant. In comparison to wild-collected plant (453 μg/g DW), 447 

the Ěowering plant contained an almost equal amount (444 μg/g DW). No traces of 448 

quercetin were detected in two of the non-Ěowering plants, while 312 μg/g DW was 449 

measured in the third, possibly indicating a transition from the vegetative to the 450 

generative phase. 451 

In conclusion, this study demonstrates a successful method for conserving the 452 

endangered species A. aitosensis and A. thracicus. Furthermore, for A. thracicus was shown 453 

how Ěavonol aglycone content can be inĚuenced by the application of various elicitators, 454 

suggesting its potential for future biotechnological exploitation as a source for the 455 

sustainable production of valuable secondary metabolites. 456 
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 582 

 583 

Fig. 1:  Parameters of the evaluation of callus vitality 584 

  585 



 586 

587 
Fig. 2: Determination of seed germination. (A) Seed germination 20 days after sterilization. (B) 588 

Germination rate and time required in scarified and non-scarified seeds (78% scarified seeds vs. 589 

52% non-scarified seeds for A. aitosensis and 86% scarified seeds vs. 66% non-scarified seeds for 590 

A. thracicus) 591 

  592 



 593 

 594 

Fig. 3:  Callus formation rate from leaf or stem explants cultivated on media with different 595 

mineral and hormonal compositions. (A)  A. aitosensis and (B) A. tharcius). 596 



 597 

Fig. 4: Survival rate comparison of callus cultures from A. aitosensis and A. thracicus on media, 598 

solidified with different gelling agent used: Gelrite™ and Plant agar. 599 

  600 



 601 

 602 

Fig. 5:  Survival rate (in %) measured for in vitro callus cultures of (A) A. aitosensis and (B) A. 603 

thracicus over three parameters: type of carbon source (sucrose and glucose), its concentration (2-604 

6%) and hormonal composition of the MS** medium MS*. 605 



 606 

 607 

Fig. 6: Graphical representation of the measured growth index for A. thracicus callus cultures 608 

under diěerent stress conditions by yeast extract (YE), methyl jasmonate (MJ) and salicylic acid 609 

(SA). 610 
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 612 

Fig. 7: Heat map diagrams for kaempferol, methylquercetin and quercetin (μg/g DW) yield after 613 

treatment with diěerent concentrations of (A) yeast extract (YE), (B) methyl jasmonate (MJ) and 614 

(C) salicylic acid (SA) 615 

 616 



 617 

Fig. 8: Determination of Ěavonoid production in A. thracicus by HPLC-MS. Plants used in 618 

the experiment are one Ěowering plant and three non-Ěowering plants obtained by 619 

micropropagation (1-3). Wild collected plants served as controls.  620 
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