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Abstract: Achillea millefolium L. is the most representative plant of the genus Achillea due to its long-
standing use. Previous investigations have allowed for the identification of many chemical com-
pounds including phenols, flavonoids, monoterpenes, sesquiterpenes, and their derivatives. How-
ever, only a few reports have considered flower color in relation to A. millefolium composition. In
this work, the phytochemical analysis on the volatile content of fresh samples of three mor-
photypes—white, pink and deep pink—collected in different points of the Italian Alpine area, was
performed by the SPME-GC-MS technique. The obtained data highlighted a high content of terpenic
compounds in all of the investigated morphotypes with a general predominance of monoterpenes
over sesquiterpenes with the exception of the white morphotype at collection point A (Saint Marcel,
Valle d’Aosta). An in-depth statistical investigation was also carried out to better interpret the dis-
tribution of the various components both in relation to the morphotype and collection point.

Keywords: yarrow; chemical comparison; volatile content; statistical analyses

1. Introduction

The genus Achillea, which includes 134 accepted species, has its native range in the
temperate and subtropical Northern Hemisphere, mainly in Eurasia, but also in northern
Africa and North America [1]. It is represented by 23 species in Italy, where A. millefolium
grows in almost all regions except Sicily and Puglia (uncertain presence), from the low-
land area to the nival level (0-2700 m altitude) in a variety of habitats including both arid
(montane and subalpine) and stable (fertilized and mowed) meadows [2,3]. The name
Achillea was adopted by Linnaeus, taking up the Greek term achilleios, which means herb
of Achilles, with reference to the plant used by the hero of the Trojan war to heal the
wounds of his fellow soldiers. On the other hand, the epithet of the species (from the
Greek myriophyllon = countless leaves) refers to the numerous lacinias characterizing the
leaves [4]. The origin of the common name “yarrow” is unknown and probably comes
from garawa, the Old High German name for this plant [4].

A. millefolium is the most representative plant of the genus due to its long-standing
use (from at least 50,000 years B.P.) in the traditional medicine of various cultures from
Europe to Asia. Different herbal preparations, both in solid and liquid forms, are still pre-
pared to treat inappetence, skin disorders, urinary tract disorders, and minor digestive
problems [5-7]. The main active molecules have been shown to be phenols, flavonoids,
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monoterpenes, sesquiterpenes, and sesquiterpenoids [5,8,9]. Studies on the chemical com-
position of A. millefolium date back to the early 1900s and more than 120 compounds have
been identified [10]. Investigations on the chemical composition of essential oils and other
extracts obtained from A. millefolium have been carried out in many countries [11-17] in-
cluding Italy [9,13,18,19]. However, only a few reports have considered flower color in the
composition of A. millefolium. Judzentiené and Mockuté [20] characterized the essential oils
obtained from 14 wild Lithuanian samples of pink A. millefolium and compared them with
those of white A. millefolium from their previous work [21], highlighting some differences
between the main constituents, especially chamazulene and borneol. In a subsequent
study, they confirmed this finding by reporting the different major compounds in the es-
sential oils of both the inflorescences and leaves of white, pink, and deep pink A. millefolium
collected in the same locality [22]. A few years later, the same authors described, for the
first time, four new chemical profiles of the essential oils of A. millefolium leaves by study-
ing the white and pink morphotype [23]. Meanwhile, Bimbiraité and coworkers [24] inves-
tigated the white, pink, deep pink, and red morphotypes of cultivated A. millefolium by
noting that the essential oil was more abundant in the white samples, while the flavonoid
content was higher in the 70% methanolic extract of the deep pink morphotype.

In this study, we extended the phytochemical research on A. millefolium, focusing on
the evaluation of the volatile content in three morphotypes with white, pink, and deep
pink flowers, respectively, that were collected fresh in the alpine area of four regions in
northern Italy and analyzed by the SPME-GC-MS techniques.

2. Materials and Methods
2.1. Sample Collection

In August 2022, the flowering aerial parts of A. millefolium of different colors (white,
pink, and deep pink) growing wild in the Alps were collected in triplicate in four Italian
regions between 1335 and 1351 m above sea level. Details are shown in Figure 1. On site,
fresh samples (nine in total) from each A. millefolium population were inserted in glass
vials with a PTFE-coated silicone septum, initialed, and sealed with multiple layers of
Parafilm® to avoid any spillage of volatile compounds, then immediately sent to the la-
boratory for analysis.
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Italian region Municipality Geographical Altitude  Collection date
coordinates (m)

A Valle d'Aosta Saint Marcel (AO) 45°42'43"N7°28'36"E 1351 10.08.2022
B Lombardia Campodolcino (SO) 46°2'19"N 9°22'03"E 1346 21.08.2022
¢ Trentino Alto-Adige Malles Venosta (BZ) 46°70'02"N 10°51'84"E 1335 28.08.2022
D Veneto Cortina d'Ampezzo (BL)  46°31'55"N 12°07'13"E 1345 16.08.2022

Figure 1. A. millefolium collection points.
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2.2. SPME Sampling

With the aim of describing the volatile chemical composition of the collected mor-
photypes, a sampling was performed using the SPME technique. The applied investiga-
tion method followed the one described in our previous works [25,26] and further opti-
mized for the examined matrices. In detail, two flower heads of each morphotype were
placed inside a 7 mL glass vial with a PTFE-coated silicone septum. To obtain a better
extraction of volatiles, a SPME device from Supelco (Bellefonte, PA) with a 1 cm fiber
coated with 50/30 um DVB/CAR/PDMS (divinylbenzene/carboxen/polydimethylsiloxane)
was used. Before use, the fiber was conditioned at 270 °C for 30 min. The equilibration
time for all samples of pollen was obtained by heating to 40 °C for 10 min. After this time,
the fiber was exposed to the headspace of the samples for 20 min at 40 °C to capture and
concentrate the volatile molecules. Finally, the analytes were desorbed thermally in the
GC injector maintained at 250 °C for 2 min in split mode.

2.3. GC-MS Analysis of A. millefolium Samples

The analyses of the A. millefolium samples were carried out on Clarus 500 model Per-
kin Elmer (Waltham, MA, USA) gas chromatograph coupled with a mass spectrometer
equipped with a FID (flame detector ionization). To obtain the separation of the detected
components, a capillary column Varian Factor Four VF-1 was used. The programmed
oven temperature was set as follows: held at 50 °C and then programmed at 6 °C/min to
220 °C and held for 10 min. Helium was used as the carrier gas at a constant rate of 1
mL/min. MS conditions were the following: ion source, 180 °C; electron energy, 70 eV;
quadrupole temperature, 150 °C; GC-MS interface zone, 280 °C; scan range, 35-450 mass
units. Identification of compounds was based on the comparison of the mass spectra of
pure components stored in the Wiley 2.2 and Nist 02 library databases and on the com-
parison of the linear retention indices (LRIs) calculated using a series of alkane standards
(Cs—C2s n-alkanes) with the available retention data reported in the literature. The relative
amounts of the identified molecules were expressed as percentages and obtained by the
FID peak-area normalization (mean of three replicates) without the use of an internal
standard and any factor correction.

2.4. Statistical Analysis

For a graphical visualization of the obtained results, the data matrix was imported
into Python and displayed by using several packages: Pandas [27], Matplotlib [28], and
Seaborn [29]. The acquired heatmap and the associated hierarchical cluster analysis
(HCA) were performed to obtain a dendrogram based on Euclidean distance. To visualize
the metabolite variations, heatmaps were plotted in order to separate the samples and
collection points into different groups.

To provide an exploratory data analysis for the three morphotypes of A. millefolium,
a principal component analysis (PCA) was applied to cluster features into subgroups
based on commonality and to report the weight of each component to the clusterization.
This is a preliminary step in a multivariate analysis to provide an unsupervised overview
of the samples. An unsupervised PCA analysis was carried out to determine how metab-
olites differed from each other, and which compounds contributed the most to this differ-
ence.

3. Results and Discussion

The SPME-chromatographic analyses allowed for the identification of a large number
of volatile components in the various samples. In detail, 39 components were detected
and identified in A. millefolium collected in A while 29 in those collected in B and C, and
37 in D. Significant qualitative and quantitative differences were observed between both
the colors (white, pink, and deep pink) of the flowers and between the geographical areas
in which they grew.
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With regard to collection point A (Table 1), the white specimens showed a balanced
content of sesquiterpenes (47.8%) and monoterpenes (47.6%), while the two pink samples
were characterized by a higher percentage of monoterpenes (79.1% and 72.9%, respec-
tively). Among the monoterpenes, a-pinene (11.2%) and 1,8-cineole (10.6%) were the most
abundant in the white morphotype; f-myrcene (17.3%) and 1,8-cineole (13.7%) in the pink
one; and a-pinene (36.2%) followed by S-pinene (8.9%) in deep pink. y-Muurolene (17.5%)
was instead the main sesquiterpene in all three types of A. millefolium (white 17.5%; pink
8.9%, deep pink 16.8%). Some compounds were exclusive to only one of the three mor-
photypes. For example, a-copaene (15.5%), (-)-cis-carvyl acetate (4.6%), trans-carveol
(1.5%), isopinocampone (1.4%), and others with percentages ranging between 0.2% and
1.5% were detected in the white morphotype. f-Myrcene (17.3%), cyclogeraniol (4.4%), a-
ocimene (1.9%), and other minor compounds (0.2% to 0.9%) were characteristic of the pink
morphotype. In contrast, the compounds identified in the deep pink morphotype were
common to the other two.

Table 1. Chemical volatile composition (percentage mean value + standard deviation) of the three
morphotypes (white, pink, deep pink) of A. millefolium collected in point A.

No. COMPONENT! LRI? LRI? White Pink Deep Pink
1 santolina triene 900 901 - 0.9 £0.04 -
2 a-thujene 921 923 - 0.3+0.02 -
3 a-pinene 940 945 11.2+012  9.1+0.03 36.2+0.11
4 camphene 950 948 1.6 £0.04 2.6+0.03 2.1+0.02
5 sabinene 964 966 3.1+0.07 1.5+0.02 -
6 p-myrcene 980 983 - 17.3+£0.14 -
7 B-pinene 982 986 5.9+0.08 - 8.9+0.08
8 p-cymene 1020 1016 0.5+0.02 - 52 +0.06
9 a-terpinene 1021 1019 - 0.2+0.02 -
10 1,8-cineole 1026 1025 10.6+£0.13 13.7+0.21 4.3+0.03
11 a-ocimene 1038 1042 - 1.9+0.03 -
12 trans-f-ocimene 1044 1043 1.4 £0.04 1.9£0.02 3.2+0.02
13 y-terpinene 1051 1054 - 1.1+£0.03 2.4 +0.02
14 linalool 1083 1082 4.6+0.05 - 1.7 £0.03
15 trans-sabinene hydrate 1105 * 0.2+0.01 0.2+0.02 -
16 camphor 1128 1125 1.4 £0.03 7.3 +0.05 -
17 pinocarvone 1150 1145 0.2+0.01 - -
18 isopinocamphone 1153 1152 1.4+0.04 - -
19 a-cyclogeraniol 1178 1180 - 4.4+0.04 -
20 terpinen-4-ol 1184 1182 0.6 £0.02 -
21 a-terpineol 1186 1183 2.1+0.04 8.3+0.11 1.9£0.02
22 trans-carveol 1226 1224 1.5+0.03 - -
23 carvone 1228 1226 0.8 £0.02 - -
24 trans-chrysanthenyl acetate 1234 1231 0.5+0.01 - 0.6 £0.02
25 trans-p-menth-2-en-7-ol 1261 * - 12.7+0.18 6.4 +0.04
26 bornyl acetate 1282 1278 0.6 £0.02 0.4+0.01 -
27 (-)-cis-carvyl acetate 1344 1342 4.6 +0.05 - -
28 a-cubebene 1355 1350 1.2+0.3 - 0.6 +0.02
29 a-copaene 1368 1363 15.5+0.22 - -
30 B-elemene 1392 1388 1.5+£0.02 - 0.9+0.03
31 B-caryophyllene 1426 1424 6.6 +0.04 0.9+0.02 45+0.06
32 cis-muurola-4(14), 5-diene 1463 1460 - 0.2+0.02 -
33 humulene 1475 1473 - 1.3+£0.02 0.7 +0.01
34 p-eudesmene 1486 1483 - 0.8+0.01 -
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35 y-muurolene 1491 1486 17.5+0.32 8.9+0.14 16.8+0.22
36 B-bisabolene 1505 1501 - 0.9+0.02 -
37 a-muurolene 1512 * 2.3+0.04 - 1.0+ 0.01
38 0-cadinene 1530 * 3.2+0.06 0.4+0.12 1.0 +0.02
39 E-nerolidol 1555 1547 - 2.2+0.02 1.6 +0.02
SUM 100.0 100.0 100.0
Monoterpenoids 47.6 79.1 729
Sesquiterpenoids 47.8 15.6 27.1
Others 4.6 5.3 -

! The components are reported according to their elution order on an apolar column;?Linear reten-
tion indices measured on an apolar column; ® Linear retention indices from the literature; * LRI not
available; - Not detected.

Concerning the samples collected in point B (Table 2), the monoterpenoids abounded
on the sesquiterpenoids for all three morphotypes (76.6% vs. 20.0% in the white, 72.0% vs.
27.4% in the pink, 68.5% vs. 31.4% in the deep pink). In total, 23 compounds were detected
in the pink sample, 15 in the white, and 10 in the deep pink (Table 2). Among the mono-
terpenes, sabinene (20.2%) was the main one in the white morphotype while 1,8-cineole
(24.7%) and p-pinene (42.0%) were the main ones in the pink and deep pink, respectively.
Among the sesquiterpenes, germacrene D (14.5%) was the most abundant in the white,
while S-caryophyllene prevailed in both the pink (14.8%) and deep pink (17.9%) mor-
photypes. The monoterpenes camphene (1.8%), limonene (1.4%), and terpinen-4-ol (5.3%)
as well as the sesquiterpene a-farnesene (1.9%) were found only in the white sample. Sev-
eral compounds such as a-pinene (7.7%), f-myrcene (0.5%), isoterpinolene (0.2%), la-
vandulol (0.9%), lavandulyl acetate (0.6%), a-cubebene (0.4%), a-copaene (3.4%), cis-
muurola-4(14), 5-diene (0.6%), and S-copaene (4.5%) were present only in the pink sample.
In contrast, zingiberene (3.9%) was the only compound in the deep pink sample. All others
were also common to the white and pink morphotypes.

Table 2. Chemical volatile composition (percentage mean value + standard deviation) of the three
morphotypes (white, pink, deep pink) of A. millefolium collected in point B.

No. COMPONENT 1 LRI 2 LRI 3 White Pink Deep Pink
1 2-pentanone 689 692 3.3+0.01 - -
2 a-thujene 921 923 1.9+0.03 0.4+0.02 1.6 +0.02
3 a-pinene 940 945 - 7.7+0.14 -
4 camphene 950 948 1.8 +0.03 - -
5 sabinene 964 966 202022  87+0.07 6.6 £ 0.04
6 p-myrcene 980 983 - 0.5+0.02 -
7 B-pinene 982 986 41+0.02 156+0.13 42.0+0.21
8 p-cymene 1020 1016 153+0.14  5.7+0.04 -
9 limonene 1021 1023 1.4+0.03 - -
10 1,8-cineole 1026 1025 59+0.04 247x0.20 17.2+0.18
11 trans-f-ocimene 1044 1043 - 1.7 £0.07 0.5+0.02
12 y-terpinene 1051 1054 6.0+0.03 3.6+0.04 -
13 isoterpinolene 1091 1088 - 0.2+0.02 -
14 trans-sabinene hydrate 1105 * 7.0+0.02 0.4+0.02 -
15 camphor 1128 1125 7.7 +0.09 0.3+0.01 -
16 lavandulol 1151 1148 - 0.9+0.02 -
17 terpinen-4-ol 1184 1182 5.3+0.04 - -
18 a-terpineol 1186 1183 - 1.6 +0.03 0.6 £0.02
19 lavandulyl acetate 1274 1271 - 0.6 +£0.02 -
20 a-cubebene 1355 1350 - 0.4+0.01 -
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21 a-copaene 1368 1363 - 3.4+0.02 -
22 B-caryophyllene 1426 1424 - 14.8 +0.15 17.9+0.13
23 cis-muurola-4(14), 5-diene 1463 1460 - 0.6 £0.02 -
24 humulene 1475 1473 - 1.3 +0.03 1.9+0.03
25 a-farnesene 1482 1484 1.9+0.02 - -
26 germacrene D 1490 1489 145+0.10 0.6+0.02 7.7 +0.04
27 zingiberene 1494 1490 - - 3.9+0.03
28 0-cadinene 1530 * 3.6+0.03 2.0+0.02 -
29 B-coapene 1532 * - 4.3 +0.04 -
SUM 99.9 100.0 99.9
Monoterpenoids 76.6 72.0 68.5
Sesquiterpenoids 20.0 27.4 31.4
Others 3.3 0.6 -
! The components are reported according to their elution order on an apolar column;?Linear reten-
tion indices measured on an apolar column; ® Linear retention indices from the literature; * LRI not
available; - Not detected.
Even in the white, pink, and deep pink samples collected in point C (Table 3), the
monoterpenoids (76.0%, 69.9%, 56.5%) were higher than the sesquiterpenoids (24.0, 29.1%,
43.1%). In detail, S-pinene (32.4%, 19.5%, 32.5%) and 1,8-cineole (12.9%, 12.2%, 14.7%)
were the main monoterpenes and y-cadinene (12.1%, 18.0%, 27.9%) was the most abun-
dant sesquiterpene. Three monoterpene compounds such as a-pinene (1.4%), p-cymene
(1.2%), and trans-sabinene hydrate (0.5%), and the sesquiterpenes humulene (0.6%), a-
farnesene (0.9%) and germacrene D (0.8%) were characteristic of the white sample. Only
borneol (2.6%) was typical of the pink sample, while a-terpineol (0.5%), a-cubebene
(0.2%), y-muurolene (2.7%), and germacrene B (1.2%) distinguished the deep pink mor-
photype.
Table 3. Chemical volatile composition (percentage mean value *+ standard deviation of the three
morphotypes (white, pink, deep pink) of A. millefolium collected in point C.
No. COMPONENT ! LRI 2 LRI 3 White Pink Deep Pink
2 a-thujene 921 923 0.6+0.02 56+0.04 2.3+0.02
3 a-pinene 940 945 1.4+0.03 - -
4 camphene 950 948 5.2+0.03 6.2 +0.03 -
5 sabinene 964 966 51+0.04 3.3+0.02 3.2+0.02
7 B-pinene 982 986 324+032 195+023 322+0.16
8 p-cymene 1020 1016 1.2 +0.02 - 0.9+0.03
9 1,8-cineole 1026 1025 129+0.15 122+0.18 14.7+0.11
10 cis-f-ocimene 1041 1037 0.9+£0.02 1.0+ 0.01 2.7+0.02
11 trans-p-ocimene 1044 1043 54+0.04 4.6+0.07 -
12 y-terpinene 1051 1054 20+£0.02 0.5+0.02 -
13 linalool 1083 1082 0.8+£0.02 1.7 £0.03 -
14 trans-sabinene hydrate 1105 * 0.5+0.01 - -
15 camphor 1128 1125 6.1+0.06 11.4+0.14 -
16 borneol 1156 1154 - 2.6 +0.04 -
17 a-terpineol 1186 1183 - - 0.5+0.02
18 bornyl acetate 1282 1278 1.5+0.02 1.3+0.02 -
19 a-cubebene 1355 1350 - - 0.2+0.01
20 p-caryophyllene 1426 1424 78+0.07 5.8+0.03 5.9+0.03
21 cis-muurola-3,5-diene 1444 1447 - 1.2+0.01 0.5+0.02
22 cis-muurola-4(14), 5-diene 1463 1460 0.6 £0.01 1.0+0.02 -
23 humulene 1475 1473 0.6 £0.02 - -
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25 a-farnesene 1482 1484 0.9+0.02 - -
24 germacrene D 1488 1489 0.8+0.03 - 0.5£0.02
26 y-muurolene 1490.5 1494 - - 2.7+0.04
27 y-cadinene 1517 1514 121+011 18.0+x0.11 279+0.31
28 0-cadinene 1530 * 1.2+0.02 3.1+0.03 42+0.04
29 germacrene B 1585 1582 - - 1.2+0.02
SUM 100.0 99.0 99.6
Monoterpenoids 76.0 69.9 56.5
Sesquiterpenoids 24.0 29.1 43.1
! The components are reported according to their elution order on an apolar column;?Linear reten-
tion indices measured on an apolar column; ® Linear retention indices from the literature; * LRI not
available; - Not detected.

The monoterpenes S-pinene (30.4%, 18.7%) and 1,8-cineole (13.3%, 18.5%) were the
most abundant compounds in the white and deep pink morphotypes, respectively, and
camphene (20.9%) and 1,8-cineole (23.8%) in the pink sample collected in point D (Table
4). y-Cadinene was the major sesquiterpene in the white (13.1%) and pink (12.9%) mor-
photypes and -caryophyllene (16.4%) in the deep pink.

Some compounds such as sabinene (4.7%), a-longipinene (9.0%), eudesma-1,4(15),
11-triene (1.3%), a-gurjunene (1.3%), 6-cadinene (1.8%), and other minors were present
only in the white sample, and 1-hexanol (0.3%), lavandulol (0.7%), isopinocampone
(0.2%), lavandulyl acetate (0.3%), and bornyl acetate (1.1%) were only found in the deep
pink sample. The pink morphotype was instead characterized by compounds also de-
tected in the other two.

Table 4. Chemical volatile composition (percentage mean value + standard deviation) of the three
morphotypes (white, pink, deep pink) of A. millefolium collected in point D.

No. COMPONENT! LRI 2 LRI? White Pink Deep Pink
1 1-hexanol 860 858 - - 0.3+0.02
2 a-thujene 921 923 0.3+0.01 0.8+0.02 0.7 +0.02
3 a-pinene 940 945 3.4+0.03 1.4+0.03 7.1+0.03
4 camphene 950 948 23+0.03 20.9+0.10 1.7 £0.02
5 sabinene 964 966 4.7 +0.04 - -

7 B-pinene 982 986 304+022 133+0.04 18.7+0.12
8 p-cymene 1020 1016 03+0.02 1.3=+0.03 0.5+0.02
9 B-ocimene 1022 1024 01+0.02 03+0.02 1.1+0.04
10 1,8-cineole 1026 1025 13.3+0.04 23.8+0.14 185+0.09
11 a-ocimene 1038 1042 0.8+0.02 - 1.1+0.03
12 y-terpinene 1051 1054 0.7+0.02 3.5+0.03 2.6+0.04
13 terpinolene 1090 1092 0.2+0.01 1.1+0.04 0.6 +0.02
14 trans-sabinene hydrate 1105 * 0.8+0.03 6.3+0.03 3.2+0.04
15 camphor 1128 1125 55+0.06 4.5+0.05 0.5+0.02
16 pinocarvone 1150 1145 0.2+0.01 - -

17 lavandulol 1151 1148 - - 0.7+0.02
18 isopinocamphone 1153 1152 - - 0.2+0.01
19 borneol 1156 1154 0.7+0.02 - -

20 a-terpineol 1186 1183 1.5+0.02 2.0+0.03 1.3+0.04
21 lavandulyl acetate 1274 1271 - - 0.3+0.02
22 bornyl acetate 1282 1278 - - 1.1+0.04
23 a-cubebene 1355 1350 0.2+0.01 0.1+0.01 0.2+0.02
24 a-longipinene 1362 1358 9.0+0.07 - -

25 ylangene 1373 1376 0.3+0.02 - -
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26
27
28
29
30
31
32
33
34
35
36
37

B-caryophyllene 1426 1424 4.8+0.02 4.1+0.03 16.4 +0.111
cis-muurola-3,5-diene 1444 1447 - 0.2+0.01 0.3+0.102
eudesma-1,4(15), 11-triene 1470 * 1.3+0.04 - -
humulene 1475 1473 0.7+0.02 0.7+0.02 2.2+0.03
a-farnesene 1482 1484 05+0.03 0.7+0.02 2.1+0.03
y-muurolene 1490.5 1486 0.9+0.03 - -
germacrene D 1490 1489 - 0.2+0.02 0.3+0.02
y-cadinene 1515 1514 13.1+0.07 129+0.05 16.1+0.08
a-muurolene 1518 * 0.2+0.02 - -
a-gurjunene 1520 * 1.3+0.04 - -
0-cadinene 1530 * 1.8 £0.05 1.8 +£0.02 2.3+0.04
longiverbenone 1638 1641 0.7 +0.02 - -
SUM 100.0 99.9 100.0
Monoterpenoids 65.2 79.2 59.6
Sesquiterpenoids 34.8 20.7 39.9
Others - - 0.5

! The components are reported according to their elution order on an apolar column;?Linear reten-
tion indices measured on an apolar column; 3 Linear retention indices from the literature; * LRI not
available; - Not detected.

In this study, a multivariate metabolomics data analysis was also performed to better
understand which volatile compounds best characterize A. millefolium L. both in relation
to morphotype and collection point.

The complete list of compounds detected in all investigated samples was reported in
a heatmap (Figure 2) where each heatmap describes the point of collection. Next to the
heatmap, a hierarchical clustering (HCA) technique based on Euclidean distance method
was employed to analyze the similarities of metabolite trends in the different mor-
photypes with a repetitive process that associates/dissociates (agglomerative/divisive
methods) object by object until all are equally and completely processed [30,31]. From this
first explorative analysis, it appeared that in points C and D, there was a cluster of com-
pounds characterized by a high percentage involving 6-cadinene, 1,8-cineole, and p-pi-
nene. These last two volatile compounds were also strongly represented in point B in the
deep pink and pink (not in white) morphotypes, jointly with g-caryophyllene. Indeed, in
point B, the white morphotype was mainly characterized by germacrene D, sabinene, and
p-cymene. In point A, high levels of a-pinene and y-muurolene were identified, especially
in the deep pink and white morphotypes, whereas the pink morphotype was mostly char-
acterized by f-myrcene and trans-p-menth-2-en-7-ol. In both points A and C, the main
sample cluster included the pink and white morphotypes, followed by the deep pink mor-
photype (Figure 2A,C). In contrast, in point B, pink and deep pink were included in the
same first cluster followed by white (Figure 2B), while in point D, white was clustered
with deep pink (Figure 2D).
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Figure 2. Heatmap of the three morphotypes of A. millefolium collected in different points. (A) Chem-
ical volatile composition of A. millefolium morphotypes collected at point A. (B) Chemical volatile
composition of A. millefolium morphotypes collected at point B. (C) Chemical volatile composition
of A. millefolium morphotypes collected at point C. (D) Chemical volatile composition of A. mille-
folium morphotypes collected at point D.
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To better analyze the compounds, not only in terms of the grow and harvest points
but also for the morphotype, three different heatmaps were run, each representing the
white, pink, and deep pink samples. Additionally, a PCA biplot was performed to deter-
mine how the metabolites differed from each other, and which compounds contributed
the most to the difference between the collection points and morphotypes.

Concerning the white morphotype, the collection point dendrogram described a sim-
ilarity among D and C, followed by A and B. The most relevant compounds (1,8-cineole,
B-pinene, and y-cadinene) were clustered together and were especially represented in
points D and C, as was also noticeable in the heatmap (Figure 3A) and in the PCA plot
(Figure 4A). In point B, the percentage of volatile metabolites sabinene, p-cymene, and
germacrene D was found to be particularly high (Figures 3A and 4A). In point A, the com-
pounds a-pinene, a-copaene, and y-muurolene showed high abundance levels.

Similarly to the white morphotype, the pink one presented clusterization between D
and C, but conversely, they were followed by B and A. Additionally in this case, the most
important metabolites in terms of the percentage values were 1,8-cineole and S-pinene
grouped in the first main dendrogram cluster, the other HCA branched included cam-
phene, camphor, and y-cadinene. In point B, the other relevant volatile compound was g-
caryophyllene, whereas in point A, there was f-myrcene, a-pinene, a-terpineol, trans-p-
menth-2-en-7-ol, and y-muurolene (Figures 3B and 4B).

The same points in the dendrogram cluster were also obtained for the deep pink mor-
photype. However, in this case, the discrepancies among B, C, and D were less relevant.
B-Pinene was the metabolite with the highest level, except for A, where a-pinene and y-
muurolene were the major volatile components. The main cluster of this morphotype in-
volved 1,8-cineole, y-cadinene, and -caryophyllene (Figures 3C and 4C).
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Heatmap of the white morphotype. (B) Heatmap of the pink morphotype. (C) Heatmap of the deep

pink morphotype.
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Figure 4. PCA biplot. (A) PCA biplot for the white morphotype. (B) PCA biplot for the pink mor-
photype. (C) PCA biplot for the deep pink morphotype.

Overall, to our knowledge, this was the first study reporting the volatile chemical
composition of the flowering aerial parts of different A. millefolium performed on fresh
untreated samples via the SPME-GC-MS techniques.

Only two previous works have applied the SPME procedure for the screening of the
volatile composition of A. millefolium on different matrices. Rohloff and co-authors [12]
investigated the chemical profile of the dried leaves, flower buds, and flowers of A. mille-
folium cultivated in Norway from wild seeds identifying 11 monoterpenes (primarily sab-
inene, f-pinene and 1,8-cineole) and eight sesquiterpenes (mainly f-caryophyllene). The
SPME sampling technique was also used to characterize and compare the untreated ma-
trices and essential oils from both the fresh and dried flowers of A. millefolium collected in
Poland [32]. The results revealed that Achillea flowers liberate high amounts of monoter-
penes with respect to sesquiterpenes and that their content changed quantitatively accord-
ing to the different starting conditions of the plant material. For example, among the mon-
oterpenes, a-pinene and 1,8-cineole were the most abundant in fresh flower oil, along with
the sesquiterpene p-caryophyllene. In contrast, the major monoterpene found in the oil
obtained from flowers stored for one year was 1,8-cineole, followed by S-pinene, while
germacrene D was the sesquiterpene present in the highest percentage.

In general, the prevalence of monoterpenoids over sesquiterpenoids in the samples
of A. millefolium was confirmed by the results of this investigation, in which the ratio be-
tween the two classes of compounds varied between 1:2 and 1:5. Only the white mor-
photype of the collection point A had a ratio of 1:1. In agreement with the above-men-
tioned works, among the monoterpenes, 1,8 cineole was one of the most abundant in the
three A. millefolium morphotypes of the four collection points, resulting in the prevalence
of the pink morphotype, with the sole exception of sample C. Similarly, f-pinene charac-
terized all of the considered morphotypes, being identified as the main compound in
seven out of twelve samples. Its absence was recorded only for the pink morphotype of
sample A. The other isomer of pinene, a-pinene, was also present, but in smaller quantities
and with some variability. The highest percentage values were found in the morphotypes
of collection point A and predominantly in the deep pink. The poorest samples were C
and B. Finally, sabinene and p-cymene were detected in marked amounts in the A. mille-
folium morphotypes collected in point B. Smaller significant quantities were found in the
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morphotypes of point C and A, respectively, while they were missing in some samples of
other collection points. Camphene was one of the distinctive compounds of the pink mor-
photype of point D and was also present in good quantities in point C (pink and white
samples).

With regard to the sesquiterpenes, the most ubiquitous was p-caryophyllene, absent
in the white morphotype of collection point B, whose intense pink morphotype, together
with that of point D, was the richest, followed by the pink of the same point B. The other
samples had a similar content, except for the pink morphotype in point A, which was the
poorest. 6-Cadinene, lacking only in the deep pink morphotype in point B, was, however,
present in small quantities in all of the other samples, while y-cadinene was detected in
consistent percentages in the three morphotypes of points C and D.

Other terpenic compounds resulted in being typical of a single geographical area of
origin such as y-muurolene and trans-p-menth-2-en-7-ol in the morphotypes in point A
or even of a single morphotype of a single collection point such as a-longipinene for the
white morphotype in point D. White and deep pink morphotypes from point B were the
only morphotypes with high percentages of germacrene D.

Noteworthy is the fact that the main mono- and sesquiterpenes ($-pinene, 1,8-cineole,
sabinene, and f-caryophyllene) identified in the Italian morphotypes of white, pink, and
deep pink A. millefolium were, in general, the same as the essential oils obtained from the
corresponding Lithuanian morphotypes and investigated by direct injection [20,22,24]. In
addition, f-pinene was the most abundant terpene in the white morphotypes of collection
points C and D, followed by the deep pink and pink morphotypes, as for the samples
analyzed by Bimbiraité et al. [24].

4. Conclusions

In light of all these data, it is difficult to outline a clear trend for the volatile chemical
content of A. millefolium. The phytochemical investigation on the flowering aerial parts of
different morphotypes from wild populations collected in four regions of northern Italy
revealed a remarkable qualitative and quantitative variability that is probably correlated
with the growth habitats characterized by different climatic conditions, soil characteris-
tics, and other ecological and physiological factors as well as with the genetic factors.
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