Food Science & Nutrition

| orRIGINAL ARTICLE CEIEED

WILEY

Secondary Metabolites and Biological Activities From
Achillea gypsicola Hub-Mor. Under Foliar Applications of

Chitosan and Salicylic Acid

Muhammed Akif Agikgoz! | Ebru Bati Ay?

| Beril Kocaman?

!Department of Field Crops, Faculty of Agriculture, Ordu University, Ordu, Turkey | 2Department of Plant and Animal Production, Suluova Vocational

School, Amasya University, Amasya, Turkey

Correspondence: Ebru Bat1 Ay (ebru.bati@amasya.edu.tr)

Received: 5 February 2025 | Revised: 13 March 2025 | Accepted: 15 April 2025

Funding: This work was supported by TUBITAK ULAKBIM.

Keywords: Asteraceae | bioactive compounds | growth stages | minimum inhibitory concentration

ABSTRACT

Elicitors play a crucial role in plant defense systems, often leading to an enhancement in secondary compounds across various

species. The aim of this paper was to assess the effect of elicitors of salicylic acid (SA) and chitosan (CTS) applied to the leaves on

essential oil (EO) composition of Achillea gypsicola and some terpenoids and biological activity. Treatments with SA at doses of 0,
0.5, 2, and 8mM, and CTS at 0, 2, 4, and 8 gL.~! were evaluated. Two harvests were conducted between 2021 and 2022. Elicitors
SA at 8mM and CTS at 2gL~"! led to an increase in EO productivity. The application of elicitors, particularly at doses of 2mM
SA and 4gL~! CTS in A. gypsicola, has the potential to stimulate camphor production. Additionally, TPC and TFC were the
highest in treatments of SA 2mM and CTS 8gL~!. LC-MS/MS analysis indicated that the synthesis of camphor and 1,8-cineole
enhanced significantly compared to the control group, with enhancements of 213.2% at 8gL~! CTS and 125.1% at 4gL~! CTS,

respectively. The EOs are especially effective against Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and

Listeria monocytogenes.

1 | Introduction

The genus Achillea includes 115 species globally, with 59 spe-
cies found in Turkey, of which 31 are endemic (A¢ikgoz 2020).
This genus comprises perennial plants that are known for
their fragrant flowers and are widely distributed in Europe,
the Middle East, and Anatolia. Phytochemical analysis of
these plants plays a crucial role in pharmaceutical and me-
dicinal preliminary studies (Acikgdz et al. 2022, 2023). Up
until now, studies have demonstrated that species within the
Achillea genus possess antimicrobial, antioxidant, antidia-
betic, and anti-inflammatory effects (Farajpour et al. 2024;
Huang et al. 2024; Kbaydet et al. 2024). It was exposed that
the main compounds of essential oils (EOs) of this genus are

bioactive compounds such as borneol, 1,8 cineole, and santo-
lina alcohol (Vojoudi et al. 2024) a-bisabolol (Ilardi et al. 2024)
camphor, nerolidol, and piperitone (Niazipoor et al. 2024) a-
terpineol, caryophyllene, and chamazulene (Yapar et al. 2024)
with a significant correlation of these compounds among
Achillea species in earlier research. As noted by Amssayef
et al. (2024), Gabbanini et al. (2024), Ilardi et al. (2024), and
Raudone et al. (2024), while extensive research has been con-
ducted on the composition and biological processes of EOs in
plants, the primary focus has been on EO content due to its eco-
nomic significance. The health advantages of medicinal and
aromatic plants (MAPs) are not limited to their EOs; they also
encompass phenolic compounds (Najafian et al. 2022; Kemal
et al. 2023). Despite numerous studies on plants, there is a lack
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of information on enhancing phenolic compound levels and
improving the antioxidant capacity of A. gypsicola through
cultural practices, with most research limited to in vitro cul-
ture systems. Phenolic compounds, including phenolic acids
and flavonoids, are secondary metabolites (SMs) exhibited in
the non-volatile parts of plants. These metabolites are known
for their diverse biological activities, such as antioxidant and
antimicrobial properties (Betlej et al. 2023), anti-inflammatory
(Ugbogu et al. 2024), and anticancer (Ay et al. 2023a). They
also inhibit enzymes like pancreatic lipase, a-Glucosidase, and
a-Amylase (Tundis et al. 2023). Due to these useful charac-
teristics, phenolic compounds are extensively utilized in the
cosmetic industries (Ben Hsouna et al. 2023), pharmaceu-
ticals (Gharsallah et al. 2023), and food (Gholamipourfard
et al. 2021). The levels and types of these bioactive compounds
in medicinal and aromatic plants (MAPs) can vary based on
factors such as the plant's growth stage (A¢ikgoz 2019), ge-
netic makeup, climatic conditions (Sharma et al. 2019), envi-
ronmental ingredients (Pant et al. 2021), extraction techniques
(Zengin et al. 2023), cultivation methods, and plant parts used
(Ay et al. 2023a, 2023b). Thus, applying practices that consider
these factors can enhance the synthesis of SMs to the wanted
levels. For instance, understanding which metabolites are syn-
thesized inclusively at specific periods and promoting plants
with appropriate nutrients can enhance the efficiency of these
metabolites (Dilek et al. 2022; Kirgec et al. 2023). Among these
bio-stimulants, chitosan (CTS) and salicylic acid (SA) have gar-
nered significant attention recently. Natural polymers, such
as CTS, have extensive applications in the food industry and
agriculture due to their renewable nature, biodegradability,
biocompatibility, and low cost (Zaini et al. 2024). CTS, derived
from the deacetylation of chitin found in the exoskeletons
of crabs, shrimps, and crustaceans, is the second most used
polymer after cellulose (Nath et al. 2024). Its high solubility in
water and biocompatibility (Mirbagheri et al. 2024) have led
to its increased use as a stimulant and bio-stimulant in plants
(Rani et al. 2023; Shrestha et al. 2023; Stasinska-Jakubas
et al. 2024), making it popular in organic farming practices
within sustainable agricultural systems (Dhiman et al. 2023;
Riseh et al. 2023; Sun et al. 2023; Medeiros et al. 2024). SA is
vital for plant defense against pathogens and can be produced
through either the phenylalanine or isochorismate pathways
(Acikgoz 2019). When used externally, SA elicits responses
akin to those activated by pathogen attacks or other external
factors (Mishra et al. 2024; Zou et al. 2024). This hormone trig-
gers signaling pathways that activate the recording of different
genes, leading to the buildup of defense-related compounds
like alkaloids, terpenoids, and polyphenols (Li et al. 2024).

A. gypsicola, listed as vulnerable in the Data Book, is an endemic
species of Central Anatolia in Turkey. This plant possesses an-
tioxidant and antimicrobial properties and consists of camphor,
1,8-cineole, borneol, menthone, and menthol, which are used for
various purposes in the cosmetics and pharmaceutical indus-
tries. Until now, the investigations have exposed features of this
species, such as the SM accumulation in cell suspension culture
(Acikgoz 2019), antimicrobial activities, and chemical compo-
sition of both extractions and EO of aerial parts (Acikgoz 2019,
2020). To date, there have been no studies aimed at enhancing
the phytochemical composition and biological properties of A.
gypsicola.

It seems that the information on A. gypsicola is quite lim-
ited. The number of these few products was determined by
collecting the secondary metabolites of this species from na-
ture and determining them qualitatively and quantitatively.
Considering the limited information about A. gypsicola culti-
vation, this study is important to determine the effect of cul-
tural practices on the species. In addition, enhancing certain
secondary metabolites through cultural practices is crucial for
their pharmacological benefits. Thus, this study aims to (1)
assess the impact on SA and CTS essential oil components,
(2) investigate the variations in total phenolic and flavonoid
content, (3) identify the changes in borneol, camphor, and
1,8-cineole levels, and (4) evaluate the antioxidant capacity
and antimicrobial activities.

2 | Materials and Methods
2.1 | Field Description and Experimental Design

Yarrow (Achillea gypsicola Hub. Mor.) seeds were sourced
from the Department of Field Crops at Ordu University. The
species was identified by Assoc. Prof. Dr. Sevda Tiirkis from
Ordu University. The voucher specimen, numbered 5810, is
housed in the Herbarium of the Department of Biology at Gazi
University, Ankara, Turkey. Seeds were collected on August
11, 2020, then cleaned and stored in vacuum-sealed cloth bags
at +4°C. The field experiment commenced in 2020 in Corum-
Iskilip, Turkey (latitude 40°44’ N, longitude 34°28’ E). Seeds
were planted at a depth of 3-4cm. The soil had a light loamy
texture with a pH of 8.78, an electrical conductivity (EC) of
0.447 dS m™~1, organic matter content of 0.12%, available potas-
sium (K) and phosphorus (P) levels of 72 and 1.7 mgkg™!, re-
spectively, and a total nitrogen (N) content of 0.015%. SA was
applied to plants at three concentrations: 0 (water 90% + eth-
anol 10%), 0.5, 2, and 8-mM solutions (w/v %). Similarly,
CTS was applied at three different concentrations: 0 (water
90% + ethanol 10%), 2, 4, and 8 gL!. Stock solutions for both
treatments were prepared and applied separately via foliar
spraying on the full flowering period (June 9, 2021, and June
13, 2022). Climatic characteristics of the experimental site are
detailed in Table 1. Harvesting occurred on August 22, 2022,
with 15 plants sampled. The plants were dried at 22°C-24°C
in a well-ventilated shaded area and then ground into a fine
powder using a mixer. The research followed a completely
randomized block plan with four replications.

2.2 | Chemicals

The following chemicals were sourced from Sigma-Aldrich (St.
Louis, MO): Thiobarbituric acid TBA - Sigma T5500, ethanol
Sigma 32221, CAS No: 64-17-5, Trolox Sigma-Aldrich 238813,
CAS No: 53188-07-1, aluminum chloride AICI;, chitosan
(C,H,,0,N)n Sigma, CAS No: 9012-76-4, dipotassium hydro-
gen orthophosphate K,HPO, Sigma P5504, CAS No: 16788-57-1,
potassium dihydrogen phosphate KH,PO, - Sigma P5655, CAS
No: 7778-77-0, guaiacol Sigma G5502, CAS No: 90-05-1, gla-
cial acetic acid Sigma 27225, hydrogen peroxide H,0, - Sigma
18304, CAS No: 7722-84-1, and potassium iodide KI - Sigma
793582, CAS No: 7681-11-0. Additionally, the following reagents
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TABLE1 | Results of the climatic characteristics of the experimental site.

Monthly average Monthly average

temperature (°C) Monthly total rainfall (mm) relative humidity (%)
Mounts 2020 2021 2022 2020 2021 2022 2020 2021 2022
January -0.3 0.9 0.8 39.1 38.6 38.5 75.0 71.6 73.0
February 1.2 2.7 0.8 29.3 36.6 36.2 69.9 64.5 71.3
March 5.0 6.7 7.3 39.0 46.9 45.0 65.5 65.3 69.8
April 10.5 11.5 10.4 46.4 44.5 45.5 62.4 62.1 60.9
May 15.0 16.5 15.1 61.7 51.0 55.0 62.2 55.3 60.3
June 18.5 20.6 19.5 55.0 40.2 53.0 59.3 57.1 59.8
July 21.3 24.2 24.1 19.9 14.8 16.3 53.3 52.6 50.3
August 21.4 24.3 22.3 15.1 14.6 13.9 52.5 51.3 539
September 17.4 19.6 20.1 21.7 17.9 18.4 54.6 53.6 52.8
October 12.2 13.9 12.9 27.1 334 29.7 60.8 52.8 59.9
November 6.4 7.3 5.8 33.0 31.9 32.3 67.3 68.1 65.8
December 1.9 2.8 3.0 43.6 43.2 43.1 73.9 72.1 75.0

were obtained from Merck (Darmstadt, Germany): Salicylic acid
HOC H,COOH - Merck 818731, CAS No: 69-72-7, Sodium hy-
droxide NaOH - Merck 106462, CAS No: 1310-73-2, gallic acid
Merck CAS No: 149-91-7, quercetin Merck CAS No: 849061-
97-8 and sodium carbonate Na,CO, - Merck 106395, CAS No:
497-19-8.

2.3 | Extract Preparation From Plant Material

The samples were first rinsed with tap water to remove soil
residues and then left to air-dry on drying paper in a con-
trolled environment for 2 weeks. Once dried, the marked sam-
ples were stored in jars. From each sample, 5g were correctly
assessed and placed into boxes. Each jar was then filled with
200mL of methanol, and the mixtures were macerated in
an ultrasonic bath for 3h. The solutions were filtered to di-
vide the liquid, and the rest was kept. Finally, the methanol
evaporated.

2.4 | Secondary Metabolites Analysis
2.4.1 | Determination of Total Phenolic Content (TPC)

The TPC of methanol extracts was determined using the
Folin-Ciocalteu reagent and gallic acid (GA) standard from
Sigma-Aldrich Co (St. Louis, MO, USA), based on the method
by Siddhuraju and Manian (2007) with slight modifications. In
a volumetric flask, 1 mL of the sample extract was mixed with
0.3mL of a saturated sodium carbonate (Na,CO,) solution and
0.1mL of Folin-Ciocalteu reagent. The volume was then ad-
justed with double-distilled water, and the solution was incu-
bated at room temperature in the dark for 1h. The TPC was
measured at 765nm using a UV-visible spectrophotometer, with
a calibration curve created using GA as the standard, and the

results were shown as mg gallic acid equivalents (GAE) per g of
dry weight. Each test was performed in triplicate.

2.4.2 | Determination of Total Flavonoid Content (TFC)

The TFC was detected using a modified version of the method
described by Zhishen et al. (1999). In brief, 1mL of the plant
extract was mixed with 2mL of double-distilled water in a tube.
Subsequently, 0.15mL of 0.5M NaNO, and 0.15mL of 0.3M
AICI, were added. After a 5-min interval, 1mL of NaOH was
introduced to the mixture. The solution was then developed for
30min, and the TFC was rated at 510nm using a UV-visible
spectrophotometer (Thermo Fisher, Model G10S-UV-Vis, USA).
The TFC was quantified based on a quercetin standard calibra-
tion curve; the values were shown as mg quercetin equivalents
(QE) per g of dry weight. All tests were performed in triplicate.

2.4.3 | Antioxidant Activity

2.4.3.1 | DPPH (2,2-Diphenyl-1-Picrylhydrazyl) Radical
Scavenging Assay. To evaluate the suspension’s effective-
ness in neutralizing the DPPH radical, 0.1 mL of the suspension
was mixed with 1mL of DPPH solution and 4mL of metha-
nol. The mixture was kept in the dark at room temperature
for 30 min, following the method described by Brand-Williams
et al. (1995). Absorbance was determined at 517 nm using a UV-
visible spectrophotometer. The scavenging activity was recorded
using the formula (%)=[1 - (A 517nm, sample/A 517nm, con-
trol)] X 100. All tests were performed in triplicate.

2.4.3.2 | Ferrous Ions Chelating Assay. The ability to
chelate ferrous ions was evaluated using a method adapted
from Decker and Welch (1990). In this test, 1 mL of the sample
or source solution (ranking from 25 to 400 ugmL~!) was mixed

30f17



with 1mL of acetate buffer (0.1 M, pH4.9) and 0.1mL of FeCl,
(2mM). Subsequently, 0.2mL of ferrozine (5mM) was added.
The reaction was allowed to proceed for 30 min at room tem-
perature (25°C), resulting in a purple-colored complex with an
absorption peak at 562 nm. The chelating activity was calculated
using the formula (%)=[1 - (A 562nm, sample/A 562nm, con-
trol)] X 100. All tests were performed in triplicate.

2.4.4 | AntiMicrobial Screening

2.4.4.1 | Microorganisms Tested. The antimicrobial
properties of EOs were assessed against a variety of 10 micro-
organisms. The antibacterial effects were examined on three
Gram-negative bacteria: Proteus vulgaris ATCC 13315, Pseu-
domonas aeruginosa ATCC 9027, and Escherichia coli ATCC
25922, as well as four Gram-positive bacteria: Listeria monocy-
togenes ATCC 7644, Staphylococcus aureus ATCC 6538, Bacil-
lus subtilis ATCC 6059, and Streptococcus faecalis ATCC 8043.
Additionally, the anti-fungal activity was tested on three fungal
species: Aspergillus niger ATCC 16404, Saccharomyces cerevi-
siae (ATCC 9763), and Candida albicans ATCC 10231.

2.4.4.2 | Disc Diffusion Method. The antimicrobial prop-
erties of A. gypsicola EOs were evaluated using the disc diffu-
sion method, following the procedure detailed by Sacchetti
et al. (2005). Initially, parent cultures were fixed by inoculating
Mueller Hinton Agar plates with microorganisms and incubat-
ing them at 37°C for 24h. Fungal cultures were grown on Sab-
ouraud Dextrose Agar at 25°C for 48h. Bacterial cultures were
cultivated in Mueller Hinton Broth, while fungal cultures were
grown in Sabouraud Dextrose Broth, followed by incubation.
Petri dishes were inoculated with mother cultures using appro-
priate sterile media to achieve a microorganism concentration
of 108 colony-forming units (CFU) per mL. In the disc diffusion
test, 6 mm diameter sterile filter paper discs were saturated with
50uL of EO and placed on the inoculated agar plates. Standard
antibiotic discs (nystatin, gentamicin, ampicillin, and peni-
cillin) served as positive controls for bacteria. The diameters
of the inhibition zones were calculated in millimeters.

2.4.4.3 | Determination of Minimum Inhibitory Con-
centration (MIC). The MICs were determined using
the microdilution method in 96-well microtiter plates, as out-
lined by Negreiros et al. (2016) with some modifications. The
EOs were serially diluted to achieve concentrations ranging
from 1.125 to 144pugmL~". Then, 50 uL of each EO was com-
bined with 100 uL of suited broth growth medium in the wells
of a 96-well microplate, followed by the addition of 10uL
of a standardized suspension of the organism to each well. The
MIC values for gentamicin, ampicillin, nystatin, and penicil-
lin were determined in balance trials to control the delicacy
of the microorganisms.

2.4.5 | Isolation of EOs

The EOs were extracted from the samples through hydro-
distillation using a Clevenger apparatus, a process that lasted ap-
proximately 3 h. Post-distillation, the EOs were collected in dark
glass flasks and stored at 4°C until further analysis. The yield of

EO was calculated employing the formula: EO yield®) = (mass of
dry matter,) mass of EO g)) % 100.

2.4.5.1 | Analysis of EO Constituents. The EOs were ana-
lyzed using Gas Chromatography (GC) on an Agilent 7890B sys-
tem, which was equipped with a Flame Ionization Detector (FID)
and an HP-5 fused silica capillary column (30m X 0.25mm i.d.;
0.25 um film thickness; J & W Scientific, Folsom). The oven tem-
perature was programmed to rise from 60°C to 240°C at a rate
of 3°C per min. The analysis was conducted with a split injec-
tion (split ratio 25:1), with the FID set at 265°C and the injec-
tor at 250°C. A 1 uL sample of the EO, diluted with hexane (1:10),
was injected into the GC inlet, maintaining a column flow rate
of 1mL per min. For Gas Chromatography-Mass Spectrometry
(GC-MS) analysis, the same Agilent gas chromatograph was
used, coupled with a mass spectrometer detector (Model 5977
MSD) and an HP-5 MS fused silica capillary column. Helium
was used as the carrier gas, with an ionization voltage of 70eV
and an ion source temperature of 300°C. The scan time was set
to 1s, covering a mass range of 40-400 amu.

2.4.5.2 | Component Identification. The components
of EOs were identified by comparing their retention indices (RI)
with those of n-alkanes (C5-C22) as reported in the literature.
Further confirmation was achieved by fitting the noted mass
spectra with those in the WON11.L mass library of the GC-MS
method and with documented mass spectra (Adams 2017).

2.4.6 | Extraction of Terpenoid Compounds

To quantitatively analyze terpenoid compounds, 10mL of a
methanol-dichloromethane solvent mixture was combined with
0.5g of the weighed samples. The samples were then subjected
to ultrasonic extraction for 1h. The supernatant was collected
and refined through a 0.45um filter. The filtered samples were
then tested using liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) under specified modifications.

2.4.7 | Borneol, Camphor, and 1,8-Cineole Profile
Determination Using LC-MS/MS

Chromatographic separation was conducted using an ODS
Hypersil C18 analytical column (150 X2mm, 4um, 80A,
Phenomenex) from Thermo Finnigan (Dreieich, Germany).
Terpenoids were separated into a binary solvent system consist-
ing of 0.1% formic acid in water (solvent X) and 0.1% methanol
(solvent Y). The mobile phase was returned to its initial condi-
tion and held for 4min for system recalibration before the next
injection. The flow rate was maintained at 0.2mLmin~!, with
an injection volume of 10 uL and a column temperature of 30°C.
The ion source was managed in positive electrospray ionization
(ESI+) mode, with a spray needle voltage of 3.5kV. The sheath
and auxiliary gas flows were set at 5 and 35 arbitrary units, re-
spectively. Source collision-induced dissociation (CID) was set
to 11V, using argon as the collision gas at a pressure of 1.0 ar-
bitrary units. During method development, borneol, camphor,
and 1,8-cineole were studied in full scan product mode, yielding
m/z=153 and 135 as the most prominent ions. Optimal areas
were achieved with collision energies of 10 and 11V, respectively.
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The tagged compounds (m/z =174) produced corresponding ions
at m/z=156 and 138, using the same collision energy. For MS/
MS analysis of borneol, camphor, and 1,8-cineole, the mass tran-
sitions (m/z precursor ion/m/z product ion) were 171/135 and
171/153 for the unlabeled compounds, and 174/138 and 174/156
for the labeled compounds. The voltages applied to the precursor
ions to generate the product ions m/z 135 or 138 and m/z 153
or 156 were 10 and 11V, respectively. The peak width was set
to 0.7 full width at half-maximum, with a scan time of 0.2s per
transition and a scan width of +0.7amu. Reference standards of
borneol, camphor, and 1,8-cineole were obtained from Sigma-
Aldrich Co (St. Louis, MO, USA). These standards were reduced
to create calibration standards with concentrations ranging
from 1 to 200ug mL~1. External calibration parameters and LC—
MS/MS conditions, involving the calibration curve and correla-
tion coefficient (R?), were established.

2.4.8 | Statistical Analysis

The Levene test was used to assess the equality of variances
among all values. Subsequently, One-Way Analysis of Variance
(ANOVA) was performed using SAS-JMP software (version 10).
Post hoc comparisons of means were carried out with the LSD
test at a 95% confidence level, and the findings are presented as
mean values with standard deviations. To explore the relation-
ships between various parameters, principal component analy-
sis was utilized. Pearson's correlation coefficients between the
compounds and antioxidant capabilities were calculated using
version 26 SPSS (Chicago, USA) software.

3 | Results and Discussion

3.1 | Essential Oil (EO) Yield (% w/w) and EO
Composition

The data on EO yield and components from A. gypsicola
treated with SA and CTS are detailed in Table 2. Both treat-
ment methods resulted in an increase in EO yield compared
to the control. The highest values were obtained from the
2mM SA and 4gL~! CTS treatments, with increases of 40%
and 34.3%, respectively. While EO yield continued to increase
with 8mM SA and 8gL~! CTS applications compared to the
control, it was found that the yield increase trend ended.
These fluctuations in yield highlight the impact of SA and
CTS doses on the essential oil production of yarrow. In pre-
vious studies, the oil yield of A. gypsicola from Turkey was
reported to be 0.65% and 1.20% (Acikgoz 2019). Nevertheless,
this yield showed significant variability, ranging from 0.60%
to 1.20% based on the ontogenetically, morphogenetically,
and diurnally (Acikgoz 2020). Additionally, Other studies on
Achillea species have reported yields ranging from 0.05% to
2.70% (Mohammadhosseini et al. 2017; Amssayef et al. 2024;
Vojoudi et al. 2024). Although there are many studies that
SA and CTS applications increase the yield of essential oil
(El-Ziat et al. 2024; Medeiros et al. 2024), some researchers
have suggested that these applications do not affect the yield
of essential oil (Pirbalouti et al. 2019). In this study, import-
ant enhancements in EO yield were detected in both appli-
cations. The EO compositions of A. gypsicola are given in

Table 2. According to the analysis of variance, there was a
significant change in the chemical compositions of EOs from
SA and CTS treatments. Twenty-nine compounds were iden-
tified by the analysis of EOs compositions. The proportions
of these compounds varied between 96.9% and 98.63% in the
oils obtained from this study. Borneol, camphor, 1,8-cineole,
alcohol, borneol, terpinen-4-ol, lavandulol, and cis-4-thujanol
were the main components, but the percentages of these com-
pounds in the EOs varied depending on the SA and CTS treat-
ments. As a result of SA and CTS treatments, the 1,8-cineole
ratio varied between 14.52% and 40.53%, while the highest
ratio was obtained from CTS 4gL~! treatment. In SA 0.5mM
treatment, the 1,8-cineole ratio decreased compared to the
control. In general, an increase of 87.5% in 1,8-cineole was ob-
tained in the CTS 4gL~! treatment and 26.9% in the SA 8 mM
treatment. The camphor compound responded positively to
all treatments and increased in rate. The prominent treat-
ments here were 0.5- and 2-mM doses of SA, which provided
an increase of 1.24 and 0.78-fold, respectively. Borneol did
not respond positively to any of the treatments and decreased
significantly compared to the control group. Similarly, com-
pounds such as lavandulol, cis-4-thujanol, and terpinen-4-ol
also decreased in percentage with the treatments. Previous
studies have reported that A. gypsicola EOs mostly con-
tain cis-4-thujanol, 1,8-cineole, terpinen-4-ol, camphor, and
borneol. Also, in these studies, camphor (44%), cis-4-thujanol
(5%), mentacamphor (20%), menthone (23%) and verbenol
<trans->(6%) were synthesized in high amounts during the
before flowering period; menthol—18.38%, 1,8-cineole—49%,
and terpinene—4% were synthesized in high amounts during
the full flowering period; borneol (23%), terpinen <y->(11%)
and verbenone (6%) were synthesized in high amounts during
the post-flowering period. However, Studies have shown that
the concentrations of compounds such as camphor, cineole,
borneol, menthone, menthol, and mentacamphor are different
on the harvest times. For example, while the accumulation of
1,8-cineole was the highest in the pre-flowering period (27%),
camphor accumulation was the highest in the post-flowering
period (A¢ikgoz 2019, 2020). Then again, borneol accumula-
tion was the maximum in the full flowering period. Studies
confirm that these proportional changes in the essential oils
of medicinal and aromatic plants are affected by many factors
such as harvest times and phenological stages (A¢ikgdz 2020)
genetics (Sharma et al. 2019), environmental conditions
(Pant et al. 2021), and pre- and after harvest processes (Ay
et al. 2023a, 2023b). Considering these factors, it may be pos-
sible to increase the plant quality by increasing the volatile or
non-volatile bioactive compounds of plants. Previous studies
have reported high abundances of certain compounds in spe-
cies belonging to the genus Achillea. For instance, 1,8-cineole
(45.2%), ascaridole (43.22%), and iso-ascaridole (37.87%)
were identified as main compounds in Achillea biebersteinii
(Mirahmadi and Norouzi 2017). In A. kellalensis and A. wil-
helmsii, lavandulyl acetate (26.19%) and chamazulene (52.60%)
were the predominant compounds, respectively (Ghasemi
Pirbalouti 2017). A. wilhelmsii also contained significant
amounts of camphor, 1,8-cineole, anethole, and a-pinene.
For A. vermicularis, the main compounds were 1,8-cineole,
camphor, levo-carvone, and &-terpinene, while A. tenuifo-
lia was rich in f-cubebene, elixene, -sesquiphellandrene,
1,8-cineole, camphor, and 8-terpinene (Farajpour et al. 2024).
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CTS8gL™!
0.12+0.03
0.43£0.01
0.11£0.02
0.28 £0.01
0.12+0.01
0.58£0.01
98.63

CTS4gL™!
0.12+0.01
0.26£0.01
0.10£0.01
0.15+£0.01
0.12+0.00
0.62+0.08

98.2

CTS2gL™!
0.12+0.00
0.42+0.00
0.09+0.02
1.88+0.02
0.14+0.03
0.51£0.03

97.17

Control (water
+ ethanol)
0.11+0.00
1.19+0.14
0.15+0.01
2.85+0.33
0.17+0.03
0.25+0.03

97.78

Treatments

0.10+0.02
1.75+0.21
0.13£0.03
2.05+0.15
0.17+0.05
0.30+£0.01
97.82

SA 8mM

0.07+£0.01
1.40£0.01
0.12£0.01
0.98 £0.01
0.14+0.01
0.32+0.01
96.9

SA 2mM

SA 0.5mM
0.08 £0.00
1.31+0.25
0.10+0.01
1.08+0.03
0.15£0.05
0.33+0.07
98.9

Control (water
+ ethanol)
0.11+0.00
1.19+0.01
0.15+0.01
2.85+0.01
0.17+0.01
0.25+0.01

97.78

RI
1285
1359
1419
1481
1490
1650
=3).

(Continued)
Compounds
Isobornyl acetate
Eugenol
Germacrene D
Selinene <f->
Eudesmol <>
All identified
components

Caryophyllene <(E)->

24
25
26
27
28

No

“Retention indices relative to n-alkans (C5-C22) on HP 5MS column.

dThe result are expressed as means = SD (n
®Means with similar letter in % 5 level of LSD test are not significant.

Note: Bold value indicates statistically significant difference.

TABLE 2
aSA, Salicylic acid.
bCTS, Chitosan.

In A. fragrantissima, artemisia ketone (22.11%) and $-thujone
(31.86%) were the main components (Alsohaili 2018). A. wil-
helmsii was also found to contain neoiso-dihydrocarveol ac-
etate (25.2%), trans-piperitol (11.7%), trans-carveol (27.5%),
chrysanthenone (38.8%), filifolone (19.7%), a-pinene (11.8%),
and (E)-nerolidol (10.8%), (E)-caryophyllene (11.2%) (Saeidi
et al. 2018). Studies on A. gypsicola are limited, and most
have been conducted on wild samples. This study is the
first to investigate cultivated samples, identifying camphor
(40.17%-43.53%), 1,8-cineole (22.01%-49.36%), and borneol
(9.50%-22.62%) as the main compounds (Acikgoz 2019, 2020).

Research has shown that stimulation with SA and CTS enhances
the composition and production of EOs in medicinal and aro-
matic plants (Silva-Santos et al. 2023). SA initiates the synthesis
of SMs such as essential oils, proteins, and phenolic compounds,
with responses varying based on the plant species, dose, and en-
vironmental conditions (Miladinova-Georgieva et al. 2022; Ay
et al. 2023b; Jeyasri et al. 2023; Kirgeg et al. 2023). Chitosan, a
biotic elicitor, has been shown to alter the composition of EOs
in Lippia alba and promote the synthesis of specific compounds
(de Souza Silva et al. 2022). Elicitors, both biotic and abiotic,
trigger physiological and morphological responses in plants.
For example, chitosan application significantly increased vesti-
tol content in the leaves of Lotus japonicus (Trush et al. 2023).
The synergistic effect of SA and chitosan on SM production has
been observed, with greater increases in stevioside and rebaudi-
oside A levels in Stevia rebaudiana compared to control (Nawaz
et al. 2023).

Plants have receptors that recognize external signals and ac-
tivate defense systems to synthesize bioactive compounds
through secondary metabolism. However, MAP species often
do not accumulate sufficient amounts of bioactive molecules,
necessitating stimulation to enhance secondary metabolism
and increase SM content. Studies have shown that chitosan
increases the proportions of menthol and menthone (Ahmad
et al. 2019), as well as citronellal and geranial compounds in EOs
(Ahmed et al. 2020). SA application has been found to increase
the concentrations of main monoterpenes in peppermint EO
(Cappellari et al. 2019). Chitosan, a natural biopolymer, stim-
ulates the biosynthesis of SA and methyl jasmonate, enhanc-
ing plant physiological responses through stress transduction
signaling pathways (Ac¢ikgoz 2019, 2020). The foliar practice of
SA importantly enhanced the content of oxygenated sesquiter-
penes and sesquiterpene hydrocarbons, although it did not af-
fect the proportions of some compounds in the EO (Medeiros
et al. 2024).

3.2 | AntiMicrobial Screening

The antimicrobial activity of A. gypsicola EOs was evaluated,
including three Gram-negative bacteria, four Gram-positive
bacteria, one yeast, and two fungi (Table 3). Significant inhib-
itory effects were observed in E. coli (21.2mm), P. aeruginosa
(23.4mm), and S. aureus (28.3mm) with the CTS 8gL~! treat-
ment. The highest antimicrobial activity was recorded in B. subti-
lis (28.8 mm) with CTS 8 gL, followed by CTS 4gL ' (28.1 mm)
and CTS 2gL~! (25.8mm). For S. faecalis, L. monocytogenes,
and S. cerevisiae, the CTS 8gL™! treatment yielded the highest
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activity (24.6, 29.2, and 19.5mm, respectively), with CTS 4gL~!
also showing significant results (21.8, 26.8, and 18.1 mm, re-
spectively). The highest activity against C. albicans and A. niger
was observed with SA 2mM (19.8 and 19.2mm, respectively).
These outcomes were notably higher compared to water + etha-
nol. The CTS 8gL~! treatment demonstrated a larger inhibition
zone (21.2mm) against E. coli compared to ampicillin. Similarly,
CTS 8gL~! treatments showed superior results against P. aeru-
ginosa and S. aureus (23.4 and 28.3 mm, respectively) compared
to gentamicin (23 and 28 mm, respectively). The minimum in-
hibitory concentrations (MIC) of A. gypsicola EOs ranged from
4.5 to 72ugmL~! for Gram-positive bacteria, 4.5-144pgmL™!
for Gram-negative bacteria, and 18-144ugmL~' for fungi. The
most effective MIC values were observed in CTS 2 and 4gL~!
treatments for P. vulgaris (4.5ugmL™), S. aureus (4.5ugmL™),
and B. subtilis (4.5ugmL™). Other treatments did not perform
as well compared to the positive control. Numerous studies have
highlighted the antimicrobial properties of Achillea species.

The common point of these studies is not cultural practices, but
the antimicrobial activity tests of raw materials obtained from na-
ture, either extracts or essential oils. We know from the studies
that cultural practices on plants improve and develop the quality
of plant extracts or EOs (Ay et al. 2023a, 2023b; Kirgec et al. 2023).
Therefore, expanding and investigating these practices may be an
important step against microorganisms that develop themselves
day by day. The focus of this study is exactly this and to improve
the content of SMs that constitute an important defense against
microorganisms with SA and CTS treatments. It is the rapid and
short-term release of reactive oxygen species (ROS), which is one
of the early defense reactions against micro or macro-organisms,
and these include a number of defense reactions. In numerous
studies conducted so far, researchers have indicated that SA and
chitosan elicitors support the accumulation of SMs synthesized in
plants (Cui et al. 2024; Novikova et al. 2024). Moreover, it is known
that chitosan can inhibit bacterial (Cheng et al. 2022) growth by
chelating metal ions, and that salicylaldehyde amino acid Schiff
bases also possess chelating sites (Odularu 2022). On the con-
trary, it has been confirmed in many studies that these com-
pounds contribute to the development of antimicrobial potential
by increasing ROS activity (A¢ikgoz et al. 2024). Lal et al. (2016)
reported that Schiff-based chitosan exhibited inhibitory effects
against certain fungal species, including A. niger, as well as gram-
positive bacteria such as B. subtilis and S. aureus. In another study,
Piegat et al. (2020) demonstrated that N-O acylated chitosan de-
rivatives possessed antibacterial activity against E. coli and S.
aureus using microdilution, disk diffusion, and agar immersion
methods. Similarly, in our findings, CTS treatments were prom-
inently featured. Attia et al. (2018) highlighted that salicylic acid
treatments are effective against S. aureus, P. aeruginosa, E. coli, K.
pneumoniae, and Candida species, while Song et al. (2022) con-
firmed the antibacterial efficacy of salicylic acid applications. The
varying antimicrobial properties of plant extracts or essential oils
against microorganisms can be attributed to the differing levels at
which these compounds are combined. This variability can lead
to compounds exhibiting stronger or weaker antimicrobial ef-
fects, influenced by their antagonistic or synergistic interactions
(Acikgoz 2020). It should also be noted that these compounds vary
based on vegetative stages (Ay et al. 2023a; Kirgec et al. 2023).
Therefore, it is crucial to enrich these compounds, which dif-
fer according to many variables, with natural and endogenous

stimulants to combat increasingly resistant microorganisms with-
out excessively polluting the soil.

3.3 | Total Flavonoid and Phenolic Contents

The total flavonoid (TF) and phenolic (TP) contents gained from
samples treated with SA and CTS at the beginning of the flow-
ering period are presented in Table 4. The total phenolic content
(TPC) values exhibited a significant enhancement referred to the
control group, hanging on the compound and dose used. The TPC
ranged from 330.4 to 468.1 mg GAE g~! DW, with the highest value
observed in the SA 2mM treatment (468.1 mg GAE g~! DW), com-
pared to the control (330.4mg GAE g~! DW). Specifically, TPC
increased by 45.4% and 30.2% in the SA 2mM and SA 8mM treat-
ments, respectively, compared to the control. Although significant
increases in TPC were also observed in the CTS treatments, the SA
treatments were more effective. Conversely, the CTS treatments re-
sulted in higher TFC values, with significant increases compared
to the control group. The TFC ranged from 98.2 to 175.5mg QE g!
DW, with the highest values recorded in the CTS 8gL~'and 4gL~!
treatments (175.5 and 159.3mg QE g~! DW, respectively). The TFC
increased by 78.7% with the CTS 8gL™! treatment compared to
the control. While SA treatments also significantly increased TFC
values compared to the control, they were slightly less effective
than the CTS treatments. Generally, the TPC and TFC of Achillea
species vary depending on the variety/species, plant parts, devel-
opmental stages, and cultural practices (Binobead and Aziz 2024;
Bouteche et al. 2024; Kbaydet et al. 2024; Raudone et al. 2024;
Siles-Sanchez et al. 2024). The highest increase in TPC was ob-
served with the 2mM SA dose. Therefore, to enhance these prop-
erties in A. gypsicola, a 2mM SA application and an 8gL~! CTS
treatment are recommended. SA can be moved from the treatment
site to other plant tissues, fulfilling its functions in externally used
SA applications (Schweiger et al. 2014; Mozafari et al. 2018). SA,
organic procured cinnamic acid, acts as an intercede in the shi-
kimic acid pathway and acts as a role in the synthesis of pheno-
lics (Hayat et al. 2007). Phenols are combined via the shikimic
acid metabolic pathway. The enhancing effect of SA on phenolic
compounds in A. gypsicola may be attributed to this typical. SA is
an organic compound that functions as a plant growth regulator
(Kaya et al. 2023).

3.4 | Antioxidant Activity

Examining the antioxidant capacity of A. gypsicola plants used
with SA and CTS is crucial for assessing the therapeutic efficacy
of these samples. The antioxidant capacity was evaluated using
DPPH and Ferrous ion chelation tests, with results expressed in
Table 4. The study found a strong correlation between the re-
sults of the two antioxidant capacity assays. Treatments with
CTS (8gL™!, 93.8%) significantly increased antioxidant activity
compared to the control group (65.9%) (Table 4). Additionally,
all treatments exhibited statistically significant radical scaveng-
ing activity. The findings indicated that SA and CTS treatments
enhanced radical scavenging capacity. Furthermore, these
treatments demonstrated higher antioxidant capacity than pos-
itive controls like Trolox and BHT. Samples treated with CTS
(8gL") showed the highest iron ion chelation power (85.7%),
followed by CTS (4gL1) with 79.5% chelation ability. Overall,
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TABLE 4 | Effects of salicylic acid (SA) and chitosan (CTS) applied to A. gypsicola as a foliar spray at different doses at the full flowering stage on
total phenolic (mg GAEg™' DW), flavonoids (mg QE g~! DW), antioxidant activity (% inhibition), borneol, camphor, and 1,8-cineole (ugmL™") (mean

of 2years).
Total phenolic Total flavonoid DPPH radical Ferrous ions
content (mg content (ng scavenging chelating
Treatments GAEg~ ' DW) QEg ! DW) assay (%)* assay (%)*
Control (water 330.4+1.8f 98.20+0.88 65.9+0.9f 57.1+2.2f
+ ethanol)
SA 0.5mM 388.5+2.3¢ 112.0%0.3 69.4+1.24 66.9+1.44
SA 2mM 468.1+1.5% 110.5+0.8° 70.1+0.7¢ 67.2+2.54
SA 8 mM 430.1+1.4° 126.5+0.84 67.7+0.8¢ 64.9+1.6°
CTS2gL™! 390.5+3.7° 137.5+0.4¢ 76.6+0.3¢ 70.5+£1.0¢
CTS4gL™! 357.2+2.6° 159.3+0.9° 89.5+1.0° 79.5+1.9°
CTS8gL™! 376.5+3.74 175.5+£0.5% 93.8+£0.6% 85.7+3.22
EDTA — — nt 97.6+1.3
Positive BHT — — 83.3+0.8 96.3£1.2
control
Trolox — — 85.6+0.9 97.8+0.6
Treatments Borneol (ugmL™1) Camphor (ugmL™1) 1,8-Cineole
(ugmL™)
Control (water 37.20+1.10¢ 63.40+0.8f 78.10+1.1F
+ ethanol)
SA 0.5mM 49.13+£0.32°¢ 148.30+0.34 85.70+1.8¢
SA 2mM 60.19+0.65% 186.52+0.8° 114.5+1.4¢
SA 8mM 38.10+1.40¢ 114.28 +1.48 128.3+£1.4°
CTS2gL™! 43.35+0.344 137.34£0.4¢ 122.3+0.8¢
CTS4gL™! 55.80+0.21° 165.10+0.9¢ 175.8+2.92
CTS8gL™! 48.60+0.07° 198.60+£0.5% 128.7+1.7°

At 200ugmL~! concentration.

"DPPH, 2,2-diphenyl-1-picrylhydrazyl.

‘nt, not tested.

dSA, Salicylic acid.

¢CTS, Chitosan.

The results are expressed as means + SD (n=3).

gMeans with similar letter in % 5 level of LSD test are not significant.

the chelation ability ranked as Trolox > EDTA > BHT > CTS
(8gL™") (Table 4). The relationship between SA and CTS treat-
ments and SMs, as well as their effects on antioxidant activity,
has been highlighted in numerous previous studies (Ahmed
et al. 2024; Angouti et al. 2024). Stasinska-Jakubas et al. (2024)
reported that SA applications increased ROS activity, thereby
enhancing antioxidant capacity in their study on Hypericum
perforatum. Similarly, Rithichai et al. (2024) found that a 1 mM
SA treatment resulted in the highest antioxidant capacity in
Ocimum sanctum, while 2- and 2.5-mM SA treatments led to
a decrease in antioxidant capacity. This study demonstrates
that SA and CTS stimulants can enhance antioxidant capacity.
Additionally, several studies have emphasized that the use of
SA and CTS treatments, either individually or in combination,
supports the accumulation of SMs that are effective in improv-
ing antioxidant capacity (Das et al. 2024; Tabassum et al. 2024;

Wang et al. 2024; Yin et al. 2024). The results of this study are
consistent with current literature. The findings from this study
highlight the significant effects of SA and CTS treatments on
A. gypsicola and suggest that these stimulants can potentially
increase antioxidant activity.

3.5 | Terpenoid Profile and Determinations

of Correlations Between the Obtained Results Using
Pearson’s Correlation and Principal Component
Analysis (PCA)

The quantification of borneol, camphor, and 1,8-cineole was
conducted using LC-MS/MS analysis, and the results were
stated as ug mL~1. The effects of SA and CTS applications used
on A. gypsicola for the collection of terpenoids are exhibited in
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Table 4. Hence, the highest contents of borneol, camphor, and
1,8-cineole were obtained from SA 2mM, CTS 8gL"!, and CTS
8gL~! treatments, with an increase in 0.62-fold (from 37.20 to
60.19 ugmL™), 2.13-fold (from 63.4 to 198.6 ug/mL), and 1.25-
fold (from 78.1 to 175.8 ug/mL), respectively (Table 4). The level
of borneol increased in SA 0.5- and 2-mM treatments compared
to the control group, and this increase stopped with SA 8 mM
treatment and was in the same statistical group as the control
group. According to these results, the 8mM treatment can be
seen as the limit value. Contrary to this situation, no limit dose
was reached in camphor and 1,8-cineole, and the increase in
the amount of both compounds continued at different doses.
While CTS was the prominent treatment in the amount of
camphor and 1,8-cineole among all treatments, SA treatment
was the dominant treatment in the borneol compound. In pre-
vious studies conducted on borneol, camphor, and 1,8-cineole
terpenoids, researchers generally focused on their percentage
ratios in essential oils (El-Esawi et al. 2017; Gorni et al. 2020).
Es-sbihi et al. (2020) stated in their study on Salvia officinalis
that SA treatment increased the camphor and 1,8-cineole ratio
in the essential oil. In another study, Abbaszadeh et al. (2020)
reported that SA treatment in Rosmarinus officinalis improved
the proportions of borneol, camphor, and 1,8-cineole in essential
oils. Similarly, Khodadadi et al. (2022) reported in their study
on Salvia abrotanoides and Salvia yangii that CTS treatment in-
creased the proportions of these compounds in the essential oil
under stress conditions. Therefore, there are very few studies in-
vestigating the changes in the amount of these internal terpenes
due to SA and CTS treatments. In his study on cell suspension
cultures in A. gypsicola, Acikgoz (2017) reported that the highest
camphor production from SA and CTS stimulants was in CTS-
treated samples. The factor loadings from the PCA are exhibited
in Table 5. PCA, described 40.20% data variation and modifica-
tion of the samples by the contents of cis-4-thujanol, lavandulol,
terpinen-4-ol essential oil (+), and essential oil yield (+). PCA,
explained 26.53% of the variability in the original responses
based on 1,8-cineole essential oil (+), 1,8-cineole content (+),
TPC (+), and TFC (+). PCA, explained 15.43% of the variabil-
ity in the original responses based on borneol essential oil (+),
borneol content (+), DPPH radical scavenging (+), and Ferrous
ions chelating assay (+). PCA* accounted for only 9.30% of the
data variation, specifically related to camphor essential oil and
camphor content. The PCA analysis identified four main groups
(PCA!, PCAZ2, PCA3, and PCA*) based on factor loads (Table 5).
Pearson's correlation coefficients were counted to examine the
relationships between total phenolic content (TPC), total fla-
vonoid content (TFC), terpenoids, and the antioxidant activity
of extracts from yarrow using DPPH and Ferrous ions chelat-
ing assays. These coefficients are shown in Table 6. 1,8-Cineole
(%) showed strong positive correlations with terpinen-4-ol (%)
(0.695%*), 1,8-cineole (ugmL~1) (0.724**), camphor (ugmL™)
(0.679**), DPPH radical scavenging (0.542**), and Ferrous ions
chelating assay (0.499**), but had negative correlations with
TFC (-0.530**) and TPC (—0.573**). Camphor (%) was posi-
tively correlated with borneol (%) (0.526**), camphor (ugmL™)
(0.852**), and borneol (pgmL™) (0.569**), but negatively cor-
related with cis-4-thujanol (%) (—0.385%), 1,8-cineole (ugmL™)
(—0.455**), and TPC (—0.374%). Borneol (%) had strong positive
correlations with lavandulol (%) (0.653**) and borneol (ugmL™")
(0.856**), but negative correlations with cis-4-thujanol (%)
(—=0.552%), terpinen-4-ol (%) (—0.468**), and 1,8-cineole

TABLE 5 | Factor loadings obtained by principal components
analysis.

Component PCA, PCA, PCA; PCA,
1,8-Cineole (%) 0.233 0.769 0.011 -0.131
Camphor (%) 0.042 0.100 0.220 0.615
Borneol (%) 0.065 0.116 0.759  —0.225
Cis-4-thujanol (%) 0.961 0.130 -0.132 0.093
Lavandulol (%) 0.964 0.030 —-0.021 -0.082
Terpinen-4-ol (%) 0.782 0.171 0.258  —0.355
1,8-Cineole(ugmL~)  0.000  0.875 —0.248 0.235
Camphor (ugmL™) 0.103  0.428 —0.032 0.845
Borneol (ugmL™1) 0.175 0.314 0.788 0.221
Essential oil yield 0.676 0.126 0.069 0.107
DPPH radical —0.183 -0.100 0.924 -0.176
scavenging assay

Ferrous ions chelating  0.058 0.012 0.748 0.042
assay

Total phenolic content —0.203  0.702 —-0.219 -0.354
Total flavonoid -0.224 0.768 —0.241 0.347
content

Eigenvalue 4.62 2.58 1.41 1.36
Explained variance 40.20  26.53 15.45 9.30
(%)

Total variance (%) 40.20 66.73 81.18 90.48

Abbreviation: DPPH, 2,2-diphenyl-1-picrylhydrazyl.

(ugmL) (—0.642**). Cis-4-thujanol (%) was positively cor-
related with 1,8-cineole (ugmL) (0.680**), DPPH radical scav-
enging (0.556**), and Ferrous ions chelating assay (0.620**),
but negatively correlated with lavandulol (%) (—0.651*%),
borneol (ugmL™) (—=0.610**), and essential oil yield (—0.435%).
Lavandulol (%) showed positive correlations with 1,8-cineole
(ugmL~) (0.642%*), camphor (ugmL™") (0.852**), and borneol
(ugmL~1) (0.569*%), but negative correlations with terpinen-4-ol
(%) (—0.608**), Ferrous ions chelating assay (—0.422*), and TPC
(=0.520**). Terpinen-4-ol (%) was positively correlated with
camphor (ugmL™) (0.656**) and Ferrous ions chelating assay
(0.492*%). 1,8-Cineole (ug mL~") had strong positive correlations
with camphor (ugmL™) (0.727**), borneol (ugmL™) (0.745%%),
and essential oil yield (0.620**), but negative correlations with
TFC (-0.395**) and TPC (—0.356%). Camphor (ugmL~') was
negatively correlated with TPC (—0.622**). Essential oil yield
was positively correlated with TFC (0.554**). Additionally, the
DPPH radical scavenging assay was strongly positively cor-
related with the Ferrous ions chelating assay (0.993**) and TFC
(0.518**). TFC was positively correlated with TPC (0.678**).

Principal component analysis and correlation coefficients indi-
cated that TFC, and to a lesser extent TPC, were primarily de-
pendable for the antioxidant capacity observed in A. gypsicola
samples. The data revealed that the proportions of compounds
such as borneol, camphor, and 1,8-cineole in the essential oil
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significantly influenced DPPH activity and Ferrous ions che-
lating tests. Previous research has shown notable correlations
between antioxidant activity and certain terpenoids (Tohidi-
Nejad et al. 2024). For instance, Wang et al. (2017) found that
borneol enhances antioxidant capacity and has potential appli-
cations in food. Similarly, Li et al. (2024) identified a positive
correlation between borneol and antioxidant activity. Like our
results, Kanyal et al. (2024) reported in their study that mono-
terpenes such as borneol, camphor, and 1,8-cineole may be re-
sponsible for antioxidant activity. Additionally, these studies
noted that borneol is synthesized from geranyl diphosphate, a
precursor of monoterpenes, with camphor also participating in
the same biosynthetic pathway (Ma et al. 2022). Consequently,
the findings regarding borneol and camphor in our study cor-
roborate this relationship. Hu et al. (2024) reported that borneol
has anti-inflammatory effects, analgesia, and the ability to over-
come biological barriers, in addition to its antioxidant capacity.
Researchers reported strong positive correlations between an-
tioxidant activity and TPC and TFC in their studies (Farajpour
et al. 2024; Ghasemi et al. 2024; Taibi et al. 2024). Studies have
shown that exogenously administered salicylic acid plays an
important role in regulating gene expression linked to plant
growth, defense responses, and biosynthesis of some classes of
secondary metabolites. The mitigating effect of SA on plants
under drought stress was found to be associated with the im-
provement of physiological processes by increasing the content
of photosynthetic pigments and water retention in plant tissues.
Chitosan is a cationic polysaccharide recognized as a potent
stimulator of secondary metabolite accumulation in plants. The
beneficial effects of chitosan have been identified in increasing
plant tolerance to biotic and abiotic stresses and in promoting
secondary metabolite production. Cyclic monoterpenes such as
borneol, camphor, and 1,8-cineole are abundant in nature and
highly valued for their biological activities, including antioxi-
dant and antimicrobial effects. These terpenes are among the
most prevalent in nature and are commonly used as food addi-
tives. Recently, they have been increasingly recognized for their
biological effects, including antimicrobial, anti-inflammatory,
anti-proliferative, and antioxidant activities. Nature-based com-
pounds offer numerous advantages, as their combined antibac-
terial and antioxidant properties can address various issues,
such as antibiotic resistance and the negative impacts of oxida-
tive stress (Akacha et al. 2022; Ben Akacha et al. 2023a, 2023b,
2023c; Ben Hsouna et al. 2023).

4 | Conclusion

This work is the first to investigate the effect of SA and CTS
practices on the TP and TF contents, antioxidant activity, es-
sential oil composition, and monoterpenes in A. gypsicola. The
findings provide valuable insights into how A. gypsicola re-
sponds to various SA and CTS treatments, particularly when
applied during the early flowering period. This research high-
lights the potential for enhancing the phytochemical quality of
A. gypsicola. Additionally, it advances our understanding of the
dynamic antioxidant capacity and SMs of this plant. The results
suggest that manipulating A. gypsicola with SA and CTS can ef-
fectively boost SMs accumulation. Foliar applications of SA and
CTS are shown to be simple and cost-effective methods for in-
creasing the accumulation of specific terpenoids in A. gypsicola.

This approach enhances the quality of yields and shows a giving
method for growing MAPs with improved wellness and phar-
maceutic profits. Notably, camphor and 1,8-cineole synthesis
increased by 213.2% (8gL~! CTS) and 125.1% (4gL~! CTS), re-
spectively. The highest levels of TFC and TPC were observed
with CTS 8gL~!and SA 2mM treatments, reaching 175.5mg QE
g7 DW and 468.1mg GAE g~! DW, respectively. The greatest
amounts of borneol, camphor, and 1,8-cineole were achieved
with SA 2mM and CTS 8gL~! treatments, showing increases
of 0.62-fold (from 37.20 to 60.19ugmL™), 2.13-fold (from 63.4
to 198.6 ugmL ™), and 1.25-fold (from 78.1 to 175.8 ugmL™1), re-
spectively. Significant improvements were also noted in other
essential components. Our results showed that the exogenous
application of SA and CTS not only increased the secondary
metabolite unit but also contributed to the improvement of an-
tioxidant capacity in A. gypsicola. SA and CTS treatment also
increased the accumulation of some compounds with proven
pharmacological properties in A. gypsicola. It is thought that SA
and CTS applications may contribute significantly to the accu-
mulation of some secondary compounds in plants when applied
at full flowering.

Author Contributions

Muhammed AKif Acikgoz: conceptualization (equal), visualization
(equal), writing — original draft (equal), writing — review and edit-
ing (equal). Ebru Bat1 Ay: funding acquisition (equal), investigation
(equal). Beril Kocaman: data curation.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data will be made available on request.

References

Abbaszadeh, B., M. Layeghhaghighi, R. Azimi, and N. Hadi. 2020.
“Improving Water Use Efficiency Through Drought Stress and Using
Salicylic Acid for Proper Production of Rosmarinus officinalis L.”
Industrial Crops and Products 144: 111893. https://doi.org/10.1016/j.
indcrop.2019.111893.

Acikgdz, M. A. 2017. “Achillea gypsicola Tiirlinde Kallus Kiiltiirii
ile Sekonder Metabolit Uretim Potansiyelinin Belirlenmesi.” Ordu
University, Doctoral Dissertation, PhD Thesis (Printed), Ordu.

Acikgoz, M. A. 2019. “Evaluation of Phytochemical Compositions and
Biological Properties of Achillea gypsicola at Different Phenological
Stages.” Chemistry & Biodiversity 16, no. 12: €1900373. https://doi.org/
10.1002/cbdv.201900373.

Acikgoz, M. A. 2020. “Determination of Essential Oil Compositions and
Antimicrobial Activity of Achillea gypsicola Hub. Mor. at Different Plant
Parts and Phenological Stages.” Journal of Essential Oil Research 32, no.
4:331-347. https://doi.org/10.1080/10412905.2020.1750496.

Acikgoz, M. A., E. B. Ay, A. Aygiin, and S. M. Kara. 2022. “Light-
Mediated Biosynthesis of Phenylpropanoid Metabolites in Cell
Suspension Cultures of Turkish Yarrow (Achillea gypsicola Hub. Mor.).”
Kahramanmaras Siit¢ii Imam Universitesi Tarim Ve Doga Dergisi 25, no.
6:1234-1242. https://doi.org/10.18016/ksutarimdoga.vi.926160.

Acikgdz, M. A., A. Aygiin, E. B. Ay, and S. M. Kara. 2023. “Callus
Formation and Camphor Aggregation in Response to Sorbitol

13 of 17


https://doi.org/10.1016/j.indcrop.2019.111893
https://doi.org/10.1016/j.indcrop.2019.111893
https://doi.org/10.1002/cbdv.201900373
https://doi.org/10.1002/cbdv.201900373
https://doi.org/10.1080/10412905.2020.1750496
https://doi.org/10.18016/ksutarimdoga.vi.926160

Stimulated Osmotic Stress in Yarrow.” Turkish Journal of Agriculture-
Food Science and Technology 11, no. 10: 1882-1888. https://doi.org/10.
24925/turjaf.v11i10.1882-1888.6328.

Acikgoz, M. A., N. B. Tiiliice, B. Kocaman, E. B. Ay, T. Yildirim, and G.
Y. Ciftci. 2024. “Cyclotriphosphazenes: Pre-Harvest Foliar Applications
Improve Antioxidant Activity by Increasing Phenolic Compounds in
Lavandula angustifolia Mill.” Food Bioscience 61: 104826. https://doi.
0rg/10.1016/j.fbio.2024.104826.

Adams, R. P. 2017. Identification of Essential Oil Components by Gas
Chromatography/Mass Spectrometry. 5th ed. Allured Publ. Corp.

Ahmad, B., H. Jaleel, A. Shabbir, M. M. A. Khan, and Y. Sadiq. 2019.
“Concomitant Application of Depolymerized Chitosan and GA3
Modulates Photosynthesis, Essential Oil and Menthol Production in
Peppermint (Mentha piperita L.).” Scientia Horticulturae 246: 371-379.
https://doi.org/10.1016/j.scienta.2018.10.031.

Ahmed, K. B. M., M. M. A. Khan, A. Jahan, H. Siddiqui, and M. Uddin.
2020. “Gamma Rays Induced Acquisition of Structural Modification in
Chitosan Boosts Photosynthetic Machinery, Enzymatic Activities and
Essential Oil Production in Citronella Grass (Cymbopogon winterianus
Jowitt).” International Journal of Biological Macromolecules 145: 372-
389. https://doi.org/10.1016/j.ijbiomac.2019.12.130.

Ahmed, S., S. F. Ahmed, A. Biswas, A. Sultana, and M. Issak. 2024.
“Salicylic Acid and Chitosan Mitigate High Temperature Stress of
Rice via Growth Improvement, Physio-Biochemical Adjustments and
Enhanced Antioxidant Activity.” Plant Stress 11: 100343. https://doi.
org/10.1016/j.stress.2023.100343.

Akacha, B. B, B. Najar, F. Venturi, et al. 2022. “A New Approach in Meat
Bio-Preservation Through the Incorporation of a Heteropolysaccharide
Isolated From Lobularia maritima L.” Food 11, no. 23: 3935. https://doi.
org/10.3390/foods11233935.

Alsohaili, S. 2018. “Seasonal Variation in the Chemical Composition
and Antimicrobial Activity of Essential Oil Extracted From Achillea
Fragrantissima Grown in Northern-Eastern Jordanian Desert.” Journal
of Essential Oil Bearing Plants 21, no. 1: 139-145. https://doi.org/10.
1080/0972060X.2018.1446848.

Amssayef, A., H. Bouchaane, B. Soulaimani, et al. 2024. “Anti-
Hyperlipidemic Effect and Phytochemical Analysis of Essential Oil
From Achillea ageratum L.” Journal of Essential Oil Bearing Plants 27:
1-9. https://doi.org/10.1080/0972060X.2024.2367049.

Angouti, F., H. Nourafcan, S. Saeedi Sar, A. Assadi, and R. Ebrahimi.
2024. “Optimizing Antidiabetic Properties of Galega officinalis Extract:
Investigating the Effects of Foliar Application of Chitosan and Salicylic
Acid.” Food Science & Nutrition 12: 5844-5857. https://doi.org/10.1002/
fsn3.4204.

Attia, E. Z., R. M. Abd El-Baky, S. Y. Desoukey, M. A. E. H. Mohamed,
M. M. Bishr, and M. S. Kamel. 2018. “Chemical Composition and
Antimicrobial Activities of Essential Oils of Ruta graveolens Plants
Treated With Salicylic Acid Under Drought Stress Conditions.” Future
Journal of Pharmaceutical Sciences 4, no. 2: 254-264. https://doi.org/10.
1016/j.fjps.2018.09.001.

Ay, E. B., M. A. Acikgoz, B. Kocaman, and S. K. Giiler. 2023b. “Effect
of Jasmonic and Salicylic Acids Foliar Spray on the Galanthamine and
Lycorine Content and Biological Characteristics in Galanthus elwesii
Hook.” Phytochemistry Letters 57: 140-150. https://doi.org/10.1016/j.
phytol.2023.08.010.

Ay, E. B., M. A. Acikgdz, B. Kocaman, S. Mesci, B. Kocaman, and T.
Yildirim. 2023a. “Zinc and Phosphorus Fertilization in Galanthus el-
wesii Hook: Changes in the Total Alkaloid, Flavonoid, and Phenolic
Content, and Evaluation of Anti-Cancer, Anti-Microbial, and
Antioxidant Activities.” Scientia Horticulturae 317: 112034. https://doi.
org/10.1016/j.scienta.2023.112034.

Ben Akacha, B., A. Ben Hsouna, I. Generali¢ Mekini¢, et al. 2023a.
“Salvia officinalis L. and Salvia sclarea Essential Oils: Chemical

Composition, Biological Activities and Preservative Effects Against
Listeria monocytogenes Inoculated Into Minced Beef Meat.” Plants 12,
no. 19: 3385.

Ben Akacha, B., S. Garzoli, R. Ben Saad, et al. 2023b. “Biopreservative
Effect of the Tunisian Halophyte Lobularia maritima Flavonoid
Fraction, Used Alone and in Combination With Linalool in Stored
Minced Beef Meat.” Metabolites 13, no. 3: 371. https://doi.org/10.3390/
metabol13030371.

Ben Akacha, B., M. Michalak, B. Najar, et al. 2023c. “Recent Advances
in the Incorporation of Polysaccharides With Antioxidant and
Antibacterial Functions to Preserve the Quality and Shelf Life of Meat
Products.” Food 12, no. 8: 1647. https://doi.org/10.3390/foods12081647.

Ben Hsouna, A., C. Sadaka, I. Generali¢ Mekini¢, et al. 2023. “The
Chemical Variability, Nutraceutical Value, and Food-Industry and
Cosmetic Applications of Citrus Plants: A Critical Review.” Antioxidants
12, no. 2: 481. https://doi.org/10.3390/antiox12020481.

Betlej, I., B. Andres, T. Cebulak, et al. 2023. “Antimicrobial Properties
and Assessment of the Content of Bioactive Compounds Lavandula
angustifolia Mill. Cultivated in Southern Poland.” Molecules 28, no. 17:
6416. https://doi.org/10.3390/molecules28176416.

Binobead, M. A., and I. M. Aziz. 2024. “Chemical Composition and
Biological Properties of Achillea cucullata Extracts From Leaves and
Flowers.” Separations 11, no. 8: 236. https://doi.org/10.3390/separation
$11080236.

Bouteche, A., A. Touil, S. Akkal, C. Bensouici, and G. Nieto. 2024.
“Phenolic Constituents, Photoprotective Effect, and Antioxidant
Capacities of Achillea ligustica All.” Molecules 29, no. 17: 4112. https://
doi.org/10.3390/molecules29174112.

Brand-Williams, W., M. E. Cuvelier, and C. L. W. T. Berset. 1995. “Use
of a Free Radical Method to Evaluate Antioxidant Activity.” LWT- Food
Science and Technology 28, no. 1: 25-30. https://doi.org/10.1016/S0023
-6438(95)80008-5.

Cappellari, L. D. R., M. V. Santoro, A. Schmidt, J. Gershenzon, and E.
Banchio. 2019. “Improving Phenolic Total Content and Monoterpene
in Mentha X Piperita by Using Salicylic Acid or Methyl Jasmonate
Combined With Rhizobacteria Inoculation.” International Journal of
Molecular Sciences 21, no. 1: 50. https://doi.org/10.3390/ijms21010050.

Cheng, C. H.,, Y. Y. Tu, and J. C. Lin. 2022. “Studies of Mercaptosuccinic
Acid-Crosslinked Chitosan Hydrogel With Grafted Cinnamaldehyde
and Silver Nanoparticles for Antibacterial Biomedical Application.”
International Journal of Molecular Sciences 23, no. 23: 14806. https://
doi.org/10.3390/ijms232314806.

Cui, J., Y. Wang, X. Liang, et al. 2024. “Synthesis, Antimicrobial
Activity, Antioxidant Activity and Molecular Docking of Novel
Chitosan Derivatives Containing Glycine Schiff Bases as Potential
Succinate Dehydrogenase Inhibitors.” International Journal of
Biological Macromolecules 267: 131407. https://doi.org/10.1016/].ijbio
mac.2024.131407.

Das, A. K., P. K. Ghosh, S. A. I. Nihad, et al. 2024. “Salicylic Acid
Priming Improves Cotton Seedling Heat Tolerance Through
Photosynthetic Pigment Preservation, Enhanced Antioxidant Activity,
and Osmoprotectant Levels.” Plants 13, no. 12: 1639. https://doi.org/10.
3390/plants13121639.

de Souza Silva, P. T., L. M. de Souza, M. B. de Morais, M. M. Moraes, C.
A. G.da Camara, and C. Ulisses. 2022. “Effect of Biotic Elicitors on the
Physiology, Redox System, and Secondary Metabolite Composition of
Lippia alba Cultivated In Vitro.” South African Journal of Botany 147:
415-424. https://doi.org/10.1016/j.sajb.2022.01.042.

Decker, E. A., and B. Welch. 1990. “Role of Ferritin as a Lipid Oxidation
Catalyst in Muscle Food.” Journal of Agricultural and Food Chemistry
38, no. 3: 674-677. https://doi.org/10.1021/jf00093a019.

Dhiman, A., D. Bhardwaj, K. Goswami, and G. Agrawal. 2023.
“Biodegradable Redox Sensitive Chitosan Based Microgels for Potential

14 of 17

Food Science & Nutrition, 2025


https://doi.org/10.24925/turjaf.v11i10.1882-1888.6328
https://doi.org/10.24925/turjaf.v11i10.1882-1888.6328
https://doi.org/10.1016/j.fbio.2024.104826
https://doi.org/10.1016/j.fbio.2024.104826
https://doi.org/10.1016/j.scienta.2018.10.031
https://doi.org/10.1016/j.ijbiomac.2019.12.130
https://doi.org/10.1016/j.stress.2023.100343
https://doi.org/10.1016/j.stress.2023.100343
https://doi.org/10.3390/foods11233935
https://doi.org/10.3390/foods11233935
https://doi.org/10.1080/0972060X.2018.1446848
https://doi.org/10.1080/0972060X.2018.1446848
https://doi.org/10.1080/0972060X.2024.2367049
https://doi.org/10.1002/fsn3.4204
https://doi.org/10.1002/fsn3.4204
https://doi.org/10.1016/j.fjps.2018.09.001
https://doi.org/10.1016/j.fjps.2018.09.001
https://doi.org/10.1016/j.phytol.2023.08.010
https://doi.org/10.1016/j.phytol.2023.08.010
https://doi.org/10.1016/j.scienta.2023.112034
https://doi.org/10.1016/j.scienta.2023.112034
https://doi.org/10.3390/metabo13030371
https://doi.org/10.3390/metabo13030371
https://doi.org/10.3390/foods12081647
https://doi.org/10.3390/antiox12020481
https://doi.org/10.3390/molecules28176416
https://doi.org/10.3390/separations11080236
https://doi.org/10.3390/separations11080236
https://doi.org/10.3390/molecules29174112
https://doi.org/10.3390/molecules29174112
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.3390/ijms21010050
https://doi.org/10.3390/ijms232314806
https://doi.org/10.3390/ijms232314806
https://doi.org/10.1016/j.ijbiomac.2024.131407
https://doi.org/10.1016/j.ijbiomac.2024.131407
https://doi.org/10.3390/plants13121639
https://doi.org/10.3390/plants13121639
https://doi.org/10.1016/j.sajb.2022.01.042
https://doi.org/10.1021/jf00093a019

Agriculture Application.” Carbohydrate Polymers 313: 120893. https://
doi.org/10.1016/j.carbpol.2023.120893.

Dilek, A., E. Bat1 Ay, M. A. Acgikgoz, and B. Kocaman. 2022. “The
Effect of Sorbitol Applications on Total Phenolic, Flavonoid Amount,
and Antioxidant Activity in Safflower (Carthamus tinctorius L.).”
International Journal of Agriculture Environment and Food Sciences 6,
no. 4: 614-621. https://doi.org/10.31015/jaefs.2022.4.15.

El-Esawi, M. A., H. O. Elansary, N. A. El-Shanhorey, A. M. Abdel-
Hamid, H. M. Ali, and M. S. Elshikh. 2017. “Salicylic Acid-Regulated
Antioxidant Mechanisms and Gene Expression Enhance Rosemary
Performance Under Saline Conditions.” Frontiers in Physiology 8: 716.
https://doi.org/10.3389/fphys.2017.00716.

El-Ziat, R. A. M., H. S. Saudy, and M. Hewidy. 2024. “The Alteration
in Physiological Status, Growth and Essential Oil Profile of French
Marigold (Tagetes patula L.) Owing to Seaweed Extract and Salicylic
Acid Application.” Journal of Soil Science and Plant Nutrition 24: 1-14.
https://doi.org/10.1007/s42729-024-01811-z.

Es-sbihi, F. Z., Z. Hazzoumi, R. Benhima, and K. Amrani Joutei. 2020.
“Effects of Salicylic Acid on Growth, Mineral Nutrition, Glandular
Hairs Distribution and Essential Oil Composition in Salvia officinalis L.
Grown Under Copper Stress.” Environmental Sustainability 3: 199-208.
https://doi.org/10.1007/542398-020-00109-x.

Farajpour, M., M. Ebrahimi, M. Sadat-Hosseini, D. F. Al-Fekaiki, and
A. Baghizadeh. 2024. “Multivariate Analysis of the Phytochemical
Composition and Antioxidant Properties in Twenty-Five Accessions
Across Three Achillea Species.” Scientific Reports 14, no. 1: 11843.
https://doi.org/10.1038/s41598-024-62834-1.

Gabbanini, S., J. N. Neba, R. Matera, and L. Valgimigli. 2024.
“Photochemical and Oxidative Degradation of Chamazulene Contained
in Artemisia, Matricaria and Achillea Essential Oils and Setup of
Protection Strategies.” Molecules 29, no. 11: 2604. https://doi.org/10.
3390/molecules29112604.

Gharsallah, K., L. Rezig, M. S. R. Rajoka, H. M. Mehwish, M. A. Ali,
and S. C. Chew. 2023. “Moringa oleifera: Processing, Phytochemical
Composition, and Industrial Application.” South African Journal of
Botany 160: 180-193. https://doi.org/10.1016/j.sajb.2023.07.008.

Ghasemi, G., M. Fattahi, and A. Alirezalu. 2024. “Screening Genotypes
and Optimizing Ultrasonic Extraction of Phenolic Antioxidants From
Rheum Ribes Using Response Surface Methodology.” Scientific Reports
14, no. 1: 21544. https://doi.org/10.1038/s41598-024-72214-4.

Ghasemi Pirbalouti, A. 2017. “Chemical Composition of the Essential
Oils From the Leaves and Flowers of Two Achillea Species From Iran.”
Journal of Essential Oil Bearing Plants 20, no. 1: 205-214.

Gholamipourfard, K., M. Salehi, and E. Banchio. 2021. “Mentha
Piperita Phytochemicals in Agriculture, Food Industry and Medicine:
Features and Applications.” South African Journal of Botany 141: 183—
195. https://doi.org/10.1016/j.sajb.2021.05.014.

Gorni, P. H., A. C. Pacheco, A. L. Moro, et al. 2020. “Salicylic Acid
Foliar Application Increases Biomass, Nutrient Assimilation, Primary
Metabolites and Essential Oil Content in Achillea millefolium L.”
Scientia Horticulturae 270: 109436. https://doi.org/10.1016/j.scienta.
2020.109436.

Hayat, S., B. Ali, and A. Ahmad. 2007. “Salicylic Acid: Biosynthesis,
Metabolism and Physiological Role in Plants.” In Salicylic Acid: A Plant
Hormone, 1-14. https://doi.org/10.1007/1-4020-5184-0_1.

Hu, X., Y. Yan, W. Liu, et al. 2024. “Advances and Perspectives on
Pharmacological Activities and Mechanisms of the Monoterpene
Borneol.” Phytomedicine 132: 155848.

Huang, X., N. Xu, Z. Liu, H. Li, H. Lu, and J. Li. 2024. “Chemical
Composition of Achillea millefolium L. and Their Anti-Inflammatory
Activity.” Chemistry & Biodiversity 21: €202400946. https://doi.org/10.
1002/cbdv.202400946.

Ilardi, V., G. D'Agostino, and M. Bruno. 2024. “The Chemical
Composition of the Aerial Parts Essential Oil of Achillea cretica
L. (Asteraceae) Growing Wild in Crete (Greece).” Natural Product
Research 38, no. 8: 1451-1456. https://doi.org/10.1080/14786419.2022.
2148247.

Jeyasri, R., P. Muthuramalingam, K. Karthick, H. Shin, S. H. Choi, and
M. Ramesh. 2023. “Methyl Jasmonate and Salicylic Acid as Powerful
Elicitors for Enhancing the Production of Secondary Metabolites in
Medicinal Plants: An Updated Review.” Plant Cell, Tissue and Organ
Culture 153: 447-458. https://doi.org/10.1007/s11240-023-02485-8.

Kanyal, B., C. Pande, R. C. Padalia, et al. 2024. “Aroma Profile,
Antioxidant and Anti-Inflammatory Properties of Cinnamomum cam-
phora L. Essential Oil as Affected by Various Drying Techniques.”
Journal of Essential Oil Research 36, no. 2: 116-128. https://doi.org/10.
1080/10412905.2024.2320353.

Kaya, C., F. Ugurlar, M. Ashraf, and P. Ahmad. 2023. “Salicylic Acid
Interacts With Other Plant Growth Regulators and Signal Molecules
in Response to Stressful Environments in Plants.” Plant Physiology
and Biochemistry 196: 431-443. https://doi.org/10.1016/j.plaphy.2023.
02.006.

Kbaydet, O., M. Abou-Ela, and K. Raafat. 2024. “Achillea Extracts
Elicit Anti-Diabetic Neuropathic Pain by Modulating Inflammatory
Cytokines.” Journal of Traditional and Complementary Medicine.
https://doi.org/10.1016/j.jtcme.2024.04.012.

Kemal, M. E., B. Bakchiche, M. Kemal, et al. 2023. “Six Algerian Plants:
Phenolic Profile, Antioxidant, Antimicrobial Activities Associated
With Different Simulated Gastrointestinal Digestion Phases and
Antiproliferative Properties.” Journal of Herbal Medicine 38: 100636.
https://doi.org/10.1016/j.hermed.2023.100636.

Khodadadi, F., F. S. Ahmadi, M. Talebi, et al. 2022. “Essential Oil
Composition, Physiological and Morphological Variation in Salvia
Abrotanoides and S. Yangii Under Drought Stress and Chitosan
Treatments.” Industrial Crops and Products 187: 115429. https://doi.org/
10.1016/j.indcrop.2022.115429.

Kirgeg, Y., E. Bati-Ay, and M. A. A¢ikgoz. 2023. “The Effects of Foliar
Salicylic Acid and Zinc Treatments on Proline, Carotenoid, and
Chlorophyll Content and Antioxidant Enzyme Activity in Galanthus
elwesii Hook.” Horticulturae 9, no. 9: 1041. https://doi.org/10.3390/horti
culturae9091041.

Lal, S., S. Arora, and C. Sharma. 2016. “Synthesis, Thermal and
Antimicrobial Studies of Some Schiff Bases of Chitosan.” Journal of
Thermal Analysis and Calorimetry 124: 909-916. https://doi.org/10.
1007/s10973-015-5227-3.

Li, C.,S.Zhang, Y.Jin, et al. 2024. “Phenyllactic Acid Regulated Salicylic
Acid Biosynthesis and Organic Acids Metabolism in Zaosu Pear Fruit
During Storage.” Scientia Horticulturae 329: 112983. https://doi.org/10.
1016/j.scienta.2024.112983.

Ma, Q., R. Ma, P. Su, et al. 2022. “Elucidation of the Essential Oil
Biosynthetic Pathways in Cinnamomum burmannii Through
Identification of Six Terpene Synthases.” Plant Science 317: 111203.

Medeiros, A. P. R., J. J. F. Leite, R. M. A. de Assis, J. P. M. Rocha, S.
K. V. Bertolucci, and J. E. B. P. Pinto. 2024. “Application of Natural
Elicitors to Promote Growth, Photosynthetic Pigments, and the Content
and Composition of Essential Oil in Melissa officinalis L.” Industrial
Crops and Products 208: 117885. https://doi.org/10.1016/j.indcrop.2023.
117885.

Miladinova-Georgieva, K., M. Geneva, I. Stancheva, M. Petrova, M.
Sichanova, and E. Kirova. 2022. “Effects of Different Elicitors on
Micropropagation, Biomass and Secondary Metabolite Production of
Stevia rebaudiana Bertoni—A Review.” Plants 12, no. 153: 153. https://
doi.org/10.3390/plants12010153.

Mirahmadi, S. F., and R. Norouzi. 2017. “Chemical Composition,
Phenolic Content, Free Radical Scavenging and Antifungal Activities

150f 17


https://doi.org/10.1016/j.carbpol.2023.120893
https://doi.org/10.1016/j.carbpol.2023.120893
https://doi.org/10.31015/jaefs.2022.4.15
https://doi.org/10.3389/fphys.2017.00716
https://doi.org/10.1007/s42729-024-01811-z
https://doi.org/10.1007/s42398-020-00109-x
https://doi.org/10.1038/s41598-024-62834-1
https://doi.org/10.3390/molecules29112604
https://doi.org/10.3390/molecules29112604
https://doi.org/10.1016/j.sajb.2023.07.008
https://doi.org/10.1038/s41598-024-72214-4
https://doi.org/10.1016/j.sajb.2021.05.014
https://doi.org/10.1016/j.scienta.2020.109436
https://doi.org/10.1016/j.scienta.2020.109436
https://doi.org/10.1007/1-4020-5184-0_1
https://doi.org/10.1002/cbdv.202400946
https://doi.org/10.1002/cbdv.202400946
https://doi.org/10.1080/14786419.2022.2148247
https://doi.org/10.1080/14786419.2022.2148247
https://doi.org/10.1007/s11240-023-02485-8
https://doi.org/10.1080/10412905.2024.2320353
https://doi.org/10.1080/10412905.2024.2320353
https://doi.org/10.1016/j.plaphy.2023.02.006
https://doi.org/10.1016/j.plaphy.2023.02.006
https://doi.org/10.1016/j.jtcme.2024.04.012
https://doi.org/10.1016/j.hermed.2023.100636
https://doi.org/10.1016/j.indcrop.2022.115429
https://doi.org/10.1016/j.indcrop.2022.115429
https://doi.org/10.3390/horticulturae9091041
https://doi.org/10.3390/horticulturae9091041
https://doi.org/10.1007/s10973-015-5227-3
https://doi.org/10.1007/s10973-015-5227-3
https://doi.org/10.1016/j.scienta.2024.112983
https://doi.org/10.1016/j.scienta.2024.112983
https://doi.org/10.1016/j.indcrop.2023.117885
https://doi.org/10.1016/j.indcrop.2023.117885
https://doi.org/10.3390/plants12010153
https://doi.org/10.3390/plants12010153

of Achillea biebersteinii.” Food Bioscience 18: 53-59. https://doi.org/10.
1016/j.fbi0.2017.04.004.

Mirbagheri, V. S., A. Alishahi, G. Ahmadian, S. H. H. Petroudi, S.
M. Ojagh, and G. Romanazzi. 2024. “Toward Understanding the
Antibacterial Mechanism of Chitosan: Experimental Approach and
In Silico Analysis.” Food Hydrocolloids 147: 109382. https://doi.org/10.
1016/j.foodhyd.2023.109382.

Mishra, S., R. Roychowdhury, S. Ray, et al. 2024. “Salicylic Acid (SA)-
Mediated Plant Immunity Against Biotic Stresses: An Insight on
Molecular Components and Signaling Mechanism.” Plant Stress 11:
100427. https://doi.org/10.1016/j.stress.2024.100427.

Mohammadhosseini, M., S. D. Sarker, and A. Akbarzadeh. 2017.
“Chemical Composition of the Essential Oils and Extracts of Achillea
Species and Their Biological Activities: A Review.” Journal of
Ethnopharmacology 199: 257-315. https://doi.org/10.1016/j.jep.2017.
02.010.

Mozafari, A. A., F. Havas, and N. Ghaderi. 2018. “Application of Iron
Nanoparticles and Salicylic Acid in In Vitro Culture of Strawberries
(Fragaria X Ananassa Duch.) to Cope With Drought Stress.” Plant Cell,
Tissue and Organ Culture (PCTOC) 132: 511-523. https://doi.org/10.
1007/s11240-017-1347-8.

Najafian, S., M. Afshar, and M. Radi. 2022. “Annual Phytochemical
Variations and Antioxidant Activity Within the Aerial Parts of
Lavandula angustifolia, an Evergreen Medicinal Plant.” Chemistry
& Biodiversity 19, no. 10: €202200536. https://doi.org/10.1002/cbdv.
202200536.

Nath, P. C., R. Sharma, S. Debnath, et al. 2024. “Recent Advances in
Production of Sustainable and Biodegradable Polymers From Agro-
Food Waste: Applications in Tissue Engineering and Regenerative
Medicines.” International Journal of Biological Macromolecules 259:
129129.

Nawaz, S., P. Kaur, M. Konjengbam, et al. 2023. “A Response Surface-
Based Approach to Optimize Elicitation Conditions in Stevia rebaudi-
ana (Bertoni) Bertoni Shoot Cultures for the Enhancement of Steviol
Glycosides.” Plant Cell, Tissue and Organ Culture 155: 1-11.

Negreiros, M. D. O., A. Pawlowski, C. A. Zini, G. L. G. Soares, A. D.
S. Motta, and A. P. G. Frazzon. 2016. “Antimicrobial and Antibiofilm
Activity of Baccharis Psiadioides Essential Oil Against Antibiotic-
Resistant Enterococcus faecalis Strains.” Pharmaceutical Biology 54, no.
12:3272-3279. https://doi.org/10.1080/13880209.2016.1223700.

Niazipoor, G., M. AghaAlikhani, A. Mokhtassi-Bidgoli, M. Iriti, and
S. Vitalini. 2024. “Phytochemical Analysis and Allelopathic Potential
of Essential Oil of Yarrow (Achillea spp.) Ecotypes Against Redroot
Pigweed (Amaranthus retroflexus L.).” Heliyon 10: e26101. https://doi.
org/10.1016/j.heliyon.2024.e26101.

Novikova, I. I, E. V. Popova, N. M. Kovalenko, and I. L. Krasnobaeva.
2024. “The Effect of Bacillus subtilis in Combination With Chitosan
Salicylate on Peroxidase and Catalase Activity in B. Sorokiniana
Infected Wheat.” Applied Biochemistry and Microbiology 60, no. 2: 241-
250. https://doi.org/10.1134/S0003683824020121.

Odularu, A. T. 2022. “Manganese Schiff Base Complexes,
Crystallographic Studies, Anticancer Activities, and Molecular
Docking.” Journal of Chemistry 2022, no. 1: 7062912. https://doi.org/10.
1155/2022/7062912.

Pant, P., S. Pandey, and S. Dall'Acqua. 2021. “The Influence of
Environmental Conditions on Secondary Metabolites in Medicinal
Plants: A Literature Review.” Chemistry & Biodiversity 18, no. 11:
€2100345. https://doi.org/10.1002/cbdv.202100345.

Piegat, A., A. Zywicka, A. Niemczyk, and A. Goszczynska. 2020.
“Antibacterial Activity of N, O-Acylated Chitosan Derivative.” Polymers
13, no. 1: 107. https://doi.org/10.3390/polym13010107.

Pirbalouti, A. G., M. Nekoei, M. Rahimmalek, and F. Malekpoor. 2019.
“Chemical Composition and Yield of Essential Oil From Lemon Balm

(Melissa officinalis L.) Under Foliar Applications of Jasmonic and
Salicylic Acids.” Biocatalysis and Agricultural Biotechnology 19: 101144.
https://doi.org/10.1016/j.bcab.2019.101144.

Rani, A., M. Guleria, Y. Sharma, et al. 2023. “Insights Into Elicitor's
Role in Augmenting Secondary Metabolites Production and Climate
Resilience in Genus Ocimum-A Globally Important Medicinal and
Aromatic Crop.” Industrial Crops and Products 202: 117078. https://doi.
0rg/10.1016/j.indcrop.2023.117078.

Raudone, L., G. Vilkickyte, M. Marksa, and J. Radusiene. 2024.
“Comparative Phytoprofiling of Achillea millefolium Morphotypes:
Assessing Antioxidant Activity, Phenolic and Triterpenic Compounds
Variation Across Different Plant Parts.” Plants 13, no. 7: 1043. https://
doi.org/10.3390/plants13071043.

Riseh, R. S., M. G. Vazvani, and J. F. Kennedy. 2023. “The Application
of Chitosan as a Carrier for Fertilizer: A Review.” International Journal
of Biological Macromolecules 252: 126483. https://doi.org/10.1016/j.ijbio
mac.2023.126483.

Rithichai, P., Y. Jirakiattikul, R. Nambuddee, and A. Itharat. 2024.
“Effect of Salicylic Acid Foliar Application on Bioactive Compounds and
Antioxidant Activity in Holy Basil (Ocimum sanctum L.).” International
Journal of Agronomy 2024, no. 1: 8159886. https://doi.org/10.1155/2024/
8159886.

Sacchetti, G.,S. Maietti, M. Muzzoli, et al. 2005. “Comparative Evaluation
of 11 Essential Oils of Different Origin as Functional Antioxidants,
Antiradicals and Antimicrobials in Foods.” Food Chemistry 91, no. 4:
621-632. https://doi.org/10.1016/j.foodchem.2004.06.031.

Saeidi, K., M. Moosavi, Z. Lorigooini, and F. Maggi. 2018. “Chemical
Characterization of the Essential Oil Compositions and Antioxidant
Activity From Iranian Populations of Achillea wilhelmsii K. Koch.”
Industrial Crops and Products 112: 274-280. https://doi.org/10.1016/].
indcrop.2017.12.007.

Schweiger, R., A.M. Heise, M. Persicke, and C. Miiller. 2014. “Interactions
Between the Jasmonic and Salicylic Acid Pathway Modulate the Plant
Metabolome and Affect Herbivores of Different Feeding Types.” Plant,
Cell & Environment 37, no. 7: 1574-1585. https://doi.org/10.1111/pce.
12257.

Sharma, M., A. Koul, D. Sharma, S. Kaul, M. K. Swamy, and M. K. Dhar.
2019. “Metabolic Engineering Strategies for Enhancing the Production
of Bio-Active Compounds From Medicinal Plants.” In Natural Bio-
Active Compounds: Volume 3: Biotechnology, Bioengineering, and
Molecular Approaches, 287-316. Springer. https://doi.org/10.1007/978-
981-13-7438-8_12.

Shrestha, R., A. Thenissery, R. Khupse, and G. Rajashekara. 2023.
“Strategies for the Preparation of Chitosan Derivatives for Antimicrobial,
Drug Delivery, and Agricultural Applications: A Review.” Molecules 28,
no. 22: 7659. https://doi.org/10.3390/molecules28227659.

Siddhuraju, P., and S. Manian. 2007. “The Antioxidant Activity and Free
Radical-Scavenging Capacity of Dietary Phenolic Extracts From Horse
Gram (Macrotyloma uniflorum (Lam.) Verdc.) Seeds.” Food Chemistry
105: 950-958. https://doi.org/10.1016/j.foodchem.2007.04.04-0.

Siles-Sanchez, M. D. L. N., I. Fernandez-Jalao, L. De Jaime Pablo, and
S. Santoyo. 2024. “Design of Chitosan Colon Delivery Micro/Nano
Particles for an Achillea millefolium Extract With Antiproliferative
Activity Against Colorectal Cancer Cells.” Drug Delivery 31, no. 1:
2372285. https://doi.org/10.1080/10717544.2024.2372285.

Silva-Santos, L., L. P. Neto, N. Corte-Real, et al. 2023. “Elicitation With
Methyl Jasmonate and Salicylic Acid Increase Essential Oil Production
and Modulate Physiological Parameters in Lippia alba (Mill) NE Brown
(Verbenaceae).” Journal of Plant Growth Regulation 42, no. 9: 5909-
5927. https://doi.org/10.1007/s00344-023-10976-3.

Song, X., R. Li, Q. Zhang, S. He, and Y. Wang. 2022. “Antibacterial
Effect and Possible Mechanism of Salicylic Acid Microcapsules Against
Escherichia coli and Staphylococcus aureus.” International Journal of

16 of 17

Food Science & Nutrition, 2025


https://doi.org/10.1016/j.fbio.2017.04.004
https://doi.org/10.1016/j.fbio.2017.04.004
https://doi.org/10.1016/j.foodhyd.2023.109382
https://doi.org/10.1016/j.foodhyd.2023.109382
https://doi.org/10.1016/j.stress.2024.100427
https://doi.org/10.1016/j.jep.2017.02.010
https://doi.org/10.1016/j.jep.2017.02.010
https://doi.org/10.1007/s11240-017-1347-8
https://doi.org/10.1007/s11240-017-1347-8
https://doi.org/10.1002/cbdv.202200536
https://doi.org/10.1002/cbdv.202200536
https://doi.org/10.1080/13880209.2016.1223700
https://doi.org/10.1016/j.heliyon.2024.e26101
https://doi.org/10.1016/j.heliyon.2024.e26101
https://doi.org/10.1134/S0003683824020121
https://doi.org/10.1155/2022/7062912
https://doi.org/10.1155/2022/7062912
https://doi.org/10.1002/cbdv.202100345
https://doi.org/10.3390/polym13010107
https://doi.org/10.1016/j.bcab.2019.101144
https://doi.org/10.1016/j.indcrop.2023.117078
https://doi.org/10.1016/j.indcrop.2023.117078
https://doi.org/10.3390/plants13071043
https://doi.org/10.3390/plants13071043
https://doi.org/10.1016/j.ijbiomac.2023.126483
https://doi.org/10.1016/j.ijbiomac.2023.126483
https://doi.org/10.1155/2024/8159886
https://doi.org/10.1155/2024/8159886
https://doi.org/10.1016/j.foodchem.2004.06.031
https://doi.org/10.1016/j.indcrop.2017.12.007
https://doi.org/10.1016/j.indcrop.2017.12.007
https://doi.org/10.1111/pce.12257
https://doi.org/10.1111/pce.12257
https://doi.org/10.1007/978-981-13-7438-8_12
https://doi.org/10.1007/978-981-13-7438-8_12
https://doi.org/10.3390/molecules28227659
https://doi.org/10.1016/j.foodchem.2007.04.04-0
https://doi.org/10.1080/10717544.2024.2372285
https://doi.org/10.1007/s00344-023-10976-3

Environmental Research and Public Health 19, no. 19: 12761. https://doi.
org/10.3390/ijerph191912761.

Stasinska-Jakubas, M., S. Dresler, M. Strzemski, K. Rubinowska, and B.
Hawrylak-Nowak. 2024. “Differentiated Response of Hypericum perfor-
atum to Foliar Application of Selected Metabolic Modulators: Elicitation
Potential of Chitosan, Selenium, and Salicylic Acid Mediated by Redox
Imbalance.” Phytochemistry 227:114231. https://doi.org/10.1016/j.phyto
chem.2024.114231.

Sun, W., M. H. Shahrajabian, S. A. Petropoulos, and N. Shahrajabian.
2023. “Developing Sustainable Agriculture Systems in Medicinal
and Aromatic Plant Production by Using Chitosan and Chitin-Based
Biostimulants.” Plants 12, no. 13: 2469. https://doi.org/10.3390/plant
$12132469.

Tabassum, M., Z. Noreen, M. Aslam, et al. 2024. “Chitosan Modulated
Antioxidant Activity, Inorganic Ions Homeostasis and Endogenous
Melatonin to Improve Yield of Pisum sativum L. Accessions Under Salt
Stress.” Scientia Horticulturae 323: 112509. https://doi.org/10.1016/j.
scienta.2023.112509.

Taibi, A., A. Mokrani, A. Kadi, et al. 2024. “Optimization of
Conventional Extraction of Phenolic Compounds and Antioxidant
Activity From Myrtle (Myrtus communis L.) Fruit.” Journal of Applied
Research on Medicinal and Aromatic Plants: 100577. https://doi.org/10.
1016/j.jarmap.2024.10057.

Tohidi-Nejad, Z., G. Khajoei-Nejad, E. Tohidi-Nejad, and J. Ghanbari.
2024. “Essential Oil Production, Chemical Composition, Bioactive
Compounds, and Antioxidant Activity of Thymus vulgaris as Affected
by Harvesting Season and Drying Conditions.” Drying Technology 42:
1-13. https://doi.org/10.1080/07373937.2024.2332464.

Trush, K., A. Elia’sov'a, M. D. Monje-Rueda, V. Kolar'cik, M. Betti, and
P. Palove-Balang. 2023. “Chitosan Is Involved in Elicitation of Vestitol
Production in Lotus Japonicus.” Biologia Plantarum 67: 75-86. https://
doi.org/10.32615/bp.2023.007.

Tundis, R., F. Grande, M. A. Occhiuzzi, V. Sicari, M. R. Loizzo, and
A. R. Cappello. 2023. “Lavandula angustifolia mill. (Lamiaceae)
Ethanol Extract and Its Main Constituents as Promising Agents for the
Treatment of Metabolic Disorders: Chemical Profile, In Vitro Biological
Studies, and Molecular Docking.” Journal of Enzyme Inhibition and
Medicinal Chemistry 38, no. 1: 2269481. https://doi.org/10.1080/14756
366.2023.2269481.

Ugbogu, E. A., H. Okoro, O. Emmanuel, et al. 2024. “Phytochemical
Characterization, Anti-Diarrhoeal, Analgesic, Anti-Inflammatory
Activities and Toxicity Profile of Ananas comosus (L.) Merr (Pineapple)
Leaf in Albino Rats.” Journal of Ethnopharmacology 319: 117224.
https://doi.org/10.1016/j.jep.2023.117224.

Vojoudi, S., F. Sefidkon, and P. Salehi Shanjani. 2024. “Essential Oil
Variation of Achillea filipendulina Populations in Farm Condition.”
Journal of Essential Oil Research 36, no. 2: 164-172. https://doi.org/10.
1080/10412905.2024.2320347.

Wang, F., H. Xu, W. He, et al. 2024. “Exogenous Salicylic Acid Promotes
Carotenoid Accumulation and Antioxidant Capacity in Germinated
Maize Kernels by Regulating Carotenoid Biosynthetic Pathway.” Food
Bioscience 59: 103990. https://doi.org/10.1016/j.fbio.2024.103990.

Wang, H. F.,, K. H. Yih, C. H. Yang, and K. F. Huang. 2017. “Anti-
Oxidant Activity and Major Chemical Component Analyses of Twenty-
Six Commercially Available Essential Oils.” Journal of Food and Drug
Analysis 25, no. 4: 881-889. https://doi.org/10.1016/].jfda.2017.05.007.

Yapar, E. A., E. H. Gokge, A. Sahiner, et al. 2024. “Phytoactive Essential
Oils-Composed Water-Free Organogels: Development, Characterization
and Proof of Antibacterial Activity.” Journal of Drug Delivery Science
and Technology 97: 105811. https://doi.org/10.1016/j.jddst.2024.105811.

Yin, Y., M. Hu, Z. Yang, J. Zhu, and W. Fang. 2024. “Salicylic Acid
Promotes Phenolic Acid Biosynthesis for the Production of Phenol

Acid-Rich Barley Sprouts.” Journal of the Science of Food and Agriculture
104, no. 9: 5350-5359. https://doi.org/10.1002/jsfa.13365.

Zaini, W. M. F, D. T. C. Lai, and R. C. Lim. 2024. “A Systematic
Approach to Identify Technological Trends Related to Chitin and
Chitosan Using Three-Window Analytics.” World Patent Information
76:102260. https://doi.org/10.1016/j.wpi.2023.102260.

Zengin, G., S. Yagi, S. Selvi, et al. 2023. “Elucidation of Chemical
Compounds in Different Extracts of Two Lavandula Taxa and Their
Biological Potentials: Walking With Versatile Agents on the Road From
Nature to Functional Applications.” Industrial Crops and Products 204:
117366. https://doi.org/10.1016/j.indcrop.2023.117366.

Zhishen, J., T. Mengcheng, and W. Jianming. 1999. “The Determination
of Flavonoid Contents in Mulberry and Their Scavenging Effects on
Superoxide Radicals.” Food Chemistry 64: 555-559. https://doi.org/10.
1016/S0308-8146(98)00102-2.

Zou, Z., Q. Fan, X. Zhou, et al. 2024. “Biochemical Pathways of Salicylic
Acid Derived From I-Phenylalanine in Plants With Different Basal SA
Levels.” Journal of Agricultural and Food Chemistry 72, no. 6: 2898-
2910. https://doi.org/10.1021/acs.jafc.3c06939.

17 of 17


https://doi.org/10.3390/ijerph191912761
https://doi.org/10.3390/ijerph191912761
https://doi.org/10.1016/j.phytochem.2024.114231
https://doi.org/10.1016/j.phytochem.2024.114231
https://doi.org/10.3390/plants12132469
https://doi.org/10.3390/plants12132469
https://doi.org/10.1016/j.scienta.2023.112509
https://doi.org/10.1016/j.scienta.2023.112509
https://doi.org/10.1016/j.jarmap.2024.10057
https://doi.org/10.1016/j.jarmap.2024.10057
https://doi.org/10.1080/07373937.2024.2332464
https://doi.org/10.32615/bp.2023.007
https://doi.org/10.32615/bp.2023.007
https://doi.org/10.1080/14756366.2023.2269481
https://doi.org/10.1080/14756366.2023.2269481
https://doi.org/10.1016/j.jep.2023.117224
https://doi.org/10.1080/10412905.2024.2320347
https://doi.org/10.1080/10412905.2024.2320347
https://doi.org/10.1016/j.fbio.2024.103990
https://doi.org/10.1016/j.jfda.2017.05.007
https://doi.org/10.1016/j.jddst.2024.105811
https://doi.org/10.1002/jsfa.13365
https://doi.org/10.1016/j.wpi.2023.102260
https://doi.org/10.1016/j.indcrop.2023.117366
https://doi.org/10.1016/S0308-8146(98)00102-2
https://doi.org/10.1016/S0308-8146(98)00102-2
https://doi.org/10.1021/acs.jafc.3c06939

	Secondary Metabolites and Biological Activities From Achillea gypsicola Hub-Mor. Under Foliar Applications of Chitosan and Salicylic Acid
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Field Description and Experimental Design
	2.2   |   Chemicals
	2.3   |   Extract Preparation From Plant Material
	2.4   |   Secondary Metabolites Analysis
	2.4.1   |   Determination of Total Phenolic Content (TPC)
	2.4.2   |   Determination of Total Flavonoid Content (TFC)
	2.4.3   |   Antioxidant Activity
	2.4.3.1   |   DPPH (2,2-Diphenyl-1-Picrylhydrazyl) Radical Scavenging Assay.  
	2.4.3.2   |   Ferrous Ions Chelating Assay.  

	2.4.4   |   AntiMicrobial Screening
	2.4.4.1   |   Microorganisms Tested.  
	2.4.4.2   |   Disc Diffusion Method.  
	2.4.4.3   |   Determination of Minimum Inhibitory Concentration (MIC).  

	2.4.5   |   Isolation of EOs
	2.4.5.1   |   Analysis of EO Constituents.  
	2.4.5.2   |   Component Identification.  

	2.4.6   |   Extraction of Terpenoid Compounds
	2.4.7   |   Borneol, Camphor, and 1,8-Cineole Profile Determination Using LC–MS/MS
	2.4.8   |   Statistical Analysis


	3   |   Results and Discussion
	3.1   |   Essential Oil (EO) Yield (% w/w) and EO Composition
	3.2   |   AntiMicrobial Screening
	3.3   |   Total Flavonoid and Phenolic Contents
	3.4   |   Antioxidant Activity
	3.5   |   Terpenoid Profile and Determinations of Correlations Between the Obtained Results Using Pearson's Correlation and Principal Component Analysis (PCA)

	4   |   Conclusion
	Author Contributions
	Conflicts of Interest
	Data Availability Statement
	References


