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Abstract  Milk thistle (Silybum marianum (L.) Gaertn.) is a medicinal crop whose seed quality is determined not only 

by specialized metabolites but also by the mineral composition of the harvested product. This study evaluated the response 

of four milk thistle cultivars (Debut, Start, Panacea, and Amulet) to pre-sowing treatment with gallic acid and glycyrrhizic 

acid applied at ratios of 1:2, 1:4, 1:8, and 1:10, with distilled-water-treated seeds serving as the control. Seeds were soaked 

for 24 h at 25 ± 2 °C, and harvested seed samples were subjected to microwave-assisted wet digestion with concentrated 

HNO₃ and H₂O₂. Eight elements (Fe, Mn, Zn, Cu, Cr, Co, Se, and Mo) were evaluated. Across all cultivars, the 1:4 

treatment produced the highest concentrations of the measured elements, whereas responses declined at 1:8 and 1:10 while 

generally remaining above control values. The strongest response occurred in Amulet, where the 1:4 treatment increased Fe, 

Mn, Zn, Cu, Cr, Co, Se, and Mo by approximately 49.4–50.2% relative to the control. Panacea showed increases of 

approximately 47.9–48.9%, while Debut and Start showed smaller but consistent responses. The results indicate a 

pronounced cultivar- and ratio-dependent response and identify the 1:4 gallic acid:glycyrrhizic acid treatment as the most 

effective among the tested combinations for enhancing seed micronutrient concentration under the experimental conditions. 
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1. Introduction 

Milk thistle (Silybum marianum (L.) Gaertn.) is a 

medicinal species valued primarily as a source of silymarin, 

but its seeds also contain nutritionally and physiologically 

relevant mineral elements. Recent work has confirmed that 

mineral profiles vary among Silybum species and plant 

organs, demonstrating that genotype and tissue type can 

substantially influence elemental accumulation [1]. A 2026 

investigation of aqueous milk thistle seed extracts further 

showed that Fe, Zn, Mn, Cu, Cr, Co, and Mo occur in 

measurable quantities and can be characterized using modern 

elemental-analysis approaches [2]. 

Micronutrient acquisition and partitioning in plants 

depend on tightly coordinated processes of root uptake, 

membrane transport, chelation, xylem loading, phloem 

redistribution, intracellular sequestration, and remobilization 

to reproductive organs. Iron and zinc homeostasis, in 

particular, are controlled by interacting regulatory networks,  
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and the final concentration of minerals in seeds reflects  

both uptake from the growth medium and subsequent 

source-to-sink transport [3,4]. Adequate micronutrient status 

supports photosynthesis, enzyme function, antioxidant 

defense, crop productivity, and the nutritional quality of 

plant-derived products [4]. 

Seed priming and the application of biologically active 

compounds are increasingly studied as practical approaches 

for modifying early metabolism, improving stress preparedness, 

and influencing later plant performance. Meta-analytical 

evidence indicates that seed priming can alter plant 

performance depending on the priming agent, plant species, 

and treatment conditions [5]. The two compounds evaluated 

in the present work are more accurately described as 

bioactive or biostimulatory substances rather than classical 

plant hormones: gallic acid is a naturally occurring phenolic 

acid [6], whereas glycyrrhizic acid is a triterpenoid saponin 

characteristic of Glycyrrhiza species [7]. Their combined  

use may therefore elicit physiological responses through 

antioxidant, membrane, signaling, or metabolic effects, 

although the exact mechanism governing mineral accumulation 

in milk thistle remains to be established. 

Previous field work with the same milk thistle cultivars 

under Khorezm conditions reported a favorable response of 
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seed yield to combined gallic acid and glycyrrhizic acid 

treatment, with the 1:4 ratio identified as the most effective 

among the tested combinations [8]. However, information  

on whether this treatment pattern is also reflected in the 

micronutrient composition of the harvested seeds is limited. 

Accordingly, the objective of this study was to determine 

the effect of different gallic acid:glycyrrhizic acid ratios on 

the concentrations of Fe, Mn, Zn, Cu, Cr, Co, Se, and Mo in 

seeds of the Debut, Start, Panacea, and Amulet milk thistle 

cultivars and to identify the most effective treatment ratio 

under the experimental conditions of the Khorezm region. 

2. Materials and Methods 

2.1. Plant Material and Experimental Design 

The biological material consisted of four cultivars of milk 

thistle (Silybum marianum (L.) Gaertn.): Debut, Start, 

Panacea, and Amulet. The cultivars were reported in the 

source study as originating from breeding material of the 

All-Russian Scientific Research Institute of Medicinal and 

Aromatic Plants (VILAR), Russian Federation. Experimental 

and laboratory work was conducted in 2026. The source 

manuscript also reports field trials on moderately saline  

soils at the Karakum Scientific Experimental Station of the 

Forestry Scientific Research Institute, Khiva district, Khorezm 

region, Uzbekistan. 

2.2. Preparation and Application of Bioactive Treatments 

Gallic acid (C₇H₆O₅; 99.5%) and glycyrrhizic acid 

(C₄₂H₆₂O₁₆; 98%) were used to prepare the treatment 

solutions. The tested gallic acid:glycyrrhizic acid ratios were 

1:2, 1:4, 1:8, and 1:10. A control treatment without the 

bioactive mixture was included. According to the original 

protocol, seeds were soaked for 24 h at 25 ± 2 °C in 1% 

treatment solutions; control seeds were soaked in distilled 

water. The same treatment structure was applied to all four 

cultivars. 

2.3. Sample Preparation for Micronutrient 

Determination 

For elemental analysis, a 0.1000 g portion of seed material 

was quantitatively transferred to a Teflon digestion vessel. 

Purified concentrated nitric acid (3 mL HNO₃) and purified 

hydrogen peroxide (2 mL H₂O₂) were added. The vessels 

were sealed and subjected to microwave-assisted wet 

digestion in a Berghof Speedwave Xpert system or an 

equivalent microwave digestion unit. The digestion program 

operated from approximately 50 °C to a maximum of  

230 °C, with pressure up to 40 bar, for 35–45 min. The 

concentrations of Fe, Mn, Zn, Cu, Cr, Co, Se, and Mo 

reported by the analytical laboratory were expressed as 

mg/10 g seed material. 

2.4. Statistical Analysis 

The experiment was conducted in three replicates for each 

cultivar and treatment. The obtained data were expressed as 

mean values of three replicates. Treatment responses were 

evaluated by comparing each treatment with the corresponding 

cultivar-specific control. The percentage change for the 1:4 

treatment relative to the control was calculated as: [(value at 

1:4 − control value) / control value] × 100. 

Table 1.  Effect of gallic acid:glycyrrhizic acid ratio on the micronutrient content of milk thistle seeds (mg/10 g) 

Cultivar Ratio Fe Mn Zn Cu Cr Co Se Mo 

Debut Control 8.512 2.214 3.105 0.812 0.1802 0.0804 0.0401 0.0902 

Debut 1:2 9.418 2.418 3.412 0.905 0.1982 0.0883 0.0442 0.0993 

Debut 1:4 10.895 2.806 3.985 1.054 0.2305 0.1024 0.0513 0.1154 

Debut 1:8 10.024 2.612 3.682 0.952 0.2124 0.0942 0.0471 0.1062 

Debut 1:10 9.015 2.310 3.314 0.851 0.1912 0.0851 0.0423 0.0951 

Start Control 8.210 2.012 2.910 0.715 0.1601 0.0702 0.0351 0.0801 

Start 1:2 9.024 2.215 3.204 0.792 0.1762 0.0771 0.0388 0.0882 

Start 1:4 10.428 2.518 3.712 0.915 0.2034 0.0892 0.0443 0.1021 

Start 1:8 9.612 2.314 3.408 0.834 0.1871 0.0821 0.0412 0.0943 

Start 1:10 8.608 2.108 3.012 0.742 0.1682 0.0742 0.0371 0.0842 

Panacea Control 9.215 2.510 3.512 0.912 0.2204 0.1102 0.0551 0.1203 

Panacea 1:2 11.042 3.012 4.215 1.104 0.2642 0.1321 0.0662 0.1442 

Panacea 1:4 13.628 3.715 5.214 1.358 0.3265 0.1634 0.0815 0.1782 

Panacea 1:8 12.145 3.308 4.618 1.205 0.2902 0.1452 0.0728 0.1581 

Panacea 1:10 10.312 2.812 3.910 1.021 0.2461 0.1231 0.0618 0.1342 

Amulet Control 9.518 2.614 3.618 1.012 0.2405 0.1201 0.0602 0.1301 

Amulet 1:2 11.612 3.208 4.412 1.215 0.2931 0.1462 0.0731 0.1592 

Amulet 1:4 14.218 3.924 5.421 1.514 0.3605 0.1802 0.0903 0.1954 

Amulet 1:8 12.712 3.512 4.815 1.328 0.3221 0.1612 0.0802 0.1741 

Amulet 1:10 10.615 2.915 4.028 1.108 0.2692 0.1341 0.0671 0.1462 
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3. Results 

3.1. General Treatment Pattern 

A consistent ratio-dependent pattern was observed across 

all four cultivars. In every cultivar, the concentration of each 

measured element increased from the control to the 1:2 

treatment and reached its maximum at the 1:4 ratio. At 1:8, 

concentrations decreased relative to 1:4 but remained above 

the control. A further decline occurred at 1:10, although most 

values were still higher than the untreated control (Table 1). 

This response indicates that increasing the proportion 

beyond 1:4 did not provide additional benefit under the 

conditions of the experiment. 

3.2. Cultivar-Specific Responses 

The Debut cultivar showed a moderate but uniform 

response. At 1:4, Fe increased from 8.512 to 10.895 mg/10 g, 

Zn from 3.105 to 3.985 mg/10 g, and Cu from 0.812 to 1.054 

mg/10 g. Percentage increases across the eight elements 

ranged from 26.7% to 29.8% relative to the control. Start 

displayed a similar response, with 1:4 increases of approximately 

25.1–28.0% across the measured elements (Table 2).  

Table 2.  Percentage increase in micronutrient concentration at the 1:4 
treatment relative to the cultivar-specific control (%) 

Cultivar Fe Mn Zn Cu Cr Co Se Mo 

Debut 28.0 26.7 28.3 29.8 27.9 27.4 27.9 27.9 

Start 27.0 25.1 27.6 28.0 27.0 27.1 26.2 27.5 

Panacea 47.9 48.0 48.5 48.9 48.1 48.3 47.9 48.1 

Amulet 49.4 50.1 49.8 49.6 49.9 50.0 50.0 50.2 

Panacea exhibited a substantially stronger response.    

At the 1:4 ratio, Fe reached 13.628 mg/10 g, Zn 5.214 mg/  

10 g, and Cu 1.358 mg/10 g, corresponding to increases of 

approximately 47.9–48.9% over the control across the eight 

elements. The highest overall values were observed in 

Amulet. At 1:4, Fe reached 14.218 mg/10 g, Mn 3.924 mg/10 

g, Zn 5.421 mg/10 g, and Cu 1.514 mg/10 g; Cr, Co, Se, and 

Mo reached 0.3605, 0.1802, 0.0903, and 0.1954 mg/10 g, 

respectively. Relative to the Amulet control, these changes 

corresponded to approximately 49.4–50.2% increases. 

4. Discussion 

The most notable feature of the dataset is the reproducible 

optimum at the 1:4 ratio across all cultivars and all eight 

measured elements. Such a response is consistent with the 

general concept that priming and biostimulant effects are 

dose- and context-dependent rather than simply increasing in 

proportion to treatment intensity [5]. The lower values at 1:8 

and 1:10 therefore suggest that the physiological response 

reached an optimum at 1:4 and then diminished as the 

treatment ratio was increased. 

The coordinated increase in Fe, Mn, Zn, Cu, Cr, Co, Se, 

and Mo suggests that the treatment influenced a broad process 

affecting mineral acquisition, transport, or deposition rather 

than a single element-specific pathway. Micronutrient 

homeostasis is governed by transporters, chelators, redox 

processes, and source-to-sink redistribution, and these 

processes can interact strongly during vegetative growth and 

seed filling [3,4]. However, the present experiment measured 

final seed concentrations only; it did not directly measure 

root uptake, transporter expression, xylem or phloem flux, or 

element speciation. Therefore, a causal mechanism should 

not be inferred solely from the concentration data. 

The stronger response of Panacea and especially Amulet 

indicates a clear genotype-dependent component. At the 

same 1:4 treatment, the increase in the measured elements 

was approximately 48% in Panacea and approximately    

50% in Amulet, compared with roughly 25–30% in Debut 

and Start. This may reflect cultivar differences in root 

architecture, nutrient uptake efficiency, translocation capacity, 

seed sink strength, or metabolic responsiveness to the 

applied compounds. Such genotypic variation is consistent 

with broader evidence that mineral accumulation is strongly 

controlled by plant genotype and organ-specific physiology 

[1,4]. 

The chemical terminology is also important for 

interpreting the results. Gallic acid is a phenolic acid with 

recognized antioxidant and redox-active properties [6], 

whereas glycyrrhizic acid is a triterpenoid saponin [7]. Thus, 

describing the mixture as a biostimulatory or bioactive 

treatment is more precise than classifying both compounds 

as phytohormones. Their effect may involve modulation of 

oxidative status, membrane processes, signaling, or metabolism, 

but targeted physiological and molecular experiments would 

be required to distinguish among these possibilities. 

From an applied perspective, the 1:4 treatment is notable 

because the same ratio has also been associated with improved 

seed yield in the same milk thistle cultivar set under 

Khorezm conditions [8]. If confirmed in replicated trials,  

the combined improvement in yield and seed micronutrient 

concentration would make this treatment particularly 

relevant for medicinal-crop production. Future work should 

include replicated field designs, soil micronutrient 

characterization, standardized elemental quantification (e.g., 

ICP-OES, ICP-MS, or AAS with certified reference materials), 

and formal statistical analysis. Such additions would allow 

separation of treatment effects from environmental variation 

and would strengthen conclusions concerning cultivar × 

treatment interactions. 

5. Conclusions 

Pre-sowing treatment with gallic acid and glycyrrhizic 

acid altered the micronutrient composition of milk thistle 

seeds in a clear ratio- and cultivar-dependent manner. Among 

the tested ratios, 1:4 consistently produced the highest 

concentrations of Fe, Mn, Zn, Cu, Cr, Co, Se, and Mo in 

Debut, Start, Panacea, and Amulet. The response was strongest 

in Amulet, where the 1:4 treatment produced approximately 

49.4–50.2% higher values than the control, followed by 

Panacea with approximately 47.9–48.9% increases. Debut 
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and Start showed smaller but consistent gains. These findings 

identify the 1:4 gallic acid:glycyrrhizic acid treatment as  

the most promising combination within the tested range. 

Confirmation through replicated experiments with variance 

estimates and a fully documented instrumental elemental- 

analysis method is recommended before broad agronomic 

recommendations are made. 
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