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Abstract: Tanacetum vulgare and Satureja montana essential oils (EOs) on Aronia melanocarpa before
the flowering period were used against Acrobasis advenella. We hypothesised that the use of the
aforementioned EOs (1.5%, 3% and 4.5%) would simultaneously improve yield and fruit quality. The
profile of the EO constituents was determined by GC-MS analysis. Thujone (66.62%) was identified
as the most abundant component in tansy EO, while thymol (40.04%) was dominant in savory
EO. The mean weight of 100 berries ranged from 82.40 g to 88.00 g. A loss in fruit weight was
recorded after the addition of 4.5% S. montana EO. A. melanocarpa shrubs treated with 4.5% tansy
EO showed the highest content of phenols (848.03 mg per 100 g FW), along with high levels of
anthocyanins (310.19 mg/100 g), tannins (1884 mg/100 g) and chlorogenic acid (187.38 mg/100 g)
but exerted negative effects on the mineral fruit content (Mg, K). T. vulgare oil, particularly at higher
concentrations, has shown promise for increasing the content of valuable compounds with strong
antioxidant properties. The application of S. montana EOs positively affected minerals and chlorogenic
acid content. However, their phytotoxic effects on A. melanocarpa preclude them from further use,
even at low concentrations.

Keywords: essential oils; phenols; anthocyanins; chlorogenic acid; mineral contents; vitamin C

1. Introduction

Aronia melanocarpa [Michx.] Elliot (commonly known as aronia berry or black choke-
berry) is a shrub of the family Rosaceae, under the subfamily Maloideae. This plant is native
to North America and was introduced to European botanical gardens in the early 19th
century due to its ornamental qualities. At present, A. melanocarpa is grown extensively in
orchards in Eastern Europe, especially in Poland, but it is also grown many other European
countries such as Latvia, Belarus, Slovakia, the Czech Republic, Germany and Scandinavia;
additionally, it has recently been grown in the United States [1,2].

The edible and usually usable parts of black chokeberry plants are its fruits, which
are rarely consumed fresh due to their astringent taste. Nonetheless, they are an excellent
source of many valuable compounds benefitting human health. They have one of the
highest levels of substances with antioxidant properties, which are mainly associated with
a high content of phenolic compounds, especially anthocyanins [3,4]. The high content and
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composition of phenolic constituents seem to be responsible for the wide range of poten-
tial medicinal and therapeutic effects of these fruits. The versatile healing properties of
A. melanocarpa fruits have been confirmed in both in vitro and in vivo studies [4-6]. Choke-
berry fruits have been shown to possess antioxidant, antiviral, antimutagenic, UV protec-
tive, antiproliferative (e.g., colon cancer), anticancer, hepatoprotective, anti-inflammatory
and gastroprotective (stomach ulcers) properties. The berries of aronia also exhibit a wide
range of activities associated with chronic diseases, including metabolic disorders, diabetes
and cardiovascular conditions. These activities involve anti-atherosclerotic, hypotensive
and antiplatelet properties [2,7-9]. Moreover, chokeberry extracts have been shown to
reduce blood pressure in patients with metabolic syndrome [10] and in patients after my-
ocardial infarctions [11]. Scientific studies have also confirmed their beneficial effect on eye
function [12]. Black chokeberry fruits are mainly utilized in the forms of juices, purees, jams,
jellies and wine [2,13]; they are also used as important food colorants [14] or nutritional
supplements [8]. Due to their health-promoting properties, chokeberry fruits at harvest
must meet quality requirements imposed by consumers.

Essential oils (EOs), as aromatic oily extracts, can be obtained from various parts of
plants (e.g., leaves, stems, roots, buds, flowers, fruits or seeds). They possess biologically
active phytochemicals applied in agriculture, food, cosmetic and pharmaceutical indus-
tries [15]. However, the quantity, quality and, thus, the biological activity of EOs depend on
oil composition, which is affected by plant species, the plant growth stage, the plant habitat,
temperature and the amount of precipitation during plant growth [16,17]. In recent years,
essential oils (EOs) have been one of the most popular alternatives and environmentally
friendly methods of pest control. EOs may exhibit toxic properties against pest insects
or may interfere with insect oviposition, growth and reproduction. They have also been
shown to attract, prevent and repel insects [18,19].

The genus Tanacetum, belonging to the family Asteraceae, encompasses over 200 species
of plants widely distributed throughout the moderate climate of the Northern Hemisphere,
mainly in Europe and Western Asia [20]. Tansy [T. vulgare syn. Chrysanthemum vulgare (L.)
Bernh.] is an aromatic perennial plant, rich in essential oils, and has traditionally been used
in medicine, food preparation and cosmetics [21]. This plant is commonly found along road-
sides, boundaries, riverbanks and wastelands [22,23]. Tansy EO is extracted from flower
baskets or leaves and primarily contains thujone, 1,8-cineole, cis-chrysanthenol, borneol,
myrtenol, camphor, trans-chrysanthenyl acetate, artemisia ketone, trans-chrysanthenol,
bornyl acetate, camphene, sabinene and carvone [21-25]. The composition of tansy EO
is unstable and varies considerably depending on plant geographic origin, extraction
method and even environmental factors prevailing at the cultivation site [23]. Tansy EO ex-
hibits a broad spectrum of biological activities, including antibacterial [22], antifungal [21],
acaricidal [26] and insecticidal properties [24,25]. Moreover, the addition of tansy oil to
biodegradable polymers (e.g., sodium alginate films) has been shown to improve their
flexibility and impart antibacterial effect. Such materials can be used for food packaging or
coatings to protect and extend the shelf life of products [27].

The genus Satureja comprises numerous species native to the Mediterranean region. It
includes the well-known S. montana L. (winter savoury), a perennial deciduous semi-shrub
cultivated throughout Europe, which, in addition to essential oils, contains triterpenes,
flavonoids and rosmarinic acid [28]. The phenolic nature of S. montana EOs results in
S. montana EOs containing pharmacological (antioxidant, cytotoxic, antibacterial, antiviral,
antiparasitic) and plant protection (nematocidal, fungicidal, insecticidal) properties [29,30].
The composition of the oil has variations in the relative concentration of particular com-
ponents, but oxygenated terpenes—carvacrol and thymol—are the major constituents of
the oil of this species [15,30]. For example, T. vulgare and S. hortensis EOs are character-
ized by their high toxicity and repellent effects against the main pest of A. melanocarpa—
Acrobasis advenella (Zinck.) (Lepidoptera, Pyralidae, Phycitinae) [18,25,31]. A. advenella is
an oligophagous species feeding on some plants of the Rosaceae family [32]. This species
is considered a pest of the highest economic significance of black chokeberry plantations,
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negatively affecting the quantity and quality of chokeberry yield. Females lay their eggs on
immature aronia fruits in the early summer. Newly hatched larvae burrow into the fruit,
after which they feed on and drill tunnels into them. After wintering, the larvae inhabit
developing flower buds and feed on them [33].

Despite the fact that T. vulgare and S. hortensis EOs exhibit a broad range of biological
activities, their impact on nutrient uptake in fruits has not been elucidated. We hypoth-
esised that the application of T. vulgare and S. montana EOs to black chokeberry against
A. advenella during the flowering period would additionally increase the amount of phenols,
anthocyanins, tannins, phenolic acids, vitamins and minerals in plant tissues. These com-
ponents are responsible, among others, for antioxidant, antimutagenic, anti-inflammatory,
antivirus and bacteriostatic activities. Therefore, the main objective of this study was to
assess the post-harvest content of chemical constituents and the yield of black chokeberry
under the foliar application of different concentrations of S. montana and T. vulgare EOs.
Based on the results of our three-year field experiment, it will be possible to develop recom-
mendations for breeders to improve the quality characteristics and bioactive components
of black chokeberry fruits.

2. Materials and Methods
2.1. Plant Material and Experimental Conditions

Chokeberry (Aronia melanocarpa cv. Galicjanka) samples were collected at the end of
the harvest season during September 2020, 2021 and 2022 from an organic black chokeberry
horticulture farm in Samokleski (51.4500° N-22.4333° E) located in Southeastern Poland,
Lublin Province. This study used 15-year-old chokeberry shrubs planted at a density of
0.6 m x 3.5 m. Throughout the experiment, no chemical protection, irrigation or fertilization
were applied to the plants. The experiment was designed using a randomized split-plot
method with three replicates. Each plot consisted of a 5 m long row of shrubs. Each
year, in the third decade of April (green bud development stage; at the beginning of the
A. advenella caterpillar infestation), plants were sprayed with T. vulgare (Herbapol, Krakow,
Poland) and S. montana (Herbiness, Chomiec, Poland; originating from Spain) essential
oil solutions. Two EOs from tansy and savoury were selected for the study, because
their insecticide efficacy against A. advenella had already been well characterised under
laboratory conditions [25,31]. A 16-litre battery-operated sprayer (Bass Polska Sp. z o.0.,
Mrokéw, Poland) was utilised for treatments. Three concentrations of essential oils (1.5%,
3.0% and 4.5% w/v) were prepared from the stock solution using tap water and Tween 80
(0.5 mg) as an emulsifier and 2% (v/v) ethanol (99.8%) for bioassays. The control group of
the plants was treated with a solution not containing the essential oils.

2.2. Chromatographic Analysis

The quantitative composition of essential oils was determined at the Department
of Chromatography, Maria Curie Sklodowska University in Lublin, Poland. Qualitative
analysis of essential oils was performed using GC/MS QP2010 (Schimadzu, Kyoto, Japan)
equipped with a ZB5-MSi fused silica capillary column (30 m x 0.25 mm id. 0.25 pm
film thickness, Phenomenex, Aschaffenburg, Germany). Helium grade 5.0 was used as
the carrier gas (1 mL/min). The injection temperature was 310 °C, and the volume of
injected sample was 1 pL. During injection, the split mode was applied (purge time—
0.7 min). The following temperature program was used: 2 min at 50 °C and then linearly
raised at a rate of 5 °C/min to 310 °C. A mass spectrometer was operated in EI mode at
70 eV. The temperature of ion source was 220 °C. The mass range was from 35 to 450 amu.
Qualitative analysis was performed by comparing the retention indices and MS spectra for
the obtained peaks with the analogous data from the mass spectrometry library (NIST"14).
Quantitative analyses were carried out using a gas chromatograph with a flame ionization
detector, GC/FID GC2010 (Schimadzu, Kyoto, Japan). Hydrogen was used as the carrier gas
(1 mL/min). The experimental conditions were the same as for GC/MS. Peak identification
was performed based on experimentally determined retention indices.
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2.3. Berry Weight and Composition

Each year, the weight of the yield was determined in all the experimental plots. Two-
kilogram bulk samples of fruits were collected at full ripeness in early September. Berries
were collected from all parts of the shrub, and damaged fruits were excluded from the
sample. Berry weight was recorded under laboratory conditions as the mean fresh weight
of 100 berries from each sample (quantitative parameters) expressed in grams. For chemical
analyses, the berries were packed in polyethylene bags, frozen at —20 °C in a standard
freezer and stored until analytical determinations (qualitative parameters). Prior to analysis,
the berries were thawed at room temperature. The assays determining berry composition
(phenols, anthocyanins, tannins, chlorogenic acid, vitamin C and minerals: potassium,
magnesium and zinc) were performed at the Central Research Laboratory of the University
of Life Sciences in Lublin (Poland).

2.3.1. Phenolic Compounds (PC)

Fresh fruit material (1 g) was homogenized with 45 mL of 80% ethanol and subse-
quently extracted at 95 °C for 30 min in a water bath. After cooling down, the solution was
filtered. The total phenolic content was determined using the Folin—-Ciocalteu reagent and
caffeic acid as a standard [34]. Briefly, to 0.5 mL of the sample, 10 mL of H,O and 2 mL
of Folin-Ciocalteu reagent (Merck KGaA, Darmstadt, Germany) were added; after 3 min,
10 mL of 10% (v/v) NapCO3; was added, and the contents were mixed and allowed to stand
for 30 min at room temperature. Absorbance was measured at 725 nm using a Shimadzu
1800 UV-VIS spectrophotometer (Kyoto, Japan). The tests were carried out in triplicate, and
the results were expressed as mg of caffeic acid equivalent to (CAE)/100 g of extract.

2.3.2. Total Anthocyanins Content (TAC)

The total anthocyanin contents were determined according to the method by Mitkowska
and Strzelecka [35]. Anthocyanins were extracted by incubating 5 g of fruit with 1%
HCI in methanol for 24 h at room temperature, followed by filtration. Absorbance was
measured immediately following the previous step at 535 nm using a Shimadzu 1800 UV-
VIS spectrophotometer and a Gemini C 18 column (Phenomenex, Aschaffenburg, Germany).
The anthocyanin content was expressed as a percentage of delphinidin chloride.

2.3.3. Total Tannin Content (TTC)

Two samples were prepared to determine the tannin content, each containing 2 mL
of 10-fold diluted fruit extract, 3 mL of concentrated HCl and 1 mL of distilled water [36].
One sample was incubated at 100 °C for 30 min, and 0.5 mL ethanol was added to the
second sample. Absorbances of all samples were measured at 470, 520 and 570 nm using a
Shimadzu 1800 UV-VIS spectrophotometer. Differences between the samples, measured at
the same wavelength (470, 520, 570 nm), were calculated. Total tannin content (TTC) was
expressed as mg/100 g FW (fresh weight).

2.3.4. Chlorogenic Acid Content (CA)

For the determination of phenolic acids, the fruits were mixed in a blender to obtain a
homogenised fruit sample. Twenty grams of homogenised fruit were mixed with 20 mL
of methanol. The solution was extracted by placing it in a water bath at 95 °C for 30 min.
The solution was filtered after cooling. Analyses were conducted using a Shimadzu 1800
UV-VIS spectrophotometer equipped with an SPD-20A detector and Gemini C 18 column
(Phenomenex, Germany). Absorbances of all samples were measured at 254 nm.

2.3.5. Mineral Contents (Mg, K, Zn)

Magnesium (Mg) and potassium (K) were determined according to PN-EN 1134:1999 [37]
and zinc (Zn) according to PN-EN 14084:2004 [38]. For Mg, K and Zn analysis, the samples
were mineralised using the Mars Xpress Vessel (MarsXPress, CEM, Matthews, NC, USA)
with HNOj (V) at 210 °C for 6 h. The solution subsequently was filtered to eliminate silica.
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Minerals were analysed via atomic absorption spectrophotometry using a SpektrAA 280FS
with an SPS-3 autosampler and a SIPS diluter (Varian, Australia). The determination of
selected elements was performed at the following wavelengths: 766.0 nm (K), 202.6 nm (Mg)
and 213.9 nm (Zn). The determination of Mg and K content was performed in the presence
of a Schinkel buffer (10 g/dm? CsCl + 100 g/dm3 La). The limits of quantification (LOQ)
for the mineral analysed were as follows: K—40 mg/kg; Mg—36 mg/kg; Zn—0.9 mg/kg.

2.3.6. Vitamin C

Vitamin C content was determined according to the HPLC method EN 14130:2003 [39].
Five grams of fresh fruit were diluted in 40 mL 0.1 M metaphosphoric acid and centrifuged.
Directly after extraction, 20 mL of the extract was transferred into a beaker; 10 mL of
cysteine solution was added and mixed using a magnetic mixer. The solution pH was
adjusted to 7.0-7.2 by adding trisodium phosphate solution at a concentration of 200 g/L.
The pH value was controlled using a pH meter, stirred for 5 min and subsequently lowered
to 2.5-2.8 with a solution of concentrated metaphosphoric acid (200 g/L). The analysis
was carried out using a Shimadzu 1800 UV-VIS chromatograph with an SPD-20A detector
(Shimadzu, Kyoto, Japan). The extracted sample was injected into a Gemini C 18 column
(Phenomenex, Germany). Elution was carried out using 0.1 M phosphoric acid, the flow
rate was 1 cm® min~1) and absorbance was monitored at 254 nm.

2.4. Phytotoxic Effect of Essential Oils

Experiments involving plant response to the tested solutions were conducted under
laboratory (22 &+ 1 °C with 70 £ 5% relative humidity and 16:8 h (L:D) photoperiod)
and field conditions. In laboratory conditions, aronia shoots (15-cm-long) were sprayed
with a hand-held atomiser and visually assessed for phytotoxicity 48 h after application.
The severity of phytotoxicity was evaluated based on the percentage of leaf surface with
the following symptoms: none “—" (0-1%), slight “+” (1-25%), medium “++"” (25-50%)
and high “+++” (>50%) [40]. In 2021, the solutions were tested under field conditions.
Phytotoxicity was assessed by observing the sprayed plants and comparing them with the
control plants. A total of 24 h after oil application, three 75-cm-long shoots (12 shoots in
each combination) were collected from each plot. Subsequently, the percentage of leaves
and inflorescences showing the presence of spots, complete necrosis, burns, chlorosis and
other changes in coloration was determined. A 7-point scale was established to determine
the phytotoxic reaction of the plants (no damage; leaf blade bleaching and slight necrosis
up to 2%; leaf blade bleaching and necrosis up to 10%; leaf blade bleaching and necrosis up
to 25%; leaf blade bleaching and necrosis up to 50%; leaf blade bleaching and necrosis up to
75%; complete leaf damage) (European and Mediterranean Plant Protection Organisation,
EPPO PP 1/135, 3, Phytotoxicity assessment).

2.5. Meteorological Conditions

This study used weather data from 2020-2022 recorded by the IMT200 Weather Sta-
tion (iMETOS®ag) (Pessl Instruments GmbHWeiz, Austria) located in Piotrowice Wielkie
(51°20/37.6" N 22°24/33.2" E), 11 km away from the experimental field. The weather condi-
tions in 2020-2022 are shown in Figure 1. The total rainfall for the period from March to
September was comparable between the first and second growing season. During these
years, abundant precipitation was separately recorded in both September and August.
The mean temperature was the lowest in 2022, slightly higher in 2021 and highest in 2020.
Overall, the weather in 2022 was warm but very dry.
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Figure 1. Monthly variations in weather parameters: mean air temperature (avg), maximum air
temperature (max), and minimum air temperature (min) during the 2020, 2021 and 2022 growing
seasons according to the IMT200 Weather Station (iMETOS®ag) in Piotrowice Wielkie, Poland.

2.6. Statistical Analysis

The results were statistically analysed using a two-way analysis of variance (ANOVA),
to examine differences in the mean values of examined parameters between groups. Treat-
ments (regarding the type and concentrations of EOs), the study year effect and interaction
between treatment and the study year were used as factors. Tukey’s HSD test at a signif-
icance level of p < 0.05 was used to determine individual differences between the mean
values of the parameters tested in each group. The results in the tables are presented as
arithmetic means with standard deviation (SD). The distribution of the obtained results
was also presented in box plots. Each measurement was performed in three replicates.
Tibco Statistica for Windows, v14 (StatSoft Sp. z 0.0., Krakow, Poland), 2020 was utilised
for all analyses.

3. Results
3.1. Chemical Composition of Essential Oils

The results concerning the qualitative and quantitative compositions of essential oils
are presented in Tables 1 and 2 and Figures 2 and 3 (gas chromatogram). The analysis of
T. vulgare EO revealed the presence of 15 compounds, with thujone (66.62%) recorded as
the most abundant ingredient. The percentage of the remaining 14 constituents ranged
from 14.78 to 0.14%.

Table 1. Chemical profile of T. vulgare L. essential oil (Herbapol—Krakéw, Poland).

No Constituents Retention Index Amount [%]
1. 4(10)-Thujene 6.107 1.23
2. beta.-Myrcene 6.689 0.47
3. Benzene, 1-methyl-2-(1-methylethyl)- 7.556 0.98
4. Eucalyptol 7.715 12.68
5. Thujone 10.053 66.62
6. Bicyclo [3.1.0]hexan-3-one, 4-methyl-1-(1-methylethyl)-, [1S-(1.alpha.,4.beta.,5.alpha.)]- 10.285 14.78
7. Bicyclo [3.1.1]heptan-3-0l,6,6-dimethyl-2-methylene-, [1S-(1.alpha.,3.alpha.,5.alpha.)]- 10.865 0.44
8. Bicyclo [2.2.1]heptan-2-one, 1,7,7-trimethyl-, (15)- 10.986 0.67
9. Bicyclo [3.1.0]hexan-3-ol, 4-methyl-1-(1-methylethyl)- 11.283 0.14
10.  Bicyclo [3.1.0]hexan-2-one, 5-(1-methylethyl)- 11.446 0.18
11.  3-Cyclohexen-1-ol, 4-methyl-1-(1-methylethyl)-, (R)- 12,000 0.90
12.  Benzaldehyde, 4-(1-methylethyl)- 13.793 0.15
13.  Copaene 17.399 0.15
14.  Aromadendrene 18.482 0.20
15.  Germacrene D 20.022 0.41

The percentage of the analyte was determined based on the peak normalisation method.
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Table 2. Chemical profile of S. montana L. essential oil (Herbiness—Chomiec, Poland).

No Constituents Retention Index Amount [%]
1. alpha.-Thujene 4.849 0.72
2. alpha.-Pinene 4.980 1.01
3. Camphene 5.360 0.52
4. beta.-Pinene 6.137 0.28
5. 1-Octen-3-ol 6.375 0.97
6. 3-Octanone 6.561 0.16
7. beta.-Myrcene 6.657 2.02
8. alpha.-Phellandrene 6.970 0.14
9. 4-Carene 7.315 0.99
10.  Benzene, 1-methyl-2-(1-methylethyl)- 7.590 13.08
11.  Cyclohexene, 1-methyl-5-(1-methylethenyl)- 7.675 0.97
12.  1,3,6-Octatriene, 3,7-dimethyl-, (E)- 8.044 0.10
13.  1,3,7-Octatriene, 3,7-dimethyl- 8.330 0.19
14.  1,4-Cyclohexadiene, 1-methyl-4-(1-methylethyl)- 8587 10.76
15.  cis-.beta.-Terpineol 8.839 0.32
16.  2-Carene 9.430 0.12
17.  beta.-Linalool 9.841 2.59
18.  2,4,6-Octatriene, 2,6-dimethyl- 10.691 0.06
19.  Camphor 10.995 0.18
20.  Borneol 11.648 3.32
21.  3-Cyclohexen-1-ol, 4-methyl-1-(1-methylethyl)-, (R)- 12.004 0.91
22.  p-menth-1-en-8-ol 12.520 0.12
23.  Benzene, 2-methoxy-4-methyl-1-(1-methylethyl)- 13.677 0.25
24.  Benzene, 1-methoxy-4-methyl-2-(1-methylethyl)- 13.932 4.36
25.  2-Cyclohexen-1-one, 2-methyl-5-(1-methylethenyl)-, (R)- 14.102 0.14
26.  trans-Geraniol 14.492 0.21
27.  Phenol, 2,3,5,6-tetramethyl 15.388 7.04
28.  Thymol 15.780 40.04
29.  Phenol, 5-methyl-2-(1-methylethyl)-, acetate 16.930 0.15
30. Copaene 17.410 0.07
31.  2,6-Octadien-1-ol, 3,7-dimethyl-, acetate, (E)- 17.747 0.07
32.  Caryophyllene 18.495 5.33
33.  alpha.-Caryophyllene 19.336 0.14
34.  Cyclohexene, 1-methyl-4-(5-methyl-1-methylene-4-hexenyl)-, (S)- 20.757 0.94
35. Cadina-1(10),4-diene 21.080 0.07
36.  Caryophyllene oxide 22.406 1.50
37.  Alloaromadendrene oxide-(1) 23.662 0.05
38.  Isoaromadendrene epoxide 24.151 0.11
The percentage of the analyte was determined based on the peak normalisation method.
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Figure 2. GC-MS chromatogram of T. vulgare L. essential oil.
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Figure 3. GC-MS chromatogram of S. montana L. essential oil.

The chemical composition of S. montana comprised 38 different compounds, with
thymol being the main component (40.04%). All of the remaining compounds were present
in lower concentrations (13.08-0.05%).

3.2. Effects of T. vulgare and S. montana EOs on Berry Weight and Composition
3.2.1. Berry Weight

Statistical analysis demonstrated significant differences in the weight of 100 chokeberry
fruits from plants treated with individual concentrations of T. vulgare and S. montana EOs
(F =3.90, p < 0.003), across years (F, = 127.3, p < 0.001), and interactions between treatment
and year (F = 3.2, p <0.003). The mean weight of 100 berries ranged from 82.48 g to 88.01 g.
An increase in fruit weight was observed after treatments with 3% and 4.5% T. vulgare
and 1.5% S. montana EOs, but it was not statistically significant compared to the control.
However, a statistically significant loss in fruit weight was observed after treatment with a
4.5% savoury EO. Comparing the results from three years, it should be noted that aronia
fruit weight was the highest in 2021 (Figure 4).
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Figure 4. Effect of different concentrations of T. vulgare and S. montana EOs on the mean chokeberry
fruit weight.
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3.2.2. PC, TAC, TTC and CA Contents

Significant effects were observed for the concentrations of the tested EOs on the content
of biologically active compounds in A. melanocarpa fruits.

Statistical analysis demonstrated significant differences in the content of phenolic
compounds in chokeberry fruits using individual concentrations of T. vulgare and S. montana
EOs (Fg = 1191.9, p < 0.001), across years (F, = 5289.6, p < 0.001) and interactions between
treatment and year (Fi» = 1201.7, p < 0.001). The highest phenolic content was determined
in fruits treated with 4.5% T. vulgare oil (848.03 mg/100 g), while the application of other
solutions significantly reduced their content compared to the control (Table 3). The lowest
content was recorded for 1.5% S. montana oil (625.59 mg/100 g).

Table 3. Effect of different concentrations of T. vulgare and S. montana EOs on the content of phe-
nolic compounds (PC), total anthocyanins (TAC), total tannins (TTC) and chlorogenic acid (CA) in

chokeberry fruits.
EO PC TAC TTC CA
Mean + SD Mean + SD Mean + SD Mean + SD
T. vulgare (1.5%) 685.66+ 175.19 b 283.17 + 13.60 P 1758.3 + 764 abc 181.99 4+ 94.29 d

T. vulgare (3%)
T. vulgare (4.5%)
S. montana (1.5%)
S. montana (3%)
S. montana (4.5%)
Control

719.92 4+ 154.17 ¢
848.03 + 186.57 f
625.59 + 101.58 2
738.19 + 110.154
717.61 + 40.88
799.50 + 110.17 ©

289.40 + 7.08 €
310.19 +20.12 f
296.96 + 4.53 4
347.06 & 124.17 &
280.11 & 68.15 2
306.42 + 35.46 €

1464 + 795.7 2
1884.6 4 413.2 bc
2106.4 + 1001.2 ¢
1895.9 4 501.5 be
1639.9 + 277.1 ab
1383.9 4 734.2 3

192.23 +91.48 8
187.38 + 89.84 ¢
168.72 + 89.00 b
155.81 + 63.66
188.31 + 80.17 f
173.71 4 82.88 ¢

Data are expressed as mean values + standard deviation (SD). Phenolic compounds (PC), total anthocyanins
(TACQ), total tannins (TTC) and chlorogenic acid (CA) are expressed as mg/100 g FW. TPC is expressed as mg
of caffeic acid; TAC is expressed as mg of delphinidin chloride. Means followed by the same letters in the same
column are not significantly different according to ANOVA (Tukey’s HSD test).

The level of phenolic compounds in aronia fruits varied in each year of the study
(Figure 5a). In 2022, their content was the lowest, except for the treatment with 3% S. mon-
tana oil. In 2020 and 2021, the phenolic content in chokeberry fruit was similar.

The results obtained showed that treatment with EOs affected the content of an-
thocyanins in A. melanocarpa fruits. Anthocyanin concentration varied across treatments
(Fe = 17129, p < 0.001), years (F, = 12,023, p < 0.001) and treatment X year interaction
(F12 = 3330.9, p < 0.001). The highest content of anthocyanins was found in fruits of
A. melanocarpa plants treated with 3% S. montana EO (347.06 mg/100 g) and 4.5% T. vugare
EO (310.19 mg/100 g) (Table 3). The other EO solutions caused a significant decrease in the
content of anthocyanins compared to the control group.

The highest anthocyanin content was observed in 2022, although the application of
1.5% S. montana and 3% T. vulgare oils did not affect the levels of anthocyanins in any of the
years of this study (Figure 5b).

The content of tannins in chokeberry fruits after treatment with the tested essential
oils changed depending on the treatment (Fg = 4.20, p < 0.002), year (F, = 44.30, p < 0.001)
and treatment X year interaction (Fip = 4.69, p < 0.001). All applications of EOs led to an
increase in tannin content compared to the control group, but the highest increase was
observed after treatment with 4.5% T. vulgare and 3% and 1.5% S. montana EOs (1884.6,
1895.9, 2106.4 mg/100 g, respectively) (Table 3). The content of tannins was the lowest in
2020, except for the treatment with 1.5% S. montana EO (Figure 5c).

The results indicate that the treatments with essential oils had a significant impact on
the content of chlorogenic acid in A. melanocarpa fruits. The concentration of chlorogenic
acid changed depending on the treatment (Fg = 4322, p < 0.001), year (F, = 539,256.9,
p < 0.001) and treatment X year interaction (Fip = 6456.7, p < 0.001). The application of
EOs resulted in an overall increase in the content of chlorogenic acid levels during the
experimental period, except for treatments with 1.5% and 3% S. montana EOs (Table 3).
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The highest content of this compound was recorded in fruits after the application of 3%
T. vulgare EO (192.23 mg /100 g). The lowest concentration of this compound was observed
in 2022 (Figure 5d).
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Figure 5. Changes in the content of phenols (a), anthocyanins (b), tannins (c) and chlorogenic acid (d)
in chokeberry fruits after treatments with T. vulgare and S. montana EOs in 2020-2022.

3.2.3. K, Mg, Zn and Vitamin C Contents

Based on statistical analysis, significant differences were observed in the potassium
content in chokeberry fruits using individual concentrations of T. vulgare and S. montana
EOs (Fg = 965.5, p < 0.001) across years (F, = 2430.8, p < 0.001) and interactions between
treatment and year (F1» = 631.6, p < 0.001). A significant increase in the potassium content
in the fruits was observed after the application of 1.5% T. vulgare oil (276.78 mg/100 g) and
3% S. montana oil (247.22 mg/100 g). Spraying with the remaining solutions of both oils
resulted in a significant decrease in the potassium content compared to the control group.
The lowest potassium content was detected in fruits treated with 3% and 4.5% T. vulgare
oil (208.67 and 209.22 mg/kg, respectively) (Table 4). In 2022, the potassium content of
chokeberry fruit was the highest except for the treatment with 3% and 4.5% T. vulgare oil
(Figure 6a).
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Table 4. Effect of different concentrations of T. vulgare and S. montana EOs on the K, Mg, Zn and

vitamin C content in chokeberry fruits.

K

EO Mg Zn Vitamin C
Mean + SD Mean £+ SD Mean £+ SD Mean + SD
T. vulgare (1.5%) 276.78 £ 65.71 f 21.46 + 2.89 de 0.123 +0.094 2 488 +041°¢
T. vulgare (3%) 208.67 +14.89 2 14.79 £2.522 0.131 +0.1112 443 + 0.65 be
T. vulgare (4.5%) 209.22 £ 8942 18.79 +5.28b 0.122 +0.0922 4.47 + 0.36 be
S. montana (1.5%) 232.78 £ 30.25 € 21.66 +£9.98°¢ 0.162 £+ 0.079 b 349 +£0.122
S. montana (3%) 24722 £25.21¢ 2042 +£1.32°¢ 0.118 +0.1182 401 +0.382b
S. montana (4.5%) 229.80 4 20.51 P 20.82 + 4.09 «d 0.160 + 0.094 P 4.95+0.69 ©
Control 235.00 + 36.88 4 21.09 + 3.55d¢ 0.124 +0.1372 4.39 4 0.71 be
Data are expressed as mean values =+ standard deviation (SD). K, Mg, Zn and vitamin C contents are expressed as
mg/100 g FW. Means followed by the same letters in the same column are not significantly different according to
ANOVA (Tukey’s HSD test).
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Figure 6. Changes in potassium (a), magnesium (b), zinc (c¢) and vitamin C (d) content in chokeberry
fruits after treatments with T. vulgare and S. montana EOs in 2020-2022.

The magnesium content in chokeberry fruits, following treatment with the oils tested,
varied depending on the treatment (Fg = 120.4, p < 0.001), year (F, = 718.3, p < 0.001) and
treatment X year interaction (Fj» = 139.1, p < 0.001). The content of Mg ranged from 14.79
(3% T. vulgare) to 21.66 mg/100 g FW (1.5% S. montana). The application of 1.5% T. vulgare
and S. montana oils caused an increase in Mg content compared to the control group, but
these increases were not statistically significant. With respect to 3% and 4.5% T. vulgare EOs,
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and 3% S. montana EO, a significant decrease was observed in the content of this element in
fruits. The content of Mg was the highest in 2021 (Figure 6b).

Treatment with essential oils led to a decrease in zinc content in chokeberry fruits,
except for the treatment with 1.5% S. montana EO. In the latter case, the content of this
mineral was comparable to the control group. Zn concentration varied by treatment
(F¢ =16.6, p < 0.001), year (F = 1287, p < 0.001) and the interaction between treatment and
year (Fp = 52, p < 0.001). The concentration of Zn ranged from 0.118 to 0.162 mg/100 g FW.
Control berries showed significantly lower Zn content compared to fruits treated with 1.5%
and 4.5% solutions of S. montana EO. Zinc content was the highest in 2020, except for the
treatment with 4.5% S. montana EO (Figure 6c¢).

The different content of this compound in chokeberry fruits after treatments with
examined oils was recorded only for individual treatments (Fg = 7.1, p < 0.001). No changes
in vitamin C concentrations were found in relation to the study year (F, =0, p = 0.998) and
the interaction of treatment and year (F1, = 0.4, p = 0.932). The average value of vitamin C
content ranged from 3.49 mg/100 g FW (1.5% S. montana EO) to 4.95 mg/100 g FW (4.5%
S. montana EO), while the control berries contained 4.39 mg/100 g FW (Table 4). The results
indicated a negative effect of 1.5% S. montana EO on vitamin C content compared to the
control group. The level of vitamin C was similar in each year of the study (Figure 6d).

3.3. Phytotoxic Effect of Essential Oils

Both in field and laboratory conditions, phytotoxicity occurred exclusively after the
application of winter savoury EO in all three concentrations (Tables 5 and 6). Damage was
observed exclusively on leaves. After the application of savoury oil at a concentration of
1.5%, symptoms of phytotoxicity in the form of local discoloration were visible only on
the lower side of the leaf blade. By contrast, an evaluation of the phytotoxic effects of 3%
and 4.5% oils showed the presence of discoloration and necrosis on both the upper and
lower sides of the leaves (Table 5). Higher concentrations of the oil increased the number of
leaves with damage to more than 50% of their surface. Spraying with a 4.5% concentration
resulted in the complete damage of 11.1% of the leaves.

Table 5. Phytotoxicity of T. vulgare and S. montana EOs on black chokeberry leaves in laboratory

conditions.
Concentration of Tested Essential Oils (% w/v)
Treatment
1.5 3 4.5
T. vulgare — — —
S. montana +L +L, U +++L, U

Evaluation of phytotoxicity severity in laboratory conditions was based on the percentage of leaf surface exhibiting
the following symptoms: none “—" (0-1%), slight “+” (1-25%), medium “++" (25-50%), and high “+++" (>50%)
on “U”—upper side (adaxial surface) and “L”—lower side (the abaxial surface).

Table 6. Phytotoxicity of T. vulgare and S. montana EOs on black chokeberry leaves in field conditions.

Concentration of Tested Essential Oil (% w/v)

Phytotoxicity 15 3.0 15
1 31.2 30.7 13.6
2 24.5 19.9 16.0
3 223 18.5 155
4 15.9 17.7 15.5
5 4.8 7.2 15.7
6 1.1 41 12.6
7 0.2 1.9 11.1

The assessment of S. montana EO phytotoxicity under field conditions was assessed as the percentage of leaf with
the following symptoms: “1” none; bleaching and slight necrosis of leaf blades, “2” (up to 2%); “3” (2-10%); “4”
(10-25%); “5” (25-50%); “6” (50-75%) and “7”"—complete leaf damage.
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4. Discussion
4.1. Chemical Composition of Essential Oils

Essential oils demonstrate low toxicity towards both humans and animals [41] and
are therefore used in various sectors, such as the food industry (as preservatives and
flavourings) or agriculture (plant biostimulants, pesticides) [42,43].

Until now, approximately 30 chemotypes of tansy have been described based on their
first dominant constituent [44]. The main components include beta-thujone, camphor, trans-
chrysanthenyl acetate, myrtenol, borneol, y-terpinene, sabinene, x-pinene, chrysanthenone
or isopinocamphone [21,23,45]. Our results showed that T. vulgare EO contained 15 differ-
ent components, and thujone was the dominant substance (66.62%). Thujone, a bicyclic
monoterpene ketone, typically exists in two stereoisomers, «-thujone and 3-thujone, and
the total content of both isomers is usually determined [46]. Our data are consistent with
the results of previous studies that also identified thujone as the primary constituent of their
corresponding essential oils. Thujone (mainly -thujone) has been shown to be the main
component of EOs derived from various countries, including Poland, Norway, Belgium,
Hungary, Sweden, Canada, Peru and Argentina. The percentage of thujone also exhibited
considerable variation, ranging from 28% to almost 98% [25,45,47,48]; all of these EOs addi-
tionally contained many other compounds. Magierowicz et al. [25] showed that tansy EO
contained 82 compounds, whereas Nurzynska-Wierdak et al. [23] identified 47 components.
The lower abundance of compounds in T. vulgare EO observed in our research may be
attributed to various factors influencing its quality. The analytical certificate of T. vulgare
EO provided by the company includes several parameters, such as colour, smell, relative
density and refractive index, which are specified in the European Pharmacopoeia for the
purity control of essential oils. However, the company does not provide information related
to the origin of the plants, harvest date, extraction method and other parameters affecting
the chemical composition of the oil. In addition, essential oils contain many lipophilic and
highly volatile components derived from different chemical classes that can be susceptible
to conversion and degradation reactions. Processes such as oxidation and polymerisation
can cause EOs to lose their quality and properties. According to Turek and Stintzing [49],
essential oils containing mainly unsaturated mono- and sesquiterpenes are particularly
prone to alterations during storage. These changes observed in essential oils or isolated
substances can often result from the interaction of several factors; temperature, light or
a combination of both, as well as the presence of oxygen, are considered as exerting the
most decisive impact on essential oil stability. Essential oils have been proven to undergo
alterations during aging that lead not only to changes in colour and aroma but also in other
aspects [50,51].

S. montana is characterised by a significant morphological variability even within the
same population. This leads to differences in the chemical composition of its essential oils,
which are highly dependent on factors such as genotype and environmental conditions.
Other contributing factors to this variability include season, nutritional status of the plants,
stages of development, and different drying techniques [16,29]. Numerous studies have
investigated the essential oil composition of winter savoury from various countries. The
main components of these oils may include carvacrol, thymol, y-terpinene, p-cymene,
linalool and borneol. For instance, in plant material collected in Croatia, the predominant
constituents were carvacrol and thymol [52,53]. In Poland, 30 compounds were identified in
S. montana EO, with the major components being carvacrol, p-cymene and y-terpinene [54].
Plant material originating from the Mediterranean region has also been characterised
as a phenol-chemotype, with differences in the content of thymol and carvacrol [55-58].
Moreover, the essential oil extracted from S. montana (before flowering) grown in the central
part of Montenegro and Albania contained thymol (37.36% and 28.99%, respectively) as
the main ingredient [57,59]. In this study, we have identified 38 different components
in S. montana EO, with thymol being the dominant substance (40%). Notably, benzene
and 1,4-Cyclohexadiene (=y-terpinene) were also among the components present at high
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percentages. In summary, the main components of this oil (originating from Spain) were
found to be similar to a thymol chemotype from Bosnia and Herzegovina [60].

4.2. Berry Weight and Composition

In our study, the weight of 100 aronia fruits varied from 82.5 to 88.0 g. This aligned
with the findings of Skupien et al. [61], who reported a variation in the weight of 100 berries
from 81.7 to 92.5 g, and Kawecki and Tomaszewska [62], who observed weights ranging
from 84 to 98 g. However, according to Strik et al. [63], and Smolarz and Chlebowska [64],
this weight can reach significantly higher values, even up to 280 g. Generally, the mean
weight of 100 control and treated berries was within the range reported in previous studies.
Notably, our experiment did not reveal a significant influence of the tested solutions of
essential oils on fruit mass, with the exception of 4.5% S. montana oil. In the latter case, a
statistically significant loss of fruit weight was recorded.

Souri and Bakhtiarizade [65] studied the effects of two concentrations of rosemary EO
on the growth and nutrient uptake of tomatoes. These authors showed that EO treatments
had different effects on tomato plant height. Foliar application with higher concentrations of
EO (1000 ppm) resulted in shorter plants compared to the control, as opposed to 500 ppm.
On the other hand, all concentrations of the oil induced an increasing trend regarding
shoot fresh weight compared to control plants. The nutrient analysis of tomato leaves
revealed a significant increase in the concentrations of trace minerals, such as potassium,
magnesium and zinc, following foliar spraying with higher concentrations of rosemary oil
compared to control plants. In summary, the authors demonstrated that rosemary EO acts
as a biostimulant, affecting important plant characteristics. In our experiment, only lower
concentrations of both tested oils caused a significant increase in magnesium and potassium
contents. By contrast, no such trend was observed for zinc content. Chyaouch et al. [66]
tested the effects two different concentrations of thyme EO on the regeneration rate and
the shoot and root development of strawberries (Fragria x ananassa Dutch). The authors
observed a significant difference between plants treated with essential oil and control plants.
The treatment with essential oil positively impacted the root system, number of leaves and
shoots. Additionally, physiological analysis revealed an improvement in the chlorophyll
content in treated leaves, along with a significant increase in the activity of peroxidase and
the content of hydrogen peroxide in the leaf tissue. Abd El-Khalek et al. [67] also reported
positive effects of thyme EO on the quality of fruits. Pre-harvest treatment had a beneficial
impact on maintaining grape quality after 15-day storage at 0 °C. The 0.2% EO treatment
resulted in higher contents of ascorbic acid and total soluble solids compared to the control.
In addition, after treatment, the grapes reached the highest marketable percentage and
visual appearance score. By contrast, our results indicated a negative effect of the lowest
tested concentration of S. montana EO (1.5%) on vitamin C content compared to the control.
This negative impact of savoury EO and its main component (thymol) could be attributed
to the allelopathic and phytotoxic properties of this plant species [68,69].

It should also be emphasised that all the compounds tested (regardless of the concen-
tration of the two essential oils) fell within the ranges previously reported in the literature:
total anthocyanins—284-631 mg/100 g FW [70,71], total tannins—from 522 mg/100 g
FW [70,72], chlorogenic acid—17-188 mg/100 g FW [70,73], potassium—135-679 mg /100 g
FW and magnesium—=8.3-66.9 mg /100 g FW [74,75], zinc—0.055-0.84 mg /100 g FW [74,76]
and vitamin C—1.3-27 mg/100 g FW [2].

4.3. Phytotoxic Effect of Essential Oils

Many studies have demonstrated the potential of essential oils as biopesticides against
harmful organisms in agriculture (pests, diseases and weeds) [18,19,25,77,78]. However,
phytotoxic properties of EOs have long been a major drawback to their potential widespread
applicability, because they may exhibit harmful effects to non-target plants. Equally im-
portant is the fact that the specific plant organs of interest and their physiological state
determine the effect of EOs on plants. In this study, the thymol-rich S. montana EO showed
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phytotoxicity to A. melanocarpa leaves even when administered at low concentrations. The
signs of phytotoxicity, manifested as localised discolouration, were evident on the lower
side of the leaves after the application of the lowest concentration (1.5%) of savoury oil. The
effect of higher concentrations of S. montana EO caused discolouration and necrosis on the
upper and lower sides of the leaf blades. These results remain consistent with the literature
data, showing negative effects (including allelopathic properties) of savoury oil and thymol
on plants. Nevertheless, it should be emphasised that the phytotoxic effect is mainly at-
tributed to certain component(s) of the EO. The phytotoxic effect of S. montana EO to Pinus
pinaster in the form of shoot chlorosis and drooping was demonstrated by Faria et al. [69],
with carvacrol identified as the causative agent. By contrast, Grosso et al. [68] assessed the
inhibitory activity of Thymus vulgaris EO, with thymol as the main compound (36.8%) in
its composition on seed germination, root growth and shoot growth of the seedlings of
cereals (Zea mays, Triticum durum); legumes (Pisum sativum); leaf vegetables (Lactuca sativa);
and weeds (Portulaca oleracea, Vicia sativa). The latter authors found that this essential
oil could be applied as a natural herbicide, being least harmful to all the tested species.
Similarly, Lippia sidoides EO, also with thymol as its main component, exhibited negative
effects on L. sativa [79]. It should be noted that, in the study of Wogiatzi et al. [78], oregano
EO (known for its high thymol content), when applied at high concentrations, caused
significant damage to tomato plants, and the intensity of this phytotoxicity declined with
decreasing oil levels. However, at low doses, the application of this EO resulted in higher
plant yields. Kordali et al. [80] reported that thymol and carvacrol completely inhibited the
seed germination and seedling growth of Amaranthus retroflexus, Chenopodium album and
Rumex crispus. According to Vasilakoglou et al. [81], thymol completely supressed the seed
germination of Lolium rigidum. It is worth mentioning that EOs could be used to control
many crop pests by being sprayed on plants to develop the natural defence system [82-85].
As documented by Werrie et al. [86] following EO application, complex modifications of
oxidative stress-related metabolites occur in plants (e.g., increases in expression levels of
specific genes belonging to PR proteins, hormonal signalling, phenylpropanoids and pari-
etal modification pathways). As demonstrated, the plant defence induction occurring below
the phytotoxicity threshold is significantly important for EO application in horticulture.

4.4. Weather Parameters

Environmental factors play a significant role in shaping the development and quality
of fruits, leading to variations in the content of bioactive components across different
growing seasons. Our research demonstrated that the content of bioactive compounds
in chokeberry fruits varied considerably between growing seasons. Fruits harvested in
2022, when the weather was warm and dry, with the lowest temperature extremes (min,
max, avg) and reduced rainfall compared to the 2020 and 2021 growing seasons, contained
higher amounts of total anthocyanins compared to fruits from the two other seasons. These
findings align with previous studies that have explored the impact of weather conditions on
the content of phenolic compounds in fruits. Xu et al. [87] reported an inverse correlation
between the concentration of phenols in fruits and air temperature. Similar results were
also observed by Zheng et al. [88] in three black currant cultivars, where fruits from shrubs
grown in colder conditions contained lower amounts of total anthocyanins than those
grown at warmer regions. The authors emphasised that temperature and radiation were
the major weather variables influencing the composition of phenolic compounds. Similar
results were reported by Ramos and de Toda regarding Vitis vinifera cv. Carignan [89]. This
effect was further enhanced by water stress.

5. Conclusions

To the best of our knowledge, this study is the first exploration of how essential oils
from S. montana and T. vulgare (applied against A. advenella caterpillars) affect the chemical
constituents and yield of black chokeberry. Based on the aforementioned data, it can be
inferred that the foliar application of these two essential oils at different concentrations
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affects the post-harvest content of chemical components and the yield of these fruits. In
this context, T. vulgare oil, particularly at higher concentrations, has shown promise in
increasing the content of valuable compounds with strong antioxidant properties, having
the ability to scavenge free radicals, directly benefiting human health. On the other hand,
the application of S. montana EOs positively affected minerals and chlorogenic acid content.
However, its phytotoxic effects on A. melanocarpa preclude it from further use.

Knowledge regarding the biocidal potential of EOs and their constituents has strongly
increased during the last decade. EOs are prospective candidates for the development of
new eco-friendly products as substitutes for chemical pesticides. However, research on the
use of EOs in plant protection focuses mainly on their action as biopesticides. In our work,
through analyses of the weight and chemical composition of chokeberry fruits, we wanted
to draw attention to the wide-ranging effects of EOs and their impact on the post-harvest
content of chemical components and yield of these fruits. The mode of action of EOs is very
complex and requires further research; therefore, investigation determining their effect
on several targets (simultaneously as biopesticides and biomodulators) may represent a
promising opportunity for managing plant pests in a manner that is less aggressive to
human health and the environment. In the future, the knowledge of the wide-ranging
effects of essential oils could be used in horticultural practices.
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