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Abstract

Elicitation is an effective approach to increase the accumulation of plant secondary metabolites.
This study aimed to increase the production of rosmarinic acid and other phenolic compounds in
Dracocephalum moldavica L. by combining different concentrations of methyl jasmonate, yeast
extract, and salicylic acid. The experiment was conducted in a completely randomized design with
13 treatments and three replications. The treatments included spraying with distilled water (control)
and the combined effects of methyl jasmonate (50 and 100 pM), salicylic acid (80 and 160 mg/L),
and yeast extract (1 and 1.5 g/L). The contents of phenolic and flavonoid compounds, including
rosmarinic acid, chlorogenic acid, ferulic acid, caffeic acid, p-coumaric acid, apigenin, quercetin
and luteolin, was measured using HPLC. The results showed that the treatments significantly
increased the levels of phenolic acids and flavonoids. Foliar application of 160 mg/L salicylic acid
+ 100 uM methyl jasmonate resulted in the greatest increase in rosmarinic acid, chlorogenic acid,
p-coumaric acid, and quercetin, with increases of 4.2-, 3.5-, 10.3-, and 6.2-fold, respectively,
compared to the control. The results of the correlation analysis among the traits showed that the
amount of rosmarinic acid had a positive and significant correlation with chlorogenic acid
(r=0.819™), ferulic acid (r=0.773"™), quercetin (r=0.987""), and p-coumaric acid (r=0.986™) and a
negative and significant correlation with caffeic acid (r=-0.920"). The heatmap of the studied traits
showed distinct clustering between the control and some combined treatments of these elicitors.
Overall, the results highlighted the synergistic effect of methyl jasmonate and salicylic acid on
increasing polyphenolic compound production in D. moldavica.
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Introduction

Moldavian balm or dragonhead (Dracocephalum moldavica L.) is an annual herbaceous plant belonging to the
Lamiaceae family, widely used in the food and pharmaceutical industries. Its extract exhibits various
therapeutic effects, including anticancer, antirheumatic, anti-inflammatory, antibacterial, analgesic, sedative,
and antioxidant activities. The quality of medicinal plants intended for pharmacological use is often assessed
by the content of biologically active compounds. Phytochemical analyses have revealed that phenolic
compound production in D. moldavica is often limited. Elicitation represents an effective approach to enhance
the accumulation of plant secondary metabolites. This study aimed to increase the production of flavonoids,
rosmarinic acid, and other phenolic compounds in D. moldavica by applying combinations of methyl
jasmonate (MeJA), yeast extract (YE), and salicylic acid (SA) at different concentrations.

Materials and Methods

The experiment was conducted in a completely randomized design with 13 treatments and three replications
under greenhouse conditions. Treatments included foliar application of distilled water (control) and the
combinations: salicylic acid (80 mg/L)+yeast extract (1 g/L), salicylic acid (80 mg/L)+yeast extract (1.5 g/L),
salicylic acid (80 mg/L)+methyl jasmonate (50 pM), salicylic acid (80 mg/L)+methyl jasmonate (100 uM),
salicylic acid (160 mg/L)+yeast extract (1 g/L), salicylic acid (160 mg/L)+yeast extract (1.5 g/L), salicylic acid
(160 mg/L)+methyl jasmonate (50 puM), salicylic acid (160 mg/L)+methyl jasmonate (100 uM), methyl
jasmonate (50 uM)+yeast extract (1 g/L), methyl jasmonate (50 pM)—+yeast extract (1.5 g/L), methyl jasmonate
(100 uM)+yeast extract (1 g/L), and methyl jasmonate (100 uM)+yeast extract (1.5 g/L). For each treatment,
three pots were used, each containing five plants (one replicate). Elicitors were applied as foliar sprays to the
aerial parts at the 50% flowering stage. Six days after spraying, all aerial parts were harvested. The harvested
material was shade-dried for seven days at ambient temperature (25-30 °C) with adequate ventilation. The
content of phenolic compounds, including rosmarinic acid, chlorogenic acid, ferulic acid, caffeic acid, p-
coumaric acid, apigenin, quercetin, and luteolin, was determined using high-performance liquid
chromatography (HPLC; UNICAM, Crystal 200 model, England). Retention times were as follows:
chlorogenic acid (9.8 min), caffeic acid (16.2 min), p-coumaric acid (22.5 min), ferulic acid (24.8 min),
rosmarinic acid (34.1 min), luteolin (40.9 min), quercetin (41.7 min), and apigenin (42.3 min). Concentration
of rosmarinic acid and other compounds was expressed as mg/g dry weight. Statistical analysis was performed
using SPSS software (version 26). Means were compared using Duncan's multiple range test at P < 0.01. A
heatmap was generated using ClustVis, and Pearson correlation coefficients were calculated with SPSS.
Principal component analysis (PCA) was performed using PAST software (version 4.17)

Results and Discussion

The results of analysis of variance (ANOVA) revealed that the combined elicitor treatments significantly (P <
0.01) increased the phenolic compounds contents in D. moldavica compared to the control. The results showed
that the type, combination, and concentration of elicitors markedly influenced the accumulation of flavonoids,
rosmarinic acid, and other phenolic acids in D. moldavica compared to the control. The most effective
treatment was a foliar application of 160 mg/L salicylic acid combined with 100 pM methyl jasmonate, which
increased rosmarinic acid, chlorogenic acid, p-coumaric acid, and quercetin by 4.2-, 3.5-, 10.3-, and 6.2-fold,
respectively, relative to the control. The results showed that within salicylic acid 160 mg/L treatments, the
order of efficacy for rosmarinic acid accumulation was: 100 uM methyl jasmonate>50 puM methyl
jasmonate>1.5 g/L yeast extract>1 g/L yeast extract. The results of the correlation analysis indicated that
rosmarinic acid content was positively and significantly correlated with chlorogenic acid (r=0.819™), ferulic
acid (r=0.773™), quercetin (r=0.987""), and p-coumaric acid (r=0.986"), but negatively correlated with caffeic
acid (r=-0.920™). The heatmap clustering clearly distinguished the control group from the combined elicitor
treatments, and principal component analysis further supported these groupings.

Conclusion

Foliar application of 160 mg/L salicylic acid combined with 100 uM methyl jasmonate proved most effective
in enhancing the accumulation of phenolic compounds in D. moldavica. Rosmarinic acid, the major phenolic
compound in this species, showed strong positive correlations with chlorogenic acid, ferulic acid, quercetin,
and p-coumaric acid. These findings suggest that the combined use of salicylic acid and methyl jasmonate is a
viable strategy to significantly increase the levels of valuable phenolic and flavonoid metabolites in D.
moldavica, with potential applications in the pharmaceutical and food industries.
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Table 1- The treatments included control and combined effect of methyl jasmonate, yeast extract and salicylic acid on phenolic

compounds in D. moldavica
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SA: Salicylic acid (80 and 160 mg/L). YE: Yeast extract (1 and 1.5 g/L). MeJA: Methyl jasmonate (50 and 100 uM).
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Table 2- Analysis of variance the combined effect of methyl jasmonate, yeast extract and salicylic acid on rosmarinic acid,
chlorogenic acid, ferulic acid, caffeic acid, p-coumaric acid, apigenin, quercetin and luteolin content in D. moldavica plants
Mean of squares
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Error 26 0.572 0.166 0.011 0.020 0.018 0.020 0.014 0.009

Total 38

C.V. (%) 6.4 5.7 7.4 8.7 5.2 7.8 7.9 29.9

"Significant at the 1% probability level
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Figure 1- The combined effect of methyl jasmonate, yeast extract and salicylic acid on rosmarinic acid content in D. moldavica.
Means with similar letters in each column are not significantly different at the 5% probability level. SA: Salicylic acid (80 and 160 mg/L). YE: Yeast

extract (1 and 1.5 g/L). MeJA: Methyl jasmonate (50 and 100 uM).
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Figure 2- The combined effect of methyl jasmonate, yeast extract and salicylic acid on chlorogenic acid content in D. moldavica.
Means with similar letters in each column are not significantly different at the 5% probability level. SA: Salicylic acid (80 and 160 mg/L). YE: Yeast

extract (1 and 1.5 g/L). MeJA: Methyl jasmonate (50 and 100 uM).
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Figure 3- The combined effect of methyl jasmonate, yeast extract and salicylic acid on ferulic acid (A), p-coumaric acid (B) and caffeic

acid (C) content in D. moldavica. Means with similar letters in each column are not significantly different at the 5% probability level.
SA: Salicylic acid (80 and 160 mg/L). YE: Yeast extract (1 and 1.5 g/L). MeJA: Methyl jasmonate (50 and 100 uM).
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Figure 4- The combined effect of methyl jasmonate, yeast extract and salicylic acid on quercetin (A), apigenin (B) and luteolin (C)
content in D. moldavica. Means with similar letters in each column are not significantly different at the 5% probability level. SA: Salicylic acid (80
and 160 mg/L). YE: Yeast extract (1 and 1.5 g/L). MeJA: Methyl jasmonate (50 and 100 uM)
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Table 3- Correlation between measured traits in D. moldavica aerial parts affected by the combined effect of methyl jasmonate, yeast

extract and salicylic acid

Triats Apigenin Quercetin Luteolin Rosmarinic acid Ferulic acid p-coumaric acid Caffeic acid Chlorogenic acid
Apigenin 1

Quercetin -0.571™ 1

Luteolin -0.044  0.343" 1

Rosmarinic acid -0.572" 0.987""  0.385" 1

Ferulic acid -0.772™ 0.757" 0.412™ 0.773™ 1

p-coumaric acid -0.506™ 0.950™  0.432™" 0.968™ 0.738™ 1

Caffeic acid 0.500™ -0.911™ -0.375" -0.920™ -0.656™ -0.953" 1

Chlorogenic acid -0.781™ 0.804™  0.353" 0.819™

0.971™ 0.775™ -0.675™ 1

* Ak

, Correlation is significant at the 5 and 1% probability level, respectively.
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Figure 5- Principal component analysis (PCA) biplot on data of rosmarinic acid, chlorogenic acid, ferulic acid, caffeic acid, p-
coumaric acid, apigenin, quercetin and luteolin content in D. moldavica plants subjected to combined effect of methyl jasmonate,
yeast extract and salicylic acid elicitation. In this figure, the x and y axes represent the first (PC1) and second (PC2) components,
which explained 75.24 and 12.95 percent of the total variance, respectively.
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Figure 6- The heatmap diagram of combined effect of methyl jasmonate, yeast extract and salicylic acid on the accumulation of phenolic
compounds in D. moldavica Columns and rows represent the treatments and traits, respectively. The colors (blue to red) represent the

mean values ranging from low to high.
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