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Abstract

Objective

Rosemary (Rosmarinus officinalis L.), as one of the important medicinal and aromatic plants in
the pharmaceutical and food industries. Among the terpenes of rosemary, carnosic acid has gained
significant importance due to its therapeutic properties such as antioxidant, antimicrobial, and
antitumor effects. Consequently, researchers' attention has been drawn to the application of
elicitors to enhance the growth and increase the essential oil of rosemary. Given the medicinal
importance of rosemary and the potential of chitosan and salicylic acid in enhancing plant traits,
this research was conducted with the aim of investigating the effect of these elicitors on rosemary
traits and the expression of key genes in the carnosic acid pathway (KSLI and CPSI).

Materials and methods

This research was carried out as a factorial experiment based on a completely randomized design
with three replications. Three months after transplanting the seedlings, chitosan (Ch) at

concentrations of 10, 50, and 100 mg/L and salicylic acid (SA) at concentrations of 5, 10, and 20
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uM were applied individually and in combination, in three stages at three-week intervals, as foliar
sprays on the aerial parts of rosemary. Physiological and biochemical traits and expression of key
genes of carnosic acid biosynthesis pathway were measured one week after the last spraying.
Results

The treatment combinations had synergistic effects on rosemary traits. As the most effective
treatments, SA 10 uM + Ch 100 mg/L and SA 20 uM + Ch 50 mg/L treatments led to a 44 and
45% significant decrease in MDA, 2 and 2.5-fold significant increase in phenol, 2.8 and 2.9-fold
increase in sugars, 2.6 and 2-fold increase in catalase activity, 2.8 and 2.5-fold increase in SOD
activity, 2 and 2.3-fold increase in polyphenol oxidase activity, 3 and 1.9-fold increase in
chlorophyll content, 2 and 2.2-fold increase in carotenoid content, 2.3 and 2.6-fold increase in
essential oil content, 3 and 3.6-fold increase in CPS/ gene expression, 3.4 and 3.6-fold increase
in KSLI gene expression, respectively.

Conclusions

Combined treatments significantly reduce lipid peroxidation and increase pigments, the
antioxidant system, essential oil, and the expression of key genes in the carnosic acid pathway.
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Introduction

Rosemary (Rosmarinus officinalis L.) possesses significant medicinal and therapeutic
importance, supported by a growing body of phytochemical and pharmacological evidence. Its
bioactive constituents, including carnosic acid, demonstrate potent antioxidant and anti-
inflammatory properties. Therefore, researchers have become interested in the use of elicitors to
enhance its traits and essential oil. The application of chitosan and salicylic acid as biostimulants
and elicitors in medicinal plants enhances growth, stress resilience, and bioactive compound

production through various molecular mechanisms. Chitosan, derived from chitin deacetylation,
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primes antioxidant defense systems by upregulating enzymes. It also modulates phytohormone
signaling, which influences plant architecture and morphological traits. Conversely, salicylic acid,
synthesized via isochorismate and phenylalanine ammonia-lyase pathways, orchestrates defense
responses by binding multiple targets beyond the canonical NPR receptors, including
transcription factors like bZIP62 and DREB2, which regulate stress-responsive genes. Salicylic
acid fine-tunes redox homeostasis by scavenging reactive oxygen species (ROS) and elevating
non-enzymatic antioxidants, while its exogenous application preserves essential oil profiles. Their
synergistic application amplifies secondary metabolite production and stress-adaptive genes,
offering sustainable strategies for plant productivity. However, their effects are concentration-
dependent; optimal doses enhance growth and metabolite yield, whereas excess application may
inhibit root development or disrupt hormonal balance via auxin accumulation or ethylene
modulation. Overall, these compounds induce distinct signaling networks to optimize medicinal
plant quality, offering sustainable alternatives to agrochemicals. Given the above-mentioned, this
research was performed with the aim of evaluating the conditional effect of chitosan and salicylic
acid on the physiological and biochemical traits and the expression of key genes involved in the

carnosic acid biosynthesis pathway (CPS! and KSLI) in rosemary plants.

Materials and methods

This research was carried out as a factorial experiment based on a completely randomized
design with three replications. Greenhouse conditions were set at a mean temperature of 25°C, a
photoperiod of 16 h of light and 8 h of darkness, and a relative humidity of 60%. Uniform-sized
rosemary seedlings were cultivated in plastic pots (containing garden soil, cocopeat, and perlite
in a 3:1:2 ratio). Three months after transplanting the seedlings, chitosan at concentrations of 0,
50, and 100 mg/L and salicylic acid at concentrations of 0, 10, and 20 pM were sprayed
individually and in combination onto the aerial parts of the rosemary plants in three rounds at
three-week intervals. Chitosan solutions were prepared by dissolving chitosan powder (degree of
deacetylation >85%) in 1% acetic acid and adjusting the pH to 5.6. Moreover, salicylic acid
solutions were prepared by dissolving SA powder in distilled water with a few drops of ethanol.
As a control, the aerial parts of rosemary were sprayed with sterile distilled water. Assessments
of the rosemary traits were performed one week after the last spraying. Rosemary leaf samples
were stored in a freezer at -70°C until the time came to measure the traits and determine the
expression of the desired genes. These traits included malondialdehyde, phenol, soluble sugars,
catalase activity, ascorbate peroxidase activity, polyphenol oxidase activity chlorophyll,
carotenoids, essential oil yield, as well as CPS/ and KSLI expression. Lipid peroxidation was
assessed by measuring malondialdehyde (MDA) content using the thiobarbituric acid (TBA)
method, with absorbance read at 532 and 600 nm. Total phenolic content was determined using
the Folin-Ciocalteu reagent, with gallic acid as a standard, and absorbance measured at 765 nm.

Soluble sugar content was quantified using the anthrone-sulfuric acid method, with glucose as a
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standard, reading absorbance at 630 nm. The activity of antioxidant enzymes was assayed from
fresh leaf homogenates. Catalase (CAT) activity was determined by monitoring the
decomposition of H,O, at 240 nm. Ascorbate peroxidase (APX) activity was measured by
tracking the oxidation of ascorbate at 290 nm. Polyphenol oxidase (PPO) activity was estimated
using pyrogallol as a substrate, measuring the increase in absorbance at 430 nm. Photosynthetic
pigments were extracted with 80% acetone. Chlorophyll a, chlorophyll b, and total carotenoid
concentrations were calculated using specific absorption coefficients at wavelengths of 663, 645,
and 470 nm. Essential oil content was obtained by hydro-distillation of 25g of dried leaf material
for 4 hours using a Clevenger apparatus, and the oil yield was expressed as a percentage (v/w)
based on dry weight. Real-time PCR was performed to determine the expression of the target
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genes by using SYBR Green dye. The relative quantification method was used to examine
the changes in the expression of CPS/ and KSLI genes between different treatments using REST
software. All collected data were subjected to two-way analysis of variance (ANOVA) by using
SAS software. Mean comparisons were performed by Fisher's Least Significant Difference (LSD)

test at a 5% probability level.

Results

The results of the analysis of variance of physiological and biochemical traits and expression
of key genes of the carnosic acid biosynthesis pathway (CPSI and KSLI) in rosemary plant
showed that the interaction effects of chitosan and salicylic acid on these traits were significant
at the 5 or 1 percent level. The results showed that chitosan and salicylic acid generally modulated
rosemary traits in a concentration-dependent manner. The treatment combinations enhanced their
effectiveness on rosemary traits and thus showed a synergistic effect. The treatments salicylic
acid 20 uM + chitosan 50 mg/L and salicylic acid 10 uM + chitosan 100 mg/L. were identified as
the most effective treatment combinations, causing a 44 and 45% significant reduction in
malondialdehyde, and significant increases of 2- and 2.5-fold in phenol, 2.8- and 2.9-fold in
soluble sugars, 2.6- and 2-fold in catalase activity, 2.8- and 2.5-fold in ascorbate peroxidase
activity, 2- and 2.3-fold in polyphenol oxidase activity, 3- and 1.9-fold in chlorophyll, 2- and 2.2-
fold in carotenoids, 2.3- and 2.6-fold in essential oil yield, 3- and 3.6-fold in CPS/ transcript level,
and 3.4- and 3.6-fold in KSL! transcript level, respectively. As observed, the salicylic acid 10 uM

+ chitosan 100 mg/L treatment led to significant improvements in rosemary traits.

Conclusions

In conclusion, our findings indicate that the combined treatments salicylic acid 20 uM +
chitosan 50 mg/L and salicylic acid 10 uM + chitosan 100 mg/L significantly reduced lipid
oxidation, increased photosynthetic pigments, strengthened the enzymatic and non-enzymatic
antioxidant system, increased essential oil, and enhanced the expression of key genes in the

carnosic acid biosynthesis pathway. Therefore, it is suggested to use these treatment combinations
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to improve the physiological and biochemical traits of rosemary. Although the effects of chitosan
and salicylic acid elicitors on the physiological, biochemical, and molecular traits of rosemary
were revealed in this study, understanding the exact mechanisms of the effect of these elicitors
on rosemary traits requires adopting approaches such as RNA-seq to gain a better understanding

of the theoretical discussions of the mechanisms of these potential elicitors.
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Table 1. Specific primers for CBDAS and THCAS genes

b5 35l Ya's Jg Jgaxa o318l
Genes  Primers Sequence 5’ to 3’ Product
size (bp)
18s- F CCAGGCCCCGATGAGTAGGA 175
rRNA R TTTCCCCTCTTCGGCCTTC
CPS1 F 5-GCATGAGGATCCATGACCTCTATGTCCTCTCTAA-3', 163
R 5-GCATGAGCGGCCGCTTCATACGACCGGTCCAAAC-3’
KSL1 F 5'-GCATGAGGATCCATGTCTCTCGCCTTCAACC-3, 157
R 5'-GCATGAGCGGCCGCTTCATTTGCCACTCACTTTTT-3".

9 lerdon ((SNegder i Clino p dewsl Sleadln  (lignS” Jlite SIIL(Y Joa2) (uib)ly 4o ls polasl
ISy sl (les GluS 5 caoei )y sl o dme 303V L O e )3 2l S )5 Singy yoame (305 slogy5 oo
L85 dmlgs 18 Eon 3)90 (6)lojy o
(SA 20 UM) YU, cdilé 13 SA 4 (Ch 50-100 M@/L) YU b Lwsto cle 55 ol428 3,08 MDA glgizeo
g cdale bl el jloss yo sl (g)lejy 3 slacaS] a5 pasls olsie 4 MDA ialS (gl sne
0 2l il e 5 pinlS canss MDA e SA allis Jlas ) s MDA lsbiee 5 o) LialS coo
48 33 SA 20 UM + Ch 100 ME/L e «caS 5 i35 g sl (y] Jleb (sloisS gy ol > 4 Ylass!
(2015) do mbis b buslyom (1 JS5) 31> (L5 o) (ygmslinSTyy ol )3 1) lablons J1 syt s MDA o o 50y
2 398 0 o,y olS > MDA s HhOn o Jawd cas (5 13 )5 Y clalé) 5508 & wols oLis Naderi et al.,
ol a8 aisly Lz Salarpour & Farahbakhsh, (2016) «iljly  (;¥se deo V 5 +/0) SA 5l g9, p (slaslllas
5 a1 3l sla 31 b Jleb el ()28 (033l 515 519 0 MDA g g iUl et (ialS” s (9090
g5lenST sl (o3l (sloglés ol b0 o 511y (ROS) ()3mST Jlb slodisS o8 355 00 ol (slogipus] 51
Jhwsgen mlal b 5 sl Skl im0 S|y MDA as g s (ogeslinansyy aoms )3 9 o0 (2287,
Angouti et ) xS e dgae |y MDA 2o g 03,5 bais 1) Jolw sLie 6yl ¢ 2o bS5 3w G5 s ROS

(al., 2022
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Table 2. Analysis of variance of physiological and biochemical traits and expression of CPS/
and KSL1 genes under chitosan and salicylic acid (SA) treatment in rosemary plant

Slayo (1S5ke
Mean squares

Sl 33l 4y 5 @lie
SlaseS] YIS lai3 Jois sl ysle df SOV
Ascorbate Catalase Sugars Phenol MDA
peroxidase
0.11%  171.61% 2155.54* 146.63*  68.62% 3 ol
Chitosan
0.2 6588 1731.03* 93.19*  500° 3 ol Sl
Salicylic acid
0015 587+  19888* 1372  3.53 g Selllowclins
Chitosan*SA
Lot
0.003 3.72 33.45 3.16 1.57 32
Error
k;)l ...w .
10.79 14.22 10.93 10.67 11.28 e
CV
Olagye (515ke
Mean squares
; - a2 5 ole
il 5Slee KSLI ol CPSI Ly bases) “KT“if:l’K ~|:Ji1 &ljl ’“;’ oé\;
Essential oil ~ KSLI/ CPS1 Carotenoids ) df
i i chlorophyll  ppanol
performance expression expression A
oxidase
£ £ £ £ £ T u|)9"‘§
0.13 5.93 6.41 3.50 0.39 0.25 3
Chitosan
0.05% 226 145% 2.54% 208 oage 3 Skl
Salicylic acid
#j9S
0.004* 0.26* 0.24* 0.23* 0.55% 0.008* 9 <Ll
Chitosan*SA
s
0.001 0.07 0.055 0.04 0.15 0.003 32
Error
CJ‘ .‘.w .
7.6 11.19 10.85 8.23 10.88 9.12 S
cv

sl 203 0 a5 o gine W] 3g2g GbsS i 4T 9"
A by gylegy 5o Jotb lgime liEl o )blize 51 SA 5 oljsns Galise slacdale (S Jgid (glgino
Jagi S gygods s Jgib (slgime (g)bline GialiBl 4 oo (VL sk )3 0fi94) S5 93 o ke (I3l (IS ysboas

(¥ JS3) 23 ool jloss o5 g5 olyiea SA 10 uM + Ch 100 mg/L, .5
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Figure 1. Effect of chitosan and salicylic acid on malondialdehyde (MDA) content in the

medicinal plant rosemary. Different letters indicate significant differences at the P < 0.05
level
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Figure 2. Effect of chitosan and salicylic acid on total phenolic content in the medicinal plant
rosemary. Different letters indicate significant differences at the P < 0.05 level
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Figure 3. Effect of chitosan and salicylic acid on the content of soluble sugars in the

medicinal plant rosemary. Different letters indicate significant differences at the P < 0.05
level
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Figure 4. Effect of chitosan and salicylic acid on catalase activity in the medicinal plant
rosemary. Different letters indicate significant differences at the P < 0.05 level
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Figure 5. Effect of chitosan and salicylic acid on ascorbate peroxidase activity in the

medicinal plant rosemary. Different letters indicate significant differences at the P < 0.05
level
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Figure 6. Effect of chitosan and salicylic acid on polyphenol oxidase activity in the medicinal
plant rosemary. Different letters indicate significant differences at the P < (.05 level
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Figure 8. Effect of chitosan and salicylic acid on chlorophyll and carotenoid concentration

in the medicinal plant rosemary. Different letters indicate significant differences at the P <
0.05 level
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