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Preface

Dear fellow scientists, professors, students, agricultural producers, and curious readers,

It is with great pleasure that we present this reprint, which offers valuable insights into the
fascinating world of medicinal, aromatic, and spice plants. Within these pages, you will explore their
rich biodiversity, intricate phytochemistry, bioactivity, and the latest innovations in their processing.

Whether you are interested in learning more about Juniperus communis, Kopsia fruticosa, Satureja
montana, Matricaria recutita, Thymus sp., Triticum aestivum, Rosa hybrida, Carissa macrocarpa, Salix alba,
Ocimum basilicum, Lavandula intermedia, or even Camellia sinensis and C. assamica, this compilation is
packed with fascinating details and current advancements related to these plants.

Additionally, we delve into other timely topics in agricultural production, such as the innovative
approach of immobilizing lead (Pb) in contaminated soils by combining diammonium phosphate
with both organic and inorganic amendments.

We hope this work serves as an informative resource for all those engaged in the study and use of
these remarkable plants, as well as those exploring broader environmental challenges in agricultural
sciences. Enjoy your journey through this collection, and we invite you to expand your knowledge

and curiosity on these captivating subjects.

Ivan Salamon and Milica Aéimovié
Guest Editors
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1. Introduction

For centuries, drugs were entirely of natural origin, composed of herbs, animal prod-
ucts, and inorganic materials. Early remedies may have combined these ingredients with
witchcraft, mysticism, astrology, or religion, but it is certain that those treatments that were
effective were subsequently recorded and documented, leading to early herbal remedies.
Many widely used pharmaceuticals are derived from plants and other natural sources or
are based on traditional knowledge of herbal remedies.

Thanks to numerous scientific and professional meetings, the development of ana-
lytical and biological testing methods and related tools, along with the introduction of
the large-scale cultivation, processing, and technological innovation of herbal plants, has
gained great significance for the economy.

Today, several hundred plant species are used as medicinal, aromatic, and spice herbs.
The key commercial species worldwide currently include chamomile, calendula, milk
thistle, plantain, balm, mint, and yarrow, but there is potential for the cultivation of a
wider range of species across larger areas. Significant opportunities exist for the production
and processing of a wide range of herbs in many countries, serving both domestic and
export markets.

Medicinal, aromatic, and spice plants are renewable raw materials, offering an alterna-
tive to the overproduction of traditional crops in agriculture. The food, pharmaceutical,
and cosmetic industries produce important products using these plants. Products based
on natural substances are gaining increasing value due to the presence of valuable compo-
nents, primarily produced through the secondary metabolism of the plants. Many widely
used pharmaceuticals are derived from plants and other natural sources or are based on
traditional knowledge of herbal remedies. However, these plants can also be used for
non-traditional purposes such as phytoremediation, which involves cleaning substrates
contaminated by toxic metals using plants.

2. Special Issue Overview

The Special Issue of Horticulturae entitled Medicinal, Aromatic, and Spice Plants: Bio-
diversity, Phytochemistry, Bioactivity, and their Processing Innovation addresses a somewhat
neglected area of biodiversity, including the ethnobotany and breeding of these plants to
enhance their quality and productivity. The biosynthesis of natural plant substances and
their qualitative-quantitative content plays a vital role in their biological properties, effects,
new plant products, and innovative processing, which must be also emphasized in our
contributions. Finally, it should be noted that medicinal, aromatic, and spice plants are
natural biological resources with the potential to become a new generation of substances
for human and animal nutrition and health. The recommended readership of this Special
Issue is not only those engaged in research into and the processing of these special crops
but also natural product chemists, pharmacogenetics, and users of these plants, given their
increasing economic importance.

Horticulturae 2024, 10, 280. https:/ /doi.org/10.3390/horticulturae10030280 https://www.mdpi.com/journal /horticulturae
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However, issues related to intellectual and cultural property rights have emerged as
significant factors in these research and development fields. A very important aspect of
consolidating all original scientific work is the exchange of recent scientific information,
results, and knowledge.

2.1. Diversity of Plants

Biodiversity is the degree of variation in life forms within a given species, ecosystem,
biome, or an entire planet. Biodiversity is a measure of the health of ecosystems. It is
estimated that some 10,000 plant species are used medicinally, most of which are used in
traditional systems of medicine [1]. However, only a relatively small number of species are
used in any significant volume.

Three papers cover wild-growing plant populations, which are heterogeneous both
from the perspective of their morpho-phenological properties as well as from the chemical
point of view. The original research presents, describes, and analyzes the anatomy of Kopsia
fruticose Rob. (Apocynaceae) and correlates the anatomical features with the habitat and
ecology of this plant [2]. Chemotaxonomic and ecological studies of secondary metabolites
and their role in ecosystems regarding Matricaria recutita L. and Juniperus communis L. [3,4]
are presented by authors from Albania and Slovakia, respectively. In the first case, chemical
type B (/-/-a-bisabololoxide B >/-/-a-bisabololoxide A >/-/-«-bisabolol) was uniquely
determined in wild Albanian chamomile populations. A dendrogram was constructed after
a hierarchical cluster analysis based on essential oil substances from juniper, which showed
four different chemotypes in Slovakia. The quality and chemotypes of juniper berries are
very important for the Slovak national beverage “Borovicka” and the distillery industry on
a whole in this country.

2.2. Phytochemistry and Bioactivity

Medicinal, aromatic, and spice plants continue to attract growing interest from both
scientists and the public. Plants that consist of biologically active compounds, such as
polyphenols, flavonoids, alkaloids, and polypeptides, have been found to possess many
antimicrobial, antioxidant, anti-inflammatory, and antiseptic properties.

Ethnobotany is the study of the relationships that exist between people and plants.
Ethnobotanists aim to document, describe, and explain complex relationships between
cultures (and uses) of plants, focusing primarily on how plants are used, managed, and
perceived across human societies. This includes their use as food, clothing, currency;,
medicine, and dye and in rituals, construction, cosmetics, and more.

Based on its traditional efficacy, researchers have conducted a series of studies and
found that Carissa macrocarpa (Eckl.) A. DC. [5] leaf extract showed antioxidant activity
with regard to a variety of phytochemicals, such as alkaloids, tannins, phenols, naphtho-
quinones, flavonoids, saponins, steroids, proteins, carbohydrates, mucilage, gum, and resin.
Chemotypes of species of the Thymus L. genus [6] in the Carpathians region and their
microbial activities were determined. Finally, an important study evaluated the larvicidal
properties of the hexane extract of sweet basil (Ocimum basilicum L.; family: Lamiaceae) [7]
leaves against the wild strain of Asian tiger mosquito (Aedes albopictus).

2.3. Herb Cultivation and Processing Innovation

Medicinal, aromatic, and spice plants are renewable raw materials. Their production is
an alternative to the overproduction of the traditional crops in agriculture. Medicinal plants
have increasing economic importance, and the food, pharmaceutical, and cosmetic industry
produce important goods using these plants [8]. Products based on natural substances are
enjoying increasing value. The presently rising consumption of these products is caused by
changes in consumer behavior in industrialized countries [9].
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Two original R&D papers covered the fields of the introduction of new hydrolats and
hydrosols [10] of Lavandula angustifolia x intermedia and Rosa hybrida L., which are products
created during the distillation of essential oils. These water-based products contain the
fragrant and therapeutic components of the plant material, and they can be used in a variety
of ways. These products can be used as natural fragrances, toners, and facial mists, and
they can help soothe and hydrate the skin. Hydrosols and hydrolats are also generally
gentle and safe for all skin types, making them a good choice for those with sensitive skin.

2.4. Non-Traditional Use of Medicinal Plants in Phytoremediation Technology

In recent years, the practical use of alternative medicine in healing processes has
become increasingly popular. Several species of medicinal plants can be used as supple-
mentary nutrition due to their ability to accumulate some essential nutrition elements (e.g.,
Se, Zn, and Fe) in the edible parts of these plants (so-called phytofortification). On the other
hand, however, data related to toxic metal contents (e.g., Cd, Pb, Hg, and Cr) in pharma-
ceutically utilized parts of the medicinal plants are also considered from the perspective
of “food safety “ [11]. Considering all of the above-mentioned aspects, the cultivation and
use of medicinal plants have to respect the potential hazard connected with environmental
contamination, mainly with toxic heavy metals [12].

The influence of the immobilization of Pb in contaminated soils [13] was evaluated
by applying organic amendments, in combination with diammonium phosphate (DAP),
in a greenhouse experiment. Inorganic bone meal combined with DAP most effectively
immobilized Pb in soil. These interesting results indicate that the bark of Salix alba contains
significant amounts of phenolic compounds of Fe, Ni, and Mn.

3. Conclusions

In recent decades, the usage of medicinal, aromatic, and spice plants has been increas-
ing worldwide, as evidenced by the growing number of products in the pharmaceutical,
cosmetic, chemical, food, and related industries. Based on the above-mentioned findings, it
can be clearly seen that natural products and their sources, such as medicinal, aromatic,
and spice plants, continue to have great importance in the health-care of mankind. It is also
clearly seen that natural resources, among them being herbs, are not adequately understood.
Their chemical investigation should be intensified. Even plants that have already been
studied can provide new biologically active ingredients because of their chemotaxonomic
differences, new unknown chemical constituents, newly discovered biological effects, and
because of the possibilities of the chemical and/or biological processing of plants and their
ingredients to obtain favorable activity (Figure 1).

Due to the current trends of prescription drug costs and consumer desires for natural
health-care products worldwide, pharmacies may offer product selection and educate
staff in a way that supports conventional and alternative medicine systems, enabling the
consumer and the medical practitioner to choose the best medicine, whether conventional
or herbal, for the maintenance of health and for the treatment of a medical condition.
The sustainable development in these fields lies in the following strategies:

e  Developing new and improved varieties and species for soil-climatic conditions, their
changes, and international markets;

e  Providing agronomic systems for the efficient and sustainable production of high-
quality plant raw materials, essential oils, and extracts;

e  Devising harvest, post-harvest, extraction, and distillation technology to increase prod-
uct yields and/or secure specified characteristics required by markets and controlled-
registration authorities;

e Standardizing extracts for active natural substances and lyophilizates—their antiviral
activity, immunological, and hormonal modulators;

e Standardizing extracts for active natural substances, essential oils, and lyophilizates
and their antimicrobial effects on bacteria, yeasts, and microscopic fungi.
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Figure 1. Scheme for introducing wild (autochthonous) plant species from their natural habitat

into the cultivation, collection, post-harvest treatment, and technological processing of medicinal,

aromatic, and spice plants.
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Abstract: The objective of this work was to map population of common juniper (Juniperus communis L.)
in the territory of Slovak Republic. Common juniper is not protected by Slovakian law or the au-
thorities; therefore, there is no law to preserve these plant populations. Biotopes of common juniper
consist of light- to heavy-density trees and shrubs. The expansion of its habitat is also connected to
human involvement. The loss of juniper naturally in observed plants is caused by a change in land
use, loss of feeding pastures for cattle and sheep, and eutrophication of the environment. The current
study was focused on monitoring the population of this plant species in the years of 2018-2020, the
isolation of essential oils, and the identification of qualitative and quantitative characteristics. It was
confirmed that juniper berries usually contain from 0.5 4= 0.05 to 1.8 £ 0.06%, usually 1.2 £ 0.16%,
volatile oil depending on geography, altitude, ripeness, and other factors. Volatile oil is made up
mostly of monoterpenes, mainly a-pinene (from 37.60 + 2.23 to 61.00 &+ 0.60%), 3-myrcene (from
8.03 + 2.02 to 10.56 + 0.05%), and sabinene (from 3.50 £ 0.30 to 22.0 £ 0.96%). The dendrogram
was constructed after a hierarchical cluster analysis based on the essential oil substances, which
showed four different confirmed chemotypes. The essential oil is widely used in medicines, perfumes,
insect repellents, insecticides, shoe polish, and in microscopy as a clearing agent of an immersion oil.
The quality and chemotypes of juniper berries are very important for the Slovak national beverage
“Borovicka” and the distillery industry on a whole in this country.

Keywords: berries; Borovicka; juniper; a-pinene; raw material; essential oil; weight

1. Introduction

Juniperus genus has about 60 species of evergreen trees or shrubs, widely dispersed in
the Northern Hemisphere, mostly in Eastern parts [1]. Juniper berries of various species
have been used for medicinal purposes since antiquity. The berries of several species are
consumed as a food by birds. Humans should not consume the berries or oil of different
juniper species as some of them may be toxic; the medicinal use of small amounts of oil of
some species of juniper has occasionally resulted in death [2,3]. Many of the species are
grown as ornamental plants and some are also harvested for timber [4].

Common juniper (Juniperus communis L.) is the most widespread of the juniper species;
it is indigenous to Eurasia and North America. As a species with a broad ecological
amplitude, common juniper is spread across all of Slovakia with an altitude extending
from the lowlands up to 1495 m above sea level [5]. It is a shrub or small tree which
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is 2-20 ft. high and with reddish brown bark which shreds off in papery peels. Leaves
(needles) taper to a spiny tip, in whorls of threes with two white bands above (or one white
band sometimes divided by a green midrib with a broader green margin). It is a dioecious
plant species.

Strictly, a “berry” is a fleshy or pulpy fruit derived from the ovary of a single flower,
and the term is inappropriate for the junipers since the fleshy structure containing the seed
is derived from three to six fleshy cone scales, each one-ovuled; however, the term berry is
universally accepted [6].

Small cones, some male, others female, develop in early summer at the base of a few
of the needle-like leaves. Male cones are yellow, while female cones are hard, pungent,
and bluish-green with a whitish, waxy coating. The common juniper is an anemophilous
species, but a certain degree of entomophily is also quite common. Female cones become
fleshy berries, requiring 2 years to ripen, and turning gradually from green to blue-black.
Berries are grown on short stalk, round to broadly oval, bluish black, usually with three
seeds [7,8].

Juniper berries are one of the most widely used herbal diuretics. Approved in Germany,
juniper tea is used for digestive problems and also to stimulate appetite. Their anti-
inflammatory and spasm-reducing activity has been confirmed, and it may also contribute
to diuretic activity. Fruits eaten fresh or in tea are a folk remedy used as a diuretic and
urinary antiseptic for cystitis, carminative for flatulence, antiseptic for intestinal infections,
once used for colic, coughs, stomach aches, colds, and bronchitis. Externally, they are used
for sores, aches, rheumatism, arthritis, snakebites, and cancer. The content of volatile oil is
responsible for diuretic and intestinal antiseptic activity. Diuretic activity results from the
irritation of renal tissue [9,10].

Juniper fruits are often fermented for the production of alcoholic beverages; the fruits
form the raw material for the production of the Slovak national drink “Borovicka”. The
“brother” of this beverage is the Anglo-Saxon “Gin”, which has been popular in the Western
World for over 300 years [11]. Berries, fresh or dried, are sometimes used directly as a food,
but they are crushed before use. The smell is bittersweet, very reminiscent of gin, pine, and
turpentine. The taste is sweet, slightly pungent, with a bitter aftertaste [12,13].

The aim of this study is the monitoring of the habitats of common juniper (Juniperus
communis L.) in the territory of Slovakia with an emphasis on the determination of natural
components. Despite the economic importance of juniper populations, little is currently
known about the extent and nature of the essential oil variability and composition. The
comprehensive research presents variations in the yield of juniper essential oils and their
qualitative-quantitative characteristics in relation to different chemotypes.

2. Material and Methods
2.1. Collection of the Plant Material

The fruits were collected from 25 localities in Slovakia [14] from 2018 to 2020 (Table 1,
Figure 1). The biotope consists of open to dense stands of common juniper together with
other light-loving species of trees, mainly shrubs, which occur within grass-herb or shrub
vegetation communities. Juniper most often spreads on extensively used pastures, and
thanks to its sharp needles, it is not threatened by grazing. On the contrary, it has a
competitive advantage, because plants typically grow in rocky, infertile soils in fields,
meadows, pastures, open woods, and other settings, almost from sea level to Alpine sites.

The preparation of samples after their collection was conducted by cleaning, de-
needling, sorting the samples into groups, and drying at a temperature of 38 °C for 6 h
in a dryer. The drying process evaporates excess water, and the final moisture content of
the plant material for further processing was about 12%. The next step was to determine
the weight of 100 juniper berries; this operation was repeated 6 times for each sample.
Measurements were made on Sartorius analytical scale of the CPA type.

The fruits were separated and dried in a sheltered, open-air area at a temperature
below 32 °C for 14 to 20 days with low humidity of 2 to 5%. The moisture content of the
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fruit tissue was lowered to 12% to prevent mould infection. The dried materials were
cleaned, packed, labelled, and stored in a clean and dry place until further use.

2.2. Isolation of Juniper Essential Oil

Each sample of dried fruits with a weight of 20 g was ground in a blender. The
essential oil from this raw material was prepared using hydro-distillation (2 h) in Clevenger-
type apparatus according to the European Pharmacopoeia [15]. Hexane was used as an
extraction agent. The extracted essential oils were stored under N, atmosphere at +4 °C in
a dark place before their GC-MS analyses.

2.3. GC/MS Analysis

The main components of the essential oil were determined using a GC-MSD system
on a Varian 3090/MS Saturn 2100 T instrument with Split-Splitless injection inlet, injection
volume: 2 uL, MSD detector, RX-5MS column, 30 m x 0.25 mm i. d., with internal diameter:
0.25 pm, carrier gas: helium (21 p.s.i.) with a flow rate of 1.50 mL/min BPX-5, 50 m long
with an internal diameter of 0.25 mm and with a stationary phase thickness of 0.25 pm.
Temperature program: 50 °C = 0 min.; 3 °C/min to 250 °C; 250 °C = 15 min.

Table 1. The basic characters of selected sites in Slovakia with the occurrence of juniper plants.

Locality Gef agtl;is gical E?:;;t:l?i Alﬁ:ide Aspect Slope
01 Kisovce—Horka N 49°02'84" E 20°38'11" 620 northeast 30°
02 Liptovska Luzna 2 N 48°56/30" E 19°19'12” 700 south 15°
03 Liptovska Luzna 1 N 48°56/31" E 19°19'15” 730 southwest 25°
04 Sel¢ianske sedlo N 48°45'53" E 19°12/24" 380 northeast 10°
05 Kral'ova 1 N 48°52/58" E 20°08'21" 1272 east 35°
06 Liptovska Luzna 3 N 48°56/29" E 19°19'13" 710 southeast 35°
07 Vihorlat—Uzok N 48°59'05" E 22°51'53" 380 southwest 12°
08 Horné lazy 2 N 48°48'51" E 19°36/00” 475 northeast 14°
09 Kral'ova 2 N 48°52/51" E 20°08'25" 1010 south 25°
10 Donovaly N 48°52/48" E 19°13/21” 960 north 35°
11 Cerovo N 48°15'17" E 19°09'26" 468 northwest 21°
12 Hias 1 N 48°41'55" E 19°18'37" 340 northeast 12°
13 Priechod—West N 48°46/45" E 19°13/54" 480 west 20°
14 Priechod—South N 48°46'41" E 19°13'49” 420 south 15°
15 Spissky hrad N 49°00'00" E 20°46/06" 628 south 30°
16 Priechod—FEast N 48°46'40" E 19°13/50” 390 east 10°
17 Karpaty—Turka N 49°09'27" E 23°01'21" 745 southwest 15°
18 Horné lazy N 48°48'51" E 19°36'50” 520 northeast 30°
19 Lackov N 48°19'15" E 19°11/12" 476 southeast 16°
20 Pravica N 48°19'01” E 19°27'26" 356 southwest 12°
21 Chrémec—Tepla dolina 1 N 48°15'35" E 20°10'56” 248 northeast 22°
22 Tlias 2 N 48°41'52" E 19°18'32" 320 east 16°
23 Chramec—V]I&ia dolina 3 N 48°16/24" E 20°10'54" 250 east 10°
24 Chramec—VI¢ia dolina 4 N 48°16'18" E 20°10'45" 220 south 10°
25 Chramec—Tepla dolina 2 N 48°15/34" E 20°10'60” 196 south 5°
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Figure 1. Slovakia—the localities [16] where juniper berries were collected: 1. Kisovce—Hobrka,
2. Liptovskd Luzna 2, 3. Liptovska Luznd 1, 4. Sel¢ianske sedlo, 5. Kralova 1, 6. Liptovska
LuZnd 3, 7. Vihorlat—UZok, 8. Horné lazy 2, 9. Kral'ova 2, 10. Donovaly, 11. Cerovo, 12. Ilias 1,
13. Priechod—West, 14. Priechod—South, 15. Spissky hrad, 16. Priechod—East, 17. Karpaty—Turka,
18. Horné lazy, 19. Lackov, 20. Pravica, 21. Chramec—Tepla dolina 1, 22. Iliag 2, 23. Chramec—VI¢ia
dolina 3, 24. Chramec—VlI¢ia dolina 4, 25. Chramec—Tepld dolina 2.

The identification of the individual components of the essential oil was conducted
using the retention times of 40 authentic standards of the components supplied by the
companies Extrasynthesis, Merck, Fulka, and Sigma-Aldrich and Kovats indexes (used
C5—-Cy; alkanes), and the components were then integrated in NIST 98 library. The spectra
of the individual components of the essential oil were compared with the mass spectra
using the literature [17,18].

Components were identified using their GC retention times, and the resulting values
were comparable to those of the literature. Oil component standards for comparison were
supplied by Extrasynthese, s.a., Genay, France.

2.4. Statistical Analysis

Several statistical methods and biometric parameters of the obtained data were used:
arithmetic means, standard deviations, Student f-test at the 0.05% level of significance
(n = 6), and exploratory analysis with a graphic representation of the frequencies of selected
quantitative features using variation curves [19]. Statistica Program V12, which was used
for processing the measured data, is well-known statistical software developed for mass
processing and evaluation of data with a subsequent tabular or graphic presentation. For
the biostatistical evaluation of the obtained results, the following statistical tests were used
for 130 data (n = 25). The Mann-Whitney U-test was used to compare the levels of the
substances from two locations (Kisovce 01, Liptovska Luzna 2 02). Due to the low number
of samples from the sites, there is a more appropriate choice when detecting significant
differences for sites in chemotype D. The Kruskal-Wallis test is a non-parametric analysis of
variance that was used when comparing levels from more than 3 sites (for each chemotype
separately). The choice of method was made due to the low number of samples from
individual locations (5 each). With this method, we can find out if there is a difference in
level between any sample pair. The following multiple comparison test is able to specify
significant differences between pairs. Statistical analysis was performed using confidence
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intervals with a significance level p < 0.05 using calculation through the mean, standard
deviation, and standard error.

The differences between juniper populations for the mean values of the essential oil
constituents were detected using an ANOVA. All statistical data were calculated using SAS
JMP Statistical Discovery, and after that a dendrogram (ward method) and a relationship
diagram (Juniperus populations x the essential oil constituents) were made [20].

3. Results
3.1. Fruit Weights and Essential Oil Yield

For a long time, female plants with juniper fruits have been interesting for their har-
vesting. Common juniper is a highly variable species occurring in several forms (Figure 2),
including a small tree up to 0.1 m pyramidal or columnar in shape with an upright bush,
even a prostatic bush forming a mat. According to calculated variability in the mor-
phological characteristics of trees and shrubs, different total amounts of harvested fruits
were obtained, and, accordingly, significant differences in their size (Figure 3) and weight
(Table 2) were proven. These findings prove that the entire spectrum of abiotic and biotic
factors affects the ontogenetic development of plants and their populations in individual
locations in Slovakia.

Figure 2. Tree forms of juniper bushes (pyramidal, ovoid, and spreading shrub) grown in Slovak
montane and sub montane areas.

Figure 3. Shapes of juniper berries—from small to large, from round to elongated, to spindle-shaped.

10
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Table 2. Berry weights (100 pieces/pcs/) and yield of juniper essential oil in % (v/w—expressed as a

dry weight).
Habitat/Locality Berry Weights [g] Essential Oil Yield [%]
01 KiSovce—Horka 5.84 £0.29 0.5 £0.05
02  Liptovska Luzna 2 5.84 £ 0.16 0.6 +0.03
03  Liptovska Luzna 1 6.27 +0.37 0.6 £0.12
04  Sel¢ianske sedlo 6.58 &+ 0.07 0.6 +0.11
05 Krédloval 6.59 £+ 0.09 0.6 +0.09
06  Liptovska Luzna 3 6.87 £ 0.08 0.7 £0.04
07  Vihorlat—Uzok 7.05 £ 0.47 0.6 +0.15
08  Horné lazy 2 7.22 +0.04 0.7 £ 0.06
09 Krdlova2 743 £0.19 0.9 £0.12
10  Donovaly 7.53 +£0.21 09 +0.11
11 Cerovo 7.83 £ 0.26 0.9 +£0.10
12 TIhas1 8.07 £0.13 0.9 +0.08
13 Priechod—West 8.09 +£0.17 0.9 +0.09
14  Priechod—South 8.33 £0.23 1.1 +£0.04
15  Spissky hrad 844 +0.23 1.2 +£0.07
16  Priechod—East 8.69 + 0.20 1.2 +£0.10
17 Karpaty—Turka 8.89 + 0.28 1.2 £0.16
18  Hornélazy 1 9.18 £ 0.08 12+0.14
19 Lackov 9.24 +0.08 1.2 +£0.12
20  Pravica 9.43 £0.19 14+0.11
21 Chramec Tepld dolina 1 10.35 £ 0.16 1.5+ 0.08
22 Iliag2 11.65 £+ 0.10 1.5+ 0.11
23 Chramec Vl¢ia dolina 3 14.04 +0.27 1.5 £ 0.05
24  Chramec VlI¢ia dolina 4 14.64 £ 0.24 1.6 £ 0.07
25  Chramec Tepla dolina 2 15.08 + 0.34 1.8 £0.06

From the measured values, we found that the samples taken from the Protected
Landscape Area—Cerova vrchovina sites had the highest values of weight, where their
values ranged from 10.35 £ 0.16 g/100 pcs to 15.08 £ 0.34 g/100 pcs of fruits. The lowest
weight values were found in the locations of Poprad—Kisovce Horka and Liptovska
Luzna 2. In KiSovce, the value reached 5.84 g/100 juniper berries.

The content of juniper essential oil isolated from all dry fruit samples ranging from
0.5+ 0.05% to 1.8 £ 0.10% (Table 2). The measured values showed that the samples
taken from the sites of the PLA Cerova vrchovina, Chramec Tepla dolina 2 had the high-
est weights, where the amount of essential oil was 1.8 + 0.1%. The lowest amount of
essential o0il, 0.5 £ 0.1%, was found in juniper fruits that were collected at the location
Poprad—Kisovce Horka.

The box plot of the amounts of juniper essential oil from 25 locations in Slovakia
(Figure 4) illustrates the individual amounts of isolated essential o0il as a percentage. Indi-
vidual localities have significant differences in the quantity of essential oil. The mentioned
detection documents the importance of site selection for the quantities and quality of the
harvest of plant material for the distillery industry. There was up to 1% of essential oil in
fruits, the largest number of locations, i.e., 15. There were only five locations with content
above 1.5%, which are located up to 200 m above sea level, with the exception of the
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Ilia$ 2 location, which is located in the valley of the Hron River in Banska Bystrica. The
largest quantities of essential oil were clearly isolated from locations in southern Slovakia,
where the altitude is up to 150 m a.s.l. and warm to hot weather prevails during the
growing season, with maximum average temperatures of 26 °C during the months of July
and August.
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Figure 4. Box graph of quantities of juniper essential oil obtained from locations in Slovakia.

The oil was distilled from dry black, fully ripe berries. It is transparent, fluid, and
colourless with a tinge of greenish-yellow. The aroma is similar to that of pine, but more
peppery, hot, and balsamic, with a burning, somewhat bitter taste. In accordance with
the distillation process, the selected physical parameters of the juniper essential oil were
determined (Table 3). The obtained results of the following parameters—bulk density,
optical activity, index light refraction, and ash determination—confirmed the findings that
the observed parameters follow pharmacopoeia limits.

Table 3. Selected physical and parameters of juniper essential oil.

Physical and Chemical Parameters

Technical Parameters [9] Determined Parameters

Bulk density 0.860-0.879 g/cm?3 0.876 + 0.015 g/cm?
Optical activity —10°--30° —-12+1°
Index light refraction 1.457-1.467 1.464 £ 0.001
Ash max. 0.5% <0.5%

3.2. The Dependence of Essential Juniper Oil Yield on Fruit Weights

Correlation analysis statistically proved the dependence at the significance level of
0.05 that the size of the fruit affects the amount of essential oil (Figure 5), with higher
essential oil contents concentrated in the southern regions of Slovakia. It is interesting,
however, that, historically, in this part of the country; an alcoholic drink of the pine type
has never been produced, either officially or as a homemade product.

12
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Scatterplot: Fruit weights, 100 pcs/g vs. Essential Oil Yield [%] (Casewise MD deletion)
Essential Oil Yield [%] = - 0.1312 + 0.13268 X% Fruit weights, 100 pcs/g
Correlation: r = 0.91673

Essential Oil Yield [%]

4 6 8 10 12 14 16

Fruit weights, 100 pcs/g I o 95% confidence

Figure 5. Correlation dependence of the amount of essential oil on fruit weight.

3.3. Essential Oil and Its Qualitative—Quantitative Characteristics

Using GC/MS analyses, 25 different chemical components were identified in the
essential oil isolated from juniper berries. For the determination of individual chemical
types, only the main siliceous components were selected (Table 4), which are important not
only for medicinal utilisation but also for industrial processing in the distillery. Aromatic
a-pinene was identified as the first main substance, sabinene, and 3-myrcene followed
according to the amount in the essential oil.

Table 4. Main components of the essential oil isolated from juniper berries belonging to east and
central Slovakia.

Localities Basic Composition of Essential Oil in %
«-Pinene Sabinene 3-Pinene B-Myrcene  Limonene  Boranyl acetate [(-Caryophylene
01 Kisovce—Horka 61.0 £ 0.60 3.5+ 0.30 2.5+ 0.40 10.0 + 0.30 3.0 £ 045 <0.3 3.5 £ 0.55
02 Liptovskad Luzna 2 37.0 £ 0.86 14.5 +1.30 1.5+ 041 10.0 + 043 2.0+022 <0.2 9.5 + 0.45
03 Liptovska Luzna 1 46.0 £+ 0.60 10.5 +0.68 2.0£0.12 14.0 +0.30 3.14+0.35 <0.3 6.0 = 0.45
04  Sel¢ianske sedlo 29.0 £+ 0.68 12.5+0.68 2.5+ 0.30 12.0 + 0.68 25+0.21 <0.3 6.5 + 0.30
05 Kraloval 46.0 +1.03 13.0 £ 0.30 2.0+0.17 11.0 £ 0.35 22+0.31 <1.0 12.0 £2.05
06 Liptovska Luzna 3 41.0 £ 0.60 14.5 +1.30 3.0 £0.25 13.0 £ 0.30 3.0£0.21 <0.3 8.0 £ 0.25
07  Vihorlat—Uzok 44.1 4+ 0.08 9.50 + 0.30 25+0.12 142 +£0.16 450+131 <0.7 794030
08 Horné lazy 2 37.0 £ 0.86 9.5+ 0.30 2.7 £0.35 10.0 £ 0.30 2.0 +0.45 <0.5 9.0 £ 1.00
09 Kralova?2 46.0 £+ 0.68 9.5+ 0.30 29 +0.25 16.0 + 0.66 2.14+0.15 <0.5 8.7 £0.75
10  Donovaly 44.0 £ 0.86 8.0 £0.30 2.0 £0.09 9.0 £ 0.30 6.0 £0.15 <0.5 8.5 £ 0.45
11 Cerovo 36.0 £ 0.61 9.5+ 0.30 2.5+0.20 16.0 +0.43 4.0+ 0.55 <0.3 5.5 £+ 0.50
12 Tias1 49.0+1.91 8.0 £ 0.42 2.2+ 0.06 11.0 £ 0.30 32+021 <1.0 6.1 +0.35
13 Priechod—West 38.0 £ 0.68 15.0 £ 043 3.0 £0.27 16.0 +0.43 2.5+ 0.10 <0.5 10.0 + 1.50
14 Priechod—South 47.0 £ 0.86 12.5 +0.30 1.9+0.35 11.0 + 0.42 1.7+0.15 <0.3 9.1 +0.45
15  Spissky hrad 32.0 £ 0.86 20.5 £+ 0.68 2.5+0.10 8.0 £0.43 7.5£0.15 <0.5 5.5+ 0.25
16  Priechod—East 37.0 £1.35 10.5 + 0.68 3.0 £0.15 9.0 +£0.43 3.5+ 0.55 <0.5 17.0 £ 1.05
17  Karpaty—Turka 47.0 £1.52 9.21 +0.42 142 +£0.19 13504095 2.40+1.50 <0.2 11.5 £1.30
18 Horné lazy 1 48.0 £ 0.60 10.0 +0.30 2.0 £0.15 15.0 +0.30 2.7 £0.31 <0.3 43+0.15
19 Lackov 32.0 +1.09 13.5 £ 0.68 2.4 +042 20.0 + 0.96 3.5+£0.25 <0.5 8.5 +0.50
20 Pravica 43.0 £1.35 12.0 £ 0.96 1.0 £ 0.06 14.0 +0.30 2.0+ 0.15 <0.5 8.2+ 049
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Table 4. Cont.

Localities

Basic Composition of Essential Oil in %

«-Pinene Sabinene f3-Pinene B-Myrcene  Limonene  Boranyl acetate (-Caryophylene
21  Chramec, Tepla dolina 1 37.0 & 0.68 19.5 £ 0.68 2.0+0.15 13.0 4 0.30 20+£0.31 <0.3 4.5+£022
22 Ilias 2 47.0 £ 0.60 14.5 £+ 0.68 1.5+ 0.12 16.0 £+ 0.30 0.7 +0.09 <0.3 33+0.18
23  Chramec, VI¢ia dolina 3 45.0 + 0.86 16.0 £ 0.42 2.6 +0.22 9.0 +0.30 47+ 025 <0.5 3.1+0.15
24  Chramec, Vl¢ia dolina 4 49.0 £ 1.35 22.0 £ 0.96 20+£0.15 2.0+0,30 51+£0.15 <0.5 3.0 £0.25
25 Chramec, Tepla dolina2 ~ 37.0 £0.68  20.0 £0.43 3.0+£0.25 7.0+ 0.30 1.5+ 0.11 <0.3 9.0£0.72

3.3.1. x-Pinene Content

a-Pinene is an organic compound of the terpene class, one of the two isomers of
pinene. It is an alkene that contains an active four-membered ring. It is found in the oils of
many conifer species, including juniper (Juniperus communis L.).

The content of aromatic x-pinene in the essential oil varies from 29.0 + 0.68% at
the Sel¢ianske sedlo location to 41.0 £ 0.60% at the Liptovska luzna location, and from
50.0 £ 0.60% at the Ilia$ location up to 61.0 £ 0.60% at the KiSovce-Horka location. These
are locations located in both eastern and central Slovakia (Figure 6).
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Figure 6. Box graph of quantities of x-pinene essential oil from localities in Slovakia.

These findings proved that the tolerance of Slovak juniper populations in connection
with the content of a-pinene in essential oil is significant. It means that the ecological
amplitude and thus the adaptation of plants to the specific properties of the biotope,
such as temperature, salinity, and nitrogen content in the soil, are wide with considerable
ecotolerance. The adaptation of plants to climate conditions is usually in close connection
to the entire average of the ecological amplitude of the species in correlation towards the
existing conditions.

3.3.2. Sabinene Content

From the point of view of the quantitative amount, the second natural substance in
essential oil is the monotropic hydrocarbon sabinene. Chromatographic records confirmed
that its quantity interval ranged from 3.5 £ 0.30% at the Kisovce—Horka location through
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to 11.0 &= 0.42% at the Liptovska Luznd location, and up to 22.0 & 0.96% at locality Chramec-
VlI¢ia dolina (Figure 7).
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Figure 7. Box graph of quantities of sabinene essential oil according to localities in Slovakia.

3.3.3. 3-Myrcene Content

As the third main monoterpene component, 3-myrcene was determined. Its content
ranged from 2 + 0.30% at the Chramec VI¢ia dolina location through to 12.0 £ 0.68% at the
Selc¢ianske sedlo location, and up to 20 £ 0.96% at the Lackov location in the essential oil
isolated from Slovakian juniper berries (Figure 8).
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Figure 8. Box graphs of 3-myrcene content in the essential oil of juniper berries from localities
in Slovakia.

Table 5 presents the qualitative-quantitative characteristics of complete GC-MS analy-
ses of juniper fruit essential oils from three different locations in Slovakia. The interpreta-
tion of these results is interesting from several aspects. The interval of x-pinene content
ranges from the highest content of 61.00 + 0.60% (locality: KiSovce-Horka) to the lowest
37.60 £ 2.23% (locality: Chramec—VI¢ia dolina). There is a very large difference in the
content of sabinene as its content in the essential oil from the locality Kisovce-Horka was
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3.50 £ 0.30% and for the other localities (Chramec—Tepla dolina and Chramec—VI¢ia
dolina) it was over 19.00%. The myrcene content showed no statistical differences at all
three mentioned locations. A significant difference in the content of essential oil was also
noted for a-caryophyllene. In the connection with the overall results of the essential oil
content, it is confirmed that the natural plant species of common juniper occurs in a wide
range of environmental factors and their influence. This species has wide ecological am-
plitude, and we refer to it as indifferent in certain conditions. The biotopes of the juniper
population are of great importance in forestry because they reliably indicate the properties
of the locality, the potential of the plant community, and its production potential.

Table 5. The marked differences in chemical composition of juniper essential oil from tree localities
in Slovakia [%].

Localities of Juniper Fruit Collection

Component as % GC-MS

of Essential Oil * tg (min.) ** KiSovce— Chramec— Chramec—
Horka Tepla Dolina Vléia Dolina
a-thujone 8.04 trace trace trace
x-pinene 8.16 61.00 & 0.60 46.50 + 3.35 37.60 +2.23
[-pinene 13.27 2.50 £ 0.30 2.51 £0.92 2.57 £0.92
sabinene 14.31 3.50 +0.30 19.67 £ 2.08 19.77 £ 1.67
-phellandrene 16.12 0.34 +0.03 0.07 £ 0.02 0.08 = 0.02
camphene 16.49 0.22 +0.05 0.24 + 0.06 0.26 + 0.05
-myrcene 17.13 10.01 £ 0.30 8.03 + 2.02 10.56 £ 0.05
limonene 19.57 2.50 +0.30 5.06 £ 0.92 227 +£1.14
y-terpinene 19.62 0.85 + 0.06 0.31 + 0.06 0.35 + 0.07
cis-sabinene hydrate 20.43 trace trace trace
terpinolene 23.76 0.33 +0.08 0.37 &= 0.05 0.40 4= 0.06
trans-sabinene hydrate 24.09 trace trace trace
1-terpinene-4-ol 24.44 0.12 +0.02 0.95 + 0.09 1.56 £+ 0.92
[-elemene 38.03 0.05 +0.01 0.23 +0.01 0.43 +0.02
methyl citronelate 38.75 trace trace trace
boranyl acetate 38.97 0.10 £ 0.01 0.43 £ 0.09 0.40 £ 0.09
v-elemene 41.25 1.09 + 0.06 1.25 + 0.07 1.74 +0.47
(Z)-B-farnesene 43.33 1.33 £ 0.27 1.44 +£0.29 1.52 £ 0.29
a-caryophyllene 45.19 3.50 +0.30 6.51 +2.01 5.01 & 1.66
germacrene D 45.98 0.99 +0.17 2.42 +0.95 1.81 £ 0.96
y-elemene 46.21 trace trace trace
a-gurjunene 47.59 1.41 +0.08 1.22 +£0.97 2.05 +0.96
y-cadinene 49.41 0.27 +£0.07 1.04 £0.14 0.25 + 0.05
[-cadinene 50.11 1.12 +£0.13 0.27 + 0.07 0.10 + 0.03
d-cadinene 50.22 0.44 +0.03 0.16 = 0.04 0.21 +0.08
elemole 51.09 trace trace trace
germacrene D-4-ol 51.42 trace trace trace
spathulenole 52.35 trace trace trace
shyobunole 53.76 trace trace trace
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Table 5. Cont.

Localities of Juniper Fruit Collection

Component as % GC-MS

of Essential Oil * tg (min.) ** Kisovce— Chramec— Chramec—
Horka Tepla Dolina VI¢ia Dolina

abietadiene 54.06 trace trace trace

4-epi-abietale 55.87 trace trace trace

abieta-7,13-diene-3-on 56.22 trace trace trace

Total [%] 100.00 100.00 100.00

Note: *—data are expressed as area in % of the 100.00% of all identified peaks; **—retention times.

3.4. Hierarchical Cluster Analysis
In order to provide additional insights into the chemotypes of juniper essential oils, a

hierarchical cluster analysis based on the constituents was carried out. The dendrogram

of the analysis is shown in Figure 9. Based on this analysis, there are four different

confirmed chemotypes:

e Chemotype A, dominated by a-pinene (29-33%) > sabinene (14-22%) > myrcene
(8-22%);

e Chemotype B, dominated by o-pinene (35-47%) > sabinene (9-21%) > myrcene
(9-17%);

e  Chemotype C, dominated by «-pinene (49-54%) > sabinene (8-24%) > myrcene
(11-18%);

e  Chemotype D, dominated by a-pinene (60-62%) > sabinene (3-4%) > myrcene (10-11%).
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Figure 9. Dendrogram of relationships among juniper populations in Slovakia and their
qualitative—quantitative characteristics of essential oils.

The results obtained from the cluster analysis show the existence of a high variability
within the essential oils and differences among the following juniper populations collected
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in different areas in Slovakia (Figure 9). From the 25 populations submitted to multivariate
analysis, 4 well-defined groups of essential oils were differentiated using cluster analysis.

Four subclusters can be observed: the first subset contains tree populations collected
in Chramec—Tepla dolina 2, Chramec—VI¢ia dolina 4, and Chramec—VI¢ia dolina 3; the
second subset includes the sample collected: Ilia$ 2; the third subset includes the sample
collected: Chramec—Tepla dolina 1; the forth subset has twenty populations: Pravica,
Lackov, Horné lazy 1, Karpaty—Turka, Priechod—East, Spissky hrad, Priechod South,
Priechod—West, Ilias 1, Cerovo, Donovaly, Kral'ova 2, Horné lazy 2, Vihorlat—UzZok,
Liptovska Luzna 3, Kral'ova 1, Sel¢ianske sedlo, Liptovska Luzna 1, Liptovska Luzna 2,
and KiSovce—Horka.

4. Discussion

Common juniper, Juniperus communis L., is a chamaephyte or phanerophyte depending
upon growth form and habitat types, respectively [21,22]. In connection with that, the
diameter of juniper berries ranged from 3 to 8§ mm. From this detection, it is possible to
conclude that the most fruits with the largest average size (6-7 mm) were collected from
the locations Cerovo, Horné Lazy 2, Priechod—East [23]. In the case of the harvesting
of junipers from plant populations in the Chramec—Tepla dolina location, the diameter
of berries was confirmed to be up to 6.5-9 mm, and only 5-7 mm at the Spi$ castle on
Ostra hora. Significant differences in the average were also determined in their weight,
when 100 juniper fruits in the first case weighed 15.08 & 0.34 g versus 8.44 &+ 0.23 g. Fruits
harvested under the forest and near the village of Kisovce-Horka in the Tatra valley have a
weight of only 5.84 £ 0.19 g /100 juniper berries.

Natural factors (such as soil structure, plant density, relief, sum of precipitation, and
groundwater level) play an important role for the different structure and functions of
juniper populations [24], which was confirmed by the significant differences in the weight
of berries harvested in Slovakia. Similarly, as part of a harvesting expedition carried
out in the region of the Stredna Gora mountain range, near the town of Kazalnak, in
Bulgaria, fruits from two species were obtained: common juniper (Juniperus communis L.)
and red juniper (Juniperus oxycedrus L.). The weight of 100 fruits of the first species was
10.19 4 0.14 g, while the weight of 100 larger red juniper berries was 29.37 & 0.12 g [25].

In cooperation with the laboratory Dr. Panghyova, interesting results were detected
regarding the juniper berry carbohydrate contents and the amount of relevant essential oil.
A higher content of essential oils was determined in fruits containing fewer carbohydrates.
The contents of juniper essential oil isolated from all the dry fruit samples of all localities
in Slovakia ranged within the interval from 0.50 £ 0.10% (416.7 g/kg carbohydrates) to
1.80 + 0.10% (300.2 g/kg carbohydrates) [22].

Matovic et al. [26], in a research article from Serbia, published that the content of
essential oil in juniper fruits varies from 2.13 to 3.25%. Another publication from 2011 [26]
reported that the essential oil content of juniper berries harvested in a forest region ranged
from 2.30 to 2.66%. Our results show that the essential oil yield ranged from 0.5 & 0.05% to
1.8 £ 0.10%. It has been confirmed that in the Balkan Peninsula, juniper berries contain
higher amounts of essential oil. Comparing the yield of essential oil in different parts of
Europe, it is important for the future development of the cultivation of this plant species to
obtain enough raw material of a suitable quality for the distillery industry in Slovakia.

The number of published works focuses primarily on the qualitative-quantitative
composition of isolated essential oil from fruits harvested from autochthonous populations
of common juniper (Juniperus communis L.) in various areas of their occurrence. However,
in most cases this analysis of essential oils content is linked to the biological properties of
the medicinal plant, and the chemotype is not investigated [27,28].

The influence of the length of distillation on the amount of x-pinene was monitored
by Chatzopolou et al. [29] in Greece. It was concluded that the most suitable time period
for juniper distillation is 1 h, when 27.8% of x-pinene was isolated in the essential oil, for
example, compared to 3 h distillation 22.4% and 6 h for only 9.7% of «-pinene.
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A study from Bulgaria reports on the essential oil composition of common juniper
populations, while the predominant component was o-pinene with an interval of its
content ranging from 21.4 to 38.4%, sabinene from 10.5 to 19.6%, limonene from 1.8 to
5.5%, and terpinen-4-ol from 3.2 to 7.5% [30]. As can be seen, the main component o-
pinene predominates and presents a spectrum of other components (sabinene, limonene,
terpinen-4-ol), while the important myrcene as well as 3-pinene is almost missing [31].

Extensive research on the composition of essential oil isolated from needles (narrow,
linear, and hard leaves) and unripe green berries was carried out in Lithuania [32,33].
Analysis using capillary gas chromatography as a higher content of 3-pinene in the essential
oil compared to x-pinene was shown. The analyses of the essential oil obtained from
green juniper fruits did not confirm these conclusions, while the x-pinene content was
up to 44.0 £ 0.60% and only 2.5 =+ 0.30% for 3-pinene, sabinene: 17.5 £ 0.68%, myrcene:
5.0 £ 0.31%, x-caryophyllene: 5.5 & 0.11%, and 1-terpinen-4-ol: 1.50 £ 0.32%.

In relation to biological tests, Matovic et al. [34] confirmed the microbial ef-
fects of juniper from Serbia in protection against various pathogenic microorganisms
(Agrobacterium tumefaciens, Bacillus subtilis, Esherichia coli, and Pseudomonas flurescens).
They reported that the composition of the essential oil was 30.76% «-pinene, 19.37%
sabinene, and 16.42% myrcene. In one of the Slovak samples from the Kisovce-Horka
locality, there was a determined content of 61% o-pinene, 21% sabinene, and 18% myrcene
(group D). At low exposure levels, a-pinene is a human bronchodilator and is highly
bioavailable with 60% of absorption by human lungs with rapid metabolism and redistri-
bution. In addition, this monoterpene has anti-inflammatory and antimicrobial effects.

In the last decade, chemotyping of common juniper (Juniperus communis L.) popula-
tions was done in Lithuania [35]. The essential oil content in the harvested juniper berry
samples from 34 biotopes ranged from 0.4 to 2.9%. The most dominant chemotype was
a-pinene; sabinene chemotype was proved only at three locations. The value of sabinene,
as the main silica component, in these cases ranged from 34.1 to 40.8%, a-pinene from 11.7
to 27.8%, and myrcene from 4.3 to 12.8%. The Slovak «-pinene chemotypes contain 3.5 to
22.0% of sabinene in the essential oil. Juniper berries collected in the surroundings of the
capital city of Lithuania, Vilnius, have high values of x-pinene contents (38.5-59.9%) in the
essential oil, which are very similar to those in Slovakia (group D, location Kisovce-Hoérka,
content of a-pinene: 29-61%). High values of «-pinene (53.6-62.3%) in juniper oil have
been reported by Orav et al. [34] in berries harvested from stands at several locations
in Estonia.

Juniper berry samples were harvested in Slovakia during 2012-2014 at five locations:
Horka, Mil'pos, La¢nov, Zbojné, and Kamienka (parts of northeastern Slovakia) [36]. The
percentage of essential oil varied from 0.6 to 1.9%; its «-pinene content ranged from 31.0 to
49.0%. The results confirmed the presence of a a-pinene chemotype. In the investigation,
when studying 25 locations in Slovakia, the range of the content of essential oil was at a sim-
ilar interval, but the values of x-pinene were in a much wider range. It was confirmed that
the genetic diversity at the level of the common juniper population accurately characterised
the chemotype diversity and its structure in Slovakia.

Fejer et al. [36] reported that the values for the 3-myrcene content ranged from 7.00 £ 0.5%
(Mil'pos) to 16.67 + 3.88% (Horka), and for the essential oil component sabinene from
2.33 £ 1.89% (Hoérka) to 7.17 £ 8.61% (Mil'pos). In the investigation, for essential oil
isolated from 25 locations, the amounts of myrcene were confirmed from 2.0 £ 0.30%
(Chramec VlI¢ia dolina 4) to 20.0 + 0.96% (Lackov), and in the case of sabinene from
3.5 £ 0.30% (Kisovce-Horka) to 22.0 = 0.96% (Chramec—V]I¢ia dolina 4). This proved that
the tolerance level of Slovak populations of the common juniper species in connection
with the contents of the mentioned two components of the essential oil is extensive. Their
ecological amplitude of biosynthesis and thus the adaptation of plants to the specific
conditions of the given biotope is found with considerable eco-tolerance.
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5. Conclusions

Juniper populations have undoubtedly declined many times in Slovakian local areas
due to changes in climate, competition, and human activities, including the clearing and
abandonment of land and changes in grazing. In recent decades, the domestic production
of black juniper berries was almost completely replaced by imports from Balkan countries.

The presented investigation shows the results of the production capacity of juniper
plant populations depending on the size and weight of the fruits. Sufficient attention was
carried out to the isolation and content of essential oil and its qualitative-quantitative
characteristics. Based on the statistical processing of the data, it can be concluded that
there is an a-pinene chemotype of juniper plant populations in Slovakia. From the moni-
toring of the occurrence of populations during the field research and experimental works,
it was confirmed that the genetic diversity at the level of juniper populations in the ter-
ritory of Slovakia characterises the chemotype species diversity and its structure as an
a-pinene chemotype.

In future, great attention must be paid towards the analyses of juniper distillates,
which form the basis of the alcoholic beverage, in connection with all already mentioned
detections. From the production aspect of juniper berries, the most plentiful is to establish
“new” plantations by picking up (digging) young juniper plants from their autochthonous
populations and transplanting them to the maintained rural landscape.
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Abstract: Anatomical characteristics play a pivotal role in understanding the evolutionary relation-
ship among various plant taxa and identifying species of pharmacological importance. Though the
anatomical features of the family Apocynaceae have been widely recognized, there is limited research
on the stem wood anatomy of Kopsia fruticosa, whereas nothing was previously known about its root
wood anatomy. The present work describes and analyses its anatomy and correlates the anatomical
features with the habitat and ecology of this plant. The oval shape of the young stem and the presence
of unicellular trichomes, stone cells in the pith region, laticiferous canals, calcium oxalate crystals,
and vascular bundles of two different sizes, viz., smaller in the broad, flattened region and more
prominent on the two narrow sides, are remarkable features of the plant, which collectively may often
be helpful in distinguishing K. fruticosa from other species of this genus. Apart from the previously
known qualitative characteristics of the family Apocynaceae, the coalescence of pit aperture and
storied pattern of vessels of K. fruticosa are newly observed features of the subfamily Rauvofioideae.
On the other hand, in the root wood, vessels are wider (33-64 um), less frequent (about 53% more in
the stem), and shorter, and the rays are larger (2146 cells in height) and more frequent than those
of stem wood; these are the valuable findings which strongly support the non-climbing nature of
the studied plant. The vulnerability and mesomorphy indices for stem wood are 0.914 and 349,
respectively, indicating plants” adaptation toward a mesic habitat. The correlation of the anatomical
traits of plants with the habitat and ecology represents their survivability in different situations.
Consequently, anatomical features such as intraxylary phloem, vessel grouping, the storied pattern of
vessels, the simple perforation plate, and intervascular vestured pits suggest that plants can tolerate
drought. We firmly believe that the present study’s outcome can fulfil the research gaps of this
hardy plant.

Keywords: Kopsia fruticosa; wood anatomy; ecological significance; vulnerability index; mesomorphy
index

1. Introduction

Biodiversity refers to the range and diversity of life, including all the plants, animals,
microorganisms, habitats, and ecosystem functions on planet Earth. Angiosperms (flower-
ing plants) are the most prominent clades of existing seed plants [1]. They have tremendous
evolutionary plasticity and evolved to inhabit a wide range of ecological niches and have a
variety of growth forms, from minute aquatic plants, herbs, shrubs, and climbers to gigantic
trees. This clade is a highly diversified and abundant group of embryophytes, with around
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260,000 extant species classified into 416 families [2]. They occupy every habitat on earth
except the highest mountain tops.

Plants develop anatomical features and adaptive mechanisms, enabling them to func-
tion and thrive in various environmental circumstances. The anatomical characteristics
play a significant role in identifying species of pharmacological importance since the com-
mercialized material is scratched and challenging to locate. Moreover, these characteristics
can provide essential clues to understanding the various mechanisms and adaptations
in plants of different growth forms. In addition, the plant roots’ structure, function, and
interactions with soil are fascinating breakthroughs that will reveal a great deal about
our natural ecosystems and global water, mineral, and carbon cycles and contribute to
the long-term security of food supplies [3]. Furthermore, the roots of several perennial
plants can pose additional hurdles to biologists owing to their size, depth, and complexity
in manipulations. Consequently, it is crucial to study the roots” anatomical structure to
understand plants’ physiological processes. However, most of our current knowledge of
roots is based on research from annual, short-lived plants, primarily focusing on the roots
of young plants. Therefore, scientific work on the perennial root is unquestionably at the
cutting edge of root biology and function. It will surely be a promising area of research in
the future.

Kopsia fruticosa Roxb. is an important species of the Apocynaceae (frequently referred
to Dogbane or Oleander family) with an enormous evergreen shrub and spreading growth
habit. It is classified as a member of the subtribe Kopsiinae (Vinceae tribe) of the Rau-
vofiideae subfamily in the most recent Apocynaceae taxonomy [4]. This species is widely
distributed in tropical and sub-tropical regions of the world, native to Myanmar, and
has been domesticated in India, Malaysia, Indonesia, Thailand, and the Philippines [5].
Some genera of this family are essential timber, while many are grown as ornamentals;
non-medicinal uses include food, fodder, wood, poisons, dye, and perfume. The produc-
tion of milky sap by nearly all species is one of the Apocynaceae family’s most notable
distinguishing traits. In traditional medicine, they are frequently used to cure malaria, fever,
diabetes, gastrointestinal illness, and pain in the Asia-Pacific region [6] and were used as a
source of arrow poison, while in cases of tertiary syphilis, ulcerated nostrils are poulticed
with the root and other Kopsia species [7]. Most of the indigenous species of this plant have
indole alkaloids that exhibit a variety of pharmacological actions. Several alkaloids, viz.,
kopsine, fruticosine, fruticosamine, venacarpine A and B, kopsorinine, and kopsifolines
A-F, have been identified from the leaves of K. fruticosa [8,9]; among them, kopsine was the
first isolated alkaloid. However, kopsorinine was extracted from the stem bark, and eleven
additional identified alkaloids were found. Leaf and stem bark extracts were subjected
to further isolation work, resulting in novel alkaloids of kopsofinone, kopsimalines A-E,
kopsinicine, and kopsiloscines H-J [10].

Several researchers have provided the general anatomical features of the family Apoc-
ynaceae [11-13] and the wood anatomy of the subfamily Rauvofioideae [14,15]; however,
the literature lacks detailed information on the wood anatomy of K. fruticosa. Moreover,
nothing has been reported pertaining to its root wood anatomy. Consequently, the present
study aimed to investigate the following: (i) the novel anatomical features of the subfamily
Rauvoficideae and (ii) the clear stem and root anatomy of K. fruticosa to understand its
ecological adaptation in the xeric habitat.

2. Materials and Methods

Plant materials were collected for the present investigation from the district Prayagraj,
Uttar Pradesh, India (25.28° N latitude, 81.54° E longitude, and an altitude of 103 m),
and Almora, Uttarakhand, India (29.30° N latitude and 79.2° E longitude and an altitude
of 1668 m). In order to eliminate air bubbles from the xylem of the samples for better
preservation, they were taken to the lab and evacuated using a vacuum pump. Following a
24 h fixing period, materials were placed in formaldehyde alcohol acetic acid for additional
processing and preservation. The sections were cut from the sub-apical toward the lower
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portion at distinct levels. Three types of sections were cut to study the woods, viz., trans-
verse sections (TS), radial longitudinal sections (RLS), and tangential longitudinal sections
(TLS). Nevertheless, the TS of the stem were cut at different levels, from the sub-apical to the
lower portion. Hand sections as well as microtome sections were prepared. Subsequently,
the samples were dehydrated for microtomy using the series of tertiary butyl alcohol (TBA).
The dry materials were steadily unfiltered through paraffin wax (58 °C) for three days and
immersed in paraffin wax. The sections were stained in safranin (2.0% in 50% ethanol) for
5 min, then rinsed with distilled water, dehydrated twice in a series of alcohols for 3 min
each, in 50%, 70%, 95%, and 100%, and were stained with fast green (1.0% in absolute
ethanol) for 2 min then entered into xylene and absolute alcohol solution series (25:75,
50:50, and 75:25) and finally in xylene. Then, sections were mounted in Canada balsam.
Individual elements of the xylem were isolated by macerating suitable pieces of root and
stem wood in Jeffrey’s fluid containing equal quantities of 10% nitric acid and 10% chromic
acid [16]. All the chemicals and dyes used in the present work were from Sigma-Aldrich®,
Saint Louis, MO, USA, Chemicals Private Limited. Macerated slices were thoroughly
washed with water and stained with 1.0% aqueous safranin to quantify the dimensional
features, viz., vessel element length and xylem fibres. However, tangential dimensions of
the vessel lumen were measured on transverse sections. An Olympus binocular compound
microscope (Model: CH2i) and a Leica binocular compound microscope (Model: DM2500)
were used for examining the anatomical sections and for photography, respectively.

The numerical values given in the descriptions are the mean of thirty measurements.
Maximum and minimum values are the single highest or lowest measurements recorded
within a species. Eventually, ocular micrometre measurements were converted into pm
(Table 1).

Table 1. Conversion of ocular lens measurements.

Lens Objective

(1 Ocular Unit) (um)
4% 25
10x 10
40x 2.5
100 x 1

The cell counts, measures, and anatomical descriptions follow the recommendations
of the IAWA [17]. According to IAWA Committee, fibre length and vessel size (diameter)
have been classified into three distinct groups (Table 2).

Table 2. Grouping of fibre lengths and vessel size.

Fibre Lengths Vessel Size
Class Subclass Lengths Class Subclass T angential
(um) Diameter (um)
Extremely short  Less than 500 Extremely small Less than 25
Short Very short 500-700 Small Very small 25-50
Moderately short 700-900 Moderately small 50-100
Medium Medium 900-1600 Medium Medium 100-200
Moderately long 16002200 Moderately large 200-300
Long Very long 2200-3000 Large Very large 300400
Extremely long Over 3000 Extremely large ~ More than 400

Following Carlquist [18], vessel diameter was divided by vessel frequency to deter-
mine wood vulnerability (v), while mesomorphy (m) was computed by multiplying the
vulnerability with the average length of the vessel element. Low v and m values (<1 and
50, respectively) imply xeric adaptation, while their high values (>1 and 800, respectively)
point to the transformation towards mesic conditions. The average libriform fibre length is
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divided by the average vessel element length to determine the F/V ratio. The sequences
of three numeric values given in the text represent the minimum, mean, and maximum
values, respectively.

3. Results
3.1. Stem

As observed in a transverse section, the K. fruticosa young stem appears to be ap-
proximately oval. The single-layered epidermis is composed of compactly arranged oval
cells and covered by a thin layer of cuticle. Furthermore, trichomes are unicellular and
vary in length from 92 to 412 um. The cortex region is formed from a 2-5-celled collenchy-
matous hypodermis, which surrounds the 4-7-celled parenchymatous cortex that bears
starch grains. The collenchymatous portion of the cortex contains solitary stone cells,
while the pericycle region has isolated large patches of fibres. Numerous vascular bundles
form a continuous oval ring traversed by narrow rays. In the broad, flattened region, the
vascular bundles are smaller, while the two narrow sides’ vascular bundles are larger in
size. Vascular bundles are conjoint collateral, endarch, and open. A short distance away
from the vascular bundles on the inner side adjacent to the pith are strands of intraxylary
phloem. Larger vascular bundles of the two narrow sides are opposed by larger patches of
the intraxylary phloem, while smaller patches of the intraxylary phloem oppose smaller
bundles. The presence of calcium oxalate crystals (in the form of prismatic crystals), and
laticiferous canals can be observed in the cortex, pericycle, and pith regions. The pith region
is made up of parenchymatous cells without intercellular space and has enormous clusters
of stone cells. In the stone cells, prismatic crystals are occasionally observed (Figure 1B-H).

In the nodal as well as inter-nodal portions of the young stem, the shape of the
vascular cylinder transforms; a section through the foliar apex is oval and exhibits two
unilacunar trace nodes. As the leaves are opposite one another, two leaf gaps are apparent.
In the region just below the node, there is a continuous vascular cylinder having two
raised notches (at the position of the leaf gaps), which steadily depresses and develops
two new notches at a right angle to the first notches at the narrower portion of the stem
(Figure 1A-C).

200pm

]

Figure 1. Cont.
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Figure 1. Anatomy of Kopsia fruticosa Roxb. stem: (A) TS of the stem through the node (foliar apex);
(B-D) TS of the young stem from sub-apical toward the lower portion at distinct levels showing the
development of secondary growth; (E) magnified portion exhibits intraxylary phloem; (F) magnified
image exhibits unicellular hairs; (G) magnified image exhibits the stone cells in collenchymatous
region; (H) magnified image exhibits the druses crystal (a type of calcium oxalate crystal) in pith
region; ip—intraxylary phloem; dr—druses; st—stone cell.

3.2. Stem Wood

The vessel arrangement is a diffuse porous pattern with a frequency of 44-47-49 /mm?.
Individual vessel elements varied from very small to moderately small (31-43-56 pm) in
diameter and 202-382-552 um in length (Table 3). They are angular in the cross-section
and are often radial multiples of 2-11. Vessel perforation plates are always simple and
present either terminal or sub-terminal in position. Intervascular pits are vestured, alternate,
and small to minute, but the arrangement pattern is occasionally coalescent. Vessels are
sometimes arranged in a storied pattern (Figure 2A,C-E).

Table 3. Dimensions of wood elements (stem and root) of Kopsia fructicosa; values are the mean = stan-
dard error (n = 30).

Wood Elements Stem Wood Root Wood
Vessel length (um) 382 £3.95 302 +1.48
Vessel diameter (pum) 43 +£0.30 39 +0.27
Vessel Frequency (Number/mm?) 47 £+ 0.06 31 £0.05
Fibre tracheid length (um) 196 + 2.19 195 + 2.15
Libriform fibre length (um) 752 £+ 6.44 611 £ 5.81

The values of the vulnerability (v) and mesomorphy (m) indices are 0.914 and 349,
respectively. Both septate as well as non-septate libriform fibres are present, which range
from extremely short to medium (402-752-1105 pm) in length, and fibre tracheids are
152-196-500 um in size, while tracheids are totally absent (Table 3, Figure 2G). The ratio of
F/V is 1.97. The parenchyma is axial, mostly apotracheal, diffuse, and occasionally scanty
paratracheal. Rays are typically uniseriate (5-9 cells tall), although they can sometimes
also be compound (5-9 cells in height), and are heterocellular with a higher frequency of
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upright cells than square cells. The axial parenchyma and ray cells exhibit rhombic crystals
(Figure 2B,D-F).
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Figure 2. Wood anatomy of Kopsia fruticosa Roxb. stem: (A) TS revealing a radial arrangement of
vessels; (B) magnified image revealing scanty paratracheal parenchyma; (C) TLS revealing vestured
pits (alternate); (D) RLS revealing simple perforation plate, upright and square cells; (E) TLS image
of simple perforation plate and coalescent pit; (F) image of uniseriate and compound rays; (G) image
of rhomboidal shape calcium oxalate crystals in axial parenchyma; (H) RLS revealing storied arrange-
ment of vessels; (I) square parenchyma cells with chambered calcium oxalate crystals; (J) upright
parenchyma cells with chambered calcium oxalate crystals; sp—scanty paratracheal parenchyma;
spp—simple perforation plate; cc—calcium oxalate crystal; ap—axial parenchyma; upc—upright cell;
sq—square cell; sf—septate fibre; cp—coalescent pit; cr—compound rays; ur—uniseriate rays.

3.3. Root Wood

The vessel arrangement is a diffuse porous pattern with a frequency of 29-31-33/mm?.
Individual vessel elements ranged from very small to moderately small (33-39-64 um) in
diameter and 262-302-452 um in length (Table 3). They are angular in the cross-section
and are often radial multiples of 2-5 while occasionally solitary or in the cluster. Vessel
perforation plates are always simple and present either terminal or sub-terminal in posi-
tion. Intervascular pits are vestured, alternate, and small to minute but occasionally the
arrangement pattern is coalescent (Figure 3A,C-E K).
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Figure 3. Wood anatomy of Kopsia fruticosa Roxb. root: (A) TS revealing a radial arrangement of
vessels; (B) magnified portion showing scanty paratracheal parenchyma; (C) image showing alternate
vestured pits; (D) RLS revealing simple perforation plate; (E) magnified portion of simple perforation
plate; (F) image showing septate fibres; (G) TLS image of uniseriate rays; (H) section showing
compound rays; (I) section showing upright, square, and procumbent cells with rhomboidal calcium
oxalate crystals; (J) section showing rays with starch grains and libriform fibres; (K) magnified portion
showing coalescent pits in vessels; (L) a libriform fibre; sp—scanty paratracheal parenchyma; spp—
simple perforation plate; sf—septate fibre; ur—uniseriate rays; cr—compound rays; upc—upright
cell; sqc—square cell; pc—procumbent cell; sg—starch grain; 1f—libriform fibre; cc—chambered
crystal; cp—coalescent pits.

The vulnerability and mesomorphy indices are 1.26 and 380, respectively. Both septate
and non-septate libriform fibres are present. They are extremely short to medium in length
(302-611-1000 pwm). Fibre tracheids are 105-195-410 um in size. Bifurcate fibres are also
present, but tracheids are totally absent (Table 3, Figure 3],L). The ratio of F/V is 2.02.
The parenchyma is axial, predominantly apotracheal, and diffuse; however, sometimes
scanty paratracheal parenchyma is also present. Rays are frequently compound (2146 cells
in height) and heterocellular with square, upright, and procumbent cells. Rhomboidal-
shaped calcium oxalate crystals and starch grains are visible in the parenchymatous cells
(Figure 3B,G-)).
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4. Discussion

Plant anatomy is a critical component for species identification as well as being essen-
tial for understanding growth processes and nutrient and water mobilization in trees [19].
Therefore, it is crucial to clarify the wood anatomy, including the different cell types that
form it and their function, organization, and structural characteristics. The present study
evaluates, compares, and explains the anatomy of the wood (stem and root) of K. fruticosa
from two different altitudes in India. Previously reported qualitative features of the family
Apocynaceae, such as stone cells, internal phloem, laticiferous canals, and calcium oxalates
(prismatic and druses), have also been noted in the current study [11]. Intraxylary or
internal phloem is a significant feature that describes the sieve components that distinguish
between the pith and the proto-xylem [20-22]. Internal phloem was first discovered in
the family Cucurbitaceae and later in Solanaceae and Apocynaceae. Subsequently, its
existence is confirmed in several other species. The secondary xylem has a functional and
evolutionary significance closely linked to plant architecture and changing environmental
circumstances. Ecological factors can impact all dimensions of xylem structure, either
qualitatively or quantitatively. Further, because of the complexity of the dicotyledonous
wood system, several characteristics may be used in their identification, i.e., the presence
or absence of vessels, distribution of vessels in tissues, types of rays, distribution of axial
parenchyma, and types of perforation plate and pits and their arrangements. The presence
of distinct intraxylary phloem strands that occur from the starting of primary growth
in the young stem of K. fruticosa may be associated with an increased translocation of
photosynthates and also be an adaptive functionality to protect the sieve elements, which
become nonfunctional during an unconducive climate or in hot summers [23]. Further-
more, crystals of calcium oxalate and stone cells are seen in the stem. Stone cells serve as
special repositories of plant secretory products and metabolic waste [24], whereas calcium
oxalate crystals are recognized for their participation in various essential functions, viz.,
tissue calcium regulation, metal detoxification, and herbivore defence [25]. In addition, the
presence of collenchymatous hypodermis and sclerenchymatous pericycles supply tensile
strength to the young stem.

Among the anatomical features seen in this study, radial multiple of vessels, the diffuse
porous structure of wood, the simple perforation plate, apotracheal and scanty paratracheal
axial parenchyma, and heterocellular rays are the previously identified traits of the stem
wood of the family Apocynaceae [11]. However, intervascular pitting of Apocynaceae is
reported to be vestured, alternate, and small to minute, while in vessels of K. fruticosa,
including the above characteristics, coalescence of pit aperture and the storied pattern
of vessels are newly observed features of the subfamily Rauvoficideae. In intervascular
pitting, the coalescence of apertures gives an impression of scalariform pitting. Sidiyasa
and Baas [26] also reported such pits in the Alstonia of the subfamily Apocynoideae.

Like stem wood, root wood exhibits these qualitative features except for the storied
pattern of vessels, which occurs only in stem wood. It is important to mention that while the
plants were collected from two different altitudes, no significant morphological variations
were observed. However, an assessment of the quantitative comparison of stem and root
wood confirms significant differences in the length, frequency, and diameter of vessels as
well as rays’ distribution. The rays are broader and more frequent in the root wood than
stem wood, while the vessels are shorter, more comprehensive, and less frequent. The stem
wood has a mean vessel frequency of approximately 53% higher than root wood. In stem
woods’ axial and ray parenchyma, rhomboidal-shaped chambered calcium oxalate crystals
are consistently seen but are quite meagre and infrequent in root wood.

As we know, plants’ internal structure (young stem and wood) is a key feature of
their successful survival in different habitats. Yang et al. [27] correlated the relationship
between wood structure and environmental conditions as a survival strategy. Variations in
the hydraulic architecture of the xylem, particularly quantitative features such as vessel
frequency, vessel grouping, type of perforation plates, vessel element length, and width,
are correlated with ecological parameters such as water availability, temperature, and
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geographical variables (e.g., latitude and altitude). A vessel, also known as the trachea,
is built of a series of axially superimposed cells of which intervening end walls have
perforations. Vessel diameter is an important factor influencing the conduction of water. It
is well established that maximal conductivity and safety from embolism are strongly related
to vessel frequency and diameter. A higher frequency of vessels in the stem might be helpful
in balancing water transport ability [28,29]. One of the fundamental organizing principles
of hydraulic architecture has been noted as the tendency of the roots of trees and shrubs to
have wider vessels than the stem [30]. However, the reduced lumen of vessels in the stem
aids the mechanical strength of the stem. In the root wood of K. fruticosa, vessels are wider
than stem wood. It has been reported that due to the presence of wide vessels, the roots of
diffuse porous plants are potentially more vulnerable to drought-induced embolism than
the stem [31]. In that condition, the presence of starch grains in the parenchyma cells of root
wood of K. fruticosa is helpful in the removal of embolism, thus increasing the conduction
of water in vessels. Simultaneously, it is observed that a storied pattern of vessels is present
in the stem wood of K. fruticosa. Carlquist [32] mentioned that the arrangement of a storied
pattern of vessels indicates the tendency of the plant to survive in desert areas.

In addition, the arrangement of vessels is a characteristic feature of the secondary
xylem, which helps in the identification of angiospermous wood. In the stem and root
wood of K. fruticosa, vessels are arranged radial, multiple, and in a diffuse porous pattern. It
was reported that the species in which growth begins early during the growing season are
ring porous, whereas species in which growth begins late are diffuse porous [33]. Similar
relationships between evergreen and deciduous habits have been discovered. Diffuse
porous dicotyledons are generally evergreen, but ring porous dicotyledons are typically
deciduous [34].

Perforation plates and inter-vessel pits are particularly crucial for water transport,
making up the link across vessel elements inside individual vessels and adjoining vessel
walls. Pits in the walls of vessels vary in their shape, size, and arrangement, especially in
relation to the type of adjoining cell. Intervascular pits between contiguous vessels are
the most conspicuous and taxonomically significant. Vessels in the stem and root wood of
K. fruticosa possess simple perforation plates and vestured pits. It is supposed that vessel
elements with simple perforation plates are more potent in water conduction due to low
friction. Vestured pits show protuberances from the secondary cell wall [35]. These are the
bordered pits with pit cavities wholly or partially lined with projections from the secondary
wall [17]. Vestured pits are hypothesized to serve an essential role in the prevention of
cavitations and in improving vessel performance by helping to repair embolisms during
drought conditions [36-38]; they are also a sound taxonomic characteristic.

5. Conclusions

This work, for the first time, reported insights into featuring the young stem and wood
anatomy of K. fruticosa. Apart from the previously known characteristics of the family
Apocynaceae, the coalescence of pit aperture in vessels and the storied pattern of K. fruticosa
are newly observed features of the subfamily Rauvofioideae. It has a dual therapeutic
and poisonous characteristic. It is common to observe that misidentified plants lead to
mortality; therefore, specific anatomical features may be helpful in identifying plants.
Several anatomical features of the young stem and wood of the K. fruticosa, such as the oval
shape of the young stem, the presence of unicellular trichomes, the shape of the vascular
cylinder in the nodal as well as inter-nodal portions, vascular bundles of two different sizes
(smaller in the broad, flattened region and more prominent on the two narrow sides), and
the cluster of stone cells in the pith region, may be collectively helpful in distinguishing it
from other species of this genus. The correlation of the anatomical features with the habitat
and ecology represents the plant’s survivability in different conditions. Moreover, it has
been documented that low vulnerability index and mesomorphy index values (<1 and 50,
respectively) represent an adaptation to xeric conditions, while their high values (>1 and 800,
respectively) show transformation to mesic conditions. Accordingly, the presence of v and
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m values of 0.914 and 349 in the present investigation for stem wood indicate an adaptation
of the plant towards mesic conditions. Meanwhile, anatomical features such as vessel
grouping, simple perforation plate, intervascular vestured pits, and intraxylary phloem
suggest that plants can tolerate drought. Hence, the observed anatomical characteristics
provide the framework for research on interspecific and intraspecific variations in woody
species, which help us to understand the structural adaptations of the plants with respect
to adverse environmental conditions. This framework may also be employed for insight
into the plants’ physiological processes and for solving taxonomic problems and may be
crucial for pharmacology as well as for elucidating phylogenetic relationships.
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Abstract: The intensive use of lead (Pb)-based insecticides (lead arsenate, PbHAsOy) has led to Pb
accumulation in agricultural soil, endangering human health through the possibility of transferring it
to the food chain. The aim of this study was to evaluate the potential for the immobilization of Pb in
the soil by applying organic (sludge, biocompost, yard compost, and peat) and inorganic (bonemeal,
zeolite, lime, and wood ash) amendments, in combination with diammonium phosphate (DAP)
in a greenhouse experiment. Two amendment rates were used: low and high, and three rates of
DAP: 0 (zero), low (0.25 g of DAP/kg soil), and high (1.25 g DAP/kg soil). The results showed that
the dry yield of carrot (Daucus carota susp. sativus) was the highest for the organic amendments in
combination with the low rate of DAP. The high rate of inorganic amendments also increased the
yield. Applications of inorganic bonemeal, inorganic lime, and inorganic wood ash yielded the lowest
Pb tissue concentration (TC), and organic peat had the highest Pb TC. Inorganic bonemeal combined
with DAP most effectively immobilized Pb in soil.

Keywords: heavy metals; metal toxicity; soil amendments; lead contamination; plant uptake; liming

1. Introduction

Contamination of the environment with heavy metals has become one of the biggest
health concerns all over the world due to their persistence in the environment and accumu-
lation in the food chain posing significant threats to human health [1,2]. The major pathway
of human exposure to heavy metals is soil to plant transfer where vegetables take up heavy
metals by absorbing them from contaminated soils [3]. Heavy metal contamination of soil
may occur due to anthropogenic activities through irrigation with contaminated water, the
addition of fertilizers and metal-based pesticides, emissions from the metallurgical indus-
try, transportation, and harvesting process [4,5]. Among the most common heavy metal
contaminants, lead (Pb) has been reported as a major concern due to its high stability in soil,
and accumulation in plants and animals, and it is considered the second most dangerous
hazardous substance on the priority list of the U.S. Environmental Protection Agency [6]. It
is estimated that approximately half of the human Pb intake is through food, with around
half originating from plants [7]. The toxic level of Pb in plants inhibits germination, sup-
presses growth parameters, reduces the rate of photosynthesis, and alters the levels of
photosynthetic pigments, transpiration, gaseous exchange in leaves, and total chlorophyll
production [8,9]. It is well known that Pb is highly toxic for humans due to its interference
with several biochemical processes, contributing to oxidative stress [10-12]. Because of its
high toxicity, the concentrations of Pb in soil and vegetables are restricted by legislation.
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The European Union has set standards for Pb at 0.1 mg kg~ (f.w.) for fruits and roots and
0.3 mg kg ! (f.w.) for leafy greens [13]. So far, there are no national health-based standards
for Pb in vegetables, fruits, or other staple food crops in the United States [14], although
FDA monitors and regulates Pb concentrations in foods and in consumer products.

Previous research has shown that the amount of phytoavailable heavy metal forms in
soil and the level of their accumulation in plants depend on soil properties such as: pH,
organic matter content, redox potential, cation exchange capacity, and soil texture [15],
as well as plant species and root system, growth stage, type of metal, environmental
conditions, and agricultural practices [16].

Among the remediation solutions for Pb-polluted soils to reduce the mobility and
phytoavailability of this metal, the application of amendments has gained much attention
in recent years as an environmentally friendly and low-cost agricultural management
practice [17]. Codling [18] reported that the application of phosphorus (P) and iron (Fe)
plus phosphorus as amendments on soils contaminated with Pb arsenate increased water
extractable Pb concentration making it less accessible to plants. In another study, Ngole [19]
found that Pb bioavailability for carrot plants in a sludge-amended soil decreased slightly
with an increase in the sludge amendment rate. Recently, Guo et al. [20] reported that
dolomite, slaked lime, and limestone applied as amendments to Pb-contaminated soil,
significantly reduced Pb content in rice plants. In addition, amendments such as biochar,
slag, and ferrous manganese can also successfully reduce the toxicity, leachability, and
mobility of Pb in the environment [21].

Some agricultural soils in Nova Scotia, Canada, have high levels of Pb, due to the
historic application of PbHAsOy insecticide in apple orchards several decades ago [22].
Pb arsenate was the most extensively used insecticide as a foliar spray to control codling
moth in tree fruit orchards in countries throughout the world, including the USA, Canada,
Australia, New Zealand, England, and France [23]. It remained the preferred insecticide for
codling moth control because of its high efficacy and lower phytotoxicity and it was being
applied in Nova Scotia as late as 1981 [24] until it was officially banned in 1988 [25].

Carrot is a major specialty cash crop in Nova Scotia. Previous studies have shown
that carrots, just like other vegetables, take up Pb from contaminated soils by accumulating
this metal in their tissues [26-28]. Chisolm [22] reported that Pb concentration in carrots
grown in a lead arsenate-contaminated soil exceeded the Canadian tolerance of 2.0 ppm
in fresh vegetables. The use of phosphate in Pb immobilization from water or soil is
an accepted technique. Furthermore, amendments that contain P can transform the Pb
fractions in soil, from highly available to bounded forms, such as pyromorphite Pb5(PO4)3X
where X=F, Cl, Br, OH. These Pb compounds are stable under a wide range of pH and
Eh. Numerous phosphate materials of natural or synthetic origin have been used to
immobilize Pb: apatite and hydroxyapatite, rock phosphate, monoammonium phosphate,
diammonium phosphate, biosolids, etc. [29].

The hypothesis in this study was that the application of different organic and inorganic
amendments would bind Pb to soil and make it unavailable to plants cultivated under a
lead arsenate-polluted soil from Canning, Nova Scotia.

Therefore, the objective of this study was to evaluate the potential for the immobiliza-
tion of Pb in the soil by applying organic (sludge, biocompost, yard compost, and peat)
and inorganic (bonemeal, zeolite, lime, and wood ash) amendments, in combination with
diammonium phosphate (DAP) under greenhouse conditions. The Pb availability was
assessed using carrot plants.

2. Materials and Methods
2.1. Greenhouse Experiment

The experiment was conducted in the Cox greenhouse of the Faculty of Agriculture of
Dalhousie University (formerly Nova Scotia Agricultural College) under natural daylight
with day temperatures of 22 to 25 °C and night temperatures of 18-19 °C. The soil used in
this study was a sandy loam with 47% sand, 48.2% silt, and 4.8% clay, pH 6.2, and a cation
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exchange capacity of 17.9. The total Pb concentration of the soil was 109 mg/kg. The soil
was collected from the surface layer (0-20 cm) in Canning, NS, Canada, that has a lead
arsenate, PbHAsOy application history.

Plastic pots (20-cm diameter and 15-cm high, Classic 600; Nursery Supplies, Inc.,
Fairless Hills, PA, USA) were filled with 2 kg of air-dried soil each.

Certified seeds of carrots (Daucus carota L. Red Core Chantenay) were direct-seeded
into the pots. After 10 days, seedlings were thinned to 6 per pot.

2.2. Experimental Design

A factorial experimental design with 3 replications was used in this experiment. Plants
were fertilized with potassium (K) as potassium chloride (2 g/kg) and nitrogen (N) as
ammonium nitrate (1.25 g/kg) through incorporation in the soil.

Treatments were represented by 3 application rates of diammonium phosphate (DAP):
0 (zero); low (0.25 g/kg), and high (1.25 g/kg), calculated to represent zero, low and
high fertilizer application rates under field conditions; and soil amendments (organic and
inorganic), also added at zero, low and high application rates (Table 1). The zero rates of
application represents untreated pots in which no treatments (neither amendments nor
fertilizers) were added.

Table 1. The application rates of soil amendments to immobilize Pb.

Inorganic Low * High * Organic Low * High *
Bonemeal 10 100 Sludge 26 130
Zeolite 10 100 Biocompost 29 116
Lime 5 10 Yard Compost 29 116
Wood Ash 10 20 Peat 3 6

* dry weight basis in t ha—! except the peat was added in units of cubic feet per 4 m?.

The sludge and biocompost were obtained from Fundy Compost (http://www.
fundycompost.com/index.php accessed on 10 June 2021) in Nova Scotia. The sludge
originated from the city of Halifax, NS, Canada. The low rate of sludge was selected based
on crop N requirements (130 kg ha=!), and assuming a 25% availability of N in composts.
The high rate was set at four times the amount of N required.

The yard compost was supplied by Peter Peill of Minas Seed Ltd. (Canning, NS,
Canada). The low rate for each of the composts was decided based on crop N requirements
(130 kg ha™!), and assuming a 15% availability of N in composts. The high rate was set at
four times the amount of N required.

Sphagnum peat moss (ASB Greenworld) was applied to the soil on a 50% (low) and
100% (high) v/v basis. The calculated volume of soil assumes an incorporating depth of
0.3 m over the plot area.

The bonemeal and zeolite were purchased from Digby O & E farms Ltd. (Drayton, ON,
Canada). The rates of bonemeal and zeolite were applied to add 0.5% w/w and 5% w/w,
according to the recommendations.

The lime (Easy Spread dolomitic limestone) was supplied by Mosher Limestone Co.,
Ltd. (Upper Musquodoboit, NS, Canada). The rates of lime were applied to change the soil
pH from 6.2 to 6.5 (low) and to 7.0 (high) based on the calculation in [30].

The wood ash was supplied by the Faculty of Agriculture power plant facilities. Since
the effectiveness of wood ash in changing the soil pH was assumed to be half of that of
lime, the low and high rates of wood ash were doubled that of the lime rates.

The elemental compositions of the immobilization amendments were determined as
described previously [31,32] (Tables 2 and 3).
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Table 2. Mean elemental (mg kg_l) composition of applied immobilization amendments.

Organic P Ca Mg Na K Mn Fe S
Sludge 7533 8823 1601 407 978 270 4310 6355
Sludge Compost 3336 3560 893 180 1102 434 3356 2857
Yard Compost 3624 7168 2514 440 3344 239 2784 4222
Peat 115 2048 1039 451 51 10 1201 2898

Inorganic

Zeolite 424 16,680 6042 3553 1991 178 16,957 174
Bonemeal 42,740 88,444 1597 2217 185 nd * 41 1756
Wood Ash 3918 73,544 8592 744 6983 10,577 2032 453

* nd represents no concentrations detected.

Table 3. Mean elemental (mg kg~!) composition of applied immobilization amendments.

Organic Pb Cu Zn Cd Cr Ni B
Sludge 18.25 431 328 0.45 8.77 5.42 4.09
Sludge Compost 7.78 103 90 nd * 3.67 451 4.89
Yard Compost 14.55 26 90 nd 0.61 3.03 9.67
Peat 1.66 2 7 nd nd 1.26 5.86

Inorganic

Zeolite 8.10 48 34 0.18 5.90 10.12 150
Bonemeal 1.42 2 49 nd nd 0.61 0.61
Wood Ash 7.33 35 166 1.36 3.36 6.20 57.5

* nd represents no concentrations detected.

2.3. Determination of Pb in Plant Samples

The plants were harvested 78 days after establishment, when carrots reached a mar-
ketable stage. The carrots were washed thoroughly to remove all soil particles, dried in a
drying oven at 70 °C for 72 h, until a constant weight, and the dry weight was recorded.
The concentration of Pb in tissue and soil samples was determined as described previ-
ously [31,32]. Briefly, heavy metal concentrations in tissue, soil amendments, and soil
samples were determined by an inductively coupled argon plasma spectrometer (ICAP)
model 61 (Thermo Jarrell Ash, Franklin, MA, USA) following nitric acid digestion as
described previously [31,32]. Because of the expected relatively low concentrations of
heavy metals in tissue, soil, and soil amendment samples, larger samples of 4 g were
digested for 8 h in 250-mL digestion tubes. The available Pb concentration in soil was
determined using extraction with 1 M Mg(NOs3); to extract the exchangeable (bioavailable)
Pb fraction [31,32].

2.4. Determination of Plant Nutrients in Soil Samples

The concentration of plant-available nutrients in soil samples was determined on
ICAP by the Nova Scotia Soil Testing Laboratory following the Mehlich 3 extraction, which
is a standard procedure in Atlantic Canada.

2.5. Statistical Analysis

The main and interaction effects of Amendment (Bio-compost, Bone Meal, Lime, Peat,
Sludge, Wood ash, Yard-compost and Zeolite), Application Rate (Zero, Low and High)
and diammonium phosphate (DAP: No DAP [Zero DAP], Low DAP and High DAP) on
carrot dry yield, and the concentrations of Pb and P in the tissue (Pb TC, P TC), Pb and P
tissue uptake (Pb TU, P TU), and soil available Pb and P (Pb SA, P SA) were determined by
conducting Analysis of Variance (ANOVA) of an 8 x 3 x 3 factorial design with 3 replications.

The validity of normal distribution and constant variance assumptions on the er-
ror terms were verified by examining the residuals as described in Montgomery [33,34].
Some of the response variables required square root transformation; however, the means
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shown in the tables are back-transformed to the original scale. Independence assump-
tion on the error terms was ensured by the proper randomization performed during
the experiment.

All analyses were completed using the Mixed Procedure of SAS 9.4 (SAS Institute
Inc., Cary, NC, USA). For significant (p-value < 0.05) effects, multiple means compar-
isons were completed by comparing the least squares means of the corresponding treat-
ment combinations. Letter groupings were generated using the Tukey-Kramer method
at a 5% level of significance for the main and two-way interaction effects, but for the
three-way interaction effect, a 1% level of significance was used to reduce the potential
overinflation of Type II experimentwise error rate due to the large number (72) of treat-
ment combinations being compared. Figures 1-3 were produced using Minitab 21 software
(State College, PA, USA).
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Figure 1. Amendment*Rate*DAP Interaction effect on carrot dry yield (g pot_l). The amendments are
grouped as Inorganic (I) and organic (O). Means sharing the same letter are not significantly different.
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Figure 2. Amendment*Rate*DAP Interaction effect on P tissue uptake plot. The amendments are
grouped as Inorganic (I) and organic (O). Means sharing the same letter are not significantly different.
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significantly different.
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3. Results

The ANOVA results indicated that there was a significant three-way (Amendment*Rate*DAP)
interaction effect on carrot dry matter yield and P tissue uptake (P TU) (Table 4). The two-
way interaction effect of Amendment and Rate was significant on Pb tissue concentration
(Pb TC), P TC, Pb soil available (Pb SA), and P SA (Table 4). The Amendment by DAP
interaction effect was significant only on Pb tissue uptake (Pb TU), but the Rate by DAP
interaction effect was significant on Pb TC and Pb TU (Table 4). DAP had no interaction
effect on P TC, Pb SA, or P SA, suggesting the differences among the three DAPs were
consistent on these three response variables regardless of the amendment and rate.

Table 4. ANOVA p-values that show the significance of the main and interaction effects of Amend-
ment (A), Application Rate (R), and Diammonium phosphate (DAP) on Dry yield (Yield), and tissue
concentration (TC), tissue uptake (TU), and soil available (SA) Pb and P.

Source of Variation Yield Pb TC PTC Pb TU PTU Pb SA P SA
A 0.001 0.001 0.001 0.001 0.001 0.001 0.001

R 0.043 0.003 0.131 0.068 0.002 0.001 0.001

A*R 0.001 0.001 0.001 0.141 0.001 0.001 0.001

DAP 0.001 0.471 0.009 0.001 0.001 0.001 0.001
A*DAP 0.001 0.066 0.081 0.044 0.009 0.550 0.537
R*DAP 0.001 0.006 0.541 0.001 0.011 0.851 0.908
A*R*DAP 0.001 * 0.799 0.956 0.120 0.005 0.534 0.498

* Significant effects that require multiple means of comparison are shown in bold.

3.1. Dry Yield of Carrot Plants

Low DAP amendment rates gave the highest dry yield of carrot plants in all organic
amendments (Figure 1). However, within the low DAP, the amendment rate played differ-
ent roles among the organic and inorganic amendments. Carrot dry matter yield increased
as the amendment rate of inorganic fertilizer increased, but decreased as the amendment
rate of organic amendments increased. Among the inorganic fertilizers, increasing the
amendment rate of bonemeal and lime showed a high increase in yield, and stayed about
the same for wood ash and zeolite.

Although yield was lower when high DAP amendment rates were applied, the pattern
in which the inorganic and organic amendments responded was similar to that of low DAP.
With zero DAP, a high amendment rate of both inorganic and organic amendments boosted
yield to some extent.

The release of nutrients from inorganic amendments is faster than that from organic
amendments, leading to a faster growth rate. However, the highest carrot dry matter yield
was obtained from the low DAP rate and no sludge, suggesting that all essential nutrients
were available in this particular soil. The results from the three-way interaction effect on P
tissue uptake (Figure 2) are consistent with those on carrot dry yield (Figure 1) except that
the P tissue uptake from inorganic bonemeal was extreme.

3.2. Amendments’ Effect on Pb Immobilization

A comparison of the treatment combinations of Amendment and Rate (interaction
effect of Amendment and Rate) in terms of tissue concentration (TC) of Pb and P, and Pb
and P soil available (SA) is shown in Figure 3.

When the amendment rate was zero, there was no significant difference in tissue
concentration of Pb among the eight inorganic and organic amendments. However, when
the rate was low the inorganic and organic amendments showed some differences, and
when the rate was high, they showed significant differences, with inorganic bonemeal,
inorganic lime, and inorganic wood ash having the lowest Pb TC, and organic peat having
the highest Pb TC (Figure 3).

39



Horticulturae 2023, 9, 278

The amendment rate by DAP interaction effect on Pb TC showed that DAP had a more
pronounced effect when there is no amendment, with high DAP and no amendment rate
giving the highest Pb TC (Table 5).

Table 5. Mean Pb tissue concentration (Pb TC in mg kg~'), and Pb tissue uptake (Pb TU mg kg~')
obtained from the 9 combinations of Amendment Rate and DAP (Rate*DAP interaction effect) and Pb
TU obtained from 24 combinations of Amendment and DAP (Amendment*DAP interaction effect).

Rate DAP Pb TC Pb TU Pb TU from the 3 DAP Levels
Amendment

No No 1.16b* 2.66d No Low High
No Low 1.43 ab 6.92 a I-BoneMeal 3.13 cd 4.07 a—d 2.06 cd
No High 1.85a 4.80 abc I-Lime 3.20 cd 3.73 bed 2.82cd
Low No 1.66 ab 4.32 bcd I-Wood Ash 3.62 bed 4.06 a—d 3.99 a—d
Low Low 1.35ab 6.08 ab I-Zeolite 1.79d 5.70 abc 4.25 a-d
Low High 1.41 ab 3.68 cd O-Biocompo 5.52 abc 8.19 ab 3.81 a-d
High No 1.27 ab 4.34 bcd O-Peat 4.05 a—d 8.35a 4.70 a—d
High Low 1.12Db 4.54 bc O-Sludge 5.83 abc 8.39a 4.39 a—d
High High 1.08 b 2.85cd O-YardComp 3.49 bed 5.17 abc 4.30 a-d

* within each of Pb TC and Pb TU, means sharing the same lower case letter are not significantly different.

Having both amendment and DAP at high rates led to the lowest Pb TC. On the
other hand, for Pb tissue uptake, low DAP was more favorable than high DAP when there
was no amendment. The interaction between amendment and DAP revealed that organic
amendment combined with low DAP maximized Pb TU, and the inorganic amendments
gave consistently low Pb TU regardless of the DAP level used (Table 5).

In this study, a significant increase in Pb tissue uptake was found when the low
rate of DAP was applied in combination with the organic amendments sludge, peat, and
biocompost (8.39, 8.35, and 8.19 mg kg !, respectively) (Table 5). The lowest Pb uptake was
obtained from zeolite amendment and without DAP application (1.79 mg kg~ !), while the
high rate of DAP in combination with bonemeal and lime also significantly reduced Pb TU
(2.06 mg kg~ ! and 2.82 mg kg~ 1).

Regardless of the amendment and its rate, zero DAP gave the highest P tissue concen-
tration (2765 mg kg~ !) and soil available Pb, but high DAP gave the highest (26.61 mg kg 1)
soil available P (Table 6).

Table 6. Mean P tissue concentration (P TC in ug g~ 1), soil available Pb (Pb SA), and soil available P
(P SA) obtained from the three levels of DAP showing the main effect of DAP.

DAP PTC Pb SA P SA
No 2765 a * 18.86 a 23.32b
Low 2585b 18.92 a 23.86 b

High 2659 ab 18.28 b 26.61 a

* Within each column, means sharing the same lower case letter are not significantly different.

4. Discussion
4.1. Dry Yield of Carrot Plants

Organic amendments, in addition to their essential nutrient content, and liming can
improve soil structure, porosity, water retention capacity, pH, buffering capacity [34-36].
These characteristics improve the physiological state of the plant by increasing the chloro-
phyll content and photosynthesis and ultimately increasing biomass [37]. For instance,
sludge was reported to increase the dry mass of basil due to a high content of OM and a
whole array of micro and macronutrients [38,39].

The decrease of biomass in plants exposed to high Pb concentrations in soil could be
due to the production of oxidative stress at the photosynthetic apparatus [40,41]. According
to Zhou et al. [42], the photosynthetic-related parameters (net photosynthesis, stomatal con-
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ductance, transpiration rate) of Ligustrum lucidum decreased as a result of the deformation
of the chloroplasts and separation of the thylakoid membrane from the cell wall.

4.2. Amendments’ Effect on Pb Immobilization

Lead availability is highly dependent on soil physico-chemical characteristics (particle
size, pH, cation exchange capacity) [40]. Although both organic and inorganic amendments
led to a reduction in Pb mobility in the soil, except for peat (Figure 3), the mode of action
is different.

Organic amendments increase soil OM, which determines the immobilization of metals
in the soil by the formation of organo-mineral complexes that restrict Pb translocation in
the plant [43]. The application of inorganic amendments causes an increase in soil pH
that leads to the decrease of Pb mobility by the formation of hydroxides and carbonates
precipitates, as was shown for lime, that increased the absorption of HM by varying the
variable charge on soil and reducing the extractability [44]. Previously, it was proposed
that Pb absorption in soil follows the Langmuir relation, increasing when pH rises from
3.0 to 8.5 [45]. Furthermore, in the case of soil with a pH of 5.5-7.5, Pb availability to plants
is controlled by phosphate or carbonate precipitates [46].

On the other hand, the mean P TC obtained from all three rates and the eight amend-
ments was pretty consistent, except for the high rate of inorganic bonemeal amendment,
which gave the highest P TC (Figure 3). Inorganic bonemeal also showed the largest varia-
tion among the rates in terms of soil available Pb and soil available P, with the zero rate
giving the highest and the high rate giving the lowest soil available Pb. Conversely, the
zero rate of bonemeal gave the lowest and the high rate gave the highest soil available
P (Figure 3). Bonemeal was most efficient at immobilizing Pb in soil and in reducing its
transfer to the carrot plants, probably by forming P precipitates due to an increased P
concentration (42,740 mg kg ') in its composition. Similarly, Cao et al. [47] found that phos-
phate application decreased Pb water solubility and its phytoavailability. Application of a
high rate of DAP increased the P concentration in soil which further led to a reduction in the
Pb availability in soil, probably by the formation of insoluble Pb phosphate precipitates [47].

The results of this study demonstrated the usefulness of inorganic and organic amend-
ments in reducing the Pb availability for carrot plants through the mechanisms of changing
pH and formation of insoluble precipitates. Similarly, it has been shown that the use of
organic and inorganic amendments resulted in an immobilization of Pb and Cd in soil,
reducing their bioavailability for wheat and maize crops [43]. Since these amendments
contain essential nutrients for plants and have the capacity to improve the physical and
chemical properties of the soil, a synergistic effect may be responsible for the reduced Pb
tissue uptake. Therefore, future research is needed to elucidate the mechanism of action at
the physiological level.

5. Conclusions

The use of organic and inorganic amendments may be a solution for the treatment of
Pb-contaminated soils in Nova Scotia, and elsewhere. In this study, the use of organic and
inorganic amendments in combination with phosphorus induced the immobilization of Pb
in the soil and reduced its bioavailability for carrot plants. Amendment application was
made based on the nutrient availability for plants as well as to increase the soil OM content
and pH. The results revealed that bonemeal in combination with diammonium phosphate
was most effective at immobilizing Pb. Furthermore, inorganic bonemeal, inorganic lime,
and inorganic wood ash resulted in the lowest Pb tissue concentration, and organic peat
resulted in the highest Pb tissue concentration. This study demonstrated the usefulness
of applying organic and inorganic amendments to help tackle the Pb soil pollution in
soils with a history of lead arsenate application. Future research is needed to verify the
results under field conditions, and to elucidate the physiological mechanisms in carrot
plants responsible for reducing the phytotoxic effects of Pb when organic and inorganic
amendments are used.
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Abstract: During a five-year field trial established with Satureja montana L. under polypropylene
woven fabric (PPWF) on clay-textured soil in dry farming conditions in South Banat, Serbia, the
influence of a single basal application of compost and mineral fertilizers at different planting densities
(3.6 and 5 plants m~2) on the yield was investigated. Single-dose fertilization positively influenced
the yields of S. montana in both applied fertilization models. In the third production year, the dry
herb yield achieved by applying organic fertilizers in dense cultivation (1016 g m~') was comparable
with that obtained in the mineral plot (961 g m~1). Furthermore, the plants were optimally supplied
with N, P, and K macronutrients, with equal amounts removed by yield, in both tested fertilization
plots. The use of PPWF proved beneficial to cultivated plants in terms of water-use efficiency and
weed suppression. However, severe yield loss was observed in the fourth and fifth production years
as a result of the extreme rainfall conditions; the excess moisture retained by PPWF applied to heavy
clay soil favored the development of soil-borne pathogens. Other mulch materials should be further
investigated for the production of S. montana on heavy clay soil.

Keywords: winter savory; cultivation; fertilization; planting density; permeable mulch

1. Introduction

Winter savory (Satureja montana L.) is a perennial semi-evergreen subshrub with medic-
inal, spicy, and honey-bearing properties. It belongs to the Lamiaceae family. The plants
spontaneously grow in sub-Mediterranean areas in dry, sunny, and rocky habitats [1,2]. The
genus Satureja has around 30 species, 9 of which have been recorded in the central and western
Balkans; among them, S. montana is considered the most economically important species [3].
The leaves, flowers, and stems are used to make herbal tea and to cure numerous diseases. It
is also regarded as a culinary herb due to the distinctive flavor of its leaves [1,4]. The essential
oil (EO) of Satureja is rich in phytochemicals such as carvacrol, thymol, 3-caryophyllene,
y-terpinene, p-cymene, and linalool, which have strong antioxidant, antimicrobial, antiviral,
antispasmodic, and antidiarrheal activities [5-8].

Since the natural resources of this medicinal species are being exhausted due to irrational
exploitation and increasing demand for its raw plant material [8], it is crucial to start cultivating
S. montana over a larger area. The production of seedlings is the first step in the cultivation
process. Seedlings require special attention and numerous protective measures in the first
two years after planting in the field, particularly against weeds, which inhibit growth at the
early stage of crop development by competing with the crop for water, nutrients, light, and
space below and above ground [9]. Weed control is a major concern, especially for perennial
medicinal plant species. Alternative weed management approaches are preferred to the
use of herbicides. Mulching is a physical weed-control method that improves agricultural
conditions through soil-moisture conservation, by altering soil temperature, and by positively
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affecting microorganism activity [10-13]. Although the use of mulch is an investment, it
has been demonstrated to be justified and to have long-term effectives, taking into account
the reduction in labor force input, which is often becoming increasingly expensive and
difficult to obtain, and the elimination of pesticide application [14,15]. Furthermore, mulch
use is recognized as an effective crop-production cultivation strategy used in the face of
climate-change-related extreme weather conditions (increasing air temperatures, relatively
little precipitation, and heavy rainfalls) [16,17]. Polypropylene woven fabric (PPWF) is known
for its ability to conserve moisture and to prevent weed growth, and it has an advantage over
black plastic mulch in that it is permeable to air and water and does not disintegrate when
exposed to sunlight [18-20]. Though the use of mulch has many advantages, some studies
suggest limitations involving excess moisture conservation underneath the mulch, resulting
in restricted oxygen in the root zone on poorly drained soils and creating an environment
conducive to the development of diseases and pests [11,21,22].

Most studies on S. montana primarily focused on the secondary metabolites and
biochemical activity of its raw material, but only a few of them addressed proper growing
conditions [23]. Certain agricultural practices, such as the amount and type of fertilizer
used, as well as soil properties, have an impact on both the yield and quality. Mulch
application on heavy soils has previously been studied on grain [24-26] and vegetable
crops [27-29] but, to the best of our knowledge, never on S. montana. In heavy soils, clay
minerals absorb water molecules and expand in wet conditions, whereas soil shrinkage
occurs in dry conditions, resulting in vertical cracking. Water percolates fast through
crack networks after rain or irrigation and is then lost at the root zone in deeper subsoil.
Consequently, cracks in the soil profile impair the development and distribution of roots,
causing yield loss [30,31]. Ameliorative strategies reported in studies for improving clay
soil physico-mechanical properties involve applying river sand and organic matter before
plowing [32,33]. In some studies, it has been reported that the application of mulch in
heavy soils can alter some soil properties, resulting in improved crop productivity [26,34].
In addition, the clay fraction forms the bulk of the colloidal system of the soil, which is
responsible for the adsorption of ions and the storage of plant nutrients in the soil in an
exchangeable form available to plants. This makes clay one of the most important factors
in soil fertility [35].

With a cultivation trial set up on heavy clay soil under PPWF, which does not allow for
annual soil tillage, the goal of this study was to discover the advantages and disadvantages
of this mulch applied in the dry farming cultivation of S. montana. The first two production
years showed satisfactory preliminary data with regard to the plants” development [36].
In the following three production years of S. montana, the influence of the crop densities
(3.6 and 5 plants m~2) and applied fertilization models (mineral and organic) on the yield
was further estimated, focusing on the sufficiency of a single basal fertilization applied
prior to PPWF set-up. This study also aimed to resolve whether mineral fertilizers might
be replaced by organic fertilizers to produce satisfactory yields.

2. Materials and Methods
2.1. Locality

A field trial was established in Pancevo (44°52/20.0"” N; 20°42'04.7" E), South Banat,
Republic of Serbia. This location has a moderate continental climate, characterized by
the local southeasterly prevailing wind “Kosava” [37]. The average annual temperature
is around 11 °C, with summer temperatures ranging from 21 °C to 23 °C and winter
temperatures hovering around —2 °C [38]. The average annual precipitation ranges from
580 to 620 mm, with a rainy season in early summer (May and June) and periods with little
precipitation (November and March) [39]. The temperatures and precipitation during the
five years of the experiment are presented in Figure 1.
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Figure 1. Climatic conditions during five production years of S. montana L. in Pan¢evo, South Banat, Serbia.

According to the calculated five-year average in the vegetation period of the trial
duration, from 2016 to 2020, the monthly average precipitations in April, May, June, July,
August, and September were 51.5, 86.3, 97.7, 74.3, 48.5, and 35.0 mm, respectively, whereas
the monthly average temperatures were 14.2, 17.5, 22.1, 23.2, 23.7, and 18.7 °C, respectively.

The soil type was a variety of Chernozem (leached gleyed), characterized by a less
favorable mechanical composition (high clay content in the soil, >42%). Its main properties
are given in Table 1.

Table 1. Chemical properties and clay content of the arable soil layer (0-30 cm).

pH Al Method Clay
Soil Type CTOC/O?Z' Hl(lor/?)us To(t;)l)N (mg kg') Content
In Hzo In KC1 P205 Kzo (%)
Chernozem 7.11 5.88 0.42 3.51 0.241 73 445 42.36

2.2. Field Experiment

The field trial was established on 28 May 2016 from experimental fields in Pancevo,
South Banat, Serbia. Over a five-year period, the yield of S. montana was studied in response
to different organic and mineral fertilization models, as well as different crop spacings
(70 x 40 and 50 x 40 cm, representing crop densities of 3.6 and 5 plants m 2, respectively).

The fertilizers were applied prior to the soil being tilled; the mineral fertilizer was
applied in a single dose of 100 kg ha~! of N, 120 kg ha~! of P,0s5, and 270 kg ha~! of K,0,
while the organic fertilizer was compost produced in the Production Unit of the Institute for
Medicinal Plant Research. The compost had a total content of NPK = 1.4:0.5:1.4% and was
applied in a single dose of 20 t ha~!, resulting in calculated nutrient values of 280 kg ha™!
of N, 100 kg ha~! of P,0s, and 270 kg ha~! of K,O. Following the fertilizer treatment, 1 mm
thick polypropylene woven fabric (PPWF) from GINEGAR Plastic Products Ltd., Migdal
HaEmek, Israel, was spread over the subsequently trenched soil and one-year old nursery
plants were transplanted.

In the spring of the 2nd year, the mineral plot received additional fertilization with AN
(34% N) at a dose of 200 kg ha ™!, while the organic plot received additional fertilization with
the liquid organic fertilizer BioGrow (NPK 4:6:3) from Biobizz Worldwide SL, Legizamon,
Spain, at a dose of 5 L ha—1.

The experimental design was a two-factor block design with four replications. The
plots were arranged according to the applied fertilizers, and each fertilization plot had two
different crop density patterns. The size of a single plot was 17.1 m? (3.8 m x 4.5 m). There
were four rows (replications), and each one was composed of nine plants. The independent
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variables were fertilizers (levels: mineral and organic) and crop density (levels: 3.6 and
5 plants m~2), affecting the dependent variable, the crop yield [36].

2.3. Field Measurements

The number of adopted plants was counted prior to harvest in the 1st year, and
adaptation was expressed in percentages (AP%). With regard to disease occurrence, the
infected plant parts were sampled, with microscopic observations being made in the 2nd,
3rd, 4th, and 5th production years by relying on the available literature for microorganism
identification [40,41]. The disease severity was assessed in each experimental unit, and
the numbers of healthy vs. diseased plants were recorded. Prior to harvest in subsequent
production years, the number of live plants per treatment was counted and expressed as
a percentage of the initial crop density. Each year, plants were harvested at the stage of
flowering. The first stage of flowering in the 1st year occurred in late October (28 October
2016), while in the following production years, flowering occurred earlier, with harvests
performed between 15 September and 2 October. For each plot, the dry biomass of each
plant was measured (yield per single plant) and also calculated and presented as a yield
per unit area (yield m~2).

2.4. Analyses of NPK Macronutrients in Aboveground Plant Biomass

After the harvest, the air-dried plant material was milled (M-20, IKA Universal mill,
IKA®-Werke GmbH & Co. KG, Staufen, Germany) and stored for chemical analysis. An
analysis of the mineral elements was performed after the dry ashing procedure for organic
matter destruction. Total nitrogen (N) in the aboveground plant part was determined by
alkaline distillation after the standard Kjeldahl digestion procedure. The dry plant material
was subjected to wet acid digestion (conc. HySO4 + HyO, + 450 °C) for the P and K analy-
ses. Phosphorus (expressed as P%) was determined using the vanadate-molybdate method
(UV-visible spectrophotometer, Helios Alpha, Thermo Spectronic, PROFCONTROL GmbH,
Schonwalde-Glien, Germany). Potassium (expressed as K%) was determined by atomic ab-
sorption spectrophotometry using the flame technique (AAS Thermo E.C—SOLAR 54) [42].
The levels of major macronutrients removed from the soil by aboveground biomass (g m~1)
were calculated using the data on plant dry biomass yields obtained by the end of the
3rd, 4th, and 5th vegetation seasons and the data on their concentrations in aboveground
plant biomass.

2.5. Statistical Analysis

The data obtained in this study were statistically processed by a two-way factorial
analysis of variance (a two-way ANOVA) using the software STATISTICA 7.0. The post
hoc Fisher’s least significant difference (LSD) test (p < 0.05) was used to test the differences
between treatments.

3. Results
3.1. Crop Density

From planting to harvest in the first production year, 96% and 95% of the total number
of plants were observed in the mineral and organic plots, respectively (the initial density,
AP%). In the second and third production years, further losses of 8% and 10% occurred
in the mineral plot and 5% and 10% occurred in the organic plot, respectively. By the
end of the third production year, 86% of the original plants in the mineral and 85% in the
organic plot, respectively, were still alive. In the first three years of production, crop density
was unaffected by the applied crop densities or fertilizers. However, it rapidly decreased
after being severely affected by disease in the fourth and fifth years; the loss was higher
in the organic plot, 41% and 57%, respectively, compared to the mineral one, 21% and
34%, respectively, compared to corresponding initial densities, regardless of applied crop
densities (Figure 2).
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3.2. Yield per Single Plant and Area
In the first production year, neither crop density nor the fertilization model had an
effect on yield per single plant (Table 2) or yield per area (Table 3).
yeld p glep yeld p
Table 2. Average yields of individual S. montana plants in relation to crop density and fertilization
model over a five-year production period.
Fertilization =~ Crop Density Yields (g plant™1)
Model (plants m~2) 1st Year 2nd Year 3rd Year 4th Year 5th Year
Mineral 5 7253 +£519%*  151.06 +10.82° 242,03 £24.44>  151.88 +20.06° 1729 £827°
3.6 81.40 £10.562  186.00 +13.272 31377 +21.172 20443 +12.982b  187.9 + 28.66°
Oreanic 5 80.95 +7.524 178.44 + 16.62° 28054 +19.982P  230.50 +-28.552  178.5 +23.17P
& 3.6 80.95+ 12453  221.94413.982 297.744+19.912 25173 £25.098  274.3 4+ 30.97 2
* Values are presented as means =+ standard error. Values with the same letter in each column showed no
statistically significant difference (p < 0.05).
Table 3. Average yields of S. montana per unit area in relation to crop density and fertilization model
in a five-year production period.
Fertilization ~ Crop Density Yields (g m~?)
Model (plants m~2) 1st Year 2nd Year 3rd Year 4th Year 5th Year
Mineral 5 300.0 £49.412* 7553 + 54112  983.9 +30.26%°  556.3 + 50.472P  570.8 4 43.46°
3.6 293.04£37.98%  669.6£47.78°  986.6 £34.05°®  557.0£40.15%  342.7 +61.16°
Oroanic 5 359.4 +45.252 892.3 +34.262 1016.3 £ 70.00 2 634.0 £79.06 2 337.5 + 82.66 P
& 3.6 2745+£50.35%  799.0 £50.33% 9384 +£4476" = 4921 +6545°  367.9 +7249°

* Values are presented as means + standard error. Values with the same letter in each column showed no
statistically significant difference (p < 0.05).
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In the second production year, the effect of crop density was observed, being the
highest in the organic plot of lower density (Table 2), and was different from all other
treatments. Both organic plots had higher yields compared to the mineral ones (Table 2).
Regarding the yields per area, the highest for all treatments was observed in the organic
plot with lower crop density, while in the mineral plot, the highest one was observed at
higher crop density (Table 3).

In the third production year, alongside the observed lower individual yield in the
higher density of the mineral plot, the highest individual plant yield in the lower density
of the mineral plot was comparable to the yield of the plants in the organic plot (Table 2),
ultimately resulting in a maximum yield in the higher density of the organic plot (Table 3).

Unfortunately, in the fourth and fifth production years, disease caused a rapid decline
in crop density (Figure 2). In the fourth year, the plants in the organic plots produced
generally larger individual yields than those in mineral plots (Table 2). The average yields
per area in the fertilization models differed, although not by much, as plant loss in the fourth
year was likewise higher in the organic model (Figure 2) than it was in the conventional
model. The yield per area in the organic plot, however, was much higher at a higher
density than it was at a lower one (Table 3). Finally, in the fifth year, with crop density
averaging 60% in mineral plots and less than 40% in organic plots compared to the initial
ones (Figure 2), the highest yield was observed in the higher-density mineral plot (Table 3).

3.3. Content of NPK Nutrients in Yield and Its Remouval from the Soil

The average content of N present in the aboveground plant at the time of harvest
during the third, fourth, and fifth production years was in the range 1.32-1.78% (Figure 3).
The content of N in the yield of S. montana decreased from the third to the fifth production
years. The implemented planting densities (3.6 and 5 plants m~2) had no effect on the level
of N in the plants’ biomass. Considering the applied fertilization models, the content of N
did not differ in plants produced in organic and mineral plots in the third and fourth years,
while in the fifth year, it was higher in plants treated with organic fertilizers than in those
treated with mineral fertilizers. Nitrogen removal, by yield, ranged on average from 4.78 to
17.57 g m~1, and it continuously decreased from the third to the fifth years (Figure 4). In
general, the removal of N was not affected by the applied fertilizers or planting densities.
Even though the N content was higher in plants in the organic plot in the fifth year, the
plants in both fertilizer plots removed the same amount of N by the end of the fifth year
due to the higher yield in the mineral plot.
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Figure 3. Nitrogen content (N%) in S. montana L yield in relation to fertilization and crop density
in the third to fifth production years; MIN—mineral plot; ORG—organic plot; lower crop density
(3.6 plants m~2), higher crop density (5 plants m~2); means + standard error followed by the same
letter in the same year are not significantly different (p < 0.05).
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The average content of P in plants right before the harvest, from the third to the
fifth production years, ranged from 0.30 to 0.47% and was not affected by fertilizers or
planting densities (Figure 5). The average P removal by the plant yield ranged from 1.43 to
4.54 g m~! and was not affected by treatments within the same production year (Figure 6).
Though without significance, slightly lower P removal was noticed at MIN x 3.6 plants
m 2 due to the lowest recorded P levels in plants. Considering K content in plants observed
during the third, fourth, and fifth production years, it was not affected by treatments and
ranged from 1.47 to 1.52% (Figure 7). As for K removal by plants, it ranged from 5.05 to
15.43 g m~!, with K removal not depending on applied treatments in the third year, whereas
in the fourth year, K removal was higher in the mineral plot and ORG x 5 plants m~2 with
similar removal observed in MIN x 5 plants m~2, in the fifth year. Considering that the
content of K was uniform in all three years, the strongest influence on its removal was the
decreasing yield from the third to the fifth years (Figure 8).
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Figure 5. Phosphorus content (P%) in S. montana L. yield in relation to fertilization and crop density
the third to fifth production years; MIN—mineral plot; ORG—organic plot; lower crop density
(3.6 plants m~2), higher crop density (5 plants m~2); means = standard error followed by the same
letter in the same year are not significantly different (p < 0.05).
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Given that S. montana was cultivated under a mulch film, when calculating the removal
of each macronutrient per unit of area, it was assumed that PPWF covered approximately
70% of the total experimental area (10.000 m?), with the remaining area (30%) being the
intermediate paths.

The average N removal, by yield, in the third, fourth, and fifth years in the mineral
plots was 17.08, 8.41, and 6.11 g m?, respectively, while in organic plots, it was 16.62, 8.28,
and 5.43 g m~!, respectively, regardless of crop density. On 7000 m?, in the third, fifth, and
fifth years, it accounted for 120, 59, and 43 kg ha~! in both fertilization plots, respectively.

The average P removal, by yield, in the third, fourth, and fifth years in the mineral plots
was 3.83,2.42, and 1.94 g m ™!, respectively, while in the organic plots, it was 4.33, 2.75, and
1.40 g m~, respectively, regardless of crop density. On 7000 m?, it accounted for 27, 17, and
14 kg ha~! in the mineral plots and 30, 19, and 10 kg ha~! in the organic plots, respectively.

The average K removal, by yield, in the third, fourth, and fifth years in the mineral plots
was 14.86, 8.34, and 6.82 g m?, respectively, while in the organic plots, it was 14.71, 8.29, and
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5.33 g m~!, respectively, regardless of crop density. On 7000 m?, it accounted for 104, 58, and
48 kg ha~! in the mineral plots and 103, 58, and 37 kg ha~! in the organic plots, respectively.
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Figure 8. Potassium removal (K g m~1), by yield, with regard to crop density and fertilization
models in three experimental years; MIN—mineral plot; ORG—organic plot; lower crop density
(3.6 plants m_z), higher crop density (5 plants m_z) ; error bars denote standard error; means followed
by the same letter in same year are not significantly different (p < 0.05).

4. Discussion
4.1. Crop Density

In the first two years of production, the development of plants has proven satisfactory,
with a denoted average loss of 11% by the end of the second production year in regard to the
total number of planted plants, regardless of the applied treatments. Though the harvest in
the first year was performed late, followed by a relatively cold winter without snow cover
and very low temperatures (Figure 1), plants successfully overwintered and adapted to the
temperate continental climate conditions of the South Banat. Higher-crop-density plants
began to close inter-row spaces by the end of the second year, whereas lower-crop-density
plants occupied only spaces within the rows [36].

The success of mulch in providing favorable growth conditions for plants depends
on the appropriate selection of mulch material, soil physico-chemical properties, and the
climatic circumstances in which the plant grows. In a previous study conducted with
Arnica montana [43], black and silver polyethylene plastic (PE) mulch resulted in a higher
number of flowers per plant, with a positive influence on rosette diameter and plant height
compared with the same crop cultivated without mulching. A higher biomass yield was
gained with PE mulch as it elevated the soil temperature and preserved soil moisture, thus
favoring initial plant growth. On the other hand, due to high air temperatures and drought,
a decrease in root yield has been reported in Gentiana lutea L. cultivated under black and
silver PE mulch [44].

The positive effect of PPWF in our study was recognized with the securing of un-
hindered initial growth of plants by suppressing weeds in the first two years of plant
production until the full crop closure in the third production year, as the summer period
of the second production year was characterized by a lack of precipitation and slightly
higher temperatures. Using PPWEF in the cultivation of S. montana ensured successful weed
management and water efficiency by relying on rainfall for water irrigation throughout the
entire duration of crop production in dry farming conditions. Furthermore, allowing gas
exchange with PPWF avoided the potentially negative effect of heated air accumulation, as
seen in Gentiana lutea cultivated under PE mulch [44]. In an experiment conducted in the
cultivation of Mentha piperita L., the use of PPWF proved to be the most effective in weed
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suppression as compared to many other synthetic mulches [45]. Even though mulch was
no longer present from the third to the sixth production years, the weed control achieved by
using water—air permeable yet biodegradable film was critical in resulting in high Gentiana
root yield in the fifth and sixth production years [44].

Although many studies emphasized the advantages of using mulch in medicinal plant
cultivation, a few studies also reported that mulches contribute to the development of
soil-borne pathogens. In studies conducted with Thymus vulgaris L. [46,47], plastic mulch
was not beneficial to the crop as it promoted the development of soil fungal diseases.
Disease occurrence on Nepeta cataria and Hypericum perforatum cultivated under the wool
mat was 31% and 46%, respectively, whereas under the oat straw, it was 25% and 11%,
respectively [10]. In this study, the number of decayed S. montana plants increased as the
crop aged. The first signs of plant decline related to the disease (3.2%) were observed by the
end of the second year of production [36]. Afterwards, no significant additional loss was
observed in the third production year compared to the previous one, as climate conditions
favored plant development with satisfactory sums of temperatures and precipitation,
resulting in a yield that reached its maximum. Crop density was equally preserved in both
fertilization models, with an average of 86%, regardless of applied densities. Nevertheless,
in the fourth and fifth production years, severe loss was observed due to disease. It
was noted that segments of branches dry up until the whole plant declines. Symptoms
were asymmetrically or randomly distributed in individual plants as well as across a
field, particularly in the advanced stages of infection. Noticeable symptoms resembled
those caused by some soil-borne pathogens, Verticillium spp., and/or Fusarium spp. [40,41].
Literature data on the diseases and pests of Satureja species scarcely exist. However, wilt,
either caused by Verticillium spp. or Fusarium spp., is a disease that may occur during the
cultivation of species of the genus Satureja [48,49]. For many crops, economic losses due to
soil-borne pathogens are estimated to be 50-75% of the attainable yield [50]. To date, no
effective fungicides for the permanent suppression of Verticillium spp. have been made.
The most effective method for controlling diseases caused by soil-borne pathogens has
proven to be soil fumigation with chloropicrin and methyl bromide. Nevertheless, due to
the potential risks to human health and the environment, many countries have banned the
use of these compounds [51]. On the other hand, medicinal plants belong to the group of
“minor crops”, and a major problem in their cultivation is a lack of registered and available
protection preparations in the market. The use of unapproved preparations may result
in a law violation as well as a risk to consumer health due to pesticide residues found in
herbal material [52]. With all of this in mind, it is easy to understand why the pathogens
in our study were so difficult to control once they appeared. Additionally, since the study
on S. montana was set up under PPWF and full crop density closure occurred in the third
production year, soil fumigation was impossible to implement.

Soil-borne pathogens are more dangerous and infectious in conditions with higher
soil moisture and lower soil temperature [49]. Similar findings were confirmed while
investigating the pathogenicity of Phytophthora clandestine and Pythium irrequlare in Trifolium
subterraneum, which cause root infection [53,54]. Furthermore, it has been demonstrated
that a higher frequency of extreme rain events can saturate the soil, favoring conditions for
the development of soil-borne pathogens [55].

In this regard, a significant difference in climatic conditions was observed during
the experimental period 2016-2020, which could be explained by the calculated five-year
averages of precipitation and temperature shown in Figure 1. In August 2016, an extremely
rainy period was recorded, with precipitation being 90% higher than the calculated five-year
average, though crop production was not negatively affected. Although a dry summer was
observed in 2017, with precipitations being 80% and 30% lower in June and July, respectively,
than the calculated five-year average, moisture was conserved under the mulch, which
favored crop development. In 2018, except for the low precipitation observed in May, the
sums of precipitation and temperatures corresponded to the averages. Nevertheless, an
extremely rainy period with lower temperatures was observed in 2019 and 2020 when
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compared to the calculated five-year averages of precipitation and temperature. Thus,
the precipitations in May, June, and July of 2019 were 40%, 20%, and 30% higher, while
those in June and July of 2020 were 60% and 20% higher than the calculated five-year
average, respectively. Additionally, the temperatures in the indicated periods in 2019
and 2020 were, on average, 1.5 °C and 2.2 °C lower than those of the calculated five-year
average, respectively.

There is an assumption that a combination of factors such as PPWF being applied to
the soil with high clay content (>42%) and the occurrence of extreme rainfalls contributed
to creating favorable conditions (high soil moisture and low soil temperature) for the
development of soil-borne pathogens and, thus, the severe plant loss in the fourth and
fifth vegetation seasons. Considering the progression of climate change in the future
and the appearance of extreme weather conditions, particularly high rainfalls, there is a
possibility of reestablishing conditions in the soil that might promote the development
of soil-borne pathogens again. In that regard, this should be taken into account when
mulching heavy soils.

4.2. Yield

In the first year of production, plants developed uniformly in both fertilized plots,
were supplied with enough available nutrients, and were grown in favorable growing con-
ditions, with the applied densities providing them sulfficient space for development. PPWF
prevented weeds from competing for nutrients and light in the soil and promoted early
vegetative growth of the cultivated crops, as observed when investigating the efficiency
of two different polypropylene black mulches on the growth of Rosmarinus officinalis L.,
Lavandula officinalis L., and Thymus vulgaris L. [56].

In the second production year, nutrient availability affected individual plant develop-
ment in such a way that S. montana plants in the lower-density plots were more supplied
than those in higher-density plots, as they competed for nutrients in an equal-sized area. It
resulted in larger plants for plots with lower densities, occupying an area larger than 0.2 m?,
which was also the amount of space available to the plants in denser formations. In terms
of the effect of planting densities, investigations on S. montana L., Satureja sahendica Bornm,
and Satureja khuzestanica Jamzad [23,57,58] revealed that plants grew larger in diameter
with wider spacing, allowing more branching and lateral growth of the shoots, whereas
dense cultivation resulted in higher yields per area. Other studies [59-64] discovered that
narrower spacing resulted in higher yields per unit area.

In the second production year, though a 15% higher yield in the organic plot was
noted, there was no difference in yield per area for higher densities in either fertilizer plots.
Even if the difference was not statistically confirmed, the higher yield in the denser organic
plot suggested a trend of increasing yields per area in subsequent years. Similar to our
results, in the second production year of Satureja mutica cultivated under dry farming con-
ditions [65], treatments involving cattle manure and the highest applied planting density
(80,000 plants ha~!) gave the highest dry yield compared to the plot with lower planting densi-
ties (40,000 and 26,666 plants ha_l) without any fertilizer. When assuming that mineralization
intensifies under mulch due to conserved moisture and optimal temperature for microbial
activity, a greater influence of organic fertilization on plant growth over mineral fertilization
is observed in the second and third years after fertilizer application [65,66]. Finally, after the
plots were closed and full crop density was reached in the third production year, the highest
yield (on average, 1016 g m~!) was detected in the denser organic plot compared to the yields
in the mineral plots with higher (in average 984 g m~!) and lower (in average 987 gm™!)
densities. When calculated on a 7000 m? area under the crop (mulch area), it accounted
for average yields of 7114 kg ha~! in the higher-density organic plot and 6887 kg ha~! and
6906 kg ha~! for the higher- and lower-density mineral plots, respectively. Thus, it leads to the
conclusion that a satisfactory level of nutrition in winter savory for maximum yield could be
provided with the application of organic fertilizers. There has been a similar study on fertilizer
application reported on another species of the Satureja genus. Thus, testing the effects of cow
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manure (30 t ha~!) and an NPK fertilizer (50:25:25 kg ha~!) on yield in a two-year production
of Satureja macrantha C.A.Mey [67] showed that plants treated only with cow manure and with
a combination NPK and cow manure gave, on average, 22% and 18%, respectively, higher
yield compared to the control (2000 kg ha~! yield).

Severe yield loss was observed in the fourth and fifth production years, in which the
drawbacks of the applied mulch on clay soil in circumstances of high rainfall and low soil
temperature were seen. It was assumed that mulch, during months with a higher precipita-
tion rate, retained excess soil moisture and, with poor drainage in clay soil, contributed to
increased soil-borne pathogen development. The potential drawbacks of the applied mulch
were described in some studies. Hence, the cultivated Origanum majorana L. [68] did not
benefit from mulching, since higher yields were gained without mulching (96 kg 100 m~2)
than with mulching (80 kg 100 m~2), as plants under the mulch were severely affected by
fungal diseases (Alternaria sp. and Botrytis cinerea). Similarly, it was revealed that mulching
was not beneficial for Thymus vulgaris L. production [47], because the occurrence of high
rainfall and used drip irrigation under PE mulch was attributed to a high incidence of
fungal diseases, resulting in the lowest yield (332 kg ha~—!) compared to the highest yield
(1604 kg ha~!) gained with irrigation and without mulch.

4.3. Content of NPK Nutrients in Herb and Removal, by Yield

The content of the three major plant nutrients, nitrogen (N), phosphorus (P), and
potassium (K), in the aboveground plant biomass and their removal from the soil are
considered indicators of whether the cultivated plants were properly supplied with the
implemented fertilization models in each of the tested planting densities.

Nitrogen (N) is a constituent of a number of organic compounds, such as amino acids,
proteins, nucleic acids, and secondary metabolites. Depending on the plant species, organs,
and age, the content in plant tissues is in the range of 1-5% (10-50 g kg~ !) of total plant
dry matter [69]. In our study, observed in dry aerial plant parts, the highest N content,
by average, was 1.72%, noted in the third production year, and the average N content
decreased by 13% and 16% in the fourth and fifth production years, respectively. The highest
average N content of 4% was observed in the first production year of S. macrantha L. [70],
which was higher than the highest average N content (1.8%) obtained in the treatment
MIN x 3.6 plants m~2 in the third year of our trial. During a two-year production period,
a similar N content (3.6%) was discovered in the herb of S. hortensis L. [ [71]. The lower N
content present in the plants from our trial when compared to the reported ones could be
explained by the difference in the plants” ages, since a higher N content is usually present
in younger plants. After the third production year and with the crop aging, the proportion
of woody stems in the structure of the aerial part of S. montana becomes higher.

The achieved plant yield per area being equal in both the mineral and organic plots
in the third production year indicates favorable conditions for the N mineralization of the
applied organic fertilizer due to optimal moisture and temperature conditions for microbial
activity under mulch. In contrast, in the fourth and fifth years, it was assumed that excess
moisture conserved under mulch on heavy clay soil during rainy seasons resulted in
conditions conducive to reduced N uptake under anaerobic conditions. In that regard,
it was confirmed that clay soils impeded N uptake due to higher saturation levels [72].
Nitrogen-deficient plants are often stunted with narrow leaves. Chlorosis, caused by a
nitrogen deficiency, commonly develops in older leaves as N is remobilized to younger
leaves. In the field, N-deficient crops appear light green or even yellow [69]. S. montana
plants in this study were properly supplied with N throughout the study, regardless of
treatment, with no signs of N deficiency.

Phosphorus (P) is a structural constituent of nucleic acids, as well as a component of
the ATP/ADP system in plant cells. It is also required for carbohydrates to be transported
in leaf cells. The most common phosphorus needs for optimal plant growth during the
growing season are in the range of 0.3-0.5% (3-5 mg g~!) of total plant dry matter [69].
In our study, the content of P in the aerial part of S. montana was in that exact interval
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(Figure 4). In the third year, the highest average P content (0.5%) in S. montana plants was
achieved in treatment MIN x 5 plants m 2. Other fertilization experiments revealed a lower
P content in various Satureja species. For instance, in the two-year production of S. mutica
Fisch. & C.A. Mey [73], the highest average P content was 0.24%, while a P content of
0.3% was found in S. macrantha C.A .Mey [70], which corresponds to the lowest P content
recorded in the treatment MIN x 3.6 plants m~2 in the third year. In a two-year production
of S. macrantha C.A Mey [67], 0.33% of P was reported in the first year in which the applied
mineral fertilizer was reported and 0.38% of P was reported for the combined organic and
mineral fertilizer in the second year. When compared to the results in our study, a higher
content was determined with the applied mineral fertilizer (0.47% in MIN x 5 plants m 2
in the third year), whereas the average P content in our study, with regard to the applied
fertilizers, was 0.42%, which coincides with the P content in S. macrantha C.A.Mey [67] in
the second production year.

Plants appear stunted in P deficiency; there is a reduction in leaf number and expan-
sion; the foliage turns dark green or, in severe cases, reddish-purple; the shoot growth
rate is inhibited; and the formation of reproductive organs is inhibited. Flower initiation
is delayed; the number of flowers decreases; and seed formation is restricted [69]. Plant
species that grow on soils very poor in phosphorus are adapted to lower concentrations of
P [74]. In our study, a P content of 0.42%, present in the analyzed plant material taken in the
third, fourth, and fifth years, is typical of plant P contents on a dry mass basis, indicating
that the plants received adequate P supplementation throughout the trial period and that
there were no signs of P deficiency.

Potassium (K) is required by plants in approximately the same amounts as nitrogen
(N). The main role of K is osmoregulation, which is important for cell extension and stomata
movement. Potassium affects the rate of mass flow-driven solute movement within the
plant. It is required for enzyme activation, protein synthesis, photosynthesis, carbohydrate
transport, and water regulation in plants. The K requirement for optimal plant growth is
2-5% (20-50 g kg~ !) of total plant dry matter [69]. K was present in plants at an average
of 1.5% in the analyzed plant material taken in the third, fourth, and fifth years. Higher
contents of K were observed in other species of the Satureja genus. For example, studies in
a two-year cultivation of S. macrantha [67,70] reported highest average K contents of 4.3%
and 3.5%, respectively, whereas in a two-year production of S. mutica, the highest average
K content was 3.3% [73].

The uptake of K occurs in the K+ form. As potassium forms no organic compounds
within the plant, it remains in the ionic K+ form. In the soil, K is much less mobile than N but
more mobile than P [69]. In clay soils, K ions can be fixed in the interlamellar spaces of clay
minerals, which reduces their availability to plants [75]. Although the trial was set up on soil
with high clay content, according to the soil analysis, the amount of K present in the soil was at
optimal levels (Table 1). When K levels are low, plants become stunted and develop poor root
systems; K transports from mature leaves to younger leaves. Mature leaves become chlorotic
and necrotic, which results in leaf shedding as the deficiency continues. Furthermore, it
causes other plant disorders such as decreased turgor; decreased cambium growth rate;
and disruption of lignification of vascular bundles, which leads to increased lodging in
some plants [69]. Despite this, none of these symptoms were observed on S. montana plants
throughout the years of cultivation. In addition, although a higher K content was found
in other Satureja species, in our study, the level of K in the aboveground part at the time of
harvest was found to be at a uniform level of approximately 1.5%. That level did not depend
on the applied treatments or the climatic differences of the growing seasons (Figure 1). It
could be concluded that the plants were sufficiently supplied with K+ during the entire
growing period, and it was assumed that the content of 1.5% K+ in the aboveground part is
characteristic for S. montana in the period of full crop development.

The average N, P, and K removal in the third year coincided with the removal of
nutrients by the Satureja species dry aerial plant yield reported by Bomme and Nast [76],
who also recommended proper dosages of applied fertilizers comparable to those used in

57



Horticulturae 2023, 9, 147

References

this trial, though slightly modified by taking into account soil analysis data. Even though
nutrient removal, by yield, decreased dramatically in the fourth and fifth years due to
disease-affected yield, it suggested that an appropriate single dose of fertilizer was applied
in both the organic and mineral models.

5. Conclusions

According to the obtained results, wider spacing of S. montana resulted in higher
yields per plant, whereas narrower spacing resulted in higher yields per unit area. In the
third production year, the yield achieved with the application of organic fertilizer during
dense cultivation was comparable with the yield obtained in the mineral plot, and that
year produced the highest yields. According to the results on macronutrient content, the
Satureja plants were properly supplied with N, P, and K during the entire duration of
the trial, regardless of the type of applied fertilizer, and without the manifestation of any
deficiencies, whereas an equal level of NPK nutrients removed, by yield, in both tested
fertilization plots suggested that a single basal fertilization plus a single additional surface
fertilization in spring of the second year were applied in an appropriate amount in both
fertilization plots.

Based on these findings, it is possible to conclude that, in situations where surface
fertilizer application is no longer feasible after mulching, the use of organic fertilizer at high
plant density, in an appropriate single dose, could provide satisfactory nutrition levels for a
cultivated crop comparable to mineral-fertilizer nutrition levels. This might be encouraging
for further organic agriculture applications in medicinal crop production.

In regard to S. montana cultivation on heavy clay soil, PPWF allowed rainwater infiltra-
tion and was effective in terms of water-use efficiency and weed suppression. Nevertheless,
the occurrence of extreme rainfalls resulted in severe yield loss due to excess moisture
preserved under the mulch, creating conditions favorable for the development of soil-borne
pathogens. Since extreme rainfalls are anticipated to reappear in the future as a result of
climate change, the cultivation of winter savory could be primarily constrained by heavy
soil texture. Other mulch materials, such as organic materials for S. montana cultivation on
heavy clay soil, should be further explored.
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Abstract: The chamomile drug (Chamomillae anthodium) is widely known and has been used as a
medicine for ages. Today, the drug is officially registered in the European Pharmacopoeia. Despite the
economic importance of the chamomile Matricaria recutita L., little is known about the extent and nature
of the essential oil variability and composition of this species in Albania. Therefore, information about the
extent of the uses of various gene pools is extremely valuable for the development of future chamomile
cultivation and breeding programs. This study aimed to analyze the differences among 29 populations
in different sites in central Albania. The quantities of essential oils ranged from a low of 0.10 & 0.01% in
Fier and Tirana to a high of 0.75 + 0.05% in Linz€. The yield of volatile oils depended on the geography,
altitude, and other factors, including stress influences on the site of plant population growth. This fact
was confirmed by various subclimatic characteristics obtained from individual localities. Essential oil
extracted from chamomile inflorescences was recorded to have between 23 and 43 chemical components.
It was found that /-/-x-bisabololoxides B and A were the major constituents in 25 samples, with
only 4 having dominant /-/-o-bisabolol. The uniquely determined chemical type of the chamomile
wild populations in Albania was chemical type B (/-/-a-bisabololoxide B > /-/-a-bisabololoxide A >
/-/-«-bisabolol). Based on the study of chamomile’s pharmacodynamic properties, the sesquiterpenes /-
/-o-bisabolol and chamazulene are considered to be the most valuable constituents. Consequently, a very
intensive improvement breeding program must begin, with emphasis on drug yield, polyploidization,
essential oil quantity, and both component contents in the oil.

Keywords: chamomile; chemical type; essential oil; GC-MS; sesquiterpenes; central Albania

1. Introduction

Chamomile, Matricaria recutita L., of the Asteraceae family, is of great importance as a
raw material in pharmaceutical, cosmetic, and food industries [1]. The species is native to
eastern and southern Europe as well as parts of western Asia and now occurs throughout
almost all of Europe as well as Turkey and the Caucasus region (Georgia), in addition
to parts of Iran and Afghanistan [2]. The material of commerce is obtained, for the most
part, from farms in Egypt, Germany, Argentina, Poland, and, to a lesser extent, Chile [3],
the Czech Republic, Slovakia, Spain, and several of the Balkan countries (Bosnia and
Herzegovina, Bulgaria, Croatia, and Serbia). It is also wild-collected for commercial trade
in Hungary, as well as in Albania, Bulgaria, Croatia, Kosovo, and North Macedonia [4,5].

In Albania, chamomile plants are commonly consumed as a tea [6]. They have a
long history as an effective herbal remedy used in folk medicine to treat fevers, common
colds, cough stomach ailments, and gastrointestinal disorders, and their constituents show
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antiseptic, anti-inflammatory, and antispasmodic properties. They are usually drunk as an
infusion but can also be added to bathwater to soothe dermatitis. The chamomile drug in
pharmaceutic products is commonly used in the form of macerates, extracts, infusions, and
essential oils. Similar raw materials are added to a variety of cosmetic preparations such as
creams, soaps, skin lotions, bath ingredients, hair shampoos, etc. [7].

The geographical distribution of ubiquitous chamomile populations in the Balkan country
involves mainly grassy sites, uncultivated areas, along roads, and in house yards; they are
less cultivated as a commercial medicinal plant. They reach 1200 m in altitude, ranging from
fields to alpine valleys. They occur in sun-loving (heliophilous) or medium shade-loving
(mesoskiophilous) conditions. The species is commonly found in rich base soils, more or less
rich in nutrients with a basic or slightly acidic pH, and very dry and cool soils [8].

This complex study presents the yield variation of chamomile essential oils and the
sesquiterpene compositions (/-/-«-bisabololoxide B, /-/-a-bisabololoxide A, /-/-a-bisabolol,
chamazulene, and en-yn-dicycloethers) of autochthonous populations in central Albania.
Despite the economic importance of the chamomile, Matricaria recutita L., little is known about
the extent and nature of the essential oil variability and composition of this species in Albania.
Therefore, information about the extent of uses of various gene pools is extremely valuable for
the development of future chamomile cultivation and breeding programs.

2. Material and Methods
2.1. Collection of the Plant Material

Inflorescences were collected from 29 localities in central Albania in period from 2017
to 2019 (Table 1, Figure 1). The typical biotopes and plant formations of this plant species
were dry lawns, forest margins, footpath margins, house yards, countryside, and around
ruins. It is principally associated with forest margins (Origanetalia) and invasive oak forest
(Quercus pubescenti-petraeae) [9].

Tn

SHKODER

Figure 1. Albania (www.d-maps.com) with its prefectures and the localities, where chamomile flower
samples were collected: 1. Baldushk, 2. Rruga Gijiri i Lazit, 3. Zall Her, 4. Dajti, 5. Linz¢, 6. Skrapar:
Melove, 7. Verbas, 8. Kugové, 9. Krujé: Larushk, 10. Korgé, 11. Poshnje: Berat, 12. Karbunaré Lushnjg,
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13. Karbunaré e Vogél, 14. Kugové: Rruga S. Zuber, 15. Kugové: Rruga Kozare, 16. Gjokaj, 17. Tirana:
Botanic Garden, 18. Tirana: Grand Park, 19. Skrapar: Tomorri Mount., 20. Sheqeras, 21. Krujé: Droja,
22. Tapizg, 23. Kugové: Parku i Qytetit, 24. Poshnje, 25. Lezh€, 26. Lezhé: Kolsh, 27. Fush¢ Preze:
Palaq, 28. Fushe¢ Prezg, 29. Fier.

Table 1. The basic characters of selected sites in Albania with the occurrence of chamomile populations.

Terrestrial Altitude

Geographical

Locality Latitude Longitude [m] Aspect Slope
01 Baldushk N 40°38'43" E 20°59/38"/ 250 south-west 30°
02 Rruga Gjiri i Lazit N 41°37/17" E 19°60'56"' 27 north-west 10°
03 Zall Her N 41°38'92" E 19°82'59" 115 north-west 0°
04 Dajti N 41°21'57" E 19°55/32" 450 north-west 15°
05 Linze N 41°35/34"" E 19°88/35" 400 north-west 12°
06 Skrapar: Melove N 40°58/85"" E 20°28'75" 879 South 0°
07 Verbas N 40°70'16" E 19°61'59" 22 south-west 7°
08 Kucové N 40°80'44"" E 19°91/34" 44 south-west 5°
09 Krujé: Larushk N 41°43/68"" E 19°73/27" 33 north-west 17°
10 Korgé N 40°61/58"" E 20°77'72" 870 south-east 27°
11 Poshnje Berat N 40°78'29" E 19°84/43" 26 south-west 30°
12 Karbunaré Lushnjgé N 40°92/60" E 19°76/82" 99 south-west 0°
13 Karbunaré e Voggl N 40°9192" E 19°71'89"” 16 south-west 0°
14 Kugové: Rruga S. Zuber N 40°80'13" E 19°91/49" 48 south-west 16°
15 Kugové: Rruga Kozare N 40°86'78" E 19°92'10"” 37 south-west 2°
16 Gjokaj N 41°35'87"" E 19°67'38" 88 north-west 1°
17 Tirana: Botanic Garden N 41°32'68" E 19°81'87" 200 north-west 13°
18 Tirana: Grand Park N 41°31'14" E 19°82/94" 154 north-west 21°
19 Skrapar: Tomorri Mount. N 40°66'12" E 20°17'01" 1708 South 30°
20 Shegeras N 40°74'53" E 20°77'07" 815 south-east 30°
21 Krujé: Droja N 41°51'11"” E 19°79'23" 543 north-west 30°
22 Tapize N 41°41'61"" E 19°75'99" 55 north-west 31°
23 Kugové: Parku i Qytetit N 40°80'45" E 19°91'44" 46 south-west 10°
24 Poshnje N 40°78/29" E 19°84/43" 26 south-west 30°
25 Lezheé N 41°77'65"" E 19°64/74" 0 north-west 8°
26 Lezhe Kolsh N 41°77'87" E 19°68'85" 336 north-west 30°
27 Fushé Prezé: Palaq N 41°40'24" E 19°66'92" 52 north-west 9°
28 Fushé Prez¢ N 41°4024" E 19°66'92" 52 north-west 4°
29 Fier N 40°72'51"" E 19°55/82"" 20 south-east 0°

The flower heads were separated and dried in a sheltered, open air area at a tempera-
ture below 32 °C for 14 to 20 days with low humidity of 2 to 5%. The moisture content of
the flower tissue was lowered to 12% to prevent mold infection. The dried materials were
cleaned, packed, labelled, and stored in a clean and dry place until further use.
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2.2. Chamomile Oil Isolation

Each sample of dried flower with a weight of 20 g was ground in a blender. The
essential oil from this raw material was prepared using hydro-distillation (2 h) in Clevenger-
type apparatus according to the European Pharmacopoeia (Ph. Eur.) 10th Edition [10].
Hexane was used as a collecting solvent. The essential oils were stored under N; at +4 °C
in a dark space before their GC-FID and GC-MS analyses.

2.3. GC-FID Analysis

The analysis of the chamomile essential oils was carried out using a Vega Series
Carloerba gas chromatograph, connected to a Spectrophysics SP 4270 integrator. The
following operating conditions were used: column: DB5, 30 m x 0.32 mm inner diameter
(i.d.); film thickness: 0.25 mm; carrier gas: nitrogen, adjusted to a flux of 1 mL per min; and
injection and FID-detector temperatures: 220 and 250 °C, respectively. Components were
identified using their GC retention times, and the resulting values were comparable to those
of the literature. Oil component standards for comparison were supplied by Extrasynthese,
s.a., Genay, France.

2.4. GC/MS Analysis

GC/MS analysis was carried out on a Varian 450-GC connected with a Varian 220-
MS. The separation was achieved using a Factor Four TM: Capillary Column VF 5 ms
(30 m x 0.25 mm i.d., 0.25 um film thickness). Injector type 1177 was heated at temperature
220 °C. Injection mode was split less (1 uL of a 1:1000 n-hexane/diethyl ether solution).
Helium was used as a carrier gas at a constant column flow rate of 1.2 mL per min. Column
temperature was programmed: initial temperature was 50 °C for 10 min, then up to 100 °C
at 3 °C per min, isothermal condition for 5 min and then continued to heating at 150 °C
at 10 °C per min. Total time for analysis of one sample was completed in 59.97 min.
Identification of components was performed by comparison of their mass spectra with
those stored in NIST 02 mass spectra from the literature [11] and a home-made library, as
well as on comparison of their retention indices with the standards.

2.5. Statistical Analysis

Statistical analysis was performed using confidence intervals with a significance level
p < 0.05 using calculation through the mean, standard deviation, and standard error.

The differences between chamomile populations for the mean values of the essential
oil constituents were carried out using ANOVA analysis. All statistics data were calculated
employing the SAS JMP Statistical Discovery and a dendrogram (ward method) [12],
and a relationship diagram (chamomile populations x the essential oil constituents) was
carried out.

3. Results
3.1. The Dependence of Essential Chamomile Oil Yield on Their Habitats

The chamomile essential oil hydro-distilled from the fresh dried flower samples from
all localities was pastel bluish and later turned greenish yellow. The oil from the Albanian
locations of Zall Her (locality 03), Dajti (locality 04), Kugové (locality 08), and Linzé (locality
05) had a deeper blue color. The yield ranged from 0.10 & 0.01% (v/w) in Fier (locality 29)
and the Botanical Garden in Tirana (locality 17) to 0.75 £ 0.05% (v/w) on a dry-weight basis
in Linzé (locality 05) (Table 2). The quantity of extractible substances using 60% ethanol did
not correspond to the amount of essential oil isolated from the flower heads (Table 2).
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Table 2. Chamomile inflorescence’s yield of essential oil in % (v/w — expressed as a dry weight).

Habitat/Locality Ex.tractibole Substancoes Essentia}) Oil Yield
using 60% Ethanol [%] [%]
01 Baldushk 240+0.5 0.40 £+ 0.05
02 Rruga Gjiri i Lazit 235+£05 0.40 £ 0.05
03 Zall Her 33.0+£0.5 0.45 £+ 0.05
04 Daijti 31.5+0.5 0.50 £ 0.06
05 Linze 33.0+0.5 0.75 £ 0.05
06 Skrapar: Melove 29.0£1.0 0.60 £ 0.02
07 Verbas 35.0+ 1.0 0.28 4+ 0.02
08 Kucové 23.0+1.0 0.20 £ 0.02
09 Krujé: Larushk 28.0 £ 1.0 0.30 &+ 0.02
10 Korgé 340+ 1.5 0.22 4+ 0.02
11 Poshnje: Berat 340+ 1.0 0.52 4 0.03
12 Karbunaré Lushnjé 25.0+0.5 0.35 +0.02
13 Karbunaré e Vogél 38.0+ 1.5 0.37 £ 0.02
14 Kugové: Rruga S. Zuber 31.0+1.0 0.53 + 0.02
15 Kugové: Rruga Kozare 34.0£1.0 0.40 £ 0.02
16 Gjokaj 28.0+0.5 0.20 £ 0.02
17 Tirana: Botanic Garden 21.0£ 0.5 0.10 £0.01
18 Tirana: Grand Park 27.5£05 0.15 £ 0.01
19 Skrapar: Tomorri Mount. 29.0£1.0 0.40 + 0.02
20 Shegeras 29.0£1.0 0.20 £ 0.02
21 Krujé: Droja 35.0+ 1.0 0.34 +0.02
22 Tapize 33.0+1.0 0.40 + 0.02
23 Kugové: Parku i Qytetit 35.0=£1.0 0.44 £ 0.03
24 Poshnje 240+1.0 0.35 +0.02
25 Lezhe 36.0+ 1.5 0.36 & 0.02
26 Lezhé Kolsh 39.0+1.0 0.42 +0.03
27 Fushe¢ Prezé: Palaq 31.0+1.0 0.40 £+ 0.02
28 Fush¢ Preze 39.0+1.0 0.26 £+ 0.02
29 Fier 27.0+ 1.0 0.10 £ 0.01

3.2. Qualitative and Quantitative Composition of Essential Oils

The total chemical profile of the tested essential oils of three selected samples from
the localities of Poshnje Berat (locality 11), Krujé Larushk (locality 09), and Lezhé Kolsh
(locality 26) are shown in Figure 2, whereas the qualitative and quantitative compositions
of the isolated essential oils are shown in Table 3.

However, the quantitative composition of the individual components in the isolated
essential oils differed. Essential oil extracted from the chamomile flower sample from
the Poshnje Berat locality was recorded to contain 43 chemical components. It was found
that /-/-«-bisabololoxide B was the major constituent (45.47 & 3.5%), followed by /-/-a-
bisabolol (17.01 =+ 1.0%), cis-, trans-en-yn-dicycloether (10.98 £ 1.0%), /-/-«-bisabololoxide
A (10.33 £ 1.0%), and chamazulene (0.63 £ 0.1%). The essential oil composition from Krujé:
Larushk had 23 chemical constituents determined, with dominant /-/-«-bisabololoxide
A (34.95 £ 3.0%) and /-/-«-bisabololoxide B (26.62 £ 2.0%), followed by /-/-o-bisabolol
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(16.27 £ 1.0%), cis-, trans-en-yn-dicycloether (5.16 & 0.7%), and chamazulene (3.71 &£ 0.2%).
The content of the most abundant components (/-/-a-bisabolol and chamazulene) was
highest in the oil isolated from the Lezhé: Kolsh (26) locality (39.69 & 2.0% and 6.16 & 1.0%,
respectively; Table 3). In addition, pre-treatment resulted in a higher content of cis-,
trans-en-yn-dicycloether (17.24 £ 1.5%), /-/-a-bisabololoxide A (16.78 £ 1.0%), and /-/-«-
bisabololoxide B (10.24 £ 1.0%) from 27 identified secondary metabolites.
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Figure 2. The differences in the chromatographic profiles of chamomile essential oil from three
Albanian localities: Poshnje Berat, Krujé Larushk and Lezh¢ Kolsh.
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Table 3. Main components of the essential oil isolated from chamomile inflorescences belonging to

central Albania.

Basic Composition of Essential Oil in %

Localities
Fa Bo Ch BoA BoB c-,t-Dc
01 Baldushk 35£05 115+ 1.0 1.0+0.1 127 £1.0 29.5+2.0 70+£1.0
02 Rruga Gjiri i Lazit 40+0.5 125+ 1.0 40+0.5 20.5£25 26.0 £2.0 9.0£15
03 Zall Her 82+15 13.5+ 1.0 11.0+ 05 115+15 305+25 85+1.0
04 Dajti 82+15 155+ 2.0 75+15 120£15 32.0£3.0 55+05
05 Linze 82+15 162 +2.0 50£0.7 140+£15 31.0£3.0 50£05
06 Skrapar: Melove 70+£1.0 16.0 £ 1.0 1.5+0.2 16.0£1.0 28.0 £2.0 12.0£20
07 Verbas 11.0+ 1.0 16.0 + 1.0 1.2+02 141+1.0 16.0 £ 1.0 16.0 £ 25
08 Kugové 25+£05 16.0 = 1.0 10.0 £ 1.0 125+ 05 29.0 £2.0 8.0£05
09 Krujé Larushk 20£02 161+ 1.0 1.6 £0.2 320£3.0 24.0+2.0 75+15
10 Korgé 3.0£05 17.0+ 1.0 0.8+0.1 27.0+£20 32.0+3.0 16.0 £2.0
11 Poshnje Berat 3.0£05 16.0 = 1.0 03+£0.1 10.0 = 1.0 46.0 £ 3.5 120£15
12 Karbunaré Lushnjé 6.0£1.0 165+ 1.0 1.5+0.1 9.5+£1.0 267 £1.5 10.0£1.0
13 Karbunaré e Vogél 51+£1.0 18.0 + 1.0 0.7 £0.2 240+£20 260+ 15 6.0+ 05
14 Kugové: Rruga S. Zuber 51£1.0 19.0+1.0 20£02 18.0£1.0 29.0 £2.0 10.0 £1.0
15 Kugové: Rruga Kozare 4.04+0.5 18.0 + 1.0 14+02 22.0+20 36.0 £2.0 120+ 2.0
16 Gjokaj 57+£1.0 185+ 1.0 0.5+0.1 142 +£20 32.7+20 9.0£15
17 Tirana: Botanic Garden 6.5+1.0 240£1.0 1.5+04 8.0+£1.0 19.7 £2.0 45+05
18 Tirana: Grand Park 454+1.0 250+ 3.0 1.5+04 6.0+ 1.0 25.0 £ 3.0 50£05
19 Skrapar: Tomorri Mount. 40+1.0 20.0 £3.0 1.0+£0.2 13.0£1.0 33.0£3.0 170£25
20 Shegeras 70+£1.0 20.0 £3.0 0.5+0.1 20.0£20 20.0 £2.0 10.0 £1.0
21 Krujé: Droja 9.0£1.0 21.0£20 3.0+0.1 16.0 £ 1.0 26.0 £2.0 170+ 2.0
22 Tapize 6.0£1.0 22.0+£20 1.5+02 150+ 1.0 32.0+20 15.0£2.0
23 Kugové: Parku i Qytetit 13.0 £ 1.0 240£20 1.0+£0.2 18.0 £ 1.0 27.0£2.0 150+£15
24 Poshnje 6.0£1.0 30.0£2.0 1.2+0.2 6.0£1.0 37.0£2.0 70+£1.0
25 Lezhe 40+0.5 36.0£2.0 50=£0.2 220£20 19.0+£1.0 16.0 £2.0
26 Lezhé Kolsh 70+£05 42.0+2.0 6.0£1.0 11.0£1.0 18.0 £ 1.0 19.0£25
27 Fush¢ Prezé: Palaq 50=£1.0 42.0+2.0 04+1.0 40=£1.0 20.0 £2.0 14.0£1.0
28 Fushé Preze 9.0£1.0 40.0 £2.0 1.0+£1.0 10.0 £ 1.0 23.0£2.0 9.0£1.0
29 Fier 40+1.0 42.0+2.0 1.0+£1.0 11.0£1.0 20.0 £2.0 120£15

Fa—trans-pB-farnesene; Bo—/-/-a-bisabolol; Ch—chamazulene; BoA—/-/-«-bisabololoxide A; BoB—/-/-a-
bisabololoxide B; ¢-,f-Dc—cis-, trans-en-yn-dicycloether.

3.3. Chamomile Chemical Types

The qualitative-quantitative essential oil diversity of wild-growing chamomile pop-
ulations is shown in Table 3. The frequency of the population of /-/-x-bisabololoxide B
content is very high (from 16.0 £ 1.0 to 45.47 £ 3.5%) in the regions located at Baldush
(locality 01), Rruga Gijirit i Lazit (locality 02), Zall Her (locality 03), Dajti (locality 04), Linzé
(locality 05), Skrapar: Melove (locality 06), Verbas (locality 07), Kucové (locality 08), Krujé:
Larushk (locality 09), Kor¢é (locality 10), Poshnje: Berat (locality 11), Karbunaré Lushnjé
(locality 12), Karbunaré e Vogél (locality 13), Kugové: Rruga S. Zuber (locality 14), Kugové:
Rruga Kozare (locality 15), Gjokaj (locality 16), Tirana: Botanic Garden and Grand Park
(localities 17, 18), Skrapar: Tomorri Mountains (locality 19), Shegeras (locality 20), Krujé:
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Droja (locality 21), Tapize (22), Kugové: Parku i Qytetit (locality 23), and Poshnje (locality
24). The chamomile plants with a high /-/-«- bisabolol content were very rare. The range
of this oxide was from 6.0 &= 1.0 to 32.0% 3.0%. The frequency of the high /-/-«-bisabolol
content (from 40.0 £ 2.0 to 42.0 £ 2.0%) was in the localities of Lezhé: Kolsh (locality
26), Fier (locality 29), and Fusheé Prezé (localities 27, 28). However, the accumulations of
chamazulene content (from 1.0 = 0.1 to 11.0 £ 0.5%) were affected by the conditions of the
year, and regional differences were established.

As a result, four basic types of chamomile A, B, C, and D are recognized, according
to the qualitative and quantitative composition of the essential oils (Table 4 and Figure 2),
which are characterized as follows: type A (/-/-a-bisabololoxide A is the dominant com-
ponent), type B ( /-/-a-bisabololoxide B is the dominant component), type C (typically
with the highest /-/-o-bisabolol content), and type D (/-/-a-bisabolol and /-/-o-bisabolol
oxide A and B present in 1:1 ratio approximately).

Table 4. The marked differences in chemical composition of chamomile essential oil from tree
localities in central Albania [%].

Component as % GC-MS Kovat's Localities of Chamomile Flower Collection

of Essential Oil * tg (min.) ** Index Poshnje Berat Krujé Larushk Lezh¢ Kolsh
trans-2-hexanal 9.26 842 1.15 1.06 —
tricyclene 10.41 879 0.03 0.96 —_—
x-pinene 14.81 929 0.03 0.19 —_—
camphene 15.23 942 0.02 0.36 —
sabinene 15.53 973 0.02 R —_—
[-pinene 15.85 984 0.03 _— —
[-myrcene 16.15 989 0.09 e —
p-cymene 16.55 1032 0.04 — —_—
(¢,¢)-matricaria esther 19.07 1491 1.27 1.63 0.60
y-muurolene 19.24 1508 0.07  — o
[-farnesene 19.55 1513 3.09 1.15 2.63
a-muurolene 19.89 1521 0.25 — —
a-bulnesene 20.05 1528 0.11 —_— 0.06
y-cadinene 20.23 1539 0.09 —_— 0.22
calamenene 20.65 1543 0.07 —_— 0.02
a-acoradiene 20.81 1554 0.13 —_— —_—
cadina-1,4-diene 20.99 1558 0.08 —_ —_
d-cadinene 23.22 1563 0.02 —_— —_—
a-amorphen 23.49 1564 0.05 —_— —_—
a-calacorene 24.07 1567 0.09 e
trans-nerolidol 24.89 1573 0.77 —_—
epiglobulol 25.48 1584 0.52 — 0.15
junenol 26.07 1590 0.09 —_— 0.06
spatulenol 26.79 1602 0.15 0.72 0.08
B-eudesnol 26.97 1603 0.10 —_— 0.21
globulol 27.15 1611 0.06 —_— 0.11
tremetone 27.34 1615 0.33 — 0.34
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Table 4. Cont.

Localities of Chamomile Flower Collection

Component as % GC-MS Kovat's

of Essential Oil * tg (min.) ** Index Poshnje Berat Krujé Larushk Lezh& Kolsh
caryophyllene oxide 27.9 1617 0.04 0.02 0.06
viridiflorene 28.06 1626 0.48 0.18 0.08
dillapiole 28.52 1641 0.72 0.77 0.19
cubebol 29.4 1652 0.38 0.25 0.10
[3-bisabolole 29.85 1660 0.30 0.28 1.01
T-muurolol 30.61 1663 1.64 0.51 0.99
«-bisabololoxide B 31.28 1679 45.47 26.62 10.24
a-bisabolonoxide A 31.69 1684 0.26 0.29 1.08
valerianol 32.05 1689 2.20 2.13 0.05
cadalene 33.05 1702 0.12 0.70 0.06
a-bisabolol 33.59 1711 17.11 16.27 39.69
chamazulene 43.4 1773 0.63 3.71 6.16
a-bisabololoxide A 4498 1781 10.33 34.95 16.78
guaiazulene 46.13 1802 0.18 1.09 191
cis-en-yn-dicycloether 59.00 1927 10.82 5.02 17.18
gi‘;ili‘;tﬁre‘r 59.03 1942 0.16 0.14 0.06
Total [%] 100.00 100.00 100.00

Note: *—data are expressed as area in % of the 100.00 % of all identified peaks; **—retention times.

Analyzing the chamomile samples collected from 29 regions in Albania, 2 main groups
were separated: populations accumulating /-/-x-bisabololoxide B, and populations char-
acterized by the presence of /-/-a-bisabolol.

3.4. Hierarchical Cluster Analysis

In order to provide additional insights into the chemotypes of chamomile essential oils,
we carried out a hierarchical cluster analysis based on the constituents. The dendrogram
of the analysis is shown in Figure 3. Based on this analysis, there are two different con-
firmed chemotypes: chemotype B, dominated by /-/-«-bisabololoxide B and chemotype C,
dominated by /-/-«-bisabolol.

The average Euclidean distance among the populations calculated based on the essen-
tial oil constituents was 41.6, ranging from 8.9 (between P3 and P4) to 79.1 (between P1 and
P5) (Figure 3).

The results obtained from the cluster analysis show the existence of a high variability
within the essential oils and differences among the following chamomile populations
collected in different areas in Albania (Figure 3). From the 29 populations submitted to
multivariate analysis, two well-defined groups of essential oils were differentiated using
cluster analysis. Two subclusters can be observed: the first subset contains five populations
collected in Fer, Fishe Preze, Palaq, Fushe Preze, Kolsh: Lezhe, and Lezhe, and the second
subset includes the samples collected in the other areas.
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Figure 3. Dendrogram of relationships among Albanian chamomile populations and qualitative—
quantitative characteristics of essential oils.

4. Discussion

The chamomile inflorescences of diploid plants usually contain from 0.4 to 1.0%
essential oils. While the quantity of essential oil in the flowers from different localities may
be genetically coded, the differences in production at the 29 test sites indicated considerable
interaction between the plants and the environment [13]. These observations confirm
previous studies in Eastern Slovakia [14] and Iran [2]. In both of these later cases, the range
in the essential oil content from 0.4 to 0.8% occurred but was less than the accepted 0.9 to
1.0% variation accepted for chamomile flower drugs of variety certifications.

In a natural ecosystem, chamomile species separated on the bases of their secondary
products contribute to the development of the modification of the existing ecological
balance [15]. However, for a full understanding of the biosynthetic processes of these plant
populations, a detailed analysis of the geographical occurrences and their chemotypes
are required.

The compounds of essential oils are clearly genetically determined to a higher degree
than their contents. The oil content is more strongly influenced by environmental factors
and shows considerable variation, even within a relatively small area [14].

In 1972 and 1973, Schilcher [16,17] found that according to the oil composition, chamomile
could be differentiated into chemical types based on the contents of /-/-x-bisabololoxide
A and B, /-/-a-bisabolol (type A: /-/-o-bisabololoxide B > /-/-a-bisabololoxide B > /-
/-«-bisabolol; type B: /-/-a-bisabololoxide A > /-/-«-bisabololoxide B > /-/-a-bisabolol;
type C: /-/-a-bisabolol > /-/-a-bisabololoxide B > /-/-«-bisabololoxide A; and type D:
/-/-o-bisabololoxide B ~ /-/-«-bisabololoxide A = /-/-«-bisabolol).

With regard to the sesquiterpene alcohols, the wild plants of this species mostly show
bisabololoxides. The plant populations rich in /-/«- bisabolol could be found endemically
in Catalonia (Spain) and, to a smaller extent, in other populations. This fact was confirmed
by the study of small populations on the islands of Malta, Cyprus, and Crimea [18].

Analyses of the essential oils obtained from Hungarian, Czech, Slovak, German, and
Spanish-grown chamomile flowers by Honcariv and Repcak [19] revealed that the chemical
composition of chamomile oil varied extremely widely. They fully confirmed the existence
of chemotypes in the chamomile species.
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The chemical diversity of chamomile populations was justified in the Eastern Slovakian
Lowland as well. It was proved by the investigations of Salamon (2004) [20] analyzing
populations for the presence of essential oil and its composition during the period of
1995-1998.

In the chamomile samples from Attica in Greece, after essential oil hydro-distillation
and GC/MS identification, 21 components were determined in 1993. The major constituents
were [3-farnesene (21.2 and 5.6%) and /-/-a-bisabololoxide A (16.0 and 9.0%) [21].

In Italy [22], the compounds of the oil from tubular and ligulae florets and from the
receptacle were (E)-f3-farnesene (14.4-17.1%), spathulenol (4.4-12.6%), x-bisabolone oxide
A (9.2-11.2%), chamazulene (8.4-13.7%), x-bisabolol oxide A (4.9-11.6%), and cis-en-yn-
bicycloether (2.7-13.4%). The bisabololoxide chemotype was proven.

The chemotype C chamomile populations were located in the northern, southwest-
ern and southern parts of Bulgaria. The ones from the northwestern and southwestern
regions had an average of 39% /-/-«-bisabolol and blue oil with 2.7% chamazulene content.
Chamomile populations with the chemotype A essential oil were found in the central
regions of North Bulgaria. They had an average of 34% /-/-a-bisabololoxide A and blue
essential oil with the highest chamazulene content of 7.7% for all chemotypes. Chemotype
D chamomile, with almost equal amounts of (-)-a-bisabolol and (-)-bisabolol oxide A and
B, was discovered on one single site near to the city of Kjustendil [23].

The essential oil composition of the Hungarian populations can be divided into two
groups: the o-bisabolol chemotype (where the ratio of this component is between 45 and
58%) and the bisabololoxide A chemotype (where the ratio of bisabololoxide A varied
between 34 and 43%) [24].

In Poland [25], the presence of 22 compounds was identified in the essential oil
obtained from the inflorescences of wild-growing chamomile, among which sesquiter-
pene compounds had the highest proportions: the dominant compounds were /-/-o-
bisabololoxide A (31.70%), /-/-«-bisabololoxide B (17.09%), and /-/-x-bisabolnoxide A
(15.73%); and chamazulene was also found in a large amount (15.58%). Among the other
compounds, the presence of 3-farnesene was found in small quantities (4.89%).

In total, 13 Brazilian chamomile populations from different geographic origins, agri-
cultural practices, and harvest times, grown in the Santa Catarina and Parana states in
Brazil were analyzed [26]. Eleven samples were classified as chemotype B (rich in /-
/-a-bisabololoxide B), and the remaining two were classified as chemotype A (rich in
/-/-a-bisabololoxide A). The predominance of chemotype B was observed concerning
the agricultural practices (organic or conventional) or geographic origin (Santa Catarina
or Parana).

Finally, there is the latest study of chamomile chemical profiles from plants collected
from semi-wild populations in Latvia [27]. All samples were characterized with a high
quality, reaching the thresholds of European Pharmacopoeia for essential oil content with
high levels of /-/-x-bisabololoxide A.

This scientific study of the chamomile populations was complemented by a research
on the variability in Albania, focusing on morphological traits [27,28]. To characterize
and identify the different chemotypes of the Albanian populations and their essential oil
composition using cluster analysis, it is possible to compare with different results and the
dendrogram of the Matricaria recutita populations in Iran [29].

Thus, chamomile with a particular chemical composition is used as a drug as it
shows specific pharmacological activity. As efficient methods for determining the drug’s
constituents and effectiveness have been developed, the content of /-/-a-bisabolol and
its oxides in the flowers has become an important indicator of the raw material’s quality
and value.

5. Conclusions

The cultivation of chamomile is practiced all over the world; however, the collection
of the wild population has not lost its importance, especially in European countries in
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the east and south. In Albania, the blossom of wild chamomile starts in the second half
of May and continues until the beginning of July. Much of the Albanian production of
chamomile is harvested from wild or unselected populations and is hand-harvested by
low-cost labor. The essential oil contents from the localities of Zall Her, Dajti, Kugové, and
Linze had a deeper blue color. The yield ranged from 0.10 & 0.01% to 0.75 + 0.05% on a
dry-weight basis, which is an insufficient amount. Analyses of the essential oil obtained
from Albanian wild-grown chamomile reveal that the chemical composition of the oil
varied extremely widely with the dominant chemotype B. As a result, four basic chemical
types (A, B, C, and D) were recognized, according to the quality of the product. The country,
as the major supplier of this raw material for the world market, needs to initial intensive
improvement programs to produce chamomile with high levels of oils with a defined
chemical composition placing significance on /-/-a-bisabolol and chamazulene.
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Abstract: The study of the R&D in this paper is to determine the range of essential oils (EOs) in the
raw materials of species of the genus Thymus of the natural flora in the Carpathian region and their
antimicrobial activity. It was found that the component range of EO in species of the genus Thymus
depends on the microclimatic conditions of the population. The range of essential oils in the raw
material of Th. Serpyllum and Th. Pulegoides is 7-9 mL and Th. Marschallianus is 3.5 mL. The research
found that the plants Th. Serpyllum and Th. Pulegoides that grow in sunny habitats have an aromatic
mono- and bicyclic monoterpenoid chemotype (K/«-T-neol/ G/p-C/B), with total dominance of
carvacrol and p-cymene. The populations of Th. Serpyllum, which grow on the edges of sparse pine
forests, and populations of Th. Pullegioide, with denser plant cover and which grow in meadows,
have an acyclic and bicyclic monoterpene chemotype (G/«-T-neol/B/K). Plants that grow in the
communities of meadow-steppe vegetation have the following chemotypes: Th. Serpyllum—L/K/G
with 63% of linalool, Th. Pullegioides—G/«-T-neol/L/B, and Th. Marschallianus—ox-T-neol/K/L/ -
T-nen/G/B. Of these, the dominant chemotypes are «-terpineol and carvacrol (28:6.5%). A wide
spectrum of antimicrobial activity was registered in samples of Th. Pullegoides and Th. Serpyllum that
have an aromatic-monoterpenoid chemotype. Essential oils of Th. Pullegoides were dominated by
carvacrol, and p-cymene had the highest fungicidal action (41.00 + 1.0%). Plant populations of Th.
Pullegoides and Th. Serpyllum with the aromatic-monoterpenoid chemotype are suggested by R&D to
be of use in the pharmaceutical industry. They have high contents of natural components, which are
effective in a wide spectrum of antimicrobial activity. The EO of Th. Marschallianus had the lowest
influence on the inhibition of bacterial and fungal reproduction.

Keywords: chemotype; essential oils (EOs); biochemical content; antimicrobial activity; biodiversity

1. Introduction

Species of the genus Thyme (Thymus L.) are rich in essential oils, exhibit antimicrobial
and antioxidant properties, and are widely used in ethnic and traditional medicine, aro-
matherapy, cosmetology, and cooking. Thyme has been used as a spice since ancient times
in many countries of Southern Europe (Mediterranean) and Asia.

The investigation of the quantitative content and component composition of essential
oils, depending on the environmental conditions of growth, and their antimicrobial and an-
tifungal activities, depending on the chemotype of the population, are urgent issues today.

The component composition of essential oils depends, first of all, on geographical
distribution and climatic conditions [1]. There is regularity in nature: species that grow in

Horticulturae 2022, 8, 1218. https:/ /doi.org/10.3390/horticulturae8121218 https://www.mdpi.com/journal /horticulturae
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xerothermic conditions, in addition to a specific morphological and anatomical structure,
have the ability to accumulate substances of secondary synthesis in greater quantities. It
was found that in regions with a warm climate, species of the genus Thymus are dominated
by a chemotype with a predominant content of aromatic monoterpenes (p-cymene, thymol,
and carvacrol) [2-5], while in countries with a cool climate, the chemotype is monoterpenes
and their oxygen derivatives and sesquiterpenes.

Thus, six chemotypes of Th. Pulegioides have been described in the Mediterranean, thy-
mol, carvacrol, geraniol, linalool, fenchone, and alpha-terpenyl acetate, of which phenolic
chemotypes predominate [2]. In the aerial organs of Th. Serpyllum, collected in the Ku-
maon and Uttarakhand regions of the Himalayas (India), 29 essential oil components were
identified, of which approximately two-thirds of the composition was thymol, r-cymene,
thymol methyl ester, and carvacrol methyl ester [3,4]. Thymol (32.2% and 27.4%) was the
main compound in oils Th. Vulgaris and Th. Pulegioides in different thyme species grown in
the Botanical Garden in Romania, with carvacrol (25.8%) in the oil of Th. Serpyllum and
terpinyl acetate (47.6%) in Thymus Glabrescens oil [5].

In a temperate climate, the chemotype of monoterpene hydrocarbons is formed. In
Lithuania, the essential oils of Th. Serpyllum ssp. serpyllum were combined into five
monoterpene chemotypes, namely 1,8-cineole, germacrene B, (E)-B-ocimene, x-cadinol,
and cis-p-ment-2-en-1-ol [6]. Herba Th. Serpyllum grown in Estonia had an essential oil
yield of 0.6-4.4 and 1.9-8.2 mL/kg-!. The following chemotypes of acyclic (myrcene) and
bicyclic (borneol) monoterpenes and acyclic (E)-nerolidol) and bicyclic sesquiterpenes
(caryophyllene oxide) are distinguished in it. Thymol and carvacrol, which are mentioned
in the European Pharmacopoeia as the main components, are not the main components of the
essential oil grown in Estonia [7]. The composition of the essential oil of Th. camphoratus
grown in the Lviv Botanical Garden was dominated by bicyclic monoterpenoids—borneol
and fenhol [8].

In the composition of essential oils of the raw material of Th. Pulegioides collected in
Croatia were acyclic monoterpenoids, geraniol and linalool, followed by aromatic thymol,
v-terpinene, thymol methyl ester, and borneol, the amount of which changed during
development. Due to the high content of geraniol in the essential oils of Th. Pulegioides, it
may be interesting as an aromatic material for the perfume industry or for food flavoring [9].

The content of essential oils depends on the altitude above sea level [10]. In the
composition of oil from the population of Th. Serpyllum in the Altai Mountains, located at
an altitude of 150 m above sea level, monoterpenes predominated; from the population
located at 500-700 m above sea level, half of the essential oil (EO) composition was aromatic
oils—carvacrol, p-cymol, and other monoterpenes—y-terpinene, and 1,8-cineole. Similar
results were obtained from populations of Th. Pulegioides in Monte Pisani (Santagallo,
Tuscany, 650 m.a.s.l.). Two populations had a thymol chemotype, and the third, with a
typical lemon smell, contained more geraniol, with an essential oil level of 1.05 g [11].

The accumulation and qualitative composition of essential oils is affected by the
method of their distillation [12]. Volatile substances of Th. Serpyllum were obtained by
hydrodistillation (HD), simultaneous hydrodistillation and extraction (SDE), and static gas
chromatographic mass spectrometry (HS) analysis. Monoterpenes were the most dominant
in all three techniques (84.8-94.2%). The essential oil profiles obtained by HD and SDE were
similar, with oxygenated monoterpenes being the most common (up to 75.4%). HS was
dominated by monoterpene hydrocarbons (94.2%). The main compounds were o-terpinyl
acetate (HD and SDE) and myrcene (HS).

In addition to essential oils of different component compositions, the synthesis of
which depends on temperature conditions, because p-cymene and y-terpinene are precur-
sors of thymol, Th. Serpyllum contains various phenolic compounds. Fourteen phenolic
compounds were detected in it, five of which were phenolic acids and nine of which were
flavan-3-ols [13]. Tested samples of Th. Serpyllum contained rosmarinic acid (423 mg/g)
and luteolin-7-O-p-D-glucuronide, which were the main components, while protocatechinic,
3-O-caffeylquinic, and caffeic acids (0.19-0.62 mg/g) were secondary components [14].
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In the raw material of Th. Marschallianus, flavonoids were found: luteolin, quercetin,
apigenin, and their derivatives, as well as rosmarinic acid and methyl rosmarinate. Sig-
nificantly higher amounts of flavonoids were detected in the sample collected in the spon-
taneous flora, while for rosmarinic acid, a higher amount was detected in the cultivated
sample. Both samples showed promising antibacterial activity, especially against Gram-
positive organisms [15]. The most characteristic components of Th. Marschallianus were
rosmarinic acid, protocatechuic acid, luteolin 7-O-glucoside, and apigenin 7-O-glucuronide,
and GC-MS analysis of the volatile fraction revealed the presence of thymol and carvacrol.
In addition, sesquiterpenoids, fatty acids, and their ethers were detected [16].

When analyzing random amplified polymorphic DNA (RAPD) of thymol and sesquiter-
pene chemotype plants, Th. Pulegioides revealed a partial correlation between molecular
and chemical evaluations [17].

The European Pharmacopoeia 8.0, 2018 [18], includes raw material of Thymi herba species
Thymus Vulgaris or Th. Zygis. In the State Pharmacopoeia of Ukraine, 2014 [19], in addition
to these species, which are cultivated in the south of Ukraine, is the herb Serpylli herba of
the natural flora species Th. Serpyllum. However, this name is often used in addition to
Th. Serpyllum and other types of natural flora—Th. Pulegioides and Th. Marshallianus. For
this reason, confusion often arises when preparing medicinal plant raw materials.

The aim of the R&D in this paper is to determine the range of essential oils and their
qualitative and quantitative characteristics in the raw materials of genus Thymus and
its species, which are growing in the natural flora of the Carpathian region in Ukraine.
The study of their antimicrobial and antifungal activities was an important part of the
experimental works.

2. Materials and Methods
2.1. Collection of the Plant Material

The object of the research was the medicinal plant material (MPM) of species of the
genus Thymus (Thymus L.): pine thyme (Th. Serpyllum L.), which is included in the State
Pharmacopoeia of Ukraine, and the non-official species flea thyme (Th. Pulegioides L.) and
Marshall’s thyme (Th. Marschallianus Willd.), the raw materials of which are used under
the name Herba serpylli. Th. Pulegioides and Th. Marschallianus are promising essential
oil medicinal plants, but they are often confused or considered to be admixtures of the
morphologically close species Thymus Serpyllum, due to their morphological similarity.

The material for research (MPM) was selected in the Lviv region. Raw material
of Th. Serpyllum was collected in three places of growth in Roztochchja, in the Yavoriv
National Park (see the Herbarium at the website: https://yavorivskyi-park.in.ua/en/
(accessed on 16 December 2022)): on the crystalline outcrops of the Bila skelja near the
village of Lelehivka (population No 1.1), in communities of psamophilous vegetation on
the outskirts of the village of Strach (population No 1.2), and in a pine forest meadow
near the village of Trostyanets, Mykolaiv district (population No 1.3). Raw material of
Th. Pulegioides was collected in communities of grass-herbaceous vegetation in three places
of growth: in the eastern outskirts of the city of Pustomyty (population No 2.1), and two in
the Yavoriv National Park near the village of Yameljnya (population No 2.2) and the village
of Vereshchytsja in the Havrylove tract in the communities of meadow-steppe vegetation
(population No 2.3). Individuals of Th. Marschallianus were collected on Pishchana Gora
(Lion Mountain) in the “Znesinnja” RLP, Lviv (population No 3.1) (Figure 1) (Atlas of the
Lviv region: https:/ /geoknigi.com/load.php?id=3 (accessed on 16 December 2022)) [20].
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Figure 1. The distribution of species of the genus Thymus in vegetation of Lviv Region. Th.
Serpyllum: 1.1—population No 1.1; 1.2—population No 1.2; 1.3—population No 1.3. Th. Pule-
gioides: 2.1—population No 2.1; 2.2—population No 2.2; 2.3—population No 2.3. Th. Marschallianus:

3—population No 3. Legend: L High-altitude meadows combined with thickets of huckleber-
2

ries and blueberry bushes. - el Carpathian spruce, fir, beech—spruce, and beech-fir forests from

European spruce, white fir, and ordinary beech. i Post-forest meadows are largely plowed.

i

[ Pine, oak—pine, beech—pine, and broadleaf-pine forests of ordinary pine, ordinary oak, ordi-
nary beech, ordinary hornbeam, and heart-leaved linden. 3 Agricultural land (meadow, arable

land) in the place of pine and broadleaf-pine forests. —6 Beech forests from ordinary beech with
an admixture of conifers (spruce and fir) and other broad-leaved species (sycamore maple, hornbeam, and

ordinary oak). 7" Oak forests from ordinary oak with admixture of other broad-leaved species
(heart-leaved linden, sharp-leaf maple, ordinary ash, and bare elm). 8 Agricultural land in the

place of oak and beech forests. | 2 Polissja forest of black alder coarse-grass and forest-steppe
grass swamps, sometimes with fragments of black alder forests and agricultural land in place of

drained swamps. L Floodplain meadows with fragments of willow and black alder forests in
combination with lowland swamps.

2.2. Thymus Oil Distillation

Each sample of dry Thymus herb with weight of 20 g was grounded in a blender. The
EQO from this raw material was prepared by hydrodistillation (2 h) in a Clevenger-type
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apparatus according to the European Pharmacopoeia 8.0 [18]. Hexane (1 mL) was used as a
collecting solvent. The essential oils were stored under N, at + 4 °C in a dark space before
their GC-FID/MS analysis.

2.3. Analyses of the Essential Oils

The determination of the qualitative composition of essential oils was carried out by
GC/FID gas chromatography using a GC-SCION 456. The following operating conditions
were used: column SOLGEL-WAX, 60 m x 0.25 mm i.d., thickness of the film 0.25 um,
carrier gas nitrogen regulated to the current of 1 mL/min, the temperature of injection to
the detector FID 220 °C and 250 °C, respectively.

The components were identified according to their retention time (RT) (min), and
the obtained values were compared with literature data. Standards for comparison of
essential oils were provided by Extrasynthesis Ltd. (Lyon, France) and Sigma-Aldrich
(St. Louis, USA). Research results are presented in percentages. The percentage of single
chromatographic peaks was measured as the ratio of the single peak area to the total peak
area. Detailed descriptions of component determination of all Thymus species including
with RT and chromatographic profiles were given by Hrytsyna et al., 2020 [8].

Analysis of GC/MS was conducted using gas chromatograph Varian 450-GC con-
nected with Varian 220-MS. The division was made using FactorFourTM: capillary column
DB-WAX, 30 m x 0.25 mm i.d., thickness of film 0.25 um. The injector of 1177 type was
heated at a temperature of 220 °C. The injection equaled 1 uL of the solution of 1:1000 n-
hexane/diethyl ether. Helium was used as carrier gas during constant velocity of the
current in the column of 1.2 mL/min. Temperature of the column was set as follows: the
initial temperature for 10 min was 50 °C, then to 100 °C at 3 °C/min; isothermic temper-
ature was held for 5 min, and then continued to 150 °C at 10 °C/min. Total time for the
analysis of one sample was 54.97 min. The constituents were identified by comparing their
mass spectrum with the spectra kept in NIST 02 (library of software) or mass spectra from
the literature (Adams, 2007) [21], and also the comparison of their indices obtained with the
standards was performed. Statistical analysis was conducted using reliable intervals at the
level of p < 0.05 with our calculation through mean statistical deviation and standard error.

2.4. Method for the Testing of the Antimicrobial Activity

The antimicrobial activity of EO was studied at the Microbiological Laboratory of the
Department of Genetics, Plant Physiology and Microbiology, Uzhhorod National University.
The sensitivity of microorganisms against the EOs was determined by agar diffusion test
using typical Staphylococcus aureus (ATCC25923), Escherichia coli (ATCC25922), Streptococcus
pyogenes (ATCC19615), and Candida albicans (ATCC885-653) [22]. As positive controls were
used gentamicin (10 mg/disk) for Gram-negative bacteria, ampicillin (10 mg/disk) for
Gram-positive bacteria, and nystatin (100 UI) for Candida. As negative control DMSO was
used. The bacterium inocula 100 pL in the physiological solution were adjusted to the
equivalent of 0.5 McFarland (5 x 108 KFU/mL) standard, and evenly spread on the surface
of Muller-Hinton agar (incubated at 37 £ 2 °C for 24 h); yeasts were spread on SDA agar
(incubated at 35 £ 2 °C for 48 h). The 20 uL extracts were introduced into wells 6 mm in
diameter. The diameters of the inhibition zones were measured in millimeters, including
the diameter of the well. The antimicrobial effect was assessed by the presence of the
growth inhibition zone. Each antimicrobial assay was performed at least three times.

2.5. Statistical Analyses of the Data

For the results of experiment, we used statistical software ANOVA with the calculation
of averages, error, and standard deviation. Differences were considered significant at
p <0.05.
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3. Results

The European Pharmacopoeia 8.0 (2018) [18] includes raw material of Thymi herba. These
are whole leaves and flowers of Th. Vulgaris L. or Th. Zygis L. with an essential oil content
of at least 12 mL/kg, in which the sum of thymol and carvacrol is at least 40 percent of the
essential oil. In the State Pharmacopoeia of Ukraine, 2014 [19], species that are cultivated in
the south of Ukraine and the herb Serpylli herba of the natural flora species Th. Serpyllum
are also included. In the herb Serpylli herba, the content of essential oil is not less than
3.0 mL/kg, and in the national article is not less than 1.5 mL/kg.

As a result of the research, it was found that individuals from all three research
populations of Th. Serpyllum contain fairly large contents of essential oil (Table 1). The
largest amount of essential oil (0.9 £ 0.05%, or 9 mL/kg) was from plants from the com-
munities of thermophilic vegetation on the outcrops of crystalline rocks of the Bila skelja
(population 1.1). In second place in terms of essential oil content (0.8 £ 0.05%, 8 mL/kg)
was the population on the edge of a sparse pine forest on the Torton sandstones (popula-
tion 1.3). Plants growing in the plant communities of psammophilous vegetation had the
lowest content of essential 0il—0.7 & 0.05% (7 mL/kg of dry raw material) (population 1.2)
(Table 1). In all research populations of Th. Pulegioides, raw material contained 0.8 & 0.05%
(8 g/kg, calculated on anhydrous raw material), 0.85 £ 0.05%, and 0.9 £ 0.05% essential
oil. The content of essential oil in the raw material of Marshall’s thyme (Th. Marschallianus)
was 0.35 & 0.05% (Table 2). The total number of identified main components of EO ranged
from 67.2 to 90.6% (Tables 1 and 2).

Table 1. The component composition of essential oils of Th. Serpyllum from different places of plant
population growth (x &= SD).

Population 1.1 1.2 1.3
EO Conte“]t)g/f’vzi ?;’h]i;‘pressed in 0.90 + 0.05 0.70 + 0.05 0.80 + 0.05
GC Analysis (%) RT (min) 1* 2% 1* 2* 1* 2%

-myrcene 12.84 03+0.1 03+£0.1 0.5+0.1 0.5+0.1 03+£0.1 03+£0.1

1,8-cineole 14.18 trace ** trace 01401 0.1+0.1 trace trace

limonene 14.74 trace trace trace trace trace trace
a-terpinene 16.0 3.0+0.5 25+05 40+0.5 35+05 40+0.5 32405
p-cymene 16.77 20+0.5 20+05 10.0 £1.0 91+1.0 1.6 £0.2 1.6 £02

terpinolene 17.91 trace trace trace trace trace trace
a-thujone 22.5 0.1+0.1 0.1+0.1 1.6 +0.2 0.6 +0.1 05+0.1 0.5+0.1
linalool 24.54 63.0 £2.0 63.0 £2.0 04+01 04+01 0.7+01 0.7+0.1
bornyl acetate 25.26 05+0.1 03+£0.1 45+05 35£05 14+0.2 1.0+0.2
[3-caryophyllene 26.51 25405 20+£05 35+05 3.0£05 40+£05 55405
borneol 29.25 1.3£02 1.7+02 75+05 75+£05 8.0+05 95+1.0
- terpineol 29.92 25+05 22+£05 202£1.0 20.0 £1.0 170£1.0 183+ 1.0
fenchol 32.09 02+0.1 02+01 20+0.5 20+05 40+0.5 3.0+05
geraniol 33.19 50+0.5 45+05 150£1.0 151+1.0 35.0+2.0 35.0+2.0

thymol 42.65 0.6 £0.1 0.8+0.1 02+0.1 02+0.1 02+£0.1 trace
carvacrol 45.53 6.0+05 6.0+ 0.5 20.0+£1.0 18.0 £ 1.0 6.0+05 6.5+0.5

Content of the main 87.0 85.6 89.5 83.5 82.7 85.1

EOs (%)

Note: 1*—GC-SCION 456 SOLGEL-WAX gas chromatograph with a column length of 60 m; 2*—GC-Carlo Erba
VEGA DB-WA gas chromatograph with column length 30 m; ** <0.05%.
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Table 2. The component composition of Thymus essential oils from different places of growth plant
species (x £ SD).

Type Th. Pulegoides Th. Marschtallianus
Population 21 2.2 2.3
Ex}frgsfe";it;“];gf‘"“‘,’é i“é’ht) 0.90 = 0.05 0.85 = 0.05 0.80 -+ 0.05 0.35 = 0.05
GC Analysis (%)  RT (min) 1* 2% 1* 2% 1* 2% 1* 2%
-myrcene 12.84 0.7+0.1 0.7+0.1 02+01 02+0.1 0.5+0.1 0.5+0.1 35+05 35405
1,8-cineole 14.18 0.1+0.1 0.1+0.1 trace trace trace trace 04+0.1 0.3+0.1
limonene 14.74 trace ** trace trace trace trace trace 09+0.1 0.8+0.1
a-terpinene 16.0 8.0 £ 0.5 75+05 1.6 +02 1.5+02 25+0.5 20+£0.5 4.0+£0.5 4.0+£0.5
p-cymene 16.77 6.0 0.5 6.0 0.5 3.0+£05 32+05 1.6 +£0.2 1.6 +0.2 1.0+0.2 1.0+0.2
terpinolene 17.91 trace trace trace trace 1.8+0.2 20+£05 22402 24402
«-thujone 225 1.2+£02 1.2+02 1.2+02 1.0£02 1.0+0.2 0.8=£0.1 0.8£0.1 0.7£0.1
linalool 24.54 0.6 £0.1 0.6 £0.1 trace trace 13.0 £ 1.0 12.0 £ 1.0 45+05 35105
bornyl acetate 25.26 3.0+ 0.5 3.0+£0.5 1.0+02 1.0+02 03+0.1 04+0.1 40+£0.5 3.0£0.5
-caryophyllene 26.51 25+0.5 35+05 4.0+05 50=£0.5 3.0+05 40+0.5 20+0.2 1.0+0.2
borneol 29.25 70+05 8.0 £ 0.5 10.0 £ 1.0 11.0 £ 1.0 6.0+ 0.5 75+ 05 25+0.5 25+0.5
a-terpineol 29.92 13.0£1.0 11.0£1.0 20.0£2.0 21.0 +£2.0 150£1.0 15.0£1.0 28.0+1.0 30.1+1.0
fenchol 32.09 35105 35105 40+£05 40+£05 25+05 25105 12402 12402
geraniol 33.19 22.0+£2.0 22.0+£2.0 33.0£2.0 33.0£2.0 15.0 £ 1.0 15.0 £ 1.0 3.5+0.5 25+0.5
thymol 42.65 02=+0.1 02=+0.1 02£0.1 02=£0.1 20+0.5 20+0.5 22402 22402
carvacrol 45.53 170+ 1.0 18.0 +£ 1.0 9.5+ 0.5 9.5+ 0.5 3.5+0.5 40+£0.5 6.5+ 0.5 9.0 £ 0.5
Content of the 84.8 85.3 87.7 90.6 67.7 69.3 67.2 67.7

main EOs (%)

Note: 1*—GC-SCION 456 SOLGEL-WAX gas chromatograph with a column length of 60 m; 2*—GC-Carlo Erba
VEGA DB-WA gas chromatograph with column length 30 m, ** <0.05 %.

When analyzing the component composition of essential oils, it turned out that the raw
materials of Th. Serpyllum collected on the lawn of a pine forest on the Torton sandstones
and in communities of psamophilous vegetation on sandy soils in Roztochchja (populations
1.2 and 1.3) are similar in their component composition of EO: geraniol, x-terpineol, bor-
neol, and carvacrol, p-cymene (G/x-T-neol/B/K) in the ratio 35:17:7.5:6% (population 1.3)
and K/ «-T-neol/G/p-C/B in the ratio 20:20:15:10:9.5 (population 1.2) (Table 1; Figure 2).
Other essential oils were less than 1-4%: -myrcene, x-terpinene, x-thujone, bornyl acetate,
-caryophyllene, fenchol, and tenths of thymol. For 1,8-cineole, limonene, terpinolene,
and linalool (population 1.2) there were only traces (<0.05%). Plants Th. Serpyllum from
Lelehivka, which grew on the outcrops of crystalline rocks of the Bila skelja in the commu-
nity of meadow-steppe vegetation, differed from other populations. Their raw material
contained 63% linalool (an acyclic monoterpene) and only 6% of carvacrol, 5% of geraniol,
and 2.5% of a-terpineol (L/K/G) in the composition of essential oils, while there were
traces of linalool in raw materials from other populations.

Therefore, all populations are dominated by monoterpene volatile compounds; in
particular, for population 1.3, located near a pine forest, the mono- and bicyclic terpenoids-
carvacrol (G/«-T-neol/K/B/p-C) chemotype is characteristic. Linalool (L/G/K) chemo-
types were found in the plants of population 1.1 on the crystalline outcrops of the Bila
skelja overgrown with pine trees. However, in population 1.2, which is located in a sunny
meadow in the communities of psammophilous plants, it is aromatic, mono- and bicyclic
terpenoids (K/«-T-neol/ G/p-C/B) chemotype, with a significant content of aromatic
monoterpenes—carvacrol and p-cymene (30%) (Figure 2). Since in the populations 1.2. and
1.3 about 20% is «-terpineol, which is the genetic precursor of carvacrol and p-cymene
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GC analysis(%)

(aromatic compounds), then we can say that high summer temperatures are not enough for
their complete transformation [23].

100%
80% !
60% - - : .
40% - - - - .
20% | | . |
S
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m fenchol M geraniol H thymol M carvacrol

Figure 2. The component composition of essential oils of species of the genus Thymus under different
growth conditions. Legend: 1.1—population of the Th. Serpyllum in the community of meadow-steppe
vegetation on the crystalline outcrops of the Bila skelja near the village of Lelehivka in Roztochchja
(Yavoriv National Park) (chemotype L/K/G); 1.2—population of the Th. Serpyllum in a community
of psamophilous vegetation on the outskirts of the village of Strach (chemotype K/«-T-neol/G
/p-C/B); 1.3—population of the Th. Serpyllum in a community of psamophilous vegetation in a pine
forest meadow near the village of Trostyanets, Mykolaiv district (chemotype G/«-T-neol /B/K);
2.1—population of the Th. Pulegioides of grass-herbaceous vegetation on the eastern outskirts of the
city of Pustomyty (chemotype K/G/«-T-neol/ «-T-nen/B/p-C); 2.2—population of the Th. Pulegioides
of grass-herbaceous vegetation near the village of Yameljnya (Yavoriv National Park) (G/«-T-neol
/B/K chemotype); 2.3—population of the Th. Pulegioides in the community of meadow-steppe
vegetation in the Havrylove tract near the village of Vereshchytsja (Yavoriv National Park) (G/«-T-
neol/L/B); 3—population of the Th. Marschallianus collected on Pishchana Gora (Lion Mountain) in
the “Znesinnja” RLP, Lviv («-T-neol/K/L/x-T-nen/G/B-at chemotype).

In another species, Th. Pullegoides, raw materials were selected from plants growing
in populations of the meadow-grass vegetation (Table 2). Monoterpenes and their oxygen
derivatives dominate the EO composition of raw materials from all populations. Thus,
the raw material collected in population 2.1 from the sunny eastern outskirts of the city
of Pustomyty had the highest content of aromatic essential oils (carvacrol and p-cymene,
17 + 6%; geraniol content, 22%; and «-terpineol, 13%). The plants had high contents of
a-terpinene (8%) and borneol (7%) (chemotype K/G/«-T-neol/ «x-T-nen/B/p-C). The EO
contents of bornyl acetate, 3-caryophyllene, x-thujone, 3-myrcene, borneol, and fenchol
ranged from 4 to less than 1%, while thymol was 0.2% and only in the population from
Vereshchytsja, 2%. Traces of such essential oils as 1,8-cineole, limonene, terpinolene, and
linalool were detected. Raw material of Th. Serpillum had a similar chemotype with a large
percentage of aromatic compounds from the solar psammophilous population 1.2 (Figure 2).

In plants from population 2.2. from the outskirts of the village of Yameljnya, there
were more monocyclic alcohols; in particular, there was twice as much geraniol (33%) and
a-terpineol (20%) compared to carvacrol (9.5%) and bicyclic monoterpene borneol (10%),
and much less a-terpinene and p-cymene (G/ «-T-neol/B/K chemotype) (Table 2). All other
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oils were approximately similar in quantitative content. Population 2.2, where individuals
of Th. pullegoides compete with forbs, was determined by the geranial-o-terpineol-borneol-
carvacrol chemotype, similar to the population of Th. Serpillum from the edge of the pine
forest of Trostyanets village (population 1.3) (Figure 2).

Plant raw material of Th. Pulegoides, collected on the edge of the forest in a community of
meadow-steppe vegetation in the Havrylove tract near the village of Vereshchytsja, had 15% of
geraniol and x-terpineol and 13% of linalool, traces of which were present in other populations,
and 6% of borneol. Aromatic monoterpenes were only 5.5% of the composition (carvacrol
and thymol). The monoterpenoid (geranial-«-terpineol-linalool-borneol) (G/ «-T-neol/L/B)
chemotype is characteristic of the plant material from this population. In the population of Th.
serpillum from the Bila skelja, the greater half of the EO composition was linalool (Figure 2).

Therefore, individuals of Th. Pulegoides from populations 2.1. and 2.2 are also
characterized by the geranial-«-terpineol-borneol-carvacrol chemotype. The most aro-
matic essential oils of p-cymene and carvacrol are in population 2.1—aromatic-geraniol-
a-terpineol-o-terpinene-borneol (G/K/ a-T-neol/ «-T-n/B/p-C) chemotype in the ratio of
22:17:13:8:7:6%. Individuals of population 2.2 have a geranial-«-terpineol-borneol-carvacrol
(G/«-T-neol/B/K) chemotype in the ratio of 33:20:9.5:10%, whereas population 1.3 from
Vereshchytsja has geraniol-«-terpineol-linalool-borneol (G/ o-T-neol/ L/B) in the ratio of
15:15:13:6% (Figure 2).

The content of essential oils in raw material of Th. Marschallianus growing on Pishchana
Gora (“Znesinnja”) was the lowest (0.35 £ 0.05%), about 2-2.5 times compared to other
species. The qualitative composition was dominated by «-terpineol (28%) and carvacrol
(6.5%), while linalool, a-terpinene, geraniol, bornyl acetate, which were abundant in
other species, accounted for only 3-4.5% each (x-T-neol/K/L/o-T-nen/G/B-at chemotype)
(Table 2; Figure 2).

A comprehensive comparison of the qualitative and quantitative compositions of the
essential oil of individual species of the genus Thymus in the Carpathians region of Ukraine
is illustrated in Figure 2. These are the first results from Ukraine that determine Thymus
chemotypes that can be used for tests of therapeutic use.

The research shows that the highest levels of antimicrobial activity were shown by the
samples of Th. pullegoides (population 2.1) and Th. Serpyllum (population 1.2), which had
an aromatic-monoterpenoid chemotype, and population 2.2 with a mono-bicyclic-terpenoid-
carvacrol chemotype (Tables 3 and 4). At the same time, a wide range of activity of these
samples should be noted for both Gram-positive and Gram-negative bacteria, as well as
microscopic fungi of the genus Candida. It was found that essential oils had the most pro-
nounced antimicrobial effect on microscopic fungi of the genus Candida, as the zones of growth
retardation in the analysis of all samples ranged from 11.66 =+ 0.58 to 41.00 = 1.00. The most
pronounced antimycotic effect was characteristic for raw materials obtained from popula-
tion 2.1., Th. pullegoides, with an aromatic-monoterpenoid chemotype. High activity against
S. pyogenes was characteristic of the sample of Th. Marschtallianus and for the sample from
population 1.3, Th. Serpyllum, with a monoterpenoid chemotype. Regarding E. coli, a sample
from population 1.2, Th. Serpyllum, had an aromatic-monoterpenoid chemotype.

Table 3. The influence of EO from raw materials of Th. Serpyllum from different habitats on typical
strains of microorganisms: inhibition zones, mm, M + m.

Population
1.1 1.2 1.3
Test microorganisms Inhibition zone, mm, M + m
Staphylococcus aureus ATCC 25923 11.17 £ 0.29 13.17 £ 0.29 11.50 £ 0.50
Escherichia coli ATCC 25922 15.66 £+ 0.58 19.83 £ 0.76 9.66 + 0.58
Streptococcus pyogenes ATCC 19615 11.67 £ 0.58 14.00 £ 0.25 18.50 £ 0.87
Candida albicans ATCC 885-653 11.17 +0.29 29.66 + 1.52 22.66 + 0.58
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Table 4. Antimicrobial and fungicidal action of raw materials of species of the genus Thymus from
different habitats: inhibition zones, mm, M + m.

Th. Pulegoides (Population) Th. Marschtallianus
2.1 2.2 2.3 3

Test microorganisms

Inhibition zone, mm, M + m

Staphylococcus aureus ATCC 25923 14.50 £ 0.50 13.50 £ 0.50 13.50 £ 0.50 8.67 +0.58
Escherichia coli ATCC 25922 14.50 £ 0.50 15.33 £ 0.58 10.83 £ 0.76 0

Streptococcus pyogenes ATCC 19615 15.83 £ 0.29 13.33 £ 0.58 15.50 & 0.50 18.83 = 0.76
Candida albicans ATCC 885-653 41.00 4 1.00 29.00 4 1.00 11.66 £ 0.58 0

Zone of growth inhibition,mm

50
45
40
35
30
25
20
15
1

Ul O

0

Therefore, a wide spectrum of antimicrobial activity was recorded in samples of
Th. pullegoides and Th. Serpyllum with an aromatic-monoterpenoid chemotype.

Extracts made from plants of population 2.2, Th. Pulegoides, which was dominated
by monoterpenoid essential oils, which are the precursors of aromatic ones, had slightly
lower antimicrobial activity and almost half as much fungicidal activity (29.00 £ 1.00%).
Raw materials obtained from population 1.2., Th. Serpyllum, with a carvacrol-geraniol
chemotype, had a similar fungicidal action (29.66 £ 1.52%) (Tables 3 and 4; Figure 3). All
other populations with the monoterpenoid-bicyclic chemotype had moderate antimicro-
bial activity.

I I

I
I I
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| “ I .
1.1 2.3 1.2 2.1 13 2.2 3

Population

W Staphylococcus aureus ATCC 25923 m Escherichia coli ATCC 25922

Streptococcus pyogenes ATCC 19615 m Candida albicans ATCC 885-653

Figure 3. Antimicrobial and fungicidal action of raw materials of species of the genus Thymus from
different habitats, M + m. Legend: notations are similar as in Figure 2.

Plants with acyclic monoterpene chemotypes, linalool Th. Pulegoides and linalool Th.
Serpyllum, had low antimicrobial and especially fungicidal activity.

The antimicrobial action on S. aureus ATCC 25923 and S. pyogenes ATCC 19615 was
similar to that of other populations, while on Escherichia coli ATCC 25922 it was somewhat
lower, and there was a completely low fungicidal effect on Candida albicans ATCC 885-653.

The essential oils of Th. Marschallianus had the least antimicrobial action, while they
had no influence on C. albicans ATCC 885-653 and E.coli ATCC 25922. Perhaps this can be
explained by the low content of geraniol (3.5%), which is abundant in other species and
aromatic monoterpenes.
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4. Discussion

In the literature, considerable attention is paid not only to the quantitative content, but
also to the component composition of essential oils and its dependence on environmental
conditions, as well as to the antimicrobial and fungicidal properties of MPM with different
component compositions of essential oils.

Therefore, the component composition of essential oils in species of the genus Thy-
mus depends, first of all, on the microclimatic conditions of the population. Therefore,
in populations of Th. Serpyllum growing shaded by a pine forest, or Th. Pulegoides in
the formed cereal communities and shaded by cereal grasses, characteristic mono- and
bicyclic aromatic chemotypes G/ o-T-neol/K/B/p-C (Th. Serpyllum) and G/ x-Teol/B/K
(Th. Pulegoides) are present, with a slight content of carvacrol (Figure 2: 1.3; 2.2).

Populations in Th. Serpyllum and Th. Pulegoides, which grow on sunny lawns, have
an aromatic mono- and bicyclic monoterpenoids chemotype: K/«-T-neol/G/p-C/B in the
first species and G/K/ a-T-neol/ a-T-nen/B/p-C in Th. Pulegoides, with the total dominance
of aromatic monoterpenes (carvacrol and p-cymene) (Figure 2: 1.2; 2.1).

In Th. Serpyllum plants growing on the crystalline outcrops of the Bila skelja there
are linalool (L/G/K) chemotypes. A high content of linalool is found in the population
of Th. Pulegoides from Vereshchytsja (Havrylove tract) (G/«-T-neol/L/B) (Figure 2: 1.1;
2.3). Both species grow in a group of unique meadow-steppe vegetation. In populations
of Th. Pulegioides on limestone meadows in Germany, 60% of the research individuals
also had the linalyl acetate chemotype, and 20% had the -caryophyllene-germacrene
D-[3-bisabolene chemotype [24].

The content of essential oil in the raw material of Marshall’s thyme (Th. Marschallianus)
collected in the communities of strongly changed meadow-steppe vegetation on Pishchana
Gora was 0.35 £ 0.05%, and «-terpineol dominated the component composition (Figure 2).
Th. pulegioides, which grows in meadow coenoses with the dominance of meadow cereals
and a high Easter load, has a stable content of essential oils.

Raw material obtained from the population of Th. Serpyllum and Th. Pulegioides
growing in sunny open places (population 1.2 and 2.1) has an aromatic-monoterpenoid
chemotype and strong antimicrobial and fungicidal action. This can be explained by
the fact that the precursor of carvacrol is x-terpineol, and their transformation depends
on the amount of photosynthetically active solar radiation. In addition, the amount of
EO in Th. Pulegioides decreased in cold rainy weather and increased with the growth of
photosynthetically active solar radiation from 0.72% to 0.98% [23,25]. The percentage of car-
vacrol varied between 16.88 and 29.29%, p-cymene from 5.54-11.33%, and y-terpinene from
20.60-24.43%. Moreover, the amount of carvacrol grew with the increase in photosyntheti-
cally active solar radiation during flowering in July, and the highest content was at the stage
of fruiting. The percentage of carvacrol precursors—p-cymene and y-terpinene—decreased.
The p-cymene content showed a significant positive relationship with temperature and
precipitation during the April-July period and July temperature. The best time to harvest
this type of thyme, both in terms of essential oil yield and phenol content, is during or
immediately after full bloom. Research conducted in Kazakhstan showed that the highest
content of essential 0ils—0.4-1.4%—was in the aerial part of Th. Serpyllum at the stage
of full flowering, and the plants had a phenolic chemotype [10]. In the Left Bank Forest-
Steppe, the content of essential oil in the raw material of Th. Pallasianus changes during the
vegetation period of plants from traces to 0.09%, in Th. Marcshallianus from 0.35 to 1.3%, in
Th. Serpyllum from 0.11 to 0.97%, in Th. Dimorphus from 0.24 to 0.37%, and in Th. Pulegioides
from 0.25 to 0.86% [26].

In addition, Th. Serpyllum grows in favorable, thermophilic conditions, which con-
tributes to the synthesis of essential oils in the plant organs. Tymchenko et al., 2007 [27],
when studying the resource potential of Th. Serpyllum in the Volynj region, came to the
conclusion that the reason for the decrease in the resources of species of the genus Thymus
is the Easter load. The species is important for raw materials mainly in areas with poorly
developed grass cover, which are not used for pastures, or in areas with disturbed vegeta-
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tion cover. As the level of turfing of coenoses increases, the development of populations of
Th. Serpyllum is suppressed. Formation of populations of Th. Serpyllum and Th. polessicus
in the conditions of the Sumy region is a complicated growth under the tent of a pine
forest, and in the local growth there are only generative plants [28]. Only the population
formed under the conditions of the Elytrigioso (repenae)—thymosum (serpyllae) communities
is complete in terms of its ontogenetic structure. Morphometric indicators also depend
on growth conditions [29]. In our research, the raw material of both species, collected on
the edge of a pine forest (population 1.3; 2.2), had monoterpenoids (geranial-«-terpineol-
borneol-carvacrol) with a lower antimicrobial and fungicidal action (Figure 3).

The component composition of EOs, as research has shown, depends on geographical
distribution and climatic conditions. The content of essential oil from raw materials
collected on the territory of the Left Bank Forest-Steppe of Ukraine differed from our
results [26]. In the phase of mass flowering for Th. marcshallianus it is 0.9%, compared to
0.35% in the Lviv district; for Th. Serpyllum, on the contrary, it is 0.26% compared to 0.9 in
the Lviv district. For Th. Pulegioides the contents are the same: 0.8% in both regions. Such
a difference in the content of essential oils is obviously due to the fact that Th. Serpyllum
in the Lviv district grows in its characteristic populations on pine sands at the edges of
pine forests, while the steppe species Th. marcshallianus has a three times lower content of
essential oil than on the Left Bank, which is due both to its growth on sandy soils in a place
with a strong anthropogenic load and to the fact that the investigated region is the extreme
limit of distribution of this species.

Chemotypes of monoterpene hydrocarbons and their oxygen derivatives and aromatic-
monoterpenoid chemotypes that were isolated for MPM of the species investigated by us
of the Thymus genus (Th. Serpyllum, Th. Pulegioides L. and Th. Marschallianus Willd.) are
also characteristic of the temperate climate of northern European countries [6,7]. Thus, in
Th. Serpyllum L. ssp. serpyllum var. serpyllum investigated in the Vilnius region (Eastern
Lithuania) [30], the following chemotypes were distinguished: 1,8-cineol/caryophyllene
oxide and chemotype with a boron carbon skeleton (camphor + borneol + bornyl acetate).
The composition of Th. Pulegioides EO was dominated by citral-geraniol with a lemon smell
and carvacrol chemotypes [31]. The essential oils of plants with an “ether” odor containing
50-70% «-terpenyl acetate belong to the alpha-terpenyl acetate chemotype, which has not
previously been observed in the species Th. Pulegioides [32]. In further investigations, it was
found that only 35% of the population of Th. Pulegioides in the Vilnius region (Lithuania)
had the a-terpinyl acetate chemotype [33].

In the south of Ukraine, in the Kherson region, two forms of Th. Serpyllum had an
essential oil content of 1.1% and 0.67%, and the dominant components were thymol (40.70%
and 40.29%) and y-terpinene (12.88 and 23.31%) [34].

When grown in culture, Th. Pulegioides collected from various natural environments
in Lithuania had the following chemotypes: geraniol/geranium/neral (G/G/N), thymol
(T), linalool (L), carvacrol/y-terpinene/p-cymene (C/yT/pC), and thymol/carvacrol/~y-
terpinene/p-cymene (T/C/yT/pC). It was found that with a sudden change in environ-
mental conditions, two types of Th. Pulegioides can be distinguished: plants that retain their
chemical composition of essential oils and plants that significantly change their chemical
composition of essential oils [35].

The composition of the essential o0il is stable and determined genetically [36]. When
studying in Lithuania the content of essential oils in Thymus x Oblongifolius Opiz, which is a
hybrid of Th. Serpyllum L. and Th. Pulegioides L., eight chemotypes were found: 1-octen-
3-ol, (Z)-B-ocimene, geraniol, myrcene, 1,8-cineole, x-terpinyl acetate, germacrene B, and
geraniol/germacrene B. It is known that hybrids, in addition to intermediate morphological
features, have a diverse chemical composition. When grown in culture for four years,
Th. x oblongifolius had the same oil composition.

EOs are widely used not only as part of herbal preparations and in cosmetology, but
also as aromatic ingredients in a variety of food products, beverages, and confectionery [37].
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The antibacterial activity of essential oils makes thyme a potential natural preservative in
the food industry [38].

The antimicrobial action of EOs is determined by the chemotype of the population. Our
research also confirmed this hypothesis. Thus, raw materials collected from populations
1.2 and 2.1 that had an aromatic-monoterpene chemotype had a stronger antimicrobial
action, and medicinal plant raw materials Th. Pulegoides, whose EO were dominated by
carvacrol and p-cymene, had the highest fungicidal activity (41.00 &+ 1.00%) against Candida
albicans ATCC 885-653 in all samples (Figure 3). However, populations 1.3 and 2.2 with
mono- and acyclic monoterpenoid essential oils had a slightly lower antimicrobial action
and almost half the fungicidal action (29.00 &= 1.00%). Plants with the linalool chemotype
of both species (populations 1.1 and 2.3) had low antimicrobial and especially fungicidal
activity. EOs of Thymus Marschallianus had the least antimicrobial activity, while they had
no influence on C. albicans ATCC 885-653 and E. coli ATCC 25922.

EOs of samples Th. Pulegioides collected in Campania and Sicily, in which 36-39% have
phenols, in particular thymol, showed antibacterial activity against eight selected Gram+
and Gram— microorganisms: S. aureus (ATTC 25923), S. faecalis (ATTC 29212), B. subtilis
(ATCC 6633), B. cereus (PCI 213), P. mirabilis (ATCC 12453), E. coli (ATCC 25922), S. typhi
Ty2 (ATCC 19430), and P. aeruginosa (ATCC 27853) [2].

Th. Pulegioides EO of the thymol chemotype (T) had the strongest anti-Pseudomonad
activity against seven phytopathogenic Pseudomonas species isolated from vegetables: it
inhibited the growth of all tested bacteria even up to 84.4% compared to the control.
Linalool chemotype (L) essential oils inhibited bacterial growth less than chemotype T, and
the geraniol/geranium/neral G/G/N chemotype was the least effective [39].

It was found that the phytotoxic action of Th. Pulegioides EO with the x-terpinyl acetate
chemotype has a stronger influence on monocotyledonous than dicotyledonous plants. It
also showed high antimicrobial activity against fungi and dermatophytes, but less activity
against bacteria and Candida yeast. Therefore, T. pulegioides with the «-terpinyl acetate
chemotype may be a potential compound for the development of preventive measures
and/or medicines against mycosis [33].

All species of the genus Thymus investigated in Romania—Th. Vulgaris and Th. Pule-
gioides (thymol chemotype), Th. Serpyllum (carvacrol), and Th. Glabrescens (terpinyl acetate
chemotype)—showed complete inhibition of the growth of P. aeruginosa, Listeria inacua, and
S. pyogenes [5].

EOs with high contents of carvacrol and thymol showed antifungal activity against
Candida (seven clinical isolates and four ATCC type strains), Aspergillus (five clinical isolates
and two Coleccion Espafiola de Cultivos Tipo (CECT) and two ATCC type strains) and
five clinical dermatophyte strains. The results showed that the EO of Th. Pulegioides
showed significant activity against fungi, due to the formation of lesions in the cytoplasmic
membrane and a significant decrease in ergosterol content [40].

During this experimental work, it was found that the EO of lemon thyme (Th. x Citriodorus
(Pers.) Schreb. var. “Silver Queen”) has a pronounced antibacterial action against S. aureus
ATCC 25923 (diameters of growth retardation were 14.60 4= 1.52 mm) and fungicidal activity
of Candida albicans ATCC 885-6530 (29.30 + 2.82 mm). The antibacterial activity of thyme
EO was found against E. coli (19.60 & 1.85 mm). It was experimentally proven that it had no
bactericidal influence on the test strain of P. aeruginosa [41].

Productivity (fresh and dry leaves and branches) of Th. Serpyllum in the highlands of
Baluchistan was 113 kg/ha~!. The EO content was 0.58% and 0.87% in fresh and dry plant
samples. Three different concentrations of leaf extracts (0.5 g, 1 g, and 1.5 g) were used for
three different time periods (24 h, 48 h, and 72 h). The action of 0.5 g of the Th. Serpyllum
extract for 24 h against the causative agent of E. coli was the most effective [42].

Th. Serpyllum EO had an antimicrobial action on anaerobic bacteria, lactic acid bacteria,
and enterobacteria causing spoilage of chicken thigh meat for 2 weeks. The EO slowed
down the growth of the colonies of these bacteria. Pseudomonas spp. were detected only
in the control group stored in air for 12 and 16 days. The results of these investigations
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indicate the possibility of using EOs of Th. Serpyllum as natural food preservatives and
potential sources of antimicrobial ingredients for the food industry [43].

EO of Th. Serpyllum L. and its components—thymol and total phenol extracted from
plants—had an influence on the growth and production of mycotoxins of Aspergillus
ochraceus, A. carbonarius, and A. niger. The minimum inhibitory concentration (MIC) deter-
mined for the essential oil and thymol and the selected concentration of phenol inhibited
fungal growth and ochratoxin A biosynthesis by more than 60%, depending on the condi-
tions and duration of incubation with fungi. The EO showed the strongest inhibitory effect
due to the synergistic or cumulative influence of its components [44].

Th. Marschallianus and its components showed antioxidant activity and effect against Heli-
cobacter pylori ATCC 43504 with an MIC (minimum inhibitory concentration) = 0.625 mg/mL [16].

5. Conclusions

It has been proven that the quantitative and qualitative composition of EOs depends
on the amount of solar radiation and microclimatic and orographic conditions of the
population. Different chemical composition of EOs from plant raw materials of three
Thymus species from the Carpathians region of Ukraine were recorded in this research
study. There are important differences in all monitored characteristics. Plant raw materials
from different habitats of the searched species have a high range of EO contents. The plant
populations of Th. serpyllum and Th. Pulegioides, located in sunny meadow conditions,
have an aromatic mono- and bicyclic monoterpenoid chemotype, with significant contents
of the aromatic monoterpenes carvacrol and p-cymene. Populations of Th. Serpyllum,
that is shaded by a pine forest and Th. Pulegoides, that is shaded by cereal grasses, has
mono- and bicyclic monoterpenoid chemotypes. Plant raw materials Th. Serpyllum and
Th. Pullegioides selected from meadow-steppe vegetation on sandy soils has monoterpenoid
chemotype with hight contents linalool. Th. Marschallianus were reported to have the
lowest EO and a-terpineol dominated the component composition. Antimicrobial activity
and a high content of natural components of Th. pullegoides and Th. serpyllum with an
aromatic-monoterpenoid chemotype determines the promise of their use as raw materials
in the pharmaceutical industry.
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Abstract: The present study aimed to investigate the effects of non-thermal plasma-activated water
(PAW) on Triticum aestivum L. cv. Glosa sprouts. Two types of PAW were generated by exposing
distilled water to a high-voltage electric discharge. Wheat caryopses were treated either with PAW1
(25mg/LNO3~,4mg/LNO,~, and 6 mg/L H,O,) or PAW2 (35 mg/L NO3~, 5mg/L NO,~, and
7.5 mg/L HyO,) for 8 days, with samples being collected at days 1, 2, 3, and 8. The germination rate,
growth parameters, protein, photosynthetic pigments, total phenolic contents, antioxidant activity of
free and bound phenolic fractions, and activity of antioxidant enzymes were evaluated. Both PAW1
and PAW2 had positive effects on Triticum aestivum L. cv. Glosa sprouts. PAW2 had a better impact
on sprouts with respect to growth parameters, free phenolic content, and antioxidant activity of the
free phenolic fraction (day 3), the accumulation of proteins, and photosynthetic pigments (day 8). In
conclusion, exposure to PAW increases the quality of Triticum aestivum L. cv. Glosa sprouts. Further
optimization of PAW treatment is required for the most favorable impact on the accumulation of
biomass and health-promoting compounds in sprouts.

Keywords: wheat sprouts; germination; seedling growth; proteins; photosynthetic pigments;
phenolic compounds; antioxidant activity; antioxidant enzymes

1. Introduction

A healthy diet improves quality of life and prevents chronic diseases [1]. In this
respect, the consumption of whole grains has overwhelming health benefits [2]. Among
cereals, whole grain wheat is an excellent source of nutritional and bioactive compounds.
Dietary fiber is an important component of the whole grain wheat (11.6-17.0%). Almost
half of all dietary fiber is represented by non-starch polysaccharides, with arabinoxylan
(70% of wheat bran) as a major component [3]. Whole grain wheat is also an important
dietary source of starch (60-70%), composed of rapidly digestible starch (23.9-34.4%),
slowly digestible starch (3.4-23.4%), and resistant starch (1.8-16.9%) [4]. The latter acts as a
functional fiber undergoing colonic bacterial fermentation with the production of short-
chain fatty acids (acetate, propionate, butyrate) which are essential for colon health [5].
Whole grain wheat is also a source of proteins (7-22%) [6] and lipids (2-2.5%, free fatty
acids and acylglycerols being predominant) [7]. Phytosterols, sterol glycosides and esters,
alkylresorcinols, vitamin E, and carotenoids are important lipid soluble constituents in
wheat grains [8,9]. The average total content of tocopherols and tocotrienols in wheat
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grains was found to vary from 27.6 to 79.7 ug/g, alpha-tocopherol and beta-tocotrienol
being the most abundant ones [10]. Vitamin E is a potent antioxidant playing a major
role in the protection against atherosclerosis, arthritis, cataracts, and cancer [11], with the
cardioprotective potential being mostly attributed to tocotrienols [12]. Whole grain wheat
also contains carotenoids, with large variations in contents (0.94-13.6 mg/kg) depending
on the cultivar [13]. As antioxidants and vitamin A precursors, carotenoids have numerous
health benefits in the treatment of degenerative eye disorders, cardiovascular diseases,
Alzheimer’s disease, colorectal cancer, type 2 diabetes, and obesity [14]. Whole grain wheat
is also a source of gamma aminobutyric acid (GABA) (3.4 mg/100 g dry weight) [15],
betaine (291.2 mg/100 g dry weight), and choline (14.4 mg/100 g dry weight) [16]. GABA,
a non-protein amino acid, is an inhibitory neurotransmitter with many other physiological
effects in humans such as regulation of blood pressure and heart rate and stimulation
of insulin secretion [15]. Betaine and choline reduce hyperhomocysteinaemia, a major
risk factor for cardiovascular and neurological diseases [17]. Whole grain wheat also
contains phenolic acids with strong antioxidant properties, localized mainly in bran [18].
Ferulic acid is the predominant phenolic acid (269.2-744.7 ug/g), followed by p-coumaric
(10.4-92.4 ng/g), syringic (7.9-29.5 ng/g), and vanillic (5.6-19.5 ug/g) acids [18-22].

Overall, whole grain wheat contains valuable nutritional and bioactive compounds
which provide significant health benefits in the treatment of cardiovascular disease, type
2 diabetes, and cancer [9]. The germination process enhances the nutritional and medici-
nal value of grains. Contents in soluble dietary fiber, proteins, free lipids, vitamins, and
polyphenols increase during germination. Moreover, germination activates different en-
zymes such as alpha-amylase and proteases which degrade starch and proteins, respectively,
resulting in an improved digestibility of grains and an enhanced availability of sugars
and free amino acids. Germination was also found to increase the antioxidant capacity of
sprouts [23-26]. Therefore, sprouted whole grains are important functional foods, being
consumed as part of a diet for the prevention of chronic diseases [15].

There are various methods to control germination and enhance the production and
accumulation of nutritional and bioactive compounds in sprouts. The most common ones
are the exposure to stress (cold/heat, hypoxia) and use of different forms of physical
energy such as pressure, light, ultrasounds, magnetic field, or non-thermal plasma [24].
Non-thermal (cold) plasma, usually generated by electrical discharge in a high-velocity
gas flow, is a complex mixture of ions, atoms, molecules, free radicals, and electrons. Non-
thermal plasma treatment was reported to enhance the seed germination and accumulation
of bioactive compounds in sprouts, reduce the germination time required to accumulate
the highest content of phytochemicals, promote plant growth, and prevent microbial
contamination of plant material [24,27,28]. Non-thermal plasma can be applied not only
directly, but also as non-thermal plasma-activated water (PAW), usually produced by
spraying water into the plasma zone. The process generates reactive oxygen and nitrogen
species, with hydrogen peroxide and nitrates being considered the major species affecting
the seed germination, seedling growth, biosynthetic pathways, and stress response in
plants. Nitrates are a source of nitrogen which is essential for the synthesis of proteins; the
latter are important not only for growth, but also as components of enzymes with different
metabolic functions. Reactive oxygen and nitrogen species trigger a defensive response in
the plant tissue consisting in an enhanced production and accumulation of phytochemicals
with antioxidant properties such as phenolics, vitamin E, and carotenoids [29]. Treatment
with PAW is a promising strategy to improve the nutritional and medicinal potential of
sprouts and, at the same time, a promising alternative to chemical fertilizers. Two major
advantages of using non-thermal PAW, such as low costs of production and environmental
safety, need to be emphasized.
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In this respect, we have initiated research studies aiming to boost the nutritional
and bioactive potential of sprouts by treatment with non-thermal PAW. The present study
reports on the effects of non-thermal PAW on Triticum aestivum L. cv. Glosa caryopses
regarding germination, growth, accumulation of various metabolites, antioxidant capacity,
and antioxidant enzyme activity in sprouts (collected at days 1-3) and shoots (collected at
day 8).

2. Materials and Methods
2.1. Chemicals

Folin-Ciocalteu’s phenol reagent, gallic acid, sodium carbonate, 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical, Bradford reagent, protein standard (2 mg/mL), o-dianisidine,
and dimethyl sulfoxide (DMSQO) were obtained from Sigma-Aldrich (Steinheim, Germany).
Nitro blue tetrazolium (NBT) chloride and riboflavin were from Merck KGaA (Darmstadt,
Germany). 1,4-Dithiothreitol and ethylenediaminetetraacetic acid (EDTA) were from Schar-
lau Chemie (Sentmenat, Spain). Acetone, ethyl acetate, and methanol were from Riedel-de
Haén (Seelze, Germany). Titanium sulfate solution was purchased from Fisher Chemical
(Fisher Scientific, Loughborough, UK). Sodium hypochlorite and sodium hydroxide were
provided by FEELXKIM SRL (Tomesti, Romania) and Chimreactiv SRL (Bucharest, Roma-
nia), respectively. Ultrapure water was obtained using the SG Water Ultra Clear TWF water
purification system (Barsbiittel, Germany).

2.2. Vegetal Material

Wheat caryopses (Triticum aestivum L. cv. Glosa) were supplied by the Territorial
Inspectorate for Seed and Propagating Material Quality (lasi, Romania). Prior to the
experiments, the caryopses were immersed in 1.25% sodium hypochlorite solution for
5 min and further rinsed with sterile demineralized water until no chlorine odor was
detected [30].

2.3. Generation of Non-Thermal Plasma-Activated Water

Table 1 and PAW2, were obtained in the Department of Electrical Engineering, Gheorghe
Asachi Technical University (lasi, Romania). The non-thermal plasma reactor for PAW
production, the factors affecting the chemical composition of PAW, and the whole process
of PAW production have been previously described [31,32]. Briefly, in our study, a high
voltage pulsed power supply generated a low power electrical discharge between two
cylindrical point-to-point stainless steel electrodes (1.6 mm diameter). Thus, plasma was
produced between the high voltage electrode and ground electrode in a 3.1 mm inner
diameter glass cylinder, at a gap of 3 mm. Distilled water was obtained using a Biobase
WD-A5 water distiller (Shandong, China) and pumped at a flow of 15 mL/min. Air (carrier
gas) was generated by a commercial compressor (2.5 atm). A mass flow regulator MASS-
VIEW MV-304 (Bronkhorst High-Tech B.V., The Netherlands) kept the air flow constant at
1.5 L/min. PAW was generated by a pulse electrical discharge between the high voltage
electrode of the reactor and ground electrode, in a gas flow (Figure 1). Distilled water was
mixed with air in a nozzle with two inlets arranged perpendicularly. The mixture was
further sprayed into the plasma area in the reaction chamber, resulting in the formation of
various reactive species such as hydrogen peroxide (H,O,), nitrates (NO3 ™), and nitrites
(NO;7) [31]. For the experiments described in the present study, PAW was generated
at 60 and 100 Hz for 2 ms pulse width, the distilled water and air flows being constant
(15 mL/min and 1.5 L/min, respectively). The electrical parameters of the non-thermal
plasma reactor for the frequencies used in our study are shown in Table 1. The current and
voltage measurements were carried out using a shunt resistance of 100 () and a TT-HVP-
2739 high voltage probe (divider voltage ratio 1000:1) (Testec Elektronik GmbH, Dreieich,
Germany), respectively [31,33].
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Table 1. Electrical parameters of the non-thermal plasma reactor.

Frequency Imax Lavg Umax Uavg Pavg
(Hz) (mA) (mA) (V) V) W)

60 58 2.5 6049 153 3

100 59 2.8 7200 250 4

Imax—maximum discharge current, lavg—average current, Umax—maximum discharge voltage, Uavg—average
discharge voltage, Pavg—discharge average power.
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Figure 1. The experimental set-up (a) and the current and voltage waveforms (b) of the discharge
(frequency: 100 Hz, pulse width: 2 ms, distilled water flow: 15 mL/min, air flow: 1.5 L/min).

The current and voltage waveforms were recorded using a WaveSurfer 454 digital
oscilloscope (LeCroy, New York, NY, USA) [31,34]; the waveforms corresponding to the
frequency of 100 Hz, 2 ms pulse width, distilled water flow of 15 mL/min, and air flow of
1.5 L/min are illustrated in Figure 1. The energy efficiency (EEf), representing the amount
of a reactive species (g) produced in PAW per kWh, was calculated as the amount produced
(n) divided by the energy consumption (E) for the process, which is 1/E, where the value
of E is equal to the product of the average power (Payg) and treatment time (¢) [31].

2.4. Non-Thermal Plasma-Activated Water: Composition and Analysis

Some of the major chemical reactions occurring in the non-thermal plasma generation
area are listed below. As air was used as a working gas to produce plasma, nitrogen oxides
were also generated [31,33].

H,O — H- + -OH 1)
H,O — H' + e;q +-OH )

-OH + -OH — H,0, 3)

No+ e — 2N + e (4)

O+ e =20 + e (5)

N + O = NO (6)

NO + O — NO, @)

NO, + OH — HNO; ®)

Oz + NO, + H,O — NO, + NO; +2H" 9)

HyO; concentration of PAW was determined spectrophotometrically using titanium
sulfate. 1 mL of titanium sulfate was mixed with 2 mL of PAW. A yellow color indicated
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the presence of HyO, in PAW. The absorbance of the reaction mixture was determined at
410 nm (Shimadzu UVmini-1240 spectrophotometer) [33]. A calibration curve for H,O,
was also plotted. The levels of NO3 ™~ and NO;, ™~ in PAW were measured using the Visocolor
Eco colorimetric test kits (Macherey-Nagel, Germany) and a compact photometer PF-3
(Macherey-Nagel, Germany). The quantification of NOs ™~ (Visocolor Eco nitrate colorimet-
ric test kit) involved its reduction to NO, ™ in an acidic medium, followed by the reaction
of NO, ™ with an aromatic amine to generate an orange-yellow azo dye. The quantification
of NO, ™~ (Visocolor Eco nitrite colorimetric test kit) was based on the diazotization of
sulfanilamide in an acid solution followed by coupling with naphthylamine to produce a
reddish-purple azo dye [33,35,36].

2.5. Treatment and Germination of Wheat Caryopses

Approximately 0.9 kg of disinfected wheat caryopses was divided in three groups
which were soaked for 4 h in PAW1, PAW2, and distilled water (control), followed by ger-
mination in a Weiss Gallenkamp climatic chamber (Weiss Technik UK Ltd., Loughborough,
UK) under controlled conditions (dark, 20 °C, and 65% relative humidity for 3 days). After
3 days, the sprouted caryopses underwent a light/dark cycle (12/12 h) until day 8. PAW1,
PAW?2, and distilled water were changed at days 2, 4, and 6 with fresh prepared solutions,
the wheat caryopses in each group being soaked 2/3 in liquid. Germination rate (%) was
determined for the wheat caryopses collected at day 1. Fifty randomly selected wheat
caryopses were collected from each group and the germination percentage was calculated
as the ratio between the number of germinated caryopses and total number of collected
caryopses. Caryopses were considered germinated when the radicle and coleoptile had a
minimum length of 1 mm [29]. Growth parameters, superoxide dismutase, catalase, and
peroxidase activities were determined in fresh samples immediately after collection. For
other assays, samples were stored at —80 °C until analysis.

2.6. Biometric Measurements

Fifty wheat caryopses were randomly collected at days 2, 3, and 8. The lengths of their
roots and shoots were measured with a mm scale. The median lengths of roots and shoots
were calculated.

2.7. Total Protein Content

Total protein content was determined in the sprouts collected at days 1, 2, and 3,
and shoots collected at day 8. In brief, each sample (100 mg) was grinded in 50 mM
potassium phosphate buffer (pH = 7) and centrifuged at 10,000 rpm and 4 °C for 10 min
(Ortoalresa Digicen 20-R centrifuge, Alvarez Redondo, Madrid, Spain). An aliquot was
taken out from supernatant and mixed with Bradford reagent (total volume 1 mL). The
absorbance was measured at 595 nm (Specord 210 Plus spectrophotometer, Analytik Jena,
Jena, Germany). A standard curve was created by mixing different volumes of protein
standard solution with Bradford reagent [37]. The results were expressed as mg protein/g
of sample (fresh weight).

2.8. Photosynthetic Pigments Content

Chlorophylls and carotenoids were quantified in the shoots collected at day 8. 0.05 g of
shoots were homogenised with 3 mL of acetone and further centrifuged at 10,000 rpm and
4 °C for 15 min (Ortoalresa Digicen 20-R centrifuge, Alvarez Redondo, Madrid, Spain). The
final volume was adjusted to 10 mL with acetone. The absorbances were recorded at 662,
645, and 470 nm (Specord 210 Plus spectrophotometer, Analytik Jena, Jena, Germany). The
contents, expressed in mg/g of sample (fresh weight), were calculated using the following
formulas: chlorophyll a = (11.24 x A662) — (2.04 x A645), chlorophyll b = (20.13 x A645)
— (4.19 x A662), total chlorophylls (chlorophyll a + b) = (7.045 x A662) + (18.09 x A645),
carotenoids = [(1000 x A470) — (1.9 x chlorophyll a) — (63.14 x chlorophyll b)]/214 [38,39].
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2.9. Extraction of Free and Bound Phenolic Fractions

Free and bound phenolic fractions were extracted from the sprouts collected at days
1, 2, and 3, and shoots collected at day 8, according to previously described protocols
with minor changes. In brief, free phenolic fraction was obtained as follows: the sample
(1 g) was milled and suspended in 5 mL of methanol/ultrapure water /acetic acid mixture
(70:29.5:0.5, v/v/v), vortexed for 1 min on ice (Velp Scientifica vortex mixer, Usmate, Italy),
ultrasonicated for 40 min at 25 °C (Bandelin Electronic RK31 ultrasonic bath, Bandelin
Electronic, Berlin, Germany), and centrifuged at 10,000 rpm for 10 min (Ortoalresa Digicen
20-R centrifuge, Alvarez Redondo, Madrid, Spain). The supernatant was collected, and the
extraction was repeated twice. The supernatants were combined and vacuum dried (Btichi
R-300 rotary evaporator, Biichi Laboratortechnik AG, Flawil, Switzerland). The residue
was stored at —20 °C until further analysis. The pellets of the free phenolics extraction
were used to isolate the bound phenolic fraction. Pellets were initially subjected to an
alkaline hydrolysis with 4 M sodium hydroxide, followed by ultrasonication for 40 min
at 25 °C (Bandelin Electronic RK31 ultrasonic bath, Bandelin Electronic, Berlin, Germany)
and overnight rest. After adjusting the pH to a value of 2, each sample was extracted with
3 x 30 mL of ethyl acetate. The combined supernatants were vacuum dried (Btichi R-300
rotary evaporator, Biichi Laboratortechnik AG, Flawil, Switzerland) and stored at —20 °C
until further use [26,40].

2.10. Total Phenolic Content

Total phenolic contents in both free and bound phenolic fractions were assessed using
the Folin-Ciocalteu assay. The reaction mixture consisted of sample, Folin—Ciocalteu’s
phenol reagent, 20% sodium carbonate, and ultrapure water in a total volume of 4 mL.
After 2 h incubation (dark, room temperature), the absorbance was determined at 765 nm
(Specord 210 Plus spectrophotometer, Analytik Jena, Jena, Germany). A calibration curve
was plotted using gallic acid [41-43]. The results were expressed as mg of gallic acid
equivalents (GAE)/100 g of sample (fresh weight).

2.11. Antioxidant Activity

Antioxidant activity of the free and bound phenolic fractions was assessed by DPPH
radical scavenging assay as previously described with minor modifications. Briefly, the
sample (0.05 mL) was mixed with DPPH methanolic solution (0.075 mM, 2.95 mL), followed
by vigorous shaking. After 30 min, the absorbance of the reaction mixture was determined
at 515 nm. Additionally, the absorbance of DPPH solution (2.95 mL) and methanol (0.05 mL)
was measured at 515 nm at 0 min (Specord 210 Plus spectrophotometer (Analytik Jena,
Jena, Germany). DPPH radical scavenging activity was calculated using the formula: %
DPPH scavenging activity = [(Ag min — A30 min)/ Ao min] % 100 [23,42,44].

2.12. Superoxide Dismutase Activity

Superoxide dismutase (SOD, EC 1.15.1.1) was quantified in the sprouts collected at day
3 and shoots collected at day 8 according to previously described procedures. In brief, the
enzyme was extracted by grinding the vegetal material in 5 mL of TRIS-0.1 M HCl buffer
containing 1 mM dithiothreitol and 1 mM EDTA (pH = 7.8) at 4 °C, followed by centrifuga-
tion at 10,000 rpm for 15 min (Hettich Mikro 22R centrifuge, Tuttlingen, Germany). The
supernatant was used for SOD quantification. The reaction mixture, consisting of 2.55 mL of
potassium phosphate buffer (0.067 M, pH =7.8), 0.2 mL of EDTA (0.1 M, pH =7.8), 0.1 mL of
supernatant, 0.1 mL of NBT (1.5 mM), and 0.05 mL of riboflavin (0.12 mM), was exposed to
neon lamp illumination (24 °C, 5 min). The absorbance of the reaction mixture was further
determined at 560 nm (Beckman Coulter DU 730 UV /Vis spectrophotometer, Beckman
Coulter Inc., San Diego, CA, USA). SOD activity was expressed as U/mg protein/min;
one unit (U) represents the amount of SOD causing 50% inhibition of light-induced NBT
reduction [45,46].

96



Horticulturae 2022, 8, 1158

2.13. Catalase Activity

Similarly, catalase (CAT, EC 1.11.1.6) activity was determined in the samples collected
at days 3 and 8. The vegetal material was grinded in 5 mL of potassium phosphate buffer
(0.05 M, pH =7) and further centrifuged at 4500 rpm for 10 min (Hettich Mikro 22R cen-
trifuge, Tuttlingen, Germany). In total, 1 mL of HO; (0.059 M) was incubated with 1 mL of
phosphate buffer for 4-5 min at 25 °C, followed by the addition of 0.1 mL of supernatant
(diluted to cause a decrease in absorbance of 0.03—-0.07/min). The decrease in absorbance
at 240 nm was measured for 2 min (Beckman Coulter DU 730 UV /Vis spectrophotome-
ter, Beckman Coulter Inc., San Diego, CA, USA). CAT activity was expressed as U/mg
protein/min, one unit (U) decomposing 1 tM H,O; in 1 min (25 °C, pH =7) [47].

2.14. Peroxidase Activity

Peroxidase (POX, EC 1.11.1.7) activity was assessed in the samples collected at days 3
and 8. First, samples were ground in 5 mL of TRIS—0.1 M HCI buffer containing 1 mM
dithiothreitol and 1 mM EDTA (pH = 7.8) in an ice bath and further centrifuged at 4500 rpm
for 15 min (Hettich Mikro 22R centrifuge, Tuttlingen, Germany). A volume of 0.1 mL of
supernatant was mixed with 3 mL of buffered o-dianisidine and 0.2 mL of HyO, 0.05%,
incubated at 20 °C for 5 min, followed by the addition of 5 mL of H,SO, 50% to block
POX activity. The absorbance was read at 540 nm (Beckman Coulter DU 730 UV /Vis
spectrophotometer, Beckman Coulter Inc., San Diego, CA, USA). PO activity was expressed
as U/mg protein/min, one unit (U) decomposing 1 uM H,O; in 1 min at 20 °C [48].

2.15. Statistical Analysis

All experiments were performed in triplicate, the results being presented as
mean = standard deviation (SD). Data were processed using SPSS software version 18.0
and Tukey HSD test (95% confidence interval). A p value lower than 0.05 was considered
to be statistically significant.

3. Results
3.1. Generation and Analysis of Non-Thermal Plasma-Activated Water

Two types of PAW were produced in the present study. The concentrations of reactive
species in PAW strongly depend on the electrical parameters of electrical discharge that
generates PAW. The electrical parameters (current, voltage, frequency) as well as the
physical ones (air and water flow rates) were selected in order to obtain the desired
concentrations of reactive species in PAW: a level of NO3; ™ (source of nitrogen for wheat
sprouts) with a positive impact on sprouting and a level of HyO; (strong oxidizing agent)
which does not affect negatively the development of wheat sprouts. In PAW1, generated
at 60 Hz, the concentrations of NO3~, NO, ™, and H,O, were 25.0 + 2.5, 4.0 + 0.4, and
6.0 £ 0.5 mg/mL, respectively. The higher frequency (100 Hz) used to produce PAW2
resulted in elevated levels of reactive species (35.0 & 3.5 mg/L NO3;~,5.0 £ 0.5 mg/L NO,~,
and 7.5 + 0.7 mg/L HyO,) (Figure 2). PAW treatment was applied 2 h after preparation
when measurements revealed that the concentrations of reactive species (NO3~, NO, ™,
H,0,) had stabilized. The EEf values used for the generation of H;O,, NO, ™, and NO3; ™
at both frequencies are illustrated in Table 2.

Table 2. Energy efficiency (EEf) values used for the generation of HyO,, NO, ~, and NO3~ in PAW1
and PAW2.

EEf (g/kWh)
PAW Frequency (Hz)
H, 02 NOZ - NO3 -
PAW1 60 1.7 1.4 8.6
PAW2 100 1.6 1.2 8.1
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Figure 2. Concentrations of HyO,, NO, ~, and NO3 ~ in PAW1 and PAW?2.

3.2. Germination Rate

PAW1 and PAW2 enhanced the germination of wheat caryopses by 4.66% and 5.33%,
respectively, in comparison with the control (evaluation at day 1, Table 3), with no statisti-
cally significant differences between groups (p > 0.05).

Table 3. Effect of PAW treatment on the germination of Triticum aestivum L. cv. Glosa caryopses.

Treatment Germination (%)
Control 42.67 +1.89
PAW1 47.33 +4.99
PAW2 48.00 + 3.27

3.3. Growth Parameters

PAW treatment positively influenced the biometric characteristics of shoots and roots
(Figure 3). At day 3, PAW2 induced the most pronounced increase in the lengths of shoots
and roots (13.2 and 17.54 mm, respectively, vs. 1.81 and 8.14 mm, respectively, in the
control group). At day 8, PAW1-treated caryopses showed the longest shoots (107.29 vs.
77.68 mm in the control group), whereas PAW2-treated ones had the most developed roots
(97.02 vs. 75.05 mm in the control group). The shoot lengths in the PAW1-treated group
at day 2 and the PAW2-treated group at days 2 and 3 were significantly different from
the control group (p < 0.05). With respect to the root lengths, significant differences in
comparison with the control were determined for the PAW2-treated group at days 2, 3, and
8 and the PAW1-treated group at day 2 (p < 0.05).
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Figure 3. Effect of PAW treatment on the lengths of shoots (a) and roots (b) of Triticum aestivum L. cv.
Glosa sprouts; * significant difference (p < 0.05) between control and PAW1; ** significant difference
(p < 0.05) between control and PAW?2; *** significant difference (p < 0.05) between PAW1 and PAW?2.
Each point represents the mean =+ SD of three determinations.
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3.4. Total Protein Content

Total protein content increased under PAW treatment (Figure 4). PAW1 and PAW2
caused important increase in the protein content of wheat sprouts at days 1 (~43 and
~31%, respectively) and 3 (~19 and ~18%, respectively). In the shoots at day 8, the increase
in the protein content was smaller (~12% in the PAW1-treated group and ~17% in the
PAW?2-treated group). However, significant differences in comparison with the control
were determined only for the PAW1-treated group at day 1 and the PAW2-treated group at
day 8 (p < 0.05). There were no statistically significant differences between the PAW1- and
PAW?2-treated groups at all four collection days (p > 0.05).
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Figure 4. Effect of PAW treatment on the total protein content in Triticum aestivum L. cv. Glosa sprouts
(days 1, 2, and 3) and shoots (day 8); * significant difference (p < 0.05) between control and PAW1;
** significant difference (p < 0.05) between control and PAW2. Each point represents the mean + SD
of three determinations.

3.5. Photosynthetic Pigments Content

Both chlorophylls and carotenoids in the shoots at day 8 increased under PAW treat-
ment (Figure 5). PAW2 induced a more pronounced increase in chlorophyll a, chlorophyll b,
total chlorophylls, and carotenoid contents in comparison with PAW1 (1.32-, 1.8-, 1.45-, and
2.18-fold, respectively vs. 1.24-, 1.13-, 1.21-, and 1.98-fold, respectively). The contents of
chlorophyll a and total chlorophylls in PAW1- and PAW2-treated groups were significantly
different from the control group (p < 0.05). With respect to the chlorophyll b content, a sig-
nificant increase in comparison with the control was determined only for the PAW2-treated
group (p < 0.05). Differences in chlorophyll b and total chlorophyll contents between the
PAW1- and PAW2-treated groups were found to be statistically significant (p < 0.05). There
were no statistically significant differences between the control and treated groups, on one
hand, and between the PAW1- and PAW2-treated groups, on the other hand, with respect
to the carotenoid content (p > 0.05).
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Figure 5. Effect of PAW treatment on the photosynthetic pigments content in Triticum aestivum L. cv.
Glosa shoots at day 8; * significant difference (p < 0.05) between control and PAW1; ** significant
difference (p < 0.05) between control and PAW?2; *** significant difference (p < 0.05) between PAW1
and PAW2. Each point represents the mean + SD of three determinations.
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3.6. Total Phenolic Content

Our results revealed that PAW treatment enhanced the content in free and bound
phenolic compounds (Figure 6). At day 3, both PAW1 and PAW2 induced a significant
increase in the free phenolic contents in wheat sprouts in comparison with the control
(48.05 vs. 38.49 mg% and 51.69 vs. 38.49 mg%, respectively) (p < 0.05). In addition,
PAW1 enhanced the free phenolics in the sprouts at day 1 (39.02 vs. 33.27 mg% in the
control group, p < 0.05) and shoots at day 8 (121.19 vs. 108.49 mg% in the control group,
p > 0.05). PAW1 and PAW?2 treatment also resulted in elevated bound phenolic contents in
the sprouts at day 3 (125.94 and 119.52 mg% vs. 83.81 mg% in the control group) and shoots
at day 8 (165.79 and 164.70 mg% vs. 139.41 mg% in the control group), with no significant
differences between each treated group and control group, and also between PAW1- and
PAW2-treated groups (p > 0.05).
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Figure 6. Effect of PAW treatment on the free (a) and bound (b) phenolic contents in Triticum
aestivum L. cv. Glosa sprouts (days 1, 2, and 3) and shoots (day 8); * significant difference (p < 0.05)
between control and PAW1; ** significant difference (p < 0.05) between control and PAW2. Each point
represents the mean + SD of three determinations.

3.7. Antioxidant Activity

PAW treatment positively influenced the antioxidant capacity of free phenolic fractions,
except those isolated from PAW1-treated sprouts (day 1) and PAW2-treated shoots (day 8).
A substantial increase in the antioxidant capacity was noticed for the free phenolic fractions
obtained from PAW2-treated sprouts at days 2 (17.01 vs. 10.74% for the control group,
p > 0.05) and 3 (18.32 vs. 10.15% for the control group, p < 0.05). At day 8, the antioxidant
activity of the free phenolic fraction of PAW1-treated shoots was significantly higher in
comparison with the one of PAW2-treated shoots (92.09 vs. 79.94%, p < 0.05). A burst in
antioxidant capacity was noted for the bound phenolic fraction obtained from the shoots
at day 8 under treatment with PAW1 (91.19 vs. 57.49% in the control group, p < 0.05)
(Figure 7).

3.8. Antioxidant Enzymes Activity

PAW1 and PAW?2 substantially stimulated SOD and CAT in the sprouts at day 3 and
shoots at day 8, the differences between each treated group and control group and also
between PAW1- and PAW2-treated groups being significant (p < 0.05). The increase in
activity in both enzymes was more prominent at day 3, with a 143.72 and 91.53% increase in
SOD activity under PAW1 and PAW2 exposure, respectively, and 50.21 and 36.34% increase
in CAT activity under treatment with PAW1 and PAW2, respectively. On the contrary,
PAW1 and PAW?2 considerably elevated POX activity only on day 3 (by 207.32 and 244.72%,
respectively) and reduced it at day 8 (by 39.02 and 18.98%, respectively) (p < 0.05 between
each treated group and control group and between PAW1- and PAW2-treated groups)
(Figure 8).
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4. Discussion

Non-thermal PAW has gained increasing attention in recent years as several studies
showed that it significantly impacts germination, development of seedlings as well as
accumulation of nutritional and bioactive compounds in plants [29,49-58]. In the present
study, we investigated the impact of two types of PAW, generated by exposing distilled
water to high-voltage electric discharge, on the caryopses of Triticum aestivum L. cv. Glosa,
widely cultivated in Romania due to its productivity and resistance to various stress factors.

The influence of PAW1 and PAW2 on the germination of wheat caryopses was eval-
uated after 24 h as previous studies showed that the increase in germination is more
pronounced after 24 h than after several days [29]. PAW1 and PAW?2 slightly enhanced
the germination of wheat caryopses (by 4.66% and 5.33%, respectively). The positive
influence of PAW on germination is ascribed to its reactive oxygen and nitrogen species,
especially H;O, and NO. HyO; decreases abscisic acid (hormone responsible for seed
dormancy) while increasing gibberellic acid (hormone promoting germination) [48]. In
addition, Hy,O, is decomposed by CAT to water and O,; O, enhances mitochondrial respi-
ration and metabolic activities which results in a positive impact on germination. HyO,
oxidizes and inactivates inhibitors of germination present in pericarp [29]. On the other
hand, nitrogenous compounds also enhance seed germination. NO3~ and NO, ™ are a
source of NO; the latter was reported to stimulate light-induced germination mediated
by phytochrome A, downregulate abscisic acid signaling, and increase the expression of
aquaporin genes, thus enhancing water absorption and sprout development [49]. Other
studies also found a positive impact of PAW on germination. Kucerova et al. reported
that PAW (produced by transient spark discharge) significantly influenced the germination
of Triticum aestivum L. cv. IS Gordius caryopses depending on the type of water used to
generate PAW (tap or deionized water), water activation time, and chemical composition
of PAW. PAW obtained from deionized water enhanced germination by 26% whereas PAW
produced from tap water, containing higher content of NO3 ™~ (~0.5 mM), induced 103%
increase in germination [29]. The discrepancies between our results and the ones reported
by Kucerova et al. could be attributed, in large part, to the cultivar (Glosa in our study,
IS Gordius in Kucerova’s study) and different physicochemical characteristics of PAW
used in both studies. An increase in the germination rate was also reported by Wang et al.
who investigated the effects of PAW generated by atmosphere pressure Ar-O, plasma jet
(1-5 min activation time) on Triticum aestivum L. (Jimai 23) caryopses. After 7 days, PAW
activated for 3 min (~2 mg/L NO3 ™, ~0.5 mg/L NO, ™) induced 100% germination vs.
~98.5% germination rate in the control group (distilled water) [50]. Zhang et al. reported
a significant increase in the germination rate of lentil (Lens culinaris Medik.) seeds (to
almost 80% at day 14, the control showing a germination rate lower than 40%) when treated
with PAW (~600 uM NO3z~, 160 uM H,O;); PAW was generated from tap water in an
atmospheric pressure plasma jet (He as carrier gas) [51]. In another study, Fan et al. pre-
pared PAW by exposing distilled water to non-thermal plasma for 15, 30, 60, and 90 s in an
atmospheric pressure plasma jet device. The concentrations of reactive oxygen and nitrogen
species increased with exposure time, reaching 118.39 mg/L NO3~, 62.05 mg/L NO, ~, and
0.90 mg/L H,O, 90 s after activation. After 30 h of treatment, only PAW produced with the
shortest discharge time (15 s) increased the germination rate of the mung bean (Vigna radiata
(L.) R. Wilczek, Zhonglv 5) seeds to 93.01% vs. 84.41% in the control (distilled water). PAW
produced with a longer discharge time (30, 60, and 90 s) decreased the germination rate,
most likely due to the toxic effects induced by the high levels of the reactive species [52].
Another previous report showed significant enhancement in the germination rate of radish
(Raphanus sativus L.) seeds treated with two types of PAW containing 8.90 mg/L NO3;~
and 0.11 mg/L H,O, and 16.22 mg/L NO3;~ and 0.10 mg/L H,O,, respectively. The
germination rate was determined daily for 3 days after sowing. After 24 h, the germination
rate of the treated seeds was significantly higher in comparison to control (60 and 100%
vs. 40%) [56]. Lo Porto et al. observed an enhancement in the germination of soybean
(Glycine max (L.) Merr) seeds exposed to two types of PAW containing various amounts
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of NO3™ and H,O, (20 uM NO3—, 20 uM H»O, and 170 uM NO3~, 100 uM H,O,), with
significant differences between samples at day 2 [53]. PAW also increased the germination
rate of black gram (Vigna mungo (L.) Hepper) seeds (10-15% increase after 24 h submersion
in PAW, followed by 12 h treatment) [57] and rye seeds (by up to 50% at 72 h) [54]. On
the contrary, Stoleru et al. found no significant increase in the germination rate of lettuce
(Lactuca sativa L.) seeds exposed to PAW (containing 1.5 mg/L NO3;~ and 0.5 mg/L H,O,
or 3.0 mg/L NO3 ™ and 1.65 mg/L HyO;) at 3 days after sowing [58].

In our study, the influence of PAW1 and PAW?2 on the sprout growth was assessed
at days 2, 3, and 8. PAW?2 caused significant increases in the lengths of roots at days 2,
3, and 8 (185%, 115.48%, and 29.27%, respectively) and shoots at days 2 and 3 (58.66%
and 629.28%, respectively). The growth promoting effects of PAW are mainly triggered
by H,0, via stimulation of sucrose phosphate synthase and modulation of NO and Ca?*
signaling pathways [59]. NO3;~ and NO, ™ also play an important role in plant growth
and development. For example, NO, ™ upregulates genes encoding expansins (proteins
inducing cell wall loosening and extension) and auxins (growth hormones) [60]. Ku¢erova
et al. reported a weak effect of PAW (water activation time 0.5-1 min/mL) on the length
of wheat seedlings (increase by only 6-7% after 6 days of cultivation). A longer water
activation time (1.5-3 min/mL) produced PAW with higher reactive species content which
caused a reduction in the seedling length [29]. Similar results were reported by Fan et al.
and Sajib et al. PAW obtained with 15 s discharge time had positive effects on the growth
of mung bean sprouts (8.09% increase in stem length) whereas PAW produced with longer
exposure times (30, 60, and 90 s) negatively impacted the seedling growth [52]. After 7 days
of cultivation, PAW, generated by 3 min high voltage discharge in deionized water, caused
a pronounced elongation of black gram roots and shoots (to 5.46 vs. 4.10 cm in control
and 7.67 vs. 4.83 cm in control, respectively), whereas PAW, produced by longer plasma
treatment of deionized water (6-15 min), decreased the lengths of roots and shoots [57].
Other studies reported a positive impact of PAW treatment on seedling growth. PAW
(1.5 mg/L NO3;~, 0.5 mg/L HyO,) increased the lettuce average radicle length by 5.58%
(53 vs. 50.2 mm in control) and the average hypocotyl length by 34.85% (8.9 vs. 6.6 mm in
control) at day 8 after sowing [58]. PAW (20 uM NOs~, 20 uM H,O,) stimulated the growth
of soybean stems, especially at days 10 and 20 [53]. PAW also induced the elongation of the
roots and coleoptiles of rye seeds and radish seedlings [54,56]. In case of radish seedlings, a
direct relationship between NO3; ™~ content in PAW and seedling length was observed [56].

Proteins are important components of plant enzymes and key players in plant growth [29].
In our study, PAW1 (25 mg/L NO3 ™) induced a significant increase in the protein content
(76.04%) in the sprouted caryopses at day 1. At day 8, PAW2 (35 mg/L NO3; ™) was more
efficient causing 20.51% enhancement in the protein content of shoots. The increase in
protein content is due to NO3~ and NO;, ™ present in PAW; both species are important
sources of nitrogen which is required for protein synthesis [29,61]. Kucerova et al. also
observed an increase in the soluble protein content in the roots and above-ground parts
of wheat plants after 4 weeks of cultivation in perlite substrate and irrigation with PAW
produced from tap water (water activation time 0.5 and 2 min/mL). The increase in soluble
protein content was higher in the roots in comparison with the above-ground parts (~43%
and ~69%, respectively, vs. ~19% and ~14%, respectively) [29]. After 7 days of cultivation,
Sajib et al. reported an increase in the total soluble protein content in the roots (19.18%) and
leaves (33.28%) of black gram plants developed from the seeds treated with PAW (produced
by 6 min exposure of deionized water to high voltage discharge). Longer discharge times
(9-15 min) resulted in the reduction in soluble protein content [57].

Chlorophylls and carotenoids are involved in photosynthesis and other processes
(metabolic reactions, protection against oxidative stress) [62]. In our study, both PAW1 and
PAW?2 enhanced the chlorophyll content in wheat shoots at day 8. PAW 2 was more potent
increasing chlorophyll a, chlorophyll b, and total chlorophyll by 32.17, 80.07, and 44.93%,
respectively. Moreover, PAW1 and PAW?2 induced 2- and 2.2-fold increase in the carotenoid
content, respectively, but with no significant differences between groups. HyO, and NO3; ™~
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are responsible, to a great extent, for the boost in photosynthetic pigments. H,O, increases
the stomatal opening, thus enhancing CO, uptake, photosynthetic rate, and accumulation
of photosynthetic pigments [58]. In case of NO3 ™, the effect is attributed to up-regulation
of the genes encoding §-amino levulinic acid dehydratase, enzyme involved in the biosyn-
thesis of chlorophyll [63]. Kucerova et al. determined chlorophylls and carotenoids in
the wheat plants after 4 weeks of cultivation (conditions mentioned above) and found
that contents increased by 17 and 12%, respectively [29]. Moreover, Maniruzzaman et al.
showed that PAW, generated using either Ar (containing mainly HyO;) or air (containing
mainly NO3 ™), positively influenced the relative chlorophyll content in wheat seedlings
grown in a potting mix up to 4 weeks or in a soil-free plant growth system up to 14 days [55].
A previous study conducted by Stoleru et al. showed that the exposure to PAW did not
significantly affect the chlorophyll content in the lettuce leaves after transplanting in pots.
Only treatment with PAW containing 3.0 mg/L NO3;~ and 1.65 mg/L H,0O,, in a bigger
volume of substrate (3200 cm?), determined 10.71% increase in the chlorophyll content in
lettuce leaves at day 64 after transplanting in pots [58]. Sajib et al. investigated the effects
of PAW treatment of black gram seeds on the chlorophyll content of leaves after 7 days of
cultivation. Treatment with PAW (produced by 6 min exposure of deionized water to high
voltage discharge) enhanced the leaf chlorophyll level by 23.80% [57].

Reactive oxygen and nitrogen species in PAW stimulate the production and accumula-
tion of antioxidant phytochemicals in treated plants [29]. Species in PAW, such as H,O,
and NO, are potent inductors of the genes involved in phenolic synthesis such as pal gene
(encoding L-phenylalanine ammonia-lyase, enzyme which deaminates L-phenylalanine)
and chs gene (encoding chalcone synthase, enzyme implied in flavonoid synthesis) [64]. In
our study, exposure to PAW1 and PAW2 enhanced the phenolic content in wheat sprouts;
the increase in the free phenolic content induced by PAW1 at days 1 (17.28%) and 3 (24.84%)
and PAW?2 at day 3 (34.29%) and also the increase in the bound phenolic content induced
by PAW?2 at day 3 (80.49%) were significant. In general, the impact of PAW1 and PAW2 on
the antioxidant potential of phenolic fractions isolated from sprouts/shoots was negligible
except the impact of PAW1 on the antioxidant effect of the bound phenolic fraction at day 8
(58.62% boosting effect). To the best of our knowledge, this is the first study reporting on
the impact of PAW on the phenolic content and antioxidant effects of wheat sprouts/shoots.
Previous investigations evaluated only the total phenolic content and antioxidant activity
of the juice obtained from plantlets treated with PAW. Fourteen days of PAW application
(generated by atmosphere pressure Ar-O, plasma jet, 1-5 min activation time) improved
the total phenolic content (by 10.46%) and antioxidant effects (by 5.51-35.34%) of the wheat
(Triticum aestivum L., Jimai 23) plantlet juice [50]. Data from the literature concerning the
impact of PAW treatment on the phenolic content and antioxidant activity of other sprouts
are scarce. Fan et al. reported an increase in the total phenolic and flavonoid contents (by
3.53 and 2.22%, respectively) in the mung bean sprouts exposed to PAW (15 s discharge
time) with no important influence on the antioxidant potential of the sprouts. The authors
observed that a prolonged discharge time reduced the total phenolic and flavonoid contents,
and also the antioxidant activity [52].

Reactive oxygen species in PAW trigger not only the production of metabolites with
antioxidant properties, but also the activity of antioxidant enzymes. H,O, was reported to
increase the expression and activities of SOD, CAT, and POX in various plants, including Tri-
tium aestivum L. [65]. In the present study, the activity of these three enzymes was evaluated
at the third and eighth days of germination. According to previous investigations, CAT and
SOD activity does not change in the first 48 h of imbibition, but significantly increases with
the third day, the increase in activity being accompanied by an intensive radicle protrusion.
Concerning POX, its activity is related to early seedling development [66]. PAW1 and
PAW?2 enhanced the activity of all three enzymes in the sprouts at day 3 and SOD and CAT
activity in the shoots at day 8. The increase in antioxidant enzymes activity indicates a
defense response against PAW-induced oxidative stress. The reduction in POX activity
at day 8 could be related to a lower predominance of the enzyme in the aerial parts in
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comparison to roots [29]. Kucerova et al. investigated the effects of PAW produced from
tap water (water activation time 0.5 and 2 min/mL) on the activity of SOD, CAT, and POX
in the above-ground parts of wheat but after longer cultivation time (4 weeks) on a perlite
substrate and found a reduction in the activity of antioxidant enzymes ranging from 8 to
46% [29]. Puac et al. reported a decrease in CAT activity in Paulownia tomentosa Steud. seeds
imbibed with PAW immediately and 2 days after exposure to red light pulse (for inducing
germination) with a significant increase in activity on the third day; PAW was obtained
from distilled water in an atmospheric pressure plasma jet (5, 10, and 20 min treatment) [67].
It seems that the effect of PAW on the activity of antioxidant enzymes depends not only on
the level of reactive species in PAW, but also on the germination phase.

Data from the literature clearly show huge differences in plant responses to PAW
exposure, which are dependent on the procedure used to generate PAW, physicochemical
characteristics of PAW, treatment protocol, and plant species or even cultivar. Therefore,
PAW treatment should be optimized for each application [29,52,56].

To the best of our knowledge, this is the first study reporting on PAW impact on wheat
sprouts during the short sprouting time (1-3 days) and wheat young shoots (8 days old).
Previous investigations evaluated the effects of other types of PAW on wheat caryopses
with reference to the growth parameters at different developmental stages [29,50,55], con-
tent in various compounds and activity of antioxidant enzymes in leaves after 4 week
cultivation [29] and juice of plantlets after 14 days of cultivation [50], and antioxidant
activity of the latter.

5. Conclusions

Our results indicate positive effects of PAW1 (25 mg/L NO3;~, 4 mg/L NO, ™, and
6 mg/L HyO,) and PAW2 (35 mg/L NO3;~, 5mg/L NO, ™, and 7.5 mg/L H,O,) on Triticum
aestivum L. cv. Glosa sprouts. Overall, exposure to PAW2 had a better impact on sprouts
with respect to growth parameters, free phenolic content, and antioxidant activity of the
free phenolic fraction (day 3), accumulation of proteins and photosynthetic pigments
(day 8). The activity of antioxidant enzymes increased under exposure to PAW1 and
PAW?2. To conclude, PAW treatment increases the quality of Triticum aestivum L. cv. Glosa
sprouts. Further investigations will focus on: (i) PAW2 impact on the biosynthesis of other
nutritional and bioactive compounds (free amino acids, betaine, vitamins B, vitamin E) and
(ii) optimization of PAW characteristics and treatment protocol for the most favorable effect
on the accumulation of biomass and health-promoting compounds in Triticum aestivum L.
cv. Glosa sprouts.
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Abstract: Garden rose, Rosa hybrida, is primarily used for decoration and has a wide range of growing
area, contrary to R. damascena that has a limited area of distribution (Turkey and Bulgaria), yet it is
extensively used for commercial production of valuable and expensive rose oil. Since the content of
essential oil in rose petals is low (0.03-0.04%), its production is quite limited; however, during this
process, a significant amount of rose hydrosol is obtained as a secondary product. The aim of this
research was to determine the chemical composition of garden rose hydrosols and to evaluate their
biological properties. Obtained results show that R. hybrida hydrosol containing phenylethyl alcohol,
nerol, linalool, and geraniol may be used as an alternative for R. damascena hydrosol. However, the
total phenolic content was quite low (4.96 pg GAE/mL), which is related to a low level of observed
antioxidant activity based on different antioxidant activity assays. Furthermore, R. hybrida hydrosol
did not exhibit antimicrobial activity against several gram-positive and gram-negative bacteria, as
well as yeast and fungi. Anti-inflammatory activity was also low, while no antihyperglycemic activity
was detected. With these results in mind, no potential is evident for the therapeutic application of
rose hydrosol beyond that found in complimentary medicine such as aromatherapy.

Keywords: hydrolate; rose water; antioxidant activity; antimicrobial activity; antihyperglycemic
activity; anti-inflammatory activity

1. Introduction

Roses have been valued as ornamental and fragrance-bearing plants since ancient
times. Medieval civilizations in the Eastern Mediterranean region cultivated, grew, and
boiled roses with water to produce aromatic water, used because of its apparent refreshing
effects on the mind and spirit [1,2]. This was a harbinger of the modern rose hydrosol.
According to Persian folk medicine, Damask rose (Rosa damascena Mill.) aromatic water
was used for mental refreshing, the improvement of cognitive abilities, its strengthening or
stimulating effect on the nerves, prevention or reduction of fatigue, and as a sedative [34].
Today, rose hydrosols or rose aromatic water have great commercial importance [5]. They
are mainly used for flavoring food (Turkish delight, lokkum), tonic beverage (Jollab), and
other drinks, ice creams, yogurt, cake, rice pudding, jam, marmalade, cake, and syrups; it
is also sprinkled on many meat dishes [6-13]. It has been traditionally used for skin care
and healing-related diseases such as erythema, itchiness, and swelling in the form of soaps,
cosmetics, toiletries, and perfumes [6,14].

Rose oil is one of the most valuable and expensive flavor and fragrance products, as
well as an aroma-therapeutic agent. Taking into account the increased demand for rose oil
on the international market, the climate-related limitations on cultivation area required
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for optimum-yield production (Bulgaria, Turkey, India), as well as the fact that it flowers
only once per year (May—June), there are attempts to extend the cultivation of essential-oil-
bearing roses into different agroclimatic regions, to find other cultivars suitable for essential
oil production, or to improve growing management and promote processing [3,7,15]. Apart
from R. damascena, which is the superior oil-bearing rose globally (with 0.03-0.04% of
essential oil content), R. gallica, R. centifolia, R. moschata, R. rugosa, R. bourbonica, and
R. alba are also widely used for commercial production of rose oil and rose water, as well
as other products such as rose absolute and concrete (Morocco, France, Egypt, China,
etc.) [7,16-18]. The hydrosols are produced as by-products during the process of essential
oil distillation in quite significant quantities [19]. In some countries (Iran, Tunisia), rose
hydrosol is traditionally used in religious ceremonies and as a therapeutic product [6,20,21].
The literature review of the volatile compounds of rose hydrosols, which addresses the
commercial samples of R. damascena, R. alba, R. brunonii, R. canina, R. centifolia and R. rugose,
is not enough to analyze all difference between these samples. However, there is no data
about the volatile composition of the one of the most contemporary roses, R. hybrida.

Hybrid roses (R. hybrida) as a group are one of the major contemporary roses cultivated
as garden plants nowadays. Owing to their complex hybridization history, numerous
varieties have appeared, with different flower colors and shapes, as well as various scent
notes [22,23]. Due to the mentioned world-wide cultivation and its use in different fields
of daily life of people, this study aims to gather more insight into the volatiles of nursery-
produced rose hybrids and their potential applications. The main goal of this study was
to investigate the quality of the by-product during essential oil distillation of R. hybrida
flowers grown in Serbia. Furthermore, even though the quality of rose essential oil is
regulated by international standards (ISO 9842:2003), there are no boundary values set for
rose hydrosols. Therefore, another aim of this investigation was to collect literature data
about rose hydrosol quality and compare it with the one obtained from R. hybrida.

2. Materials and Methods
2.1. Plant Material

Rosa hybrida cv Mileva™ Frayla® has large soft pink petals arranged in very double
flowers with a sweet and strong fragrance and long-term period flowering (from May to
October). Voucher specimens were confirmed by Milica Rat, PhD, and deposited at the
BUNS Herbarium, University of Novi Sad, under number 2-0693. The plantation was
established in 2018 on Pheno Geno Roses Serbia fields; the harvest was performed by hand
in June 2021, during the full-flowering stage.

2.2. Hydrosol Extraction

Immediately after harvest, fresh flowers were subjected to hydrodistillation. A de-
scription of the procedure for rose hydrodistillation is as follows: approximately 50 kg
of fresh rose flowers were placed in a distilling vessel (0.8 m?), and water was added to
soak the petals (approximately half of vessel volume) and heated to boiling. Steam was
supplied through a manifold pipe into the bottom of the vessel from a high-pressure boiler
and routed upwards through a plumbing system to the vessel, with plant material being
extracted. The steam, water vapor, and entrained volatiles exited the tank near the top via
a 10 cm diameter pipe and were carried to a water-cooled condenser that was mounted
vertically, which acted as a pipe heat exchanger (the distillate flows through a pipe sys-
tem and is immersed into a cooling fluid (water) in with the re-circulation flow rate of
2.5 m3/h). After 3 h, the obtained essential oil was decanted, and hydrosol was collected
and stored in plastic containers at ambient temperature. Furthermore, liquid-liquid extrac-
tion of volatile compounds from R. hybrida hydrosol was conducted by dichloromethane,
using the Likens—Nickerson apparatus for 2 h.
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2.3. Gas Chromatography—Mass Spectrometry

A gas chromatograph equipped with flame ionization (FID), mass selective (MSD)
detectors, and non-polar capillary column HP-5MS was used for the analysis of volatile
compounds [24]. The injection volume was 1 pL, and the split ratio was 100:1 for all sam-
ples, under GC operating conditions: injector temperature 250 °C, MS source temperature
230 °C, and interface temperature 315 °C. The mass spectra were obtained in electron ion-
ization mode at electron energy 70 eV, with a mass scan range of m/z 40—-600. Identification
of the compounds was conducted according to their linear retention indices (Rlexp) and
comparison with mass spectral libraries (Rl};;). The relative abundance of each detected
compound was calculated from GC/FID chromatograms as a percentage area of each peak.

2.4. Determination of pH
The R. hybrida hydrosol pH value was measured by WTW Digital pH-meter (£0.005 pH).

2.5. Total Phenolics Content

Determination of total phenolics content of the rose hydrosol was performed by the
Folin-Ciocalteu method (slightly modified [25]). The reaction medium consisted of 5 mL
H,0, 0.5 mL 33% Folin—Ciocalteu reagent, and 0.5 mL of hydrosol (water was added in
the blank sample). After 3-6 min, 1 mL of 20% Na,CO3; was added and incubation at
room temperature maintained for 60 min. The content of total phenolics was calculated
from a calibration curve formed from absorbances of different concentrations of gallic acid
(0.1-11 pug/mL) measured at A = 756 nm. Results were expressed as g of gallic acid
equivalents in ml of hydrosol (ng GAE/mL).

2.6. Antioxidant Tests

Rose hydrosol antioxidant activity was determined by the method based on the
difference in the activity of removing 1,1-diphenyl-2-picrylhydrazyl radical (DPPH radical)
between the blank and the working sample [26]. Briefly, hydrosol (0.2 mL) was added to
0.5 mL of 0.04% DPPH ethanol solution and 2.3 mL of methanol, while 0.2 mL of distilled
water was added to the blank instead of the sample and, after 30 min, the absorbance
was read at A = 517 nm. DPPH radical scavenging activity is expressed as % relative to
the blank.

The superoxide anion (O,°—) scavenging test (NBT-test) was based on a riboflavin-
light-NBT system [27]. Briefly, the reaction mixture contained 0.5 mL of phosphate buffer
(50 mM, pH 7.6), 0.3 mL riboflavin (50 mM), 0.25 mL PMS (20 mM), and 0.1 mL p-Nitro-
Blue tetrazolium chloride (NBT, 0.5 mM), prior to the addition of 1 mL of hydrosol. The
reaction was started by illuminating the reaction mixture with different concentrations
using LED tube lights. After 5-15 min of incubation, the absorbance was measured at
560 nm. Superoxide anion radical scavenging activity (NBT test) was expressed as %
inhibition or % relative to the blank.

Hydroxyl radical (*OH) scavenging activity of hydrosol was assayed by the method
of the deoxyribose degradation assay [28]. Briefly, the reaction mixture contained 2.7 mL
phosphate buffer (0.1 M, pH 7), 0.1 mL 2-deoxyribose (0.05 M), 0.1 mL ferric chloride
(10 mM), 0.1 mL HyO; (0.015%), and hydrosol (0.1 mL). Correction tubes contained phos-
phate buffer instead of 2-deoxyribose, while control tubes contained distilled water instead
of sample. After incubation on 37 °C, for 60 min, 0.2 mL 0.1 M EDTA and 2 mL TBA reagent
solution (20% TCA and 0.5% TBA) were added to all tubes. The mixture was heated for
15 min on a boiling water bath, cooled, and measured at 532 nm. The scavenging activity
of the hydroxyl radical (OH test) was expressed as % inhibition or % relative to the blank.

2.7. Antimicrobial Activity

A standard screening method (disc diffusion method) with nine microorganisms (Bacil-
lus cereus ATCC 11778, Staphylococcus aureus ATCC 25923, Enterococcus faecalis ATCC 19433,
Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Salmonella Typhimurium
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ATCC 13311, Saccharomyces cerevisine ATCC 9763, Candida albicans ATCC 10231, and As-
pergillus brasiliensis ATCC 16404) was used for evaluation of antimicrobial properties of
rose hydrosol. The preparation of cultures and setup of the used disk diffusion method has
been described in detail previously [29]. The obtained results after the appropriate period
of incubation were expressed as the diameter of halo zones around disks and interpreted as
follows: diameter of halo zone lower than 22 mm—resistant; diameter of halo zone between
22 and 26 mm—intermediary effect and diameter of halo zone above 26 mm—sensitive
microorganism.

2.8. Anti-Inflammatory Assay

The in vitro anti-inflammatory activity of the rose hydrosol was tested by protein
denaturation bioassay using egg albumin in 96-well micro plates [30]. Briefly, 5 mL of the
reaction mixture (0.2 mL of egg albumin + 2.8 mL of phosphate buffered saline + 2 mL
of hydrosol in varying concentrations—100, 200, 300, 400, 500 pug/mL) was incubated
at 37 °C for 15 min, heated at 70 °C for 5 min, and then cooled. The absorbance was
measured at 660 nm, while acetylsalicylic acid (at the same concentrations as hydrosol) was
used as a reference drug and used for the determination of absorbance. The results were
computed as the inhibitory concentration of extract (mg/mL) that inhibits 50% of protein
denaturation (ICsg).

2.9. Antihyperglycemic Assay

The in vitro antihyperglycemic activity of the rose hydrosol was tested by a-glucosidase
inhibitory potential in 96-well micro plates [30]. Briefly, 0.1 mL of the mixture (2 mmol/L
4-nitrophenyl-a-D-glucopyranoside in 10 mmol/L potassium phosphate buffer + 0.02 mL
of the samples, diluted in buffer + 0.1 mL of the enzyme solution) was incubated at
37 °C for 10 min. The absorbance was measured at 405 nm. The increase in absorbance
was compared with that of the control (buffer instead of sample solution) to calculate the
inhibitory activity. The sample concentration providing 50% inhibition of «-glucosidase en-
zyme activity (IC50x-GIP) was calculated from the graph of a-GIP (%) against
extract concentration.

2.10. Statistical Analysis

Statistical analysis of volatile compounds in different samples of rose hydrosols from
literature and their visualization with an unrooted tree diagram was conducted using clus-
ter analysis (R“APE” package—Analysis of Phylogenetics and Evolution), while calculation
of the distance matrix was conducted using the Euclidean method [31].

3. Results
3.1. Chemical Composition of Rose hydrosol
Volatile Composition of R. hybrida Hydrosol

The R. hybrida hydrosol is a colorless clear liquid, with a pleasant rose scent. There
were 44 volatile compounds detected in the hydrosol by using GC-MS (Table 1), among
which the dominant were phenylethyl alcohol (23.5%), nerol (17.2%), linalool (13.2%), and
geraniol (8.3%). A representative gas chromatogram of R. hybrida hydrosol is presented in
Figure 1. Fragrance is determined by phenylethyl alcohol, which possesses a warm odor,
mild-bland rose floral impression, shaded with slight honey-green tones [32], as well as
nerol and geraniol, which have floral and fruity odors [33], while linalool odor is described
as floral, citric, fresh, and sweet [34]. All these compounds are highly valuable, and are
some of the most widely used in cosmetic formulations and in the fragrance industry, from
personal care, household, and laundry products to food and tobacco [35].
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Table 1. Volatile compounds from R. hybrida hydrosol.

No. R.T. Compound Class Rlexp %
1 4136 (Z)-3-Hexenol (@) 854 0.5
2 4.189 NI-1 - 857 0.2
3 4.334 n-Hexanol @) 866 1.1
4 7.347 6-Methyl-5-hepten-2-one o 987 43
5 7.499 Dehydro-1,8-cineole O 991 1.3
6 7.569 6-Methyl-5-hepten-2-ol O 993 0.4
7 8.873 1,8-Cineole OMT 1031 0.4
8 10.427 cis-Linalool oxide (furanoid) OMT 1074 0.2
9 11.052 trans-Linalool oxide (furanoid) OMT 1091 0.1
10 11.561 Linalool OMT 1106 13.2
11 11.773 cis-Thujone OMT 1108 0.2
12 11.957 cis-Rose oxide OMT 1113 0.2
13 12.264 Phenylethyl alcohol @) 1124 325
14 12.621 trans-Rose oxide OMT 1126 0.1
15 13.020 cis-p-Mentha-2,8-dien-1-ol OMT 1139 0.1
16 13.391 Camphor OMT 1146 0.2
17 13.815 Nerol oxide OMT 1157 0.1
18 14.407 p-Mentha-1,5-dien-8-ol OMT 1171 1.5
19 14.834 Terpinen-4-ol OMT 1180 0.3

20 15.455 «-Terpineol OMT 1194 4.2
21 15.487 NI-2 - 1195 1.8
22 16.018 Isopiperitenol OMT 1205 0.1
23 17.146 Nerol OMT 1231 17.2
24 17.647 Neral OMT 1243 2.0
25 17.791 Carvone OMT 1246 0.2
26 18.023 NI-3 - 1250 0.1
27 18.312 Geraniol OMT 1258 8.3
28 18.821 Orcinol dimethyl ether O 1270 0.6
29 18.977 Geranial OMT 1273 32
30 19.635 NI-4 - 1287 0.2
31 20.135 Thymol OMT 1302 0.7
32 20.575 Carvacrol OMT 1311 0.1
33 22.910 Eugenol @) 1362 0.6
34 23.379 (E)-3,7-Dimethyl-2,6-octadienoic acid (@) 1372 1.5
35 24.943 Methyl eugenol @) 1408 0.6
36 26.315 Dihydro-3-ionone O 1441 tr
37 26.834 Dihydro-3-ionol (@) 1453 0.8
38 32.677 Viridiflorol OST 1596 0.1
39 32.744 Cubeban-11-o0l OST 1598 0.1
40 33.108 NI-5 - 1608 0.1
41 33.343 Humulene epoxide II OST 1613 0.2
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Table 1. Cont.

No. R.T. Compound Class Rlexp %
42 34.249 v-Eudesmol OST 1636 0.2
43 34.981 B-Eudesmol OST 1655 0.1
44 35.121 a-Eudesmol OST 1658 0.1
Oxygenated Monoterpenes (OMT) 52.6
Oxygenated Sesquiterpenes (OST) 0.8
Other (O) 44.2
Not identified (NI) 24
Total 100.0

R.T. (min)—retention time; Rlexp—retention index determined experimentally by C8-C36 n-alkanes on a HP-5MS
non-polar capillary column; tr—trace (less than 0.05%).

Moderate phenylethyl alcohol, (12.0-47.8%)

)
21 ]742316
20

39 26 R.centifolia
35 R.canina

1
R. hybrida 40
33

Citronellol, (17.5-47.4%)

Geraniol, (12.3-36.4%)

Eugenol, (52.0%)

Gareniol, (13.3%)

High phenylethyl alcohol, (69.7-90.2%)

Figure 1. The unrooted cluster tree for different Rosa sp. hydrosols samples (according to Table 2).

Table 2. Volatile compounds (represented in percentages, %) of different rose hydrosols according
to literature.

'—O‘ *
S £ e
~ — S v g g
< = i 3 — 5 3 g 5 g
— ] = = =) = =)
No. Reference =y £ E g b ~ < g = 5
= = o 5 z = g | > g
- = 0] =3} < = = S
c =3
13) = =
= a)
1 [6] 1.7 474 22.6 1.5 0.0 0.0 5.3 0.0 1.9 10.8
2 [36] 69.7 7.2 7.0 0.4 4.2 0.0 2.9 0.0 0.4 0.9
3 [36] 81.6 1.8 0.9 0.7 0.2 0.0 3.3 0.0 0.8 0.6
4 [36] 73.9 2.3 1.2 0.8 0.6 0.0 1.5 0.0 0.9 1.2
5 [36] 21.5 22.7 12.3 0.3 11.6 0.0 2.4 0.0 0.1 0.5

114



Horticulturae 2022, 8, 895

Table 2. Cont.

- *
: 5 R
< e 3 = _ £ 3 g % g
No. Reference } % 'g §o % > % § E] "q;j
= & & 2 = B i & EF
2 © E U 3 z

2 = =

~ A
6 [37] 23.7 294 30.7 0.0 16.1 0.0 0.0 0.0 0.0 0.0
7 [38] 76.0 35 6.6 0.0 1.5 0.0 0.0 0.0 0.0 1.0
8 [38] 80.7 3.1 4.2 1.6 14 0.0 0.3 0.0 0.0 2.0
9 [38] 76.7 3.8 7.9 0.1 1.9 0.0 0.0 0.0 0.0 1.5
10 [39] 17.2 36.7 21.5 5.0 10.7 0.0 1.4 0.0 44 0.0
11 [40] 82.3 5.7 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0
12 [40] 774 43 0.0 0.0 0.0 0.0 0.2 0.0 0.0 1.3
13 [40] 89.4 2.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14 [40] 83.2 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 24
15 [21] 12.0 5.9 11.7 17.8 0.0 0.0 9.0 0.0 0.0 24
16 [21] 20.8 34 4.0 2.5 0.0 18.8 1.5 5.4 0.0 0.0
17 [21] 47.8 5.9 2.3 3.6 0.0 11.4 0.0 3.9 1.0 0.0
18 [21] 334 10.3 24.0 3.1 0.0 6.8 4.1 2.0 0.7 0.0
19 [21] 39.5 8.6 12.6 2.3 0.0 8.8 2.0 2.7 0.0 0.0
20 [21] 33.8 5.6 0.0 0.0 0.0 10.1 0.5 7.3 1.3 0.0
21 [21] 37.7 8.2 0.0 2.9 0.0 18.0 1.4 3.0 1.1 0.0
22 [21] 73.3 8.4 0.0 3.6 0.0 4.0 1.9 1.2 1.5 0.0
23 [21] 26.8 6.5 0.0 0.0 0.0 9.9 0.7 4.6 0.0 0.0
24 [21] 349 2.7 0.0 0.0 0.0 13.9 0.0 11.0 0.0 0.0
25 [41] 25.0 20.9 21.2 2.1 10.8 0.0 1.9 0.0 2.7 0.0
26 [41] 45.6 24.6 11.3 3.1 3.8 0.0 2.0 0.0 24 0.0
27 [42] 90.2 4.5 0.6 1.5 0.0 0.0 0.0 0.0 1.0 0.0
28 [42] 78.7 13.5 tr 5.7 0.0 0.0 0.1 0.0 1.0 0.0
29 [42] 87.9 24 1.5 1.7 0.0 0.0 2.3 0.0 0.7 0.0
30 [43] 2.0 40.1 16.0 2.3 0.0 0.0 3.2 0.0 0.0 0.0
31 [44] 14.3 17.5 30.6 0.1 7.5 0.0 0.0 0.0 0.1 0.0
32 [45] 94 0.6 13.3 52.0 1.2 0.0 1.7 0.0 0.0 2.8
33 [46] 35.6 8.3 27.9 6.2 12.7 0.0 0.0 0.0 1.2 0.0
34 [3] 77.0 12.7 2.5 5.1 0.0 0.0 0.0 0.0 2.8 0.0
35 [3] 46.9 8.3 2.9 28.8 0.0 0.0 1.0 0.0 0.6 0.0
36 [47] 6.0 28.7 36.4 0.1 6.1 0.0 3.6 0.0 0.1 0.3
37 [47] 5.0 28.7 16.4 2.7 10.8 0.0 2.1 0.0 1.8 2.1
38 [48] 36.0 19.2 13.2 6.0 5.8 0.0 8.4 0.0 37 0.0
39 [49] 454 34.1 12.2 2.2 0.1 0.0 2.1 0.0 1.3 0.0
40  This study 325 0.0 8.3 0.6 17.2 0.0 13.2 0.0 0.6 0.0
AVERAGE 46.3 12.5 9.8 4.2 3.1 2.5 2.0 1.0 0.8 0.7

* contaminants (dibutyl phthalate was probably transferred into the samples from the storage containers).

115



Horticulturae 2022, 8, 895

3.2. Chemical Diversity of Volatile Compounds Rose hydrosols

According to the literature review, there are 17 papers (39 samples) dealing with volatile
compounds of rose hydrosols, among which are the commercial samples R. damascena,
R. alba, R. brunonii, R. canina, R. centifolia, and R. rugosa. However, this is the first time that
the volatile composition of R. hybrida is determined. The ten volatile compounds—most
represented on average for all these samples are given in Table 2—and their cluster analysis
are shown in Figure 1.

According to the unrooted cluster tree, there are four main chemotypes: (1) high
phenylethyl alcohol (69.7-90.2%), (2) moderate phenylethyl alcohol (12.0-47.8%), (3) cit-
ronellol + geraniol (17.5-47.4% and 12.3-36.4%, respectively), and (4) eugenol + geraniol
(52.0% and 13.3%, respectively). In addition, investigations conducted in Latvia with seven
cultivars of winter-hardy R. rugosa show that the main volatile compounds in hydrosol
were phenylethyl alcohol (28.6-79.9%), citronellol (28.0-57.0%), and nerol (up to 39.0%),
depending on variety, while linalool was not detected [50].

High phenylethyl alcohol chemotype includes samples of R. damascena from India [36,38,40]
and Iran [3,21], as well as R. damascena and R. rugosa from China [42]. The high content
of phenylethyl alcohol is mainly linked with residue rose water, which remains after
cohobation (repeated distillation of rose hydrosol) [46]. This process is used in commercial
production of rose o0il, known as rose otto, which is a mixture of essential oil and re-extracted
volatile oil from hydrosol [51].

The moderate phenylethyl alcohol chemotype includes samples of R. centifolia [41]
and R. canina [3], as well as in the R. hybrida sample from Serbia investigated in this study.
R. damascena hydrosols from Turkey [46,48,49] and Iran [21] also belong to this chemotype.

The citronellol + geraniol chemotype could also be divided into three subgroups: the
first subgroup includes samples with high content of citronellol, more than 40% [6,43]. The
second subgroup contains citronellol, geraniol. and nerol; it is noted in R. damascena and
R. alba from Bulgaria [47], as well as R. rugosa from Poland [44]. The third subgroup is a
combination with phenylethyl alcohol, which is noted in four samples [36,37,39,41]. The
last chemotype, a combination of eugenol and geraniol, is noted only in the R. brunonii
hydrosol sample [52].

3.3. pH Value

The R. hybrida hydrosol is slightly acidic, pH = 6.07 (Table 3). A study conducted in
France with commercial hydrosols of R. damascena and R. centifolia showed that the pH
value ranged from 4.0 to 7.1 [41], while for R. damascena hydrosol from Morocco it was
6.91 [53].

Table 3. pH value, total phenolic content, and biological activities of R. hybrida hydrosol.

Activity Method Result
pH 6.07
total phenolics Folin—Ciocalteu method 4.96 ug GAE/mL
DPPH 24.66%
antioxidant NBT nd
*OH scavenging assay 12.07%

disc diffusion method (A. brasiliensis, B. cereus,
antimicrobial C. albicans, E. faecalis, E. coli, P. aeruginosa, nd
S. cerevisiae, S. typhimurium, S. aureus)

anti-inflammatory  protein denaturation bioassay using egg albumin IC59 =3.28 mg/L

antihyperglycemic a-glucosidase inhibitory potential nd
nd—not detected.
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3.4. Total Phenolic Compounds

The total phenolic content (TPC) in R. hybrida hydrosol was 4.96 ug GAE/mL (Table 3).
Similar results (5.2 ug GAE/mL) were obtained from Turkish R. damascena hydrosol [37].
Significantly higher values of TPC are noted in R. damascena, from 32.52 pg GAE/mL [47]
to 57.02 pg GAE/mL [53], while hydrosol of R. alba contains 72.72 ug GAE/mL [47].

3.5. Biological Activity of Rose hydrosol

Rose hydrosol contains minute amounts of diluted water-soluble essential oil com-
pounds (below 0.1%). The biological activities of hydrosols are consequently low [39], but
organoleptic properties remain pronounced [41]. The pH value, total phenolic content, and
biological activities of R. hybrida hydrosol investigated in this study are shown in Table 3.

3.6. Antioxidant Activity

According to all tests, the antioxidant activity of R. hybrida hydrosol was low or
even absent (Table 3). The free radical scavenging activity according to the DPPH test
was 24.66%, hydroxyl radical showed 12.07%, while superoxide anion activity was not
detected. Similarly, results obtained in Poland by the FRAP (ferric reducing antioxidant
power) method revealed that R. damascena hydrosol had low antioxidant activity (below
20%), while R. centifolia exhibited even lower activity (below 5%) [54]. A study conducted
in Morocco showed that the antioxidant capacity of R. damascena hydrosol according to
the DPPH test was 47.07%, while according to FRAP it was 100.71 AAE ug/mL [53].
Furthermore, R. damascena and R. alba hydrosols from Bulgaria had higher TPC values
(32.52 and 72.72 ug GAE/mL, respectively) and demonstrated low capacity to inhibit lipid
peroxidation (approximately 20%) as well as to neutralize hydroxyl radical and superoxide
anion (under 40%) [47].

3.7. Antimicrobial Activity

The results obtained in this study indicate that rose hydrosol does not possess an-
timicrobial properties against the tested panel of microorganisms (Table 3). These results
are consistent with the findings of other authors [37,55]. There is only one report which
claims that rose water has a great potential of reducing the number of Candida albicans and
methicillin-resistant Staphylococcus aureus (MRSA), followed by attenuation of neutrophil
stimulation using modified testing methods. One of the newer research efforts on the Rose
damascena hydrosol was also related to its in vivo antibacterial performance after hand-
rubbing [49]; the results obtained in the mentioned study show that rose hydrosol has no
impact on skin flora, confirming the results presented in this study. The low activity of rose
hydrolate can be related to chemical composition, i.e., the low percentages of well-known
antimicrobial plant biomolecules. However, the antimicrobial potency of rose essential oil
and different extracts has been confirmed against a broad spectrum of microorganisms
in many studies so far [37,56,57]. Nevertheless, the presence of an antimicrobial effect of
essential oils and extracts does not guarantee that rose hydrosol has to have such an effect,
due to qualitatively and quantitatively different chemical compositions.

3.8. Anti-Inflammatory Activity

The anti-inflammatory activity of R. hybrida hydrosol, according to protein denatura-
tion bioassay using egg albumin, was found to have an IC50 value of 3.28 mg/L (Table 3).
Rose water from Bulgaria (containing phenylethyl alcohol 43.7%, citronellol 18.2%, and
geraniol 14.8%) suppressed neutrophil activation induced by TNF-x, with an IC50 of
3-15% [14].

3.9. Antihyperglycemic Activity

In vitro evidence of R. hybrida hydrosol antihyperglycemic activity according to the
a-glucosidase inhibitory method was not found (Table 3). However, a methanolic extract of
R. damascena was previously found to exhibit antihyperglycemic properties in diabetic and
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normal rats, and it is useful in insulin resistant therapy because of the increased insulin
sensitivity in animals [57].

4. Conclusions

Rosa hybrida co Mileva™ Frayla® hydrosol contains phenylethyl alcohol, nerol, linalool,
and geraniol as the main volatile compounds. According to the unrooted cluster tree, it
could be classified as a moderate phenylethyl alcohol chemotype, together with many other
commercial samples of rose water from Iran and Turkey. Because of its pleasant odor, rose
hydrosol is widely used in food flavoring and as fragrance in perfumery and the cosmetic
industries. However, antioxidant, antimicrobial, anti-inflammatory, and antihyperglycemic
effects were found to be either low or absent, which is attributable to the low content of
volatile and phenolic compounds detected in the hydrosol.
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Abstract: Genus Carissa represents several species that are reported to be of great phyto-medicinal
and ethnopharmacological value. However, Carissa macrocarpa is relatively understudied. Further-
more, environmental conditions such as seasonal changes are known to affect the phytochemical
composition of medicinal plants. Therefore, this study aimed to investigate the phytochemical
composition and biological activity of the leaf extracts of C. macrocarpa in the summer and winter
seasons. The phytochemical screening of C. macrocarpa leaves showed positive results for a variety of
phytochemicals, such as alkaloids, tannins, phenols, naphthoquinones, flavonoids, saponins, steroids,
proteins, carbohydrates, mucilage, gum and resin. The methanolic extract was evaluated for its
antibacterial activity against Escherichia coli and Staphylococcus aureus using the agar well diffusion
method. The winter leaf extract was distinguished for its potential antibacterial activity against
both bacterial strains with inhibition zones (mm) of 8.17 £ 1.04 and 6.83 £ 0.58 at 10 mg/mL. The
antioxidant activity of the leaf extracts was evaluated using the 2, 2/-diphenyl-1-picrylhydrazyl
(DPPH) assay. The percentage scavenging activities of the different extracts were significantly greater
than that of the control. Furthermore, at 15, 30, 60, 120 and 240 pug/mL, the percentage scavenging
activities of the winter methanol leaf extract were 74.65, 78.31, 85.45, 90.02 and 95.68%, and those of
the summer one were 71.66, 73.57, 84.05, 88.22 and 96.28%, respectively, indicating that the methanol
leaf extract had greater percentage scavenging activity in winter than in summer. In winter, the ICs
value of the methanol leaf extract (0.67 ng/mL) was lower than that of ascorbic acid (8.26 ug/mL). It
is concluded that winter is the optimal season to harvest leaves of C. macrocarpa for medicinal use.
To the best of our knowledge, this is the first report that relates the phytochemical composition and
medicinal properties of C. macrocarpa to changes in seasons. The results obtained are promising, and
this species should be further explored to decipher its pharmacological worth.

Keywords: antibacterial; antioxidant; DPPH; Escherichia coli; phytochemical; seasonal change;
Staphylococcus aureus

1. Introduction

In many developing countries, plants of medicinal value are being used by billions of
people. This is due to the continual inadequate supply of modern, commercial medicines;
thus, people prefer to use medicinal plants as they are of low cost and effective [1,2].
Approximately 80% of black South Africans utilize traditional medicine to fulfil their pri-
mary health care needs [3]. There are two types of metabolites produced within plants,
namely, primary and secondary metabolites [4,5]. Secondary metabolites such as phe-
nolics, flavonoids, alkaloids, lignans and terpenoids are abundant in medicinal plants.
Secondary metabolites, also known as phytochemicals, are bioactive compounds that are
required for a plant’s survival (under environmental stress) and its protection against
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insects and predators [6]. Since ancient times, secondary metabolites have been widely
utilized in the treatment of different illnesses and disorders, and they are still quite popular
today [7]. However, there are many environmental factors that may affect the phyto-
chemical composition of medicinal plants. Among the many factors, there are soil type,
change in season, salinity, light, altitude and humidity [8-10]. Determining the effect of
seasonal change on plant phytochemical composition provides fundamental information
on the best time/season to harvest individual plant species (with maximum phytochemical
composition) [11,12].

Over the years, the growth and spread of bacterial infections have been controlled;
however, many are now emerging due to mutations and drug resistance. Thus, research
on and development of new or improved antibacterial medications possibly derived from
plants are proposed [13]. Phytochemicals such as phenols, flavonoids, saponins, alkaloids,
tannins and steroids exhibit antibacterial activity; hence, they have been of great value in
the pharmaceutical industry [14]. Furthermore, phytochemicals are also known to have
antioxidant activity [15]. Antioxidants are substances that can lower or prevent oxidative
stress caused by reactive oxygen species. This is because antioxidants can neutralize or
scavenge reactive oxygen species via hydrogen donation, single-electron transfer and
the ability to chelate transition metals [16,17]. Reactive oxygen species (ROS) such as
hydroxyl (OH™), superoxide (O, ™), nitric oxide (NO), peroxyl (RO, ™) and lipid peroxyl
(LOO™) are free radicals that are naturally produced in the human body as products of
cellular metabolism. When they are produced in abundance, they can cause major damage
to cellular structures (namely, nucleic acids, proteins and lipids). This can lead to the
development of chronic diseases such as diabetes mellitus, cancer, hypertension, cardiac
disorders and neurodegenerative diseases [18-21]. Therefore, the discovery of natural
antioxidants from plants must be emphasized. Furthermore, the use of medicinal plants to
develop drugs is of great interest as they are more readily available, affordable and effective
and have fewer harmful side-effects than synthetic drugs [6,22].

The Apocynaceae family is believed to be one of the largest families in the plant king-
dom [23]. The majority of the species belonging to this family are rich in phytochemicals,
especially alkaloids, which are known to have great medicinal value [23]. Members of
this family are distributed mainly in tropical, subtropical and temperate regions of the
world [24]. Carissa macrocarpa (Eckl.) A. DC. syn. C. grandiflora (E.Mey.) A. DC. [25] is an
ornamental shrub that is commonly known as the Natal plum. This species belongs to
the Apocynaceae family and is indigenous to South Africa, where it is used in traditional
medicine [26,27]. Carissa trees are perfect plants for hedges due to their numerous large,
y-shaped thorns. Carissa macrocarpa has white-yellow scented flowers that are star-shaped
and have red fruits containing considerable amounts of vitamins, carbon, calcium and mag-
nesium [15,26,28]. The fruit of C. macrocarpa is renowned for its several medicinal benefits.
They are used to treat anaemia and increase haemoglobin and possess immune-boosting
properties [28,29]. On the other hand, the leaves are used by Zulu people to treat diarrhoea
in cattle, and they are also used to treat coughs and venereal diseases in humans [29-31].

Phytochemical studies on C. macrocarpa plant parts revealed the presence of alka-
loids, flavonoids, saponins, triterpenoids, steroids, quinones, tannins, carbohydrates and
phenols [27,28,32-34]. Studies on C. macrocarpa extracts that have previously been con-
ducted reported pharmacological properties, such as antioxidant and antibacterial ac-
tivities [28,33,35,36]. However, the impact of seasonal variations on the production of
phytochemicals within this species has not been evaluated. Seasonal change plays a
vital role in the production of phytochemicals and the overall medicinal potential of a
plant. Hence, this study aimed to screen phytochemical composition using qualitative
phytochemical tests and to evaluate the in vitro antibacterial and antioxidant properties of
C. macrocarpa leaves in summer and winter.
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2. Materials and Methods
2.1. Plant-Material Collection

Fresh leaves of C. macrocarpa were harvested from the University of KwaZulu-Natal
Westville campus (29.817° S 30.940° E), Durban, South Africa. A voucher specimen was
deposited at Bews Herbarium, University of KwaZulu-Natal, Pietermaritzburg campus
with accession number 92,175 (voucher number 04).

2.2. Preparation of Plant Material for Extraction

The fresh leaves were collected in summer (December 2020) and winter (July 2021) and
dried in an oven at 35 °C for 72 h, until all water molecules that were present completely
evaporated. Thereafter, the dried leaves were ground to powder form using a Waring
blender (Kenwood Ltd., Havant, UK).

2.3. Extraction of C. Macrocarpa Leaves

Carissa macrocarpa powdered leaves (10 g) (summer) were placed into a round-bottom
flask. Thereafter, 100 mL of hexane was placed into the flask, and the latter was then
attached to a reflux apparatus. The solvent was heated under reflux for three 3 h sessions
to obtain the crude leaf extract. This process was then performed utilizing the same leaf
material for chloroform and methanol, respectively. Phytochemicals were extracted using
various solvents of different polarities, from non-polar (hexane and chloroform) to more po-
lar solvents (methanol). This was to ensure that a broad polarity range of phytocompounds
could be extracted. The resultant crude leaf extracts (hexane, chloroform and methanol)
were filtered through Whatman No.1 filter paper (Merck, Darmstadt, Germany). This
procedure was conducted again for the extraction of winter leaves.

2.4. Evaporation of Extracts

The extracted material was left in a dark room at room temperature until the solvent
completely evaporated. Once solvent evaporated, the crude extract remained at the bottom
of the jar. Thereafter, the percentage yields for the 3 different extracts were calculated using
the formula below:
weight of dried extract ()

Extract yield (%) = weight of leaf material (g)

x 100

2.5. Phytochemical Screening

The phytochemical screening of the different leaf extracts obtained from C. macrocarpa
was conducted utilizing standard qualitative protocols adapted from other studies. Suf-
ficient amounts of the dried extracts (hexane, chloroform and methanol) were dissolved
in their respective solvents. These preparations were used for phytochemical testing as
detailed below.

2.5.1. Detection of Alkaloids

Mayer’s test [37]: Two drops of Mayer’s reagent (potassium mercuric iodide (Ko Hgly)
solution) are added along the side of the test tube to 1 mL of each crude extract. A creamy-
white (turbid) precipitate confirms the presence of alkaloids.

Wagner’s test [37]: In a test tube containing 1 mL of crude extract, two drops of
Wagner’s reagent (aqueous iodine in potassium iodide solution) are added along the side of
the test tube. The formation of a reddish brown or yellow precipitate confirms the presence
of alkaloids.

2.5.2. Detection of Tannins

Ferric chloride test [38]: In a test tube containing 1 mL of crude extract, 1 mL of 10% of
iron (IIT) chloride (FeCls) solution is added and mixed. A blue-black or brownish green
colour confirms the presence of tannins.
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2.5.3. Detection of Phenols

Lead acetate test [39]: In a test tube containing 1 mL of crude extract, 1 mL of 10% of lead
acetate solution is added. A white precipitate confirms the presence of phenolic compounds.

2.5.4. Detection of Quinones

Gelatine test [40]: In a test tube containing 1 mL of crude extract, three drops of 1%
gelatine solution are added. The formation of white precipitate confirms the presence of
tannins, specifically naphthoquinone.

2.5.5. Detection of Flavonoids

Alkaline-reagent test (alkaline hydrolysis) [41]: In a test tube containing 2 mL of crude
extract, 2 mL of 5% sodium hydroxide (NaOH) is added. A yellow-coloured solution that
becomes decolorized upon the insertion of 1 mL of 50% HSO4 confirms the presence
of flavonoids.

Acid-hydrolysis test [42]: In a test tube containing 1 mL of crude extract, 1 mL of
concentrated HySO4 was added. A yellow-coloured solution that is intense confirms the
presence of flavones and flavonols.

2.5.6. Detection of Saponins and Steroids

Saponins

Foam test [43]: In a test tube containing 5 mL of crude extract, 20 mL of distilled water
is added. The test tube is then vigorously shaken for 15 min. The appearance of a froth
layer is indicative of the presence of saponins (triterpene glycosides). The observed results
are recorded as negative if no froth forms, positive for the presence of 1.2 cm high froth,
strongly positive for froth formation greater than 2 cm in height and weakly positive for
froth formation less than 1 cm in height.

Olive oil test [40]: In a test tube containing 2 mL of crude extract, two drops of olive
oil are added. The test tube is vigorously shaken for 5 min. Thereafter, a soluble emulsion
confirms the presence of saponins.

Steroids

Salkowski’s test [40]: In a test tube containing 1.5 mL of crude extract, 1 mL of
Chloroform is added and thoroughly mixed. Then, with care, 1.5 mL of concentrated
H,S0y is inserted along the side of the test tube. A reddish-brown colour at the interface
confirms the presence of a steroid ring.

Liebermann-Burchard test [44]: In a test tube containing 1 mL of crude extract, 1 mL of
chloroform is added. The test tube contents are thoroughly mixed. Thereafter, 1 mL of acetic
acid is inserted into the test tube. The resultant solution is cooled in ice for approximately
10 min. Then, 1 mL of concentrated sulfuric acid is inserted along the side of the test tube.
After a few minutes, the appearance of a reddish-brown ring at the interface confirms the
presence of steroids.

2.5.7. Detection of Proteins

Biuret test [42]: In a test tube containing 1 mL of crude extract, 1 mL of 10% NaOH is
added. The contents of the test tube are thoroughly mixed, and the addition of 95% ethanol
follows. Thereafter, 1 mL of 0.5% copper sulphate is inserted along the side of the test tube.
The formation of a purplish-violet or pink-violet colour confirms the presence of a protein.

2.5.8. Detection of Carbohydrates

Molisch’s test [38]: In a test tube containing 3 mL of crude extract, 2 mL distilled water
is added. The solution is then filtered. Three drops of Molisch’s reagent are added to the
filtrate. Thereafter, 1 mL of concentrated H,SO; is carefully inserted along the side of the
test tube to form a layer without shaking. The resultant solution is allowed to stand for
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two minutes. The appearance of a purplish ring at the interface is taken as indicative of the
presence of carbohydrates.

2.5.9. Detection of Mucilage and Gum

Precipitation test [40]: In a test tube containing 1.5 mL of crude extract, 2 mL of
distilled water is added. To this diluted solution, 2 mL of absolute ethanol is added with
continuous stirring. The formation of a white or cloudy precipitate confirms the presence
of gums or mucilage.

Ruthenium-red test [40]: In a test tube containing 2 mL of crude extract, two drops of
ruthenium red are added. The colour change of the solution into a pink-coloured solution
confirms the presence of mucilage.

2.5.10. Detection of Resins

Acetone test [42]: In a test tube containing 1 mL of crude extract, 1 mL of acetone is
added. The contents of the test tube are thoroughly mixed. Thereafter, 2 mL of distilled
water is inserted into this mixture. A turbid solution confirms the presence of resins.

2.6. Antibacterial Activity

In this investigation, two biological strains were used: Gram-negative Escherichia coli
(ATCC 25922) and Gram-positive Staphylococcus aureus (ATCC 43300). These bacterial
strains were provided by Professor Johnson Lin, Department of Microbiology, University
of KwaZulu-Natal, and maintained in 75% glycerol at —80 °C. The methanol crude extracts
from the summer and winter leaves of C. macrocarpa were dissolved in 10% DMSO at
the different concentrations of 10, 5.2, 2.5, 1.25 and 0.625 mg/mL. The agar well diffu-
sion procedure described by Perez et al. [45] was used to conduct the antibacterial assay
(in vitro) on the C. macrocarpa leaf extract (summer and winter), with some modifications.
To 10 mL of nutrient broth (Merck, Darmstadt, Germany), a loopful of each bacterial strain
stock was inserted. In a test-tube shaker, the cultures were grown overnight for 24 h
at 36 £ 1 °C. Thereafter, the bacterial cultures (inoculum) were diluted further with nutrient
broth (sterile) to an optical density (OD) of 0.08-0.1 to yield a final concentration of about
1 x 1081 x 10° bacteria cells/mL. Utilizing Mueller-Hinton agar (MHA), agar plates
were prepared. Agar was poured into Petri dishes and allowed to set (solidify) at room
temperature. Thereafter, sterile cotton swabs were used to swab the cultures of bacteria
onto the agar plates. A six-millimetre-diameter sterile cork borer was used to punch wells
in the agar plates. Subsequently, 100 pL of each of the prepared concentrations of the
methanol leaf extracts (various concentration) was pipetted into the wells. The plates
were then incubated at 36 °C to encourage the growth of bacterial colonies. After 24 h of
incubation, the plates were assessed for antibacterial activity by measuring the diameter
of the bacterial clearance zone of inhibition (mm). The negative control was 10% DMSO,
and the positive controls were 10 ug/mL Gentamicin (for Gram-negative bacteria) and
Streptomycin (for Gram-positive bacteria). The tests were carried out in three replicates,
and the results were expressed as means + standard deviations.

2.7. DDPH Scavenging Activity

Summer and winter leaf extracts were used. Stock solutions of 1 mg/mL in methanol
of leaf extracts (hexane, chloroform and methanol) were prepared. From these, 15, 30,
60, 120 and 240 ng/mL were prepared for in vitro antioxidant screening. The procedure
described by Braca et al. [46] was used to establish the antioxidant activity, such as the
2, 2’-diphenyl-1-picrylhydrazyl (DPPH)-radical-scavenging activity of the crude extracts
of leaves of C. macrocarpa. A total volume of 100 pL of each crude extract at standard
concentrations (15, 30, 60, 120 and 240 pg/mL) was mixed with 50 uL of 0.3 mM DPPH
solution prepared in methanol. For 30 min, the microplate was incubated in the dark at
room temperature (24 °C). Subsequently, the absorbance was measured at 517 nm (Synergy
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HTX Multi-mode reader; BioTek Instruments Inc., Winooski, VT, USA). Ascorbic acid was
utilized as the standard drug-positive control.

The potential of the crude extracts to scavenge DPPH radicals were calculated using
the following equation:

A [ — A 1
DPPH scavenging activity (%) = ( bs contro bs samp e) * 100

Abs control

where Abs control is the absorbance of DPPH and methanol and Abs sample is the ab-
sorbance of DPPH radical + sample (sample or standard).

The analysis was performed in three replicates, and all data were reported as
means £ standard deviations. The IC50 was used to evaluate the antioxidant activity
(in vitro). The ICs is the concentration of the antioxidant agent that inhibits 50% of the
oxidant. The percentage inhibition (scavenging activity) was plotted against the various
concentrations (logarithmic scale). The inhibition curves in this graph were used to obtain
the ICsq. The IC5( values were calculated.

2.8. Statistical Analysis

The results obtained from antioxidant screening were subjected to statistical analyses
using SPSS 28 for windows, IBM Corporation, New York, NY, USA. The percentage scav-
enging values were subjected to Tukey’s honestly significant difference multiple-range post
hoc test, and the p-value was obtained. The significant difference was established at p < 0.05.

3. Results and Discussion
3.1. Yield of Extract and Screening of Phytochemicals

The methanol extract of C. macrocarpa leaves obtained the highest percentage yield,
and a similar observation was reported by Abbas et al. [33]. The hexane extract had
an intermediate percentage yield, followed by the chloroform extract with the lowest
metabolite yield (Table 1). The winter extracts (methanol, hexane and chloroform) had
higher percentage metabolite yields than the summer extracts (Table 1). In winter, the
maximum metabolite yield was obtained from the crude methanol extract (24.3%), while the
lowest yield obtained was from the crude chloroform extract (6.5%) (Table 1). In summer,
the highest metabolite yield was also obtained from the crude methanol extract (15%),
while the lowest yield was obtained from chloroform (4.8%) (Table 1). The results indicate
that there were more polar compounds in the leaves of C. macrocarpa. In addition to that,
methanol was more effective in extracting phytochemicals from C. macrocarpa leaves than
other extraction solvents (Table 1). This is because methanol is a polar solvent and easily
interacts with and dissolves polar phytocompounds. Chloroform is a non-polar solvent
and would be effective for extracting non-polar compounds such as oils [47].

Table 1. Yield percentage of the dried extracts of summer and winter leaves of C. macrocarpa.

Yield (Summer) Yield (Winter)
Solvent
(g) (%) (g (%)
Hexane 0.82 8.2 0.98 9.8
Chloroform 0.48 4.8 0.65 6.5
Methanol 1.5 15 2.43 24.3

In this study, secondary metabolites were present in both the summer and winter
leaves of C. macrocarpa; however, the presence varied amongst the different extracts (hexane,
chloroform and methanol) (Table 2). The results revealed the presence of ten phytochemicals
in the methanol leaf extract, which included alkaloids, tannins, phenols, naphthoquinones,
flavonoids, saponins, steroids, proteins, carbohydrates, mucilage and gums, and the ab-
sence of resin. On the other hand, hexane extracted nine phytochemicals from the leaves,
which included alkaloids, tannins, phenols, naphthoquinones, flavonoids, steroids, pro-
teins, mucilage, gums and resin, but not saponins or carbohydrates. The chloroform extract
of the leaves tested positive for eight phytochemicals, which included alkaloids, tannins,
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phenols, saponins, proteins, carbohydrates, mucilage, gums and resin, but tested negative
for naphthoquinones, flavonoids and steroids (Table 2). The methanol extract of the leaves
tested positive for the majority of the phytochemicals, followed by the hexane extract and
then the chloroform extract (Table 2). This could be due to the methanol extract having the
highest metabolite yield, while chloroform had the lowest (Table 1).

Table 2. Qualitative preliminary screening of phytochemicals of C. macrocarpa leaf extracts for summer
and winter seasons.

Phytocl.lemical Type of Test Winter Summer

Constituent H C M H C M
. Wagner’s - - + - ++ Tt

Alkaloids \ egyer,s " N ' . A )
Tannins Ferric chloride + + ++ + + ++
Phenols Lead acetate + + ++ ++ ++ ++
Tannins (naphthoquinone) Gelatine ++ - + + - +
. Alkaline-reagent test + - + + - +
Flavonoids Acid-hydrolysis test + - ++ + - ++
Saponins Foam test - - + - - +
Olive oil test - ++ ++ - + ++

: . Salkowski’s test + - + + - +
Steroids (terpenoids) Lieberman-Bouchard test + - + + - +
Proteins Biuret test + + + + + +
Carbohydrates Molisch’s test - ++ ++ - + +
Mucilage + gums Precipitation test + + - + + -
Ruthenium-red test - + + - + +

Resin Acetone test + ++ - + ++ -

- Absent, + Present, ++ Intense positive, H = Hexane, C = Chloroform, M = Methanol.

Several of the above-mentioned phytochemicals found in C. macrocarpa were reported
to be present in other Carissa species, such as C. opaca, C. spinarum, C. carandas and
C. edulis [34]. A study conducted by Khalil et al. [27] revealed the presence of a variety of
phytochemicals in the leaves of C. macrocarpa, namely, saponins, flavonoids, triterpenoids,
steroids, tannins, anthraquinones and carbohydrates, and the absence of cardiac glycosides
and alkaloids. In addition, the hexane leaf extract did not show any presence of phytochem-
icals. A similar study conducted by Abbas et al. [33] revealed the presence of alkaloids,
steroids and terpenoids in the leaves of C. grandiflora and the absence of flavonoids and
tannins. All around the world, carbohydrates are probably the most familiar organic sub-
stance [48]. This phytochemical is used in pharmacy for the preparation of tablets (sucrose
and lactose), in anti-diarrhoea drugs (pectin), antacids, diuretic drugs (mannitol and sor-
bitol), etc. [48]. When a plant is injured due to unfavourable conditions such as drought,
the cell walls of the plant break down, which causes the formation of gums [49]. Mucilage
is a common product of plant metabolism and is formed within the cells of plants [49].
Hence, gums are considered as pathological products, and mucilage is considered as a
physiological product of plants [49]. These phytocompounds are used in medicine for their
anti-inflammatory and anti-irritant activity in cough suppression. Therefore, the presence
of mucilage and gums in the leaves of C. macrocarpa (Table 2) may substantiate its use in
traditional medicine to treat coughs [29-31]. Furthermore, mucilage and gums are used
in several ways in the pharmaceutical industry. Due to their ability to easily dissolve in
water, they are used as tablet binders, to coat capsules and as disintegrants (agents added
to tablet formations to help to break down the tablet into small particles) [50].

Terpenoids have been found to be useful in the prevention and treatment of several
diseases, including cancer. This phytochemical is well known for possessing antimicrobial,
antifungal, antiparasitic, anti-inflammatory, and anti-allergenic properties. It also aids in
the regulation of immune systems [51,52]. Furthermore, steroids can calm airway inflam-
mation in asthma patients [53] and are effective in reducing cholesterol [54]. Flavonoids
and tannins have been reported to possess anti-inflammatory and antimicrobial proper-
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ties [55,56]; therefore, the leaves of C. macrocarpa could be used for the treatment of wounds
due to the presence of flavonoids and tannins. For centuries, alkaloids have been employed
for medicinal uses. The most common biological properties of this phytochemical are
its toxicity against cells of foreign organisms and anti-asthmatic, anti-inflammatory and
anti-anaphylactic properties [57,58]. Furthermore, saponins possess several pharmacolog-
ical properties (antibacterial, antiviral) and are effective in slowing down or preventing
inflammation [59,60]. From this study, it was found that C. macrocarpa leaf extracts exhibited
several medicinal properties due to the presence of many different phytochemicals.

3.2. Antibacterial Activity

The antibacterial activity of the methanol leaf extract of C. macrocarpa was evaluated
using five different concentrations (0.625, 1.25, 2.5, 5 and 10 mg/mL) against Gram-positive
bacteria (Staphylococcus aureus) and Gram-negative bacteria (Escherichia coli). In Table 3, it
is evident that the zone of inhibition increased with the increase in the concentration of
the extracts. The methanol extract of the leaves inhibited the growth of the two bacterial
strains (S. aureus and E. coli) but exhibited modest antibacterial activity compared with
the control antibiotics. This may have been due to the small quantities of crude extract
used. Future studies should increase the concentration of crude extracts used, which
may result in a more favourable positive inhibitory effect. The leaf extracts at the differ-
ent concentrations showed a greater inhibitory effect against the Gram-positive bacteria
(S. aureus) than against the Gram-negative bacteria (E. coli) (Table 3). In summer, the zones
of inhibition of the methanol leaf extract at the concentrations of 10, 5 and 2.5 mg/mL
were 7.75 + 1.77, 7.25 + 0.35 and 6.75 + 0.35 for S. aureus and 6.75 £ 0.35, 6.75 4+ 0.35
and 6.5 + 0.35 for E. coli, respectively. In winter, the zones of inhibition of the methanol
leaf extract at the concentrations of 10, 5 and 2.5 mg/mL were 8.17 £ 1.04, 8.17 £ 1.04
and 7.25 + 0.35 for S. aureus and 6.83 + 0.58, 6.83 + 0.58 and 6.75 + 0.00 for E. coli, re-
spectively. This is because the impermeable cell wall of Gram-negative bacteria makes
them more resistant to certain antibiotics and antibacterial compounds than Gram-positive
bacteria [61,62]. The results also revealed that the methanol extracts of C. macrocarpa leaves
collected in winter showed greater antibacterial activity than those collected in summer
(Table 3). Since E. coli and S. aureus are known to infect the digestive system [63], the
findings from this study suggest that the methanol extract of C. macrocarpa leaves could be
used to treat the infections caused by these two bacteria.

Table 3. Means and standard deviations of the zones of inhibition (mm) of the methanol extract of
C. macrocarpa leaves (summer and winter) at different concentrations (mg/mL).

Bacterial Strain

Concentrations (mg/mL)
Positive Control

10 5 2.5 1.25 0.625
Summer
S. aureus 775+ 177 7.25 +0.35 6.75 + 0.35 7.0 £ 0.00 7.0 +0.00 10 + 1.41
E. coli 6.75 + 0.35 6.75 +0.35 6.5+ 0.35 6.5+ 0.00 6.5 + 0.00 11 +1.41
Winter
S. aureus 8.17 £ 1.04 8.17 £ 1.04 7.25 £ 0.35 7.0 +0.00 7.0 = 0.00 10 +1.32
E. coli 6.83 + 0.58 6.83 £+ 0.58 6.75 4+ 0.00 6.5+ 0.00 6.5 £+ 0.00 11 £+ 1.00

Studies conducted by Moodley et al. [28] and Abbas et al. [33] reported the antibacterial
activities of C. macrocarpa and C. grandiflora. Moodley et al. [28] reported that the pentacyclic
triterpenoids extracted from C. macrocarpa leaves and fruits showed antibacterial activity
against S. aureus, E. faecium, S. saprophyticus, E. coli, K. pneumonia and P. aeruginosa. Abbas
et al. [33] reported that the root, stem and leaf extracts of C. grandiflora showed antibacterial
activity against S. aureus and S. epidermidis. The above findings imply that C. macrocarpa
can be utilized for treatment against various bacterial strains. Moreover, phytochemicals
such as phenols, saponins, flavonoids, tannins and steroids are renowned to be biologically
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active and thus partially responsible for the antimicrobial activities of plants [34]. Thus,
the presence of these phytochemicals in the leaf extracts of C. macrocarpa (Table 2) may
substantiate the plant’s use in traditional medicine to treat venereal diseases caused by
bacteria [29].

3.3. Antioxidant Activity

The DDPH-radical-scavenging assay was used to determine the antioxidant activity of
the crude hexane, chloroform and methanol extracts of the leaves of C. macrocarpa (Figure 1).
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Figure 1. In vitro antioxidant activity (% scavenging) at different concentrations (ug/mL) of crude
extracts from summer and winter leaves of C. macrocarpa. Different letters means significant at p < 0.05.

For both seasons, the methanol extract of the leaves exhibited the most significant
radical-scavenging activity (p < 0.05) at 240 ug/mL, followed by the hexane extract and then
the chloroform extract (Figure 1). For each season, the percentage scavenging activity of the
DPPH radical increased with the increase in the concentration of the crude methanol leaf
extract (Figure 1), which may imply an increased ability to donate hydrogen ions [64]. For
the methanol leaf extract, there was a significant difference in the percentage scavenging
activities between summer and winter (p < 0.05) at most concentrations. In summer, the
percentage scavenging activities of the methanol leaf extract were 71.66, 73.57, 84.05 and
88.22% at 15, 30, 60 and 120 pug/mL, respectively. In winter, the percentage scavenging
activities of the methanol leaf extract were 74.65, 78.31, 86.15 and 90.02% at 15, 30, 60
and 120 pg/mL, respectively (Figure 1). Overall, the methanol leaf extract showed a
greater percentage of scavenging activity in winter. In summer, the percentage scavenging
activities of the hexane, chloroform and methanol extracts at 15 pg/mL were 74.18, 46.64
and 71.66%, respectively, and that of ascorbic was 43.47%. In winter, the percentage
scavenging activities of the hexane, chloroform and methanol extracts at 15 ug/mL were
68.27, 49.87 and 74.65%, respectively, and that of ascorbic was 43.47% (Figure 1). The
percentage scavenging activities of the different extracts were significantly greater than that
of the positive control (p < 0.05), which indicates that the extracts of C. macrocarpa leaves
have appreciable antioxidant activity.

The results revealed that in summer, the ICsg values (concentration required for
50% inhibition) of the hexane extract (0.15 pg/mL) and methanol extract (1.72 pg/mL)
were lower than that of ascorbic acid (8.26 pg/mL) (Table 4). In winter, the ICsy values of
the hexane extract (0.29 ug/mL) and methanol extract (0.67 ng/mL) were also lower than
that of ascorbic acid (8.26 ng/mL), whereas the chloroform extract had a greater ICsy value

129



Horticulturae 2022, 8, 780

than ascorbic acid (8.26 ng/mL) for summer (44.76 pg/mL) and winter (13.06 pg/mL)
(Table 4). A high percentage scavenging activity together with a low ICs is indicative of
strong antioxidant activity. Therefore, hexane and methanol extracts of C. macrocarpa leaves
showed strong antioxidant activity. However, the methanol extract of winter leaves showed
stronger antioxidant activity than that of summer leaves. While the chloroform extract
of winter leaves showed moderate antioxidant activity, that of summer leaves showed
low antioxidant activity. The result from this study corresponded to those of a study
conducted by [35], whereby the DPPH assay revealed appreciable antioxidant activity in
the leaves of C. macrocarpa. A similar study conducted by Abbas et al. [33] revealed that
the methanol extracts of C. grandiflora leaves exhibited the highest free-radical-scavenging
activity (antioxidant activity), while the hexane fractions exhibited the lowest one. Many
phytochemicals possess antioxidant activity, protect our cells against damage caused by
oxidative stress and lower the risk of developing certain types of cancer. From previous
studies, it is known that flavonoids and phenols exhibit antioxidant properties [51,65].
Flavonoids help to manage diabetes caused by oxidative stress [51]. Phenols were found to
possess free-radical-scavenging capabilities and act as food antioxidants [65]. The presence
of phenolic compounds in the leaf extracts of C. macrocarpa (Table 2) may have enhanced the
scavenging activity of the hexane and methanol extracts [66], thus causing the significantly
low ICsj values. In addition, the collective effect of resins, flavonoids, triterpenes and
phenols that were present in the leaf extracts (Table 2) may have also positively influenced
the percentage inhibition and the ICs values observed [67-71].

Table 4. IC5( values showing the antioxidant activity of the various solvent extracts from summer
and winter leaves of C. macrocarpa.

ICs (pg/mL)

Sample
Summer Winter
Hexane 0.15 0.29
Chloroform 44.76 13.06
Methanol 1.72 0.67
Ascorbic acid 8.26 8.26

When plants are stressed, they produce more phytochemicals to withstand the un-
favourable/harmful conditions [72]. Previous studies were performed on plants under
stress conditions, and it was revealed that greater quantities of flavonoids, anthocyanins and
mucilage were produced by these plants [73]. Therefore, the observed differences in metabo-
lite yield (%) and antibacterial and antioxidant activities between summer and winter could
be due to the differences in the environmental conditions experienced in different seasons.
From previous studies, it was suggested that environmental temperatures associated with
seasonal change play a vital role in phytochemical composition and biological activity and
that it is more pronounced in cold weather [72]. The results from this study indicated that
winter provided favourable stimuli (such as low temperatures) to bring about improved
phytochemical production and biological activity in the leaves of C. macrocarpa.

4. Conclusions

Carissa macrocarpa leaves are found to contain many bioactive metabolites from various
extracts, which implies that the leaves have several medicinal applications. The results from
this study suggest that C. macrocarpa extracts possess antibacterial and antioxidant activity;
thus, these results are expected to open the possibility of deriving clinically effective drugs
from this plant species. It is also found that the winter leaf extracts have potentially higher
antibacterial activity and more potent antioxidant activity than the summer leaf extracts,
thus inferring that winter is the best season to harvest C. macrocarpa leaves for medicinal use.
To the best of our knowledge, this is first report to relate the phytochemical composition and
medicinal properties of C. macrocarpa to changes in seasons. It is recommended that further
quantitative phytochemical analyses are conducted on this plant in summer and winter.
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This would improve the understanding of how seasonal changes influence phytochemical
composition. This would also elucidate which bioactive compounds are responsible for
the potent antioxidant activity in the leaves of C. macrocarpa. The findings from this study
add to the existing body of knowledge on South African ethnobotany and aid in better
understanding the use and contribution of C. macrocarpa leaves in treating various illnesses.
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Abstract: In this study, we analyzed and compared the concentrations of selected metals/metalloids
and the antioxidant response of Salix alba L. (white willow) bark in the highly polluted area around
the Kosovo A and B thermal power plants. The antioxidant capacity of Salix alba bark was evaluated
in terms of the total phenolics, flavonoids, chlorophylls, and carotenoids, while the metal content in
the soil and willow bark was analyzed by ICP-OES (inductively coupled plasma optical emission
spectroscopy). For total antioxidant level assessment, FRAP, DPPH, and CUPRAC assays were
conducted. The mean concentrations of selected elements in soil and willow dry mass range from
15,698.4 mg kg~ ! dry mass (soil) to 371.1 mg kg~ ! (willow bark) for Al; 37.676 mg kg~! (soil) to
<2 ppb (willow bark) for As; 14.8 mg kg_1 (soil) to 0.62 mg kg_l (willow bark) for Cd; 24.2 mg kg_1
(soil) to 1.2 mg kg ! (willow bark) for Cr; 58.8 mg kg ™! (soil) to 9.1 mg kg~ (willow bark) for Cu;
16,975.68 mg kg ! (soil) to 385.4 mg kg ! (willow bark) for Fe; 95.0 mg kg ! (soil) to 7.9 mg kg !
(willow bark) for Ni; 185.2 mg kg*1 (soil) to <1 ppb (willow bark) for Pb; and 226.7 mg kg*1 (soil) to
87.7 mg kg~ ! (willow bark) for Zn. Additionally, the Salix alba bark samples presented mean values of
12,191.6 mg kg~ ! for Ca, 1306.0 mg kg ! for Mg, and 123.1363 mg kg~! for Mn. The mean phenolic
content was 39.292 mg GAE g~! DW, being 28.222 mg CE g~! DW for flavonoids, 38.099 mg g~ ! FW
for CHLa, 49.240 mg g~ ! FW for CHLb, and 94.976 mg g~! FW for CAR. The results of this study
indicate that the bark of Salix alba contains significant amounts of phenolic compounds, and strong
positive and moderate negative correlations are revealed between total phenolic compounds and
iron, and total phenolics and nickel and manganese, respectively.

Keywords: white willow; soil; antioxidant response; heavy metals

1. Introduction

From ancient times, members of the genus Salix (Family Salicaceae) have been used in
traditional medicine for the treatment of various health conditions, especially muscular
and rheumatic disorders [1]. The analgesic, antipyretic, anti-inflammatory, anti-rheumatic,
antiseptic, and astringent properties of willow are well-known, while species of the genus
Salix have also been used for their diuretic, febrifuge, hypnotic, and sedative effects [2].
Considering these effects, willow bark has been used in the preparation of pharmaceutical
formulations to treat many different types of pain, as well as to relieve sore throats and
fevers associated with infections of the upper respiratory system and flu-like symptoms [3].
White willow—otherwise known as salicin willow—has been used for thousands of years
due to its impact on health [4]. According to the European Pharmacopoeia (2005), willow
bark is defined as the dry bark (whole or fragmented) of young or current-year branches of
different species of the genus Salix. At present, the use of willow bark, both in traditional
medicine and in the pharmaceutical industry, is supported by a considerable number of
publications that provide data regarding its effects on health [2].
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Willow (Salix spp.) is a highly diverse genera containing more than 450 species
distributed worldwide, from tropical to cold-temperate climates. Salix alba L. is one of the
most widely distributed and popular willows. It appears from sea level up to 2400 m and
generally grows near water on the banks of rivers and lakes, usually surviving for only
20-30 years [5]. Salix alba is a native plant in Europe, Central Asia, and North Africa, while
in the Americas it was introduced in the late 17th and early 18th centuries. Today, except
for in Australia and Antarctica, Salix alba is found in all other continents, occurring in pure
stands or in a mixture with other willows and poplars [6].

White willow tolerates a broad range of soil types. From a botanical point of view, it is
fast-growing and is one of the tallest willow species, with heights up to 30 m and diameters
of approximately 1 m in its native habitat [7]. It is characterized by thin, horizontally
extended branches that are easily broken, with deeply fissured bark colored dark grey to
brown/yellow brown with corky ridges. Its root system is highly developed, with a deep
central root and numerous lateral roots.

Heavy metals can be found in surface water, soil, and plants [8]. They are non-
biodegradable, have long biological half-lives and have the potential to accumulate. Some
of these metals play important roles in the normal development of biological processes
in living organisms. Even though plants take nutrients from water, soil, and air, they are
not completely selective for basic components, and may take up elements such as metals,
which are unsafe even in low amounts [9]. Different plant species in particular have specific
tolerance levels for heavy metals/metalloids, such that some plants have adapted to grow
in soils rich in heavy metals/metalloids. Studies have confirmed critical differences in
the norm of absorption and distribution of these elements and shown crucial changes in
the concentration of heavy metals in various parts of the plant. The age of the plant, soil
concentration, climate, family, and genetic structure change the ability of a plant to absorb
and synthesize chemical content [10]. A few metals are commonly immobilized in the roots
within the tree (e.g., lead, chromium, and copper), while cadmium, nickel, and zinc are more
easily transported to the shoots; however, the soil properties in different areas, different
climatic conditions, and different sampling times during individual studies must be taken
into account [11]. As metals compete and replace the essential elements in plants, thus
disrupting their normal function, they can be toxic, consequently damaging biodiversity
and making the environment unsuitable for plant growth. The damage observed in the
presence of toxic concentrations of heavy metals can be attributed to various causes, which
usually interact and may include direct and indirect harmful effects (e.g., through oxidation-
induced stress) [12]. Toxic levels of heavy metals can cause cell membrane injury and the
breakdown of biomolecules and cell organelles due to increased reactive oxygen species
(ROS) production in plants [13].

Considerable studies in recent years have established the important connection be-
tween air, water, soil, and plant pollution and toxic element accumulation. The zone around
the Kosovo thermal power plants (KTPPs), energy producers, is the greatest concern of the
Republic of Kosovo in the context of environmental pollution [14]. From a pollution point
of view, the most important activities are those in coal (lignite) mines and the production
of electric power. Fly and bottom ash from the KTPPs are the main components of this
environmental pollution, and these industrial components are rich in elements with high
toxic potential, such as Pb, Cd, As, and Ni [15]. A survey conducted during 2005, regarding
fly ash release from the KTPPs, showed that EU standards were exceeded in very high
percentages, approximately 400-500 times [15,16].

Plants are subjected to a variety of stressors in the natural world, all of which con-
tribute to the over-production of reactive oxygen species [14]. Heavy metals, as abiotic
stress factors, also initiate various processes in plants, some of which may even be harmful
to their anatomical, morphological, physiological, and biochemical function, causing the
production of reactive oxygen species and oxidative stress in plants. Plants have evolution-
arily developed mechanisms to defend themselves against the harmful impact of heavy
metals, involving the activation of antioxidant systems to neutralize reactive oxygen. Sev-
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eral definitions of chemical, biological, and biomedical antioxidants are known. Generally,
any substance which, when existing in low concentrations compared to those of an oxidiz-
able substrate, substantially delays or inhibits the oxidation of this substrate [17], or “any
substance that delays, prevents or removes oxidative damage to a target molecule” [18],
is defined as an antioxidant. Plants are generally known for their antioxidant properties,
as they are rich in substances with antioxidant activity, commonly referred to as polyphe-
nols [19]. A plant’s antioxidant composition facilitates radical scavenging, supporting the
conversion of radicals into less-reactive species [20]. Antioxidants usually act as reduc-
ing agents and neutralize free radicals by oxidizing themselves; examples include thiols,
ascorbic acid, and polyphenols [21].

Antioxidants have become an essential part of our lives and, as a result of their action
in the body to neutralize or break up ROS, it has been shown that different parts of plants are
rich sources of a range biologically active agents—usually phenolics—and phytochemicals,
which are plant constituents that possess different biological potentials, such as antioxidant
and antimicrobial activities [22-25]. To determine the antioxidant capacity, many different
methods based on free radical scavenging have been developed in recent decades; in some
cases, these mechanisms have not yet been clearly differentiated. An antioxidant capacity
test may involve electron-based transfer (ET)- or hydrogen atom transfer (HAT)-based
analyses [26]. The ferric-reducing/antioxidant power (FRAP) method (referring to ferric-
reducing ability) measures the potential of antioxidants to reduce ferric iron, and has been
presented as a new method for the evaluation of antioxidant capacity [27]. Cupric-reducing
antioxidant capacity (CUPRAC), which involves measuring the reduction of Cu (II) to Cu (I)
by antioxidants, is an uncomplicated method for extensively relevant analysis of antioxidant
capacity, and is beneficial for a broad class of polyphenols, including phenolic acids,
flavonoids, carotenoids, hydroxycinnamic acids, thiols, synthetic antioxidants, and vitamins
C and E [28,29]. The DPPH (2,2-diphenyl-1-picrylhydrazyl) method measures the ability of
antioxidants to reduce 2,2-diphenyl-1-picrylhydrazyl (DPPH), an organic radical, through
spectrophotometry [30]. The DPPH assay is the oldest non-direct assay for antioxidant
activity determination, based on the potential of the 2,2-diphenyl-1-picrilhydrazyl free
radical to interact with phenol hydrogen donors [31].

Considering the importance of Salix alba in traditional and modern medicine, in
this study, we aim to analyze and evaluate the influence of selected heavy metals in the
antioxidant response of Salix alba bark from the highly polluted area around the Kosovo
thermal power plants. The antioxidant capacity of Salix alba bark was evaluated in terms of
total phenolics, flavonoids, chlorophylls, and carotenoids, while the metal content in soil
and willow bark was analyzed by ICP-OES. For total antioxidant level assessment, FRAP,
DPPH, and CUPRAC assays were carried out.

2. Materials and Methods
2.1. Sampling Points and Material

Thermal power plants Kosovo A and Kosovo B, as a part of the local heavy industry
and major contributors to environmental pollution in the area, are located about 6.5 km
northwest of capital of Kosovo, Pristina, near the municipality of Obiliq. Ninety water, soil,
and plant samples (thirty of each) were collected along 30 km of the Sitnica river, which
passes near the Kosovo thermal power plants, prior to the determination of heavy metal
contents and other parameters. Fifteen samples each of water, soil, and Salix alba bark
were taken from a starting point near Lipjan municipality, about 17 km from the source of
pollution, up to nearby the KTPPs, and fifteen additional samples of each were collected,
beginning near the thermal power plants, up to the ending point where the river exits the
municipality of Vushtrri, approximately 15 km from the source of pollution. There was an
average distance of 1 km between sampling points, the locations of which are shown in
Figure 1.
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Figure 1. The flow of the river Sitnica in Kosovo and the sampling points.

2.2. Plant Material

Bark samples (200250 g) were taken from Salix alba located along the river (Figure 2),
collected at a height of 1.5-2 m above the ground and packed in paper bags. To eliminate
any surface particles or impurities, the willow bark samples were washed with deionized
water and then dried in an oven for 24 h at 65 °C. Then, 6 mL concentrated nitric acid
and 2 mL concentrated hydrogen peroxide were added into a microwave digestion vessel
containing 500 mg of minced willow bark samples, which were digested in the acid solution
and carefully shaken. The vessels were sealed and heated in a microwave and, after cooling
to room temperature (20 °C), the solution was filtered and diluted to 50 mL in a volumetric
flask with deionized water.

2.3. Soil Material

At a depth of 3040 cm around the willow tree, 2000 g of soil samples were collected
and packed in plastic bags. Air-dried and milled samples (2.5 g) were digested with 10 mL
aqua regia (concentrated nitric acid and hydrochloric acid in a 1:3 molar ratio) and carefully
shaken. The vessels were closed after 20 min, and the solution was heated in a microwave.
The solution was filtered and diluted with deionized water to 100 mL in a volumetric flask
after the vessels were cooled to room temperature (20 °C).
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Figure 2. Salix alba at sampling site 14 near the KTPPs.

2.4. Determination of Total Phenols

Powdered and dried plant material was used to extract phenolic compounds (0.1 g)
with 80% (v/v) CH3OH in an ultrasonic bath for 30 min at 4 °C [32,33]. After that, the
methanolic extracts were centrifuged at 12,000 rpm for 15 min, and the supernatants
were used for the determination of phenolic compound and chlorophyll contents, as well
as antioxidant activities. The total phenolic contents were determined by mixing plant
methanolic extracts with Folin-Ciocalteu reagent and 0.7 M Nap,COj3 [34]. The samples
were incubated at 50 °C for 15 min, then cooled at room temperature. The absorbance was
measured spectrophotometrically at 765 nm. The total phenolic content data are expressed
as milligrams of gallic acid equivalent (GAE) per gram of dry weight (mg GAE g_1 DW).

2.5. Determination of Total Flavonoids

The assay described by Zhishen et al. (1999) was used to determine the total flavonoid
content in plant extracts. Properly diluted extract was mixed with 5% NaNO, and allowed
to react for 5 min. After that, 10% AICl; was added and the mixture stood for another
5 min. Finally, 1 M NaOH and distilled water were added to the reaction mixture and
the absorbance was measured spectrophotometrically at 510 nm [35]. Total flavonoid
data are expressed as milligrams of catechin equivalent (CE) per gram of dry weight
(mg CE g~ ! DW).

2.6. Determination of Total Chlorophylls and Carotenoids

The chlorophyll and carotenoid contents in plant extracts were determined using the
method of Lichtenthaler and Wellburn (1983) [36]. The absorbance of an acetone extract
was measured at 666 nm (chlorophyll a), 653 nm (chlorophyll b), and 470 nm (carotenoids).
The chlorophyll and carotenoid concentrations are expressed as mg chlorophyll/carotenoid
per gram of dry weight (mg g_l DW) [36].
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2.7. Cupric-Reducing Antioxidant Capacity (CUPRAC)

The CUPRAC assay of plant extracts was carried out using the method of Apak et al.
(2004). The reaction mixture consisted of plant extract, 10 mM CuCl,, 7.5 mM neocuproine,
and 1 M CH3COONH;4 buffer (pH 7.0). The samples were incubated for 30 min at room
temperature and the absorbance was measured at 450 nm. The molar extinction coefficient
of Trolox (es35 = 1.67 x 10* Lmol~!-cm~!) was used for CUPRAC determination. The
CUPRAC values of plant extracts are expressed as micromoles of Trolox equivalent (TE)
per gram of dry weight (umol TE g~! DW).

2.8. Ferric-Reducing Antioxidant Power (FRAP)

The FRAP assay of plant extracts was conducted according to the method of Benzie
and Strain (1996) [37]. The FRAP reagent consisted of 300 mM CH3COONa buffer (pH 3.6),
10 mM TPTZ (2,4,6-tri(2-pyridyl)-s-triazine) in 40 mM HCl, and 20 mM FeCl; (10:1:1, v/v/v).
An aliquot of plant extract was mixed with FRAP reagent and incubated for 30 min at
37 °C under dark conditions. The absorbance of samples was measured at 593 nm. Data
are expressed as micromoles of Fe?* equivalent per gram of dry weight (WM Fe?* g~1 DW).

2.9. DPPH Radical Scavenging Activity

Using the method of Brand-Williams et al. (1995), we determined the ability of plant
extracts to scavenge the stable free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH). The
reaction mixture consisted of plant extract and 0.25 mM DPPH in CH3OH. The extract
was substituted with CH3OH in the control sample. The DPPH scavenging reaction was
performed in the dark for 10 min at room temperature, and the decrease in absorbance was
measured at 517 nm. Data are expressed as micromoles of Trolox equivalent (TE) per gram
of dry weight (uM TE g~! DW) [38].

2.10. Reagents and Equipment

The amounts of metals in the sample were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES), using a Perkin Elmer Optima 2100 DV (Optical
Emission Spectrometer), which was set up and optimized according to the manufacturer’s
instructions. Blank samples were prepared in the same manner. A high-quality KERN ABJ
analytical balance was used for weight measurement, and samples were milled in a Retsch
miller (GM 200; plant samples). The samples were dried in an oven (Mega Term M-160)
and heated in a Berghof Microwave (MWS 3+).

The following solvents (of analytical grade) were used: methanol (Sigma-Aldrich,
Steinheim, Germany) and acetone (Carlo Erba, Milan, Italy). The following chemicals
(of analytical grade) were used: Folin—Ciocalteu reagent (Carlo Erba, Milan, Italy); and
sodium carbonate, sodium acetate, sodium nitrite, sodium hydroxide, ammonium acetate,
aluminum chloride, cupric chloride, neocuproine, catechin hydrate, (£)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid, gallic acid, 2,4,6-tri(2-pyridyl)-s-triazine, ferric
chloride, and 2,2-diphenyl-1-picrylhydrazyl (Sigma-Aldrich, Steinheim, Germany). Spec-
trophotometric analyses of antioxidant parameters were carried out using a SpectraMax
190 Microplate Reader (Molecular Devices Corp., Sunnyvale, CA, USA) with SoftMax Pro
(v. 5.4.1) software.

2.11. Statistical Analysis

All parameters were analyzed using the data analysis tools in VassarStats (http:
/ /vassarstats.net/ accessed on 4 February 2022) and Microsoft Excel 2016. A Pearson
correlation test was used to analyze the correlation between variables in soil and Salix alba
bark samples. The values indicate statistical significance at p < 0.05. The obtained data from
the analysis of total phenols, flavonoids, and chlorophylls and carotenoids are expressed
as mean values £ SD (n = 3). The correlations between the analyzed parameters were
calculated according to Pearson’s correlation coefficient, and details are presented in the
Results and Discussion sections. Principal component analysis (PCA) was performed to
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determine the variance of selected parameters. Cluster analysis (CA) was conducted to
determine the similarity and variance of influencing factors across various data sets [39].

3. Results
3.1. Selected Elements (Metals/Metalloids) in Soil

The content of heavy metals in soil is influenced by a variety of factors. Due to its
negative ecological impacts, the heavy metal contamination of soil is a major environmental
concern. Heavy metals occur naturally in low concentrations in soils; however, due to their
acute and chronic toxicity, they are considered soil pollutants at high concentrations [40].

On both sides of the Sitnica river are several rivers and ravines, some of which
pass near the KTPPs, having an obvious impact on it being one of the most polluted
rivers in Kosovo. Water samples were taken at points from 30 km along the Sitnica river
(approximately 15 km in both directions from the source of pollution: KTPPs), and were
analyzed for the accumulation of aluminum, arsenic, cadmium, chromium, copper, iron,
nickel, lead, and zinc. The values (mg L~1) of selected elements in water samples varied,
depending on the location from which the samples were taken and the distance from the
main source of pollution (i.e., KTPPs). The results are presented in Table 1, showing the
minimum, maximum, and average values for the analyzed metals/metalloids.

Table 1. Mean, minimum, and maximum contents (mg L_l) of analyzed metals/metalloids in
Sitnica river.

Al As Cr Cu Fe Ni Zn Pb
Mean 0.346 0.01 0.011 0.014 0.314 0.049 0.093 0.417
Minimum 0.163 0.0019 0.006 0.011 0.069 0.029 0.071 0.299
Maximum 0.99 0.022 0.037 0.024 1.571 0.078 0.122 0.642
Count 30 30 30 30 30 30 30 4

The mean value of aluminum in the analyzed water samples was 0.346 mg L1,
with the highest concentration in water (W) sample W6 (0.99 mg L~1) and the lowest in
sample W11 (0.163 mg L~1). The average amount of arsenic found in sampling sites was
0.01 mg Lt (ranging from 0.0019 mg L1 (W23) to 0.022 mg L~! (W18)), while cadmium
concentrations in the analyzed samples were all below the detection limit of the method
used (i.e., 0.001 mg L~!). Chromium values in all analyzed Sitnica river water samples
were in the interval from 0.006 mg L~ (W13) to 0.037 mg L~! (W1). The mean copper
value in the selected water samples was 0.014 mg L~!, with a minimum concentration of
0.011 mg L~ ! in sample W9 and the highest concentration in sample W24 (0.024 mg L~1).
The mean concentration of iron in the analyzed water samples from Sitnica river was
0.314 mg L~!, with values ranging from 0.069 mg L~! in sample W27 to 1.571 mg L},
detected in sample Wé6. Nickel is a very hazardous and dangerous element, and its content
in the study area varied from 0.029 mg L~! to 0.078 mg L~!. During this research, traces
of lead were determined only in four water samples, with concentrations ranging from
0.299 mg L1 (W15) to 0.642 mg L~! (W12). The mean detected value in water samples
from Sitnica river for zinc was 0.093 mg L~!, with values ranging from 0.071 mg L~ ! in
sample W28 to the maximum concentration in sample W2 (0.122 mg L 1) [41]. These results
indicate that the mean levels (expressed in mg L~!) of the selected metals/metalloids in
water samples covering 30 km of Sitnica river (which passes near the KTPPs) were in the
following order: Pb > Al > Fe > Zn > Ni > Cu > Cr > As.

Soils are not considered contaminated, from human, animal, and plant standpoints,
until a threshold concentration is surpassed and the metal(s) begin to influence biological
processes [42]. The maximum permissible concentrations of heavy metals in soil are defined
differently, mainly based on regulations at the national level, with some regional differences.
All findings from soil samples collected along the Sitnica river are expressed on the basis of
mg kg’l dry mass; the data are summarized in Table 2. Selected mineral and trace elements
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were determined in close proximity to Salix alba roots at the same sampling sites. The soil
pH was generally alkaline, ranging from 7.4 in sample S1 (S: soil sample) to 8.5 in sample
S30, with a mean pH value of 8.08.

Table 2. Mean, minimum, and maximum concentrations (mg kgfl) of analyzed metals/metalloids

in soil.
Al As Cd Cr Cu Fe Ni Pb Zn
Mean 15,698.4 37.67 14.85 24.27 58.85 16,975.67 95.04 185.22 226.7
Minimum  12,021.88 20.29 9.83 18.07 29.88 13,216.97 66.74 84.2 99.23
Maximum  19,279.32 78.36 22.23 35.85 100.02 20,399 129.59 667.97 948.71
Count 30 30 30 30 30 30 30 30 30

Aluminum was the largest constituent of inorganic soil fractions, typically ranging
from 1% to 30% (i.e., 10,000 to 300,000 mg kg’l) [43,44]. The obtained data suggest that the
average aluminum concentration in analyzed samples in the KTPP region was in line with
these criteria, where the highest concentration was observed in sample S9 and the lowest
concentration in sample S29. The arsenic concentration ranged from 20.29 mg kg ! (sample
S18) to the highest determined level of 78.36 mg kg ! in sample 510, which was collected
within 10 km of the KTPPs. This is higher than the results obtained for the Anadrinia
area (Kosovo), where the arsenic values ranged from 16.49 mg kg~ ! to 62.44 mg kg~ ! [45].
Cadmium is one of the most environmentally hazardous metals, harmfully impacting all
biological processes in living organisms [42]. The cadmium concentration varied from the
lowest content of 9.83 mg kg !, which was practically identical to the lowest content for the
Anadrinia area (9.36 mg kg~!) [45], to the highest content of 22.23 mg kg !, which is higher
than the intervention value when compared with data of Dutch Target and Intervention
Values (2000). The mean cadmium content was estimated to be 14.85 mg kg !, and the
highest and lowest concentrations appeared at the same sampling points, presenting the
highest and lowest concentrations of arsenic (sample S10 and S18), respectively. In all soil
samples, the chromium content was less than the target value (100 mg kg’l) [46], ranging
from 18.07 mg kg ™! in sample S1 to 35.85 mg kg~! in sample S22. The average copper
concentration was measured to be 58.85 mg kg~!, with the lowest (29.88 mg kg~!) and
highest (100.02 mg kg ') concentrations in sampling locations close to each other (samples
527 and S29). The average concentration of copper in the samples taken along Sitnica river
was about 2.5 times higher compared with the average values of 20 to 30 mg kg~ ! reported
by Hooda (2010) [47]. Iron was the heavy metal with the highest average concentration
(16,975.67 mg kg 1) in the analyzed soil samples along Sitnica river and, at the same time,
was the element with the highest concentration in all types of analyzed samples. The
lowest concentration (13,216.97 mg kg ') was detected in sample 518, which was within
10 km of the source of pollution, while the highest concentration (20,399 mg kg’l) was
detected in sample S28. Nickel is most commonly found in soil and plants absorb nickel
quickly and easily [48]. An average value of 25 mg kg~ ! for nickel has been reported in
the region surrounding Tungbilek thermal power plant in Turkey, which is lower than the
average value (95.04 mg kg~!) found in samples around the KTPPs [49]. The measured
lead content ranged from 84.20 mg kg~! (sample S18) to 667.97 mg kg ~! (sample S29),
thus ranging from the target value’s margin (85 mg kg~ !) to above the intervention value
(530 mg kg 1) [50]. This content was higher than that reported in records for the Anadrinia
region, which ranged from 16.27 mg kg_1 to 42.58 mg kg_1 [45]. In terms of distance from
the source of contamination, there were also differences in lead concentration between
sampling points, with the highest concentration at sample point 529, located north of the
KTPPs. Zinc, which is toxic to plants, occurs in soil mainly due to industrial contamination.
The mean content in soil samples taken along the Sitnica river was more than four times
higher, compared with data from the U.S., where the zinc concentration in agricultural soil
ranges from 1.5 to 264 mg kg ! [51]. The highest concentration of zinc (948.71 mg kg~ !)
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in the analyzed soil samples was detected in the same sample with the highest level of
cadmium (sample S10), whereas the lowest concentration was observed in sample S27.
Based on the average concentrations of the selected elements in soil samples taken along
the Sitnica river, the following order was observed: Fe > Al > Zn > Pb > Ni > Cu > As >
Cr > Cd.

3.2. Selected Elements (Metals/Metalloids) in Willow Bark Samples of Salix alba

Different types of plants accumulate different minerals and trace elements, based on the
environmental state, type of element, and plant potential for heavy metals/metalloids [52].
Table 3 shows the concentrations of selected elements in willow bark samples obtained in
the KTPP-polluted area along the Sitnica river, with a summary of mean, maximum, and
minimum concentrations of the analyzed elements.

Table 3. Mean, minimum, and maximum contents (mg kg ~!) of analyzed metals/metalloids in Salix
alba bark samples.

Al Ca Cd Cr Cu Fe Mg Mn Ni Zn
Mean 371.19 12,191.66 0.62 1.28 9.1 385.47 1306 123.13 7.69 87.77
Minimum  67.79 5260 0.09 0.89 5.09 66.79 840 19.68 6.49 56.39
Maximum  894.77 22,280 4.49 1.89 28.66 910.75 1680 392.75 10.09 140.94
Count 30 30 30 30 30 30 30 30 30 30

All 10 of the selected mineral and trace elements—aluminum, calcium, cadmium,
chromium, copper, iron, magnesium, manganese, nickel, and zinc—were found in the Salix
alba bark samples, while arsenic, lead, and molybdenum contents were below the detection
limits for the analysis methods used.

It has been shown that aluminum is more soluble and that its bioavailability increases
in acidic soil and water (pH < 5.5), while it tends to be biologically inactive in neutral
alkaline media (pH 5.5-8.0); however, its solubility increases in a strongly alkaline medium
(pH > 8.0), but its bioavailability in plants is not known [53]. Aluminum was found in all
plant samples, ranging from 67.79 mg kg~! in sample P29 (P: plant) to 894.77 mg kg ! in
sample P17; standard recorded values range from 10,000 to 300,000 mg kg ! [42]. Calcium
was detected in relatively high quantities, ranging from 5260 mg kg ! to 22,280 mg kg *,
in all plant samples tested [53]. The presence of calcium in high amounts restricts plant
communities on calcareous soils [54]. The highest concentration of calcium was detected
in sample P10 of willow bark, taken on the southern side of the KTPPs, while the lowest
concentration of calcium was detected in sample P27, taken north of the KTPPs along the
Sitnica river [55]. It has been shown that the genus Salix can accumulate large amounts of
toxic elements, especially cadmium [56]. The cadmium content varied from 0.09 mg kg !
to 4.49 mg kg~ !, with maximum detected concentrations similar to those reported by
Vandecasteele et al. (2002) [57] (1.3-3.6 mg kg_l), and significantly higher than the WHO-
recommended level (<0.02 mg kg~ 1) [46]. Cd affects the biochemical, physical, and genetic
levels in plants, and is highly toxic even at low concentrations, but it has an affinity for
concentrating in plants and marine species [58]. Interest in the study of chromium has
recently increased, mainly due to the importance of chromium as an essential trace ele-
ment. The soluble content of chromium in the soil controls the amount of chromium in
plants. In plants, the concentration of chromium varied from 0.006 to 18 mg kg~ ! d.w.
and in the analyzed samples, the level of chromium ranged from 0.85 mg kg ! (in sam-
ple P27) to 1.89 mg kg~! (in sample P17), and was mostly (in 20 willow samples) within
the WHO recommendation for plants (1.30 mg kg~!) [46]; namely, the mean content of
chromium (1.28 mg kg~!) was within the suggested concentration. The copper concen-
tration ranged from 5.09 mg kg~! (sample P12) to 28.66 mg kg~ ! (sample P7), the latter
being higher than the WHO-recommended acceptable amount (10 mg kg~ !) in medicinal
plants. Copper is an important micronutrient, for which the level of critical deficiency
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ranges from 1 to 5 mg kg~?, the suitable level is 6-12 mg kg !, and the toxic level is above
20-30 mg kg~ ! dry weight [59]. In this study, the mean content of copper (9.1 mg kg~ 1)
was within the range of suitable values for plants. The iron level in the willow bark samples
ranged from 66.79 mg kg*1 (in sample P29) to 910.75 mg kg*1 (in sample P10), with an
average concentration of 385.47 mg kg~ !. These findings were higher than the WHO-
recommended iron concentration (20 mg kg~!) in medicinal plants. The concentration
of magnesium in plant samples ranged from 840 mg kg~ ! (in the starting point sample,
P1) to 1680 mg kg~ ! (in sample P7). The values of Mg in willow bark, with an average
concentration of 1360 mg kg~!, were higher than the acceptable level (200 mg g~!) for
plants, according to the WHO report (1996) [46]. Exposure to magnesium for long periods
may inhibit the accumulation of large amounts of ammonium in plants, so the Mg/Mn
ratio can also be taken as an indicator of manganese toxicity in plants [60]. The manganese
content in willow bark samples varied between 19.68 mg kg~ (in sample P13, the entering
point near the KTPPs) and 392.75 mg kg ! (from the ending sample point, P30), which
was above the acceptable level of manganese in medicinal plants recommended by the
WHO (200 mg kg~ !). The mean content of manganese (123.13 mg kg ') was within the
allowable range. The nickel content in willow bark samples varied from 6.49 mg kg~! (in
sample P27) to 10.09 mg kg ! (in sample P11), which was very close to the highest allowed
concentration (10 mg/kg) recommended by the WHO [61]. The acceptable concentration of
nickel in plant tissues ranged between 0.5 and 5 mg kg~ !, and the mean content observed
in willow bark samples (7.69 mg kg~ !) exceeded this limit [62]. The zinc content in all
analyzed willow bark samples was higher than the recommended content in medicinal
plants (50 mg kg~ !), ranging from 56.39 mg kg ! (sample P22) to 140.94 mg kg~! (P11).
Sample P11, where the maximum content of zinc was detected, was collected very close to
the KTPPs. The special motility system of zinc possessed by plants allows for its absorption
from the soil, while a high content of zinc limits the growth of roots [63,64]. The data indi-
cate that the concentrations of the selected elements in willow bark were in the following
order (mean results in mg kg ~1): Ca > Mg > Fe > Al > Mn > Zn > Cu > Ni > Cr > Cd.

3.3. Phenolic Content and Antioxidant Properties of Salix alba

Plants are potential sources of antioxidants, such as tannins, terpenoids, saponins,
flavonoids, phenols, ascorbic acid, and many more compounds having the potential to
scavenge free radicals [65]. In Table 4, the values obtained at all the sampling points, in
terms of the minimum, maximum, and mean values for the total phenols, total flavonoids,
and chlorophylls and carotenoids, as well as mean values for CUPRAC, FRAP, and DPPH,
are presented.

Table 4. Summary of results regarding total phenols, total flavonoids, chlorophylls and carotenoids,
and antioxidant activities (CUPRAC, FRAP, and DPPH) of Salix alba bark.

Variable Observations Minimum Maximum Mean Std. Deviation
TP 30 12.633 80.537 39.282 17.953
TF 30 9.252 67.479 28.222 15.333
CHLa 30 13.733 86.287 38.099 18.496
CHLb 30 26.068 71.504 49.240 10.564
CAR 30 42.264 152.585 94.976 27.190
CUPRAC 30 92.927 454.651 228.537 100.480
FRAP 30 89.616 504.368 317.189 116.852
DPPH 30 31.280 164.263 82.742 39.155

Total phenolic content was determined using the Folin—Ciocalteu method and are
expressed as milligrams of gallic acid equivalent (GAE) per gram of dry weight. The range
of total phenolics was from 12.63 to 78.53 mg GAE g~! DW (Figure 3).
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Figure 3. Total phenols in willow bark samples (mg GAE g ~! DW).

The highest total phenolic content (80.537 mg GAE g~ ! DW) was determined at sample
point P27, while the lowest content was determined at sample point P16 (12.633 mg GAE g !
DW). The mean value of total phenolics was 39.282 mg GAE g~! DW, higher than the values
reported by Tahirovi¢ and Basi¢ (2017) in Salix alba leaves (8.75 + 0.006 mg GAE g~ !) and
Salix alba stem (7.02 £ 0.007 mg GAE g’l) [66].

It has been estimated that willow bark contains up to 20% of condensed tannins and
flavonoids [67]. In willow bark samples, the flavonoids are expressed as milligrams of
catechin equivalent (CE) per gram of dry weight (mg CE g~! DW), and the results ranged
from 9.25 mg CE g~ ! DW (sample point P16) to 67.47 mg CE g~! DW (sample point P1).
The lowest result for phenolics and flavonoids in willow bark was detected at the same
sample point (P16), which was the sampling site nearest to the KTPPs (Figure 4).
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Figure 4. Total flavonoids in willow bark samples (mg CE g ~! DW).

The concentrations of CHLa, CHLb, and CARs are presented as mg chlorophyll/
carotenoid per gram of dry weight (mg g~! DW). CHLa concentrations were in the range
13.73-86.28 mg g~ ! DW (sample points P15 and P21, respectively), CHLb concentrations
were in the range 26.06-71.50 mg g~! DW (sample points P9 and P21, respectively), and
carotenoids were in the range 42.26-152.58 mg g~ ! DW (sample points P9 and P1, respec-
tively); see Figure 5.
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Figure 5. CHLa, CHLb, and carotenoids (CARs) in willow bark samples (mg g~! DW).

3.4. Antioxidant Activities of Salix alba

At present, no method can be considered reliable for determining antioxidant activ-
ity /capacity; therefore, a series of analyses is typically needed to assess the antioxidant
potential. The antioxidant activity/capacity of the willow bark extracts were investigated
using three methods: CUPRAC, FRAP, and DPPH. The CUPRAC method is an uncompli-
cated and flexible antioxidant capacity assay that can be used to measure phenolic acids,
flavonoids, carotenoids, and other polyphenols [28]. It is a more favorable method due to
the fact that, compared to other electron transfer methods, the working pH is physiological
(pH =7), compared to the acidic pH used in the FRAP method and the alkaline pH used
in the Folin method [68]. The results of CUPRAC are expressed as umol TE g~! DW, and
ranged from 92.927 umol TE g~! DW (sample point P16) to 454.651 umol TE g~! DW
(sample point P27), as presented in Figure 6.

500 -
450 -
400 -
350 -
300 -
250 -
200 -
150 -
100 -
50 -

0 .

CUPRAC (umol trolox g' DW)

1234567 8 9101112131415161718192021222324252627282930

Willow bark sample number

Figure 6. CUPRAC results for willow bark samples (umol TE g~! DW).

The FRAP assay is an uncomplicated automated test that measures the ferric-reducing
potential of plasma, and has been presented as a new method for assessing antioxidant
power. This assay measures an antioxidant’s ability to reduce ferric iron. Ata low pH, a
complex of ferric iron and 2,3,5-triphenyl-1,3,4-triaza-2-azoniacyclopenta-1,4-diene chloride
(TPTZ) is reduced to the ferrous form. The FRAP results are presented as micromoles of
Fe?* equivalent per gram of dry weight (uM Fe?* g¢~! DW) and, as presented in Figure 7,
ranged from 89.61 umol Fe?* g~! DW (sample P16) to 504.36 umol Fe?* g~! DW (sample
P18).
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Figure 7. FRAP results for willow bark samples (umol Fe?* g_1 DW).

The DPPH method spectrophotometrically measures the capacity of antioxidants to re-
duce 2,2-diphenyl-1-picrylhydrazyl (DPPH), an additional uncommon radical determined
in biological systems. The final results are expressed in terms of umol of Trolox equivalent
(TE) per gram of dry sample. The DPPH scavenging activity, as presented in Figure 8,
ranged from 31.28 umol TE g~! DW (sample P16) to 164.26 umol TE g~! DW (sample P1).
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Figure 8. DPPH results for willow bark samples (umol TE g_1 DW).

Compared with the mean values presented by Tahirovi¢ and Basic¢ (2017), the mean
value in our willow bark samples (82.742 umol Trolox g~! DW) was higher than in leaves
(31.25 4 0.19 umol TE g ') and Salix alba stem (30.13 4 0.21 umol TE g~! DW). Furthermore,
the mean value of DPPH was lower than that reported by Sulaiman et al. (2013) for Salix
alba bark [69].

The antioxidant activity decreased in the following order: FRAP > CUPRAC > DPPH.
The lowest results were detected mostly in samples taken from the area very close to the
KTPPs (willow bark sample P16 for TP, TF, CUPRAC, FRAP, and DPPH, and CHLa in
sample P15), and at sample point P9 (for CHLb and CAR). Meanwhile, the highest results
were detected at sample P1 (TF, CAR, and DPPH), sample P18 (FRAP), sample P21 (CHLa
and CHLD), and sample P27 (TP and CUPRAC).

3.5. Correlation Analysis between Selected Elements in Soil and Salix alba Bark

Pearson correlation analysis indicated moderate correlations between copper in water
with nickel in soil (r = 0.382), as well as nickel in water to arsenic (r = 0.400), cadmium
(r=10.439), and chromium (r = 0.392) in soil. Regarding the correlations between the
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analyzed elements in soil and Salix alba bark, aluminum showed a moderate correlation
with calcium in willow bark samples (r = 0.436); arsenic in soil with cadmium in willow
bark (r = 0.653); cadmium in soil with its content in willow bark (r = 0.561); chromium in
soil showed moderate correlations with copper and manganese in willow bark (r = 0.343
and r = 0.385, respectively); iron in soil with calcium (r = 0.513), magnesium (r = 0.449), and
manganese (r = 0.438) in willow bark; nickel in soil showed moderate positive correlations
with zinc (r = 0.558) and nickel (r = 0.340) in willow bark; and zinc in soil with cadmium in
willow bark (r = 0.642).

The Pearson correlation matrix, provided in Table 5, shows significant correlations
between most of the metals/metalloids determined in willow bark. Note the strong
positive correlations between aluminum and chromium (r = 0.893), nickel (r = 0.883), and
iron (r = 0.880); chromium and nickel (r = 0.801) and iron (r = 0.793); and the moderate
negative correlation between calcium and manganese (r = —0.398).

Table 5. Correlations between selected elements in willow bark.

Al Ca Cd Cr Cu Fe Mg Mn Ni Zn

Al 1

Ca 0.316 1

Cd - 0.458 1

Cr 0.893  0.321 - 1

Cu - - - - 1

Fe 0.880 0.444 0.392 0.793 0.145 1

Mg - 0.564 - - 0.307  0.313 1
Mn - —0.398 - - - - - 1

Ni 0.883 - - 0.801 - - - - 1

Zn - - - - - - - - 0.327 1

The values indicate significance at p < 0.05.

3.6. Correlation Analysis between Selected Elements, Production of Photosynthetic Pigments and
Phenolic Compounds, and Antioxidant Activities in Salix alba Bark Samples

The Pearson correlation matrix revealed significant positive correlations between Al,
Cr, Fe, and Ni contents, as well between Cd, Fe, and Ca contents. Furthermore, Ca content
was significantly positively correlated with Mg content, but negatively correlated with
Mn content. With respect to the phenolic compounds, TP and TF contents were positively
correlated with the CAR contents, as well as with the antioxidant activity assays (CUPRAC,
FRAP, and DPPH). However, phenolic compounds—particularly TE—were significantly
negatively correlated with Fe, Ni, and Mn contents. Regarding the photosynthetic pigments,
CHLa content was negatively correlated with Fe and Ca contents. Antioxidant activity
assays were significantly negatively correlated with the Ni and Mn contents. In addition,
the FRAP assay was negatively correlated with Al, Cr, and Fe contents.

The data in Table 6 indicate significant positive correlations (Pearson coefficients)
between TF and TP (r = 0.889); CHLb and CHLa (r = 0.665); CAR and TP, TF, and CHLb
(r=0.594, r =617, and r = 0.332, respectively); CUPRAC and TP, TE, and CAR (r = 0.882,
r=0.902, and r = 0.540, respectively); FRAP and TP, TE, CAR, and CUPRAC (r = 0.854,
r=0.922,r=0.577, and r = 0.910, respectively); and DPPH and TP, TF, CAR, CUPRAC, and
FRAP (r =0.886, r =0.952, r = 0.568, r = 0.939, and r = 0.933, respectively).
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4. Discussion

High concentrations of toxic elements in surface soil and groundwater, compared to
normal and permissible values, are an increasing problem, considering their threat to the
environment and human health. This is primarily a result of the development of many
branches of chemical-based industries and the large discharges from them. Except for
two of the samples, the aluminum content in water samples was higher than the level
reported by Oram B (2020) [70]. The average arsenic, chromium, and copper concentration
in all samples along Sitnica river were below the permissible metal limit reported by
Brent L [71]. The iron levels in several sampling sites exceeded the average values reported
for the presence of iron in rivers (0.5-1 mg L~1) [72]. The obtained values for nickel were
higher than those reported by Shala et al. (2015), detected at the source of Sitnica river
(0.015-0.033 mg LY [72]. Although lead was determined in only four samples, the values
indicate that, in the samples in which it was detected, the lead concentration was higher
than the value allowed by the WHO (0.05 mg L~!), and the zinc content in all water
samples was under the limit described by the WHO (5 mg L~!) [46]. In terms of maximum
detected concentrations, most of the selected elements showed the same tendency, in that
the maximum values were observed in samples taken before the river approaches the
KTPPs (Al, W6; Cr, W1; Fe, W6; Ni, W10; and Zn, W5), while the maximum arsenic value
was detected in a sample taken near the KTPPs (W15). Conversely, the maximum copper
concentration was detected in a sample (W24) at a distance of about 10 km from the KTPPs,
in the flow of the Sitnica river to the north. Of the analyzed elements, only arsenic showed
a tendency toward a greater concentration in samples taken in the vicinity of (i.e., within
5 km in both directions) the source of pollution; that is, the KTPPs.

The aluminum concentrations in all soil samples collected along the Sitnica river were
within the typically reported values of Lindsay (1979) and Dragun (1988) [43,44]. The
arsenic concentration in most samples was above the values reported in the Anadrinia
region in Kosovo [45]. Cadmium, as one of the greatest ecotoxic metals, showed con-
tent in the analyzed samples that was higher than intervention values of the Dutch list
(12mg kg~!) [50]. The chromium content in all samples was higher than results from
samples around the Tuncbilek thermal power plant, Turkey [49], but presented lower con-
centrations when compared with data from the Anadrinia region [45]. The copper content
in soil samples was above the average values of 20-30 mg kg ~! [47], and mostly above the
target value presented in the Dutch list (36 mg kg~!) [50]. The iron content was within the
permissible range of 7000-500,000 mg/kg [71]. Nickel content was above average values,
compared with data from the area surrounding Tuncgbilek thermal power plant, Turkey
(25 mg kg ') [49]. In terms of lead content, the intervention value (Dutch list; 530 mg kg)
was only exceeded at sampling point S29. The zinc mean value of 226.7 mg kg~! was
higher than the natural zinc concentration in soil (10-100 mg kg ') [73]. Compared with
data in the FAO Soil Bulletins (Tietjen, 1975) for the tolerable total content of some elements
in soils, cadmium and lead exceeded the tolerable values [74]. Arsenic and cadmium
showed the same tendency, with maximum and minimum values at the same sampling
sites: the maximum content was determined for both of these elements in sample 510
and the minimum value was in sample S18. Furthermore, the highest value of zinc was
determined in sample 510 and, in nearby sample S9, the highest value of aluminum was
observed. Copper, iron, and lead showed a similar tendency, in that the highest value was
detected in samples from sampling sites in the north direction of the Sitnica river (529, Cu
and Pb; S28, Fe). In sample S18, in addition to arsenic and cadmium, minimum values
for iron and lead were also detected, while aluminum, copper, and zinc showed the same
tendency of lower values being presented in the northern part of the sampling points (529,
Al; 527, Cu and Zn). Of the analyzed elements, copper and nickel showed a tendency
toward greater concentrations in samples taken in the area in close vicinity (i.e., within
5 km in both directions) to the source of pollution: KTPPs. In samples collected within
5-10 km from the source of pollution, arsenic, cadmium, chromium, and zinc presented
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higher concentrations; however, at a distance of more than 10 km from the pollution source
on both sides, aluminum, iron, and lead tended to accumulate more.

The arsenic, lead, and molybdenum contents in Salix alba bark were below the detection
limits for the methods used. The aluminum content was within the limits reported in
various plants, which range up to 1000 mg kg~!. A significantly high content of calcium
was detected in all willow bark samples, of which the highest content (2.2%) was within
the range of acceptable values reported by the WHO (1996), and the cadmium content in
all willow bark samples was higher than the value recommended for plants by the WHO
(<0.02 mg kg~ 1) [46]. The chromium level in ten willow bark samples was higher than the
acceptable level (1.30 mg kg~ !) suggested by the WHO for plants, while copper in seven
willow bark samples exceeded the content suggested by the WHO (10 mg kg~ !). In all of
the willow bark samples, the iron content exceeded the value recommended by the WHO
for plants (20 mg kg~!). The magnesium content in all analyzed willow bark samples also
exceeded the range suggested as acceptable by the WHO for plants (200 mg kg~ !). The
nickel content in willow bark was above the acceptable concentration for nickel in plant
tissue (0.5-5 mg kg~ !) recommended by Salt et al. (2000) [58]. Finally, the zinc content was
higher than the recommended level for plants (50 mg kg 1) [46].

Considering critical heavy metal values, it was observed that levels of cadmium,
iron, nickel, lead, and zinc exceeded these values in soil, while only iron exceeded the
critical value reported for plants in the willow bark samples. Compared with reported
average data for Salix alba, the copper and manganese mean content in our study area were
higher than WHO-reported data (Cu: 9.1 mg kg~! vs. 8.89 mg kg~!; Mn: 123.13 mg kg ~!
vs. 43.94mgkg!), but the value was lower in the case of zinc (87.77 mg kg~ ! vs.
94.10 mg/kg) [75].

In terms of the maximum reported content of selected elements in willow bark sam-
ples, with the exception of manganese (P30), in the area including samples P7-P17 the
maximum content was observed for all other elements. In willow bark sample P10, the
maximum contents of Ca, Cd, and Fe were observed; Ni and Zn were highest in P11;
Cu and Mg were highest in sample P7; and Al and Cr were highest in sample P17. The
lowest contents were mostly detected in samples P27 (Ca, Cr, Ni), P29 (Al Fe), P12 (Cd,
Cu), P13 (Mn), and P18 (Ca). Between toxic and essential elements, there was a moderate
correlation between aluminum and calcium content (r = 0.316); strong correlations between
aluminum and iron (r = 0.880), nickel (r = 0.883), and chromium (r = 0.893); and a moderate
correlation between cadmium and iron (r = 0.392) in Salix alba bark samples. Because
the metal transmission from soil to Salix alba bark is observed in the following order of
significant importance, zinc > copper > cadmium > nickel [41], the results point toward
the importance of studying and applying Salix alba in the process of phytoremediation.
Sustainable decision-making processes regarding ecological restoration using phytoremedi-
ation processes should find the few most favorable factors (human, earth, ethical issues,
etc.) [76].

The differences in mineral elements and trace composition, the production of pho-
tosynthetic pigments and phenolic compounds, and antioxidant activities between the
thirty Salix alba bark samples were analyzed using principal component analysis (PCA) and
hierarchical agglomerative cluster analysis (HACA). These statistical tools were utilized
to determine the variance in mineral element and heavy metal contents (Ca, Mg, Zn, Mn,
Al, Cd, Cr, Cu, Fe, and Ni), the production of photosynthetic pigments (CHLa, CHLb, and
CAR), the accumulation of phenolic compounds (TP) and flavonoids (TF), and antioxidant
activities (CUPRAC, FRAP and DPPH) within Salix alba bark samples, as well as to cluster
the samples depending on the analyzed variables (see Figures 9 and 10).
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Figure 10. Cluster analysis of analyzed parameters for Salix alba bark samples.

Two main principal components (PCs) were used to characterize the mineral element
and heavy metal composition, the production of photosynthetic pigments and phenolic
compounds, and the antioxidant activities of the thirty S. alba samples. The PCA data
revealed that PC1 and PC2 explained 55.07% of the total variation. The PCA loading plot
(Figure 9A) indicates that PC1 explained 35.38% of the variance, which was connected
positively to TP, TE, CUPRAC, FRAP, and DPPH, but negatively to Ni, Fe, Cr, and Al
content. Meanwhile, PC2 explained 19.69% of the variance, and was positively related to
Ca content.

The results for the mineral and heavy metal composition, the production of photo-
synthetic pigments and phenolic compounds, and the antioxidant activities showed that
samples of S. alba bark were separated with respect to PC1 and grouped into three clusters
(Figures 9B and 10).

Cluster I was represented by four samples (P1, P13, P1g, and P,y) with the largest
positive scores in PC1. These samples were described as having a high production of
phenolic and flavonoid compounds, as well strong antioxidant activities. In contrast,
cluster III included 12 samples (P6, P9-P11, P15-P17, P19, P20, P23, P24, and P26) with
the largest negative scores in PC1, which were characterized by the high accumulation
of Ni, Fe, Cr, and Al. However, P10 and P11 samples were separated from this cluster,
due to their high positive scores in PC2, and were therefore characterized by the increased
accumulation of Ca. Cluster II was represented by 14 S. alba bark samples (P2-P5, P7,
P8, P12, P14, P21, P22, P25, and P28-P30) with intermediate PC1 scores and which were
characterized by average values for the production of phenolic and flavonoid compounds,
antioxidant activities, and mineral element and heavy metal composition.

5. Conclusions

In this study, we showed that the group of chemical elements selected for analyses
presented high contents in soil for the region around the KTPPs. As such, continuous and
close monitoring—especially of arsenic, cadmium, copper, nickel, and lead—as well as
their potential impacts on the environment and human health should be taken into account.
Compared with WHO-recommended values, the mean cadmium content in Salix alba bark
was approximately thirty times higher, while copper also exceeded the recommended
values at several sampling points. Iron, magnesium, and zinc contents throughout the
sampling area exceeded WHO values. The correlation between the cadmium and nickel
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contents in soil and their respective contents in Salix alba bark was demonstrated. Based
on transfer factor data, it can be concluded that willow can be successfully used for
phytoremediation, as it is able to extract and remove important quantities of heavy metals
from soil, especially in terms of zinc, copper, cadmium, and nickel.

The results in this study indicate that the examined bark of Salix alba contained
significant amounts of phenolic compounds and photosynthetic pigments with a strong
positive correlation, proving to be sources of antioxidants with great potential. From the
correlative point of view, negative moderate correlations were revealed between total
phenolic compounds and iron, nickel, and manganese; photosynthetic compounds with
iron and calcium; and antioxidant activity assays with nickel and manganese. In addition,
the FRAP assay was negatively correlated with aluminum, chromium, and iron content
in Salix alba bark. Further research is recommended, in order to analyze the impact of
environmental pollution on the antioxidant capacity of plants, especially regarding Salix
alba bark in regions where heavy metal/metalloid levels exceed recommended values.
As already-published data have established that phenolic and flavonoid compounds are
important components in drug design, isolated active components from Salix alba bark
should be employed in future drug discovery research. Another aspect to be considered by
future studies is the analysis of the uncertainty factors involved in making correct decisions
to analyze the impact of heavy metals in Salix alba and its antioxidant potential.
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Abstract: Applying larvicides to interrupt a mosquito’s life cycle is an important strategy for vector
control. This study was conducted to evaluate the larvicidal properties of the hexane extract of
sweet basil (Ocimum basilicum L.; family Lamiaceae) leaves against the wild strain of Asian tiger
mosquito, Aedes albopictus (Skuse). Third instar larvae (20 larvae/replicate, n = 3) were exposed
to different concentrations of the extract (6.25-200 pg/mL), and the mortality rate was recorded.
Probit analysis showed that the median lethal concentration and 95% lethal concentration of the
extract were 16.0 (10.9-22.1) and 53.0 (34.6-136.8) nug/mL, respectively, after 24 h exposure. Only
the fractions F3, F4, and F5 from the column chromatography displayed high mortality rates of
91.7-100% at 25.0 ug/mL after 24 h exposure. Subsequent column chromatography from the pooled
fraction yielded two active subfractions, H-F345-52 and H-F345-53, with mortality rates of 100% and
98.3 £ 2.9%, respectively, at 12.5 ug/mL. Gas chromatography-mass spectrometry analysis unveiled
that methyl chavicol, 2-(2-butoxyethoxy)ethanol, cedrelanol, methyl eugenol, 2,4,di-tert-butylphenol,
and phytol were the major components in both subfractions with some of them being reported as
larvicidal compounds. The results suggest that sweet basil has substantial larvicidal activity against
Ae. albopictus mosquito and is a potential source of naturally derived larvicide.

Keywords: Aedes albopictus; gas-chromatography-mass spectrometry; median lethal concentration;
95% lethal concentration; Ocimum basilicum; probit analysis

1. Introduction

The Asian tiger mosquito, Aedes albopictus (Skuse), which derives from the subgenus
Stegomyia of the family Culicidae, is an invasive species based on its ever-increasing global
distribution. For the past few decades, the Ae. albopictus has spread from its native range
of Southeast Asia to several new regions as they have strong ecological plasticity, which
allows them to adapt progressively to anthropogenic influences [1]. Due to its high disease
vector potential and its substantial biting activities, Ae. albopictus is considered one of
the important mosquito species responsible for several pandemic-prone viral diseases.
Formerly known as a secondary vector, the Ae. albopictus mosquitoes have evolved to be the
primary vectors in several parts of the world [2]. They are the known vectors to transmit
dengue and chikungunya viruses, and in recent years, they have been reported to be
correlated to the Zika virus outbreaks as well [3,4]. The burden of these diseases is typically
highest in tropical and subtropical areas, affecting the most impoverished populations [5].

Being a naturally tree-hole mosquito, Ae. albopictus are able to establish themselves
and survive in non-urbanized and rural localities that lack artificial containers. Although
they inhabit densely vegetated rural areas, their ecological flexibility also allows them
to colonize a wide range of artificial water containments and also in urban localities. In
Malaysia, there were a sizeable amount of evidence which pointed to the Ae. albopictus
becoming a dominant species over Ae. aegypti (Linnaeus) in certain urban areas due to the
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higher environmental temperature and precipitation, and adaptability to various breeding
habitats [1]. The biting rates of female adult Ae. albopictus mosquitoes can be as high as 30
to 45 bites per hour, giving them the name “aggressive daytime biters”. They are usually
found biting during the early mornings and late afternoons, preferring to bite outdoors
rather than indoors. Although they may feed on a variety of hosts, including humans as
well as mammals, reptilians, amphibians, and birds, they prefer mammalian blood [6].
Their anthropophilic behavior, frequent biting, and aptitude to create habitats near human
dwellings, have led the Aedes mosquitoes to be the most effective vectors for arboviruses [5].

In the year 2020, Kinta district of Perak was declared a dengue epidemic area. Out
of the 3226 reported dengue cases, Kinta topped the list with 968 cases. Kampar district
came in fourth, with 298 reported cases [7]. The constant usage of insecticides has led to
the development of resistance among the Aedes population in Kampar [8,9].

Rising public health concerns over the mosquito population and the arboviral diseases
transmitted by them have intensified the need for adequate mosquito control strategies. The
use of synthetic insecticides is usually recommended during outbreaks of any vector-borne
diseases in order to reduce the vector population as quickly as possible [10]. Nonetheless,
the use of plant-based products that have insecticidal activity has intensified in an effort
to combat the development of insecticide resistance in disease-related insect vectors [2].
Until today, various kinds of plant-based products have been identified to possess potential
insecticidal activities, with pyrethrum, neem, rotenone, and essential oils being considered
as the four major types to control insects [11,12]. In contrast to synthetic insecticides,
botanicals and botanical components with potential insecticidal activity have the features
of low toxicity to mammals and easy biodegradability, causing less or no harm to beneficial
insects, yet still show promising effects that are able to control the targeted insects [13,14].

Sweet basil, Ocimum basilicum (Linnaeus), is the most common species in the Lamiaceae
family. There are about 50 to 150 members being reported under the Ocimum genus based
on variation in morphological characteristics such as growing habit, leaf and flower color,
size and shape, and aromatic composition [15]. It is the largest among the Lamiaceae
family, with many of them considered to be rich sources of essential oils as they have been
known to express various biological activities [16]. Other significant representatives of
the Ocimum genus include O. americanum L. (syn. O. hispidulum Schum.) (hoary basil),
O. tenuiflorum L. (syn. O. sanctum L.) (holy basil), and O. gratissimum L. (syn. O. suave Willd.)
(clove basil) [17,18].

Ocimum basilicum is incredibly aromatic, and because of its popularity, it is often
referred to as the “king of the herbs”. Along with its pleasant taste, it is a versatile culinary
ingredient, used as a common spice especially in Italian and Southeast Asian cuisines. It
is native to Asia, Africa, Central and South America but it has been widely cultivated in
many countries, especially in the Mediterranean region. Similar to other aromatic plants
grown for fresh herbs, basil is mainly cultivated as a short-lived annual crop, preferably in
an organic production system, including hydroponics [19]. It is a green herb that can reach
about 90 cm in height, displaying lanceolate leaves, which are glossy and fragrant [20].
The O. basilicum has several varieties that differ in the general morphological structure and
texture, and in the chemical contents as well [21].

The essential oils from some Ocimum spp. have been shown to repel insects and exhib-
ited larvicidal activity against houseflies, blue bottle flies, and mosquitoes [22]. In Cuba,
O. basilicum is commonly used as insect repellent in greenhouses [23]. In two separate re-
ports, Erler et al. [24] noted the repellency activities of the essential oils extracted from dried
foliage of O. basilicum against female adult Culex pipiens, whereas Adam et al. [21] reported
on the repellency properties of O. basilicum essential oils against Anopheles mosquitoes.
Besides having substantial repellency properties, some reports have also noted the larvici-
dal effects of the Ocimum spp. against dengue vectors. Ghosh et al. [25] discovered that
the nanoemulsion of essential oils of O. basilicum has shown a dose-dependent larvicidal
effect against wild strain Aedes aegypti larvae. In another study, treatment with granu-
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lated formulations of O. tenuiflorum led to up to 90% mortality of the Ae. aegypti larvae
at 6000 ppm [26].

According to Kriiger et al. [27], the main components of essential oils distilled from
various basil cultivars contain alcohols (linalool), oxides (1,8-cineole), phenols (eugenol,
methyl eugenol, methyl isoeugenol, thymol), esters (methyl cinnamate), aldehydes (citral),
and camphor. Among all of them, the 1,8-cineole, methyl cinnamate, methyl chavicol,
and linalool are the major constituents that are primarily responsible for the distinct
aroma of basil plants [28]. The known insecticidal compounds found in the volatile oils of
some Ocimum spp. are methyl cinnamate, methyl chavicol, and eugenol. Other chemicals
which have been reported to have insect repellent activity are thymol, carvacrol, camphor,
caryophyllene oxide, cineole, limonene, and myrcene [29]. In spite of that, the chemical
components and essential oil levels of Ocimum may vary between the different species
and cultivars, and under different growing conditions. Various parameters such as geno-
type, cropping seasons, and geographical properties would also influence the biochemical
components of the plants [17].

Increasing number of studies have reported on the toxicity of plant extracts against
mosquitoes, indicating that they exhibit potent larvicidal, ovicidal, and repellent activities
against these vectors of diseases [30-32]. In this present study, the larvicidal efficacy of
the O. basilicum leaf extract and its corresponding fractions were investigated against a
wild strain of Ae. albopictus. The results from the present study highlighted that the hexane
extract of the leaves of O. basilicum contained many secondary metabolites which were
active against the Ae. albopictus larvae.

2. Materials and Methods
2.1. Chemicals and Reagents

The following chemicals were purchased from the respective manufacturers: dimethyl
sulfoxide (DMSO) from Fisher Scientific Ltd., Loughborough, UK; absolute ethanol, n-
hexane (chromatography grade), and silica gel 60 Fy54 from Merck, Darmstadt, Germany;
acetone, hexane, and methanol (analytical grade) from Prochem Chemicals Inc., High Point,
NC, USA; and temephos from Vector Control Research Unit, Universiti Sains Malaysia,
Penang, Malaysia.

2.2. Extraction of Plant Material

The fresh leaves of O. basilicum L. were harvested in January 2015 from the Agriculture
Park of Universiti Tunku Abdul Rahman, Kampar, Malaysia. The plant species name was
authenticated by the ethnobotanist Dr. Hean Chooi Ong, a former professor affiliated with
the Faculty of Science, Universiti Malaya, Malaysia. The leaves were cleaned under running
tap water to remove soil and dirt, and air-dried under shade for 24 h. The leaves (1.3 kg)
were then ground into small pieces using a stainless-steel blender prior to extraction. The
blended leaves were soaked in hexane for two days at room temperature and agitated
at 120 rpm using an orbital shaker (Orbit LS, Labnet International Inc., Woodbridge, NJ,
USA). The maceration was repeated for five cycles. The filtrate was concentrated at 40 °C
to dryness using a rotary evaporator (Rotavapor R-200, Buchi Labortechnik AG, Flawil,
Switzerland) and the dried extract was stored at —20 °C pending bioassay.

2.3. Mosquito Sampling and Larvae Culturing

Sixty ovitraps (H: 9.0 cm x D: 7.8 cm) were randomly set up outdoors surrounding the
West Lake Garden (Kampar, Malaysia) from February 2015 to June 2015 for mosquito ovipo-
sition. The garden is a suburban area consisting of moderately populated houses and an ex-
mining lake. The ovitraps were hung on the trees or bamboo plants approximately 20-30 m
apart and 1 m above the ground. A hardboard paddle (H: 10.0 cm x L: 2.5 cm x W: 0.3 cm)
was inserted diagonally into each ovitrap filled with dechlorinated tap water. The paddles
and the water in the ovitrap were replaced every two to three days. The egg-containing
paddles were brought back to the laboratory and air-dried for two days before immersing
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them in distilled water for hatching. The emerged larvae were fed with ground cat food
(Cuties Catz, Perfect Companion (M) Sdn. Bhd., Kuala Lumpur, Malaysia) until they de-
veloped into pupae and adults. Temperature and relative humidity in the laboratory were
maintained within the range of 22.0 °C to 27.7 °C and 67% to 78%, respectively [33]. The
emerged adults were used for species identification [34] using a stereomicroscope (Zoom
2000, Leica Microsystems Inc., Buffalo, NY, USA). Only the third instar larvae of the species
Ae. albopictus were used for larvicidal bioassay.

2.4. Larvicidal Bioassay

The larvicidal bioassay was performed according to the World Health Organiza-
tion guidelines [35] with slight modifications. Each extract was dissolved in a dimethyl
sulfoxide-ethanol mixture (3:2, v/v), sonicated for 5 min using an ultrasonic water bath (EI-
masonic E 100 H, Elma Schmidbauer GmbH, Singen, Germany), and filtered using 0.45 pm
nylon syringe filters to produce a stock solution of 60 mg/mL. Appropriate volumes of
the stock solution were pipetted into round plastic containers (H: 6.0 cm x D: 9.2 cm)
filled with dechlorinated tap water to produce six different concentrations (6.25, 12.5, 25,
50, 100, and 200 pg/mL) for the assay. The final volume for each container was 150 mL.
Later, 20 third instar larvae of Ae. albopictus were collected in separate containers and
after a one hour holding period they were introduced into each container and the larval
mortality was observed and recorded at 24 and 48 h post-treatment. It was ensured that the
DMSO-ethanol content in the assay medium was <1% to reduce DMSO/ ethanol toxicity to
the larvae. Food was not given to the larvae during the assay. The larvae were considered
dead if they were unable to reach the water surface and did not move when prodded with a
needle in the siphon or cervical region. A 1% DMSO-ethanol mixture was used as negative
control while temephos at 1 nug/mL was used as positive control. Temephos is a synthetic,
organophosphate larvicide widely used in the vector control programs against mosquitoes
in Malaysia. The assay was conducted in triplicate. The percentage mortality was calcu-
lated. The morphological changes that occurred on the treated larvae were observed under
the stereomicroscope and recorded.

2.5. Column Chromatography

Fractionation of the hexane extract was carried out using gravity column chromatogra-
phy. A glass column (H: 50.0 cm x D: 3.5 cm) was packed with silica gel 60 Fas4. Two grams
of extract was dissolved completely in hexane and introduced into the column. The elution
began with 600 mL each of 100% hexane, followed by different compositions of hexane-
acetone mixture (9:1, 8:2,7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 v/v), 100% acetone, and lastly with
a different composition of acetone-methanol mixture (8:2, 6:4, and 5:5 v/v). The collected
eluents were dried at 40 °C using the rotary evaporator. A total of 14 dried fractions
(F1-F14) were obtained and subjected to the larvicidal bioassay at 12.5 and 25.0 ug/mL, as
described in Section 2.4, to identify active fractions. Subsequently, the three most active
fractions, F3, F4, and F5 were pooled together (1.1 g) as H-F345 was subjected to another
round of gravity column chromatography using different compositions of hexane-acetone
mixture (9:1, 8:2,7.5:2.5, 7:3, 6:5:3.5, 6:4, and 5:5, v/v). Seven subfractions (H-F345-5S1 to
H-F345-57) were collected from the column and together with the pooled fraction H-F345
were evaluated again for larvicidal activity at 12.5 ug/mL.

2.6. Thin-Layer Chromatography

Thin-layer chromatography (TLC) was performed to determine the compound profile
in the active fractions F3, F4, and F5. Ten microliters of each fraction (1 mg/mL) was spotted
onto a silica gel 60 Fps4 TLC plate (10 cm x 4 cm; Merck KGaA, Darmstadt, Germany)
using a microcapillary tube. The TLC plate was developed using hexane-acetone mixture
(8:2, v/v) as a mobile phase. The plate was then viewed at 366 nm using the TLC Visualizer
(CAMAG, Muttenz, Switzerland) and the photo was captured using the software winCATS
version 1.4.4.6337 (CAMAG, Muttenz, Switzerland).
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2.7. Phytochemical Profiling Using Gas Chromatography—Mass Spectrometry (GC-MS)

Profiling of phytochemicals in the most active subfractions, H-F345-52 and H-F345-53,
was performed using a gas chromatography—mass spectrometry (QP2010 Plus, Shimadzu
Corporation, Kyoto, Japan). The components were separated on a BPX-5 capillary column,
30 m x 0.25 mm x 0.25 um (SGE International Pty Ltd., Ringwood, Victoria, Australia).
Helium gas (purity > 99.999%) was used as a carrier gas with a flow rate of 0.65 mL/min
and a linear velocity of 29.9 cm/s. The injector port was maintained at 250 °C. The sample
was prepared at 1 mg/mL in chromatography grade n-hexane and 1 pL was injected into
the column using split mode with a split ratio of 10:1. The column temperature was set at
100 °C for 3 min, then ramped at a rate of 5 °C/min to 300 °C and maintained for 3 min.
The total program time for each analysis was 46 min. For the mass spectrometer, the ion
source and interface temperatures were maintained at 200 °C and 300 °C, respectively.
Electron ionization at 70 eV was used. Each ion peak was scanned from 40 to 600 m/z.
The data acquisition was recorded using the GCMS Solution software version 4.45 SP1
(Shimadzu Corporation, Kyoto, Japan). The possible identity of each component was made
by comparison of the mass spectrum obtained with the NIST 14 Mass Spectral Library and
Search Software (National Institute of Standards & Technology, Gaithersburg, MD, USA).

2.8. Data Analysis

The larval mortality rate was expressed as the mean =+ standard deviation of three
replicates. The data were subjected to probit analysis to determine median lethal concentra-
tion (LCsp), 95% lethal concentration (LCys), upper confidence limit, lower confidence limit,
and regression coefficient. The percentages of larval mortality were tested for significance
using one-way analysis of variance (ANOVA), followed by Duncan’s multiple range test as
the post hoc test. The analysis was performed using the IBM SPSS Statistics for Windows
Version 23.0 (IBM Corp, Armonk, NY, USA). The significance level was set at « = 0.05.

3. Results

In this study, the hexane extract of the leaves of O. basilicum was evaluated against
third instar larvae of Ae. albopictus using six concentrations ranging from 6.25 to 200 pg/mL
for 24 and 48 h of exposure. As shown in Figure 1, the larval mortality rates increased from
3.3% at 6.25 ug/mL to 100% at 100 and 200 pg/mL after 24 h of exposure. Further exposure
for another 24 h resulted in higher larval mortality rates for 12.5 pg/mL (51.7% to 66.7%),
25.0 pg/mL (68.3% to 78.3%), and 50 ug/mL (91.7% to 100%). Statistical comparisons of
the larval mortality performed using one-way ANOVA revealed that there were significant
differences between groups for both 24 h (F(6, 14) = [360.205], p = 0.00) and 48 h of exposures
(E(6, 14) = [277.130], p = 0.00).

120 - =6.25 pg/mL
=12.5 pg/mL
e e e e e
100 - e m 25 pg/mL
=50 pg/mL
—_ =100 pg/mL
R 11200 pg/mL
2
® J
£ 60
o
£
< 40
2
3
20 -
0 4 i

24-h exposure 48-h exposure
Exposure duration

Figure 1. Percentages of mortality of third instar Ae. albopictus larvae treated with various concen-

trations of the hexane extract of O. basilicum leaves for 24 and 48 h exposure. The percentages are

expressed as mean + standard deviation of three replicates. Mean values which are statistically not

significant (p > 0.05) using one-way ANOVA are indicated with the same superscript above the bars.

161



Horticulturae 2022, 8, 443

Probit analysis revealed that the median lethal concentration (LCsp) and 95% lethal
concentration (LCos) of the extract were 16.0 and 53.0 pg/mL, respectively, after 24 h
exposure, and 12.8 and 32.7 ug/mL, respectively, after 48 h exposure (Table 1 and Figure 2).
This clearly demonstrated that the larvicidal effect of a plant extract was dependent on the
extract concentration and larval exposure period. In terms of morphological changes, the
Ae. albopictus larva treated with the hexane extract of the leaves of O. basilicum showed an
extended cephalo-thoracic junction and blackening of the midgut or abdomen compared to
the healthy untreated larva (Figure 3).

Table 1. Probit analysis of the larvicidal activity of the hexane extract of O. basilicum leaves against
third instar Ae. albopictus larvae after 24 and 48 h exposure periods.

Extract 24 h Exposure 48 h Exposure
Median lethal concentration (LCsg, ng/mL) g B
(LCL-UCL) 15.98 (10.95-22.12) 12.82 (7.64-19.22)
95% lethal concentration (LCos, ug/mL) ~ ~
(LCL-UCL) 53.00 (34.61-136.82) 32.66 (21.11-151.96)
Regression coefficient & Standard error 3.159 £ 0.312 4.051 £+ 0.442

Chi Square, X? 10.292 17.151

Degree of freedom, df 4 4

p-value 0.036 0.002

LCL denotes lower confidence limit; UCL denotes upper confidence limit.

100 A
90 A
80 -
70 -
60 -
50 A
40 A
30
20 A
10 A

0

—e—24h
—e—48h

Larval Mortality (%)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 9
Concentration (ug/mL)

Figure 2. Probit analysis of the larvicidal activity of the hexane extract of O. basilicum leaves against
third instar Ae. albopictus larvae after 24 and 48 h exposure periods.

Fourteen fractions (F1-F14) were obtained from the column chromatography and their
larvicidal activity was evaluated at 12.5 and 25.0 pg/mL for 24 and 48 h. As shown in
Figure 4, the larvicidal compounds were found to be mainly present in the fractions F3,
F4, and F5 as their mortality rates shown were 80.0-100% at 12.5 pg/mL and 91.7-100%
at 25.0 pg/mL. The fractions were eluted using the hexane-acetone mixture with the
compositions of 8:2, 7:3, and 6:4 v/v, respectively. Seven fractions (F1, F7, F8, F10, F12,
F13, and F14) were devoid of larvicidal activity at both concentrations. The three active
fractions were pooled together based on their similar TLC profiles (Figure S1) into a
single fraction (H-F345) and subjected to another round of column chromatography. Seven
subfractions were obtained and tested for larvicidal activity at 12.5 pg/mL. Out of these,
only the subfractions H-F345-52, H-F345-5S3, and H-F345-54 exhibited larvicidal activity
with mortality rates of 100%, 98.3 & 2.9%, and 75.0 & 5.0%, respectively, after 24 h of
exposure. The latter two subfractions achieved a mortality rate of 100% at 48 h after
exposure. These three subfractions were eluted using the hexane-acetone mixture with the
compositions of 8:2, 7.5:2.5, and 7:3 v/v, respectively.
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Figure 3. Morphology of third instar larvae of Ae. albopictus (40X magnification). (A) Normal,
untreated larva; (B) Larva treated with 200 pg/mL of the hexane extract of O. basilicum leaves after
24 h exposure. Deformities such as blackening abdomen (arrow) and extended cephalo-thoracic
junction (arrowhead) were noticed on the larva.

F2 F3 F4 F5

(B)

F2 F3 F4 F5

m24 h
m48 h
F6 F9 F11
Fraction
m24 h
m48 h
F6 F9 F11

Fraction

Figure 4. Percentage of mortality of third instar larvae of Ae. albopictus treated with fractions of
the hexane extract of O. basilicum leaves for 24 and 48 h at 12.5 pg/mL (A) and 25.0 ug/mL (B).
The fractions were eluted with different compositions of hexane and/or acetone. The percentage of
mortality for each fraction is shown as mean =+ standard deviation of triplicate.

In order to gain some insights into the larvicidal compounds, the two most active
subfractions (H-F345-52 and H-F345-53) were selected for phytochemical profiling using
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gas chromatography—mass spectrometry (GC-MS). The subfraction H-F345-52 contained
a higher number of compounds than H-F345-S3. In total, 14 out of 31 peaks detected
in the H-F345-52 were successfully identified and they represented 91.52% of the total
peak area or 88.67% of the total peak height of the chromatogram (Table 2). While for
the subfraction H-F345-S3, 19 peaks were registered in the chromatogram, and nine of
them were successfully identified, accounting for 95.16% of the total peak area or 92.69%
of the total peak height (Table 3). The major components present in both subfractions are
quite similar, i.e., methyl chavicol, 2-(2-butoxyethoxy)ethanol, cedrelanol, methyl eugenol,
2 4-di-tert-butylphenol, and phytol. The main compound, methyl chavicol constituted
57.67% and 64.34% of the peak area for H-F345-52 and H-F345-53, respectively.

Table 2. Phytochemical profiling of the subfraction H-F345-52 derived from the hexane extract of the
leaves of O. basilicum using gas chromatography—mass spectrometry.

Retention

Peak Ti . Peak Area (%) Peak Height (%) Compound MW  Chemical Formula Similarity (%)
ime (min)
1 13.811 10.92 8.86 2-(2- 162 CgHi303 95
Butoxyethoxy)ethanol

2 14.544 57.67 47.12 Methyl chavicol 148  C1pH2O 93
3 15.918 0.53 0.58 -

4 16.961 0.18 0.24 -

5 19.158 0.20 0.28 -

6 19.316 0.45 0.63 Allyl methallyl ether 112 C;H;0 91
7 19.864 0.40 0.64 beta-Elemene 204  Cy5Hpy 86
8 19.971 4.35 6.10 Methyl eugenol 178  Cq1H140; 92
9 20.922 0.28 0.40 -

10 21.019 0.49 0.66 -

11 22.001 0.42 0.62 Humulene 204  Cy5Hpg 86
12 22.668 2.39 3.16 2,4-Di-tert-butylphenol 206  Cy14HxO 91
13 23.334 1.23 1.81 Germacrene D 204 Ci5Hoy 88
14 24.443 0.53 091 1-Dodecene 168  CypHyy 90
15 24.851 0.28 0.41 -

16 25.035 0.25 0.37 -

17 25.176 0.94 1.37 -

18 25.408 0.31 0.45 -

19 25.908 0.31 0.49 -

20 26.004 1.53 1.89 -

21 26.589 9.92 13.54 Cedrelanol 222 Cy5HpO 88
22 26.951 0.46 0.63 -

23 27.140 0.63 0.85 -

24 27.225 0.55 0.74 -

25 27.447 0.55 0.44 -

26 29.068 0.22 041 cis-3-Tridecene 182 Cy3Hye 88
27 31.949 0.78 1.34 Methyl palmitate 270  Cy17H340, 90
28 35.569 0.61 1.01 9,12,15-Octadecatrienal 262  Cy1gH3pO 88
29 35.669 1.63 2.52 Phytol 296  CpoHyO 89
30 37411 0.21 0.34 -

31 40.552 0.76 1.19 -

’-" denotes unidentified as the similarity with the NIST 14 Mass Spectral Library is <86%.
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Table 3. Phytochemical profiling of the subfraction H-F345-53 derived from the hexane extract of the
leaves of O. basilicum using gas chromatography—mass spectrometry.

Retention

Peak Area  Peak Height

Peak Time (min) (%) (%) Compound MW  Chemical Formula Similarity (%)
1 13.816 11.03 9.08 2-(2-Butoxyethoxy)ethanol 162  CgHi303 95
2 14.537 64.34 54.66 Methyl chavicol 148  CypH2O 94
3 19.867 0.33 0.49 -

4 19.982 413 6.00 Methyl eugenol 178  Cy11H140p 91
5 21.038 0.42 0.57 -

6 22.677 2.00 2.81 2,4-Di-tert-butylphenol 206  Cyi4HxO 88
7 23.347 0.96 1.44 Germacrene D 204 Ci5Hoy 86
8 24.456 0.37 0.67 1-Dodecene 168  CypHyy 88
9 25.184 0.70 1.12 -

10 26.010 1.12 1.51 -

11 26.589 9.30 13.13 Cedrelanol 222 Cy5Hp6O 88
12 26.958 0.28 0.43 -

13 27.145 0.43 0.65 -

14 27.242 0.31 0.48 -

15 31.952 0.76 1.29 Methyl palmitate 270  Cy7H340, 87
16 35.577 0.36 0.66 -

17 35.674 227 3.61 Phytol 296  CyoHyoO 89
18 40.557 0.61 0.95 -

19 42.595 0.29 0.45 -

’-" denotes unidentified as the similarity with the NIST 14 Mass Spectral Library is <86%.

4. Discussion

The hexane extract of O. basilicum leaves is considered to have strong larvicidal
activity as its LCs values were less than 50 ug/mL [36]. Our results are consistent with
the findings from other reported studies. The essential oils or extracts from the leaves
and/or stems of O. basilicum have been shown to possess larvicidal activity against several
disease-carrying mosquitoes, including Culex quinquefasciatus [37,38], Cx. pipiens [39,40],
Culex tritaeniorhynchus, Anopheles subpictus [41], Anopheles stephensi [42], Anopheles culicifacies [43],
and Ae. aegypti [44,45]. The leaf essential oils of O. basilicum are also active against the
larvae of Ae. albopictus with LCsg values of 11.97-107.7 ug/mL [41,46]. On the other hand,
the methanol extract of the aerial part of O. basilicum showed a weak larvicidal effect against
Ae. albopictus with an LCsy value of 755.13 pg/mL after 24 h of exposure [43]. Our study
using the hexane extract (LCsg = 16.0 ng/mL) suggested that the larvicidal compounds
from the leaves of O. basilicum are likely to be volatile or non-polar compounds.

In this study, the larvae of Ae. albopictus treated with the hexane extract showed
deformities such as an extended cephalo-thoracic junction and blackening of the mid/hind
gut. Similar deformities have also been reported when Ae. albopictus larvae were treated
with the acetone leaf extract of Ipomoea cairica and the ethanol leaf and fruit extracts of
Piper nigrum [47,48]. This suggests that the mid /hind gut of mosquito larvae is a common
target organ for the larvicidal effect of plant extracts. These morphological deformities are
likely caused by the interference of hormonal control or interruption of chitin synthesis
from the bioactive phytochemicals in the extracts [49].

Analysis using GC-MS showed that the leaves of O. basilicum contained many phyto-
chemicals or different classes of secondary metabolites. Methyl chavicol (also known as es-
tragole) and methyl eugenol belong to the phenylpropene group of secondary metabolites. Both
phenylpropenes have been reported from the leaves or aerial parts of O. basilicum [40,50-52].
Methyl chavicol, isolated from the essential oils of Clausena anisata, has been shown to ex-
hibit larvicidal activities against An. stephensi, Ae. aegypti, and Cx. quinquefasciatus with LCsq
values of 11.01-14.01 pug/mL [53]. Methyl chavicol also exhibited larvicidal activity against
Ae. albopictus but with a much higher LCs value of 58.7 ug/mL [46]. Similarly, methyl
chavicol and methyl eugenol obtained from the root essential oils of Asarum heterotropoides
possess larvicidal activity against Ae. aegypti, Cx. pipiens, and Ochlerotatus togoi with LCsq
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values of 46.39-58.52 ug/mL and 53.30-67.02 pg/mL, respectively [54,55]. The LCsj val-
ues recorded from these studies strongly suggested that methyl chavicol was not the
sole active larvicidal compound for O. basilicum albeit it is the major component in both
active subfractions.

Cedrelanol (tau-cadinol) is a natural oxygenated sesquiterpene that has been docu-
mented in some of the Ocimum species, such as O. basilicum, O. carnosum, O. gratissimum,
and O. tenuiflorum [56-58]. It can also be found in the essential oils of aromatic plants such
as Salvia aratocensis, Lippia americana, Melissa officinalis, and Thymus spp. [59-61]. Several bi-
ological activities of cedrelanol have been reported in the literature, these include cytotoxic
against human cancer cells, antibacterial, antifungal, antiparasitic, spasmolytic, and im-
munomodulatory activities [62-65]. Cedrelanol isolated from the bark of Swartzia polyphylla
killed all the larvae of Cx. quinquefasciatus at 300 ug/mL [66]. However, the larvicidal activ-
ity of cedrelanol against Aedes and other species of mosquitoes remains to be investigated.

2-4-Di-tert-butylphenol is a natural lipophilic phenol and a toxin produced by many
living organisms. This toxin has been documented in at least 169 species of bacteria, fungi,
diatom, liverwort, pteridophytes, gymnosperms, dicots, monocots, and animals [67]. The
GC-MS results of the present study revealed that this toxin is also detected for the first
time from a species of Ocimum genus, O. basilicum. Wang et al. [68] studied the larvicidal
effect of 2-4-di-tert-butylphenol and reported LCsy values of 1.98-3.90 ug/mL against the
larvae of Cx. pipiens, Ae. aegypti, Ae. albopictus, and Anopheles sinensis. Our study suggested
that the toxin works synergistically with other phytochemicals of the plant in exerting the
killing effect on Ae. albopictus larvae.

Phytol (3,7,11,15-tetramethylhexadec-2-en-10l) is a diterpene or isoprenoid alcohol
with 20 carbon atoms and a double bond. It is a constituent of plant and phytoplankton
chlorophyll. Besides the synthesis of chlorophyll, phytol is involved in the production
of tocopherol, phylloquinol, and fatty acid phytyl ester in plants [69]. Hence, it is not
surprising to find the presence of phytol in the leaves of many Ocimum spp., such as
O. basilicum [50,70], O. gratissimum [71], O. obovatum [72], and O. tenuiflorum [73]. A com-
prehensive review of published literature highlighted the diverse biological activities of
phytol, including antibacterial, antifungal, antiparasitic, cytotoxic, antimutagenic, antiox-
idant, anti-inflammatory, insulin-sensitizing, and lipid-lowering activities [74]. Despite
these, further study is needed to ascertain whether phytol possesses any larvicidal activities
against mosquito larvae.

2-(2-Butoxyethoxy)ethanol or diethylene glycol monobutyl ether is a colorless liquid
with a low odor and high boiling point. It is an inert ingredient or a stabilizer in plant
protection products, pesticides, or fertilizers, or a common solvent in many washing and
cleaning household products, cosmetics, and personal care products [75]. To the authors’
knowledge, this compound has not been isolated from plants. Hence, it is unlikely a
bioactive product from the secondary metabolism of O. basilicum.

In addition to the major components of the two subfractions, some minor components
are also believed to play their roles in contributing to the larvicidal activity of O. basilicum
leaves. Germacrene D, a-humulene (x-caryophyllene), and 3-elemene are sesquiterpenes
that accounted for 0.40-1.23% of the subfraction H-F345-52. Germacrene D was also de-
tected (0.96%) in the subfraction H-F345-S3. These sesquiterpenes have also been detected
and quantified from the essential oils of O. basilicum cultivated in Romania [56], Alge-
ria [39], Greece [46], Serbia [51], Jordan [76], and Saudi Arabia [52]. Germacrene D is able
to kill the larvae of Ae. aegypti, An. stephensi, and Cx. quinquefasciatus with LCsy values
of 16.95-63.6 nug/mL [53,77]. Similarly, x-humulene possesses larvicidal activities against
Ae. aegypti, Ae. albopictus, An. subpictus, and Cx. tritaeniorhynchus with LCsy values of
6.19-90.50 pg/mL [78,79]. 3-Elemene is the major isomer of elemene, which is a naturally
occurring compound in the herb Curcuma wenyujin. It is used as an herbal extract in tradi-
tional Chinese medicine for treating various types of cancers owing to its broad-spectrum
anticancer properties [80]. The 3-elemene isolated from Syzygium zeylanicum was found to
be active against the larvae of Ae. albopictus with an LCs value of 11.15 ug/mL [78].
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5. Conclusions

The hexane extract and fractionations obtained from the leaves of O. basilicum have
demonstrated significant larvicidal effects against wild strain Ae. albopictus that are both
concentration and time dependent. GC-MS analysis revealed the presence of methyl chavi-
col, methyl eugenol, cedrelanol, and 2,4-di-tert-butylphenol as the major components in the
active subfractions with reported larvicidal activities against disease-carrying mosquitoes,
including Ae. albopictus. In addition, the larvicidal effects were also contributed by germa-
crene D, a-humulene, or 3-elemene, which were minor components with known larvicidal
property. These results are indicative of the use of O. basilicum leaves as a potential source
of natural mosquitocidal agents in integrated vector management programs. Application
of these natural larvicides alongside the reduction of usage of synthetic larvicides may
serve to decrease the population of Aedes mosquitoes, and eventually the transmission
of arboviruses to humans without the decremental effects to the environment. Further
investigations using laboratory strains of both dengue vectors are necessary to substantiate
the herb’s efficacy.
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Abstract: Lavandula sp. essential oil and hydrolate are commercially valuable in various industry
branches with the potential for wide-ranging applications. This study aimed to evaluate the quality
of these products obtained from L. x intermedia cv. ‘Budrovka’ for the first time cultivated on Fruska
Gora Mt. (Serbia) during three successive seasons (2019, 2020, and 2021). Essential oil extraction
was obtained by steam distillation, and the composition and influence of weather conditions were
also assessed, using flowering tops. The obtained essential oils and hydrolates were analysed by
gas chromatography with a flame ionization detector (GC-FID) and gas chromatography coupled to
mass spectrometry (GC-MS). A linear regression model was developed to predict L. x intermedia cv.
‘Budrovka’ essential oil volatile compound content and hydrolate composition during three years,
according to temperature and precipitation data, and the appropriate regression coefficients were
calculated, while the correlation analysis was employed to analyse the correlations in hydrolate
and essential oil compounds. To completely describe the structure of the research data that would
present a better insight into the similarities and differences among the diverse L. x intermedia cv.
‘Budrovka’ samples, the PCA was used. The most dominant in L. intermedia cv. ‘Budrovka’ essential
oil and hydrolate were oxygenated monoterpenes: linalool, 1,8-cineole, borneol, linalyl acetate, and
terpinene-4-ol. It is established that the temperature was positively correlated with all essential oil
and hydrolate compounds. The precipitations were positively correlated with the main compounds
(linalool, 1,8-cineole, and borneol), while the other compounds’ content negatively correlated to
precipitation. The results indicated that Fruska Gora Mt. has suitable agro-ecological requirements
for cultivating Lavandula sp. and providing satisfactory essential oil and hydrolate.

Keywords: lavandin; precipitations; temperature; volatile compounds

1. Introduction

The genus Lavandula (order Lamiales, family Lamiaceae) originates from the Mediter-
ranean. It is cultivated worldwide as an ornamental and essential oil-bearing plant [1,2].
There are 39 species, but only three are commercially important: true or English laven-
der (L. angustifolia Mill.), spike or Spanish lavender (L. latifolia Medic.), and their hybrid
known as lavandin (L. x intermedia Emeric ex Loisel). With more than 400 registered cul-
tivars and hybrids, Lavandula sp. cultivation, essential oil production, and consumption
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rapidly has increased due to certain profits [3—-6]. Major producing regions of Lavandula sp.
are in Europe, and the dominant countries are Bulgaria (with 3700 ha) and France (with
3500 ha) [1,3], but it is crucial in Mediterranean countries, especially Greece, Spain, and
Turkey, as well [7]. Croatia is traditionally associated with Lavandula sp. cultivation and es-
sential oil production on the Adriatic coast, but continental parts have become a commercial
cultivation region [8,9]. In Hungary, a country with a continental climate, the cultivation of
Lavandula sp. has expanded considerably in recent years [10], and in Romania [5]. Serbia
follows the same path, with more than 100 ha under this crop in 2021, with an increasing
tendency for the future (A¢imovi¢, personal communication).

The Lavandula sp. essential oil is used in cosmetic (soaps, bath, colognes, perfumes,
skin lotions, and after-shaves), pharmaceutical (mild sedative and analgesic, rubefacient
and wound healing, and antioxidant and antimicrobial agents), and food industries (flavour-
ings in baked goods, beverages, puddings, ice creams, candies, and chewing gums), in
household products (detergents and hygiene products) and aromatherapy (for decreasing
stress and anxiety, as well as pain intensity and against migraine), but it is also used as
a biopesticide [3,4,11-15]. However, the application of lavender depends on its chemical
composition. The common criteria for determining Lavandula sp. essential oil quality are
camphor, linalool, and linalyl acetate percentage [4]. Essential oil of L. angustifolia is highly
valued due to the low content of camphor (up to 1.2% according to European Pharma-
copoeia) and is much more expensive. Therefore, it is often mixed with cheaper oils of L.
latifolia and L. x intermedia to achieve better quality that satisfies ISO 8902 standard [15,16].
However, L. latifolia and L. x intermedia achieve higher essential oil yields [17,18]. Essential
oil content and composition are primarily determined by plant genotype. However, it
may be influenced by environmental factors (climate, but also weather conditions during
growth year, soil conditions, and nutrient supply), harvest time, post-harvest treatments,
and extraction methods [10,19-21].

Hydrolates are accrued as by-products during the steam distillation of essential oils.
Essential oils contain volatile, lipid-soluble, and partially water-soluble compounds, gen-
erally of lower density than water [22,23]. However, volatile water-soluble compounds
remain in condensate water in a Florentine flask (oil-water separator) and give a specific
fragrance. This water is called hydrolate, hydrosol, aromatic or floral water [24-27]. Since
hydrolates contain only a small amount of dissolved essential oil components in water, the
amount of volatile organic compounds affects their biological properties [28,29]. Principally,
they are by-products of essential oil distillation that could be useful as raw material in
many industries, such as the food, and beverage industry (for flavouring and preservation,
as well as in soft drinks), cosmetics (replacement for water phase in cosmetics, lotions,
creams, soaps, and tonics) and aromatherapy (skincare or as massage products, as facial
and body sprays to feel relaxed and refreshed, as air fresheners) [24]. Although the quality
standards for hydrolates are not defined, their global economic impact is increasing [30].
Therefore, it is necessary to develop norms and standards for plant-derived components as
there is growing interest in using them. Furthermore, due to volatile organic compounds,
Lavandula sp. hydrolate has a pleasant lavender aroma and biological activities. Therefore,
it has the potential for wide-ranging applications [28,29,31].

Frugka Gora Mt. (in Latin Alma Mons) is situated in northern Serbia, at the confluence
of the Danube and Sava Rivers. This is the oldest national park in Serbia (with 25,525 ha of
protected area), with almost 90% of the linden, oak, and beech forest. The rims of the Fruska
Gora Mt. are used for grape cultivation, and this tradition dates from the Roman period.
However, medicinal and aromatic plants were not cultivated in this region until recently. As
a result, many wild species of medicinal plants, are mainly collected by gatherers [32]. This
region is suitable for organic cultivation, and previous research indicated promising results
in organically grown Lavandula sp. through Europe [33-35]. Lavandula sp. is a perennial,
heliophyte, and drought-resistant shrub [10]. It requires well-drained soil, but it can adapt
to poor soils with low fertility [36]. Croatian cultivar of L. x intermedia ‘Budrovka’ is widely
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grown in the former Yugoslavia region. This cultivar is well adapted to the continental
climate and low temperatures during winter, up to —20 °C [37,38].

Considering the great commercial importance of Lavandula sp. flowers and essential oil
in different industry branches and the increasing trend of cultivation lavender and lavandin
through Europe, this paper aimed to evaluate the quality of introduced L. x intermedia cv.
‘Budrovka’ on Fruska Gora Mt. (Serbia). The main goal of this investigation was the influence of
microclimatic conditions in the foreground temperature and precipitations in a selected location
on L. x intermedia essential oil and hydrolate quality. The second goal of this investigation is to
evaluate the essential oil quality of cv. ‘Budrovka’ compared to other samples L. x intermedia
reported in the literature and ISO standards. Further, results of the chemical composition of L. x
intermedia ‘Budrovka” hydrolates from this study and other from literature were used for setting
ranges of the main compounds of Lavandula sp. hydrolate.

2. Materials and Methods
2.1. Plant Material

The plantation of Lavandula x intermedia Emeric ex Loisel cv. ‘Budrovka’” was estab-
lished in autumn 2014, at a certified organic farm in the village of Bukovac (area Beljevo;
45.111744 N, 19.530732 E) on Fruska Gora region (Figure 1). One-year-old seedlings were
planted at a 1.5 m interrow distance and 0.5 m between plants.

Hungary

Croatia Romania

Herzegovina

Bulgaria

Montenegro

Albania

North Macedonia

Figure 1. Field location and lavender field in full blooming with honeybees.

2.2. Soil Characteristics

Basic chemical properties of the soil where L. x intermedia was cultivated were deter-
mined before establishing the experiment (October 2014) in samples of the top layer (0
to 40 cm) and are shown in Table 1. The soil samples were analysed at the Agriculture
Extension Service Novi Sad, following standardized methods adopted in Serbia [39].

Table 1. Basic chemical characteristics of the soil.

pH CaCO3 Humus Total Nitrogen P,05 K,O
1IMKC1 H,0 (%) (mg-100 g1 Soil)
Hill 7.13 8.22 11.27 1.03 0.051 3.6 8.0
Middle 7.19 8.34 8.10 0.56 0.028 7.4 8.0
Valley 741 8.31 7.89 0.96 0.048 74 8.0

2.3. Weather Conditions

The climate of Fruska Gora, as an isolated mountain, significantly differs from its
surroundings and modifies the local meteorological conditions. Although the mountain
is small, the wooded slopes and the E-W direction of the ridge influence the passing air
masses greatly [40]. The weather conditions during the three successive growing years are
presented in Figure 2.
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Figure 2. The weather conditions during the three successive growing seasons.

2.4. Essential Oil and Hydrolate Extraction

The small-scale distillation unit at the Institute of Field and Vegetable Crops Novi
Sad, consists of a cylindrical distillation vessel with a conical bottom of stainless-steel pipe,
which connects the vessel with a water-cooled condenser Florentine flask. The steam was
produced externally, by a steam generator, and supplied the vessel with plant material via
a pipe on the bottom. Our previous paper provides detailed information about capacity
and conditions [41].

Briefly, 100 kg of fresh flowers of L. x intermedia cv. ‘Budrovka’ were placed in a
distillation vessel, routed upwards through a plumbing system, and supplied with steam.
After 20 min, the condensed vapours started to collect in the Florentine flask. After 2 h
the distillation process was over. Accumulated essential oil floated on the water phase
(hydrolate). The hydrolate was collected in sterile plastic bottles via filter paper, while
essential oil was dried applying sodium sulphate and stored in amber glass bottles. The
same extraction process was repeated three times.

2.5. Analysis of Volatile Compounds

The hydrolates before analysis were subjected to simultaneous distillation and extraction
with dichloromethane via a Likens-Nickerson apparatus. Obtained essential oils and hydrolates
samples were analysed by gas chromatography with flame ionization detector (GC-FID) and gas
chromatography coupled to mass spectrometry (GC-MS). GC-FID/MS analyses were performed
according to Acimovic et al. [42] with some modifications of the split ratio. Injection volume
was 1 pL, split ratio 10:1 for essential oils and 50:1 for hydrolates.

2.6. Statistical Analysis

A linear regression model was developed to predict the L. x intermedia cv. ‘Budrovka’
essential oil active compound content and hydrolate composition during three years according to
temperature and precipitation data, and the appropriate regression coefficients were calculated
using the linear formula: x =a + by - T + bp - P, where x was EO active compound content or
hydrolate content, 2 was the intercept, br and bp were temperature and precipitation coefficients,
while T and P were temperature and precipitation amounts, respectively.

The collected data were processed statistically using the software package STATIS-
TICA 10.0.
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3. Results
3.1. Fresh Herb Yield and Essential Oil Content

This variety (Vouch No 2-0987, Herbarium BUNS, Serbia), obtained from local nursery
garden, is a shrub ranging up to 150 cm, with linear-lanceolate to spatulate leaves, often
tomentose. Its inflorescence stalk is branched, and flowers show a corolla with bilateral
symmetry and vary in colour from lilac-purple to white, blooming from late June to July.
Flowering tops were collected at the full bloom stage. Harvest dates and yields are given in
Table 2.

Table 2. Date of harvest, fresh herb yield and essential oil content for L. x intermedia cv. ‘Budrovka’
cultivated in Fruska gora Mt. during 2019-2021.

2019 2020 2021

Date of harvest 11th-17th July 27th June-2nd July 9th—-15th July
Fresh herb yield (kg/ha) 4.840 5.040 5.670
Essential oil content (%) 1.26 1.19 1.03

3.2. Chemical Composition of Essential Oil

The essential oil from L. x intermedia cultivated on Fruska Gora Mt. contains 56 com-
pounds (Table 3). The most abundant compounds were: linalool (33.3-42.0%), 1,8-cineole
(12.9-19.0%), borneol (8.1-16.1%), linalyl acetate (5.3-8.8%), and terpinene-4-ol (3.5-6.6%).
All these compounds belong to oxygenated monoterpenes, which are the dominant com-
pound class in essential oils.

Table 3. L. x intermedia cv. ‘Budrovka’ essential oil composition during three growing years and
related multiple correlation coefficients with the observed temperature and precipitation amounts.

No Compound RI 2019 2020 2021 Temp. Coeff.  Prec. Coeft.
EO19 EO20 EO21
6 n-hexanol © 861 0.2 - - 0.70 —-0.25
7 a-thujene MT 924 0.1 0.1 0.1 0.70 —0.25
8 a-pinene MT 931 0.9 0.6 1.4 0.71 —-0.23
9 camphene MT 945 0.4 0.7 0.5 0.71 —0.24
12 sabinene MT 970 0.3 0.1 0.4 0.70 —0.24
14 B-pinene MT 974 1.6 0.9 2.1 0.71 —0.21
15 3-octanone © 984 0.1 - - 0.70 —0.25
16 dehydro-1,8-cineole ©MT 989 - 0.1 - 0.70 —0.25
17 myrcene MT 990 0.5 0.1 0.7 0.70 —0.24
18 6-3-carene MT 1008 0.3 0.1 0.4 0.70 —0.24
19 hexyl acetate © 1010 0.1 - - 0.70 —-0.25
20 a-terpinene MT 1013 - - 0.1 0.70 —0.25
22 p-cymene MT 1022 0.4 0.8 0.3 0.71 —0.24
23 limonene MT 1025 1.1 0.7 1.1 0.71 —-0.23
24 1,8-cineole OMT 1028 12.9 16.4 19.0 0.82 0.11
25 cis-B-ocimene MT 1033 1.9 - 3.6 0.72 —-0.21
27 trans-B-ocimene MT 1044 0.2 - 0.4 0.70 —0.24
28 y-terpinene MT 1055 0.1 - 0.2 0.70 —-0.25
29 cis-sabinene hydrate (IPP vs OH) “MT 1063 0.2 0.2 - 0.70 —0.25
30 cis-linalool oxide (furanoid) OMT 1069 0.1 24 - 0.71 -0.23
32 trans-linalool oxide (furanoid) OMT 1085 - 2.1 - 0.71 -0.23
33 terpinolene MT 1086 0.2 - 0.3 0.70 —0.24
34 linalool OMT 1101 41.8 333 42.0 0.98 0.59
36 allo-ocimene MT 1126 0.3 - 0.6 0.70 —0.24
38 trans-pinocarveol OMT 1134 - 0.3 - 0.70 —-0.25
40 camphor OMT 1141 3.7 4.6 39 0.73 —-0.16

RI—Retention index (relative to C8-C36 n-alkanes on HP-5MSI column).
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Table 3. Cont.

No Compound RI 2019 2020 2021 Temp. Coeff.  Prec. Coeff.
EO19 EO20 EO21
41 hexyl isobutanoate © 1145 0.1 0.1 - 0.70 —-0.25
43 borneol OMT 1164 114 16.1 8.1 0.79 0.01
45 trans-linalool oxide (pyranoid) OMT 1168 - 0.2 - 0.70 —0.25
46 terpinen-4-ol OMT 1175 6.6 3.5 5.3 0.74 —0.14
48 cryptone © 1180 - 0.3 - 0.70 —0.25
49 a-terpineol OMT 1188 0.8 0.5 - 0.70 —0.24
50 hexyl butanoate 0 1189 0.4 04 0.5 0.70 —0.24
51 myrtenal OMT 1190 - 0.2 - 0.70 —-0.25
55 hexyl 2-methyl butanoate o 1234 0.2 0.3 0.1 0.70 —0.24
56 cumin aldehyde © 1236 - 0.1 - 0.70 -0.25
57 carvone OMT 1238 - 0.1 - 0.70 —0.25
58 hexyl isovalerate O 1239 0.1 - - 0.70 —0.25
61 linalyl acetate OMT 1254 6.5 8.8 5.3 0.75 —0.10
63 bornyl acetate OMT 1284 0.1 0.2 - 0.70 —-0.25
64 lavandulyl acetate OMT 1289 0.6 1.2 0.3 0.71 —-0.23
65 neryl acetate OMT 1363 0.1 - - 0.70 —-0.25
66 daucene ST 1377 0.1 - - 0.70 —-0.25
67 geranyl acetate OMT 1382 0.2 - - 0.70 —0.25
68 hexyl hexanoate o 1384 0.2 0.2 - 0.70 —0.25
69 7-epi-sesquithujene ST 1388 0.1 - - 0.70 —0.25
70 sesquithujene 5T 1403 0.1 - - 0.70 —0.25
71 a-santalene ST 1414 - 0.3 - 0.70 —0.25
72 trans-caryophyllene ST 1417 0.9 - 0.6 0.70 —0.24
73 trans-a-bergamotene ST 1433 0.1 - - 0.70 —0.25
74 trans-p-farnesene ST 1455 2.0 0.3 1.1 0.71 —-0.23
75 germacrene D ST 1480 0.3 - 0.1 0.70 —0.25
76 lavandulyl isovalerate 95T 1508 0.3 0.4 - 0.70 —0.24
77 y-cadinene ST 1513 tr 0.1 - 0.70 —0.25
79 caryophyllene oxide 95T 1580 0.2 0.8 - 0.70 —0.24
80 epi-a-bisabolol OST 1682 0.1 - - 0.70 —0.25
Monoterpene hydrocarbons (MT) 8.3 4.1 12.2
Oxygenated monoterpenes (OMT) 85.0 90.2 83.9
Sesquiterpene hydrocarbons (ST) 3.6 0.7 1.8
Oxygenated sesquiterpens (OST) 0.6 12 -
Other (O) 14 14 0.6
Total identified 98.9 97.6 98.5

RI—Retention index (relative to C8-C36 n-alkanes on HP-5MSI column).

Comparing rainfall among years (Figure 2), the growing season 2018/19 had significantly
higher rainfall (694.2 mm) in comparison with the other two growing seasons (458.8 mm for
2019/20, and 416.9 mm for 2020/21). On the other hand, comparing average year temperatures
for all three investigated seasons, the third growing season (2020/21) was slightly cooler (13.2 °C)
in comparison to the other two (13.5 °C on average). Therefore, it could be said that temperature
was in positive correlation with all essential oil compounds (temp. coeff. varied between 0.70
and 0.98), while precipitations were in negative correlation with a large number of essential oil
compounds (prec. coeff. varied between —0.10 and —0.25), except linalool (0.59), 1,8-cineole
(0.11), and borneol (0.01).

3.3. Chemical Composition of Hydrolate

There were 40E compounds identified in L. x intermedia cv. ‘Budrovka’” hydrolate
(Table 4). The most abundant was linalool (21.9-32.1%), 1,8-cineole (12.7-26.2%), borneol
(10.6-24.4%), terpinen-4-ol (6.4-12.2%), and cis- and trans-linalool oxides (1.4-11.5% and
1.3-10.9%, respectively).
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Table 4. L. x intermedia cv. ‘Budrovka” hydrolate composition during three growing years and related
multiple correlation coefficients with the observed temperature and precipitation amounts.

No Compound 2019 2020 2021 Temp. Prec.
RI Coeff Coeff
EO19 EO20 EO21 : :
1 3-methyl-2-butenal © 772 0.1 - 0.4 0.70 —0.24
2 hexanal © 798 - - 0.2 0.70 —0.25
3 2,2-dimethyl-3(2H)-furanone © 829 - - 0.1 0.70 —0.25
4 furfural © 832 - - 0.1 0.70 —0.25
5 cis-3-hexenol © 847 - - 0.3 0.70 —0.25
6 n-hexanol © 858 1.0 0.6 2.2 0.71 -0.22
10 4-methyl pent-2-enolide (impure) © 949 0.1 - 0.3 0.70 —-0.25
11 2-ethenyltetrahydro-2,6,6-trimethyl-2H-pyran o 968 0.1 0.1 - 0.70 —0.25
13 1-octen-3-ol © 974 0.9 0.6 0.9 0.71 —0.23
15 3-octanone © 982 - - 0.1 0.70 —0.25
16 dehydro-1,8-cineole OMT 990 tr - 0.1 0.70 -0.25
21 1,4-cineole OMT 1014 0.1 - - 0.70 —0.25
24 1,8-cineole OMT 1030 12.7 14.4 26.2 0.84 0.15
26 lavender lactone © 1036 - 0.2 0.1 0.70 —0.25
30 cis-linalool oxide (furanoid) OMT 1071 1.4 115 27 0.74 —0.13
31 camphenilone NOMT 1080 - - 0.1 0.70 —0.25
32 trans-linalool oxide (furanoid) OMT 1088 1.3 109 24 0.74 —-0.14
34 linalool OMT 1102 26.0 21.9 32.1 0.90 0.33
35 hotrienol OMT 1102 - 1.0 - 0.70 —0.24
37 nopinone NOMT 1136 0.2 0.2 0.2 0.70 —0.24
38 trans-pinocarveol OMT 1134 - 0.2 0.1 0.70 —0.25
39 trans-sabinol (trans for OH vs. IPP) OMT 1136 0.1 - - 0.70 —0.25
40 camphor OMT 1143 7.1 45 6.3 0.74 —-0.12
42 neoiso-3-thujanol MT 1146 - 0.2 - 0.70 —0.25
43 borneol OMT 1166 24.4 16.8 10.6 0.81 0.10
44 cis-linalool oxide (pyanoid) OMT 1168 0.6 1.0 0.5 0.71 —-0.23
45 trans-linalool oxide (pyanoid) OMT 1173 0.4 0.8 0.4 0.71 —0.24
46 terpinen-4-ol OMT 1177 122 6.4 9.7 0.77 —0.05
47 p-cymen-8-ol © 1179 - 0.2 0.2 0.70 —0.24
48 cryptone o 1180 - 1.0 0.3 0.71 —0.24
49 a-terpineol OMT 1190 6.0 45 14 0.73 —0.17
51 myrtenol OMT 1191 - 0.1 - 0.70 —-0.25
52 verbenone OMT 1208 0.2 0.3 0.1 0.70 —0.24
53 trans-carveol OMT 1216 - 0.1 - 0.70 —0.25
54 nero] OMT 1222 - 0.3 - 0.70 —0.25
57 carvone OMT 1243 0.1 0.1 - 0.70 —0.25
60 geraniol OMT 1248 - 0.9 - 0.70 —0.24
61 linalyl acetate OMT 1248 - - 0.2 0.70 -0.25
64 lavandulyl acetate OMT 1286 - 0.1 - 0.70 —-0.25
78 cis-nerolidol 95T 1526 - - 0.2 0.70 —0.25
Nor oxygenated monoterpenes (NOMT) 0.2 0.2 0.3
Oxygenated monoterpenes (OMT) 92.6 96.0 92.8
Sesquiterpene hydrocarbons (ST) - - -
Oxygenated sesquiterpens (OST) - - 0.2
Other (O) 22 2.7 5.2
Total identified 95.0 98.9 98.5

RI—Retention index (relative to C8-C36 n-alkanes on HP-5MSI column).

During all three years oxygenated monoterpenes were the dominant class, with 92.6-96.0%.
Similar to essential oils, differences in climate conditions during tree investigated years have
not impacted hydrolate composition variations. In addition, the temperature was in positive
correlation with all hydrolate compounds (temp. coeff. varied between 0.70 and 0.84), while
precipitations were in negative correlation with a large number of essential oil compounds
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(prec. coeff. varied between —0.10 and —0.25), except linalool (0.33), 1,8-cineole (0.15), and
borneol (0.10).

3.4. Correlation between Chemical Compounds of Essential Oil and Hydrolate

The correlation analysis was employed to examine the relations in hydrolate and
essential oil compounds of L. x intermedia cv. ‘Budrovka’” samples from three growing
years (2019, 2020, and 2021), and the results were displayed in Figure 3. It can be noticed
from the figure that the darker blue colour of the squares, which indicates the two active
compounds ‘content similarity, presents a more significant correlation linking observed
active compounds. In contrast, the lighter tone indicates a particular dissimilarity active
compound. Therefore, if the colour tone is lighter, consequently the correlation is lower. On
the other hand, the red colour symbolizes a negative correlation between active compounds.
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Figure 3. Correlation between active compounds content in hydrolate and essential oil of L. x
intermedia cv. ‘Budrovka’ samples from 2019, 2020, and 2021 (active compounds codes are listed in
Tables 3 and 4).

To thoroughly explain the structure of the research data that would provide a better
perception of similarities and differences among diverse the L. x intermedia cv. ‘Budrovka’
samples from 2019, 2020, and 2021, PCA was used, and the results are presented in Figure 4.
The first PC explained 43.46%, the second 19.10%, and the third 16.53% of the total vari-
ance within the experimental data. The separation between samples could be recognized
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from the PCA figures, where the samples from L. x intermedia cv. ‘Budrovka’” hydrolate
composition during 2019, 2020, and 2021 are grouped on the right side of the graphic, while
the samples from the L. x intermedia cv. ‘Budrovka’ essential oil composition during three
growing years are grouped on the graphic’s left side. Table 5 represents the correlation
matrix among active compounds content in hydrolate and essential oil of L. x intermedia cv.
‘Budrovka’ samples from 2019, 2020, and 2021.
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Figure 4. The PCA biplot diagram depicting the relationships among hydrolate and essential oil
compounds of L. x intermedia cv. ‘Budrovka’” samples from three growing years: (a) projection of
variables and cases in the PC1 and PC2 plane, (b) projection of variables and cases in PC1 and PC3
plane (active compounds codes and samples codes are listed in Tables 3 and 5).

Table 5. Correlation matrix between active compounds content in hydrolate and essential oil of L. x
intermedia cv. ‘Budrovka’ samples from 2019, 2020, and 2021.

EO20 EO21 H19 H20 H21

EO19 0.967 0.987 0.855 0.795 0.908
EO20 0.959 0.896 0.868 0.928
EO21 0.820 0.788 0.940
H19 0.893 0.874
H20 0.870

EO20—essential oil active compounds from 2020, EO21—essential oil active compounds from 2021, H19—hydrolate
active compounds from 2019, H20—hydrolate active compounds from 2020, H21—hydrolate active compounds
from 2021.

4. Discussion
4.1. Essential Oil

Investigations conducted with L. latifolin showed that the environment significantly
affected the essential oil quality, especially altitude [43]. Further, in the case of L. angustifolia,
agronomical practices such as irrigation [44], variety [19], and substrate [45] significantly
impact essential oil composition. In addition, investigations show that during the blooming
period, linalool content was influenced by temperature; although, rainfalls remarkably
decreased its production [46]. As it can be seen from Figure 4, our long-term experiment
(three successive years) shows that on accumulation linalool and linalyl acetate precipita-
tion, and the temperature are in positive relations, while in the case of linalyl acetate, the
temperature is in positive (0.75), and precipitation in negative (—0.10) correlations.

The isolated essential oil of L. x intermedia cv. ‘Budrovka’ cultivated in Fruska gora
Mt. did not comply with international standards requirements for the lavandin (ISO 8902),
similar is with the same cultivar grown in Croatia, which contained linalool (57.1%), linalyl
acetate (9.8%), and 1,8-cineole (8.5%) as dominant compounds [9]. One of the main criteria
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for Lavandula sp. essential oil quality is the ratio between linalool and its ester form, linalyl
acetate. A ratio lower than one indicates the high quality of essential oil [47]. In this study,
the linalool: linalyl acetate ratio ranged from 3.78 (in 2020) and 6.43 (in 2019) to 7.92 (in
2021). On average, this value was 6.04, while in Croatia, this ratio was 5.81 for the same
cultivar [9].

Table 6 shows 28 samples of L. x intermedia essential oil from literature and average
values from this study (total 29 accessions) with ten compounds from ISO standard spec-
ification. As can be seen, no sample satisfies all values required for essential oil quality.
However, it is known that L. x intermedia is a cheaper hybrid, 6-7 times than L. angustifolia,
and usually is mixed with them to obtain a higher quality of essential oil [16]. In addition,
the accumulation of main compounds in Lavandula sp. plants are genetically influenced, i.e.,
by a key gene involved in controlling the production of linalyl acetate, camphor, 1,8-cineole,
and borneol [48].

Table 6. Comparison results of main L. x intermedia essential oil components and ISO 8902 standard.

. . v g . ¢ 5 £ - o
s 3 ¢ £ £ T £ 3 ¥ 32 g
§ £ ' g & T < ] = 2 5
No. Cultivar Origin g s Q Q < e i~ g = g z
= = 5 5 ¢ T E % & =
R < g g -]
) [g - = E
-
1 Hidcote Giant Canada 14 17.1 7.8 12.2 13.3 23.8 0.3 4.1 0.0 1.6 [19]
2 Grosso Canada 2.0 10.7 34 44 10.8 30.6 8.3 33 37 0.0 [19]
3 Super Canada 2.7 13.1 3.5 6.2 55 28.3 10.0 0.0 34 0.0 [19]
4 gj;'frarms Canada 24 48 31 80 21 32 116 00 18 00  [19]
5 French Super Canada 2.5 5.2 4.0 9.8 4.8 25.2 12.2 0.5 2.7 0.0 [19]
6 Super Turkey 0.0 2.6 0.0 0.0 4.8 34.0 47.7 0.0 0.0 0.0 [49]
7 n.s. Macedonia 0.0 6.7 2.3 0.8 6.6 39.0 2.1 5.1 1.9 1.7 [11]
8 Dutch Turkey 1.1 7.6 0.0 0.0 11.3 448 8.2 1.5 0.0 0.1 [50]
9 Giant Hidcote Turkey 1.3 12.0 0.0 0.0 6.6 41.6 3.9 1.5 0.0 0.2 [50]
10 Super A Turkey 0.8 21 0.0 0.0 7.5 38.1 36.2 0.5 0.0 0.0 [50]
11 Super A Turkey 0.4 3.2 1.5 6.6 43.7 24.6 54 0.0 0.0 [51]
12 Sumiens Italy 0.7 12.0 19 1.0 7.1 40.4 9.9 0.2 0.3 0.0 [3]
13 Super A Italy 0.6 6.9 1.3 0.7 6.6 36.2 18.4 3.3 4.5 0.1 [3]
14 Grosso Italy 0.5 8.1 1.2 0.8 8.1 38.4 15.7 3.6 4.1 0.1 [3]
15 Super Turkey 0.7 0.0 2.6 1.5 5.3 36.8 33.1 0.0 1.2 0.1 [4]
16 Grey Hedge Turkey 2.3 0.0 1.8 5.0 6.4 28.5 4.6 6.9 0.8 0.5 [4]
17 Budrovka Croatia 4.0 8.4 0.0 0.4 0.1 57.1 9.8 2.3 0.2 1.1 [9]
18 Grosso Turkey 25 33.1 0.0 0.0 21.8 0.2 0.0 1.0 0.2 0.4 [18]
19 Dutch Turkey 29 35.8 0.0 0.0 22.2 0.2 0.0 0.8 0.1 0.2 [18]
20 Abriel Turkey 25 35.9 0.0 0.0 22.8 0.1 0.0 1.0 0.2 0.1 [18]
21 Grosso Italy 1.0 5.2 0.9 0.7 6.0 41.6 23.0 4.8 3.2 0.0 [52]
22 n.s. Serbia 0.4 14.6 0.4 0.0 16.3 23.1 10.0 0.7 2.6 0.9 [53]
23 Grappenhall Hungary 1.4 9.0 9.3 3.4 2.8 46.8 3.3 3.0 0.9 1.2 [10]
24 Grosso Hungary 0.7 3.0 4.1 1.9 14.8 55.2 44 0.9 1.2 14 [10]
25 n.s. China 0.0 448 0.0 0.5 12.2 7.6 0.0 0.6 0.0 0.0 [21]
26 Abrialis Italy 0.5 7.0 3.0 8.3 9.4 40.3 18.4 0.6 14 0.8 [54]
27 Rinaldi Cerioni  Italy 0.4 10.0 0.0 0.0 11.5 65.8 0.5 2.9 0.0 0.6 [54]
28 Sumiens Italy 0.7 12.1 3.0 0.4 6.8 48.0 14.9 0.3 0.0 0.0 [54]
29 Budrovka Serbia 1.0 16.1 1.8 0.2 41 39.0 6.9 5.1 0.7 0.0 TS
AVERAGE 1.3 12.0 2.0 2.4 9.1 34.1 11.6 2.1 1.2 0.4
0.1- 0.1-
RANGE <4.0 <448 <93 <12.2 28 65.8 <477 <69 <45 <1.7
1SO 0.5- 4.0- 0.5- 1.0 6.0- 24.0- 28.0- 1.5- 1.5- 0.2—-
STANDARD 1.5 7.0 15 ’ 8.0 35.0 38.0 5.0 3.0 0.8

n.s.—not specified; TS—this study (average value for three investigated year).

The primary source of variability in chemical composition and oil yield among the
various populations of L. x intermedia are differences in environmental conditions [14].
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According to 29 accessions of L. x intermedia from the literature, unrooted cluster
tree (Figure 5) shows the presence of four chemotypes: (1) linalool + linalyl acetate,
(2) linalool + 1,8-cineole, (3) linalool + camphor, and (4) 1,8-cineole + camphor. The first
one, with dominant linalool and linalyl acetate, could be divided into three subgroups
according to linalool:linalyl acetate ratio: (1) ratio ranged between 0.7 and 1.1—all three
accessions from Turkey [4,49,50]; (2) ratio 1.8—one accession from Turkey [51]; and (3) ratio
ranged from 1.8 to 5.5—five accessions from Italy [3,52,54], and one from Turkey [50]. In the
second chemotype, the dominant compounds were linalool, and 1,8-cineole, with two sub-
groups: (1) 39.0-46.8% of linalool and 6.7-16.1% of 1,8-cineole [3,10,11,50], and this study;
and (2) 55.2-65.8% of linalool and 3.0-10.0% of 1,8-cineole [9,10,54]. Linalool+camphor
chemotype is present in Canada (five accessions, [19]) as well as with one sample from
Turkey and Serbia [4,53]. Chemotype with dominant 1,8-cineole, and camphor is noted in
Turkey (three accessions, [18]) and China [21].

Linalool (43.7%)
Linalyl acetate (24.6%)
RATIO=1.8

Linalool (23.1-35.2%)
Camphor (2.1-16.3%)

1,8-Cineole (33.1-44.8%)
Camphor (12,2-22,8%)

Linalool (34.0-38.1%)
Linalyl acctate (33.1-47.7%)
RATIO=0.7-1.1

5.0-46.8%)
1,8-Cineple (6.7-16.1%)

Linalool (55.2-65.8%)

1.8-Cineple (3.0-10.0%)
Figure 5. Unrooted cluster tree for chemical composition of L. x intermedia essential oil (samples are
coded according to Table 6.

4.2. Hydrolate

Lavandula sp. hydrolates haves a characteristic delicate lavender scent [28]. However,
the chemical composition of hydrolates and essential oil, depends on plant part (herb or
flower), postharvest processing (fresh or dry plant material), and isolation technique [55,56].
The chemical composition of different Lavandula sp. hydrolates found in literature and
from the study is shown in Table 7. As can be seen, all Lavandula sp. hydrolates contain
linalool (ranged between 7.7% and 55.6%). The content of other significant compounds
(average content more than 1.5% according to 19 samples from literature, and average value
from this study) are: linalool oxides (<67.3%), 1,8-cineole (<52.9%), camphor (<19.6%),
borneol (<17.3%), «-terpineol (<13.0%), terpinen-4-ol (<9.4%), and geraniol (<5.0%). The
most abundant group of compounds are oxygenated monoterpenes, mainly monoterpene
alcohols [28]. The hydrosols were not found to contain linalyl acetate or sesquiterpenes,
which are present in the essential oil [28,49].
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Table 7. Chemical composition of different Lavandula sp. hydrolates according to literature and

this study.
8 —
Extraction — 2 -G ° = — @) = Y
Species/ Technique/ 2 g 3 g 2 g ¥ 'g %
Varietv/ . < k= @) ‘5, o g c < =
No. ariety, Origin Plant k= 3 — & g S @ 5 &
Cultivar Material ~ il g < o & A © &
P‘ s 3 5
g =
el
LIcv
1 . B Turkey £f,SD 556 9.8 6.0 00 134 135 00 16 [49]
Super
2 LO Morocco ns. 450 148 04 118 157 113 00 00  [57]
3 LA Poland HV400 392 00 192 71 13 48 46 29  [58]
4 LA Poland HV3200 290 00 191 127 30 93 69 00  [58]
5 LA Poland fh. 530 29 04 83 09 53 39 40  [55]
6 LA Poland dh. 480 27 06 88 15 58 66 50  [55]
7 LA Poland £f. 436 4.4 1.0 75 00 66 56 34  [55]
8 LA Poland df. 392 00 192 7.0 13 48 46 29  [55]
9 LA Poland df,VH400 436 44 00 75 00 66 56 00 [28]
10 LA Poland df,VHS800 449 20 00 85 13 52 54 34  [28]
11 LA Poland df, VHI200 439 4.0 12 58 27 40 39 45  [28]
12 LA Poland df,VHI600 257 27 14 41 1.0 46 37 11 [28]
13 LI Ttaly £f. 438 254 0.1 18 128 43 45 00  [30]
14 LI Ttaly fs. 344 289 00 22 154 40 27 02  [30]
15 LI Serbia df. 77 68 673 27 72 00 04 00  [53]
16 LA Croatia d.f,SD 79 206 210 104 04 00 1.1 1.0 [56]
17 LA Croatia d.f, HD 232 195 138 130 05 0.0 12 23 [56]
18 Llev Ttaly ns. 126 529 07 48 196 30 54 00  [29]
,,Grosso
19 LA Ttaly f,SD 429 118 01 126 184 58 84 00 [31]
20 Llcv ., Serbia £f.,SD 267 178 113 40 60 173 94 03 TS
,Budrovka
AVERAGE 355 116 9.1 7.0 6.1 58 42 1.6
RANGE 57576_ <529 <673 <130 <196 <173 <94 <50

LI—Lavandula x intermedia; LO—Lavandula officinalis; LA—Lavandula angustifolia; TS—This Study (average values
for all three years); VH—Volume of Hydrosols in ml; SD—Steam Distillation; HD—Hydro Distillation; n.s.—not
specified; f.f.—fresh flowers; f.h.—fresh herb; d.h.—dry herb; d.f.—dry flower; f.s.—fresh stem; f.—flowers.

Moroccan hydrolate of L. officinalis contained linalool as the dominant compound,
followed by camphor, 1,8-cineole, x-terpineol, and borneol [57]. The main component of
the volatile fraction of L. angustifolia from Poland was linalool, followed by a-terpineol,
borneol, and geraniol [55], while in another study from Poland, it was linalool, followed by
a-terpineol and terpinen-4-ol [28,58]. Hydrolate obtained from L. angustifolia buds from
Croatia had the most significant proportion of 1,8-cineole, linalool oxide, and linalool [56].
Turkish L. x intermedia hydrolate had linalool, borneol, and camphor as the main com-
pounds [49], while Italian L. intermedia samples contained linalool, 1,8-cineole, and camphor
in different proportions [29-31]. Serbian L. x intermedia hydrolate had a high percentage of
linalool oxides. A higher abundance of monoterpene alcohols oxides (cis- and trans-linalool)
in hydrolate compared to the corresponding oil is probably due to their better solubility in
water [53].

According to the unrooted cluster tree (Figure 6), it could be said that in Lavandula
sp. hydrolate linalool dominated in almost all samples (in different proportions, from
25.7% to 55.6%), while in one sample, the dominant compound was linalool oxide [53], and
in three it was 1,8-cineole [29,56]. Moreover, there is no difference between the chemical
compositions of L. angustifolia and L. x intermedia hydrolates.
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1,8-Cincole (19.5-20.6%)
Linalool oxide (13.8-21.0%)
o-Terpineol (10.4-13.0%)

Linalool (26.7-43.8%)
1,8—Cineole (17.8-28.9%)
Camphor (6.0-18.4%)

Linalool
(25.7-39.2%)

1.8—Cineole (9.8-17.8%)
Camphor (6.0-18.4%)

Linalool oxide (67.3%)

Linalool
(43.6-53.0%)
18
1,8-Cineole (52.9%)
Camphor (19.6%)
Linalool (12.6%)

Figure 6. Unrooted cluster tree for chemical composition of L. x intermedia hydrolate according to
literature and this study (samples are coded according to Table 7).

5. Conclusions

This research has proved that Fruska Gora (Serbia) has good agro-ecological conditions
for cultivating Lavandula sp. and producing acceptable quality essential oil and hydrolate.
Growing this species in this region could be recommended as Fruska Gora is a protected
area suitable for organic farming. Since Lavandula sp. is a pollen and nectar-producing
plant, it can positively affect the ecosystem’s biodiversity. Honeybees are the most common
visitors to Lavandula sp. fields and produce lavender honey. This type of unifloral honey
has a high commercial value, which further supports the cultivation of this species. Tourism
on Fruska Gora is quite developed due to many Orthodox monasteries, vineyards, and
small wineries. Therefore, lavender fields could improve touristic content in this region
following examples of other countries.
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Abstract: Black tea is frequently consumed worldwide and is renowned for having a distinctive
scent. The volatile chemicals in tea are responsible for its aroma, which is important for sensory
quality. The enzymatic and non-enzymatic processes that produce the compounds endowing black
tea with its distinctive aroma are complex. Black tea is well known for its robust and complex aroma,
which can vary based on the type of tea leaves used and processing technologies used. During
the production of black tea, several intricate biological and chemical processes contribute to the
aroma’s development. Different volatile chemicals are generated during the processing of black tea,
which includes withering, rolling, fermentation (enzymatic oxidation), and drying. Various methods
have been used to analyze and describe the aroma of black tea. Different methods, such as gas
chromatography-mass spectrometry, olfactometry, and solid phase extraction, have been used to
assess the fragrance of black tea. These methods evaluate characteristics including fruity, flowery,
woody, malty, spicy, and smoky flavors. Phenyl ethyl alcohol, one-octen-3-ol, trans-linalool oxide
(furanoid), geraniol, and nonanal are major aroma-active compounds in black tea. Sensory analytic
techniques are used to assess black tea’s flavor and scent qualities. This assessment helps figure out
the tea’s quality, unique characteristics, and even some unpleasant attributes. Black tea is mostly
made from Camellia sinensis and Camellia assamica tea varieties. These two varieties, members of the
Camellia genus, differ in their development patterns, leaf sizes, and chemical makeup, impacting
how black tea’s scent is formed. When evaluating black tea made from Camellia sinensis and assamica,
sensory analysis involved assessing the aroma when the tea was dry and, after brewing, noting any
differences from other teas. This review focused on how key aromatic compounds are formed during
the tea manufacturing process by Camellia sinensis and Camellia assamica black tea.

Keywords: black tea; aroma; processing aroma; formation mechanism; fermentation (enzymatic oxidation)

1. Introduction

Tea, a widely enjoyed beverage with numerous health advantages, is produced from
the leaves and leaf buds of flowering plants categorized within the Camellia genus, which
belongs to the Theaceae family. Tea plants used for producing various types of tea have
generally been categorized into two primary varieties: Camellia sinensis var. sinensis, which
is grown in temperate climates, and Camellia sinensis var. assamica, which is grown in
tropical climates. More and more genetic research has clearly clarified that southwest China
is an important origin of tea plants [1,2]. In the UK, Sealy named the tea plant “Camellia
sinensis (L.) O. Kuntze” and identified two variations: “var. sinensis” (small-leaf variant)
and “var. assamica” (large-leaf variant). The scientific name “Camellia sinensis (L.) O. Kuntze”
has remained consistent despite subsequent studies [3].
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Tea cultivation is rooted in southwest China, particularly Yunnan Province, where the
tradition of brewing tea infusion is believed to have originated thousands of years ago [4].
Diverse manufacturing processes yield over 300 distinct tea varieties from Camellia sinensis
leaves. Briefly, tea can be divided into six categories: green tea, white tea, yellow tea, oolong
tea, black tea, and dark tea. Therein, black tea production involves the maceration of fresh
tea leaves, resulting in the distinctive pigments of black tea, namely theaflavins (TFs) and
thearubigins (TRs). These compounds form through the oxidation and polymerization
of catechins during tea manufacturing [5]. Black tea covers over 70% of tea production
worldwide (Figure 1) [6]. In addition, black tea is particularly popular in Europe and North
America [7]. Worldwide, black tea production will reach 4.17 million tons in 2023, up 2.9%
annually [8].

@ 300,000
Tonnes

2 million
""" tannes

China

340,200
tonnes -

India

436,000
tonnes

¥
1,208.780
onnes

Figure 1. Worldwide Tea Production in 2022.

Tea’s aroma is a pivotal factor significantly influencing the character and quality
of a tea [9]. Research has meticulously explored fluctuations in the levels of volatile
compounds and aroma precursors throughout the fermentation phase of black tea [10,11].
The chemical composition of black tea remains dynamic during tea processing. Black
tea’s volatile compounds primarily stem from the oxidation, degradation, and hydrolysis
of aroma precursors, such as carotenoids, unsaturated fatty acids, and glycosidic aroma
compounds [12]. The polyphenol oxidation process during black tea fermentation is not
only critical in producing black tea pigments, but also participates in the formation of
aroma compounds [13].

The cultivar, growing environment, and processing all result in the variances in volatile
chemicals between different types of tea [14-16]. Overall, a complex process involving
the interaction of numerous chemicals during tea production brings about the essential
fragrance constituents of black tea scent. Black teas have a large number of volatile flavor
compounds, although only a small number of them have an odor. Odor Activity Values
(OAVs) are used to determine the overall aromatic quality of a substance. Such volatile
flavor compounds are considered to be key volatile chemicals, active compounds, or key
odorants [17,18].

The idea of tea sensory evaluation and human response are closely associated since
sensory tests typically involve the use of the eyes, tongue, and nose. We are able to
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evaluate the sensory characteristics of product color, appearance, and taste of dry tea and
its infusion. Therefore, it becomes appropriate to employ a technique to assess the qualities
of the product and consumer acceptability using the senses. Tea aroma, a vital aspect of
sensory quality, relies on volatile compounds. Quality attributes for aroma compounds are
defined by a taste panel and, on occasion, by analytical methods such as mass spectrometry,
gas chromatography, olfactometry (GC-MS/O), and electronic nose, in accordance with
established protocols for sensory evaluation. Tea aroma, a vital aspect of sensory quality,
relies on volatile compounds. Quality attributes for aroma compounds are defined using
methods such as taste panels and analytical techniques like gas chromatography and mass
spectrometry (Table 1). The five phases of tea preparation were examined for variations in
volatile and non-volatile chemicals using GC-MS based metabolomic analyses [11].

Table 1. Comparative summarization on the different extraction method of tea volatiles.

Extraction Method Technique Dsetecwr/ Application Reference
ensor
Used with SPME, and solvent-assisted flavor
GC-MS evaporation (SAFE), respectively, for the analysis of 9]
tea body notes, tea infusion, and dry tea aroma from
Solid phase six model manufacturing processes
extraction (SPE)
Mass spectrometry (MS), .
ac flame ionization (FID) Used to extract and characterize the aroma 120]

and olfactometry (O) compounds in the infusion of Hanzhong black tea

Solid-phase
microextraction
(SPME)

Optimized to study the effect of grinding and
brewing on tea volatiles of tea (Camellia sinensis) and [21]
SAFE applied for the analysis of tea volatiles in tea

Used to detect volatile compounds in black
GC-MS teas after withering-shaking [22]
and shaking-withering processing.

Stir bar sorptive

Gas chromatography-flame Used to extracted compound of three famous black

extraction (SBSE) GC-0O, GC-MS photometric detector (GC-FPD) teas from around the world—Darjeeling, Keemun, [23]
and Ceylon
3 Analyzed the volatile flavor compounds of 31 black
GC-MS tea samples from 7 districts in Guangdong (24]
GCxGC-TOF-MS combined Analyzed the aroma components of 24 samples of the 125]
with GC-O/GC-TOF-MS world’s four black teas
Aroma characteristics and volatile components of
Headspace solid-phase GEMS Jiangxi Congou black tea. (261
microextraction ) B
(HS-SPME) CC-MS Analyzed volatile fle}vor compounds in 112 black teas 127]
from seven countries by untargeted metabolomics
Optimized with SAFE method to analyse
GC-MS, GC-O characteristics of key aroma compounds of three [28]
kinds of Chinese representative black tea
To extract the volatile compounds when analyzing
GCMS the volatile profile of black tea (291
Ultra-fast Gas Used to identify the variations of Assam black tea
Chromatography E-nose detector (Camellia Sinensis (L.) O. Kuntze) with their [30]
(UFGC) analyzer aroma compounds
GCxGC-TOF-MS Used to 1dfent1fy 153 volahl‘e compounds during the 3]
ermentation period of black tea
Identification of aroma-active components in black
GC-MS, GC-O teas produced by six Chinese tea cultivars in [31]
high-latitude regions
Main aroma components and aroma differences of
GC-MS E-nose black tea produced from two tea cultivars, Fuyun [32]
6 and Jinguanyin
GC-MS Quartz crystal Used to detect linalool gas in orthodox black tea [33]

microbalance (QCM)

This article details the sensory analysis methods used to assess the black tea scent
profile. It explains the various scent constituents and how they impact the flavor of the
tea. Additionally, this study highlights the importance of sensory analysis in establishing
tea quality. The interactions between the manufacturing processes, including withering,
rolling, fermentation, and drying, are also covered in this paper. In addition, this article
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also discusses the different aroma characteristics and chemical compositions of black tea
made from Camellia sinensis and Camellia assamica (Figure 2), comparing the different
types and concentrations of volatile chemicals. This study sheds important light on how
different species of tea plants affect the scent that results. We used a thorough strategy with
targeted keywords and reviewed multiple databases to achieve a thorough data collection
process. The following keywords were utilized, either singly or in combination: processing,
fermentation (enzymatic oxidation), black tea, aroma, molecular sensory, quantitative
descriptive analysis, aroma extraction dilution analysis, and aroma production mechanism.
These keywords were chosen because they were pertinent to the subject of our study and
the particular goals we had in mind. The electronic bibliographic databases PubMed,
ScienceDirect (Elsevier), Springer, and Nature yielded 466 articles when searched; after
removing duplicates, the number of entries was reduced to 389. 108 records remained
after the 389 records were sifted using preset inclusion criteria. These databases were
chosen because they have a history of holding top-notch research articles on the topics
we are interested in. Within these databases, we used advanced search capabilities and
search filters to focus our search and find the most pertinent articles. To make sure that our
information processing was accurate and consistent, we used standardized data extraction
methodologies. We are sure that our strategy has allowed us to gather an extensive and
thorough dataset to back up the research results.

Camellia Camellia

sinensis assamica

O Small and narrow O Larger and flatter
leaves leaves

O Sunny regions with O Warm and moist
dry and cool climate and sub
climate tropical

O South of the O Southwest China
Yangtze River and India

Figure 2. Morphological differences between the two varieties.

2. The Main Aroma Compounds of Black Tea

Extensive research has delved into the chemical composition of tea leaves, with the
primary constituents belonging to the polyphenol group accounting for 18 to 36% of the
dry weight. Additionally, C. sinensis encompasses many chemical constituents, including
methylxanthines, amino acids, chlorophyll, carotenoids, lipids, carbohydrates, vitamins,
and an impressive roster of over 600 volatile compounds. The chemical composition of
black tea comprises both volatile and non-volatile compounds. In tea, volatile organic
components (VOCs) exist in exceedingly small quantities, comprising a mere 0.01% of
the total dry weight. Despite their minuscule presence, these compounds profoundly
influence tea products’ flavor due to their remarkably low threshold values and high odor
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units [34-36]. Some studies revealed volatile flavor compounds with floral and pleasant
odor features like geraniol, phenyl ethyl alcohol, B-ionone, and linalool [26].

According to Wang et al. [27], distinctive volatile compounds can distinguish between
various black teas. For instance, Indian black teas contain linalool, pentanoic acid, and
hexanoic acid, while Chinese black teas feature phenylethyl alcohol. Sri Lankan black
teas, on the other hand, are characterized by 1-methyl-naphthalene and g-ionon. Kangra
orthodox black tea contains several major volatile constituents, including geraniol, linalool,
(Z/E)-linalool oxides, (E)-2-hexenal, phytol, f-ionone, hotrienol, methylpyrazine, and
methyl salicylate [36]. A comparative analysis of gas chromatography-olfactometry (GC-O)
and odor activity value (OAV) calculations revealed specific odorants that significantly
define distinct tea categories. Methyl salicylate in Ceylon tea, (E)-2-octenal in Assam tea
(Camellia assamica), benzeneacetaldehyde in Keemun tea (Camellia sinensis), and linalool
and trans-linalool oxide (furanoid) in Darjeeling tea (Camellia sinensis) emerged as the most
definitive odor contributors in their respective tea categories [37].

According to certain researchers’ findings, compounds like linalool oxide I, II, and 1III,
E,E-2,4-nonadienal,4,5-dimethyl-3-hydroxy-2,5-dihydrofuran-2-one, 1-octen-3-one, E,Z-2,6-
nonadienal, and bis(2-methyl-3-furyl) disulfide displayed higher odor activity values in
tea infusions, imparting floral, fatty, caramel, mushroom, cucumber, and cooked beef-like
aromas. Overall, floral, mushroom-like, and caramel-like scents predominated in Hanzhong
(Camellia sinensis) black tea infusions [20]. Su et al. [38] highlighted the positive influence
of geraniol, linalool, and methyl salicylate on preserving the floral flavor characteristic
of Keemun black tea. Steeping temperature plays a critical role in shaping the aroma of
Yingde black tea infusion, as confirmed by a study combining instrumental analysis and
sensory evaluations [39]. Xinyang black tea (XYBT) is recognized for its honey sugar-like
aroma, a feature developed during fermentation.

Study have found that (E,E,Z)-2,4,6-nonatrienal is the primary odorant component
of Darjeeling black tea [37]. The main aroma volatiles found in black tea are geraniol,
linalool, (Z/E)-linalool oxides, (E)-2-hexenal, phytol, B-ionone, hotrienol, methylpyrazine
and methyl salicylate [36].

Some researchers have also extensively demonstrated that Yunnan Congou black teas
of varying grades exhibited similar aroma compositions but differed significantly in content.
Superior Yunnan Congou black tea showcased higher levels of linalool, linalool oxide, a-
terpineol, and geraniol than their inferior counterparts. Conversely, inferior Yunnan black
tea had elevated levels of leaf aldehyde, benzaldehyde, and benzeneacetaldehyde. In
conclusion, higher grade Yunnan Congou black tea exhibited superior fragrance quality.
In contrast, all grades of Congou black tea have a robust fragrance, strong aroma, and
distinctive taste compared to Dianhong black tea. Essential aroma-active compounds
responsible for the fundamental Congou black tea aroma included linalool, (E)-furan
linalool oxide, (Z)-pyran linalool oxide, methyl salicylate, B-myrcene, and phenylethyl
alcohol, as identified through GC-O analysis of representative samples [40,41].

According to Wang et al. [31], phenylethyl alcohol, geraniol, linalool, a-ionone, cis-
3-hexenyl hexanoate, and methyl salicylate play pivotal roles as major contributors to
the floral fragrance of black tea. Notably, they are prominent in Jinxuan, Longjing, and
Baihaozao varieties, constituting a substantial proportion of their aroma profiles. Sensory-
directed aroma recombination and omission tests further confirmed the importance of
phenylacetaldehyde, linalool, geraniol, and 3-ethyl-2,5-dimethylpyrazine in shaping the
sensory characteristics of high-grade Dianhong black tea, which is dominated by floral,
sweet, and caramel-like odors [42]. Moreover, linalool and benzeneacetaldehyde play
significant roles in creating the sweet aroma of Assam black tea. These compounds ex-
hibit significantly high OAVs and contribute to the sweet and floral attributes of the tea’s
aroma [25]. Black teas with a sweat and floral aroma had much higher alcohol content
than those with a sweet aroma alone. Linalool and its oxides, known as linalool oxides,
were among the newly found alcohol components and were crucial odorants for black
tea, which adds flowery and citrus flavors. Lilac, citrus, and mushrooms are among the
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scents connected to oct-1-en-3-ol, created by the oxidative breakdown of linoleic acid [39].
According to Schuh and Schieberle [37], black tea contains several aroma-active com-
pounds, including geraniol, phenyl ethyl alcohol, methyl salicylate, phenylacetaldehyde,
(E)-2-octenal, linalool, 1-octen-3-ol, benzyl alcohol, (Z)-jasmone, trans-linalool oxide (fu-
ranoid), and trans-B-ionone [25,43]. Linalool oxide has a sweet scent, while geraniol,
phenylacetaldehyde, benzaldehyde, methyl salicylate, phenyl ethanol, and hexanal have a
flowery fragrance. Additionally, as indicated, the ingredients give black tea its characteristic
scent [44]. Forty-six aroma substances were identified in the two cultivars through GC-MS
analysis, with nine exhibiting significant differences. These include heptaldehyde, fur-
fural, 2,2,6-trimethylcyclohexanone, 2-pentadec-2-enylfuran, cis-3-hexenyl acetate, carveol,
methyl salicylate, 5-methyl-2-hexanone, and hexanal in black tea from the Yunnan, Fujian,
and Yichang regions [45].

The chemical compounds responsible for flavor and aroma in black tea are as follows:
linalool and linalool oxide are responsible for the sweet flavor and citrus/lemon odor.
Geraniol attributed rose odor and a floral flavor, and phenyl acetaldehyde is associated
with distinctive hyacinth notes and floral flavors. Benzaldehyde brings fruity and almond
smells—the fruity and minty smell given off by methyl salicylate, while phenyl ethanol is
the source of the fruity and honey smell. Hexanal brings the grassy and fresh smell [46].

The color and taste of black tea are associated with TFs and TRs produced by catechins
as they oxidize. They are responsible for giving black tea the dark color and astringent
taste. Linalool is responsible for a floral and sweet aroma in black tea. Black tea has
undergone complete fermentation (enzymatic oxidation), and its floral aroma contributes
significantly to the aroma’s complexity. This article examines some of the most significant
major fragrance components and their manufacturing technique (Table 2 and Figure 3).

Camellia sinensis black tea Camellia assamica black tea
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Figure 3. Main typical aroma compounds in black tea of Camellia sinensis and Camellia assamica.
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Black tea produced by Camellia sinensis and Camellia assamica contains a variety of

fragrance components, including:

>

>

L

The floral-smelling molecule linalool is typically found in black tea, among other
forms of tea. It improves the overall flavor and aroma of the tea.

Another floral component found in black tea is geraniol. It has a rose-like scent and
enhances the tea’s fragrant profile.

Black tea contains a chemical called cis-jasmone, which has a fruity scent. It contributes
to the tea’s characteristic aroma.

Black tea typically contains the chemical methyl salicylate, which smells like winter-
green. It imparts a pleasant, minty undertone to the entire smell.

Black tea contains the chemical frans-2-hexenal, which has a grassy, green scent. It
adds to the tea’s energizing, earthy aroma.

Black tea includes a component known as furfural, which has a distinctive caramel
aroma. It imparts a sweet and roasted note to the entire scent.

Black tea is given a sweet and floral aroma with benzyl alcohol.

Black tea contains benzyl acetate, which contributes to black tea’s fruity and flo-
ral aroma.

2.1. The Main Processing Technologies of Black Tea

Black tea scent is created by a complicated process that includes numerous phases

and chemical reactions. Tea leaves undergo a series of steps during processing, including
withering, rolling, fermentation, and drying (Figure 4).

Removes waters in

Witherin
fresh tea leaves. * 9

will break the leaf cell
and can push out cell
sap, promoting the
enzymatic oxidization
of polyphenols.

® Rolling

The series of chemical
changes that happen
under the assistance of
enzyme

®Fermentation

The moisture level of
tea leaves are brought

down to 3-5%. The
enzyme activities
stop

® Drying

Figure 4. Tea Processing stages.

2.1.1. Withering

Fresh tea leaves (Camellia sinensis) are first withered by being exposed to air, having

their moisture content decreased from 76 to 60-62%. Enzymes (phenol oxidase) in the
tea leaves break down materials, including proteins and polyphenols, during withering
and producing volatile compounds. High-molecular-weight phenol oxidase forms with
catechol oxidation activity are typically generated during this step [49]. The withering
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process in black tea manufacturing plays a pivotal role in controlling the development of
terpenoids, leading to an enhanced flavor quality in brewed tea. This process significantly
influences black tea’s aroma and overall sensory characteristics [50]. The withering proce-
dure encourages the softness of the tea leaves, and postharvest enzymatic reactions start to
take place, which accelerates the chemical changes [51].

2.1.2. Rolling

Rolling is the next process after withering the leaves to liberate more volatile chemicals.
Tea leaves (Camellia sinensis) that have withered are ruptured during the rolling process,
which also damages the tea cells and releases oxidase, which initiates oxidation. The
oxidation of the green tea leaves causes them to become bright copper in color while
rolling. This technique determines the black tea’s curling. The cell walls of the leaves are
destroyed during this process, allowing the enzymes and other chemicals to mingle and
interact more easily. Fresh tea leaves will have their surfaces curled and disrupted by a
light rolling motion and most TFs are produced during rolling [52]. Black tea’s aroma is
largely produced by the hydrolysis of glycosidically bound fragrance precursors because
the structure of the leaf cells is changed, and the substances are completely mixed during
the rolling process [53]. A deep rolling may promote the release of endogenous enzymes
and tea extract, causing the tea polyphenols and polyphenol oxidase (PPO) to mix in black
tea [52].

2.1.3. Fermentation (Enzymatic Oxidation)

Fermentation plays an integral role in the black tea (Camellia sinensis) manufacturing
process, exerting significant influence over the ultimate quality of the finished tea product.
Unfermented tea leaves undergo a remarkable transformation during this critical phase,
shifting from their initial green hue to a rich, coppery brown. Simultaneously, the grassy
aroma evolves into a more delicate floral scent. This transformation hinges on a complex
series of biochemical reactions, with the precise timing of fermentation cessation being
paramount. Proven criteria are required to conclude the fermentation at the right moment,
as both under-fermentation and over-fermentation can result in a decline in the quality of
the final tea product [54]. Essential oils and amino acids are some examples of volatile and
non-volatile substances, respectively [55].

Fermentation is the most crucial of the various stages of black tea manufacturing.
This step delves into the process of protein degradation and the metabolic pathways of
proteinaceous amino acids during enzymatic reactions that occur throughout fermentation,
elucidating their impact on tea quality [56,57]. Enzymatic oxidation, sometimes referred
to as fermentation, is the stage of tea processing that happens when the tea leaves’ cell
walls disintegrate and their interiors become airborne. Oxygen exposure triggers a chemi-
cal interaction with the polyphenol-containing organic enzymes found inside the leaves.
Among these enzymes, polyphenol oxidase is the most significant. Depending on the
situation, the fermentation time is a crucial parameter in the production process of black tea
(Camellia assamica). Some researchers focused on compounds like TFs and TRs and found
that the ideal fermentation period for black tea changes depending on the type of fresh
leaves utilized [44,58]. Enzymatic processes in tea leaves accelerate during fermentation,
reducing the amount of bitter and astringent chemicals [47]. An electronic nose equipped
with quartz crystal microbalance sensors can be used to track the ideal period for black
tea fermentation since the fermentation process alters the fragrant volatiles in the tea [56].
Although fermentation is the term used to describe the part of the tea processing where the
tea is left to brown and cure, this is actually a misnomer. When biological agents like yeast
or bacteria break down organic material, taste, alcohol, and carbon dioxide are produced.
This is known as true fermentation.
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2.1.4. Drying

The last step is the drying process in black tea (Camellia sinensis), which ends the
fermentation process and concentrates the volatile components that give the tea its aroma.
The leaves are moved via “tiered dryers” on metal conveyor belts at the peak of the
fermentation process. The tea is dried in heated air at 80-90 °C for about 20 min, which
causes the cell fluid to adhere to the leaves and gives the tea its deep brown to black color.
The leaves have a final humidity of between 5 and 6%.

Different drying techniques can result in the formation of various volatiles. Drying
plays a crucial role in tea production as it can greatly affect the aroma of the tea due to
the volatile chemicals created, altered, or lost by the tea molecules [59]. Some researchers
investigated the effects of different drying techniques, such as conventional hot-air drying,
microwave drying, far-infrared drying, halogen-lamp drying and halogen lamp-microwave
combination drying processes in black tea. The study’s findings suggested that black
tea that was microwave-treated exhibited the most favorable outcomes. In addition to
flavonoids, essential oils and amino acids play pivotal roles in defining tea’s characteristic
taste and aroma. Notably, the content of essential oils increases during the withering, rolling,
and fermentation phases, diminishing during the drying step. However, this decline is
compensated for by the Maillard reaction, an interaction between amino acids and sugars
during drying that contributes positively to the tea’s flavor and color [60]. Hot-air drying is
the most widely utilized drying technique for black tea. Following oxidation, rolling, and
withering, hot air is used to dry the tea leaves in a regulated setting. In order to obtain the
desired taste and fragrance profiles, this method is frequently used in the manufacture of
black tea since it provides for fine control over temperature and humidity. Hot-air drying
has gained popularity because it is more effective and can maintain consistent tea quality,
even if traditional air drying is still utilized in some areas. Traditional drying techniques
using hot air provide benefits such as ease of use and low cost, but have drawbacks such
as extended drying times and significant nutritional loss. Drying takes place for about
10-15 min at 130-150 °C, followed by cooling outside of the drying apparatus for an hour,
and finally drying for about 10 min at 80-90 °C.

2.2. The Formation Pathway of Critical Aroma Compounds

Many volatile substances, such as aldehydes, ketones, hydrocarbons, and terpenoids,
contribute to black tea’s scent. These aromatic chemicals are created during tea preparation
through a complicated series of chemical interactions (Figure 5). The volatile compounds
that give finished teas their scents can be present in freshly picked leaves and those
produced during production from precursors [12,61,62].

Tea
Fragrar.lce Taste (Non-
(volatile :
volatile)
compounds)

Maillard

reaction

|
| [
Carotenoids Lipids Glycosides AL
l \ l l precursors.

Figure 5. The formation pathway of critical aroma compounds.
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Volatile terpenoids (VTs), volatile fatty acid derivatives (FADVs), volatile amino acid
derivatives (AADVs), and carotenoid-derived volatiles (CDVs) are the four main groups
of tea volatiles based on their sources of synthesis [9,20]. When tea is processed, hydro-
lases like B-primeverosidase liberate volatiles typically attached to glycosidic chains in
the fresh tea leaves [63]. Notably, specific compounds known as glycosidically bound
volatiles (GBVs) play a significant role in the scents. According to Schwab et al. [61],
these molecules consist of a sugar molecule attached to a volatile molecule. The degrada-
tion of carotenoids significantly increases the concentration of volatile flavor compounds
(VEC), like B-ionone, a-ionone, -damascone, and a-damascone, during the black tea leaf
fermentation process [64].

Catechins and other flavonoids found in new tea leaves undergo oxidative degradation,
which is the first step in synthesizing fragrance compounds in black tea. Tea leaves are
stretched out and exposed to air when withering, which causes some of the polyphenols to
oxidize partially. The polyphenol oxidase (PPO) enzyme catalyzes this oxidation process.
The catechins are consequently transformed into intricate secondary metabolites like TFs
and TRs. During metabolic processes, young isolated leaves undergo hydrolysis of proteins,
fatty acids, glycosides, and other polysaccharides [65,66]. These compounds operate as the
substance for the ultimate development of the tea’s flavors.

The taste and aroma of black tea are greatly affected by the presence of TFs and TRs.
They are oxidative condensation products of catechins, diverse and highly polymerized
molecules. TRs are dark brown to black pigments, whereas TFs are yellow to orange-
red pigments with an astringent taste [10,67]. The tea leaves are dried and rolled in the
final stage of processing, which results in the creation of scent molecules. Intriguingly,
the Maillard reaction (a non-enzymatic browning reaction involving amino acids and
reducing sugars) occurs during this step and produces furfural, a furan-like substance. This
compound is responsible for the sweet and caramel-like fragrance that is a defining feature
of black tea. Furthermore, B-cyclocitral imparts a refreshing fruity aroma to tea [22].

The fermentation process of black tea can produce many aroma components. In
order to understand the creation of scent in black tea, a comprehensive analysis must be
conducted to identify the key volatile molecules (FADVs, AADVs, VTs, or CDVs) involved
in the fermentation process. This process is responsible for black tea’s sweet, floral, and
fruity fragrances. For instance, by raising the quantity of appropriate precursors in fresh
leaves by cultivation techniques, it could be used to enhance black tea’s scent quality [13].

2.3. The Variation in Critical Aroma Compounds during Processing

The quality of black tea can be enhanced by improving the processing methods. During
the processing of black tea leaves (Camellia sinensis L.), intricate chemical changes take
place [68]. The use of partial least-squares discriminant analysis and odor activity value
analysis determined the five key components, including 3-carene, geraniol, B-myrcene, -
cadinol, and B-ionone. In addition, a sensory investigation revealed that withering—shaking
resulted in a black tea (Camellia sinensis) with a fruitier flavor while withering-withering
produced a more floral taste [69].

During the rolling and fermentation of black tea (Camellia assamica), linalool, methyl
salicylate, and C4-aldehydes produce a rose-like flavor, whereas unsaturated fatty acids
decrease. During the withering and fermentation of black tea (Camellia assamica), trans-2-
hexenal increases while cis-3-hexenal decreases [67,70]. Fruity and floral fragrances are
significantly influenced by the volatile derivatives of phenylpropanoid/benzenoid [71].
According to Wang et al. [72], the fermentation process alters the chemical composition
of tea, resulting in changes to its profile and volatile compounds. The sum of the five
volatile chemicals (E)-benzaldehyde, indole, methyl-5-hapten-2-one, methyl salicylate, and
2-hexenal, were demonstrated to be capable of distinguishing between fermented and
unfermented teas. According to Wu et al. [73], certain flavor components had dramatically
different contents. Variously fermented teas suggested that certain active ingredients may
distinguish different fermentation levels.
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During withering, the breakdown of proteins may result in higher levels of amino acids.
Proteins are broken down by an enzyme called peptidase [74]. Glycoside-bound volatiles
in tea leaves (Camellia sinensis) are converted into free volatiles by B-primeverosidases,
B-glucosidases, and glycosyl transferases, as extensively researched and functionally char-
acterized [75,76]. It is essential to follow certain rules to fully appreciate the various sensory
qualities of black tea, such as its color, aroma, taste, and health benefits. It is crucial to
carefully monitor the fermentation process [44].

2.3.1. The Effects of Manufacturing Parameters on Critical Aroma Compounds

According to the research, the quality of tea leaves changed after processing due
to considerable changes in the composition and concentration of the chemicals in tea
leaves [7]. Black tea processing involves several chemical reactions that significantly
alter the tea’s flavor and aroma profile. Some of the essential fragrance molecules and
how they change as black tea (Camellia sinensis) is processed are as follows. Linalool: A
terpene alcohol called linalool is responsible for black tea’s flowery and zesty scent. During
the withering process, the concentration of linalool, a flavonoid glycoside compound,
rises but falls during later processing phases. As the withering process progresses, the
concentration of linalool, a flavonoid glycoside compound, increases. However, during
the later processing phases, it decreases [77]. Geraniol: A terpene alcohol with a rose-like
scent in black tea. During withering and fermentation, geranyl pyrophosphate oxidizes
to produce geraniol. Its concentration increases in the first stages of fermentation [78].
Benzaldehyde/Phenylacetaldehyde has an almond-like, sweet scent in various nuts and
fruits. This compound contributes to black tea’s nutty and fruity notes in its aroma [79].

The volatility of black tea may be affected by the temperature of the fermenting process.
The relative volatile content might be more volatile at higher fermentation temperatures,
including alcohols and alkenes at 31 °C, and esters and alkanes at 28 °C [80]. The process
of withering can significantly impact fragrance components, for instance, increasing the
concentrations of nerol, hexyl alcohol, and (E)-2-hexenoic acid, as well as increasing salicylic
acid, benzyl alcohol, (Z)-2-pentenol, (E)-2-hexenal, and benzaldehyde acid and other
aroma compound precursors [63]. According to Vuong et al. [81], amino acids contribute
significantly to black tea’s nutritional value and overall quality. Lipoprotein synthesis
is also crucial for aroma compound production [82]. Lipids degrade, which results in a
drop in unsaturated fatty acid content to produce fragrance chemicals through oxidative
cleavage during withering [83]. According to Soheilifard et al. [84], sensory evaluations
revealed that withering the tea leaves for 16 h resulted in superior sensory quality attributes
in the final tea product. This rolling action facilitated the release of sap and essential oils
from the tea leaves, ultimately enhancing the tea’s flavor. According to Zheng et al. [85],
fermentation increased the amounts of methyl salicylate and linalool, with its distinctive
scent. The amount of (E)-2-hexenal chemicals was reduced by drying [68]. During the
rolling and fermentation processes, there was a concurrent increase in trans-2-hexenal,
linalool, and methyl salicylate. Regrettably, most of these volatile compounds were lost
during the firing [65].

The quality of black tea greatly depends on the fermentation stage during processing.
The suitable temperature of 28 °C is crucial for black tea fermentation. If the fermentation
is carried out at high temperatures and for a longer duration such as 2—4 h or 55-110 min, it
results in black tea with high levels of TF and intense color. However, when fermentation
takes place at high temperatures, it leads to higher TR and total color levels, with lower
values of TF, sensory rating, and brightness. Research showed that during the drying,
the final step in tea production, the tea leaves were exposed to high temperatures over
an extended period. As a result, more volatile chemicals were lost during the drying
process, but the overall content of volatile compounds increased [86]. The main fragrance
components in tea leaves converged and gathered throughout the drying process, creating
its distinctive aroma [87]. The tea’s aroma was greatly influenced by processing, and a
thorough examination of how the tea aroma changed throughout processing substantially
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impacted how the tea was processed. The tea aroma quality formation depends on the tea
leaves’ volatile compounds.

2.3.2. The Effects of Season, Horticultural Practice, and Growing Area on the
Aroma Compounds

Liu et al. [88] investigated how varying seasons exhibited distinct volatile chemicals
and aroma precursors of Yingde black tea (Camellia assamica). The types and quantities of
volatile compounds typically exhibited a declining trend followed by an increasing trend
when the harvesting season changed, confirming that the development of tea scent is a
dynamic process. Moreover, using large amounts of nitrogen fertilizer raised the amount
of unsaturated fatty acids and decreased the aroma of black tea. To make high-quality tea
requires the provision of the necessary amounts of macronutrients, nitrogen, phosphorus,
and potassium along with other minor nutrients, since the quality of tea is strongly cor-
related with caffeine, catechins, amino acids, and volatile compounds in harvestable tea
shoots (two or three succulent leaves along with a bud) [89]. Some researchers effectively
determined the distinct scent compounds linked to distinct tea origins, offering insightful
information about the aroma qualities of black teas from several geographical areas [90].

2.4. The Health Benefits of Critical Aroma Compounds of Black Tea
2.4.1. Neuro-Regulation Effects

Some evidence indicates the beneficial effects of black tea (Camellia sinensis) consump-
tion on mental alertness, planning abilities, and work-related focus [91].

The aging process represents a significant risk factor for neurodegenerative conditions
such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral
sclerosis (ALS). Remarkably, black tea, a caffeine beverage, exhibits an inverse association
with Parkinson’s disease risk. This investigation was carried out within the context of
the Singapore Chinese Health Study, scrutinizing various factors about the occurrence
of Parkinson’s disease [92]. A research initiative, spearheaded by Associate Professor
Louis Tan, a Senior Consultant at the Department of Neurology within the National
Neuroscience Institute (NNI), in collaboration with other neurologists from NNI, found
that black tea may harbor neuroprotective agents that contribute to its beneficial effects
against Parkinson’s disease [93]. Regular consumption of black tea may lower the risk of
developing Parkinson’s disease. The concept of combining iron chelation with antioxidant
therapy emerges as a promising approach for neuroprotection. Tea flavonoids (black tea)
have gained recognition for their potential to chelate divalent metals, exhibit antioxidant
properties, and demonstrate anti-inflammatory effects. They possess the capacity to traverse
the blood-brain barrier, guarding against neuronal death in diverse cellular and animal
models of neurological diseases [93-95].

2.4.2. Anti-Microbial Effects

Tea’s (Camellia sinensis) antibacterial and antioxidant properties were attributed to the
main mechanism by which fermentation enhances antioxidant activity which is the produc-
tion of more free and absorbable phenolic compounds and flavonoids as a consequence of
tea processing. Additionally, fermentation causes the structural disintegration of plant cell
walls, which releases or synthesizes a variety of antioxidant chemicals. After fermentation,
the caffeine content is slightly reduced, improving the tea’s flavor. Additionally, the range
of aromatic compounds expands after fermentation, giving the tea a fresh aroma [96].
These teas (Camellia sinensis) have anti-inflammatory and weight-loss properties. They also
contain L-theanine, which can regulate brain activity and human attention [97]. Black tea’s
caffeine might also improve mental clarity.

Maintaining a healthy gut can help prevent various illnesses and health issues. Drink-
ing black tea (Camellia assamica) might increase the number and type of beneficial intestinal
microorganisms. The tea polyphenols may serve as probiotics and food for the beneficial
bacteria in the gut. Additionally, these polyphenols may stop the development of other
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dangerous bacteria in the gut. In addition to possibly lowering the incidence of colorectal
and esophageal /stomach malignancies, black tea may help heal stomach ulcers [98]. Most
bacteria have the potential to cause illnesses and even death. Black tea’s phytonutrients and
antioxidants may have antibacterial characteristics [99]. Black tea (Camellia sinensis) has an-
tioxidant and antibacterial qualities that shield against staphylococcus infections [100,101].
Black tea’s fluoride also prevents tooth caries [102]. Consequently, drinking black tea
(Camellia sinensis) may also benefit oral health.

According to Del Rio et al. [103], higher dietary phenolic intake has been linked to
lower risks of various chronic diseases. Tea’s antioxidant and antibacterial properties are
improved after fermentation. Microbially fermented tea also possesses anti-inflammatory
and weight-loss properties. Microbially fermented tea has positive medicinal and physio-
logical benefits when consumed over time. Fermented tea’s anti-microbial qualities have a
promising future in food preservation [20]. Amino acids affect the nutritional value and
quality of black tea. Fermentation is the process that is most important in the creation of
black tea.

Numerous studies indicate that tea can enhance psychological and neurological func-
tions. Recent research reveals that tea catechins can enter the brain and protect neurons
from cell death caused by neurological diseases. This is due to their antioxidant, anti-
inflammatory, and divalent metal-chelating properties, as demonstrated in animal and
cellular models [104]. As the polyphenols in black tea are said to prevent the formation of
dangerous germs, drinking black tea also performs an antibacterial function [105]. Another
study that showed a notable reduction in the growth of various dangerous bacteria offers
further evidence of the antibacterial capability of black tea components [106].

2.4.3. Digestive Tract Protective Effects

The polyphenols in black tea (Camellia sinensis) prevent obesity by limiting fat and
complex sugar digestion and absorption. Tea aroma components, notably TFs, exhibit
strong antioxidant action. In the digestive system, they can aid in scavenging dangerous
free radicals that can cause cell damage and raise the possibility of developing digestive
problems like gastric ulcers and colorectal cancer [107].

Certain tea fragrance components, such as catechins and theanine (Camellia sinensis),
have been discovered to have antibacterial activities. In the digestive tract, they can stop
the formation of dangerous bacteria like Helicobacter pylori, which is linked to gastric
ulcers and gastritis. Tea aroma components can support the maintenance of a healthy
balance of gut flora and safeguard the digestive tract by preventing the overgrowth of these
bacteria [108,109]. Theanine is crucial for the T-cell-mediated immune system’s efficient
operation since it helps keep these cells activated. A biologically active substance called
theine has been shown to activate the central nervous and cardiovascular systems, relax
blood vessels, enhance digestion, increase circulation, and stop platelet aggregation [110].

For gastroprotective effects it has been demonstrated that tea (Camellia sinensis) aroma
chemicals, such as tannins, have gastroprotective properties. They may be able to fortify
the mucosal lining of the digestive tract, acting as a defense against harm from irritants
and stomach acids. This step can help prevent gastroesophageal reflux disease (GERD)
and stomach ulcers [111]. By encouraging the release of gastric juices, regulating intestinal
flora, which lowers the risk of gastrointestinal disorders, and activating peristaltic motions,
organic acids aid in digestion [110].

3. Conclusions

Tea has been made from tea (Camellia sinensis) leaves for over 50 centuries. Tea
plant varieties mainly belong to two major groups: Camellia sinensis var. sinensis (CSS;
Chinese type) and Camellia sinensis var. assamica (CSA; Assam type). Both types of tea have
distinctive fragrance profiles that add to the special qualities of black tea. The interplay
of numerous metabolic pathways is a complex process that results in the synthesis of
fragrance molecules in black tea. When making black tea, the process of fermentation
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is essential because it causes the leaves to oxidize. This process causes some chemical
molecules, like catechins, to break down while creating other ones, including TFs and TRs.
These substances help give black tea its distinctive flavor and aroma.

The significant fragrance components present in various kinds of black tea belong
to Camellia sinensis var. sinensis and Camellia sinensis var. assamica, covered in this article.
Overall, several procedures and chemical interactions are needed to produce the scent
of black tea. In conclusion, the Maillard reaction, fermentation, oxidative degradation of
catechins, oxidative condensation of TFs, and TRs all contribute to creating important scent
components in black tea. The essential elements of the black tea scent are currently being
processed. According to sensory analysis, the scent of black tea from Camellia assamica is
comparable to that of the more well-known Camellia sinensis.

> Notwithstanding, there are a few subtle variances in the aromatic patterns of both
types of tea. For instance, black tea from Camellia assamica often has a stronger,
maltier aroma than Camellia sinensis. Furthermore, according to the cultivar and
specific growing conditions, Camellia assamica teas have a slightly fruity or floral
aroma. Conclusively, the aroma sensory analysis of black tea from Camellia sinensis
and Camellia assamica involves the analysis of volatile compounds formed during
tea processing.

Numerous fragrance components in black tea have been shown to provide a range
of health advantages. The aroma of black tea can activate the nervous system, increasing
energy and improving mental clarity. The aromatic elements in black tea may benefit the
digestive tract. They can aid in maintaining a healthy gut environment, promote healthy
digestion, reduce digestive problems, including bloating and indigestion, and increase
immunity. Black tea’s aromatic constituents may help to relax the body and mind. They
can aid in lowering tension and stress and fostering relaxation, all of which can benefit
mental health. While black tea may have many health advantages, it is crucial to remember
that individual responses may differ, and excessive drinking should be avoided because it
may have negative consequences, including a faster heartbeat, sleeplessness, or digestive
problems. All in all, researchers, tea experts, and enthusiasts interested in black tea’s
sensory evaluation and aroma development will find this review useful.
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