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Abstract: Achillea atrata L. is a traditionally used medicinal plant. With its pronounced antimicrobial
potential, this alpine Achillea species may also be used in modern phytotherapy to treat MRSA
infections and prevent dermal infections, such as acne vulgaris. For the present study, A. atrata was
cultivated in its natural habitat in Switzerland as well as in Germany to elucidate the potential of
standardizing plant material derived from this species for pharmaceutical production. Phytochemical
characterization of phenolic constituents by HPLC-DAD-MSn revealed that environmental conditions
have only a minor impact on the phenolic profile. Metabolic differences between cultivated and
wild plants grown in the same environment suggested the possible existence of genetically derived
chemotypes. In total, 28 substances were identified, with marked differences in the occurrence of
phenolic compounds observed between flowers and leaves. Moreover, to the best of our knowledge,
7 phenolic compounds have been reported for the first time in A. atrata in the present study. The
quantitation of individual constituents revealed their contents to depend on environmental factors
and to reach their maximum at increasing altitudes. The results here presented may help to select and
cultivate A. atrata plant material with defined and constant compound profiles, which is of particular
importance for potential pharmaceutical use.

Keywords: black yarrow; chemotype; cultivation; phenolic profiling

1. Introduction

Achillea atrata L., commonly known as black yarrow, is native to the Alpine regions
of Central, Southern, and Western Europe. This perennial herbaceous plant has a widely
ramified rhizome and grows on moderately moist, stony, calcareous soils as well as scree
slopes at altitudes ranging from 1300 to 4300 m a.s.l. The black outlined involucral bracts
are characteristic and eponymous for this Achillea species, reaching a growth height of up
to 25 cm. The flower heads are arranged in a terminal raceme, with the tubular petals being
pale yellow and the ligulate petals white (Figure 1). The elongated basal leaves are stalked
and deeply pinnately lobed, whereas the upper leaves are sessile [1]. Aerial parts are
harvested in the blossom period during July to September and used in traditional medicine
as a tonic to treat bronchial troubles and laryngeal inflammations as well as pulmonary
infections [2,3].

In particular, the essential oil of A. atrata and its main components 1,8-cineol, sabinene,
camphor, and α-thujone reveal a very strong antifungal activity against micromycetes in
mycelial growth assays and exhibit an even higher antifungal potential than the commercial
fungicide bifonazole [2]. The presence of these oxygenated components in great amounts
and/or synergistic effects between components in the essential oil of A. atrata result in
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enhanced antifungal activity, leading to growth inhibition of dermatophytes such as Epi-
dermophyton floccosum and Trichophyton tonsurans [2]. In addition, four flavones and nine
sesquiterpene lactones could be identified and isolated from the aerial parts of A. atrata [3].
None of the tested lactones exhibited any antimicrobial activity. On the other hand, the
flavones santin, centaureidin, apigenin and its 7-O-β-glucoside demonstrated in vitro in-
hibitory activity against Candida albicans, Bacillus subtilis, and/or Escherichia coli [3]. A. atrata
contains high concentrations of the antimicrobial flavonoids apigenin, centaureidin, and
nevadensin [3,4] and reveals the highest inhibitory activity against Propionibacterium acnes
and Staphylococcus epidermidis when compared to Achillea millefolium L. and Achillea moschata
WULFEN [4]. Moreover, A. atrata exhibits anti-MRSA (Methicillin resistant Staphylococcus
aureus) potential and may be used as an alternative therapeutic agent against Staphylococcus
aureus infections [4]. Our previous studies also showed that A. atrata, presumably due to
its high phenolic content, has a pronounced antiradical activity compared to A. millefolium
and might be an alternative source of natural antioxidants in pharmaceutical and medicinal
applications in the future [5].

Figure 1. Achillea atrata L. from different locations. A: Natural habitat of A. atrata in the Southern
Limestone Alps at an altitude of 1763 m a.s.l. (June 2019, A1). Side profile (A2) and close-up view (A3)
of characteristic flowers with their black-edged bracts. B: A. atrata variants cultivated in Germany, under
controlled conditions at 15 ◦C in the greenhouse, 3 months after germination (June 2018, B1). Overview
of the field experiment in Germany at an altitude of 410 m a.s.l. with an average plant height of up to
7 cm (July 2019, B2). Close-up view of the flowers of the cultivated variety with 9 flower heads (∅ 0.5 cm,
September 2016, B3). C: Cultivation project in Switzerland at an altitude of 1200 m a.s.l. (July 2018, C1).
A. atrata in the vegetative phase, with an average plant height of up to 10 cm and a plant width of up to
13 cm in the field experiment in Switzerland (July 2018, (C2) and August 2019 (C3).
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A robust cultivation leading to constant quality and quantity of bioactive compounds
is a major prerequisite for the pharmacological use of this traditional medicinal plant in
modern phytochemical preparations. In addition, sustainable cultivation of medicinal
plants under controlled conditions offers a wide range of advantages compared to wild har-
vesting, such as reliable botanical identification; a lower degree of genetic, phenotypic, and
phytochemical diversity as well as reduced extract variability and instability [6]. However,
phytochemical studies need to clarify whether different environmental conditions (e.g., im-
plemented through cultivation) have an impact on the secondary metabolite profile which
might influence the pharmacological properties of the plants. Therefore, the aim of the
present investigation was to cultivate A. atrata under different environmental and climatic
conditions (Germany/Switzerland), to characterize and compare the specific phenolic
compound profiles in different plant organs, and to quantitate selected individual phenolic
compounds by HPLC-DAD-MSn. Wild samples of A. atrata collected from its natural
habitat in the Southern Limestone Alps were used to compare the secondary metabolite
profile with that of samples obtained from the aforementioned cultivation experiments.

2. Materials and Methods
2.1. Chemicals

Methanol (HPLC grade) for extraction of the plant material and acetonitrile (HPLC
grade) for quantification by HPLC-DAD were obtained from Th. Geyer GmbH & Co.
KG (Renningen, Germany). Acetonitrile (HPLC-MS grade) and formic acid (98%) for
HPLC-DAD-MSn analyses were purchased from Sigma–Aldrich (Steinheim, Germany).
Purified water (0.056 µS/cm) was obtained from a Purelab Option-Q system (Elga Berkefeld
GmbH, Celle, Germany). The following reference standards were used: luteolin and 5-
caffeoylquinic acid (chlorogenic acid) from PhytoLab GmbH & Co. KG (Vestenbergsgreuth,
Germany); quercetin-3-O-rutinoside, apigenin, and apigenin-7-O-glucoside from Carl Roth
GmbH & Co. KG (Karlsruhe, Germany).

2.2. Achillea atrata L. Plant Material from Its Natural Habitat

Leaves and flowers of A. atrata were harvested in August 2019 in the Southern Lime-
stone Alps of Switzerland (Canton Valais) at an altitude of 1763 m a.s.l. Prior to analysis, the
flowers and leaves were manually separated and kept at −80 ◦C until extraction. The plant
material was identified by Dr. phil. Rhinaixa Duque-Thüs (Institute of Botany, Hohenheim
University, Stuttgart, Germany), and a voucher was deposited in the herbarium of the
Institute of Botany at Hohenheim University (HOH-022701).

2.3. Cultivation of Achillea atrata L.

Seeds of A. atrata obtained from the botanical garden of the University of Zurich
(CH-O-Z 2015 1068/1069) were germinated and plants were cultivated in Germany (WALA
Heilmittel GmbH, medicinal herb garden, Bad Boll) as well as in Switzerland (Schweibenalp,
Brienz) at altitudes of 410 and 1200 m a.s.l., respectively, in the years 2015 to 2019 (Germany)
and 2016 to 2019 (Switzerland), respectively. For cultivation in Germany, germination of
the seeds was carried out under controlled conditions in a greenhouse at a temperature of
15 ◦C. The soil consisted of 32% wood fiber (GreenFibre® untreated; Klasmann-Deilmann
GmbH, Geeste, Germany), 64% compost, and 4% sand. An optimized soil composition
(s. 3.1) of 20% sand, 25% volcanic granulate, 25% wood fiber compost, and 30% limestone
gravel (variant 1) was used for cultivation in the field. New seeding was carried out every
year due to pest infestation and weak hibernation in the field. Cultivation experiments
in Switzerland were performed with peat-free soil consisting of bark humus and mineral
structural materials (Bio Kräutererde ohne Torf; Ökohum GmbH, Herbertingen, Germany),
and sand. This soil was applied for the first cultivation step in the greenhouse under con-
trolled conditions. For planting in the field, the following soil composition was used: 70%
compost, 15% wood fiber, 5% clay, 5% lava granules and limestone (Öko Gärtnerei Maurer,
Münsingen, Switzerland). The plants, consisting of full blooming flowers and leaves, were
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harvested at both locations in August 2019. The different plant organs were separated
manually and stored at −80 ◦C until phytochemical analysis. Details of the cultivation
experiments performed at the two locations in Germany and Switzerland are presented in
Supplementary Tables S1 and S2. Specimens of A. atrata from both locations were deposited
at the herbarium of Hohenheim University (HOH-022702 and HOH-022703).

2.4. Extraction of the Plant Material

Aliquots of 3.2 g of frozen leaves or flowers from different A. atrata plants of the
different samples were cut into small pieces and comminuted with mortar and pestle for
15 min. This plant material was mixed with 30 mL methanol and extracted for 24 h at
5 ◦C in the dark. As only one inflorescence with about 9 flower heads could be harvested
from the German cultivation site for phytochemical analysis, 1.5 g of flower material was
used and extracted with 15 mL methanol. Subsequently, the suspension was filtered over
Celite® through a Buechner funnel by vacuum suction. The solid residue was re-extracted
with methanol for another 24 h, and the respective supernatants were combined. The
solvent was removed by rotary evaporation to yield 4.5 mg residue from flowers and 18 mg
from leaves of the German cultivation site, 16 mg from leaves of the Swiss cultivation
site, 9 mg from flowers, and 14 mg from leaves from the wildly growing plant material.
For phytochemical analyses by HPLC-DAD-MSn and quantitation of individual phenolic
compounds by HPLC-DAD, the plant extracts were dissolved in methanol/water (1:1; v/v)
at a concentration of 0.5 mg/mL and analyzed in triplicate.

2.5. HPLC-DAD-MSn Analyses

Chromatographic analyses were performed with an Agilent 1200 HPLC system (Agi-
lent, Waldbronn, Germany) equipped with a vacuum degasser (G1379B), a binary pump
(G1312A), an autosampler (G1329A), a thermostatted column compartment (G1316A),
and a diode array detector (G1315B). A SunFire C18 reversed-phase column (100 Å,
3.5 µm, 150 mm × 2.1 mm, Waters, Wexford, Ireland) was used at 25 ◦C and a flow
rate of 0.21 mL/min using an injection volume of 20 µL. A gradient binary eluent system
(eluent A: 0.1% formic acid (v/v); eluent B: acetonitrile) was applied with the following
gradient system: 0–6 min, 0% B; 6–9 min, 0%–5% B; 9–14 min, 5%–10% B; 14–19 min,
10%–15% B; 19–37 min, 15%–20% B; 37–48 min, 20%–35% B; 48–62 min, 35%–100% B;
62–68 min, 100% B; 68–78 min, 100%–0% B; 78–84 min, 0% B. The detection of phenolic
compounds was carried out at 210, 220, 254, 280, and 366 nm. The LC system was coupled
to an HCT ultra ion trap MS detector interfaced with an ESI ion source (Bruker Daltonik
GmbH, Bremen, Germany) operating in the negative ionization mode and applying the
following device parameters: dry gas flow rate (N2), 8 L/min; nebulizer pressure, 40 psi;
capillary temperature, 359 ◦C. MS spectra were recorded in a range of m/z 50 to 1500 with a
compound stability and trap drive level of 100%. For data acquisition, the software Agilent
Chemstation (Rev. B.01.03 SR1) (Agilent, Waldbronn, Germany) and Bruker Daltonik
esquire control (Version 6.1) (Bruker Daltonik GmbH, Bremen, Germany) were used [7].

2.6. HPLC-DAD Analyses

HPLC-DAD analyses of the plant organ extracts were performed on a Thermo Fisher
Scientific Dionex Ultimate 3000 RSLC system (Thermo Fisher Scientific GmbH, Dreieich,
Germany), equipped with a binary pump HPG-3400 A, an autosampler WPS-3000 TSL, a
thermostatted column compartment TCC-3000 SD and a diode array detector DAD-3000.
The aforementioned stationary phase and eluent system were also used for quantitation
applying an injection volume of 20 µL of each extract. All analyses were run in triplicate.
Detection of phenolic compounds was performed at 280 nm and 366 nm. Data acquisition
and processing was performed with Chromeleon V 7. 2. 10 software (Dionex, Idstein, Ger-
many). Chlorogenic acid and its isomers were quantitated at 280 nm, whereas the flavonoid
glycosides and aglycones were quantitated at 366 nm. Five point calibration curves were
obtained by injection of solutions of known concentrations (1 µg/mL–450 µg/mL) of the
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following standard compounds: apigenin (y = 3.9101x + 7.0501; R2 = 0.9996), apigenin-
7-O-glucoside (y = 2.9415x − 1.5111; R2 = 0.9997), chlorogenic acid (y = 2.11x + 16.944;
R2 = 0.9989), luteolin (y = 5.2435x + 6.4075; R2 = 0.9996), and quercetin-3-O-rutinoside
(y = 2.5161x + 0.2018; R2 = 0.9999).

3. Results
3.1. Cultivation of A. atrata L.

Our cultivation experiments performed in Germany and Switzerland were based on
the results of previous studies by Schuetz (1988) [8]. For this purpose, germination was
carried out in a greenhouse under controlled conditions, whereas the establishment and
development of the plants was field researched. The development of A. atrata in Germany
at an altitude of 410 m a.s.l. was continuous. For this reason, vegetative propagation by
means of lateral shoots would have been possible only in individual cases and, thus, was
not applied in our cultivation experiments. Three to four months after seeding, the plants
reached a height of ~4 cm and were transplanted to the field. Preliminary tests revealed an
optimal soil composition of 20% sand, 25% volcanic granulate, 25% wood fiber compost,
and 30% limestone gravel for this alpine Achillea species. In 2019, 25 of previously 37 plants
were transplanted applying the aforementioned substrate. However, only eight of them
survived and one plant blossomed. Two A. atrata plants were in flower in 2016 and 2019.
The first flowering Achillea was used for renewed seed production. The second one was
harvested and applied for subsequent phytochemical analyses. Cultivation of A. atrata was
also performed in the Limestone Alps of Switzerland at an altitude of >1200 m a.s.l., which
reflects its natural habitat in terms of altitude and climatic conditions. The development of
A. atrata was slow, and thus plants were only transplanted to the field after 6 months of
cultivation under controlled conditions. Compost-rich soil with 70% compost, 15% wood
fiber, 5% clay, 5% lava granules and limestone was found favorable for the development of
A. atrata. The plants reached a bushy, vigorous phenotype and developed numerous lateral
shoots, which allowed vegetative propagation. However, none of the cultivated plants
reached the generative phase.

The phenotype of the wild type and cultivated A. atrata variants only revealed minor
differences (Figure 1, A1–C3). Thus, plants cultivated in Switzerland were more extensive
in their growth, formed lateral shoots, and reached a height of up to 10 cm (Figure 1, C2,C3).
In comparison, plants cultivated in Germany achieved an average height of 7 cm (Figure 1,
B2) and only formed lateral shoots sporadically. Instead, the latter formed inflorescences
with up to nine flower heads (Figure 1, B3). In contrast, wild plants collected in the
Limestone Alps of Switzerland at an altitude of 1763 m a.s.l. reached a growth height of
up to 20 cm and produced large numbers of inflorescences (Figure 1, A1–A3). In addition,
the leaves were less fleshy upon cultivation under alpine conditions. All other phenotypic
characteristics of cultivated A. atrata plants were identical to the wild type.

3.2. Comparison of the Secondary Metabolite Profiles of A. atrata L. Plants Grown under Different
Environmental Conditions

The metabolite profiles of phenolic compounds from ray flowers (Figure 2) and leaves
(Figure 3) of A. atrata were compared by HPLC-DAD-MSn analysis of their methanolic
extracts. Overall, a total of 28 compounds were identified based on their specific mass
spectrometric data, UV characteristics, retention times compared with databases and
literature data (Table 1). Among them dimethyl-O-ellagic acid (1), a syringic acid-O-
hexoside (2), a protocatechuic acid-O-hexoside (3), chlorogenic acid (4), a p-coumaroyl
acid derivative (5), an apigenin-6,8-di-C-hexoside (6), schaftoside (7), quercetin-O-hexoside
(8), a dimethoxyflavanone derivative (9), 4-methyl-3-methoxy-9a-hydroxyligballinol-O-
glucoside (formate adduct, 10), quercetin-3-O-rutinoside (11), a dicaffeoylquinic acid-O-
hexoside (12), a mearnsetin-O-hexoside (13), luteolin-O-hexoside (14), an isorhamnetin-O-
hexoside (15), kaempferol-3-O-rutinoside (16), a dimethoxy-myricetin-hexoside (17), api-
genin-7-O-glucoside (18), dicaffeoylquinic acids (19, 20, 21, 22, 23), caffeoyl-feruloylquinic
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acid (24), luteolin (25), apigenin (26), centaureidin (27), and nevadensin (28) were assigned
based on their HPLC-DAD-MSn data. The majority of identified compounds was present
both in ray flowers and leaves (Table 1). Still, a number of compounds could not be
unambiguously assigned. A direct comparison of the metabolite profiles of cultivated
A. atrata variants and the wild type revealed that environmental conditions had a minor
impact on the compound profiles, whereas the genotype appears to be more important.
Only the following differences were observed in a direct comparison of the two cultivated
A. atrata variants and the wild type: a dimethyl-O-ellagic acid isomer (1), a syringic
acid-O-hexoside (2), and a caffeoyl-feruloylquinic acid (24) were only detected in the
flowers of A. atrata plants cultivated in Germany. In contrast, wild type flowers were
completely devoid of these compounds. When comparing leaf constituents of the variant
from Germany and the wild type, seven differing compounds were detected, with quercetin-
O-hexoside (8) and luteolin-O-hexoside (14) being only found in leaf material of plants
cultivated in Germany. In contrast, a p-coumaroyl acid derivative (5), a mearnsetin-O-
hexoside (13), an isorhamnetin-O-hexoside (15), a dimethoxy-myricetin-hexoside (17), and
nevadensin (28) were confirmed as leaf components only for the wild type. Furthermore,
five differing compounds were observed upon comparison of the leaf metabolite profile
of both cultivated variants, with the syringic acid-O-hexoside (2), the protocatechuic acid-
O-hexoside (3), and quercetin-3-O-hexoside (8) being exclusively identified in the leaves
of plants cultivated in Germany. When comparing the leaf extracts, most prominent
differences were observed between plants cultivated in Switzerland and wild type plants.
The syringic acid-O-hexoside (2), the protocatechuic acid-O-hexoside (3), the p-coumaroyl
acid derivative (5), the mearnsetin-O-hexoside (13), the isorhamnetin-O-hexoside (15), the
dimethoxy-myricetin-hexoside (17), and nevadensin (28) occurred in the wild type leaves
only and were not detected in the Swiss cultivated variant. In addition, our quantitative
studies revealed that the highest concentration of chlorogenic acid of 49 ± 0.1 g/kg FW
(fresh weight) was determined in the wild type leaves from the sites at highest altitude
(Table 2). In contrast to chlorogenic acid, the highest amounts of dicaffeoylquinic acids
were detected in the flowers of wild type plants. In particular, the dicaffeoylquinic acid
(20), which occurred in both plant organs of all investigated A. atrata plants, revealed a
maximal amount of 235 ± 0.7 g/kg FW in the wild type flowers.
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Figure 2. Comparison of total ion chromatograms of flower extracts from A. atrata variants cultivated in Germany and from the wild type grown in Switzerland. 1: Dimethyl-O-
ellagic acid; 2: Syringic acid-O-hexoside; 3: Protocatechuic acid-O-hexoside; 4: Chlorogenic acid; 5: p-Coumaroyl acid derivative; 6: Apigenin-6,8-di-C-hexoside; 7: Schaftoside/
Isoschaftoside; 8: Quercetin-O-hexoside; 9: Dimethoxyflavanone derivative; 10: Formate adduct; 12: Dicaffeoylquinic acid-O-hexoside; 13: Mearnsetin-O-hexoside; 14: Luteolin-O-hexoside;
15: Isorhamnetin-O-hexoside; 17: Dimethoxy-myricetin-hexoside; 18: Apigenin-7-O-glucoside; 19–23: Dicaffeoylquinic acids; 24: Caffeoyl-feruloylquinic acid; 25: Luteolin; 26: Apigenin;
27: Centaureidin; 28: Nevadensin. Compounds exclusively detected in the flowers but not in the leaves are highlighted in red.
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Figure 3. Comparison of total ion chromatograms of leaves extracts from A. atrata variants cultivated in Germany and Switzerland and from the wild type from Switzerland. 1: Dimethyl-
O-ellagic acid; 2: Syringic acid-O-hexoside; 3: Protocatechuic acid-O-hexoside; 4: Chlorogenic acid; 5: p-Coumaroyl acid derivative; 7: Schaftoside/ Isoschaftoside; 8: Quercetin-O-hexoside;
9: Dimethoxyflavanone derivative; 10: Formate adduct; 11: Quercetin-3-O-rutinoside; 13: Mearnsetin-hexoside; 14: Luteolin-O-hexoside; 15: Isorhamnetin-O-hexoside; 16: Kaempferol-3-
O-rutinoside; 17: Dimethoxy-myricetin-hexoside; 19–23: Dicaffeoylquinic acids; 24: Caffeoyl-feruloylquinic acid; 28: Nevadensin. Compounds exclusively detected in the leaves but not in
flowers are highlighted in green.
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Table 1. Spectroscopic data (UV, MS) and HPLC retention times (Rt) of secondary metabolites of two A. atrata variants cultivated in Germany (D) and Switzerland (CH) and of the wild
type (CH). For fragmentation experiments only the most intensive m/z ratios are given.

Peak
no.

Rt
[min]

Peak
Assignment

UV λmax
[nm] MSn Data [m/z] A. atrata D

Cultivar
A. atrata CH

Cultivar
A. atrata CH

Wild Type Reference

MS1 MS2 MS3 Flowers Leaves Leaves Flowers Leaves

1 20.9 Dimethyl-O-ellagic acid - 329 314 299 + - - - - [9]

2 22.0 Syringic acid-O-hexoside 206 359 197 182 + + - - + [9]

3 22.7 Protocatechuic acid-O-hexoside 206, 318 315 153 109 + + - + + [9]

4 27.3 Chlorogenic acid 218, 326 353 191 173 + + + + + RS

5 28.3 p-Coumaroyl acid derivative 326 387 207 163 + - - + + [10]

6 29.4 Apigenin-6,8-di-C-hexoside 206, 328 593 473 353 + - - + - [9]

7 33.0 Schaftoside/Isoschaftoside 204, 336 563 353 325 - - - + - [11]

8 35.8 Quercetin-O-hexoside 358 463 301 283 + + - + - [10]

9 37.3 Dimethoxyflavanone derivative 242 567 341 314 + + + + + [9]

10 37.6 Formate adduct *1 202, 278 565 339 324 + + + + + [9]

11 40.0 Quercetin-3-O-rutinoside 258, 354 609 301 179 - + + - + RS

12 41.7 Dicaffeoylquinic acid-O-hexoside 204, 326 677 515 353 + - - + - [9]

13 41.8 Mearnsetin-O-hexoside 268, 348 493 331 316 + - - + + [12]

14 42.1 Luteolin-O-hexoside 266, 348 447 285 255 + + + + - [13]

15 44.3 Isorhamnetin-O-hexoside 204, 328 477 315 300 + - - + + [9]

16 45.3 Kaempferol-3-O-rutinoside 266, 342 593 285 255 - + + - + [9]

17 47.2 Dimethoxy-myricetin-hexoside 202, 326 507 345 330 + - - + + [14]

18 47.8 Apigenin-7-O-glucoside 268, 338 431 269 225 + - - + - RS

19 48.2 Dicaffeoylquinic acid 218, 328 515 353 191 + + + + + [9]

20 48.4 Dicaffeoylquinic acid 218, 328 515 353 191 + + + + + [9]

21 49.0 Dicaffeoylquinic acid 222, 328 515 353 191 + + + + + [9]

22 49.3 Dicaffeoylquinic acid 222, 328 515 353 191 + + + + + [9]

23 50.3 Dicaffeoylquinic acid 222, 328 515 353 191 + - - + - [9]

24 52.5 Caffeoyl-feruloylquinic acid 200, 336 529 367 191 + - - - - [15]

25 55.1 Luteolin 254, 348 285 241 217 + - - + - RS

26 57.4 Apigenin 268, 336 269 225 - + - - + - RS

27 58.2 Centaureidin 358 359 344 329 + - - + - [16]

28 61.9 Nevadensin 344 343 328 313 + - - + + [17]

RS: Reference standard; + detected; - not detected; *1 4-Methyl-3-methoxy-9a-hydroxyligballinol-O-glucoside.
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Table 2. Quantitation of selected phenolic compounds in two cultivated A. atrata variants (Germany/D, Switzerland/CH)
and in the wild type (Switzerland/CH).

Peak no. Compound A. atrata D
Cultivar *1

A. atrata CH
Cultivar *1

A. atrata CH
Wild Type *1

Flowers Leaves Leaves Flowers Leaves

4 Chlorogenic acid 28.5 (0.11) 35.1 (0.08) 2.6 (0.06) 24.4 (0.11) 49.0 (0.09)

11 Quercetin-3-O-
rutinoside - 9.0 (0.01) 3.5 (0.03) - 3.4 (0.08)

18 Apigenin-7-O-glucoside 28.2 (0.17) - - 221.2 (0.17) -
20 Dicaffeoylquinic acid *2 87.3 (0.71) 11.2 (0.37) 6.0 (0.06) 235.5 (0.73) 36.8 (0.05)
25 Luteolin 2.8 (0.03) - - 5.4 (0.1) -
26 Apigenin 6.0 (0.11) - - 40.5 (0.07) -

*1 g/kg FW (fresh weight) (+/- standard deviation); *2 Chlorogenic acid equivalent: Calculation was performed using the chlorogenic acid
calibration curve; n = 5.

3.3. Identification of Novel Secondary Metabolites in A. atrata L.

The phenolic acid dimethyl-O-ellagic acid (1) at a retention time of 20.9 min has
neither been published for other Achillea species nor generally for the Asteraceae family
before. Compound 1 exhibited an [M-H]− ion at m/z 329 as well as the presence of two
aromatic methoxyl groups, as could be deduced from the fragment ions at m/z 314 and
m/z 299 indicating the loss of two methyl radicals upon collision-induced dissociation
(CID). Based on the findings provided by Khallouki et al. (2006) [18], the presence of
the 3,3′-O-dimethyl-ellagic acid or 3,4′-O-dimethyl-ellagic acid isomer (Figure 4) may be
assumed. However, unambiguous structure elucidation is still needed for corroborating
the exact isomer. In addition, two further compounds (2, 3) not described for this alpine
Achillea species so far were identified. Compound 2 (Figure 5) at a retention time of 22.0 min
exhibited an [M-H]− ion at m/z 359 and the loss of one hexose moiety yielding a fragment
ion at m/z 197. Consequently, a syringic acid-O-hexoside was assigned to this compound,
which was corroborated by comparison of its HPLC-DAD-MSn characteristics with those
reported by Spínola and Castilho (2017) [9]. The second novel compound, a protocatechuic
acid-O-hexoside (3), was characterized by its mass spectrometric behavior revealing an
[M-H]− ion at m/z 315 and fragment ions at m/z 153 and m/z 109 indicating the successive
release of a hexose (162 Da) and a CO2 moiety (44 Da) [19]. It has also previously been
reported for the medicinal plants Paeonia rubra and Curcuma zedoaria, which are used in
traditional Chinese medicine. Compound 3 (Figure 5) was also detected in the leaves and
stems of Leptocarpha rivularis DC., a member of the Asteraceae [19]. These hydroxybenzoic
acid derivatives have not been detected in the Achillea species to the best of our knowledge
before. Furthermore, an apigenin-6,8-di-C-hexoside (6) has not been described for A. atrata
before and has previously been identified in the aerial parts of A. setacea W. et K. [18]. Mass
spectral analysis of this compound revealed an [M-H]− ion at m/z 593 and the release of
two C-hexose moieties ([M-H-120-120]−), thus yielding characteristic fragment ions at m/z
473 and m/z 353, which is in accordance with the findings of Spínola and Castilho (2017) [9].
Similar to the aforementioned compound discoveries for A. atrata, a dimethoxyflavanone
derivative (9) with an [M-H]− ion at m/z 567 and fragment ions at m/z 341 and m/z 314
has not been published for A. atrata before. Methyl and methoxy derivatives of flavonoid
aglycones are accumulated by most Achillea species and are among the most frequently
detected phenolic compounds in the genus Achillea [20], so it is not surprising that methoxy
derivatives have also been detected in A. atrata in the present work. A comparison with
polymethoxyflavones already known for Achillea species, i.e., casticin, artemetin, salvigenin,
and nepetin, did not reveal agreement of their spectrometric and chromatographic features
in the current investigation. Due to the lack of literature data, a precise identification of
compound 9 is therefore still pending. In addition, a dicaffeoylquinic acid-O-hexoside
(12) was identified, which, to the best of our knowledge, has not yet been reported in
any Achillea species before. Compound assignment was based on a base peak at m/z
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677, showing an O-hexose cleavage ([M-H-162]−) upon CID releasing the corresponding
fragment ion at m/z 515 and being also in accordance with the data of Spínola and Castilho
(2017) [9]. In contrast to the aforementioned compounds, caffeoyl/feruloyl derivatives of
quinic acid (24) have already been described in the leaves of A. millefolium, i.e., 1-caffeoyl-3-
feruloylquinic acid and 1-caffeoyl-4-feruloylquinic acid [21]. In our study, compound 24
showed a fragmentation behavior typical of this component class: it yielded an [M-H]− ion
at m/z 529 which produced fragment ions at m/z 367 [feruloylquinic acid-H]− and m/z
191 [quinic acid-H]− in CID experiments.

Figure 4. Chemical structure of potential isomers of 1 (3,3′-O-dimethyl-ellagic acid and 3,4′-O-
dimethyl-ellagic acid).

Figure 5. Chemical structures of potential isomers of 2 and 3 (syringic acid-4-O-glucoside and
protocatechuic acid-4-O-glucoside).

4. Discussion
4.1. Impact of Environmental Conditions on the Growth of A. atrata L.

The cultivation of A. atrata and other alpine snowbed plants, such as Achillea clusiana
L. and Gnaphalium hoppeanum W. D. J. Koch, was also studied by Dullinger and Huelber
(2011) [22]. For this purpose, the aforementioned species were cultivated in the lower
alpine zone of the northeastern Calcareous Alps of Austria (1850 to 1950 m a.s.l.) over
a period of three years using a substrate composed of one part calcareous sand, one
part compost and two parts mineral soil. Comparable to the findings of our study, the
generative reproduction was very low for all alpine species despite applying suitable
cultivation conditions. A. atrata and A. clusiana did not develop inflorescences in the first
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year of cultivation. Only in the following years generative plants were observed [22]. In
our study, only two of the plants cultivated in Germany were in the generative phase and
developed flowers. Compared to the aforementioned study, the soil applied in the present
study was characterized by higher limestone gravel proportions and less compost. This
probably had a positive effect on plant development, resulting in one plant in the generative
phase already in the first vegetation period. However, the factors responsible for the poor
rate of blooming still need to be clarified. In contrast, soil rich in compost was used for
cultivation in Switzerland. Due to the high nutrient content of the soil, the plants developed
numerous lateral shoots, however, without reaching the generative phase. Thus, it may be
assumed that this soil composition is suboptimal for cultivation of A. atrata and does not
correspond to its natural habitat. This Achillea species is adapted to nutritionally very poor
alpine habitats, so compost strongly promotes vegetative development and is not ideal for
inducing flower formation. Especially the major nutrients nitrogen/nitrate and phosphate
are very important for flower formation [23]. Kant et al. (2011) [24] demonstrated nitrate
and phosphate to have opposite effects on flowering in Arabidopsis thaliana L. Heynh.
Higher phosphate and lower nitrate concentrations promoted flowering and affect the
flowering time [23]. Further studies have been reported assessing the influence of main
and trace elements on the development, survival and growth of seedlings, juvenile as well
as adult plants of various Achillea species. In the case of A. millefolium optimal nutrient
supply as based on nitrogen, phosphate and potassium levels allows cultivation even
under adverse conditions, such as at high levels of heavy metals [25]. Nonetheless, it must
be kept in mind that plant growth and development in general is dependent not only on
soil composition but also climatic conditions, such as wind, temperature, precipitation,
but also UV radiation and altitude. These factors are clearly interrelated and do not act
individually nor with the same impact [26].

Based on our results, cultivation of A. atrata can be realized at sites differing signifi-
cantly in altitude and, consequently, in their climatic conditions and soil composition. With
a soil composition of 25% compost, 30% limestone gravel and further soil components, this
alpine Achillea species might be successfully cultivated in Germany, yielding a phenotype
similar to that of the wild type. Furthermore, our results confirmed that altitude among
others is only one parameter decisive for successful cultivation. In a direct comparison of
the two cultivation setups, the location in Germany at an altitude of 410 m a.s.l. appeared
more suitable due to low mortality rates. In contrast to other studies reported in the
literature, we succeeded in reaching the generative phase already in the first vegetation
period of cultivation. Although the plants only reached a height of 7 to 10 cm, they were
still within the range of 5 to 25 cm described by other authors for the wild types [27]. To
improve cultivation, biotic factors also need to be considered. According to the literature
findings of Dullinger and Huelber (2011) [22], cultivation of A. atrata in a community of
different alpine plants may result in increased survival rates. In Germany, a long-lasting
snow cover, that protects the plants from climatic extremes and consequently enables
successful hibernation, is not guaranteed. Consequently, the plants should be covered
during winter months to reduce the need of reseeding in the subsequent vegetation period.
In summary, field experiments are suitable for establishing particularly demanding plants
under environmental conditions that do not correspond to their natural habitats. Since
a fairly high number of abiotic and biotic environmental factors affect growth controlled
conditions in a greenhouse would allow to reduce the complexity of parameters that need
to be considered and may contribute to further optimize the cultivation of A. atrata.

4.2. Impact of Environmental Conditions on the Phenolic Profile of Achillea atrata L.

The results indicate that environmental conditions only have a minor influence on the
qualitative composition of the secondary metabolite profile of the investigated A. atrata
plants, whereas the quantity of individual phenolic compounds is particularly dependent
on the altitude of the location. Rather, the genotype and the associated chemotype may play
a decisive role for the metabolome of A. atrata. Although raised under different conditions,
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the profiles of cultivated plants in Germany and Switzerland were more similar than those
of the latter with wild type plants grown in the alpine habitat. This suggests genetic reasons
for the different profiles, although the existence of different chemotypes of A. atrata has
not been reported in the previous literature. This is, among others, due to the fact that
most studies refer to the best-known Achillea species, A. millefolium, which is known to
include several chemotypes [20]. For instance, the data of Gudaitytė et al. (2007) [28] clearly
indicate a remarkable chemical polymorphism within the population of A. millefolium in
Lithuania. According to the major essential oil components, six different chemotypes of
A. millefolium could be distinguished. Similar results were also obtained for A. collina [29].
Thus, the existence of different chemotypes also of the alpine species A. atrata appears
conclusive. The aforementioned investigations were merely based on the identification
and quantification of essential oil components of Achillea species from different habitats.
However, to the best of our knowledge, corresponding studies of correlations between
phenolic profile variations and different chemotypes are currently unknown for Achillea
species. Thus, further investigations are imperative to verify the existence of different
chemotypes also for A. atrata.

Furthermore, our analyses add further evidence that altitude is one of the main factors
triggering the biosynthesis of phenolic components, thus resulting in enhanced levels,
especially of UV-absorbing hydroxycinnamates. In total, 12 of 28 identified compounds
could be assigned to this substance class, with dicaffeoylquinic acids (19–23) being the
most abundant phenolic acids. Based on the report of Benedek et al. (2006) [30], 3,4-,
3,5- and 4,5-di-O-caffeoylquinic acids may be among these compounds. These caffeic
acid derivatives have already been proven for A. millefolium and are the main choleretic
principles in these Achillea species [30]. Moreover, they are involved in a wide range of
plant stress responses and contribute to the protection of plants against high intensities
of light and UV-B radiation. However, their concentration is significantly dependent
on environmental conditions [31]. Previous studies of Giorgi et al. (2010) [31] revealed
A. collina plants grown at higher altitudes (Italy, Bormio, 1050 m a.s.l.) display increased
concentrations of chlorogenic acid; 3,5- and 4,5-di-O-caffeoylquinic acids; as well as an
increased antioxidant capacity compared to plants grown at lower altitudes (Italy, Dazio,
600 m a.s.l.). Our quantitative analyses corroborate the findings of Giorgi et al. (2010) [31]
stating that caffeic acid derivatives are present in high concentrations in the flowers.
This suggests that phenolic components exert specific roles in the various plant organs
to protect the plant from oxidative damage caused by climatic stress factors associated
with altitude conditions [31]. Moreover, this thesis is supported by the fact that further
differences in the occurrence of the identified phenolic compounds were observed between
the flowers and leaves. Apigenin-6,8-di-C-hexoside (6), dicaffeoylquinic acid-O-hexoside
(12), apigenin-7-O-glucoside (18), luteolin (25), apigenin (26), and centaureidin (27) were
identified exclusively in the flowers, whereas quercetin-3-O-rutinoside (11) and kaempferol-
3-O-rutinoside (16) were only detected in the leaves. The specific occurrence of apigenin-
6,8-di-C-hexoside (6), and dicaffeoylquinic acid-O-hexoside (12) in A. atrata flowers could
not be verified by literature data, since previous studies mainly aimed at the phytochemical
characterization of total extracts of aerial plant parts, whereas particularities of different
plant organs were not considered [32]. In contrast, apigenin-7-O-glucoside, luteolin, and
apigenin were detected both in flowers and leaves of various Achillea species. However,
these latter components were present in higher amounts in flowers [33]. Only the detection
of centaureidin (27) may be confirmed by the data of Valant-Vetschera and Wollenweber
(1996) [34] and Aljanĉić et al. (1999) [3] demonstrating the leaves of A. atrata to be devoid
of centaureidin, whereas flower constituents were not analyzed [34]. In addition, Aljanĉić
et al. (1999) [3] demonstrated the occurrence of centaureidin in the aerial parts of A. atrata.
Taking together both published and the present data, it can be concluded that centaureidin
is specific to A. atrata flowers. In addition to the identification and quantification of further
plant components, antimicrobial assays should also be included, in order to demonstrate
the influence of concentration differences of A. atrata extracts and preparations. Further,
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bioactivity testing with extracts recovered from individual plant organs may contribute
to in-depth understanding of the active principles of A. atrata and as quality markers for
pharmaceutical preparations obtained therefrom.
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.3390/pr9050853/s1, Table S1: Plan of Achillea atrata L. cultivation in Germany in the years 2015 to
2019. Composition of cultivation soil I: 32% wood fiber, 64% compost, and 4% sand. Composition of
soil variant 1: 20% sand, 25% volcanic granulate, 25% wood fiber, compost, and 30% limestone gravel.
Composition of soil variant 2: 30% sand, 35% volcanic granulate, 35% wood fiber; Table S2: Plan of
Achillea atrata L. cultivation in Switzerland in the years 2016 to 2019. Composition of cultivation soil
II: 2/3 peat-free soil consisting of bark humus and mineral structural materials and 1/3 sand. Soil
composition for the field: 70% compost, 15% wood fibers, 5% clay, 5% lava granules and limestone.
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