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This study explored the chemical composition, antioxidant activity, and total phenol content of aerial
parts from 25 accessions of three Achillea species (Achillea wilhelmsii C. Koch, Achillea vermicularis
Trin., and Achillea tenuifolia Lam.). The plants were collected from various natural habitats across Iran,
encompassing regions such as Central, Western, Southern, Northern, Western, and Northwestern
parts of the country. Subsequently, they were grown together under field conditions. The study
revealed significant variation in essential oil yields among accessions of A. wilhelmsii, ranging from
0.01to 0.107%, A. vermicularis with a range of 0.075 to 1.5%, and A. tenuifolia showing a variation of
0.1 to 2%. The study utilized Gas Chromatography—Mass Spectrometry (GC-MS) analysis, revealing
75, 49, and 75 compounds in the essential oils of A. wilhelmsii, A. tenuifolia, and A. vermicularis,
respectively. Major components included camphor, 1,8-cineole, anethole, a-pinene, and phytol in A.
wilhelmsii, 1,8-cineole, camphor, levo-carvone, and &-terpinene in A. vermicularis, and B-cubebene,
elixene, B-sesquiphellandrene, 1,8-cineole, camphor, and &§-terpinene in A. tenvuifolia. The essential
oil compositions of A. wilhelmsii and A. vermicularis were predominantly characterized by oxygenated
monoterpenes, whereas that of A. tenvuifolia was characterized by sesquiterpenes. Cluster analysis
grouped accessions into three clusters, with A. tenuifolia forming a distinct group. Principal
Component Analysis (PCA) triplot (62.21% of total variance) confirmed these results and provided
insights into compound contributions. Furthermore, total phenolic content and antioxidant activity of
the accessions of three species were assessed over 2 years. A. tenuifolia exhibited the highest levels in
both categories, with statistically significant linear regression between antioxidant activity and total
phenol content for A. tenuifolia and A. wilhelmsii. These findings emphasize significant phytochemical
diversity within Achillea species, positioning them as promising natural sources of antioxidants.
Further exploration and selection of specific accessions within each species are crucial for unlocking
their medicinal potential and supporting cultivation and conservation efforts.
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Medicinal plants have been demonstrated to play an important role in human health and cultures. Substantial
research over the past few decades has identified a wide variety of valuable phytochemicals present among
different species'. Herbal medicines contribute significantly to fields ranging from nutrition to cosmetics to
pharmaceuticals®. Traditional medical practices involving herbal remedies have been employed for millennia
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globally for maintaining wellness and managing illness, as seen traditionally in regions such as China, India, Cen-
tral and South America, and Africa’. Currently, herbal therapies still represent the primary healthcare approach
for approximately 85% of people worldwide®. Frequently used medicinal plants in the Mediterranean basin par-
ticularly include species from families like Lamiaceae, Asteraceae, and Apiaceae. Phytochemical analyses have
pinpointed compounds within herbal extracts, essential oils, and fruit juices possessing therapeutic properties’.
An estimated over 50,000 medicinal plant types exist globally, serving as a rich source for drug finding efforts®.
Conventional medical systems have long relied on medicinal plants to support health and wellbeing’, and they
continue playing important roles in modern medicine and pharmacology®.

The Achillea genus, an esteemed repository of medicinal attributes within the Asteraceae family, boasts a
diverse collection of over 100 wild species’. Its global utilization extends to proven efficacies in treating various
ailments, ranging from gastrointestinal disorders and inflammation to wound healing and diuretic applications'’.
Of particular significance is yarrow, an ancient medicinal plant, prompting meticulous consideration of raw
material quality during collection and processing. Essential for subsequent chemophenetic investigations is the
analysis of the chemical composition of specialized metabolites, attributing Yarrow’s pharmacological effec-
tiveness to compounds such as caffeoylquinic acids, flavonoids, and sesquiterpene lactones, contributing to its
multifunctional biological activity'"'2.

Achillea species exhibit a spectrum of effects, including immunosuppressive, anti-inflammatory, and anti-
oxidant properties'®. Further, these plants demonstrate noteworthy wound-healing and antimicrobial effects
against various bacteria, along with antitumor effects on different cell lines. The breadth of their effects extends
to anti-arrhythmic, anti-thrombotic, vasorelaxant, anti-hyperlipidemic, anti-hypertensive, hepatoprotective,
and gastroprotective actions, as well as endocrine effects like anti-diabetic, estrogenic, and anti-spermatogenic
properties’. A wealth of ethnopharmacological characteristics associated with Achillea has been documented,
covering an extensive range of medicinal uses, and the essential oils and extracts have been scrutinized, revealing
a diverse array of phytochemicals contributing to therapeutic properties'.

Crucial in safeguarding lipids from oxidation and offering numerous health benefits is the role of natural
antioxidants'>. These compounds, instrumental in preventing chronic diseases by mitigating oxidative dam-
age caused by reactive oxygen species (ROS), have gained recent popularity as functional and nutraceutical
ingredients, providing natural alternatives to synthetic antioxidants in the food industry®. Synthesized through
shikimate and phenylpropanoid metabolic pathways in plants, phenolic compounds, including flavonoids and
phenolcarbonic acids, stand out for their pharmacological activity in yarrow'®!”. The diverse properties of Achil-
lea plant extracts contribute to their antioxidant potential.

Over the past three decades, significant research has delved into essential oils from Achillea species, uncover-
ing predominant monoterpene compounds like 1,8-cineole, camphor, borneol, a- and p-pinenes®!8-20,

Medicinal plants, recognized as a valuable resource for drug discovery, offer potential new compounds inspir-
ing scientific innovation?'. Despite historically serving as the primary form of healthcare in developing nations,
only a fraction of Iran’s rich medicinal plant species, including Achillea, have been thoroughly studied for their
phytochemical components and antioxidant activity®.

Iran’s vast territory harbors a diverse array of medicinal and aromatic plants, including nineteen identified
Achillea species, seven of which are endemic?**. Despite a wealth of published reports on these plant species,
there remains a dearth of information focusing specifically on Achillea species in different regions®!8-20-24,

Achillea wilhelmsii C.Koch is a perennial herb belonging to the Asteraceae family. It grows to a height of
15-30 cm with herbaceous stems and white, petioless leaves. The plant flowers from May to June, producing
yellowish-white blooms. It is native to Western Asia and naturally found in Iran. Locally, A. wilhelmsii is used
traditionally to treat abdominal pain, stomach ache, vomiting, leucorrhoea, dysmenorrhea, stomachache, dia-
betes, and obesity through decoction and infusion remedies?. The main bioactive compounds identified in this
plant are carvacrol, linalool, camphor, 1,8-cineole, borneol, and a-pinene**?.

Achillea tenuifolia Lam is a native perennial herb that grows to a height of 20-90 cm, with elongated, narrow
leaves lacking petioles?. It is distributed across Western Asia, Eastern Europe, and the Mediterranean region. The
main compounds isolated from this plant are germacrene D, a-humulene and 1,8-cineole?. In Iranian traditional
medicine, A. tenuifolia is implicated as appetite enhancers®.

Achillea vermicularis Trin. is a perennial herb with several branched stems emerging from the base. It reaches
20-50 cm in height and flowers from late spring through midsummer?®. Traditionally, indigenous peoples have
prepared A. vermicularis remedies to cure cold, flu and upset stomach?'. Previous pharmacological studies have
demonstrated these species possesses antidiabetic, antispasmodic, antianxiety, anti-inflammatory, analgesic,
and antibacterial properties®*#2-3,

The climatic diversity in Iran presents an ideal environment for a rich germplasm of medicinal plants, with
exciting prospects for discovering unique species with valuable essential oil compositions. These findings hold
great promise for advancing human health and well-being through potential therapeutic applications of these
plants.

In light of the above, this study aims to bridge the existing gap by evaluating the phytochemical composi-
tion, antioxidant activity, and total phenol content of plant extracts from 25 accessions of three specific Achillea
species: A. vermicularis, A. wilhelmsii and A. tenuifolia. Through a comprehensive analysis, this research seeks
to contribute valuable insights into the potential phytochemical components, antioxidant properties, and total
phenolic content of these Achillea species, thereby enhancing our understanding of their medicinal properties.
This knowledge may pave the way for potential therapeutic applications and advancements in human health
and well-being.
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Material and methods

Plant materials

The study gathered seeds from 25 different accessions of three Achillea plant species (A. vermicularis, A. wil-
helmsii, and A. tenuifolia) in Iran. The voucher samples are stored at the Herbarium of the Research Institute of
Forests and Rangelands in Tehran (Table 1). The plants were identified based on Flora Iranica®, Identification
was confirmed by Dr. Valiolah Mozafarian of the Research Institute of Forests and Rangelands in Iran.

Initially, the seeds were cultivated in a greenhouse and then transferred to the field when they reached a height
of around 10 cm. The seedlings were grown using a randomized complete block design at the research farm of
the College of Abouraihan, University of Tehran. Each accession was planted in 1 m? plots with sandy-loam
soil. The plants were harvested during the initial flowering stage to assess their phytochemical components, total
phenol, and antioxidant activity.

The Pakdasht region, where the study was conducted, experiences distinctive seasonal characteristics. Sum-
mers are characterized by extremely hot temperatures, arid conditions, and clear skies, while winters are marked
by very cold temperatures, dry air, and mostly clear weather. Throughout the year, temperatures typically range
from 1 to 38 °C, with occasional instances of temperatures dropping below — 3 °C or rising above 41 °C. All
methods in the study were conducted in accordance with the applicable guidelines and regulations.

Extracting essential oils
One hundred grams of dried samples from the aerial parts of the plant were samples were ground into a fine
powder and then were subjected to hydrodistillation using a Clevenger apparatus for a duration of 3 h.

Phytochemicals composition of the essential oils

GC-MS analysis was performed using a Varian CP-3800 instrument equipped with a VF-5 capillary column
(30 mx 0.25 mm i.d., film thickness 0.25 pm). Helium was used as the carrier gas at a flow rate of 1 mL/min,
and the temperature program was set at 60 °C for 1 min, followed by an increase to 250 °C at a rate of 3 °C/min,
and held for 10 min. The injector and detector temperatures were maintained at 250 °C and 280 °C, respectively.
To identify the components of the essential oils, the retention index (RI) was utilized by subjecting n-alkanes
(C6-C24) to programmed temperature conditions. The resulting RI values were then compared to the internal
reference MS library (Wiley 7.0) and published data in the literature®.

Achillea sp. Code | Voucher numbers | Province City
w1 8451 Isfahan Daran
w2 15796 Lorestan Kuhdasht
W3 17628 Qom Dastjerd
A wilhelmsii W4 19489 Kurdistan Baneh
W5 33976 Yazd Tabas
we 34431 Hormozgan Bandar-Abbas
W7 35561 Mazandaran Polur
w8 39346 Qazvin Tarom Sofla
V1 9687 Kurdistan Sanandaj
V2 9872 Kurdistan Baneh
V3 10342 Yazd Khatam
V4 19471 West Azerbaijan | Mahabad
A vermicularis V5 19488 West Azerbaijan | Mirabad
\'S 22593 Kurdistan Saqqez
v7 23155 Zanjan Zanjan
V8 26032 Kurdistan Divandarreh
V9 35179 West Azerbaijan | Khoy
V10 35181 West Azerbaijan | Salmas
T1 14234 West Azerbaijan | Salmas
T2 14300 Kurdistan Divandarreh
T3 25948 Kurdistan Dehgolan
A. tenuifolia T4 25977 Kurdistan Saqqez
T5 35180 West Azerbaijan | Mahabad
Té6 39374 Qazvin Takestan
T7 34662 Kurdistan Sanandaj

Table 1. Geographical location of 25 Iranian Achillea sp accessions.
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Extracting the plant extracts

The plant materials were dried at room temperature to remove moisture. Once fully dried, the plants were ground
into a fine powder using a mill. For extraction, 5 g of each powdered sample was accurately weighed and trans-
ferred to separate Erlenmeyer flasks. To each flask, 50 mL of 80% methanol solvent was added. Extraction was
carried out using maceration, where the plant powder was soaked and agitated in the methanol. A magnetic stir
plate and orbital shaker set to 150 rpm were used to gently mix the samples at 25 °C for 24 h. After maceration,
the mixtures were strained through filter paper to separate the extracts from insoluble residues. The filtered
extracts were concentrated by evaporating the methanol under reduced pressure using a rotary evaporator. Then,
the pure extract was collected in a small container and stored at 4 °C until total phenol and antioxidant activity
analyses. Prior to the analyses, the samples were dried and used immediately.

Total phenolic content (TPC)

One millilitre of diluted extract (0.1 g in 10 mL of distilled water) was combined with 1 ml of 6 M HCl and 5
mL of 75% methanol/water solution. The resulting mixture was subjected to shaking for 2 h at 90 °C in a water
bath. Subsequently, the solution was diluted to a final volume of 10 ml using distilled water. One milliliter of
this diluted solution was mixed with 5 ml of previously tenfold diluted Folin & Ciocalteau reagent and 15 ml of
sodium carbonate solution (7 g/100 mL). The resulting mixture was brought to a final volume of 100 mL with
distilled water. The absorbance of the solution at 760 nm was measured using a spectrophotometer, comparing
it against a blank prepared using distilled water instead of the extract, which had undergone the same extraction
steps. The experiment was conducted in triplicate, and our methodology closely followed the approach described
by Cam et al.¥’, with the exception that we employed four different concentrations of gallic acid solution (1.0,
0.4, 1.6, and 2.2 mg per milliliter) in this study. Finally, the total phenolic content in the extract was quantified
and reported as milligrams of gallic acid per milliliter of the sample extract.

Antioxidant activity

The antioxidant activity of the extract was assessed following the methodology of Brand-Williams et al.’®, with
minor modifications. The experiment employed four different concentrations including 10, 100, 250, and 500
ppm of the extract (0.1, 1, 2.5, and 5 mg in 10 mL of distilled water, respectively). Subsequently, 0.1 ml of each
concentration was added to 3.9 ml of a 6 x 10~> mol/L methanol DPPH solution. For the control sample, 0.1 ml
of methanol were mixed with 3.9 ml of the methanolic DPPH solution. The spectrophotometer was calibrated
using pure methanol as the zero reference. After an incubation period of 30 min, the absorbance of all samples
was measured at a wavelength of 515 nm.

Statistical analysis

The PCA analysis was conducted using version 9.1 of the Statistical Analysis Software (SAS Institute, Cary, NC)
for Windows. A heat map clustering analysis was performed to visualize the similarity patterns among samples
based on their phytochemicals components values. Hierarchical clustering was applied using Euclidean distance
measure and the arithmetic mean method (UPGMA). The heat map displays the clustering of accessions on the
y-axis and phytochemicals components on the x-axis, with color intensity indicating the standardized value for
each trait in each accession. This analysis helped group accessions exhibiting similar response patterns. Also, a
correlation heat map was generated to examine relationships between phytochemicals components. Pairwise
correlation coeflicients between the components were computed and plotted in a color-coded matrix, with red
indicating positive correlation and blue representing negative correlation. The correlation coefficient values
were depicted based on their absolute strengths. The results of the clustering, heat map correlation, and triplot
analyses were visualized as a colored heat map using MetaboAnalyst*. Additionally, the graphs were created
using Prism 9 (GraphPad).

Results and discussion

Essential oil yield

The essential oil yield of 25 accessions from three Achillea species (A. wilhelmsii, A. tenuifolia, and A. vermicula-
ris) was evaluated over two consecutive years. Figure 1 presents the essential oil yields for each accession during
the first and second year of cultivation. In the first year, yields ranged from 0.01 to 1.2% whereas in the second
year yields were generally higher between 0.02 and 2%. Statistically significant differences were observed between
the 2 years for all three species (p <0.01). Yields increased for the majority of accessions in the second compared
to the first year. Certain A. tenuifolia accessions such as T4 exhibited notably higher essential oil production in
the second year. Based on the ranges observed, A. tenuifolia accessions generally exhibited the highest essential
oil yields, followed by A. vermicularis, with A. wilhelmsii having the lowest yields. In the first year, A. tenuifolia
accessions produced 0.1-1.04% oil, A. vermicularis yields varied from 0.12 to 1.2%, while A. wilhelmsii yields
were under 0.1%. Similarly, in the second year, A. tenuifolia accessions yielded 0.71-2%, A. vermicularis varied
from 0.075 to 1.45%, and A. wilhelmsii increased but remained low at 0.02-0.107%. The results demonstrate
considerable variation in the essential oil yields among the accessions and between the 2 years. In general, it can
be observed that the essential oil yields tend to be higher in the second year compared to the first year for all
three Achillea species. This finding suggests that the plants undergo certain physiological changes that positively
influence essential oil production as they mature. One possible explanation for the increased essential oil yield
in the second year is the establishment and development of the plants during the first year. As perennial plants,
the first year is typically characterized by a longer growth period until flowering, which occurred in August.
The extended growth period in the first year may have prioritized vegetative growth over secondary metabo-
lite production, resulting in lower essential oil yields. In contrast, the second year exhibited a shorter growth

Scientific Reports |

(2024) 14:11843 | https://doi.org/10.1038/s41598-024-62834-1 nature portfolio



www.nature.com/scientificreports/

0-157 1 First year

El Second year
0.104

0.05+

Essential oil yield (%)

0.00-
$\ @W é") éb‘ éﬁ &b @’\ @Eb

g
(=]
1

—
wn
1

S
(7]
1

Essential oil yield (%)
[
=
L

e
=]
1

L LT EEH LN

it
=}
1

Essential oil yield (%)

AN P LN IR RN

Figure 1. Essential oil yield of 25 accessions of the three studied Achillea sp.

cycle, with flowering occurring in May. This shorter growth period likely allowed for increased accumulation
of phenolic antioxidants in the aerial parts by the time of flowering, leading to higher essential oil yields. The
observed increase in essential oil yield in the second year highlights the importance of considering the stage of
plant maturity when studying essential oil production in perennial species. It suggests that the developmental
stage and growth cycle significantly influence the biosynthesis and accumulation of essential oil constituents.

The results demonstrate considerable variation in essential oil yields among accessions. For A. wilhelmsii, the
yields ranged from 0.01 to 0.107% in our study, whereas, the literature reports of 0.14-0.82%27404!, Similarly,
Rabbi Angouran®® observed 0.7% yield in A. vermicularis, comparable to our observed range of 0.075-1.5%
across accessions. For A. tenuifolia, Sefidkon et al.?® reported a range of 0.16-1.59%, encompassing our observed
variation between accessions of 0.1-2%. Overall, the literature comparisons validate the substantial intra-specific
variability in oil yields observed among our Achillea accessions under uniform cultivation.

Essential oil compounds
A total of 75 compounds were identified in the A. wilhelmsii accessions, as presented in Table 2. Among the
identified compounds, camphor was determined to be the predominant constituent in this species. The W5
accession exhibited the highest camphor content (31.48%), whereas the remaining seven accessions displayed
varying concentrations of this compound (Fig. S1a). The second most significant compound in this species
was 1,8-cineole, with concentrations ranging from 4.31% to 18.82%. The W4 accession exhibited the highest
proportion of 1,8-cineole and also displayed another notable compound, anethole, at a concentration of 21.63%.
The A. wilhelmsii accessions contained a-pinene in quantities ranging from 1% to 6.7%. The W8 accession
displayed a noteworthy amount of piperitone (13.66%), which was only found in small amounts in the other
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Name RI w1 w2 w3 W4 W5 Wé w7 w8
2-Methylbutyl acetate 894 0.36 0.48 0.22 0 0.49 0.17 0 0
Santolina triene 932 0 0.18 0 0.1 0 0 0 0
a-Pinene 977 6.65 6.71 1.47 2.39 6.69 1.51 0.98 1.51
Camphene 1003 1.42 1.62 0.55 3.26 4.86 0.55 0.57 1.18
B-phellandrene 1042 3.15 1.85 4.04 3.77 1.1 4.19 0.85 1.39
B-Pinene 1048 12 0.6 0.24 0.96 1.26 0.23 0.34 0.44
B.-Myrcene 1071 0.34 0.3 0 0.3 0.17 0 0.61 0.53
Perillen 1109 0.54 0.34 0.19 0 0.48 0.18 0 0.16
4-Carene 1115 0.56 1.5 0.41 0.22 0.83 0.42 0 0.14
m-Cymene 1128 1.22 0.68 0.41 0.13 0.6 0.42 0 0.21
1,8-cineole 1140 15.42 5.74 6.07 18.84 5.29 6.46 4.31 9.47
§-Terpinene 1186 0.5 1.9 0.28 243 0.11 0.29 243 0.38
cis-Sabinenehydrate 1204 0.59 4.23 0.94 1.49 0.17 0.93 1.13 221
Artemesia alcohol 1223 0 0 0 0.13 0 0 0.42 0
a-campholenal 1238 0.4 0.15 0.11 0 0 0.16 0 0
Linalool 1256 7.18 2.59 2.3 0.8 54 2.35 1.08 2.46
Butanoic acid,2-methyl-, 2-methylbutyl 1261 1.25 0.72 0.38 0.48 0.89 0.43 0.64 0.26
2-Methylbutyl isovalerate 1270 0.49 0.7 0.7 0 0.35 0.8 0 0.19
Thujone 1284 0 491 1.22 0 0 1.22 0 0
Chrysanthenone 1292 0 0.42 5.47 4.3 0 5.63 5.64 10.68
a.-Campholenal 1300 0.76 0.51 0 0.1 0 0 0 0
trans-Pinocarveol 1323 0.4 1.59 0.97 0.52 0.29 1 0.67 1.17
Camphor 1333 9.45 17.7 5.88 11.2 31.48 6.45 9.99 14.03
3,9-Epoxy-1-p-menthene 1347 3.22 2.65 1.79 0.25 0.79 1.9 0 0
Pinocarvone 1359 1.04 1.72 2.19 1.01 1.02 223 1.6 1.15
Borneol 1374 2.64 6.8 1 1.69 1.21 1.06 2.63 223
Pinocamphone 1381 0.34 0 0.17 0 0 0.17 0 0
p-Menth-1-en-4-ol 1388 0.43 5.36 0.72 0.57 0.21 0.73 0.71 0.65
a-Terpineol 1411 243 1.53 1.84 0.99 0.85 1.78 1.26 1.69
trans-Piperitol 1432 0 0.3 3.79 0 0 3.74 0 2.53
trans-Carveol 1448 0.21 1.66 0.33 0 0 0.3 0 0.29
Isogeraniol 1464 0.48 0.21 0.36 0 0.19 0.29 0 0
Piperitone 1499 0 0 0 1.98 0 0 0 13.66
verbenyl acetate 1503 0.47 0 1.37 0.99 0.12 1.36 0.87 0
p-Mentha-1,8-dien-3-one, (+)- 1521 0 0 0.13 0.26 0 0.27 0.41 0.51
a.-Cyclogeraniol acetate 1532 0 2.86 0.63 2.23 0 0.63 0 0
(.+/-.)-Lavandulol, acetate 1540 0 0 4.99 0 0 5.08 0 0
Anethole 1545 145 3.93 1.32 21.63 15.27 1.33 8.77 0.56
p-Thymol 1553 0.86 0.34 0.2 0 1 0.19 0 0
cis-CarvylAcetate 1607 0.94 0.31 1.31 0 0 1.19 0 0
y-Terpineol 1641 0.24 2.05 0.17 0 0.16 0.18 0 0.32
Geranyl acetate 1668 0.39 0 0 0 0 0 1.07 0.46
5-Isopropenyl-2-methylcyclopent-1 1689 0 0.65 1.76 1.86 0 1.32 2.61 4.35
Caryophyllene 1721 2.38 1.25 1.5 0.15 0.52 1.59 0.39 0
B-cubebene 1798 1.65 0.51 2.1 3.29 1.24 2.11 32 3.42
Elixene 1817 2.43 1.03 2.07 0.29 1.08 1.94 0.63 0.53
a.-Farnesene 1828 0 0 0.33 0.15 0 0.19 0 0
B-Cedrene 1836 0.34 0.16 4.11 0 0 4.38 0 0
Hotrienol 1858 0 0 0.21 0 0 0.21 0.48 0
Longipinocarvone 1912 0.65 0.7 0.65 0 0.43 0.58 1.11 0
Spathulenol 1917 0.27 0 0.43 0.29 0.47 1.21 0.58
Caryophyllene oxide 1924 1.73 0.79 2.42 0.17 0.54 2.56 0.61 0
trans-Nerolidol 1958 6 0 0.93 2 0.19 0.94 0.52 0
Agarospirol 1967 0 0 0 0.15 0 0 1.08 0
Spathulenol 1971 0.25 0 0 0 0 0 0.95 0.2
Tetracyclo[6.3.2.0(2,5).0(1,8)]tridecan-9-ol, 4,4-dimethyl- 1978 0.92 1 1.94 0 0.31 1.82 0 0

Continued
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Name RI w1 w2 w3 W4 W5 Wé w7 w8
tau-Cadinol 1981 0 0 0 0.18 0 0 1.82 0.42
14-Methyloxacyclotetradecan-2-one 1986 2.03 1.04 0 0 0.68 0 1.07 0.31
B.-Eudesmol 1989 0 0.6 4.74 0.47 0.22 5.14 1.69 0.58
Acetic acid, 1-methyl-3-(2,6,6-trimethylcyclohex-1-enyl)propyl ester | 1994 0 0 1.29 0.1 0 1.63 1 0.6
Humulane-1,6-dien-3-ol 2007 0.51 0.23 293 0.2 0 3.13 3.74 0.45
9-Ethylbicyclo(3.3.1)nonan-9-ol 2015 0 0 4.15 0.19 0 431 0 0.31
Camazulene 2029 0 0 0.4 0.09 0 0.33 0.52 0
Cyclohexylidenecyclohexane 2044 0.12 0 0.39 0.11 0 0.29 0.78 0.34
Andrographolide 2056 0.26 0 0.15 0 0.42 0.15 0.2 0.19
Farnesol, acetate 2065 0.74 0.2 0 0 0 0.34 1.68 0
Cyclohexadecanolide 2071 2.14 1.11 2.09 2.6 1.64 1.84 743 4.47
Phthalicacid, methyl octyl ester 2114 0.38 0.22 0 0.27 0.23 0.28 0.61 0.32
Octadec-9-enoic acid 2122 0.29 0.18 0.29 0.34 0.19 0.21 0.96 0.52
Phytol 2131 3.69 2.18 5.66 2.66 2.83 4.75 4.74 3.24
B.-Cholestanol acetate 2149 0.57 0.14 0.53 0.31 0.44 0.42 0.76 0.29
Tetratriacontane 2167 0.23 0 0.27 0.17 0 0.16 0.31 0.31
Eicosane 2212 0.15 0 0.16 0.14 0 0.13 0.5 1.02
Mehp 2224 299 0.78 231 1.13 1.94 1.88 1.28 2.12
Hexatriacontane 2273 0 0 0 0 0 0 0.43 0
Monoterpenes hydrocarbons - 31 2142 13.66 324 21.39 143 10.09 15.41
Oxygenated monoterpenes - 35.66 61.03 36.5 49.99 59.4 37 39.57 58.89
Sesquiterpenes - 6.8 2.95 10.11 3.88 2.84 10.2 4.22 3.95
Oxygenated sesquiterpenes - 9.81 2.32 13.39 1.56 3.62 14.5 15.62 2.83

Table 2. Chemical composition of essential oils (%) of eight A. wilhelmsii accessions. The values in the table
are percentages of a given constituent in the total oil. The data were sorted based on the retention index (RI) of
the components.

accessions. All accessions demonstrated similar levels of phytol compounds. Chrysanthenone component was
also detected in the essential oil of this species.

Based on the observed variations in compound number and concentration, it can be inferred that there is
considerable phytochemical diversity within this species across different regions of the country. The principal
compounds identified in the essential oil of the aerial parts of A. wilhelmsii in this study were camphor, 1,8-cin-
eole, anethole, a-pinene, and phytol.

Previous investigations have reported similar compounds, such as camphor, 1,8-cineole, and a-pinene, as well
as different compounds, including carvacrol, linalool, and borneol?®?”#2, The previous reports and the findings
of this research suggested that camphor and 1,8-cineole are the principal constituents of the essential oil in this
species. Nonetheless, different studies have reported different major compounds for this plant. These disparities
may be attributed to variations in physiology, environment, geography, genetics, and plant material diversity**. In
addition, Saeidi et al.”” conducted a study to analyze the essential oil composition of twenty A. wilhelmsii acces-
sions collected from their natural habitats across southwest Iran. The researchers identified several components,
including chrysanthenone, trans-carveol, linalool, neoiso-dihydrocarveol acetate, camphor, filifolone, 1,8-cineole,
borneol, a-pinene, trans-piperitol, (E)-caryophyllene, (E)-nerolidol, and lavandulyl acetate, which were present
abundantly in the essential oil of A. wilhelmsii populations. Many of these components were also detected in
the accessions studied in the present research. However, certain components such as neoiso-dihydrocarveol
acetate, filifolone, and lavandulyl acetate were exclusively identified in the previous study, whereas components
like anethole and phytol were specifically identified in the present study. One possible explanation for these
differences is that the accessions in the present study were cultivated in specific locations, while Saeidi et al.?”
collected accessions from their natural habitats. Also, in the present study, a broader range of locations across
the country was covered, which may explain some of the differences observed compared to the previous study.

A total of 75 compounds were identified in A. vermicularis, similar to A. wilhelmsii, as presented in Table 3.
Among these compounds, the composition of 1,8-cineole was recognized as the most significant in this species.
The V2 accession exhibited the highest percentage of 1,8-cineole at 26.22% (Fig. S1b). All accessions, except
V7, contained varying percentages of this compound. The second most important composition was camphor,
with a range of 0% to 28%, and the highest percentage was found in the V6 accession. This accession also exhib-
ited a prominent compound of this species, levo-carvone, at a concentration of 15.38%. The species displayed
§-terpinene in concentrations ranging from 0 to 10%. Several unique compounds were found in the accessions of
this species. For instance, V1 contained 10% pinocarvone compound, V7 contained 17.16% cyclohexadecanolide
compound, and V9 contained 40.54% pulegone compound. All accessions demonstrated similar percentages of
mehp composition. Based on the observed changes in each composition and their respective ranges, it can be
inferred that there is significant phytochemical diversity within this species.
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Name RI Vi V2 V3 V4 V5 Vé v7 V8 \ V10
2-Methylbutyl acetate 894 |0 0 0.42 0 0.17 |0 0 0 0 0
Santolina trien 931 0 0.2 0 0.13 0.12 0 0 0 0 1.23
a-Pinene 977 | 4.64 3.08 1.49 2.6 2.02 4.23 0 3.85 [0.28 5.13
Camphene 1003 |0.81 254 022 |0.71 2.72 246 |0 2.43 0.11 1.3
B-phellandrene 1042 | 0.49 4.84 3.24 1.4 3.03 3.6 0 4.82 0.41 4.73
B-Pinene 1049 | 7.89 1.53 0.32 3.23 0.59 1.02 0 0.91 0.61 1.34
B.-Myrcene 1072 | 0.47 0.39 0.13 0.51 0.31 0.41 0 0.54 |02 0.51
Yomogi alcohol 1083 |0 034 |0 027 027 |0 0 0 0.16 |0
4-Carene 1115 |0.11 0.44 0.63 0.47 0.54 0.16 0 1.17 0 0.38
m-Cymene 1128 |0 0.16 0.39 0.12 0.15 0.28 0 0.34 0 0.37
1,8-cineole 1140 | 8.42 2622 | 8.1 1519 |16.7 |22.11 |0 23.61 |7.97 23.57
§-Terpinene 1186 |0.22 9.71 0.24 8.93 10.1 0.74 0 1.93 0 0.48
cis-Sabinenehydrate 1204 |1.03 |297 |08 569 |3.59 1.01 |0 198 |0 1.56
Artemesia alcohol 1223 |0 1.81 0 0.65 0.44 0.09 0 0 0 0
(+)-4-Carene 1232 |0 0.21 0 0.16 |0.17 0 0 0.48 0.12 0
Linalool 1256 |6.25 1.14 [0.76 |2.63 149 |0.69 0.55 1.25 0 0.67
Butanoic acid, 1261 |0 0.4 0 0.32 069 032 |0 0.67 0 0.77
Thujone 1266 |1.01 0 2.05 0 0.39 0 0 0 0 0
Chrysanthenone 1292 |1 3.11 0 0.26 5.66 0.54 0.64 3.55 0 0.61
trans-Pinocarveol 1323 1043 0.54 22.73 (043 0.61 0.67 2.68 1.31 0 1.35
Camphor 1332 | 2.44 1344 |1.93 582 |4.14 |28.08 |0 8.82 0 6.81
9-Ethylbicycl(3.3.1)nonan-9-o 1340 |0 0 0 0 0 0 0 0 20.65 |0
Pinocarvone 1359 | 10.5 0.78 2.45 0.54 1.02 0.76 0 2.86 0 2.07
Borneol 1375 |2.62 2.07 1.49 1.2 331 1.34 1.51 9.83 9.84 1.96
p-Menth-1-en-4-ol 1388 |0.46 0 0.48 1.71 154 ]0.56 0 4.29 0 0.78
a.-Thujenal 1393 |0 1.58 0.35 0 0 0.24 0 0 0 0
Artemisia ketone 1400 |0 0.09 0 0 0.19 0.1 0 0.57 0 0
a-Terpineol 1412 |6.41 0.14 |0.78 6.54 [0.99 2.3 1.19 2.89 0 2.66
trans-Piperitol 1432 |0.21 0 0 0 0 1.16 0 0.25 0 1.21
trans-Carveol 1448 |0.36 2.19 0 0.3 0.12 0.14 0 0.89 0 0
Artemisia ketone 1472 |0 0 0 0.25 0.46 0.21 0 0 0 0
Pulegone 1477 |0 0 0 0 0 0 0 0 40.54 |0
Levo-carvone 1484 |0 0 0.18 0 0.27 1538 |0 0.55 0 0
Piperitone 1499 | 0.41 0.32 0 1.11 0.81 0 0.61 0 1.01 21.23
verbenyl acetate 1503 033 |0 0 0 1.28 |0 0 0 0 0
a-Citral 1520 |0.15 0.2 0 0 0.35 0 0 0 0.17 0
L-bornyl acetate 1542 | 0.8 0.21 0 0 2122 |0 0 0.73 0.15 0
Anethole 1546 | 0.28 3.06 3763 |11 0 1.8 1.58 0.28 0.28 3.24
cis-CarvylAcetate 1608 |0 0.26 0 0 0.12 0 0 0.24 0 0
Pulespenone 1616 |0 0 0 0 0 0 0 0 4.73 0
5-Allyl-2-methoxyphenol 1635 |0 0.13 0 0 0 0.11 0.48 0.36 0 0.31
Aglaiene 1665 |0 0.16 0 0 0.17 |0 0 0 0 0
Geranyl acetate 1668 | 0.75 0 0 0.6 0 0.49 0 0.41 0 0
Methyl eugenol 1698 |0.22 058 |0 0.14 039 0.28 1.19 | 0.44 0 0.31
Caryophyllene 1721 |2.12 0 0.42 2.17 0 0 0 0 0 0
a.-Himachalene 1790 |0.38 0 0 0.43 0 0 0.59 0 0 0
B-cubebene 1798 | 1.65 244 015 4.21 3.14 1.18 7.9 4.33 0.35 1.67
Elixene 1817 |0.39 0.39 134 |0.62 0.59 0.28 1.01 0.59 0 0.24
y-Cadinene 1839 |0.61 0 0.33 0.5 0 0 0 0 0 0
§.-Cadinene 1846 |0.14 0 0 0.15 0 0 0 0 0 0
Hotrienol 1858 | 0.3 0 0 0.19 0 0 1.04 0 0 0
8-Hydroxylinalool 1879 |0.32 0 0.17 0 0 0 1.3 0.63 0 0.28
B.-Terpineol 1886 |0.43 |0 0 0.16 |0 0 1.4 062 |0 0
Longipinocarvone 1912 | 0.63 0 0.71 0.6 0 0 0 0 0 0
Spathulenol 1917 |0.81 0.21 0 0.68 0.63 0.22 327  |0.48 012 [0.79
Caryophyllene oxide 1924 (137 |0 0.91 1.39  [0.21 0 147 |0 0 0
Continued
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Name RI Vi V2 V3 V4 V5 A\ v7 V8 V9 V1o
a.-Santalene 1950 | 0.61 0.18 |0.14 |0.68 |04 0 2.71 0 0 0.43
trans-Nerolidol 1959 342 |0 0 052 |0 0 586 |0 0 0
Agarospirol 1968 223 |0 0 238 |0 0 082 |0 0 0.45
tau-Cadinol 1981 |4.67 |024 |0.87 |3.65 |0.19 |0.21 1.38 1039 |0 0.23
B.-Eudesmol 1989 |4.82 045 |0.12 324 047 |022 |3.85 1.02 |0 0.59
Acetic acid, trimethylcyclohex-1 1994 |0 019 |0 043 |0.21 0.12 1.88 |03 0 0.19
Humulane-1,6-dien-3-ol 2007 |573 ]0.21 0 4.34 031 0.33 252 038 |0 0.43
Heptadecane 2013 |0 0.13 0.1 0.43 0.11 0.14 1.24 0 0 0
Cyclohexylidenecyclohexane 2044 052 |0 0.05 |0.66 |0 0 228 042 |0 0.23
Cyclohexadecanolide 2071 |0.84 1.48 1.21 1.18 | 0.72 1.77 17.16 |2.03 0 1.9
Eicosane 2084 [0.09 |0 0 0.1 0 0 0.31 0 0 0
Phthalicacid, methyl octyl ester 2114 |0 0.24 0.26 0.11 0.18 0.24 0.86 0 0 0
Octadec-9-enoic acid 2121 |0 024 018 |0.13 0.15 |0.19 1.31 0 0 0.11
Phytol 2131 | 1.22 1.01 221 2.38 1 0.71 9.81 053 |0 0.42
B.-Cholestanol acetate 2149 |0.14 |0.21 021 |0.14 |0 0 1.21 0 0 0
Hexatriacontane 2167 |0.11 0.14 0.25 0.13 0 0 1.02 0.2 0 0
Tetratriacontane 2212 |0.12 0 0.12 0.19 0 0 0.79 0.2 0 0
Mehp 2224 |0.49 1.52 1079 |0.84 |0.98 1.86 1.47 1.4 0.38 |2.95
Hexatriacontane 2273 |0 0 0.07 0.09 0 0 0.5 0 0 0
Monoterpenes hydrocarbons - 14.63 |229 |6.27 18.14 |19.6 12.62 |0 16.13 |1.73 15.1
Oxygenated monoterpenes - 36.71 |35 71.8 29.64 |49.08 |56.27 |14.17 [43.42 |56.72 |45.82
Sesquiterpenes - 59 3.17 2.38 8.76 4.3 1.46 1221 |4.92 0.35 234
Oxygenated sesquiterpenes - 24.46 |1.42 2.61 17.48 |2.15 1.21 21.55 |[3.01 0.12 2.68

Table 3. Chemical composition of essential oils (%) of ten A. vermicularis accessions. The values in the table
are percentages of a given constituent in the total oil. The data were sorted based on the retention index (RI) of
the components.

In a study by Rabbi-Angourani®’, the main compositions of the essential oil of A. vermicularis were found to
be camphor, bornel acetate, and 1 and 8-cineole. This finding aligns with a report on A. vermicularis growth in
Turkey, which identified camphor and 15-hexadecanolide as the major components of the essential 0il*%. Previous
studies conducted on A. vermicularis from Iran also reported 1,8-cineole, camphor, and germacrene D as the
main components*>*. In another study by Rezaei et al.¥’, the major constituents of the essential oil were identified
as camphor, borneol, and terpinen-4-ol. In the present study, the most important components identified in the
essential oil of the aerial parts of A. vermicularis were 1,8-cineole, camphor, 8-terpinene, anethole, borneol, and
trans-pinocarveol. These findings are consistent with previous studies conducted in Turkey, which also reported
camphor and 1,8-cineole as the most important compounds in this species®.

The confirmation of these findings across different regions and years suggests that these compounds are
consistently produced under various environmental conditions, although the reported percentages may vary.

The essential oil of A. tenuifolia species yielded a total of 49 identified compounds, as outlined in Table 4. It
is worth noting that the number of compounds obtained in A. tenuifolia was significantly lower compared to the
other two species investigated. The most prominent compound observed in A. tenuifolia was p-cubebene, which
was present in all accessions. Among the accessions, T4 exhibited the highest percentage (50.23%) of B-cubebene,
while T3 had the lowest percentage (29.79%) (Fig. S1c). Another notable compound in A. tenuifolia was elixene,
with a composition range of 5.95 to 8.91%. The T6 accession displayed the highest percentage (13.88%) of elixene,
along with B-sesquiphellandrene. Additionally, two compounds, 1,8-cineole and camphor, were identified as
major compounds in A. tenuifolia. These compounds were also found in the other two species, A. vermicularis and
A. wilhelmsii, where they constituted the primary compounds. In contrast to the other two species, A. tenuifolia
accessions did not exhibit a unique compound, which could be attributed to the close proximity of the sample
collection sites or a lower diversity of chemical compounds in this species. Notably, all accessions of A. tenuifolia
displayed similar percentages of mehp composition. The key essential compounds identified in the aerial parts of
A. tenuifolia in this study were B-cubebene, elixene, B-sesquiphellandrene, 1,8-cineole, camphor, and 8-terpinene.

Previous studies have shed light on the significant chemical compounds of this plant. A study conducted on
different parts of the plant reported that flower compounds included limonene and a-cadinol, leaf compounds
included limonene, a-pinene, caryophyllene oxide, a-gurjunene, bornyl acetate, and §-cadinene, while stem
compounds included limonene, a-pinene, and spathulenol®. Aghjani et al.* identified camphor and borneol as
the primary chemical compounds in the flowers of this plant. The compounds contribute to the diverse biological
activities of the essential oil and methanol extract of Achillea species, including antioxidant and antimicrobial
properties*.

The major components in the essential oil of the three studied Achillea species are presented in Table 5. Among
the species, A. tenuifolia exhibited significantly higher amounts of f-cubebene and elixene compared to the
other two species. Interestingly, all three species had similar levels of a-pinene. In terms of specific compounds,
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Name RI T1 T2 T3 T4 T5 T6 T7
a-Pinene 977 1.6 2.55 3.18 4.98 2.27 2.38 4.7
Camphene 1003 | 0.36 0.39 0.67 0 0.46 0 0.65
B-phellandrene 1042 | 0.3 0.79 |245 1.38 1.07 1.16 1.08
B-Pinene 1048 | 0.19 0.37 0.51 0 0 0 0.54
Yomogi alcohol 1083 | 0.54 0 0 0 0 0 0.54
m-Cymene 1128 | 1.12 1.28 1.53 2.07 1.82 0.86 1.7
1,8-cineole 1140 | 1.45 4.75 5.23 3.04 6.7 5.39 5.31
S-Terpinene 1186 |5.93 3.54 2.31 1.62 2.35 2.69 4.99
cis-Sabinenehydrate 1204 |0.51 |0.57 1.25 |0.94 131 |0 0.29
Artemesia alcohol 1223 | 0.81 1.5 051 |0 0 0.69 219
Linalool 1256 |0.33 0.36 0.85 0 0.51 0 0.27
Chrysanthenone 1291 091 2.3 3.85 0 2.7 0 0
trans-Pinocarveol 1325 | 0.44 1.56 0.88 0 1.65 0 0.63
Camphor 1333 233 3.32 5.52 3.96 3.73 2.16 2.95
3,9-Epoxy-1-p-menthene 1347 |0.96 2 1.84 1.82 1.32 0.97 1.45
Pinocarvone 1359 |0 0.41 0.68 0 0 0 0.42
Borneol 1375 |0 0.3 0.46 0 0 0 1.04
p-Menth-1-en-4-ol 1388 | 0.4 0.57 0.95 1.18 1.19 0 0.4
a.-Terpineol 1411 | 0.48 1.49 1.01 0 1.55 1.05 112
trans-Piperitol 1433 | 0.78 3.82 1.17 0 2.92 12 0.58
Piperitone 1499 |0 1.32 0.56 0 0 0.59 0.38
verbenyl acetate 1503 [2.04 |0 124 |0 084 |0 0
a.-Cyclogeraniol acetate 1531 |0 0 1.66 |0 0 092 |0
Anethole 1546 |1.85 0.8 1.14 2.1 2.2 1.39 1.71
Bicyclohexyl 1595 |0 0.2 0 0 0 0 0.34
Copaene 1665 |0.7 0.5 0.44 0 0 0 0.57
B.-Elemen 1683 | 0.64 0.49 0.41 0 0.58 0.89 0
Caryophyllene 1721 | 1.82 1.03 0.93 4.76 0.71 0.99 1.92
(Z)-.p.-Farnesene 1763 |2.2 3.11 2.23 0 2.23 0.57 1.79
B-cubebene 1798 |44.89 |35.13 [29.79 |50.23 |42.88 |36.75 |[35.99
a.-Farnesene 1811 |0 0.83 1.23 1.03 0 0 0.55
Elixene 1817 |5.95 7.51 7.13 7.18 6.07 8.91 7.19
§.-Cadinene 1846 |0.75 |0.65 |0.2 0 0 0 0.86
B-Sesquiphellandrene 1851 |0 0.81 191 |6.87 |4.38 13.88 |0.8
Spathulenol 1917 |3.51 3.13 33 1.91 2.1 3.68 2.71
Caryophyllene oxide 1924 10.75 |0 0 0 0 0 0.59
Ent-Spathulenol 1926 |0 0.81 092 |0 0 0 0
a.-Santalene 1950 10.29 0.53 0.64 0 0 0 0.85
trans-Nerolidol 1959 10.23 0.49 0.58 0 0 0.61 0.41
Spathulenol 1973 10.77 0.96 1.03 0 0.64 1.03 0.84
tau-Cadinol 1981 |0 0.6 0.58 1.52 0 0.69 0
a.-Cadinol 1989 |3.39 0.94 1.81 0.95 0.88 1.05 1.66
Acetic acid, 1-methyl-3-(2,6,6-trimethylcyclohex-1-enyl)propyl ester 1994 |0.66 |0.45 0.47 0 0 0.73 0.35
Humulane-1,6-dien-3-ol 2007 | 1.42 2.35 2.3 1.66 2.22 4.06 1.35
Cyclohexylidenecyclohexane 2044 1072 036 |037 |0 0 0 0.59
Enanthone 2068 |0 0 052 |0 1.02 |0 1.24
Cyclohexadecanolide 2071 077 |096 |047 |0 0 0 0
Phytol 2132 |0 0 0 0 0 1.51 0.49
Mehp 2224 | 1.26 0.86 0.77 0.82 1.32 1.27 1.53
Monoterpenes hydrocarbons - 11.49 |13.67 |15.88 |13.09 |14.67 |12.48 |19.51
Oxygenated monoterpenes - 10.88 | 18.32 |20.07 |8.18 18.6 7.08 11.98
Sesquiterpenes - 57.49 |5091 |4519 |70.07 |56.85 |61.99 |50.88
Oxygenated sesquiterpenes - 10.07 |9.28 10.52 | 6.04 5.84 11.12 | 7.56

Table 4. Chemical composition of essential oils (%) of seven A. tenuifolia accessions. The values in the table
are percentages of a given constituent in the total oil. The data were sorted based on the retention index (RI) of
the components.
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Component A. wilhelmsii | A. vermicularis | A. tenuifolia
Phytol 3.7 19 0.3
Elixene 1.25 0.54 7.13
a-pinene 3.5 2.73 3.1
Anethole 6.8 4.9 1.6
Camphor 133 7.15 3.42
1,8-cineole 8.95 15.2 4.55
d-terpinene 1.4 3.23 3.35
B-cubebene - 2.71 39.4
trans-nerolidol 1.32 1.03 0.33
trans-pinocarveol 0.82 3.1 0.74
B-sesquiphellandrene - - 4.1

Table 5. Mean values of the major essential oil components in the three Achillea sp.

A. wilhelmsii displayed higher values of camphor, anethole, phytol, and trans-nerolidol compared to the other
two species. On the other hand, the amount of 1,8-cineole in A. vermicularis was approximately double that of
A. wilhelmsii, and the amount in A. wilhelmsii was approximately double that of A. tenuifolia. The essential oil
components present in four classes (Tables 2-4). The results showed significant variations in the composition of
essential oils among the different Achillea species and their classes. In A. wilhelmsii, the oxygenated monoter-
penes are the dominant class, ranging from 35.66 to 61.03% across the eight accessions. The monoterpene
hydrocarbons and sesquiterpenes are also present in notable amounts, but in lower proportions compared to
the oxygenated monoterpenes. The A. vermicularis samples exhibit a more diverse essential oil profile. The oxy-
genated monoterpenes are still a significant component, ranging from 14.17 to 71.8%. In contrast, the essential
oil composition of A. tenuifolia was dominated by sesquiterpenes, which account for 45.19-70.07% of the total
essential oil components across the seven accessions.

Multivariate analysis
Cluster analysis was conducted using the key components of essential oils from the studied accessions,
namely B-cubebene, elixene, borneol, camphor, 1,8-cineole, a-pinene, §-terpinene, phytol, anethole,
B-sesquiphellandrene, trans-pinocarveol, and trans-nerolidol. The analysis resulted in the classification of the
accessions into three main groups (Fig. 2). The first group comprised seven accessions of A. tenuifolia. Based on
the results, the accessions of this species were distinguished from other accessions primarily due to significantly
higher levels of f-cubebene and elixene components in their essential oils. Within this group, accession T6 was
separated from other A. tenuifolia accessions due to its high level of B-sesquiphellandrene in its essential oil. The
second and third groups were formed by the accessions of A. wilhelmsii and A. vermicularis. The cluster analysis
did not differentiate between the accessions of these two species, indicating a similarity in their essential oil
compositions. However, accession V3 did not belong to the second and third groups due to its elevated levels of
anethole and trans-pinocarveol components in its essential oil.

The results of principal component analysis (PCA) revealed that the first three principal components (PCs)
accounted for 62.21% of the total variance (Table 6). PC1, which explained 28.78% of the variance, exhibited a
significant positive correlation with -cubebene, elixene, and B-sesquiphellandrene, and a significant negative
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Figure 2. Heat map clustering of the 25 accessions of three studied Achillea sp based on the eight measured
minerals. The color scales represent the values were normalized by Z-score ((value-mean value)/standard error)
for each character.
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Principal components
Label | Minerals PC1 PC2 PC3
1 B-cubebene 0.95 0.05 0.05
2 Elixene 0.95 | -0.02 0.05
3 B-sesquiphellandrene 0.73 0.00 0.03
4 Borneol -0.52 0.27 | -0.09
5 Camphor -0.47 0.41 0.06
6 1,8-cineole -0.52 0.59 0.13
7 a-pinene -0.09 0.51 | -0.03
8 §-terpinene 0.20 0.46 0.10
9 Phytol -0.37 |-0.70 | -0.44
10 Anethole -0.30 | -0.43 0.76
11 Trans-pinocarveol -0.19 | -0.53 0.75
12 Trans-nerolidol -0.18 | -0.51 |-0.61
- Eigenvalue 3.45 2.25 1.75
- % of variance 2878 | 18.82 | 14.61
- Cumulative% 28.78 | 47.60 | 62.21

Table 6. PCA based on the eight minerals of 25 Achillea sp. accessions.

correlation with borneol and camphor. PC2, explaining approximately 18.82% of the variance, showed positive
correlations with 1,8-cineole, a-pinene, and §-terpinene, while displaying negative correlations with phytol
and anethole. Additionally, PC3 explained 14.61% of the total variation among the study accessions and was
positively correlated with trans-pinocarveol, while negatively correlated with trans-nerolidol. The PCA triplot
confirmed the clustering results, as the accessions of A. tenuifolia were closely grouped together (Fig. 3). Also,
some accessions from A. wilhelmsii and V3 were found to be distant from other accessions of the same species,
as well as from A. vermicularis accessions.

Cluster analysis and PCA have played a pivotal role in advancing our understanding of the chemical com-
positions of essential oils derived from different Achillea species. Yener® employed PCA to successfully identify
A. nobilis subsp. neilreichii as distinct in terms of its composition, while Turkmenoglu** utilized PCA to group
species based on their chemotypes. These studies exemplify the effectiveness of PCA in discerning unique chemi-
cal profiles within the Achillea genus. Similarly, Sadyrbekov®* employed cluster analysis to categorize species
according to their chemical compositions, further underscoring the significance of these analytical techniques
in comprehending the diverse essential oil compositions found in Achillea species.

The correlation coefficients among the top essential oil components of the accessions of three Achillea species,
including A. wilhelmsii, A. vermicularis, and A. tenuifolia, were presented as heat map correlation (Fig. 4). The
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Figure 3. PCA triplot based on the three first PC of the 25 accessions of three studied Achillea sp.
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Figure 4. Heat map correlation among the major essential oil composition of 25 accessions of three studied
Achillea sp.

results indicated the strength and direction of the relationships between the components. p-sesquiphellandrene
exhibited a moderate positive correlation with -cubebene, elixene, and trans-pinocarveol. 3-cubebene displayed
a strong positive correlation with elixene and a moderate positive correlation with trans-pinocarveol. It also had
weak negative correlations with a-pinene, camphor, 1,8-cineole, borneol, anethole, phytol, and trans-nerolidol.
Elixene showed a strong positive correlation with trans-pinocarveol. It also had weak negative correlations with
a-pinene, camphor, 1,8-cineole, borneol, anethole, phytol, and trans-nerolidol. Anethole showed a strong posi-
tive correlation with trans-pinocarveol and a weak positive correlation with phytol. Phytol showed a moderate
positive correlation with trans-nerolidol.

These correlation coefficients provide insights into the relationships between the essential oil components
and can be used to understand the composition and characteristics of the different Achillea species accessions.

Antioxidant activity and total phenol content
In this study, the total phenol content and antioxidant activity of the samples were assessed over a period of
2 years.

The analysis of A. wilhelmsii species revealed that the W4 and W7 accessions exhibited higher levels of total
phenol content in comparison to other accessions in the initial year (Fig. 5). These two accessions were the sole
ones that displayed elevated phenol levels in the first year compared to the second year, while the remaining
accessions demonstrated higher phenol levels during the second year relative to the first. A paired t-test was
employed to compare the 2 years in terms of this characteristic, which revealed no statistically significant differ-
ence between the two periods. Furthermore, the W4 (IC5,=278.32) and W7 (IC5,=243.21) accessions exhibited
greater antioxidant activity in the first year when compared to other samples (Table 7), whereas in the second
year, the W3 accession (IC5,=203.23) displayed the highest antioxidant activity. With the exception of the W7
accession, all accessions demonstrated higher antioxidant activity in the second year compared to the first.
Regression analysis for each accession conducted for each year demonstrated statistically significant models
(p<0.01). Moreover, the coefficient of determination (R-squared) exceeded 0.93 in the majority of models,
indicating a high degree of accuracy for the models.

Although there was no significant difference observed in total phenol content across the 2-year period,
there was a noteworthy difference in antioxidant activity (p <0.05). Figure 6 illustrates the relationship between
antioxidant activity and total phenol content. Linear regression analysis for these two variables was statistically
significant, and the coeflicient of determination was relatively high for both years within this species. While
phenolic compounds are widely recognized as the principal bioactive compounds associated with antioxidants',
it should be noted that total phenol content does not encompass the entirety of antioxidants®.

The analysis of A. vermicularis species revealed that the V2 accession exhibited a significantly higher total
phenol content in the second year compared to other accessions. Conversely, the V6 accession displayed the
highest phenol levels in the first year. Apart from these two accessions, there were no significant differences in
phenol content among the accessions over the 2-year period. Notably, the V2 and V6 accessions, characterized by
higher phenol levels, also demonstrated superior antioxidant activity compared to other samples. In the second
year, all accessions, except for V6, exhibited higher antioxidant activity relative to the first year. The regression
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Figure 5. Total phenol contents of 25 accessions of the three studied Achillea sp.

analysis results for each accession in each year established the statistical significance of the obtained models
(p<0.01), with the exception of the model associated with the V6 accession in the second year. Furthermore, the
coeflicient of determination yielded high values in most cases, indicating a strong model accuracy. Although there
was no significant variation in total phenol content throughout the 2-year period, antioxidant activity displayed a
significant difference (p <0.01). Linear regression analysis confirmed the significance of this relationship for the
two variables in the first year, supporting the linearity of the model. However, in the second year, the relationship
between the variables was found to be non-linear.

The analysis of A. tenuifolia species revealed that the highest total phenol contents in the first and second
years were obtained from T6 and T3 accessions, respectively. The range of variation in total phenol content was
low in the first year but increased in the second year. The t-test analysis indicated a significant difference between
the 2 years for both total phenol content and antioxidant activity (p <0.01). All accessions demonstrated higher
antioxidant activity in the second year compared to the first year. The results of regression analysis for each
accession in each year revealed the statistical significance of the obtained models (p <0.01). Additionally, the
coefficient of determination exhibited high values in most cases. The results of linear regression analysis revealed
a linear relationship between antioxidant activity and total phenol content in both years.

The results demonstrated that among the examined species, A. tenuifolia displayed the highest level of anti-
oxidant activity. However, there was a relatively comparable level of antioxidant activity observed across the
studied species. Additionally, A. tenuifolia exhibited the highest total phenol content.

The year factor had a significant effect on the antioxidant activity of all three studied Achillea species, while it
was only statistically significant for total phenol content in A. tenuifolia. As the plants are perennial, in the first
year of establishment, the growth period until flowering was longer compared to the second year. In the first
year, the plants flowered in August, while in the second year flowering occurred in May. The extended growth
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Yearl Year2
Accessions | IC5, b a R? | (O b a R?
W1 33337 |0.14 -0.5 0.93 | 25244 |0.121 |18.75 |0.96
w2 36091 |0.11 10.3 0.96 |259.34 |0.086 |20.33 |0.78
w3 343.07 |0.13 5.4 0.98 |203.23 |0.178 |9.79 0.94
w4 278.32 |0.13 -0.36 0.99 |258.26 |0.11 11.1 0.99
W5 387.38 |0.17 —-5.58 0.98 |320.02 |0.182 |28 0.95
Wweé 360.71 |0.16 -3.34 096 |282.63 |0.13 15 0.99
w7 243.21 |0.15 -12 098 |332.12 |0.164 |8.6 0.99
w8 41333 |0.16 -1.35 099 |269.23 |0.167 |28 0.98
A\ 373.33 |0.15 -6 0.99 |260.77 |0.13 16.1 0.97
V2 361.18 |0.135 |1.24 095 |212.76 |0.17 13.83 | 0.94
V3 367.46 |0.13 2.23 0.94 |248.07 |0.15 12.79 | 0.94
V4 369.51 |0.124 |4.18 0.99 |274.17 |0.12 17.1 0.97
V5 362.19 |0.169 |-11.21 [0.99 |244.38 |0.13 18.23 | 0.88
A 290.47 |0.148 |7.01 0.99 |402.50 |0.1 9.75 0.61
v7 356.58 |0.152 |—4.2 0.98 |309.00 |0.1 19.1 0.82
V8 390.27 |0.146 | -6.98 0.99 |255.39 |0.18 4.03 1
\¢ 362.20 |0.127 |4 0.98 |230.00 |0.13 20.1 0.8
V10 347.73 |0.11 11.75 0.99 |260.87 |0.16 8.26 0.99
T1 35296 |0.142 | -0.12 0.99 | 309 0.1 19.1 0.82
T2 34599 |0.142 |0.87 0.98 |244.92 |0.13 18.16 | 0.89
T3 32692 |0.13 7.5 0.99 |216.25 |0.16 154 0.95
T4 385.95 |0.121 |3.3 0.98 |290 0.1 21 0.84
T5 361.18 |0.135 |1.24 0.95 |282.09 |0.11 18.97 |0.90
T6 255.60 |0.157 |9.87 0.99 |243.18 |0.17 8.66 0.98
T7 364.03 |0.149 |-4.24 0.98 |225.16 |0.19 7.22 0.97
t-value 3.83% (ipdicating t}llat the antioxildar}t activity of the 2 years of the
study differed significantly at a significance level of 0.05.)

Table 7. Antioxidant activities of 25 accessions of three studied Achillea sp.

period in the first year likely diverted more resources towards vegetative growth rather than secondary metabo-
lite production®. In contrast, the shorter growth cycle in the second year allowed for increased accumulation
of phenolic antioxidants in the aerial parts by the time of flowering in May. This may explain the higher anti-
oxidant activity levels observed in all three species during the second year. Meanwhile, the year effect on total
phenol content was only significant for A. tenuifolia possibly due to greater sensitivity or capacity for phenolic
accumulation in this species.

The results of present study are consistent with a study conducted by Polatoglu et al.**, which reported signifi-
cant DPPH scavenging activity in the essential oils of A. tenuifolia and A. vermicularis. Several Achillea species,
such as A. vermicularis, A. wilhelmsii, and A. tenuifolia, have been identified as possessing noteworthy antioxidant
activity and exhibiting high total phenolic content*>*>~>". These properties can be attributed to the presence of
bioactive compounds, including phenolics and essential oils, in these species®®*®. However, it should be noted
that the antioxidant activity of A. tenuifolia’s root extracts does not necessarily correlate with their total phenol
content™. Also, Al-Ogaili et al.* revealed that Iraqi A. tenuifolia contains high levels of polyphenols, indicating
its potential as a source of antioxidants. These findings underscore the potential of Achillea species, including
A. vermicularis, A. wilhelmsii, and A. tenuifolia, as natural sources of antioxidants with promising applica-
tions in the pharmaceutical and medical fields. Also, significant antioxidant properties and total phenol content
were observed in Achillea species collected from their original site®®. These plants exhibited higher antioxidant
properties and total phenol content compared to our study, which may be attributed to different factors such as
elevation, region, and organs used®-2,

1.48

Conclusion

To highlight the novel findings of this study, the results revealed substantial differences in the essential oil profiles
and antioxidant potentials among accessions from three Achillea species (A. wilhelmsii, A. tenuifolia, and A.
vermicularis) when cultivated under uniform field conditions. Notably, evaluating multiple accessions together
for the first time demonstrated considerable intraspecific chemical diversity and phenolic variations between
genotypes of the three species that had not been previously reported. The dominant compounds differed between
the species, with camphor being predominant in A. wilhelmsii, 1,8-cineole in A. vermicularis, and p-cubebene
and elixene in A. tenuifolia. However, certain compounds, such as 1,8-cineole and camphor, were consistently
found across all species. Cluster analysis grouped the accessions into three main clusters, with A. tenuifolia
accessions forming a distinct group characterized by higher levels of p-cubebene and elixene. Additionally, the
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Figure 6. The relationships between antioxidant activity and total phenol content of three Achillea species over
2 years.

study assessed the total phenolic content and antioxidant activity of Achillea species over a 2-year period. Among
the examined species, A. tenuifolia exhibited the highest levels of total phenol content and antioxidant activity.
However, there was a relatively comparable level of antioxidant activity observed across the studied species.
Furthermore, linear regression analysis revealed a positive relationship between antioxidant activity and total
phenol content in both years for A. tenuifolia and A. wilhelmsii. These findings emphasize the phytochemi-
cal diversity within Achillea species and highlight the influence of genetic and environmental factors on their
essential oil compositions and antioxidant properties. Moreover, the study underscores the potential of Achillea
species as a reliable source of antioxidants for use in the food and pharmaceutical industries. Further research,
including the selection of specific accessions within each species, can provide deeper insights into their chemical
composition and medicinal potential.

Data availability

All data are within the manuscript.

Received: 14 February 2024; Accepted: 21 May 2024
Published online: 23 May 2024

Scientific Reports |  (2024) 14:11843 | https://doi.org/10.1038/s41598-024-62834-1 nature portfolio



www.nature.com/scientificreports/

References

1.

2.

10.
11.

12.
. Saadat, S., Rajabi, M. & Boskabady, M. H. Experimental and clinical studies on pharmacological actions of the genus Achillea: A

14.
15.
. Lang, Y. et al. Classification and antioxidant assays of polyphenols: A review. J. Futur. Foods 4, 193-204 (2024).
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31
32.

33.

34.
35.
36.
37.
38.
39.

40.

Mohammadhosseini, M. The ethnobotanical, phytochemical and pharmacological properties and medicinal applications of essential
oils and extracts of different Ziziphora species. Ind. Crops Prod. 105, 164-192 (2017).

Mohammadhosseini, M., Frezza, C., Venditti, A. & Akbarzadeh, A. Ethnobotany and phytochemistry of the genus Eremostachys
Bunge. Curr. Org. Chem. 23, 1828-1842 (2019).

. ElJabboury, Z. et al. Ammi visnaga (L.) Lam.: An overview of phytochemistry and biological functionalities. Trends Phytochem.

Res. 7, 141-155 (2023).

. Fitzgerald, M., Heinrich, M. & Booker, A. Medicinal plant analysis: A historical and regional discussion of emergent complex

techniques. Front. Pharmacol. 10, 423244 (2020).

. Edo, G. I et al. Phytochemistry and pharmacological compounds present in scent leaf: A review. Food Chem. Adv. 3, 100300 (2023).
. Sundarrajan, P. & Bhagtaney, L. Traditional medicinal plants as bioresources in health security. in Ethnic Knowledge and Perspec-

tives of Medicinal Plants 53-75 (Apple Academic Press, 2024).

. Alemu, M. et al. Ethnobotanical study of traditional medicinal plants used by the local people in Habru District, North Wollo

Zone, Ethiopia. J. Ethnobiol. Ethnomed. 20, 4 (2024).

. Saad, B. History, present and prospect of greco-arab and islamic herbal medicine. in History, Present and Prospect of World Tradi-

tional Medicine 235-300 (World Scientific, 2024).

. Farajpour, M., Ebrahimi, M., Baghizadeh, A. & Aalifar, M. Phytochemical and yield variation among Iranian Achillea millefolium

accessions. HortScience 52, 827-830 (2017).

Kiigiikbay, F. Z., Kuyumcu, E., Bilenler, T. & Yildiz, B. Chemical composition and antimicrobial activity of essential oil of Achillea
cretica L. (Asteraceae) from Turkey. Nat. Prod. Res. 26, 1668-1675 (2012).

Alcdzar Magana, A., Kamimura, N., Soumyanath, A., Stevens, J. F. & Maier, C. S. Caffeoylquinic acids: Chemistry, biosynthesis,
occurrence, analytical challenges, and bioactivity. Plant J. 107, 1299-1319 (2021).

Radusieng, J. et al. Trends in phenolic profiles of Achillea millefolium from different geographical gradients. Plants 12, 746 (2023).

comprehensive and updated review. Avicenna J. Phytomed. (2024).

Mohammadhosseini, M., Sarker, S. D. & Akbarzadeh, A. Chemical composition of the essential oils and extracts of Achillea species
and their biological activities: A review. J. Ethnopharmacol. 199, 257-315 (2017).

Kashyap, S. & Gupta, S. Natural antioxidants from medicinal and aromatic plants: A review (2023).

Wu, R. et al. Integrative transcriptomic and metabolomic analyses reveal the phenylpropanoid and flavonoid biosynthesis of Prunus
mume. J. Plant Res. 137, 95-109 (2024).

Hallaj-Nezhadi, S., Ghanbari, H., Alizadeh, S. & Hamedeyazdan, S. Investigation on phytochemical constituents of Achillea aucheri
Boiss. Endemic to Iranian flora accompanied by antioxidant and antimicrobial evaluations. Biochem. Syst. Ecol. 108, 104628 (2023).
Niazipoor, G., AghaAlikhani, M., Mokhtassi-Bidgoli, A. & Vitalini, S. Essential oil profile of yarrow (Achillea spp. and Tanacetum
spp.) ecotypes and their allelopathic potential to suppress redroot pigweed (Amaranthus retroflexus L.) (2023).

Fayyaz, E., Abbasi, A., Naghavi, M. & Kheiri, H. Evaluation of phytochemical variation in the essential oils of Yarrow (Achillea
spp.) originated from different regions of Iran. Iran. J. Crop Sci. 52, 41-53 (2021).

Ortiz-Mendoza, N. et al. Ethnobotanical, phytochemical, and pharmacological properties of the subfamily nepetoideae (Lamiaceae)
in inflammatory diseases. Plants 12, 3752 (2023).

Sadat-Hosseini, M., Farajpour, M., Boroomand, N. & Solaimani-Sardou, E Ethnopharmacological studies of indigenous medicinal
plants in the south of Kerman, Iran. J. Ethnopharmacol. 199 (2017).

Farajpour, M., Ebrahimi, M., Amiri, R., Golzari, R. & Sanjari, S. Assessment of genetic diversity in Achillea millefolium accessions
from Iran using ISSR marker. Biochem. Syst. Ecol. 43, 73-79 (2012).

Dehghan, G. & Elmi, E. Essential oil combination of three species of Achillea growing wild in East Azarbayjan-Iran. Adv. Herb.
Med. 1,22-28 (2015).

Sarhadynejad, Z. et al. Ethnopharmacological studies of medicinal plants used by ethnic groups in Bardsir region, Kerman province.
Tradit. Integr. Med. 427-443 (2021).

Yildirim, B., Ekici, K. & Kocak, M. Z. Essential oil composition of yarrow species (Achillea millefolium L. and Achillea wilhelmsii):
antioxidant and antibacterial activities of essential oils. Stud. Univ. Babes-Bolyai, Chem. 68 (2023).

Saeidi, K., Moosavi, M., Lorigooini, Z. & Maggi, F. Chemical characterization of the essential oil compositions and antioxidant
activity from Iranian populations of Achillea wilhelmsii K. Koch. Ind. Crops Prod. 112, 274-280 (2018).

Sefidkon, E, Adbollahi, M., Salehi Shanjani, P. & Tavakoli, M. Variability in essential oil content and composition of Achillea
tenuifolia Lam. populations in field conditions. J. Agric. Sci. Technol. 23, 673-683 (2021).

Nematy, M. et al. The effect of hydro-alcoholic extract of Achillea millefolium on appetite hormone in rats. Avicenna J. Phytomed.
7,10 (2017).

Rabbi Angourani, H. Phytochemical compositions of essential oils of Achillea vermicularis Trin in Zanjan province natural habitats.
J. Med. Plants Biotechnol. 7, 72-79 (2021).

Miikemre, M., Behget, L. & Cakilcioglu, U. Ethnobotanical study on medicinal plants in villages of Catak (Van-Turkey). J. Ethnop-
harmacol. 166, 361-374 (2015).

Bozyel, M., Canli, K. & Merdamert, E. Achillea (Yarrow): Diversity, Trade Potential, and Ethnomedicinal Uses. Adv. Med. Aromat.
Plants Prod. Process. Pharm. 2-volume set 1 (2024).

Akbar, A., Gul, Z., Chein, S. H. & Sadiq, M. B. Investigation of anti-inflammatory properties, phytochemical constituents, anti-
oxidant, and antimicrobial potentials of the whole plant ethanolic extract of Achillea santolinoides subsp. wilhelmsii (K. Koch)
greuter of balochistan. Oxid. Med. Cell. Longev. 2023 (2023).

Aminkhani, A., Sharifi, R. & Dorosti, R. Chemical composition and antimicrobial activity of Achillea tenuifolia Lam. essential oil
at different phenological stages from Khoy. Chem. Biodivers. 16, €1900289 (2019).

Mozaffarian, V. et al. Flora of Iran. No. 144: (Asteraceae). Research Institute of Forests and Rangelands (Research Institute of Forests
and Rangelands, 2018).

Adams, R. P. Identification of Essential Oil Components by Gas Chromatography/Mass Spectrometry Vol. 456 (Allured Publishing
Corporation Carol Stream, 2007).

Cam, M., Hisil, Y. & Durmaz, G. Classification of eight pomegranate juices based on antioxidant capacity measured by four
methods. Food Chem. 112, 721-726 (2009).

Brand-Williams, W., Cuvelier, M.-E. & Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT Food Sci.
Technol. 28, 25-30 (1995).

Xia, J. & Wishart, D. S. Using metaboanalyst 3.0 for comprehensive metabolomics data analysis. Curr. Protoc. Bioinforma. 2016,
14.10.1-14.10.91 (2016).

Najafzadeh, R., Aliyi, A. & Taheri Boukani, K. Comparing the essential oils percentage and compositions in different organs of
Achillea wilhelmsii C. Koch. Technol. Med. Aromat. Plants Iran 5, 11-14 (2023).

Scientific Reports |

(2024) 14:11843 | https://doi.org/10.1038/s41598-024-62834-1 nature portfolio



www.nature.com/scientificreports/

41. Boukani, K. T. & Najafzadeh, R. Evaluation of diversity of yarrow (Achillea biebersteinii afan. and Achillea wilhelmsii c. Koch)
populations in west-Azerbaijan province based on morphological traits, essential oil percentage and composition. Iran. J. Hortic.
Sci. 51, 215-228 (2020).

42. Javidnia, K., Miri, R. & Sadeghpour, H. Composition of the volatile oil of Achillea wilhelmsii C. Koch from Iran. DARU 12 (2004).

43. Figueiredo, A. C., Barroso, J. G., Pedro, L. G. & Scheffer, J. J. C. Factors affecting secondary metabolite production in plants: Volatile
components and essential oils. Flavour Fragr. J. 23, 213-226 (2008).

44. Turkmenoglu, E. P, Agar, O. T., Akaydin, G., Hayran, M. & Demirci, B. Characterization of volatile compounds of eleven Achillea
species from Turkey and biological activities of essential oil and methanol extract of A. hamzaoglui Arabac1 & Budak. Molecules
20, 11432-11458 (2015).

45. Gharibi, S., Tabatabaei, B. E. S. & Saeidi, G. Comparison of essential oil composition, flavonoid content and antioxidant activity
in eight Achillea species. J. Essent. Oil Bear. Plants 18, 1382-1394 (2015).

46. Karami-Osboo, R., Miri, R. & Jassbi, A. R. Comparative study of the volatiles in the essential oils of Achillea wilhelmsii, A. vermicu-
laris and A. eriophora by hydrodistillation and head space-solid phase microextraction (HS-SPME) gas chromatography-mass
spectroscopy (GC-MS) analyses. J. Essent. Oil Bear. Plants 18, 1433-1440 (2015).

47. Rezaei, F, Jamei, R., Heidari, R. & Maleki, R. Chemical composition and antioxidant activity of oil from wild Achillea setacea and
A. vermicularis. Int. J. food Prop. 20, 1522-1531 (2017).

48. Polatoglu, K., Karakog, O. C. & Géren, N. Phytotoxic, DPPH scavenging, insecticidal activities and essential oil composition of
Achillea vermicularis, A. teretifolia and proposed chemotypes of A. biebersteinii (Asteraceae). Ind. Crops Prod. 51, 35-45 (2013).

49. Shafaghat, A. Composition and antibacterial activity of the volatile oils from different parts of Achillea tenuifolia Lam. from Iran
(2009).

50. Aghjani, Z., Masoudi, S. & Rustaiyan, A. Composition of the essential oil from flowers of Achillea tenuifolia Lam. J. Essent. Oil Res.
12, 723-724 (2000).

51. Yener, L et al. A detailed biological and chemical investigation of sixteen Achillea species’ essential oils via chemometric approach.
Chem. Biodivers. 17, 1900484 (2020).

52. Sadyrbekov, D. T. et al. Component composition of essential oils from four species of the genus Achillea growing in Kazakhstan.
Chem. Nat. Compd. 42, 294-297 (2006).

53. Pumnuan, J. et al. Antioxidant potential, phenolic content, and nitrate/nitrite content in various lettuce varieties. AGRIVITA ].
Agric. Sci. 46, 134-143 (2024).

54. Waterman, P. G. & Mole, S. Extrinsic factors influencing production of secondary metabolites in plants. in Insect-Plant Interactions
107-134 (CRC Press, 2019).

55. Gharibi, S., Tabatabaei, B. E. S., Saeidi, G., Goli, S. A. H. & Talebi, M. Total phenolic content and antioxidant activity of three
Iranian endemic Achillea species. Ind. Crops Prod. 50, 154-158 (2013).

56. Sabanoglu, S., Gokbulut, A. & Altun, M. Characterization of phenolic compounds, total phenolic content and antioxidant activity
of three Achillea species. J. Res. Pharm. 23 (2019).

57. Manayi, A., Mirnezami, T., Saeidnia, S. & Ajani, Y. Pharmacognostical evaluation, phytochemical analysis and antioxidant activity
of the roots of Achillea tenuifolia Lam. Pharmacogn. J. 4, 14-19 (2012).

58. Sabzi Nojadeh, M., Pouresmaeil, M., Younessi-Hamzekhanlu, M. & Venditti, A. Phytochemical profile of fennel essential oils and
possible applications for natural antioxidant and controlling Convolvulus arvensis L. Nat. Prod. Res. 35, 4164-4168 (2021).

59. Al-Ogaili, N. A, Al-Jaboury, I. S. & Hasan, Z. Y. M. Qualitative and quantitative determination of total phenols in Achillea tenuifolia
lam. Results Chem. 5, 100931 (2023).

60. Zargoosh, Z., Ghavam, M., Bacchetta, G. & Tavili, A. Effects of ecological factors on the antioxidant potential and total phenol
content of Scrophularia striata Boiss. Sci. Rep. 9, 1-15 (2019).

61. Moradi, H., Ghavam, M. & Tavili, A. Study of antioxidant activity and some herbal compounds of Dracocephalum kotschyi Boiss.
in different ages of growth. Biotechnol. Rep. 25, 00408 (2020).

62. Younessi-Hamzekhanlu, M. et al. Evaluation of Essential Oil From Different Artemisia fragrans Willd. Populations: Chemical
Composition, Antioxidant, and Antibacterial Activity. J. Essent. Oil Bear. Plants 23, 1218-1236 (2020).

Author contributions

M.E. and M.E. conceived and designed the research. M.E. conducted experiments and wrote the manuscript.
M.S.H., and D.EA.L. conducted experiments. A.B., M.E. and M.S.H. elaborated on the results and discussion,
while doing a critical reading of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.E. or M..E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:11843 | https://doi.org/10.1038/s41598-024-62834-1 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Multivariate analysis of the phytochemical composition and antioxidant properties in twenty-five accessions across three Achillea species
	Material and methods
	Plant materials
	Extracting essential oils
	Phytochemicals composition of the essential oils
	Extracting the plant extracts
	Total phenolic content (TPC)
	Antioxidant activity
	Statistical analysis

	Results and discussion
	Essential oil yield
	Essential oil compounds
	Multivariate analysis
	Antioxidant activity and total phenol content

	Conclusion
	References


