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Editorial

It Runs in the Family: The Importance of the Lamiaceae
Family Species

Antonios Chrysargyris

Department of Agricultural Sciences, Biotechnology and Food Science, Cyprus University of Technology,
3603 Lemesos, Cyprus; a.chrysargyris@cut.ac.cy

Medicinal and aromatic plants (MAPs) are becoming increasingly popular in industry,
education, agriculture, and health disciplines due to their extensive collection of bioactive
chemicals that enhance biological activity in vitro and in vivo. This trend is occurring
because MAPs secondary metabolites contain significant antioxidant, anti-inflammatory,
antibacterial, antiviral, and anticancer properties and biological activities that outperform
many regularly used both synthetic and natural antioxidants [1,2]. These features are due
to the abundance of various component groups (phenols, flavonols/flavonoids, alkaloids,
polypeptides, vitamins, catechins, phytoestrogens, carotenoids, chlorophyll, minerals, etc.).

The Lamiaceae (Labiatae) family is one of the most significant groups of flowering
plants, with a diverse range of species with ecological and medicinal applications. They
are primarily herbs and shrubs with a fragrant perfume and a high level of beneficial
substances used in natural therapy. Lamiaceae is a significant plant family with 250 genera
and over 7000 species. The major genera in this family include Salvia, Scutellaria, Stachys,
Plectranthus, Hyptis, Teucrium, Thymus, Vitex, and Nepeta. The most well-known examples
include thyme, mint, oregano, basil, sage, savory, rosemary, hyssop, and lemon balm, all
of which are aromatic spices, as well as a few others with more limited applications [3].
Lamiaceae species are diverse and widely distributed across several environments but
are particularly abundant in the Mediterranean basin [4]. Species from this family are of
enormous economic value on a global scale, having numerous applications, including food,
cosmetics, flavoring, perfumery, pesticides, and pharmaceuticals [5].

The present Special Issue “It Runs in the Family: The Importance of the Lamiaceae
Family Species” compiles 11 original research articles addressing the recent developments
in growing plants in soilless culture, i.e., hydroponics and aquaponics, the changes on plants
secondary metabolites under environmental stressors and cultivation practices, landrace
maintenance and sustainable agriculture, the effective way of individual compounds
identification and extraction methods, as well as the preservative role of essential oils (EOs)
and natural compounds on fresh produce and stored grains. The present Special Issue
contains scientific papers of high-quality standard coming from several prestigious and
renown research groups.

The collection provides insights on the plant extracts and natural compound composi-
tion and their role in human health by inhibiting scavenging reactive oxygen species (ROS),
stimulating the production of melanin, and absorbing UV radiation. Tsitsigianni et al. [6]
investigated the biological activities of different extracts/infusions from ten Lamiaceae
species with a rich phytochemical profile, exploring the cytotoxic, photoprotective, antioxi-
dant, and wound-healing properties of different compounds. In that study, five compounds
were isolated and identified through NMR spectra, namely salvianic acid A, rosmarinic
acid, salvianolic acid K, luteolin-3-O-D-glucuronide, and hispidulin-7-O-D-glucuronide,
introducing their photoprotective and non-cytotoxic roles as well as providing a better
insight into Salvia officinalis and its bioactive constituents. In another study, Tomou et al. [7]
investigated the metabolic profiles of the infusions of four Stachys members (S. candida, S.
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chrysantha, S. leucoglossa subsp. Leucoglossa, and S. spinulosa) through NMR and HPLC-PDA-
MS analyses, detecting 26 compounds belonging to flavonoids, phenylethanoid glycosides,
and phenolic acids. Among them, chlorogenic acid was identified in all samples as one of
their main metabolites. Innovative inputs of this study were reports for the first time on the
metabolic characterization of S. spinulosa and discusses the chemotaxonomic significance
of such findings.

Standard techniques for extracting EOs from plants include cold pressing, hydro-
distillation, and steam distillation, but these technologies have limitations, including
extended extraction durations, high energy requirements, and solvent usage. Gavrila
et al. [8] investigated the combination of ultrasound and microwave techniques to enhance
the thyme EO extraction. It was found that using ultrasound pre-treatment and microwave
extraction processes, the extraction time was reduced by 72% compared to conventional
hydrodistillation. The benefits of using ultrasound pre-treatment revealed a 23% increase
in EO content when compared to extraction without pre-treatment.

Fresh produce preservation remains a challenge, garnering researchers’ interest in
the postharvest sector for alternative solutions due to uncontrolled spoilage and customer
concerns about synthetic food safety. Natural preservative means, including Eos, are
attracting interest nowadays, being easily accessible, environmentally safe, often less
expensive, and less dangerous for non-target organisms than chemical treatments. In
a study of Tzortzakis [9], Origanum dictamnus EOs were applied for the preservation of
pepper fruits against a widespread postharvest fungus, Botrytis cinerea, indicating a 6-day
lasting effect of the EOs vapor application on fresh produce preservation. In contrast to
sanitary dips, vapor treatment proved to be more effective in pepper fruit preservation.
However, on top of the antimicrobial properties of the EOs, fruit quality and safety are
also fundamental. To that direction, Xylia et al. [10] evaluated the effectiveness of EOs of
Lavandula angustifolia Mill. and Rosmarinus officinalis, their possible synergistic effects of
the EO mixture, and the role of their common main EO component (eucalyptol) for the
preservation of cucumber fruits. In that study, the appropriate EO levels were highlighted
to avoid any oxidative stress to the fresh commodities, and the synergistic role of the
different EO components was addressed in comparison to the main component, providing
new insights in natural-based sanitation solutions.

Fresh produce preservation is undoubtedly a challenge, but equally challenging is
the stored grain, including Avena sativa (L.), Hordeum vulgare (L.), Sorghum bicolor (L.),
Triticum aestivum (L.), and Zea mays (L.), as several opportunistic pests cause significant
losses. To that sense, Plata-Rueda et al. [11] evaluated the Origanum vulgare EOs against the
stored product beetle, Sitophilus granaries, and revealed that O. vulgare EOs affect different
biological functions in the insect, altering the behavioral pattern in terms of walking
distance and resting time, displaying repellency and respiration rates, and insect survival.
This represents a first step towards green pesticide innovation, opening new possibilities
for pest management in storage.

Plant growth condition and the cultivation practices are important for a successful
yield and quality of fresh commodities, with soilless systems being superior towards field
conditions. In a study of Hazrati et al. [12], the optimal mineral levels and harvesting
time for three Mentha species were determined, indicating that increased mineral levels
affected positively yield but the increased nitrogen concentration in nutrient solution had a
negative effect on specific quality parameters, such as higher NO3

− content, especially at
the third harvest time. Therefore, it is important to tailor the hydroponic nutrient solutions
to specific plant species and environmental conditions for achieving optimal yields and
quality in commercial mint cultivation. Another approach for sustainable crop cultivation is
aquaponics, which is considered a system that can use the water-containing residues from
fish production for producing plants. Albadwawi et al. [13] investigated the basil (Ocimum
basilicum L.) growth in aquaponics compared to soil systems, indicating aquaponics as a
sustainable system for both basil growth and increased antioxidant capacity of the plants
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when compared to conventional greenhouse cultivation, as plants were subjected to water
stress in aquaponics but enhanced their biochemical profiles.

During crop production, not only environmental conditions (heat, drought, wind, etc.)
and biotic conditions (pathogens, insects, etc.) but also cultivation practices (including
fertilization, irrigation, variety, etc.) can affect the crop yield and performance of plants. In
a study by Chrysargyris et al. [14], it was determined the impact of the cropping system
(conventional versus organic) and irrigation regime (full versus deficit irrigation) on Melissa
officinalis. Results of this work demonstrated that deficit irrigation is an environmentally
friendly approach that might be used in both conventional and organic Melissa officinalis
cropping systems, with the goal of reducing irrigation water use while compensating for
reduced herb yields with higher essential oil and polyphenol content. In another study
with water management efficiency, Yousefzadeh et al. [15] evaluated soil water availability
and effects of developmental stages of Thymus armeniacus and T. kotschyanus under water
shortage, concluding that cultivating T. armeniacus with adequate water availability leads
to higher yields. Under water scarcity, T. kotschyanus is the preferred choice due to its
drought tolerance, and selection of cultivars with resistance to abiotic or biotic stress factors
is important for crop production.

Another important issue raised in this Special Issue is the environmental and socioe-
conomic dimensions of the MAPs, focusing on the Lamiaceae family and exploring the
related local knowledge and cultural practices that influence their utilization for various
purposes. Ivanova et al. [16] investigated the Lamiaceae diversity in home gardens, and
semi-structured interviews focused on the cultivation, collection, and utilization practices
common among elderly inhabitants in rural Bulgaria. It was highlighted that home gardens
are important pools of plant genetic resources that should be preserved and further ex-
plored in the frame of the multitude of benefits provided by these plants, while traditional
culinary practices were found to sustain the diversity of local forms (landraces).

This collection of high-level scientific publications aims to stimulate discussion and
explore the potential of MAPs of the Lamiaceae family and their EOs in ecofriendly preser-
vative means and uses in different industrial sectors with optimized growth conditions,
extraction methods, and applications. Soilless cultivation methods can be introduced for
other medicinal, aromatic, or culinary species of ethnobotanical interest. These species may
have diverse bioactive capabilities that are not yet fully understood or utilized. Addition-
ally, farmers need to optimize all elements that affect yield and produce quality in order to
meet the high customer demand for high-quality food.

Funding: This work was funded by the Project “Opti-AromaQ” EXCELLENCE/0421/0299, which is
co-financed by the European Union and the Republic of Cyprus through the Research and Innova-
tion Foundation.

Conflicts of Interest: The author declares no conflicts of interest.
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Influence of Nutrient Solutions in an NGS® Soilless System
on the Yield, Quality and Shelf Life of Fresh-Cut Commercial
Mint at Different Harvest Times

Saeid Hazrati 1,2,*, Giuseppe Pignata 2, Manuela Casale 2, Seyyed Jaber Hosseini 3 and Silvana Nicola 2,*

1 Department of Agronomy and Plant Breeding, Faculty of Agriculture, Azarbaijan Shahid Madani University,
Tabriz 53714-161, Iran

2 Department of Agricultural, Forest, and Food Sciences—DISAFA, Horticultural
Sciences—INHORTOSANITAS, Vegetable Crops and Medicinal and Aromatic Plants—VEGMAP,
University of Torino, 10095 Grugliasco, Italy; giuseppe.pignata@unito.it (G.P.); manuela.casale@unito.it (M.C.)

3 Department of Agronomy, Faculty of Agriculture, Tarbiat Modares University, Tehran 14115-336, Iran;
jaberhosseini@yahoo.com

* Correspondence: saeid.hazrati@azaruniv.ac.ir (S.H.); silvana.nicola@unito.it (S.N.)

Abstract: The optimal fertilizer concentration for Mentha plants is contingent on the growing systems
and harvest time, serving as operational solutions to control and enhance quality and yield. This
study aimed to determine the effects of three macronutrients concentration in hydroponic nutrient
solution (HNS) during three harvest times on the growth, quality, yield, and shelf life of three mint
species (M. spicata L. var. viridis (MV); M. piperita L. (MP); M. spicata L. var. rubra (MR)) grown
in a New Growing System (NGS®). Total dry matter (DM), nitrate (NO3

−), phosphate (PO4
3−),

and calcium carbonate (CaCO3) concentrations were increased with the addition of higher levels of
nutrient fertilization in three species. When the ion concentration of the HNS was increased, total
fresh yield decreased. The highest total bacterial count (TBC) was obtained in MR species in the three
harvests in all the levels of HNS. The lowest browning potential (BP) and soluble o-quinone (So-Q)
levels were observed at second harvest in the MR species with the application of one of the two HNS
high in nitrogen (N). In conclusion, the combination of optimal HNS ion concentration and appropriate
species is considered essential to obtain suitable yield, quality, and ensure shelf life of mint.

Keywords: biochemicals; fertilizer; Mentha sp.; post-harvest quality; soilless system

1. Introduction

The demand for medicinal and aromatic plants as sources of phytochemical composi-
tion in the food, medicine and cosmetic industries has recently increased [1]. In medicinal
and aromatic plants, growth, yield, phytochemical composition, and shelf life are influenced
by various environmental factors, growing practices, and nutrient supply [1,2].

Mint belongs to the Lamiaceae family, which are stoloniferous or rhizomatous, annual
or perennial, medicinal plants that constitute one of the most popular aromatic plants in
the world [1]. The genus Mentha is characterized by 62 taxa belonging to 18 species and
11 hybrids worldwide [3]. Also, an increasing number of mint cultivars are constantly
being introduced. Mint species and cultivars differ widely in their characteristics, such as
plant appearance, flavour, and architecture [2].

As described in the literature, the genus Mentha has been used in ethnomedicine
for the treatment of bronchitis, flatulence, anorexia, nausea, ulcerative colitis, and liver
problems due to its anti-emetic, anti-inflammatory, antispasmodic, sudorific, analgesic,
and stimulating activities [2,3]. Moreover, it is well reported in the literature that some
Mentha species, including M. spicata and M. piperita, possess antimicrobial and antioxidant
activities [4,5]. Mint species have a wide global dispersal and are extensively cultivated in
temperate or subtropical climates in the Mediterranean region, America, China, Europe,

Agronomy 2024, 14, 610. https://doi.org/10.3390/agronomy14030610 https://www.mdpi.com/journal/agronomy5
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India, and Brazil. Mint can be grown outdoors or in controlled environments, but in colder
climates the year-round production is more possible in controlled environments [3,6].

The Piedmont Region (Italy) is famous for its production of the Lamiaceae genera. The
main local species is black peppermint (M. piperita L. var. officinalis forma rubescens Camus),
but other mints are also cultivated, such as red spearmint (M. spicata L. var. rubra) and
M. spicata L. var. viridis (syn. M. viridis Auct.) [7].

Nowadays, the demand for fresh mint has increased, and it is necessary to find sustain-
able and efficient systems for its cultivation. One solution can be using the soilless culture
systems (SCSs) which have several advantages compared to the traditional culture system
(TCS) in soil which include an increase in yield, cost-efficiency of fertilizer application and
water, lower use of products for plant protection, and lower environmental pollution [8].
Because of the water shortage and land availability, it is highly recommended to conduct
more investigations on the SCSs and their potential [9].

SCSs represents an interesting approach to growing plants efficiently because they
allow for the precise control of plant nutrition [10]. The concentration, composition, and
interval of application of the HNS used in the SCS are among the main variables/factors
in the success of crop production [11]. The regulations of these factors are of utmost
importance because high concentrations of nutrients induce nutrient imbalance, osmotic
stress, and ion toxicity, while low concentrations usually lead to nutrient insufficiency
stress [12]. As SCSs are highly productive in high plant densities and short culture cycles,
they are frequently used for the production of high-value-added crops [9,13]. Moreover,
SCSs allow for a reduction in the use of products for the plant protection contributing to
the potential decrement of the environmental pollution [14]. There are several settings
of SCS which are typically used all over the world, mainly including floating systems,
aeroponic systems, pot systems, the nutrient film technique (NFT) system, and others
derivatives [8]. The New Growing System (NGS®) is a SCS similar to NFT based on
the recirculation of water in a closed-cycle system of the HNS through a multi-channel
film [9]. The multilevel system has been developed to favour HNS aeration and avoid the
bung effect due to root growth. The HNS can be pumped into the system intermittently
according to the growth conditions and the plant needs [15]. One advantage of the NGS®

is the reduced volume of HNS necessary for plant production. This, consequently, reduces
the energy required by the system both for the recirculation and the maintenance of the
optimal water temperature [9,16]. Concerning the safety aspects, as in other SCSs [17,18],
microbial contamination might be better controlled in NGS® than in TCS in the open
field [8]. Therefore, the optimum fertilization regime is important for improving growth,
yield, and quality, as well as reducing production costs of aromatic plants [11,12].

Aromatic plants grown in SCSs require an accurate setting of water and nutrient
management because the buffer effect of the substrate is minimum while the plant density
is high. Hence, the optimization of the nutrient supplementations is necessary for the
farmers to quantitatively and qualitatively maximize their production. Also, the nutrient
concentration in the HNS used in SCSs is one of the most important factors for improving
crop production [19].

Similar to other aromatic plants, in the cultivation of mint, the HNS can affect the
plants appearance, growth, nutritional value, and shelf life. Several authors have presented
experiments on mint with the aim of determining the best relation between the ratio of
essential nutrients with plant growth and yield [20,21].

It is well established that in SCSs, the commercial production of aromatic plants
requires adequate and regular levels of macro-, meso- and micro-nutrients to provide
high-quality post-harvest characteristics required for long shelf life [11]. For instance,
supplementation of high levels of N usually leads to storage disorders quality loss in
post -harvest [22,23] and low contents of vitamin C, sugars, and dry weight [24]. Conversely,
a low level of N leads to a decrease in the growth of the aerial part. Also, some studies
indicated that utilizing N at higher values led to increased growth, yield, and essential oil
content. Consequently, this resulted in higher essential oil content, specifically an increased
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menthol content in the essential oil of M. piperita L. and M. spicata L., conversely, a deficit in
N application reduces mint growth [25,26]. On the other hand, potassium (K) is involved in
stomata closure and K deficit increases susceptibility to pathogens and may also interfere
with the absorption of calcium (Ca2+) [27].

In Italy, mint is usually cultivated in soil and the demand for the fresh-cut product
is increasing in processing industry, cooking, and home consumption. The cultivation of
mint in open fields gives yield only in a specific and limited period of the year (mainly
in summer). The setting of NGS® in the greenhouse may be considered as a solution to
alleviate the seasonal shortages of this crop. To the best of our knowledge, SCSs have not
been adequately considered in the cultivation of mint. An innovative growing system such
as NGS® can become an alternative to TCS in soil for mint cultivation to increase health,
quality (without soil pollutants), and yield of this plant. This may also help to standardize
the cultural practices and decrease the growing period and the production costs. Moreover,
NGS® may be suitable for continuous harvests, regrowth, and exploiting the same root
system [9]. The timing of harvesting significantly impacts the quantity and quality of mint.
The yield, quality characteristics, and shelf life in mint plants exhibit a species-specific
pattern, influenced by the expression of genes at various harvest stages. Consequently,
research has delved into the impact of growth stages on mint [25,26,28,29], shedding light
on their growth, yield, quality characteristics, shelf life, metabolites, and related biological
activities, including antimicrobial and antioxidant properties. Research indicates that the
timing of harvest significantly impacts both the yield and quality of M. piperita. The peak
yields are achieved at the commencement of flowering, particularly concerning drug leaf
yield, while optimal conditions for all other characteristics occur during the 100% flowering
period [29,30].

Another critical issue in the cultivation of leafy vegetables is the frequency distribution
of NO3

− concentrations [31]. Due to the adverse effects of NO3
− on human health, much

attention has always been paid to the accumulation of this ion in vegetables [32]. Therefore,
finding the best nutrition treatment to achieve a safe concentration of NO3

− (not harmful
to human health) is also considered in a part of our study.

The study aims to investigate the impact of varying N concentrations, specifically
at doses of 6 and 12 mmol·L−1, while maintaining constant levels of phosphor (P) and
K (2 and 6 mmol·L−1, respectively), or by doubling their concentrations in the HNS, on
the yield and quality traits of three mint species grown in NGS® in a greenhouse. The
evaluation also included assessing the shelf life of the fresh-cut product obtained from these
mint species. The hypothesis posits that manipulating macronutrient concentrations in the
nutrient solution will significantly influence the growth, yield, and quality characteristics
of the mint plants, ultimately affecting the shelf life of the fresh-cut product obtained.
Additionally, the study aims to address the issue of NO3

− concentration in leafy vegetables,
emphasizing the importance of finding optimal nutrition treatments that achieve safe
NO3

− levels, ensuring the produced mint is not harmful to human health. The results
of the research are expected to contribute valuable insights into the potential benefits of
using SCSs, particularly NGS®, for mint cultivation, offering a sustainable and efficient
alternative to traditional soil-based methods or other soilless systems.

2. Materials and Methods

2.1. Plant Material and Growing Conditions

The study was conducted at the Experimental Center of the Department of Agricul-
tural, Forest and Food Sciences (DISAFA) (44◦53′11.67′′ N; 7◦41′7.00′′ E—231 m a.s.l.), in
Tetti Frati, Carmagnola (TO), Italy, from January to July in an automatically controlled
greenhouse. A factorial in time experiment was carried out in a randomized complete
block design (RCBD) with three replications. The factorial design included two levels of
N (6 mmol·L−1 (N6) and 12 mmol·L−1 (N12)), and two ratios of P and K (constant
K-P and doubled, with levels of 2 and 6 mmol·L−1 (P2K6) and 4 and 12 mmol·L−1

(P4K12)). The plant materials used were commercial mints (M. spicata L. var. viridis (MV);
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M. piperita L. (MP); M. spicata L. var. rubra (MR) (S.A.I.S. S.p.A., Cesena (FC), Italy) prop-
agated from mother plant cuttings in 60-cell Styrofoam trays; then, the plants were sub-
sequently transferred into pots utilizing the Neuhaus Huminsubstrat N17, which is a
peat-based horticultural medium. Plant lets were kept at 20 ◦C day and night and were
overhead irrigated twice daily for 1 min (until transplanting). The nursery phase was
conducted following standard cultural practices. When the plants were at an appropriate
development stage, they were moved into a Lab-scale Pilot Plant (LSPP) based on the
NGS® technology [9]. Max, min, and mean temperatures during the growing period in the
greenhouse were 43 ◦C, 2 ◦C, and 17.3 ◦C, respectively.

During the cultivation in NGS®, four levels of HNS were tested (Table 1). Salts
(purity > 98%) were dissolved in tap water with a known salt content to create the HNS.
The tap water has an electrical conductivity (EC) of 440 μS·cm−1, with a pH of 7.5 and
24 ◦F of hardness. During the cultivation in NGS®, the nutrient solution was used in this
protocol, which contained the following macroelements: (NH4) H2PO4, (NH4)2SO4, K2SO4,
KH2PO4, Ca(OH)2, MgSO4, 7H2O NH4NO3, and microelements (Oligogreen 30 mg L−1

with the following composition: Fe EDTA: 2%, Mn EDTA: 4%, Zn EDTA: 3%, Cu EDTA:
1%, B: 0.05%, and Mo 0.05% and Kelagreen 10 mg L−1 with the following composition: Fe
11%, Mn 13%, Zn 14% and Cu 14%; Green Has Italia S.p.a., Canale d’Alba (CN), Italy) were
added to the HNS. All the HNS prepared had a ratio of 40/60 N-NO3

−/N-NH4
+. The EC,

pH, and temperature were measured in the HNS by means of a Waterproof CyberScan PC
650 (Eutech Instruments Pte Ltd., Singapore), equipped with an EC/temperature probe
(CONSEN9203J) and a submersible pH electrode (ECFC7252203B). The pH in the HNS
was monitored continuously and kept close to 5.5, while the EC was between 2.0 and
2.5 dS m−1. The temperature of the HNS was 20–25 ◦C, and the dissolved oxygen was
measured by using an oximeter (YSI 550A; YSI, Inc., Yellow Springs, OH, USA), and was
between ca. 7 and 9 ppm throughout the growing cycle. The total number of plants used
was ca. 360 (ca. 40 plants/m2).

Table 1. Hydroponic nutrient solutions (HNS) composition used in the experiment (mmol·L−1).
N6: 6 mmol·L−1; N12: 12 mmol·L−1; P2: 2 mmol·L−1; P4: 4 mmol·L−1; K6: 6 mmol·L−1, and K12:
12 mmol·L−1.

N6P2K6 N12P2K6 N6P4K12 N12P4K12

N 6.0 12.0 6.0 12.0
P 2.0 2.0 4.0 4.0
K 6.0 6.0 12.0 12.0
Ca 2.5 2.5 2.5 2.5
Mg 2.0 2.0 2.0 2.0

The experiment consisted of harvesting mint plants three times when the plants
reached a suitable maturity stage. After the first canopy harvest, plants were allowed to re-
grow twice with the aim of evaluating the system efficiency and having an alternative to the
common agronomic practice of the mint in the surrounding area [33]. Normal/conventional
cultivation practices consist of two annual harvests, one in early and one in late summer.

The first harvesting took place 37, 42, and 49 days after transplanting for MV, MR, and
MP, respectively, while the second harvesting took place 46, 37, and 43 days after the first
harvest, and the third harvesting took place 30, 37, and 30 days after the second harvest.
All the procedures followed the standard practices to obtain replicable and comparable
data, and the timing efficiency of the sampling procedures [9,34]. Upon the completion of
the harvest, the raw material was promptly conveyed to the post-harvest laboratory for
further analysis and the preparation of the fresh-cut products.
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2.2. Raw Material Analysis

The biometrical measurements recorded were the leaf fresh weight (LFW) per m2 and
LFW per plant. The dry matter (DM) was determined through a process of drying at a
temperature of 40 ◦C.

2.3. Weight Loss

Weight loss (WL) of fresh-cut products was determined by weighing the bags daily
during storage and it was calculated progressively based on the comparison with the
at-harvest (d0) value as an index of freshness decay.

2.4. Fresh-Cut Processing

Samples (50 g) were packaged in thermo-sealed bags (0.25 m × 0.35 m) that had
previously been prepared with polypropylene film (Alvapack S.r.l., Bologna, Italy). The
packaged specimens were maintained at a temperature of 4 ◦C for a duration of nine days
in refrigerated chambers, which were completely shielded from any form of light within
the display cabinet.

2.5. Headspace Analysis

Individual packages’ headspace gas composition was monitored using an O2 ana-
lyzer with an electrochemical ceramic oxide–zirconia detector (CG-1000, Ametek, Thermox
Instruments Co., Pittsburgh, PA, USA) and infrared CO2 detectors (Via 510, Horiba Instru-
ments Co., Irvine, CA, USA). Overall, 1 mL samples (per package) gas were measured, and
the results were reported as the mean of the three packages.

2.6. Leaf Colour

The measurement of leaf colour was conducted utilizing a CR10 colorimeter (Konica-
Minolta Sensing Inc., Osaka, Japan). The L* component signifies lightness, the a* component
represents values from green (−) to red (+), and the b* component represents values from
blue (−) to yellow (+). Prior to sampling mint leaves, the instrument underwent calibration
using a Minolta standard white reflector plate.

2.7. Tissue Ion and Salt Content

Nitrate (NO3
−), phosphate (PO4

3−) and calcium carbonate (CaCO3) contents were
determined using a refractometric kit (Merck Reflectoquant RQflex2©; Darmstadt, Ger-
many) following the manufacturer’s instructions. A frozen tissue sample (10.0 g) was
stomached with distilled water for 2 min and then filtered for refractometric measurement
and expressed as mg kg−1 LFW for NO3

− and mg g−1 LFW for PO4
3−, and CaCO3.

2.8. Browning Potential and Soluble o-Quinone Content

The browning potential (BP) and soluble o-quinone (So-Q) content were determined
from 5 g of frozen tissue according to the methodologies of Couture et al. [35] and Loaiza-
Velarde and Saltveit [36]. The results were stated as raw absorbance units (Abs340 and
Abs437 for BP and So-Q, respectively).

2.9. Microbial Analysis

The total bacterial count (TBC) was determined using the Plate Count Agar substrate
and the mould and yeast count (MC and YC, respectively) were determined using the Yeast
Extract Glucose Chloramphenicol Agar substrate. A total of 25.0 g of fresh tissue from
each sample was subjected to stomaching for a duration of 2 min at normal speed, using
225.0 mL of Ringer’s buffer. The resulting mixture was then diluted and subsequently
transferred into Petri dishes containing the selective substrate. The TBC was performed
after incubation for 48 h at 30 ◦C, while both MC and YC were performed after incubation
for 5 days at 30 ◦C. The results were expressed as colony-forming units (CFU) g−1 LFW.
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2.10. Experimental Design and Statistical Analysis

During the data analysis, the effects of various factors were determined through the
utilization of analysis of variance (ANOVA) employing the general linear model (GLM) pro-
cedure within the Statistical Analysis System (SAS 9.4) software. The PROC UNIVARIATE
function within SAS was employed to assess the assumptions of ANOVA, and it was deter-
mined that the residuals exhibited a normal distribution. To check significant differences
between the means, the least significant difference (LSD) test with p values < 0.05 was used.
In the case of significant interaction, the LS means procedure was used to compare significant
interactions. When an F-test indicated statistical significance at p < 0.05, the protected least
significant difference was used to separate the means of main effect and the significant inter-
actions were separated by the slicing method. When the interactions were not significant, we
only discussed the main effects. When the main effects, two-way, and the three-way interac-
tion effects of the traits were significant, we only discussed the three-way interaction effects or
when the main effects, or two-way interaction traits were significant, we only discussed the
two-way interaction effects.

3. Results

3.1. Quantitative Characteristics

The results of analysis of variance of DM, LFW, yield, and LDG are shown in Table S1.
The highest amount of LFW and yield in all HNS treatments was related to the third harvest
time. The results of HNS and harvest time interaction showed that the highest amount of
LFW was related to the application of N6P2K6 and N12P2K6 treatments at the second harvest
(29.99 and 30.04 g/plant, respectively), and the lowest amount of LFW was observed in the
application of N12P4K12 treatment at the third harvest time (11.76 g/plant).

The results of HNS and harvest time interaction showed that the highest yield
was observed in the application of N6P2K6 and N12P2K6 at the second harvest with
1199 and 1201 g·m−2, respectively (Table 2). In contrast, the lowest yield was observed in
the application of N12P4K12 at the third harvest with 470 g·m−2.

Table 2. Influence hydroponic nutrient solutions (HNS) and harvest time (first harvest: I harvest,
second harvest: II harvest, regrowth and third harvest: III harvest, regrowth) on the leaf fresh weight
per plant (LFW), leaf daily growth (LDG) and yield of mint species in a new growing system (NGS®).
N6: 6 mmol·L−1; N12: 12 mmol·L−1; P2: 2 mmol L−1; P4: 4 mmol L−1; K6: 6 mmol L−1 and K12:
12 mmol L−1.

HNS Harvest Time LFW (g/plant) Yield (g m−2) LDG (g/plant/d)

N6P2K6 I harvest 17.9 ± 1.3 cd 719.4 ± 52.9 cd 0.43 ± 0.03 c–e
II harvest, regrowth 29.9 ± 2.6 a 1199.5 ± 105.7 a 0.72 ± 0.07 a
III harvest, regrowth 21.9 ± 3.5 b 877.6 ± 138.3 b 0.67 ± 0.09 a

N12P2K6 I harvest 19.2 ± 0.9 bc 766.7 ± 36.4 bc 0.45 ± 0.02 cd
II harvest, regrowth 30.1 ± 2.0 a 1201.8 ± 80.2 a 0.72 ± 0.05 a
III harvest, regrowth 18.2 ± 2.1 cd 729.4 ± 85.1 cd 0.56 ± 0.06 b

N6P4K12 I harvest 13.6 ± 1.2 ef 544.7 ± 46.4 ef 0.32 ± 0.03 f
II harvest, regrowth 20.3 ± 1.9 bc 812.9 ± 79.2 bc 0.49 ± 0.05 bc
III harvest, regrowth 15.1 ± 1.7 de 605.9 ± 66.2 de 0.46 ± 0.04 c

N12P4K12 I harvest 14.3 ± 0.5 ef 571.5 ± 20.0 ef 0.34 ± 0.01 ef
II harvest, regrowth 20.1 ± 1.7 bc 802.8 ± 66.9 bc 0.49 ± 0.03 bc
III harvest, regrowth 11.8 ± 1.6 f 470.2 ± 65.8 f 0.36 ± 0.05 d–f

Means followed by different letters in the same column for the same factor are significantly different (p ≤ 0.05)
according to the LSD test.

The results of LDG also showed that LDG was affected by the interaction of HNS
and harvest time and its highest value was obtained in the treatment of N12P2K6 at the
second harvest (0.72 g/plant/d) and N6P2K6 at the second and third harvests (0.72 and
0.67 g/plant/d, respectively). In contrast, the lowest amount of LDG was observed in
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N6P4K12 treatment at the first harvest (0.32 g/plant/d). The results showed that the
amount of LDG at the first and third harvests was the lowest, and the amount at the second
harvest was the highest in all HNS treatments.

The interaction of harvest time and species showed that the highest amount of DM
was related to MP species at the third harvest (22.75%), whereas the lowest amount of DM
was observed in MR species in the second harvest (16.06%) (Table 3). The results showed
that in all species, the highest amount of DM was related to the third harvest and the lowest
amount was observed at the second harvest.

Table 3. Influence of harvest time (first harvest: I harvest, second harvest: II harvest, regrowth and
thrid harvest: III harvest, regrowth) on the dry matter (DM), leaf fresh weight per plant (LFW), yield
and leaf daily growth (LDG) of three commercial mint (M. spicata L. var. viridis (MV); M. piperita L.
(MP); M. spicata L. var. rubra (MR) cultivated in a new growing system (NGS®).

Species Harvest Time
DM
(%)

LFW
(g/plant)

Yield
(g m−2)

LDG (g/plant/d)

MW I harvest 18.2 ± 0.3 c 14.1 ± 0.9 e 562.1 ± 37.6 e 0.38 ± 0.0 de
II harvest, regrowth 16.0 ± 0.4 de 30.8 ± 1.6 a 1233.9 ± 63.9 a 0.67 ± 0.04 ab
III harvest, regrowth 19.7 ± 0.3 b 17.4 ± 1.6 d 695.5 ± 65.3 d 0.58 ± 0.05 c

MP I harvest 17.2 ± 0.3 cd 16.6 ± 0.9 de 662.4 ± 37.1 de 0.34 ± 0.02 e
II harvest, regrowth 17.2 ± 0.3 cd 18.4 ± 1.4 d 734.8 ± 57.4 d 0.44 ± 0.03 d
III harvest, regrowth 22.7 ± 0.6 a 10.4 ± 1.5 f 417.1 ± 58.4 f 0.35 ± 0.05 e

MR I harvest 17.8 ± 0.3 cd 18.2 ± 1.1 d 727.2 ± 45.1 d 0.43 ± 0.03 d
II harvest, regrowth 16.1 ± 0.3 e 26.1 ± 2.1 b 1044.1 ± 84.2 b 0.71 ± 0.06 a
III harvest, regrowth 19.3 ± 0.4 b 22.5 ± 2.1 c 899.8 ± 83.5 c 0.61 ± 0.06 bc

Means followed by different letters in the same column for the same factor are significantly different (p ≤ 0.05)
according to the LSD test.

Among the three studied species, MP had the highest amount of DM and MW and
MR species did not differ significantly in terms of DM (Table 3). In addition, the highest
amount of LFW was related to MW species at the second harvest (30.85 g/plant), while the
lowest amount was observed in MP species in the third harvest (10.43 g/plant). Among the
three studied species, MW and MR species had the highest amount of LFW and, while MP
species had the lowest amount of LFW among all studied species, no significant differences
were found between the species. The highest and the lowest yield in the interaction effect
of harvest time and species were related to MW at the second harvest (30.85 g/plant) and
MP at the third harvest (10.43 g/plant) (Table 3). Among the three studied species, MP had
the lowest yield and MW and MR had the highest yield. Also, in all the studied species, the
second harvest had the highest yield compared to the time of the first and third harvests.

The amount of LDG was affected by the interaction effect of harvest time and species.
The lowest amount of LDG was related to MP species. On the other hand, the highest
amount of LDG were observed in the MW and MR species. The highest level of LDG in
MR species was related to the second harvest (0.71 g/plant/d). In MP species, the first and
third harvests had the lowest LDG, with 0.34 and 0.35 g/plant/d, respectively (Table 3).
Furthermore, LDG was affected by the osmotic stress of high-concentration treatments;
however, the amount of N did not induce a significant difference in LDG.

LFW and yield were affected by the interaction of species and HNS. The highest
LFW and yield were related to MR species and N6P2K6 (Figure 1a,b). In contrast, the
lowest amount of LFW was observed in MP species in N6P4K12 and N12P4K12 treatments.
Among different HNS treatments, N6P2K6 and N12P2K6 had the highest amount of LFW
and yield and no significant difference was observed between them. In contrast, the lowest
amount of LFW and yield were related to N6P4K12 and N12P4K12 treatments.
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Figure 1. Influence hydroponic nutrient solutions (HNS) on the leaf fresh weight per plant (LFW) (a)
and yield (b) of commercial mint (M. spicata L. var. viridis (MV); M. piperita L. (MP); M. spicata L. var.
rubra (MR) in a new growing system (NGS®). N6: 6 mmol·L−1; N12: 12 mmol L−1; P2: 2 mmol·L−1;
P4: 4 mmol L−1; K6: 6 mmol L−1 and K12: 12 mmol L−1. Means followed by different letters in the
same column for the same factor are significantly different (p ≤ 0.05), according to LSD test.

3.2. Qualitative Characteristics
3.2.1. Colour Parameters

Red-green (a*) colouring was also affected by species and harvest time interaction
(Table S1). The highest amount of a* was related to MR species at the second harvest time
(11.93). In contrast, the lowest amount of a* was observed in MP species at the second
harvest time (7.83) (Figure 2).

Figure 2. Influence of harvest time (first harvest: I harvest, second harvest: II harvest, regrowth and
third harvest: III harvest, regrowth) on the colour parameter (a*) of commercial mint (M. spicata L.
var. viridis (MV); M. piperita L. (MP); M. spicata L. var. rubra (MR) in a new growing system (NGS®).
Means followed by different letters in the same column for the same factor are significantly different
(p ≤ 0.05) according to LSD test.

Among the species, MR had the highest lightness (L*) and yellow-blue colouring
(b*). In addition, the comparison between different HNS indicated that N6P2K6 treatment
had the highest levels of L* and b*. Also, the comparison between different harvest times
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showed that the first and third harvest times had the highest amount of L* and b*, while
the second harvest time had the lowest amount of L* and b* (Table 4). The effect of harvest
time, species and HNS interaction showed that the amount of L* in N6P2K6 treatment
among MR species and N6P4K12 treatment in MR species had the highest values out of all
harvest times. On the other hand, the highest amount of b* was observed in N6P2K6 and
MW species at the first and third harvest times. However, at the second harvest, N6P2K6
treatment in MR species had the highest amount of b* (Table 4).

Table 4. Influence of harvest time (first harvest: I harvest, second harvest: II harvest, regrowth and
third harvest: III harvest, regrowth) and hydroponic nutrient solutions (HNS) on the colour parame-
ters value of three commercial mint (M. spicata L. var. viridis (MV); M. piperita L. (MP); M. spicata L.
var. rubra (MR) cultivated in a new growing system (NGS®). N6: 6 mmol·L−1; N12: 12 mmol L−1;
P2: 2 mmol L−1; P4: 4 mmol L−1; K6: 6 mmol L−1 and K12: 12 mmol L−1.

HNS Species

Harvest Time

I Harvest II Harvest, Regrowth III Harvest, Regrowth

L* b* L* b* L* b*

N6P2K6 MW 43.7 ± 0.3 a–c 27.0 ± 0.1 a 39.5 ± 0.9 cd 19.8 ± 0.8 cd 44.8 ± 0.4 a 23.4 ± 1.1 a
MP 42.8 ± 0.8 b–d 21.5 ± 0.9 cd 38.3 ± 0.7 de 14.2 ± 0.7 fg 42.9 ± 0.9 bc 20.1 ± 1.1 b
MR 44.1 ± 0.4 ab 24.6 ± 0.5 b 43.9 ± 0.8 a 23.6 ± 1.6 a 44.6 ± 0.8 ab 22.6 ± 0.5 a

N12P2K6 MW 39.7 ± 0.1 e 19.2 ± 1.0 e 38.7 ± 0.4 de 15.8 ± 0.3 ef 37.8 ± 0.3 g 13.5 ± 0.3 e
MP 38.9 ± 0.3 ef 15.1 ± 0.4 f 37.5 ± 0.2 e 12.3 ± 0.3 g 39.2 ± 1.1 fg 13.9 ± 1.1 de
MR 39.9 ± 0.1 e 17.7 ± 0.1 e 40.9 ± 0.4 bc 18.8 ± 1.3 cd 40.9 ± 0.2 de 16.5 ± 0.1 c

N6P4K12 MW 42.7 ± 0.3 cd 25.3 ± 0.6 ab 41.4 ± 0.1 b 21.0 ± 0.1 bc 41.6 ± 0.5 cd 18.9 ± 0.2 b
MP 43.6 ± 0.2 a–c 22.9 ± 0.2 c 38.1 ± 0.5 de 13.3 ± 0.6 fg 40.7 ± 0.6 def 16.6 ± 1.0 c
MR 44.3 ± 0.3 a 24.6 ± 0.5 b 44.3 ± 0.5 a 23.6 ± 1.4 ab 43.4 ± 0.4 ab 19.8 ± 0.5 b

N12P4K12 MW 38.3 ± 0.3 f 18.9 ± 0.6 e 39.3 ± 0.7 cd 17.7 ± 0.7 de 39.2 ± 0.4 efg 16.0 ± 0.3 c
MP 39.9 ± 0.2 e 17.6 ± 0.4 e 38.1 ± 0.2 de 12.4 ± 0.5 g 39.5 ± 0.4 ef 15.5 ± 0.6 cd
MR 41.6 ± 0.1 d 21.1 ± 0.7 d 40.9 ± 0.5 bc 18.6 ± 0.8 cd 40.7 ± 0.2 def 16.2 ± 0.1 c

Means followed by different letters in the same column for the same factor are significantly different (p ≤ 0.05)
according to the LSD test.

3.2.2. Weight Loss

Different concentrations of HNS did not significantly affect the WL in different harvest
time; however, in different species with different harvesting times, we observed a significant
difference in WL (Table S2). After nine days of storage, the variation in WL was significantly
different. In the first days of storage, weight gain was very low. This increase in weight
was accelerated at the third harvest, especially in MR. The weight gain in the first days
of storage, especially at the third harvest, can be due to the fact that plants were kept at
warehousing bags with holes that allow for the exchange of carbon dioxide (CO2), oxygen
(O2), and water vapor at the beginning of the storage period, which results in more available
water in this period. However, the highest WL occurred at the first (1.07%) and the third
(0.27%) harvest times in the MV species, and at the second harvest WL occurred in the MR
species on the ninth day (1.26%). Among the three species, the lowest WL was related to
MP (Figure 3). Among the harvesting times, the highest WL was observed at the second
harvest time (0.11%), and the lowest WL belonged to the third harvest time. Among the
HNS treatments, the highest rate of WL occurred in the N12P4K12; however, the WL rate
was not significantly different from the HNS used. Nevertheless, at the first harvest time,
the highest reduction in the MV species was found in the N12P4K12 and at the second
harvest time treatment (0.61%). Furthermore, the highest reduction in MR species was
observed in the N12P4K12 treatment (0.44%) (Figure 4).
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Figure 3. Influence of harvest time (first harvest: I harvest (a), second harvest: II harvest (b), regrowth
and third harvest: III harvest (c), regrowth) on weight loss (WL) the headspace partial pressure of
commercial mint (M. spicata L. var. viridis (MV); M. piperita L. (MP); M. spicata L. var. rubra (MR) daily
during storage at 4 ◦C. Values are the mean of replicates ± SE.
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Figure 4. Influence of hydroponic nutrient solutions (HNS) and harvest time (first harvest: I harvest
(a), second harvest: II harvest (b), regrowth and third harvest: III harvest (c), regrowth) on weight loss
(WL) the headspace partial pressure of commercial mint (M. spicata L. var. viridis (MV); M. piperita L.
(MP); M. spicata L. var. rubra (MR) stored at 4 ◦C. N6: 6 mmol·L−1; N12: 12 mmol L−1; P2: 2 mmol
L−1; P4: 4 mmol L−1; K6: 6 mmol L−1 and K12: 12 mmol L−1. Values are the mean of replicates ± SE.
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Figure 5. Influence of hydroponic nutrient solutions (HNS) and harvest time (first harvest: I harvest,
second harvest: II harvest, regrowth and third harvest: III harvest, regrowth) on the headspace
partial pressure of O2 and CO2 (%) of fresh-cut, commercial mint (M. spicata L. var. viridis (MV) (a);
M. piperita L. (MP) (b); M. spicata L. var. rubra (MR) (c)© stored for 9 days at 4 ◦C. N6: 6 mmol L−1;
N12: 12 mmol L−1; P2: 2 mmol L−1; P4: 4 mmol L−1; K6: 6 mmol L−1 and K12: 12 mmol L−1. Values
are the mean of replicates ± SE.
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3.2.3. Respiration Rate and Headspace Analysis

Analyzing O2 and CO2 levels in the fresh-cut bags showed that HNS, species, and
harvesting time significantly affected the parameters during the storage period (Table S2).
In most tests, during the storage period, the O2 rate usually decreased, and the rate of
the produced CO2 increased as a result of breathing. The initial concentrations of O2 and
CO2 increased and decreased, respectively, at the same rate nine days after storage. As
shown in Figure 5, after nine days of storage, the highest rate of CO2 was obtained in
the treatments with the highest concentrations of nutrients (N12P4K12), but the lowest
rate was related to N6P2K6 and N12P2K6 treatments. In contrast, the N6P2K6 treatment
resulted in the highest amount of O2, while the lowest amount was associated with the
N12P4K12 treatment (Figure 5). The highest rate of the produced CO2 was related to the
MR species and the lowest rate of produced CO2 was recorded in the MP species (10.23
and 8.65%, respectively). In contrast, the highest rate of the produced O2 was in the MP
species and the least rate was related to the MR species (2.09 and 1.24%, respectively) at
the first harvest time for the N6P2K6 treatment. The highest and lowest rates of CO2 were
obtained at the first and second harvest times, respectively (9.03 and 10.45%, respectively).
On the other hand, the highest rate of O2 was obtained at the second harvest time (2.25%),
while the lowest rate was achieved at the first harvest time (0.91%) (Figure 5).

3.2.4. Mineral Ion Determinations

The results showed that HNS and species at different harvest times had a significant
impact on the accumulation of NO3

−, PO4
3− and CaCO3 in the tissue; however, the inter-

action between HNS and species was not significant (Table S2). The highest accumulation
of NO3

−, PO4
3− and CaCO3 was obtained at the third harvest time. The highest amount

of NO3
− was obtained in the N12P2K6 treatment on the first day of the third harvest

time (2227.33 mg kg−1 LFW). Generally, the highest NO3
− accumulation was observed at

the third harvest, and the lowest accumulation rate was related to the first harvest time.
Concerning the HNS, the highest accumulation of NO3

− was obtained in N12P2K6 and the
lowest accumulation values were observed in N6P2K6 and N6P4K12 treatments. Among
the species, the highest NO3

− accumulation in all harvesting times was in the MP species;
however, MV and MR species did not significantly differ in NO3

− accumulation (Table 5).
There was a significant difference between the rates of PO4

3− accumulation in the mint
plant at different harvesting times. At all harvesting times, the highest accumulation of
PO4

3− was achieved in N6P4K12 and N12P4K12 treatments, and the lowest accumulation
was obtained in N12P2K6. The results of the present experiment indicated that the high
levels of P and K in the HNS led to an increase in PO4

3− in the plant. Among the species,
the highest accumulation of PO4

3− was observed in MP at all harvesting times. Among
the harvesting time, the highest accumulation of PO4

3− was achieved at the third harvest
time. The accumulation of CaCO3 decreased by increasing the amount of K. According to
the results, the highest accumulation of CaCO3 was in N12P2K6 at all harvesting times;
among the harvesting times, the highest accumulation was obtained at the third harvest.
There was a significant difference among species in CaCO3 at different harvest times, so
the highest accumulation rate was observed in MP species.
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3.2.5. Browning Potential (BP) and Soluble o-Quinone (So-Q) Content

Browning potential and soluble o-quinone content were evaluated over a period of
nine days. BP and So-Q content were higher on the first day in comparison with the results
obtained at the end of the storage time. The results showed that HNS, species, and harvest
time had a significant impact on BP and So-Q content (Table S2). The highest BP was
achieved at the third harvest time in N6P2K6 and MP species that did not differ from the
MV species; however, the values in MR species were significantly lower than other two
species at all harvest times. The amount of BP in N12P2K6 was lower than other HNS
treatments but it did not significantly differ from N12P4K12 treatment. In addition, the
highest content was obtained in N6P2K6 treatment, and it did not differ from N6P4K12
treatment (Table 6).

Table 6. Influence hydroponic nutrient solutions (HNS) and harvest time (first harvest: I harvest,
second harvest: II harvest, regrowth and third harvest: III harvest, regrowth) on the enzymatic
browning parameters of three commercial mint (M. spicata L. var. viridis (MV); M. piperita L. (MP);
M. spicata L. var. rubra (MR) in the fresh-cut during its shelf life (at harvest (0) and nine days (9))
cultivated in a new growing system (NGS®). N6: 6 mmol L−1; N12: 12 mmol L−1; P2: 2 mmol L−1;
P4: 4 mmol L−1; K6: 6 mmol L−1 and K12: 12 mmol L−1.

I Harvest II Harvest, Regrowth
III Harvest,
Regrowth

Species
Storage

(Days at 4 ◦C)
BP

(A340 LFW)
So-Q

(A437 LFW)
BP

(A340 LFW)
So-Q

(A437 LFW)
BP

(A340 LFW)
So-Q

(A437 LFW)

MV
0 29.3 ± 3.4 a 1.8 ± 0.16 ab 16.3 ± 2.5 b 2.5 ± 0.2 b 27.2 ± 4.5 a 2.9 ± 0.2 a

9 23.9 ± 5.3 ab 1.7 ± 0.25 b 9.2 ± 0.6 c 2.1 ± 0.1 bc 28.9 ± 4.4 a 2.8 ± 0.1 a

MP
0 33.8 ± 3.1 a 2.2 ± 0.17 a 16.6 ± 1.6 b 1.9 ± 0.2 c 26.0 ± 3.4 a 3.1 ± 0.5 a

9 24.4 ± 2.6 ab 2.3 ± 0.22 a 21.2 ± 2.0 a 1.4 ± 0.1 d

MR
0 16.6 ± 1.3 bc 1.1 ± 0.15 b 10.8 ± 0.8 c 3.2 ± 0.2 a 9.8 ± 1.2 b 2.1 ± 0.3 b

9 12.3 ± 1.7 c 1.6 ± 0.15 b 8.3 ± 0.5 c 2.4 ± 0.2 bc 26.2 ± 4.4 a 2.8 ± 0.3 a

HNS

N6P2K6
0 31.2 ± 4.6 a 2.3 ± 0.23 a 19.1 ± 3.0 a 2.9 ± 0.3 a 22.0 ± 5.6 b 2.1 ± 0.2 b

9 28.6 ± 6.8 ab 1.9 ± 0.21 ab 13.0 ± 2.2 ab 1.7 ± 0.2 c 38.9 ± 6.2 a 3.4 ± 0.2 a

N12P2K6
0 16.4 ± 1.7 c 1.5 ± 0.22 b 10.7 ± 1.0 b 2.6 ± 0.3 ab 17.1 ± 2.8 b 2.7 ± 0.4 ab

9 15.1 ± 2.5 c 2.0 ± 0.28 ab 10.6 ± 2.5 b 1.8 ± 0.2 c 22.8 ± 5.7 b 2.7 ± 0.4 ab

N6P4K12
0 32.1 ± 3.8 a 1.7 ± 0.15 ab 16.2 ± 1.9 ab 2.2 ± 0.3 bc 28.6 ± 7.3 ab 3.2 ± 0.3 a

9 18.6 ± 3.9 bc 1.8 ± 0.29 ab 14.7 ± 3.0 ab 2.0 ± 0.2 bc 26.4 ± 9.1 ab 2.5 ± 0.3 ab

N12P4K12
0 26.8 ± 3.4 abc 1.8 ± 0.20 ab 12.1 ± 1.2 b 2.4 ± 0.3 abc 12.6 ± 1.8 b 2.6 ± 0.2 ab

9 18.3 ± 5.3 bc 1.7 ± 0.29 ab 13.4 ± 2.2 ab 2.2 ± 0.3 abc 22.3 ± 2.2 b 2.7 ± 0.2 ab

Harvest time 23.4 ± 1.6 a 1.8 ± 0.08 c 13.7 ± 0.8 b 2.2 ± 0.1 b 23.3 ± 2.0 a 2.7 ± 0.1 a

Means followed by different letters in the same column for the same factor are significantly different (p ≤ 0.05)
according to the LSD test.

The So-Q content was affected by HNS, species, and harvesting time. The So-Q content
at the first day of storage was higher than the ninth day of storage. In addition, among
different harvesting times, the highest content was achieved at the third harvest time.
Among the HNS, the highest amount of So-Q was obtained in N6P2K6 treatment, and
there was no significant difference between the species (Table 6). The results of the present
experiment indicated that the amounts of So-Q at the first and third harvest times were the
highest in MP species, while for MR species the highest content was found at the second
harvest time. The results of harvest time and HNS interaction showed that the highest
amount of So-Q was related to N6P2K6 treatment at all harvest times. Also, N6P4K12
treatment represented a high So-Q content in all harvest times.
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3.2.6. Microbial Evaluation

The results showed that the interaction of species and harvest time were significant
for TBC, MC and TYC (Table S2). At the first and second harvest time among MR species,
the highest amount of TBC was recorded (5424.23 and 5133 CFU·g−1 LFW, respectively).
Also, the highest MC was observed at the first harvest time of MP species (1333.30 CFU·g−1

LFW). Furthermore, our results indicated that the amount of TYC at the first harvest time
in MP species had the highest rate (250.23 CFU·g−1 LFW) (Table 7). Our findings showed
that the interaction of harvest time and HNS was significant for TYC. The results indicated
that the highest and the lowest TYC were observed at the first and third harvest time,
respectively. Also, at the first harvest time of N6P2K6 treatment (136.44 CFU·g−1 LFW),
the second and third harvests of N12P2K6 treatment, the highest TYC were 94.67 and
68.33 CFU·g−1 LFW, respectively (Table 7).

Among the species, the highest MC belonged to the MP and the lowest rate was found
in MV. The highest MC was obtained at the first harvest time while the lowest rate was
found at the third harvest time. In general, the rate of microbial contamination in the NGS®

was significantly higher at the first harvest time in comparison to the second and third
harvest time.

Regarding TYC, at the first and second harvest time, the highest rate of contamination
was observed in N6P2K6 and N12P4K12 in MP species. At the third harvest time, the
highest TYC was obtained in the MV species in N12P2K6 treatment. Among the species
at the first and second harvest time, the highest TYC was recorded for MP species. The
highest TYC belonged to the MR species, and the lowest rate was obtained in MV species
at all harvest times (Table 7). It should be noted that there was no sample of MP species at
the third harvest time.
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4. Discussion

Effective nutrient management in SCSs is crucial to balance robust biomass growth
and the production of high-quality essential raw materials, ensuring profitable outcomes.
The results indicated that optimal HNS concentrations varied among mint species. En-
hancements occurred in various growth traits, primarily attributed to the roles of HNS in
plants, especially N supplementation. N is a vital element for plant growth and yield as
it constitutes several metabolic compounds, including chlorophyll, cell walls, enzymes,
hormones, nucleic acids, proteins, and vitamins [37]. These compounds play essential
roles in cell division, cell enlargement, tissue and organ formation, among other critical
processes. The improvement in parameters related to these compounds likely contributed
to more growth in shoot fresh weight, subsequently leading to higher dry weight [38].

The results showed that in all species, DM was maximum at the third harvest and
minimum at the second harvest. Also, in the third harvest, plants had better developed
roots, grew enough branches, and had spent more energy on DM production, which
agrees with similar findings in the literature [39]. The nutritional needs of plants differ
across developmental stages, and numerous studies have demonstrated that alterations
in HNS can significantly change plant growth and yield characteristics [25,26,28,29]. The
explanation for the increase in DM in the third harvest may be the accumulation of NO3

−,
PO4

3− and CaCO3 in tissues at this stage in addition to the stages before. A positive
correlation occurred between nutrient concentration and DM.

Plants can decipher nutrient doses and adjust biomass partitioning accordingly [40].
Growth and yield are strongly influenced by genotype and environmental factors [41].
According to the available literature, these two variables are negatively affected by high
and low nutrient concentrations [42,43]. Thus, the lowest LFW per plant and per m2 was
achieved in the most concentrated HNS, resulting from osmotic stress. LFW increased by
the heightened presence of N; however, high concentrations of P and K decreased the LFW
and yield due to osmotic stress. In the second harvest, none of the plants survived the
treatment with the highest HNS concentration. In contrast, the highest LFW was observed
in the least concentrated HNS. This result is in line with the findings of Roosta [44] who
reported that spraying K solution increased the percentage of DM in mint. However, the
current result is inconsistent with the increase in plant fresh weight. At all harvesting times,
N12P4K6 and N12P4K12 resulted in the lowest fresh yields and the highest percentage
of DM. By using N12P4K12, which had the highest concentration of nutrients, the lowest
fresh yield was obtained. Therefore, HNS-dependent partitioning of biomass may differ
among plant species in NGS® in the greenhouse. Decreasing in yield by increasing the
concentration of nutrients due to osmotic stress has previously been reported in leafy
vegetables [2,11,12,19].

Furthermore, osmotic stress at high concentrations appears to reduce LDG. The
amount of N did not induce a significant difference in LDG. Previous research has shown
that osmotic stress occurs due to high-concentrations of K and P, and reduces the LDG,
which is consistent with the results of the current experiment [45]. Also, differences in LDG
among various species may emanate from their genetic potential [46].

Colour is one of the most important traits characterizing the quality of vegetables
since its change during storage affects marketing. Colour indirectly indicates freshness
and microbial deterioration/contamination in stored plant products [47]. The values of
L*, a*, and b* significantly decreased by increasing the HNS concentration, especially by
increasing the N concentration. In treatments with the N concentration of 6 mmol·L−1,
compared to the two other HNS with the N value of 12 mmol·L−1, the values of colour
parameters were higher in all harvest times and species. One of the possible reasons for
the decrease in b* in N12P2K6 and N12P4K12 treatments is the chlorophyll decomposition
due to high concentration of salt and osmotic stress that leads to decreased absorption of
nutrients, as well as plant metabolites biosynthesis. Similar results were observed in other
leafy plants such as lettuce, where higher nutrient concentrations induced a decrease in L*
and b* [48].
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A vast majority of mints is sold as fresh-cut leaves or cuttings, where preservation
of freshness, texture, shelf life, and aroma are essential [49]. WL is a physiological event
in fresh-cut products and in fresh aromatic and medicinal herbs. It can be decelerated by
controlling temperature and humidity and using suitable and efficient packaging [50,51].
Plastic film performance was significantly maintained in all species. The permeability
characteristics of the film on the bags might have induced a low respiratory rate. In the
current study, WL was very low at the beginning of storage. The highest WL occurred
in bags prepared from the mint of the first harvest time. This accelerated WL in the first
harvest time may be due to the crispness and wateriness of the tissues.

The responses of species were studied in terms of respiration rate and headspace
analysis. Data analysis showed that the HNS did not affect the rate of CO2 and O2
production in any species, which is consistent with the findings of Luna et al. [11] on
several varieties of lettuce. One of the reasons for justifying and explaining the reduced
respiration rate in the third harvest in MP species compared to the first harvest time
is that MP species had a higher DM, which means they had less water and bioactivity.
This hypothesis has already been reported by Scuderi et al. [52] who highlighted that the
reduced respiration of lettuce was related to the increased amount of DM and less water
in plant tissues. The highest respiration rate was observed in response to the N12P4K12
treatment, with the highest amount of NS, which agrees with other reports that showed
higher respiration rates in response to higher NS and EC concentrations [52].

The NO3
− content in edible fruits and vegetables is an important quality characteristic,

and the EU encourages good agricultural practices to reduce NO3
− contents in leafy

herbal plants [53]. The NO3
− content in the three species during the first harvest time

was very low, well below the maximum NO3
− content allowed for vegetables by the EU

(Commission Regulation No. 1258/2011). The highest accumulation of NO3
− occurred in

the treatment with the highest amount of N supplementation and the lowest amounts of
P and K. Several authors showed that P and K deficiency reduced the activity of nitrate
reductase enzyme and caused an increase in the NO3

− content [54,55]. Therefore, it seems
that in treatments with lower P and K, the activity of nitrate reductase enzyme decreased,
which may induce an increase in NO3

− [56], as observed by Miceli et al. [47] on Swiss Chard
plants. Nevertheless, a significant challenge with leafy herbal plants, such as mint, is the
substantial accumulation of NO3

− in their tissues, often surpassing 2500 mg NO3
− kg−1.

European Commission regulations No1881/2006 and 1258/2011 have set NO3
− thresholds

for herbal plants at 1000–2500 mg NO3
− kg−1 [57]. Another item that is affected by the

accumulation rate of NO3
− in plant tissues is shelf life. The rate of NO3

− accumulation in
the first day was highest, which is consistent with the results of Miceli et al. [47] (Table 5).
Some plants reduce NO3

− to ammonium ions in the aerial parts, which is mainly due to
the different processes of NO3

− reductase in different parts of the plants. NO3
− reductase

is known as a regulatory enzyme that limits the amount of plant NO3
−. The activity of

this enzyme shows a large variation in various plant species, depending on HNS and
environmental conditions. One of the main reasons accounting for this variation could
be related to differences in genetic origins of plant species or maybe indirectly with the
concentrations of Mo and Fe in plants [1,58–60].

NO3
− in the plant cell cytosol is converted to nitrite by the NO3

− reductase enzyme.
Then, NO3

− is reduced to ammonium or ammonia by the nitrite reductase enzyme. While
these compounds enter the structure of organic compounds, the resultant NADPH and
NADH act as electron donors for the activity of the nitrate reductase enzyme. Therefore,
the synthesis of the nitrate reductase enzyme is controlled by NO3

− presence, and this ion
induces the relevant enzymatic synthesis pathway [58]. Thus, any factor that leads to a
decrease in the activity of nitrate reductase enzyme in plant cells is potentially associated
with the accumulation of NO3

− in plant shoots. In a relevant experiment, Atkin and
Cummins et al. [61] showed that the increase in temperature reduces the activity of the
nitrate reductase enzyme. Therefore, it seems that in the present experiment, due to the high
temperature at the third harvest, the activity of nitrate reductase enzyme decreased, thus
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increasing foliar NO3
− accumulation. In addition, the previous study which was conducted

in summer at high temperatures showed a higher accumulation of NO3
−. Similarly, in our

results, the highest accumulation occurred in the third harvest that coincided with high
temperatures [56,62,63].

Under management conditions with low N intake, plants reduce the activity of nitrate
reductase enzyme, but with exposure to NO3

− ions, the rate of activity of this enzyme
increases [64]. The concentration of chemical fertilizers is known as one of the factors
affecting NO3

− accumulation. In vegetables, this accumulation often depends on the
amount and type of nutrients around the roots, which is closely related to the amount and
timing of chemical fertilizer consumption [65].

The HNS with the highest P concentration determined the highest PO4
3− accumulation

in plants. In a study by Fallovo et al. [56] on lettuce plants, the increase in nutrient
supplementation increased the accumulation of PO4

3−, which is consistent with the results
of the current study.

CaCO3 uptake appears to be directly related to high N concentrations, while it is
inversely related to high K and P concentrations. The rate of CaCO3 accumulation sig-
nificantly decreased during the shelf life for all three harvests. In a study on mint plants,
spraying K reduced the concentration of CaCO3 in both leaves and roots [44], which is
consistent with the results of our experiment.

The highest amount of BP occurred in response to treatments with the lowest amount
of N, while the lowest BP was observed when using the highest N concentration. Appli-
cations with lower N concentrations proved optimal for preserving phenols, maintaining
high levels of antioxidant and free radical scavenging activity throughout storage, albeit
potentially at a reduced yield. The observed decrease in BP in fresh-cut mints with the
lowest amount of N in the present experiment could be attributed to the slowing down
of phenolic oxidation, thus positively influencing their accumulation [66]. The shelf life
and quality of freshly harvested mint are influenced by HNS treatments and harvesting
time. Additionally, the genetic background plays a role in the response of BP and So-Q
content in mint. Qualitative reduction in the appearance of fresh-cut products is one of
the main factors negatively affecting consumer preference and vegetable marketing [67].
Apart from yellowing, the tissue BP is one of the most important factors limiting the shelf
life and marketability of processed products. Both CaCO3 and K are effective elements in
preventing the loss of firmness. CaCO3 is one of the most essential and effective nutrients in
increasing and maintaining the quality of cut plant tissues. Calcium accumulation in plant
tissues strengthens polymeric bonds between the middle lamella of the cell pectocellulosic
membrane while improving the network strength of cell walls and thus increasing the
mechanical strength of tissues [68]. In our study, the lowest BP rate was found in the
treatment with the highest K while the highest BP rate was observed in response to the
highest N concentration and the lowest P and K concentration. Olivos et al. [69] reported
the effective roles of P, K, and CaCO3 in increasing the shelf life during the storage time.
K plays a key role in the firmness of plant tissue. Thus, maintaining the balance in this
element is essential [27]. Calcium together with K plays an essential role in permeability,
dehydration, maintenance of inflammatory pressure, cell function and in general plant
quality, storage properties, and marketing. Calcium-induced stiffness is related to its effect
on cell wall components that maintain the membrane and cell wall, but K induced stiffness
is related to changes in cell hydrostatic pressure [27,69,70].

Browning occurs due to the disruption of cellular integrity and the subsequent release
of polyphenol oxidases, which facilitate the oxidation of phenolic compounds into quinones.
The quinones mentioned above demonstrate a significant level of reactivity. They frequently
endure in engaging in chemical reactions with each other, as well as with proteins. This
ultimately leads to the production of brown pigments in plants. Its control has been
extensively studied and reported in several plant species [70,71].

Given the utilization of mints in the food and pharmaceutical industries, it is imperative
that they exhibit low microbial contamination and appear free from pathogenic germs. Addi-
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tionally, they must comply with the legal requirements outlined in Commission Regulation
(EC) No 2073/2005. In SCS, microbial contamination is usually lower than in TCS. In previous
research on this topic, researchers reported that post-harvest microbial contamination in
NFT [52] and NGS® [72] could be reduced. Also, in the present study, the contamination
rate was significantly lower compared to the data on microbial contamination reported in
the literature for horticultural crops cultivated in TCS. In a study by Selma et al. [72] on
comparing the microbial contamination levels of Lactuca sativa L. cultivated in soils and NGS®,
the results confirmed that contaminations in the soil system were much higher than the NGS®.
In this study, it was reported that the SCS appeared as the most suitable system in terms
of minimizing microbial contamination. The findings of our study also showed that the
NGS® system could be very effective in reducing microbial contamination in mints. In fact,
cultivation through NGS® allows the farmer to obtain a cleaner and hygienically safer product
than older SCSs and traditionally soil-grown systems.

5. Conclusions

The current study systematically examined the dynamic effects of various nutrient
concentrations on the growth, yield, physiological aspects, and shelf life of commercial mint
at different harvesting times. It can be concluded that the yield and quality traits of mint
grown in NGS® were significantly affected by the HNS and the harvesting times. NGS®

is recommended for its ability to control of plant nutrition in order to manage the quality
characteristics of the raw materials for fresh-cut products. The findings revealed that an
increase in nitrogen concentration in HNS had a negative effect on specific quality parame-
ters, such as higher NO3

− content. Notably, the highest NO3
− accumulation occurred at

the third harvest, while the lowest was observed at the first harvest. Although the study
indicated negligible post-harvest changes due to variations in HNS, these observations
are contingent upon species differences. Optimal results, including the highest DM, were
achieved using the highest concentration of HNS. N6P2K6 and N12P2K6 treatments in
NGS® demonstrated potential for enhancing marketable fresh yield and fresh-cut product
quality. Among the species, MP exhibited the highest DM, while MV and MR showed
the highest yield. Furthermore, bacterial contamination decreased at the second and third
harvests in NGS®, which is attributed to the shorter growth period and potential increased
resistance of plants to bacteria. Adjusting the HNS in the growing medium according to
climatic conditions and plant species is crucial for obtaining a uniform product with high
yield and quality in NGS®. The study underscores the importance of tailoring hydroponic
nutrient solutions to specific plant species and environmental conditions for achieving
optimal yields and quality in commercial mint cultivation.
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Abstract: The use of synthetic sanitizers for fresh commodities preservation is of concern, with eco-
friendly alternatives, including essential oils (EOs), attracting research and industry interest. Dittany
(Origanum dictamnus—DIT) oil was applied, either through vapour or dipping, on pepper fruit or
in vitro against Botrytis cinerea, and compared to untreated (control) or chlorine (CHL)-treated fruits
stored at 11 ◦C. Direct DIT vapours (up to 6 d) suppressed lesion growth, spore germination, and spore
production compared to the untreated fruits. The antimicrobial properties of EOs were evidenced
in pre-exposed-to-DIT oil vapours (residual effect), resulting in fruit lesion suppression. However,
DIT-pretreated fruits had the same spore production and spore germination as the control and CHL
applications. In in vitro tests, DIT vapours decreased colony growth and spore production when
fungi were grown on Potato Dextrose Agar (PDA) or PDA pre-exposed to DIT following B. cinerea
inoculation. This evidenced that the disease suppression after DIT vapour application primarily
affected the interaction of the fruit–pathogen and/or residual responses on fruit tissue and/or PDA
media. Fungal biomass in Potato Dextrose Broth (PDB) was evaluated after DIT and CHL applications
(10–50–100–500–5000 μL L−1) and decreased with the DIT oil. Additionally, DIT or CHL sanitary
dipping on pepper was ineffective against B. cinerea compared to vapour application. Therefore, DIT
vapours revealed antimicrobial properties and could be an alternative postharvest sanitiser. DIT
oil application should also be evaluated at semi-commercial scale for further optimizations, prior
to commercialisation.

Keywords: grey mould; essential oil; fruit decay; Capsicum annuum; sanitizers

1. Introduction

Fresh produce preservation is still challenging and attracting the attention of re-
searchers and application strategies on the postharvest community. The need for better
fresh commodities’ commercial storage/transit conditions has increased recently due to
the financial costs associated with spoiling food, consumer worries regarding the safety of
foods containing synthetic substances, and an increase in fresh produce consumption [1].
The challenge is to control the spread of postharvest diseases and preserve fruit quality
and safety. The most often utilized sanitizers for postharvest washing are chlorine and
peroxyacetic acid [2], because of their well-known antimicrobial properties and simplicity
of use [3,4]. In fact, commonly, fresh produce is preserved with chemical treatments, such
as disinfectants containing chlorine or bromine [2,5]. However, existing sanitation means
have given rise to significant health and environmental issues because of the possible
cancer-causing residues from pesticide inputs and their lack of effectiveness on a variety
of microorganisms [6,7]. Innovative preservation solutions, both environmentally and
consumer-safe, are therefore, required.

Natural components have received great attention and application in the food indus-
try [6,8,9]. The majority of natural products are easily accessible, safe for the environment,
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less likely to cause pest resistance, less dangerous for non-target organisms, less detri-
mental to plant growth, and, best of all, sometimes, less costly than certain chemical
treatments [10–12]. Essential oils (EOs), hydrosol (Hyd; enriched water after the distilla-
tion process), and extracts from aromatic plants that have antimicrobial properties have
garnered significant attention lately [2,13–15]. These products are thought to be safe for
humans and the environment [16]. They can be used as agrochemicals [11] by controlling
pathogens and/or microorganisms that produce toxins in food [17] but also observing
stimulatory effects on crops [18]. Both EOs and their constituents reveal efficiency against
insects [19,20], nematodes, fungi, and bacteria [15,21–23].

One advantage of EOs is their bioactivity as a volatile mean, which could make them
effective fumigants for the preservation of commodities during storage [1,15,24]. Many
research studies have documented the beneficial responses of EOs on the preservation of
fresh produce, including strawberry (Fragaria vesca L.), tomato (Solanum lycopersicum L.), cu-
cumber (Cucumis sativus L.), apricot (Prunus armeniaca L.), pear (Pyrus communis L.), apples
(Malus domestica L.), and avocado (Persea americana L.) fruit, to name a few [1,9,11,25–29]. Es-
sential oil and/or hydrosol might trigger a defence response, by increasing defence-related
enzymes and total phenolics of the fresh commodities [9,15]. The consumer preference for
natural plant components, such as EOs, over synthetic fungicides may contribute to the
high acceptance of these novel treatments [2].

Origanum dictamnus (L.), commonly well known as dittany (DIT), is an indigenous
plant species found in Crete, Greece, and well known for its antimicrobial [30,31], an-
tioxidant [6,32], antiproliferative [6], aphrodisiac, oxytocic, antirheumatic, and healing
properties [6,33]. Dittany properties are basically attributed to the main EO components,
the phenol carvacrol [6]. Carvacrol is capable of suppressing the growth of bacteria and
to inhibit the flux toxin production by Bacillus cereus [17] and control spoilage yeast in
foodstuffs [23].

Pepper (Capsicum annuum) crop is widely cultivated, and fruit may be consumed raw
or cooked [34,35]. Since it contains ingredients, including capsaicin, phenolic molecules,
and vitamins A and C, it has also been linked to a lower risk of cancer and/or other
disorders. Peppers are susceptible to low storage temperatures, i.e., less than 7 ◦C, and to
opportunistic microbes at the preharvest and postharvest stages, causing significant fruit
deterioration and alterations in secondary metabolism because of physiologic modifications,
which promote pathogen growth. These are the main causes of pepper postharvest loss [36].
The encapsulation of chitosan containing Heracleum persicum fruit EO extended sweet bell
pepper fruit shelf life due to the antioxidant capacity of the investigated oil [35].

Among the most significant fruit disorders globally, grey mould (Botrytis cinerea Pers.:
Fr; teleomorph: Botryotinia fuckeliana) is a widespread and prevalent rot that affects a variety
of vegetables [31,37]. The scope of this study was to (1) explore the impact of dittany EO
towards the rotting of pepper fruit caused by B. cinerea, as opposed to using chlorine, a
widely used sanitizer, (2) explore any residual effect of the EO in pre-treated fruits towards
fungi development, and (3) evaluate the EO application method on pepper fruit vapours
versus dipping.

2. Materials and Methods

2.1. Plant Material and Microorganism

Pepper (C. annuum cv. Bounty F1) fruits were purchased from a commercial green-
house in Limassol, Cyprus. Plants were grown in soil, under vertical scheme for a period
of 6 months, under 2-branch pruning scheme, with common cultivation practices applied.
Fruits were selected to have uniform size, colour, ripeness (“immature-green” stage), and
checked for no defects or injuries. Essential oils of dittany (Origanum dictamnus) were em-
ployed, while chlorine (CHL; 5% NaOCl) was utilized as a commercial chemical sanitizer.

Essential oils were obtained from dittany plants grown in nature, harvested in a hilly
area of Crete-Chania, dried in air-ventilated oven at 35 ◦C, and then EOs were hydrodistilled
by using a Clevenger apparatus for 2.5 h [38]. The composition of EO was evaluated using
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Gas Chromatography–Mass Spectrometry (GC-MS) according to Xylia et al. [14]. Essential
oil components were identified through the comparison of EO’s retention time indices
and mass spectra with authentic standards when assessable and based on the comparison
of their mass spectra with spectral data of Mass Spectra Library NIST08 and published
sources [39].

B. cinerea isolated from tomato (strain number: 169558) was supplied by CABI (CABI
Bioscience UK Centre, Bakeham Lane, Egham, UK) and aseptically sub-cultured in Potato
Dextrose Agar (PDA); it was then purified, and cultures were stored at 4 ◦C for long-term
use, as described previously [31].

2.2. Experimental Set up and Applications

The EOs and CHL impacts on fungal biomass development and sporulation were
tested in Potato Dextrose Broth (PDB) in various levels (10–50–100–500–5000 μL L−1). For
the in vitro studies, two mycelia plugs were inoculated in 30 mL PDB medium containing
EOs or CHL in the above-mentioned concentrations in a 250 mL glass container. The
containers were closed and parafilm-sealed after the inoculation.

Regarding the fungal growth, DIT (0.35 mL L−1) oil was diluted in distilled H2O (with
5% (v/v) Tween-20) and mixed with PDA media before solidification. DIT oil application
was compared with CHL (48 mL L−1) in PDA as chemical control and an untreated
PDA, as a negative control treatment. The DIT and CHL concentrations were based on
previous research [40,41]. The complete experimental set up is presented at Table 1. For the
in vitro studies, the disc diffusion method was employed for fungal colony growth on PDA
medium, as described previously [31]. In brief, PDA media inoculated with a mycelial disc
from 4–5-day-old culture of B. cinerea and aliquots (100 μL) of each volatile solution (DIT or
CHL) were soaked into a filter paper (3.0 cm × 3.0 cm). The paper discs were placed on the
inverted lid of each Petri dish; the lids were closed and sealed with parafilm. The number
of spores produced and spores’ viability were tested by adding aliquots of 30 mL of DIT or
CHL solutions, in individual small tubes, which were placed inside the plastic containers
just before the lids were closed. Wet filter paper was placed in each container to maintain
high relative humidity (RH ~95%) during the storage period.

Table 1. The experimental set up of the volatiles (chlorine or dittany essential oil) on Botrytis cinerea
development in vitro (PDA medium) or in vivo (pepper fruit). In curative effect (CE) fruits (or
plates) inoculated with B. cinerea and then exposed to vapours. A second sample of fruits (or plates)
pre-exposed to vapours (residual effect-RE), inoculated with fungi and transferred/stored to ambient
air (control). Treatments maintained throughout at 11 ◦C and 95% RH.

In Vitro Conditions Treatment Section

Colony growth (CE-VAP) at 20 ◦C for 2 h, at 11 ◦C for 6 d Inoc.-6 d in VAP 2.3
Colony growth (RE-VAP) at 20 ◦C for 2 h, at 11 ◦C for 6 d, at 11 ◦C for 6 d 6 d in VAP-Inoc.-6 d in air 2.3
Spore production (CE-VAP) at 11 ◦C for 10 d Inoc.-10 d in VAP 2.6
Spore production (RE-VAP) at 11 ◦C for 6 d, at 11 ◦C for 10 d 6 d in VAP-Inoc.-10 d in air 2.6
Spore germination (CE-VAP) at 11 ◦C for 10 d, at 11 ◦C for 24 h Inoc.-10 d in VAP-Inoc. in PDA-24 h in air 2.7 a
Spore germination (RE-VAP) at 11 ◦C for 6 d, at 11 ◦C for 10 d, at 11 ◦C for 24 h 6 d in VAP-Inoc.-10 d in air-Inoc. in PDA-24 h in air 2.7 b

In Vivo

Lesion growth (CE-VAP) at 20 ◦C for 2 h, at 11 ◦C for 12 d Inoc.-12 d in VAP 2.4 a
Lesion growth (RE-VAP) at 20 ◦C for 2 h, at 11 ◦C for 6 d, at 11 ◦C for 6 d Inoc.-6 d in VAP-6 d in air 2.4 b
Lesion growth (RE-VAP) at 20 ◦C for 2 h, at 11 ◦C for 6 d, at 11 ◦C for 6 d 6 d in VAP-Inoc.-6 d in air 2.4 c
Lesion growth (CE-DIP) at 20 ◦C for 24 h, at 11 ◦C for 12 d Inoc.-1 d at RT-30 min in DIP-12 d in air 2.5
Lesion growth (RE-DIP) at 20 ◦C for 24 h, at 11 ◦C for 12 d 30 min in DIP-Inoc.-1 d at RT-12 d in air 2.5
Spore production (CE-VAP) at 11 ◦C for 15 d Inoc.-15 d in VAP 2.6
Spore production (RE-VAP) at 11 ◦C for 6 d, at 11 ◦C for 15 d 6 d in VAP-Inoc.-15 d in air 2.6
Spore germination (CE-VAP) at 11 ◦C for 15 d, at 11 ◦C for 24 h Inoc.-15 d in VAP-Inoc. in PDA-24 h in air 2.7 c
Spore germination (RE-VAP) at 11 ◦C for 6 d, at 11 ◦C for 10 d, at 11 ◦C for 24 h 6 d in VAP-Inoc.-15 d in air-Inoc in PDA-24 h in air 2.7 c

VAP: vapours; DIP: dipping; RE: residual effect; CE: curative effect; PDA: potato dextrose agar; Inoc.: inoculation.
Letters a, b, c under the “section” heading correspond with sections in the text.
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Two sub-experiments were carried out for pepper fruit, as detailed in Sections 2.4 and 2.5,
in order to investigate the proper applications in vivo (either volatiles or dipping). Twelve
distinct fruits were subjected to each volatile compound treatment in sub-experiment
I, resulting in three treatments: untreated control, chemical control treated with CHL
(48 mL L−1), and fruit treated with DIT (0.35 mL L−1). Fruits were placed into 4.5 L
polystyrene containers (2 fruit/container) with snap-on lids for each individual experiment.
Filter paper (Whatman No. 1; 3.0 cm × 3.0 cm) was soaked with 5 mL of the desired
concentration of each volatile solution, and filter paper was placed inside in the contain-
ers. Moreover, wet filter paper with distilled H2O was used for 95% RH maintenance.
The volatiles were allowed to vaporize inside the containers spontaneously at 20 ◦C for
2 h. Control samples were handled similarly apart from the volatile treatment (controls
consisted of distilled H2O with 5% (v/v) Tween-20). In vitro and in vivo experiments were
repeated twice.

The sub-experiment II involved dipping 12 individual fruit per treatment into the EO
or CHL solutions (same concentration as vapour treatments) for 30 min, drying the fruit for
1 h at room temperature (RT) and storing the fruit in ambient air conditions for up to 12 d.

2.3. Impact of Dittany and Chlorine Enrichment on Pathogen Growth In Vitro

Two mycelial plugs (1 cm2), obtained from the periphery of 4–5 d old culture of
B. cinerea at 25 ◦C, were placed in the centre of containers with 30 mL PDB. Following
inoculation, containers were incubated for 9 d in the dark at 11 ◦C and 95% RH. Fungal
biomass was collected, dried, and weighed, and the results were expressed as dry weight
(g), while inhibition of sporulation was calculated (considering the area measured using
digital imaging tools (Adobe Photoshop CS6 analysis tools)) compared to the sporulation
of the control (without DIT or CHL compounds).

A mycelial plug (2.5 mm diameter), as described above, was placed in the centre of
PDA plates. Following inoculation, plates were incubated for 6 d in the containers exposed
to air or volatiles in the dark at 11 ◦C, 95% RH (curative effect). In a second experiment,
PDA plates were exposed to air or volatiles for 6 d; then, PDA medium was inoculated
with the fungi (as described above), lids replaced on the plates, and plates transferred to air
for an additional 6 d period (residual effect). Colony diameter was measured and results
monitored as colony area (cm2) development.

2.4. Impact of Dittany and Chlorine Enrichment on Grey Mould Development in
Wound-Inoculated Fruit

Two wounds (3 mm diameter and 1–2 mm deep) were made on opposite sides, and
at the top and bottom, of commercial immature green pepper, using a sterilised spike. B.
cinerea was inoculated as described previously [42], by inserting a mycelial plug (2.5 mm
diameter) in each wound of the pepper fruit. The following sub-experiments implemented
the following:

(a) Peppers inoculated with B. cinerea were placed in containers and exposed continually
to air or volatiles for 6 d or 12 d (examine curative effect).

(b) Peppers inoculated with B. cinerea were placed in containers and exposed to air or
volatiles for 6 d and then transferred to air for an additional 6 d (examine residual
effect due to partial exposure to volatiles).

(c) Peppers were first exposed to air or volatiles for 6 d, then removed from volatiles
and inoculated with B. cinerea and transferred to air for an additional 6 d (examine
residual effect on fruit; no fungal exposure to volatiles).

Fumigation was conducted in the dark at 11 ◦C, 95% RH. Lesion development (ex-
pressed in cm2) was measured at the end of the experiments.
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2.5. Impact of Sanitary Dips on Grey Mould Development in Wound-Inoculated Fruit

In sub-experiment II, fruits were dipped into DIT or CHL solution, at the same
concentrations as the vapour’s treatments. In the first treatment, the fruit inoculated with
B. cinerea were incubated for 24 h at RT and then dipped into the EOs or CHL solution for
30 min, dried for 1 h at RT and transferred to air for 12 d (curative effect). In the second
treatment, fruits were dipped in the EOs or CHL solutions for 30 min, dried for 1 h at RT,
inoculated with B. cinerea, incubated for 24 h at RT, and transferred to storage conditions in
air for 12 d (preventative effect). Incubation was performed in the dark at 11 ◦C, 95% RH
and lesion development (cm2) measured every 2 d throughout the storage period. Both
experiments were repeated twice.

2.6. Effect of Dittany and Chlorine Enrichment on Spore Production

The B. cinerea spore suspension was collected from a sporulated PDA medium (as
described in Tzortzakis, 2010 [42]) by harvesting the spores using an L-shaped spreader.
Spores were concentrated and counted using a haemocytometer slide. Plates (PDA medium)
were inoculated in the centre with 20 μL spore solution (1.8 × 104 spores mL−1), transferred
to containers, and exposed to air or volatiles (CHL or EO) for 10 d (curative effect). In the
second experiment, plates were first placed in containers, exposed to air or volatiles (EO or
CHL) for 6 d, and then inoculated with freshly prepared fungal suspension (preventative
effect). In both experiments, the lids were removed from the plates during incubation. After
exposure, the plates were closed and transferred to air for 10 d (residual effect). Following
exposure to volatiles (CHL or EO) or air, spores were collected with an L-shaped spreader
with 20 mL dH2O (with Tween 80; 0.1% v/v) for 5 min and concentrated to a final 1 mL
volume, as described by Tzortzakis [42].

Wounded pepper fruit were inoculated with 15 μL spore suspension (2 × 104 spores
mL−1) of B. cinerea in each wound, placed in containers, and exposed to air or volatiles
(CHL or EO) for 15 d until spores formed. In the second experiment, healthy fruits were
exposed to air or volatiles (CHL or EO) for 6 d, inoculated with B. cinerea (as above), and
transferred to air for 15 d until spores formed. Fumigation was performed in the dark at
11 ◦C, 95% RH. Following exposure to volatiles (CHL or EO) or air, fruit was shaken for
25 min in 80 mL dH2O (with Tween 80 (0.1% v/v) for better spore separation) to remove the
spores. Spore suspensions were concentrated to a final volume of 1 mL. A haemocytometer
slide was used for microscope quantification counts.

2.7. Effect of Dittany and Chlorine Enrichment on Spore Germination

Spore germination tests were implemented in several treatments:

(d) Spores from 9 d old B. cinerea colonies were collected with an L-shaped spreader and
inoculated on PDA medium (2–3 mm thick). Plates were placed in containers, the
lids were removed, and they were exposed to air or volatiles (CHL or EO) for 24 h
(curative effect).

(e) Plates were placed in containers, the lids removed, and they were exposed to air
or volatiles (CHL or EO) for 24 h and then inoculated with the fungal suspension).
Following exposure, lids were replaced, and plates were transferred to air for 24 h
(residual effect).

(f) Spore suspensions were made from inoculated and volatile-exposed pepper fruits,
inoculated on PDA medium, and incubated in air for 24 h in the dark at 11 ◦C, 95%
RH. Measurements were recorded after 24 h incubation. Within each of the 9 replicates
(4 sets of 16 squares; 44% of the haemocytometer slide was measured, in two different
areas for the PDA medium or the fruit per replicate), 100 spores were examined, and
the percentage of germinated spores was calculated.
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2.8. Statistical Analysis

Values were presented as means ± standard errors (SE) from 9–12 independent values
per treatment. Data were subjected to analysis of variance and Duncan’s Multiple Range
test (p < 0.05) using IBM SPSS v.25 for Windows.

3. Results

The composition of the main (>2.0%) EO components is presented at Table 2. Twenty-
four components were identified, indicating 99.87% of the oil composition. The main
components were carvacrol (69.89%), p-cymene (12.92%), and γ-Terpinene (7.12%), in
agreement with previous reports [43]. The main category of the EO was oxygenated
monoterpenes, averaged in 72.87%, followed by monoterpene hydrocarbons (24.31%) and
then by sesquiterpene hydrocarbons (2.69%).

Table 2. The chemical and percentage composition of the major components from the essential oil of
Origanum dictamnus.

No Compound R.I. b Retention Time
Percentage (%)
Composition

1 a-Thujene 930 9.507 0.67
2 a-Pinene a 939 9.746 0.57
3 Sabinene 975 11.253 0.06
4 b-Pinene a 979 11.353 0.10
5 1-Octen-3-ol 979 11.530 0.10
6 b-Myrcene 990 11.933 1.11
7 a-Phellandrene 1002 12.402 0.10
8 a-Terpinene 1017 12.855 1.49
9 p-cymene a 1024 13.163 12.92
10 Limonene a 1029 13.302 0.37
11 γ-Terpinene a 1059 14.400 7.12
12 cis-Sabinene hydrate 1070 14.701 0.72
13 Linalool a 1096 15.841 0.53
14 Terpinen-4-ol 1177 18.479 0.29
15 Thymoquinone 1252 20.816 0.19
16 Thymol a 1290 22.007 0.12
17 Carvacrol a 1299 22.382 69.89
18 a-Cubenene 1348 23.768 0.08
19 a-Copaene 1376 24.565 0.58
20 b-Caryophyllene 1419 25.883 1.38
21 β-Bisabolene 1505 27.302 0.14
22 δ-Cadinene 1523 29.561 0.29
23 Thymohydro quinone 1555 30.761 1.00
24 Caryophyllene oxide 1583 32.548 0.20

Total (%) 99.87

Monoterpene hydrocarbons 24.31
Oxygenated monoterpenes 72.87
Sesquiterpene hydrocarbons 2.69

(a) Identification by comparison of retention times and co-injection with authentic compound. (b) R.I. (Retention
Indices) from experimental using a SBP-5 column using a homologous series of n-alkanes (C9–C25).

3.1. Effects of Dittany Oil on Fungal Biomass In Vitro

The B. cinerea biomass decreased as the concentration of the chlorine or dittany oil
increased in the PDB media (Figure 1). In detail, the application of CHL decreased fungal
biomass from 28.4% up to 57.1% at 10 μL L−1 and 500 μL L−1 applications, respectively,
compared with the control treatment. The relevant decreases in fungal biomass found after
the dittany oil applications were 14.3% at DIT 10 μL L−1 and 91.4% at DIT 500 μL L−1. Spore
production accelerated at CHL ≥ 100 μL L−1 but was eliminated in the DIT applications
(see Figure S1).
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Figure 1. Impact of chlorine or dittany oil on fungal biomass (g) of Botrytis cinerea grown in Potato
Dextrose Broth (PDB). Inoculated PDB with B. cinerea was exposed to vapours and incubated at
11 ◦C and 95% RH. Values represent means of measurements made on six independent replicates
per treatment.

3.2. Effects of Vapours on Grey Mould Development In Vitro

DIT and CHL vapours decreased the B. cinerea colony growth (vegetative stage)
in vitro (i.e., fungi inoculated and cultured on PDA prior exposure to volatiles, named
“curative effect”) following 4 and 6 d of incubation compared to the control treatment
(Figure 2). However, when PDA media were pre-exposed to volatiles (named “residual
effect”) and then PDA was inoculated with the fungi, only DIT oil vapor decreased fungal
colony growth, while CHL vapours did not affect the colony growth, which was at similar
levels as the colony growth in the control treatment (Figure 2).

  

Figure 2. Impact of curative or residual vapour enrichment of chlorine or dittany oil on Botrytis
cinerea colony growth (cm2) on PDA media. Values represent means (±SE) of measurements made
on nine independent plates per treatment. Values followed by the same letter on each day do not
differ significantly at p = 0.05.

The effects of CHL or DIT vapours on the reproductive phases of the fungi growth,
including spore production and spore germination/viability, are illustrated in Table 3. The
number of spores produced decreased (up to 50.8%) in DIT vapour enrichment compared to
the control and/or CHL treatments (Table 3). In pre-exposed PDA media to vapours, spore
production was suppressed by up to 55.2% and 81.9% for the CHL and DIT applications,
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respectively, compared with the control. Residual effects were also evidenced for the
spore’s viability, as spore germination decreased (up to 43.9%) for vaporized media with
CHL or DIT oil. However, spores treated with vapours (vapour exposed PDA medium)
did not affect their viability (reproductive phase).

Table 3. Impact of curative and residual vapour enrichment of chlorine or dittany oil on Botrytis
cinerea spore germination and spore production in vitro on PDA medium. Treatments maintained
throughout at 11 ◦C and 95% RH. In each row, mean (±SE) values (n = 9) of plates for the individual
vapour enrichment, followed by the same letter, do not differ significantly at p = 0.05.

Curative Vapour Enrichment *
In Vitro Control Chlorine Dittany Oil

Spore production × 105 (mL−1) 95.29 ± 6.60 a 111.64 ± 10.89 a 46.87 ± 14.35 b
Spore germination (%) 68.58 ± 5.03 a 60.88 ± 6.21 a 73.11 ± 4.26 a

Vapour-Induced Residual Effect **

Spore production × 105 (mL−1) 141.36 ± 16.42 a 63.26 ± 6.67 b 25.63 ± 7.93 c
Spore germination (%) 88.51 ± 2.96 a 47.99 ± 4.63 b 61.54 ± 7.69 b

* Curative vapour enrichment: plates initially inoculated with B. cinerea and then subjected to vapours. ** Vapour-
induced residual effect: plates pre-exposed to vapours, inoculated with fungi and then subjected to ambient
air (control).

3.3. Effects of Vapours on Grey Mould Development on Pepper Fruit

The fungal lesion development of inoculated pepper fruits with B. cinerea decreased
after 6 d of storage when subjected to DIT oil vapours; however, this effect did not persist
after 12 d of storage at 11 ◦C and 95% RH (Figure 3). Wound-inoculated fruit subjected to
vapours (CHL or DIT) for 6 d and then additionally stored for 6 d in ambient air (in total
12 d of storage) failed to decrease the fungal lesion development, indicating no residual
effect after 12 d of storage. However, the fungal lesion area was supressed (up to 44.7%) in
pre-exposed fruits to DIT vapours for 6 d followed by B. cinerea inoculation and storage for
6 d in ambient air, indicating a residual lasting effect for the 6 d of storage in ambient air
(Figure 3). The fruit exhibited no apparent signs of injury or any other abnormalities.

  

Figure 3. Impact of curative or residual vapour (VAP) enrichment of chlorine or dittany oil on Botrytis
cinerea lesion growth (cm2) on pepper fruit. Values represent means (±SE) of measurements made on
nine pepper fruits per treatment. Values followed by the same letter in each treatment/application
do not differ significantly at p = 0.05. The ns indicates no significance.

The impact of vapours on the grey mould development on pepper fruit is shown in
Table 4. Notably, the production of spores significantly (p < 0.05) decreased during the
exposure of the inoculated fruits to CHL and DIT when compared to the control (peppers
exposed to ambient air throughout). However, spore germination decreased in the case
of DIT-treated pepper fruits compared to control or CHL-treated fruits during the vapour
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applications. In peppers pre-exposed to vapours (residual effect), both spores’ production
and germination were unaffected and averaged as 1.87 × 105 spores mL−1 and 98.14%,
respectively (Table 4).

Table 4. Impact of curative and residual vapour enrichment of chlorine or dittany oil on Botrytis
cinerea spore germination and spore production on pepper fruit, stored at 11 ◦C and 95% RH. In each
row, mean (±SE) values (n = 9) of fruits for the individual vapour enrichment followed by the same
letter do not differ significantly at p = 0.05.

Curative Vapour Enrichment *

In Vivo Control Chlorine Dittany Oil

Spore production × 105 (mL−1) 34.97 ± 6.25 a 18.37 ± 3.09 b 14.11 ± 2.05 b
Spore germination (%) 99.60 ± 0.24 a 97.20 ± 1.01 a 91.25 ± 2.39 b

Vapour-Induced Residual Effect **

Spore production × 105 (mL−1) 2.85 ± 0.82 a 1.52 ± 0.41 a 1.04 ± 0.10 a
Spore germination (%) 98.20 ± 1.56 a 99.20 ± 0.20 a 96.76 ± 1.65 a

* Curative vapour enrichment: fruits inoculated with B. cinerea and then subjected to vapours. ** Vapour-induced
residual effect: fruits pre-exposed to vapours, then inoculated with fungi, transferred and stored in ambient air.

Indeed, the antimicrobial activity of the tested vapours was evidenced, as when pure
CHL and DIT oil was assessed, fungal lesion growth decreased up to 69.4% and 53.0% for
CHL and DIT applications, respectively (Table 5). The antimicrobial properties of the CHL
and DIT oil were over-expressed at the spore viability, as spore germination decreased up
to 97.3% and 99.7% for CHL and DIT applications, respectively.

Table 5. Impact of curative vapour enrichment of pure (100%) chlorine or dittany oil on Botrytis
cinerea lesion growth and spore germination on pepper fruit, stored at 11 ◦C and 95% RH. In each
row, mean (±SE) values (n = 9) of fruits for the individual vapour enrichment followed by the same
letter do not differ significantly at p = 0.05.

Curative Vapour Enrichment *

In Vivo Control Chlorine Dittany Oil

Lesion growth (cm2) 9.48 ± 0.96 a 3.33 ± 0.68 b 4.46 ± 0.56 b
Spore germination (%) 96.54 ± 1.06 a 2.63 ± 0.67 b 0.25 ± 0.25 b

* Curative vapour enrichment: fruits inoculated with B. cinerea and then subjected to pure (100%) vapours.

3.4. Sanitary Dips on Grey Mould Development In Vivo

Apart from the vapour application in the present study, sanitary dips of fruit in CHL
or DIT solution were also assessed. Sanitary dips on fruits previously inoculated with
the fungi did not affect the lesion growth compared to the control treatment, while DIT
application slightly accelerated the fungal growth (Figure 4). Similarly, sanitary dips did
not reveal any residual effects, as pre-treated fruits with vapours that were inoculated had
similar fungi development. Pepper fruits subjected to dipping retained a negligible odour
of the sanitary solution (CHL or DIT), but fruits retained their colour as no discolouration
was evidenced.
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Figure 4. Impact of curative or residual dipping-enrichment of chlorine or dittany oil on Botrytis
cinerea lesion growth (cm2) on pepper fruits stored at 11 ◦C and 95% RH. Values represent means
(±SE) of measurements made on nine independent fruits per treatment. Values followed by the same
letter on each day do not differ significantly at p = 0.05. The ns indicates no significance.

4. Discussion

Fungicide treatments for postharvest decay prevention have been limited in the EU
due to severe regulations regarding concerns about food safety [15,44]. Unlike their usage
as food flavourings, EOs’ potential use as natural antibacterial, antioxidant, and anticancer
agents has received less research and approval, which has limited their use in the industry.
This study underscores the potential use of EOs for controlling postharvest diseases caused
by the B. cinerea in pepper fruit. Natural volatiles demonstrated efficacy in mitigating grey
mould in pepper fruit during both the vegetative (mycelial development) and reproductive
(spore germination and production) phases of B. cinerea in vitro. This interference with
the fungal disease cycle is crucial for effective disease control. Interestingly, the antifungal
efficacy of the DIT oil was evidenced in pre-exposed PDA media to the EOs, indicating a
residual effect, which was evidenced for both the vegetative (Figure 2) and reproductive
(Table 3) stages of the tested fungi. In previous studies, cinnamon (Cinnamomum zeylanicum
L.) oil at ≤500 μL L−1 inhibited several Aspergilus species (A. flavus, A. parasiticus, A.
ochraceus) and Fusarium moniliforme on PDA [45], being in line with the current observations.
An in vitro test of Origanum vulgare (L.), Thymus capitatus (L.), Cymbopogon citratus (L.),
and Coriandrum sativum (L.) vapours (0.5–1.0 mL L−1) inhibited B. cinerea and Alternaria
arborescens [46]. The high C. citratus EO levels (2800 μL L−1) completely inhibited Aspergillus
flavous, while the production of mycotoxins (aflatoxin) was inhibited at 100 μL L−1 of C.
citratus treatments [47].

The antimicrobial properties of the DIT oil mirrored the pepper fruit as well, but the
efficacy seemed to last for the first 6 d of application, as longer duration in both curative
and residual applications was not promising (Figure 3). In contrast, the antimicrobial
properties of DIT oil when applied in eggplant persisted up to 14 d, and the higher the
concentration, the greater the suppression against grey mould [31]; this is probably related
to the different commodity used. DIT oil has carvacrol as the main component based on
the EO analysis (Table 2) and previous reports [43]. Carvacrol has proven antimicrobial
and antioxidant properties [48,49], reflecting the DIT oils’ biocidal activities. When an
EO mixture that contained carvacrol–oregano–cinnamon at a ratio of 7:1:2 was used, the
controlled release of EO vapours from the active box prolonged the storage period of
tomatoes and decreased decay [50]. The combination of EOs and/or other postharvest
means (i.e., chitosan) improved the efficacy of the preservation of fresh produce [51].
When chitosan and thyme oil were combined in a 3:1 ratio, they controlled Colletotrichum
gloeosporioides in avocado fruit during storage [29] so they can be considered a suitable
alternative to the currently adopted prochloraz applications. The application of the EOs
as nanoemulsions could be a possible strategy for improving the efficiency of natural
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fungicides [52]. Several studies on tomato, strawberry, and cucumber fruit confirmed
the antifungal properties of EOs derived from oregano, thyme, clove, and lemon plants,
towards various important postharvest pathogens (B. cinerea, Penicillium italicum, and
Penicillium digitatum) [41,53], being in agreement with the results of the current work.
Notably, the advantages associated with volatile enrichment persisted in fruit exposed to
DIT oil vapours, leading to the suppression of lesion growth and direct impacts on the
fungal spore germination and spore production. The viability of spores in pepper fruit,
inoculated through wounds, was comparatively less affected than spore production.

Interestingly, a 6 d DIT oil application before inoculation revealed a residual effect
and decreased the grey mould development after the fungi inoculation (Figure 3). These
observations suggest that vapour applications may exert a lasting effect, possibly through
fruit priming in anticipation of subsequent challenges [54] and potentially fostering defence-
related metabolism in the fruit [55]. This provided evidence that pre-treating fruit with
DIT oil during storage in chilled conditions might prevent the establishment and growth
of the fungi. Molecular-based studies would be useful for comprehending the secondary
metabolisms and potential mechanisms involved. Indeed, evidence shows that the EOs’
antimicrobial and antioxidant activities are related to the synthesis of phenolic components
and the role of phenylalanine ammonia-lyase (PAL) as a primary enzyme that is involved
in the phenolics biosynthesis [29]. Similarly, pathogen-related proteins (chitinase and b-1,3-
glucanase) have a vital role in plant defence-related mechanisms against fungi by facilitating
the biochemical mechanisms involved in fungi cell polymer hydrolysation [29,41]. Thyme
oil decreased pathogen development and spore viability by impacting the active sites of
enzymes and cellular metabolism [56]. However, DIT oil seems to pose fungistatic effects
on the reproductive (spore germination and production) phase of the fungi, rather than
fungicidal effects (Table 4). Nevertheless, the spore morphology, the moisture content,
and the substrate are recognized as crucial factors influencing fruit susceptibility. The
reduced spore germination and production emphasized in this study would impede the
fungus’ spread, diminishing its ability to generate spores. Consequently, natural products
become highly significant for postharvest sanitation means. In previous studies, EOs’
antimicrobial efficacy has been reported to prolong the storage life of various vegetables
and fruits [29,52,57,58].

Essential oils offer a distinct advantage in their bioactivity when applied in the vapour
phase, a characteristic that renders them valuable as potential sanitizer for safeguarding
stored commodities. In many commodities, sanitary dipping is an effective and straight-
forward way to preserve fresh commodities, while in some commodities, i.e., grapes and
strawberries, the dipping technique is less preferable at it may fail to protect the fresh
commodities, accelerating pathogen development. In the present study, sanitary dipping
was less successful in fruit sanitation compared to vapour application (Figure 4), while
fruits dipped in DIT or CHL solution retained a faint odour in the sanitary solution. It
has been reported previously that sage EO dipping application was ineffective for the
preservation of pepper fruit [59], while sanitary dipping of kiwi (Actinidia chinensis) fruit
against B. cinerea at higher rates (i.e., 500 μL L−1 aqueous solution of Origanum spp. oil)
than the ones used in the present study (i.e., 350 μL L−1) revealed a fungal decrease in the
fruit flesh but severely reduced fruit quality [60]. Moreover, Satureja montana and Origanum
vulgare EO emulsion was effective to control Escherichia coli O157:H7 in the postharvest
washing of lettuce [3]; however, the effects were varied according to the different lettuce
types, romaine and butterhead versus crisp head lettuce, with greater antimicrobial activity
for the latter. High EO levels (i.e., 500 μL L−1) may accelerate fruit metabolism, increase
fruit decay, and decrease aroma/marketability, as evidenced on vapourised tomatoes at the
breaker ripening stage when exposed to sage (Salvia trilova L.) EO, while lower EO con-
centration of 50 μL L−1 maintained fruit texture, respiration, and ethylene production [55].
In that study, it was also observed that even 2 d of sage EO application can affect the fruit
metabolism and storability, while residual effects were evidenced in pre-exposed tomatoes
to sage EO for 7 d, following an additional 7 days of storage at 11 ◦C and 90% RH [55].
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Essential oil addition in foodstuffs might have limitations in terms of not only aroma and
taste but also colour and texture, and the general visual perception may be altered [23]. In
that sense, EO application should balance the impacts on fresh produce quality, safety, and
acceptability with the antimicrobial efficacy of the EO.

The application of DIT EOs ≥ 50 μL L−1 led to a decrease in fungal biomass, which
almost zeroed at the highest tested concentration of 5000 μL L−1. The DIT presence affected
the fungal development (fungal biomass (Figure 1)) and mycelial growth (Figure 2) per se
but also possibly altered the culture medium composition/properties. This was confirmed
by exposing the PDA medium to vapours prior the fungi inoculation, where the fungi
colony decreased in pre-exposed PDA to DIT vapours, indicating residual effects. Further
investigation is needed to examine the different DIT oil concentrations and the time of
duration/exposure to vapours. There is no doubt that DIT oil poses strong antimicrobial
activity, as pure DIT oil decreased, by almost half, the fungal vegetative growth and,
most importantly, nearly prevented the fungi spread, as the spore viability was almost
zeroed (Table 5). The mechanism by which volatiles affect fungal spores (germination and
production) is not well understood. The EO fungitoxic properties are likely associated with
the combined action of various components that the EOs are composed of [25]. This complex
matrix of EO components may hinder pathogens from developing resistance, providing a
valuable advantage for postharvest storage. Further research is needed to understand any
synergistic action of plant molecules, both in vitro and in vivo, and application should be
further explored under semi-commercial and full-commercial (i.e., packinghouses) scales
and not only under laboratory premises.

Reduced spore production and spore germination, as demonstrated in this study,
could effectively inhibit fungal proliferation. This positions EOs as useful postharvest
sanitation tools, offering a substitute to commercial chemical-based chlorine [61]. Essential
oils, approved as food additives, present a more straightforward registration process for
postharvest use compared to novel synthetic pesticides. Thymol, thyme EO, and thyme
(as a spice) are involved in the lists of the US Food and Drug Administration as both food
and food additives, with thymol first registered as a pesticide in the US in 1964 [62]. When
applying EOs, achieving an optimized concentration, duration, and exposure method
is crucial to prevent product deterioration. The thickness of fresh commodity is linked
to tainting, with thicker fruit skins being less susceptible to such issues [63]. Since the
effectiveness of a single natural sanitizer might be low and may not be as broadly effective
as synthetic pesticides, during postharvest applications, their efficacy can be enhanced
by combining them with specially designed packaging. This approach avoids leaving
detectable residues on the surface, addressing concerns about the available sanitation
means, which are primarily chlorine-based. Additionally, applying EOs via the vapour
phase is likely to be more cost-effective than dipping.

While utilizing EOs, it is important to keep in mind that their effectiveness towards fun-
gal infections and/or other pathogens attacks relies on the EO composition, concentration,
methods of applications, timing, pathogen type, and the features of the commodity [64].
Generally, the concentrations of EOs and their components are required to hinder microbial
growth to be greater in food compared to culture media. Any commercial application
should take this phenomenon into account, as it is linked to interactions among phenolic
ingredients and the food matrix [65]. However, the effects of EO application on fresh
produce quality can be contradictory. For instance, the use of savoury and thyme EOs
in vapour form on peaches and nectarines benefited the fruit’s qualitative features (i.e.,
less weight loss and significant losses of carotenoid and ascorbic acid content) [66]. How-
ever, the high Salvia trilova EO concentrations may have a negative impact on quality
factors, including the sensory qualities (i.e., odour, taste, and colour) of the treated fresh
produce [55]. Upon utilization, EOs might have direct (lysis of membrane permeability)
or indirect (induce resistance) activity. Essential oils, due to their lipophilicity, can easily
disrupt the permeability of the membrane and/or enter it [67,68].
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5. Conclusions

EOs, as a natural product, are an eco-friendly substitute for chemical preservatives
in the food sector, attracting attention as a natural green preservative. The present study
demonstrates the potential use of DIT oil for postharvest disease management, both in
the vegetative and reproductive phases of Botrytis cinerea. DIT oil decreased fungal lesion
growth and prevented the spore germination and spore production to some extent, even
better in most cases than the commonly used sanitizer, chlorine, for the postharvest storage
of pepper fruit. However, these effects were observed for the 6 d vapour application and not
for 12 d, indicating the lasting effect of the vapours on fresh produce preservation. DIT oil
application reveals residual effects that could possibly protect the fruit from opportunistic
pathogens during the storage of fresh commodities. The EO of DIT may be considered
as curative and residual alternatives to typical fresh produce preservation procedures. In
comparison to sanitary dips, vapour application was found to be more successful in pepper
fruit preservation. Before commercial use, each commodity must be evaluated individually,
and the volatile concentration and sanitizing procedure must be optimized.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14020257/s1, Figure S1. Effect of chlorine or dittany
essential oil on fungal (Botrytis cinerea) sporulation grown in Potato Dextrose Broth (PDB).
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Abstract: Several members of Stachys L. (among the largest Lamiaceae genera) have been traditionally
used as medicinal plants. With 54 Stachys taxa (species and subspecies) occurring in mainland and/or
insular Greece, the present study aimed to investigate the metabolic profiling of four range-restricted
local Stachys members: Stachys candida and S. chrysantha (protected and endangered local Greek
endemics), S. leucoglossa subsp. leucoglossa (local Balkan endemic), and S. spinulosa (local Balkan
subendemic). In this investigation, the infusions of their above-ground parts were characterized
using NMR and HPLC-PDA-MS techniques. Thus, 1D- and 2D-NMR spectra were obtained to
compare the chemical fingerprints of these plants. Furthermore, previously isolated compounds
from Stachys spp. were used to identify specific constituents. NMR screening revealed the presence
of: (i) phenylethanoid glycosides, mainly acteoside in S. candida and S. chrysantha (section Candida,
Swainsoniana phyloclade), and (ii) flavone 7-O-allosylglucoside (isoscutellarein 7-O-[6′′′-O-acetyl-β-
D-allopyranosyl]-(1→2)-β-D-glucopyranoside) and iridoids (monomelittoside or/and melittoside)
in S. leucoglossa subsp. leucoglossa (section Olisia, Swainsoniana/Olisia phyloclade, Swainsoniana phy-
loclade) and caffeoylquinic acid (chlorogenic acid) in S. spinulosa (section Campanistrum, Stachys
phyloclade). In total, 26 compounds were detected by HPLC-PDA-MS belonging to flavonoids,
phenylethanoid glycosides, and phenolic acids. Among them, chlorogenic acid was identified in all
samples as one of their main metabolites. The present study complements previous studies with
first reports of constituents detected in the studied taxa, reports for the first time on the metabolic
characterization of S. spinulosa, and discusses the chemotaxonomic significance of such findings.

Keywords: Stachys spinulosa; infusions; metabolic profiling; NMR; HPLC-PDA-MS; Greece

1. Introduction

The genus Stachys L. (Lamiaceae family) comprises about 365 species, which are
mainly distributed in the northern hemisphere [1–3] and are arranged in 19 sections [4] or
different phyloclades [2]. In Greece, 54 species and subspecies of Stachys are distributed
in parts of the mainland and/or insular country [5], and 41% of them are local endemics
confined to Greece, while 28% are Balkan endemics or subendemics extending to Turkey
and/or Italy.

Several Stachys taxa (species and subspecies) are used as infusions and decoctions
in folk medicine, and their intended uses mainly concern the treatment of infections, the
common cold, gastrointestinal disorders, inflammation, skin diseases, and wounds or as a
remedy for asthma and anxiety implications [6]. Many of these folk uses (and related an-
cient or old recipes) date back to Dioscorides times in ancient Greece and Rome, traditional
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Chinese medicine, or Middle Eastern (Iranian and Turkish) folk phytotherapy [6]. Previous
phytochemical investigations of Stachys spp. have reported several constituents belonging
to different chemical categories, including terpenoids, iridoids, phytosterols, polyphenols
(e.g., flavonoids, phenylethanoid glycosides, and phenolic acids), polysaccharides, and
others [6,7]. Many Stachys taxa, as well as their isolated compounds, are known to exhibit
diverse pharmacological properties, such as antioxidant, anti-inflammatory, anti-diabetic,
anti-microbial, anti-proliferative, and cytotoxic activities, among others [6,7].

In our continuing endeavor to explore and document in phytochemical terms the
different Stachys taxa growing in Greece [6], we have performed a chemical investigation
herein in four members of the genus Stachys without bracteoles (or minute bracteoles),
namely S. candida Bory & Chaub., S. chrysantha Boiss. & Heldr., S. leucoglossa Griseb. subsp.
leucoglossa, and S. spinulosa Sm. More specifically, we focused on: (i) the endangered
S. candida and S. chrysantha [8], which are local Greek (Peloponnese) endemics protected
by the Greek Presidential Decree 67/1981 that belong to the section Candida [3,5] or the
phyloclade Swainsoniana [2], with the first being an unarmed perennial with orbicular to
ovate–orbicular leaves, calyx teeth longer than wide, and white corolla with purple spots,
with the other being a non–spiny perennial with elliptic–ovate to suborbicular leaves and
yellow tomentose corolla; (ii) the range-restricted local Balkan endemic S. leucoglossa subsp.
leucoglossa belonging to the section Olisia or the Swainsoniana/Olisia phyloclade [2], an
unarmed perennial with white or pale pink corolla in remote 2–6-flowered verticillasters
with an almost glabrous calyx and very small floral leaves; and (iii) the local Balkan
subendemic S. spinulosa which belongs to the section Campanistrum [3,5] or the Stachys
phyloclade [2], a hispid annual with ± scabrid stem on angles, spiny bracts and crowded
verticillasters in dense spikes, and coarsely spined cauline leaves, and lower leaves cordate
at the base.

S. candida and S. chrysantha have been previously studied regarding their phytochemi-
cal composition, as well as the anti-inflammatory activity of their methanol extracts and
their flavonoids [6]. Specifically, xanthomicrol, chrysoeriol, calycopterin, chrysoeriol-7-
O-β-D-(3′′-E-p-coumaroyl)-glucopyranoside, chrysoeriol-7-O-β-D-glucopyranoside, and
isoscutellarein-7-O-[6′′′-O-acetyl-β-D-allopyranosyl]-(1→2)-6′′-O-acetyl-β-D-glucopyra
noside were isolated from both plants, while luteolin-7-O-β-D-glucopyranoside was found
only in S. chrysantha methanol extract. Additionally reported in S. candida were: four
flavonoids (apigenin-7-O-β-D-glucopyranoside, isoscutellarein-7-O-[6′′′-O-acetyl-β-D-
allopyranosyl-(1→2)]-β-D-glucopyranoside, 4′-methyl-isoscutellarein-7-O-[6′′′-O-acetyl-
β-D-allopyranosyl-(1→2)]-β-D-glucopyranoside, and 4′-methyl-hypolaetin-7-O-[6′′′-O-
acetyl-β-D-allopyranosyl-(1→2)]-β-D-glucopyranoside), one phenylethanoid glycoside
(acteoside), and one phenolic acid (chlorogenic acid). However, S. leucoglossa (not deter-
mined by subspecies) has been chemically characterized only once regarding its content
in flavonoids (namely, isoscutellarein-7-O-[6′′′-O-acetyl-β-D-allopyranosyl-(1→2)]-β-D-
glucopyranoside, 4′-methyl-isoscutellarein-7-O-[6′′′-O-acetyl-β-D-allopyranosyl-(1→2)]-
β-D-glucopyranoside, and 4′-O-methyl-hypolaetin-7-O-[6′′′-O-acetyl-β-D-allopyranosyl-
(1→2)]-β-D-glucopyranoside) and iridoids (i.e., melittoside, harpagide, acetyl-harpagide,
and ajugol) [9]. Nonetheless, S. spinulosa has not been subjected to any phytochemical
study to date. Therefore, the present study aimed to investigate the metabolic profiles of
the infusions of these four Greek Stachys taxa through NMR and HPLC-PDA-MS analyses.

2. Materials and Methods

2.1. Plant Material

The flowering above-ground parts of the studied plant species and subspecies were
collected from wild-growing populations in different locations in Greece (Figure S1), and
the living material was maintained ex situ at the premises of the Institute of Plant Breeding
and Genetic Resources, Agricultural Organization Demeter (Table 1). Voucher specimens
were identified by Dr. Nikos Krigas and deposited in the Herbarium of the Balkan Botanic
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Garden of Kroussia (BBGK), Institute of Plant Breeding and Genetic Resources, Agricultural
Organization Demeter.

Table 1. Investigated Stachys taxa (species and subspecies) with abbreviations used, sample origin,
date of collections, and living or voucher specimen.

Species Abbreviation Sample Origin Date Living and/or Voucher Specimen

S. candida SCA Mt. Taygetos 29/5/2020 GR-1-BBGK-20,164-A
S. chrysantha SCH Mt. Taygetos 28/2/2020 GR-1-BBGK-20,96

S. leucoglossa subsp. leucoglossa SLE Mt. Karpouzi 13/6/2020 GR-1-BBGK-20,97
S. spinulosa SSP Sparta 29/5/2020 GR-1-BBGK-20,164-B

2.2. Preparation of the Infusions

Precisely 4.0 g of dried comminuted aerial parts of each plant sample was added
to 200 mL of boiled water for 5 min, separately. Due to the fact that Stachys infusions
in Greece have been traditionally prepared and consumed as ‘mountain tea’, referring
to different Sideritis spp., the preparation of the infusions was based on the monograph
of the European Medicines Agency (EMA) concerning different species and subspecies
of the genus Sideritis [10]. Then, the samples were filtered and concentrated to dryness
using a rota evaporator under reduced pressure to yield residues of 2.3 g for S. candida,
2.8 g for S. chrysantha, 2.0 g for S. leucoglossa subsp. leucoglossa, and 1.8 g for S. spinulosa.
Distilled water was used as a solvent for the infusions, avoiding any additive/impurity in
the samples.

2.3. NMR Analysis

In the NMR experiments, a part of each sample (5.0 mg) was dissolved in 600 μL of
CD3OD. The 1D- and 2D-NMR spectra of the samples were recorded on a Bruker 400 DRX
instrument at 300 K. Chemical shifts are given in ppm (δ) and are referenced to the solvent
signal at 3.31/ 49.0 ppm (CD3OD) for 1H- and 13C-NMR, respectively. COSY (COrrelation
SpectroscopΥ) and HSQC (Heteronuclear Single Quantum Correlation) experiments were
performed using standard Bruker microprograms.

2.4. HPLC-PDA-MS Analysis

HPLC-PDA-MS analysis was performed on a Thermo Finnigan system (Palo Alto,
CA, USA), which consisted of an LC Pump Plus, Autosampler, and Surveyor PDA Plus
Detector. The HPLC system was interfaced with an ESI MSQ Plus (Thermo Finnigan, San
Jose, CA, USA) operating with Xcalibur software (version 2.1). The mass spectrometer
operated in negative and positive ionization modes; the scan spectra were from m/z 100 to
1000, the gas temperature was at 350 ◦C, the nitrogen flow rate was at 10 L/min, and the
capillary voltage was 3000 V. The cone voltage was in the range of 60–110 V. The column
was an SB-Aq Zorbax (Agilent, Santa Clara, CA, USA) RP-C18 column (150 mm × 3.5 mm)
with a particle size of 5 μm maintained at 30 ◦C. The eluents were H2O at pH 2.8 by formic
acid (0.05% v/v) (A) and acetonitrile (B) and with a flow rate of 0.4 mL/min. The gradient
program was as follows: 0–7 min, 90–85%A; 7–12 min, 85–82%A; 12–25 82%A; 25–27 min,
82–75%A; 27–32 min, 75%A; 32–42 min, 75–60%A; 42–49 min, 60%A; 49–53 min, 60–90%A;
53–60 min, 90%. The injected volume of the samples was 5 μL of solution. The UV-vis
spectra were recorded between 220 and 600 nm, and the chromatographic profiles were
registered at 280, 330, and 350 nm.

3. Results and Discussion

The present study reports on the chemical fingerprints of the infusions of four Stachys
taxa (S. candida, S. chrysantha, S. leucoglossa subsp. leucoglossa, and S. spinulosa) growing
wild in Greece by means of NMR and HPLC-PDA-MS techniques. In general, LC–MS
(Liquid Chromatography-Mass Spectrometry) and NMR (Nuclear Magnetic Resonance)
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are commonly used techniques for metabolic characterization in plants. By employing
both techniques, the qualitative and quantitative strategy can be considerably improved,
rendering the identification of plant extracts’ constituents feasible [11].

3.1. NMR Analysis

A preliminary screening of the Stachys spp. infusions was first obtained by 1H-
NMR spectra, and the chemical categories of their constituents were identified based
on peaks in specific regions. The comparative 1D-NMR fingerprints are presented in
Figure 1. In addition, 2D-NMR spectra (COSY and HSQC) were acquired to provide a better
overview (Figures S1–S5). In all four 1H-NMR spectra, signals of polysaccharides (region:
5.40–3.10 ppm) were noticed. However, some differences in the chemical fingerprints were
observed among the samples.

 
Figure 1. Overlaid 1H-NMR spectra of the four investigated Stachys infusions in the range of δH

8.00–0.90: Stachys candida (SCA, blue color), Stachys chrysantha (SCH, red color), Stachys leucoglossa
subsp. leucoglossa (SLE, green color), and Stachys spinulosa (SSP, purple color).

In the 1H-NMR spectra of S. candida (SCA) and S. chrysantha (SCH) belonging to
the section Candida or the Swainsoniana phyloclade, mainly signals from phenylethanoid
glycosides were detected (Figure 2A,B). Specifically, at δH 7.60 (d, J = 16.0 Hz) and 6.28 (d,
J = 16.0 Hz), we found trans-coupling olefinic signals ascribable to double bonds (HSQC:
δc 146.8 and 113.5, respectively), at the δH range of 7.07–6.57, we observed signals which
could belong to protons of aromatic tri-substituted rings, and at δH around 2.80, we spotted
signals of benzylic methylene protons (HSQC: δc 35.0). In the 1H-1H-COSY spectra of SCA
and SCH, the principal correlation peaks among protons corresponding to phenylethanoid
glycosides were also detected (Figures S2a and S3a). Their HSQC spectra are presented
in Figures S2b and S3b. As an effort to interpret the observed different signals in the
1D-/2D-NMR spectra of SCA and SCH infusions, we compared them with the NMR
spectra of previously isolated compounds sourced from our own previous works in Stachys
spp. Through the careful screening of the 1H-NMR spectra of different compounds, we
noticed that the main proton signals in the spectra of S. candida and S. chrysantha infusions
could be attributed to the phenylethanoid glycoside, namely acteoside. The overlaid
1H-NMR spectra of both infusions and acteoside are illustrated in Figure 2. Acteoside has
been previously found in several Stachys taxa [6,7], including S. candida [6]. Furthermore, the
presence of flavones has been previously reported from members of the genus Stachys [6,7].
In Stachys species of the section Candida, chrysoeriol and isoscutellarein derivatives have
been found [6]. It should be mentioned that minor signals of isoscutellarein derivatives were
also detected in the SCH sample. However, it was not feasible to identify these constituents

48



Agronomy 2023, 13, 2624

with previously isolated compounds in the NMR spectra due to signal overlapping and
their low concentration.

Figure 2. Overlaid 1H-NMR spectra of (A) Stachys candida (SCA, blue color), (B) Stachys chrysan-
tha (SCH, red color) infusions, and (C) acteoside (green color). Specific signals are indicated by
purple boxes.

In the 1H-NMR spectrum of S. leucoglossa subsp. leucoglossa (SLE) belonging to the
section Olisia or the Swainsoniana/Olisia phyloclade, mainly signals from flavonoids and
iridoids were detected (Figures 3 and 4). In the downfield region (δH 7.95–6.34), signals
of flavones [δH: 7.94 (d, J = 8.7 Hz), 6.96 (d, J = 8.7 Hz), 6.79 (s), 6.66 (s)] were observed
(Figure 3). In addition, a double peak (J = 6.5 Hz) appeared at δH 6.35. This assignment,
along with the specific signals at δH 5.80 (s), 5.63 (d), and 5.10 (d), could belong to iridoids
(Figure 4). In the 1H-1H-COSY spectrum, the principal correlation peaks among vicinal
protons corresponding to flavones and iridoids were also detected (Figure S4a). The HSQC
spectrum of SLE is presented in Figure S4b. By carefully screening the 1H-NMR spectra of
the SLE infusion with those of previously isolated compounds of Stachys spp., we noticed
that the main proton signals in the spectrum of this infusion could be assigned to isos-
cutellarein derivatives, namely isoscutellarein-7-O-[6′′′-O-acetyl-β-D-allopyranosyl]-(1→2)-
β-D-glucopyranoside, as well as to monomelittoside or/and its 5-glucoside derivative,
namely melittoside (Figures 3 and 4). The presence of flavone 7-O-allosylglucosides has
been previously reported from members of the genus Stachys [6,7]. In the Stachys species of
the section Olisia, monoacetyl and diacetyl derivatives of isoscutellarein have been found,
including reports of S. leucoglossa [6,9]. Furthermore, iridoids are known to be among the
main metabolites in Stachys spp. [6,7], and previous studies have reported their presence
in the members of the section Olisia, such as S. recta L. and S. spinosa L. [12,13], while
melittoside has been found in S. leucoglossa [9].

In the 1H-NMR spectrum of S. spinulosa (SSP) belonging to the section Campanistrum or
the Stachys phyloclade, mainly signals from caffeoylquinic acid derivatives were detected
(Figure 5). Specifically, at δH 7.58 (d, J = 16.2 Hz) and 6.28 (d, J = 16.2 Hz), we found
trans-coupling olefinic signals ascribable to double bonds (HSQC: δc 147.0 and 115.7,
respectively), and at the δH range of 7.05–6.77, the observed signals could belong to protons
of aromatic tri-substituted rings. Although the signal overlapped in the middle area
of the 1H-NMR spectrum, signals of the oxymethine protons of the quinic acid moiety
were spotted at δH 5.36 (HSQC: 72.3), 4.10 (HSQC: 73.0), and 3.67 (HSQC: 74.5), with its
methylene protons also appearing at the δH range of around 2.15–1.95 (HSQC: δc 40.5). In
the 1H-1H-COSY spectrum, the principal correlation peaks among protons of the caffeoyl
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and quinic acid moieties were detected (Figure S5a). The HSQC spectrum of SSP is
presented in Figure S5b. By carefully screening the 1H-NMR spectra of the SLE infusion
with those of previously isolated compounds of Stachys spp., we noticed that the main
proton signals in the spectrum of this infusion could be assigned to chlorogenic acid.
The overlaid 1H-NMR spectra of the SSP infusion and this compound are illustrated in
Figure 5. Caffeoylquinic acids, especially chlorogenic acid, have been found in many Stachys
species [6]. Moreover, flavones have been previously reported from two Stachys species
belonging to the section Campanistrum [14,15]. Even though minor signals of flavones
and other derivatives were also detected in the SSP sample, we were not able to identify
specific constituents with previously isolated compounds in the NMR spectra due to signal
overlapping and their low concentration. It should be mentioned that this is the first study
addressing the phytochemical characterization of S. spinulosa.

 

Figure 3. Overlaid 1H-NMR spectra of (A) Stachys leucoglossa subsp. leucoglossa infusion (SLE,
blue color) and (B) isoscutellarein-7-O-[6′′′-O-acetyl-β-D-allopyranosyl]-(1→2)-β-D-glucopyranoside
(red color). Specific signals are indicated by green boxes.

 

Figure 4. Overlaid 1H-NMR spectra of (A) Stachys leucoglossa subsp. leucoglossa infusion (SLE,
blue color), (B) monomelittoside (red color), and (C) melittoside (green color). Specific signals are
indicated by a purple box.
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Figure 5. Overlaid 1H-NMR spectra of (A) Stachys spinulosa infusion (SSP, blue color) and (B) chloro-
genic acid (red color). Specific signals are indicated by orange boxes.

3.2. HPLC-PDA-MS Analysis

In total, 26 compounds were detected by HPLC-PDA-MS (Table 2), with them belong-
ing to three main classes, namely flavonoids, phenylethanoid glycosides, and phenolic
acids. The HPLC-PDA chromatograms of the Stachys infusions are illustrated in Figure S6.

Chlorogenic acid (2) was identified in all samples as one of the main metabolites in
the Stachys infusions under study. The identification of the latter was based on a reference
standard. An isobaric compound at an earlier retention time was assigned as an isomer,
probably with a 4-substitution of the quinic acid group, as suggested by a fragment at
m/z 173 [16]. Chlorogenic acid and isomers have previously been identified in the Stachys
taxa of several sections, such as the sections Candida (S. candida and S. horvaticii Micevski,
previously known as S. iva Griseb.), Eriostomum, and Olisia (S. atherocalyx K. Koch and S.
recta L.), and members of the section Stachys [6]. However, this is the first report on the
presence of chlorogenic acid and isomers in S. chrysantha, S. leucoglossa subsp. leucoglossa,
and S. spinulosa.

Phenylethanoid glycosides are the main constituents of the genus Stachys [6,7]. In this
study, nine phenylethanoid glycosides were identified in the four investigated infusions.
Three detected phenylethanoid glycosides, namely lavandulifolioside (4), acteoside (5),
and leucosceptoside A (12), were unambiguously identified by co-chromatography using
compounds isolated in previous works by our group [6]. Although these compounds
have previously been found in various Stachys taxa [6], they were detected for the first
time in S. chrysantha, S. leucoglossa subsp. leucoglossa, and S. spinulosa. Acteoside has been
previously isolated from S. candida [6], while lavandulifolioside and leucosceptoside A have
not been identified in this species before. Peaks 6–8 were assigned tentatively as isomers
of lavandulifolioside and acteoside as they had similar fragmentation patterns. Different
substitution patterns of the acyl groups on the sugars might account for the differences in
the retention times. Peaks 10 and 16 were tentatively assigned to stachysoside B and/or
isomers, as suggested by the difference in the molecular weight (by 14 amu) when compared
to lavandulifolioside. Furthermore, they were eluted at considerably longer retention times
compared to lavandulifolioside. These compounds have been reported in S. affinis Bunge
(synonym: S. sieboldii Miq.) [17]. Likewise, peak 19 was assigned tentatively to stachysoside
C due to its pseudomolecular ion at m/z 783.0, suggesting the presence of two extra methyl
groups in comparison to lavandulifolioside. The small amount of the latter in the infusion
did not permit supporting further fragmentations. However, its retention time of almost
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36 min agrees with this hypothesis. Such compounds are common in other Stachys species,
such as S. affinis (synonym: S. sieboldii) [17] and S. plumosa Griseb. from Serbia [18].

The flavone glycosides detected in the infusions belong to the group of isoscutel-
larein/hypolaetin derivatives with some differentiations. Peaks 20, 22, and 24–26, being
the main metabolites, were identified based on co-chromatography with previously iso-
lated compounds from both laboratories [6]. Accordingly, peaks 9, 13, 14, 18, and 23 were
identified either as their deacetylated counterparts or isomers resulting from different acy-
lation sites or, ultimately, as diacetylated derivatives. Regarding the section Campanistrum,
8-hydroxyflavone-allosylglucosides have been found in S. arvensis (L.) L. and S. ocymastrum
(L.) Briq. (=S. hirta L.) [15]. However, there is no previous report on such compounds in
S. spinulosa. Regarding the section Candida, isoscutellarein/hypolaetin derivatives have
been previously reported in S. candida, S. chrysantha, and S. horvaticii Micevski (previously
known as S. iva) [6]. Furthermore, monoacetyl and diacetyl derivatives of isoscutellarein
have been found in Stachys species of the section Olisia, including S. leucoglossa [6,9]. S. can-
dida and S. spinulosa also contained apigenin/luteolin derivatives in small amounts. In a
previous study, chrysoeriol and its derivative, namely chrysoeriol 7-(3′′-E-p-coumaroyl)-
D-glucopyranoside, were isolated from S. candida [6]. Vicenin-2 was identified by the
diagnostic successive losses of 120 amu [19], while peak 15 was identified as apigenin-7-O-
glucoside previously isolated from S. candida [6]. It should be mentioned that vicenin-2 and
apigenin-7-O-glucoside were detected only in S. candida. In addition, this study reports the
presence of vicenin-2 in this species for the first time. Peaks 11 and 21 were detected only
in S. spinulosa and were identified as acetylated luteolin and chrysoeriol dihexosides based
on UV and MS fragmentations as well as on previously isolated compounds from S. spinosa
and S. aegyptiaca Pers. [13,19].

Table 2. UV-VIS absorption and MS fragmentation data (positive and negative mode) of the com-
pounds detected in the Greek Stachys infusions examined (SCA: Stachys candida; SCH: Stachys chrysan-
tha; SLE: Stachys leucoglossa subsp. leucoglossa; SSP: Stachys spinulosa). The first reports of specific
compounds for SCA, SCH, and SLE are indicated with an asterisk (*).

No.
Rt
(min)

UV
(nm)

Negative Mode,
m/z

Positive Mode,
m/z Identification SCA SCH SLE SSP

1 10.90 298, 327

136.9, 172.9, 179.1,
191.1 [quinic
acid-H]−, 353.1
[M-H]−, 707.1
[2M-H]−

354.9 [M+H]+ Chlorogenic acid
isomer + * + * + * +

2 11.20 298, 324

191.1 [quinic
acid-H]−, 353.1
[M-H]−, 707.1
[2M-H]−

354.9 [M+H]+,
376.9 [M+Na]+ Chlorogenic acid + + * + * +

3 15.36 271, 334 353.1, 473.0, 592.9
[M-H]− 595.0 [M+H]+ Vicenin-2 + * - - -

4 22.28 291, 328
160.9, 593.2
[M-caffeoyl-H]−,
755.1 [M-H]−

479.1, 757.1
[M+H]+, 779.1
[M+Na]+

Lavandulifolioside
(syn.
Stachysoside A)

+ * + * tr * tr

5 23.73 291, 330

160.9 [caffeoyl
group-H]−, 461.1
[M-caffeoyl-H]−,
623.1 [M-H]−

625.1 [M+H]+,
647.1 [M+Na]+ Acteoside + + * tr * +

6 24.56 288, 329
160.9, 593.1, 623.2
[M-pentosyl-H]−,
755.2 [M-H]−

439.2, 625.1
[M-pentosyl+H]+,
757.0 [M+H]+,
779.1 [M+Na]+

Isomer of
lavandulifolioside + * + * - -
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Table 2. Cont.

No.
Rt
(min)

UV
(nm)

Negative Mode,
m/z

Positive Mode,
m/z Identification SCA SCH SLE SSP

7 27.26 289, 327
461.1
[M-caffeoyl-H]−,
623.0 [M-H]−

647.1 [M+Na]+ Acteoside isomer + * + * - -

8 28.57 289, 327 623.1 [M-H]− 647.1 [M+Na]+ Acteoside isomer + * - - -

9 29.65 277, 307,
324

285.0 [A-H]−,
608.9 [M-H]− 611.0 [M+H]+

Isoscutellarein-7-O-
allopyranosyl-
(1→2)-
glucopyranoside

- - + * -

10 32.03 288,329

137.0
[dihydroxytyrosol-
H]−, 593.1
[M-feruloyl-H]−,
607.1
[M-rhamnose-H]−,
769.4 [M-H]−

771.1 [M+H]+,
793.2 [M+Na]+

Phenylethyl
glycoside, isomer I
(stachysoside B,
syn. Leonoside A)
tentatively

+ * - - -

11 32.40 255, 268,
348

285.0 [A-H]−,
651.1 [M-H]−

653.1 [M+H]+,
661.1 [M+Na]+

Luteolin-acetyl-
dihexoside - - - +

12
32.65–
32.81 290, 329

136.9
[dihydroxytyrosol-
H]−, 446.9,
637.1 [M-H]−

639.2 [M+H]+,
661.1 [M+Na]+ Leucosceptoside A + * + * - +

13 32.70 277, 307,
327 651 [M-H]− 653.1 [M+H]+

Isoscutellarein-7-O-
[6′′′-acetyl-
allopyranosyl-
(1→2)]-
glucopyranoside
Isomer I

- - + -

14
33.06–
33.20

253, 287,
296, 334

301.2 [A-H]−,
667.2 [M-H]−

479.1, 669.1
[M+H]+

Hypolaetin-
acetylated
derivative

+ + * + * +

15 33.44 268, 330 430.9 [M-H]− 433.1 [M+H]+ Apigenin-
glucoside + - - -

16 33.66 282, 328

137.0
[dihydroxytyrosol-
H]−, 476.9, 637.1,
769.1 [M-H]−

771.1 [M+H]+

Phenylethyl
glycoside, isomer II
(stachysoside B,
syn. Leonoside A)

+* + * - -

17 34.05

267, 340
and
272, 287,
332

Mixture + - - -

18 34.62 277, 307,
327 651 [M-H]− 653.1 [M+H]+

Isoscutellarein-7-O-
[6′′′-acetyl-
allopyranosyl-
(1→2)]-
glucopyranoside
Isomer II

- - + -

19 35.88 287, 329 783 [M-H]− 785.1 [M+H]+

Phenylethyl
glycoside
(stachysoside C)
tentatively

+ * - - -
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Table 2. Cont.

No.
Rt
(min)

UV
(nm)

Negative Mode,
m/z

Positive Mode,
m/z Identification SCA SCH SLE SSP

20
35.99–
36.21

276, 306,
328

285.0, [A-H]−,
429.1, 651 [M-H]− 653.1 [M+H]+

Isoscutellarein-7-O-
[6′′′-acetyl-
allopyranosyl-
(1→2)]-
glucopyranoside

+ + + +

21 36.49 269, 342
298.9 [A-H]−, 623.1
[M-acetyl-H]−,
665.0 [M-H]−

667.1 [M+H]+

Chrysoeriol-7-O-
acetyl-dihexoside
(= stachyspinoside)
tentatively

- - - +

22
37.34–
37.45

278, 296,
335

314.9 [A-H]−, 625.2
[M-acetyl-H]−,
681.1 [M-H]−

683.1 [M+H]+

3′-hydroxy-4′-O-
methylisoscutellarein-
7-O-[6′′′-acetyl-
allopyranosyl-
(1→2)]-
glucopyranoside

+ + * + +

23
41.55–
41.70

278, 297
338

300.9 [A-H]−,
709.0 [M-H]− 711.1 [M+H]+ hypolaetin-7-O-di-

acetyl-dihexoside - + * + * +

24 42.24 277, 307,
322

298.9 [A-H]−,
665.0 [M-H]− 667.1 [M+H]+

4′-O-
methylisoscutellarein-
7-O-[6′′′-acetyl-
allopyranosyl-
(1→2)]-
glucopyranoside

- - + tr

25 43.66 276, 307,
324 693.1 [M-H]− 695.1 [M+H]+

Isoscutellarein-7-O-
diacetyl-
dihexoside

- + * + * tr

26
44.16–
44.26

276, 297,
338

314.9 [A-H]−, 501.0
[M-hexosyl-acetyl-
H2O-H]−,
723.1 [M-H]−

725.1 [M+H]+

3′-hydroxy-4′-O-
methylisoscutellarein-
7-O-diacetyl-
dihexoside

- + * + * +

A: aglycon; tr: traces.

4. Conclusions

In the present study, the metabolic characterization of two protected and endangered
local Greek endemic members of the genus Stachys (S. candida and S. chrysantha) and two
local Balkan (sub-) endemic Stachys members (S. leucoglossa subsp. leucoglossa, and S. spinu-
losa) were investigated using NMR and HPLC-PDA-MS techniques. For the detection of
specific constituents in the studied Stachys members, 1D- and 2D-NMR experiments were
employed to compare their chemical fingerprints in combination with reference compounds
isolated and identified in previous studies. In total, 26 compounds were detected by HPLC-
PDA-MS as belonging to flavonoids (mainly isoscutellarein and hypolaetin derivatives),
phenylethanoid glycosides, and phenolic acids (chlorogenic acid and its isomer). The
chemical composition of S. spinulosa was investigated herein for the first time in detail,
while knowledge of the metabolic profiling concerning the rest of the studied taxa was
substantially supplemented herein with new reports of specific compounds not previously
reported for one or more of the studied taxa. From a chemotaxonomical viewpoint, some
compounds were found in all four Stachys members, evidencing a shared phytochemical
relatedness. On the other hand, vicenin-2 and apigenin-glucoside were detected only in
S. candida, while isoscutellarein-7-O-allopyranosyl-(1→2)-glucopyranoside was only de-
tected in S. leucoglossa subsp. leucoglossa. Furthermore, S. candida and S. chrysantha had some
compounds in common, evidencing (in phytochemical terms) their close affinity within
the section Candida or the phyloclade Swainsoniana. Therefore, the data furnished herein
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may further contribute to ongoing phytochemical and chemotaxonomical investigations
regarding the distribution of different compounds and categories thereof across different
members and sections of the genus Stachys.
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(B) Stachys candida, (C) Stachys leucoglossa subsp. leucoglossa, and (D) Stachys spinulosa. Photos: Elefthe-
rios Dariotis (reproduced with permission); Figure S2: 1H-1H-COSY and HSQC spectra of Stachys
candida (SCA); Figure S3: 1H-1H-COSY and HSQC spectra of Stachys chrysantha (SCH); Figure S4: 1H-
1H-COSY and HSQC spectra of Stachys leucoglossa subsp. leucoglossa (SLE); Figure S5: 1H-1H-COSY
and HSQC spectra of Stachys spinulosa (SSP); Figure S6. HPLC-PDA chromatograms of the Stachys
infusions at 330 nm.
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Abstract: Cucumber (Cucumis sativus L.), one of the most widely consumed vegetables, presents high
perishability during storage and marketing if it is not handled and stored properly. Currently, there is
an increased interest of the food industry to reduce waste (due to quality losses) and to utilize natural
products for the preservation of fresh commodities. This study’s goal was to evaluate the effects of
lavender (Lav) and rosemary (Ros) essential oils (EOs), their mixture (Lav + Ros, 1:1 v/v) and their
main compound (eucalyptol) via vapor phase on cucumber’s postharvest quality. The outcomes
of this study demonstrated that 200 μL/L of Lav and Ros EOs increased the respiration rate of
cucumbers after 10 days of storage at 11 ◦C, while 100 μL/L of the EOs mixture and Eucalyptol (100
and 200 μL/L) had no effect on respiration, on the same day. The application of Eucalyptol (100 and
200 μL/L) resulted in less acceptable fruits (less pleasant aroma and unpleasant taste). A decrease in
fruit firmness was found in cucumbers exposed to Lav 200 μL/L and Ros 100 μL/L. Interestingly,
Eucalyptol was found to accelerate the fruit ripening index after five days of storage, and to decrease
organoleptic properties of the fruit (i.e., aroma, taste) on the fifth day of storage. The fruit revealed
increased oxidative stress (i.e., increased lipid peroxidation), especially at a high concentration
(200 μL/L) of Eucalyptol after 10 days. This has resulted in the activation of other non-enzymatic
antioxidant mechanisms such as the increase in fruit ascorbic acid content. Notably, no effects on fruit
weight loss, total soluble solids and color were observed with the examined treatments. Overall, this
study suggests that the investigated products (EOs and their main compound) have a putative role in
postharvest storage for the preservation of cucumbers. However, further investigation is needed for
the determination of the optimum application conditions (i.e., concentration, time and method of
application) on cucumbers and other fresh produce.

Keywords: cucumber; Lavandula angustifolia; Rosmarinus officinalis; eucalyptol; postharvest quality

1. Introduction

The cucumber (Cucumis sativus L.) belongs to the Cucurbitaceae family, and it is widely
consumed around the world. Cucumber fruit is an excellent source of nutrients, i.e., an-
tioxidants, ascorbic acid, magnesium and dietary fibers [1]. Daily consumption of fresh
fruits and vegetables has been linked to many health benefits and lower rates of chronic
illnesses since vegetables such as cucumbers contain components with anti-inflammatory
and antioxidant properties [2,3]. Same as other fresh produce, cucumbers present short
shelf life, mainly due to the visible signs of water loss (weight loss), pigment degradation
(discoloration) and postharvest diseases [4,5].

The shelf life of fresh commodities (including cucumbers) can be impacted by a
series of pre- and postharvest factors. During preharvest, growing conditions such as
temperature, light, irrigation and harvesting handling can influence the fruit’s quality
after harvesting, processing and storage [6]. Mishandling, storage temperature and
relative humidity and inefficient cleaning techniques are postharvest factors that can
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affect the quality of fresh produce [7,8]. Washing fresh produce with chlorinated water
is a crucial step in preserving fruits and vegetables because it minimizes the microbial
load. However, the use of chlorine and chlorine-based agents has been linked with
adverse health effects due to the formation of harmful compounds [9]. Thus, alternative
and natural means and compounds have been investigated for the preservation of fresh
produce (in liquid and vapor form).

Natural products such as essential oils (EOs) and other natural compounds have been
exploited as alternative means for the postharvest preservation of fresh commodities due to
their significant properties (i.e., antioxidant and antimicrobial (among others)) [10–13]. EOs
are mixtures of secondary plant metabolites and a series of them have been characterized
as “Generally Recognized as Safe” (GRAS) and can be used in the food industry [14].
Previous studies have shown the beneficial effects of lavender (Lavandula angustifolia Mill.)
EO which include antioxidant, antimicrobial and anti-inflammatory properties [14–18].
Similarly, rosemary (Rosmarinus officinalis L.) EO possesses antioxidant, antimicrobial, anti-
inflammatory and insecticidal activities [19–21]. The Lamiaceae family (Labiatae) is one
of the most notable families of medicinal plants, having a wide range of species (over
7000 species in 236 genera) and a global distribution. As they can be purchased as fresh
food, dry products, essential oils, and as a wide series of other byproducts, species from
this family are economically important on a global scale [22].

A series of earlier studies have examined the effects of the application of EOs on
fresh commodities and the reported results are encouraging [11–13,23,24]. Lavender and
rosemary EOs have been previously applied on fresh produce (i.e., lemons, endives, apples,
pears) with various application methods [18,25,26]. For instance, vapor application of
mint, basil and lavender EO on lemon fruits showed significant antifungal effects against
Penicillium digitatum while at the same time maintained fruit quality attributes (i.e., weight,
firmness, pH) [18]. Application of rosemary EO (range: 200–1000 μL/L) on fresh tomatoes
resulted in decreased fruit weight loss, while it enhanced fruit flavor [13]. Furthermore,
combining different EOs obtained from diverse plants and applying them on fresh produce
could preserve sensory attributes (i.e., aroma and flavor) while lowering the possibility of
fruit degradation [12].

The postharvest application of EOs alone and/or in combination with other com-
pounds can directly affect the organoleptic characteristics of the produce, resulting in a
desirable/acceptable or undesirable product [24]. During the application of EOs, con-
siderations about the concentration, type and time of application, and EOs composition
should be made to avoid negative effects on the quality features of the produce [27].
Fruit quality and safety maintenance or improvement is mandatory when vaporized
products as the EOs are applied on fresh produce; on top of that, the organoleptic test in
such postharvest applications is fundamental. This study aimed to determine the effec-
tiveness of (i) lavender or rosemary EOs vapor application, (ii) their 1:1 (v/v) mixture for
evaluating potential synergistic effects and (iii) the application of synthetic eucalyptol (as
their common major compound) on the preservation of cucumber’s postharvest quality
and spoilage during storage at 11 ◦C for 10 days. The innovative approach of this study
is the combination of two EOs with the same main component, the direct comparison of
the role of chemical synthetic eucalyptol to equal levels (as the levels present in the EOs
mixtures), with possible synergistic or not effects derived by the main component of an
EO. Moreover, the importance of using EOs as a preservation means for fresh produce,
rather than the main component (eucalyptol), is important because biocidal properties
of an EO are mirrored to the mixture of the components present in the oil profile and not
only by one of them.

2. Materials and Methods

2.1. Plant Material and Essential Oil Extraction

Cucumber fruits (Cucumis sativus cv. PS-64; winter parthenocarpic cucumber with
cold tolerance, at size of 18–19 cm long) were collected from a local greenhouse farm (coor-
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dinates: 34◦46′10.61′′ N; 33◦11′22.08′′ E, 217 m; Limassol, Cyprus). The crop was cultivated
using common cultivation practices in a clay sandy loam soil, and was drip-irrigated and
fertigated according to the crop’s needs. Cucumber plants were trained on a string based
on vertical single pruning system (the main stem grew vertically, and lateral shoots were
removed) and were grown for approximately 3.5 months. The crop cultivation took place
during autumn/winter months in an unheated plastic greenhouse and the temperature
ranged between 17 ◦C and 28 ◦C. Cucumbers (190 fruits) were randomly selected according
to size (uniform), appearance and the absence of any physical defects. After their transfer
to the laboratory, fruits were washed with chlorinated water (0.05% NaOCl), rinsed with
distilled water and were uniformly divided into each treatment.

Lavender (Lavandula angustifolia Mill.) and rosemary (Rosmarinus officinalis L.) plants
were collected from the experimental farm of Cyprus University of Technology (coordinates:
34◦42′0.50′′ N; 32◦59′3.44′′ E, 98 m; Limassol, Cyprus) in early October with temperature
averaged at 27.6 ◦C and relevant humidity of 48.4%. Plant materials (chosen from 10 plants
from each species; ~20 kg of fresh biomass) were transferred to the laboratory and were
air dried at 42 ◦C in an air-ventilated oven. The EOs were obtained with hydrodistilation
(Clevenger apparatus for 3 h) and their composition was determined with Gas Chromatog-
raphy/Mass Spectrometry (GCMS; GC/MSQP-2010 Plus, Shimadzu, Tokyo, Japan) as
previously described [28]. The major components found at lavender leaves EO were euca-
lyptol (59.40%), borneol (8.58%), camphor (7.98%) and β pinene (3.54%), whereas the major
components found at rosemary EO were eucalyptol (31.09%), camphor (20.61%), α pinene
(12.21%) and camphene (8.49%). The mixture of the two EOs was prepared in the ratio
of 1:1 (v/v) from each EO. The major common compound of the two EOs, i.e., eucalyptol
(Sigma–Aldrich, Darmstadt, Germany) was used at 45% as the mean value of the eucalyptol
of the two EOs mixtures (1:1 v/v).

2.2. Procedure

Fruits were placed in a 5 L polypropylene (PP) plastic container (five fruits/container,
two containers per treatment for each of the sampling time point (Day 5 and 10)). An ap-
propriate volume of EOs or eucalyptol (absorbed by a paper strip for slow release of the
volatiles) was placed inside the container to reach 100 and 200 μL/L. The EOs levels were
selected based on preliminary tests and previous studies [26,29] and targeted to maintain
the quality-related attributes during storage conditions. Distilled water was used for the
control treatment (0% EO). The containers were sealed with their corresponding lid and
were left at room temperature for 1 h to assist the evaporation of the volatile components
of the oils. The containers were then stored in an experimental refrigerator at 11 ◦C and
relative humidity of 90% (RH) (achieved by displacing a moist paper inside each container)
for the examined storage period of 5 and 10 days [29–31]. To avoid any unwanted increase
in CO2 and decrease in O2 throughout the fruit respiration process, the containers were
opened to received aeration every other day. The EOs were applied in a vapor phase as
described previously [32].

2.3. Impact on Fruits’ Quality Attributes

A series of quality attributes were evaluated in this study. Fruit weight loss was
determined by recording the weight of each single fruit on the tested days (days 0, 3, 5,
7 and 10) and the percentage of total weight loss was computed for each day. The effect of
the applications on the respiration rate of the fruit was determined as it has been previously
described by Xylia et al. [33] and the results were given in mL of CO2 produced per kg
per h (mL CO2/kg/h).

In order to evaluate the fruits’ aroma, taste, appearance and marketability on
the test days (days 0, 5, and 10), at least eight panelists were used [33]. The evalua-
tion of the aroma and taste were conducted using a 10-point scale (1 interval) as fol-
low: 1: not cucumber-like and quite unpleasant aroma/taste, 3: not cucumber-like and
lightly unpleasant aroma/taste, 5: not cucumber-like but pleasant aroma/taste, 8: less
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cucumber-like aroma/taste and 10: intense cucumber-like aroma/taste. Appearance
(visual quality and color) was evaluated using a 10-point scale (1 interval) as follows:
1: yellow color of 50%; 3: yellow–green; 5: light green; 8: green; 10: deep green. To assess
the marketability of the fruits (indicating overall quality) a scale of 1–10 (1 interval)
was employed, where 1: not marketable quality (i.e., malformation, wounds, infection);
3: low marketability with malformation; 5: marketable with few defects, i.e., small size,
decolorization (medium quality); 8: marketable (good quality); 10: marketable with no
defects (extra quality).

The color on the surface of the fruits was determined with a colorimeter (Chroma meter
CR400 Konica Minolta, Tokyo, Japan) by measuring the L*, a* and b* values (CIELAB uniform
color space). Hue (h) value was determined in degrees (◦): h = 180 + tan−1(b*/a*) [34,35].
The chroma value (C) was computed as C = (a*2 + b*2)1/2, whereas color index (CI) was
computed as CI = (a* × 1000)/(L* × b*) [35]. The browning index (BI) was computed as
BI = 100 × (X − 0.31)/0.17 where: X = (a* + 1.75 × L*)/(5.645 × L* + a* − 3.012 × b*),
while the yellowing index (YI) was calculated as YI = (142.86 × b*)/L* [36].

Fruit firmness was determined at two distinct sites on each fruit with a texture analyzer
(TA.XT plus, Stable Micro Systems, Surrey, UK) equipped with a 3 mm diameter probe
(travelling speed: 2 mm/s and penetration depth: 12 mm) [33]. The force needed to crack
the pericarp of the fruit was measured in Newtons (N). Drops of the extracted fruit juice
were used to assess the total soluble solids content (TSS) with the use of a digital pocket
refractometer (Atago, Tokyo, Japan). Results of TSS were expressed as ◦Brix. Fruit juice
was also used to calculate titratable acidity (TA) via titration with 0.1 N NaOH using
the aforementioned procedure [37], and the results were expressed as g of malic acid per
L of juice. The sweetness of fruits (i.e., ripening index) was determined as the ratio of
TSS over TA (TSS/TA). Cucumbers’ ascorbic acid (AA) content was assayed using the
2,6-dichlorophenolindophenol titration method [37] and results were expressed as mg of
AA per 100 g of fresh weight (mg/100 g).

2.4. Impact on Fruits’ Polyphenols and Antioxidant Activity

The method for extraction of total polyphenols and antioxidants was assayed as
described by Chrysargyris et al. [38]. The determination of total polyphenol content
was created using the Folin–Ciocalteu method according to Chrysargyris et al. [28] and
results were expressed as μg of gallic acid equivalents per g of fresh weight (μg GAE/g).
The antioxidant activity of the methanolic fruit extracts was estimated using three
different assays as follows: (i) the 2,2-diphenyl-1-picrylhydrazyl (DPPH), (ii) the ferric
reducing antioxidant power (FRAP) and (iii) the 2,2′-azinobis-(ethylbenzothiazoline-6-
sulfonic acid) (ABTS) method. The DPPH and FRAP were assayed based on Chrysargyris
et al. [28]. The ABTS assay was performed according to Wojdylo et al. [39]. For all three
tested methods, results were expressed as μg of trolox per g of fresh weight (μg trolox/g).

2.5. Determination of Fruit Damage Index and Enzymatic Antioxidant Activity

The oxidative degradation of membrane lipids (lipid peroxidation) in cucumbers
was assessed in terms of malondialdehyde content using the thiobarbituric acid reac-
tion [40], while hydrogen peroxide content was measured according to the method
described by Loreto and Velikova [41]. Both indicators reflected the fruit damage indices
in this study. Results were expressed in nmol MDA and μmol H2O2 per g of fresh
weight, respectively.

The antioxidant enzymes activities of superoxide dismutase (SOD) (EC 1.15.1.1) and
catalase (CAT) (EC 1.11.1.6) were determined, as described previously [42], and the ab-
sorbance was determined at 560 nm for SOD and at 240 nm for CAT. Peroxidase activity
(POD) (EC 1.11.1.6) was determined following the increase in absorbance at 430 nm [42].
Results were expressed as enzyme units per mg of protein. The protein content was
determined using the Bradford method and bovine serum albumin was used as reference.
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2.6. Impact on Microbial Load

Cucumbers’ microbial load (i.e., total viable count-TVC, yeast and mold) was deter-
mined using Plate count agar (PCA, Merck, Darmstadt, Germany) and Dichloran-rose
bengal chloramphenicol Agar (DRBC agar, Merck, Darmstadt, Germany), respectively, as
previously described by Xylia et al. [43]. After analysis, results were expressed as log CFU
per g of fresh weight (log CFU/g).

2.7. Statistical Analysis

The data were subjected to one-way analysis of variance (one-way ANOVA) and a
comparison of the treatment on each day was completed using Tukey’s multiple range test
(p = 0.05) with IBM SPSS version 25.0. An independent samples t-test was also used for
comparing control data on the initial (Day 0) and final (Day 10) days.

3. Results and Discussion

Currently, fresh produce (fruits, vegetables, herbs) are highly consumed due to their
highly valued and well-appreciated nutritional properties. Consumers are requesting fresh
produce of high quality and safety to be available throughout the year, with the use of less or
no synthetic chemicals during plant growth and storage and, of course, at a reasonable cost.
It is challenging to effectively satisfy these numerous requirements; however, significant
efforts are made in the direction to cover the utmost of them. Preserving the quality
of fresh produce is of great importance since it influences the purchasing choices of the
consumers. Postharvest treatment of fresh produce with natural products such as EOs,
plant extracts and other natural components can maintain the quality-related attributes of
fruits and vegetables [44,45]. Previous studies have shown the positive effects of EOs on
fresh commodities by enhancing their sensory and organoleptic characteristics and igniting
physicochemical processes (i.e., increase in antioxidants) that result in higher nutritional
value products [24,38].

3.1. Impacts on Fruits’ Quality Attributes

One of the main causes leading to weight loss of fresh commodities during storage
is moisture loss (water loss) due to the processes of respiration and transpiration of the
produce. Based on their respiratory profiles, and on how they produce and react to ethylene,
fruits are classified into the following two broadly defined categories in relation to their
ripening process: climacteric and non-climacteric. The cucumber is classified to the latter
one [46]. Non-climacteric fruits, during ripening and senescence, continue their respiration
and emit ethylene at basal levels. The impacts of EOs application, their mixture, and their
main compound (eucalyptol) on moisture loss (weight loss) and rates of respiration of
cucumber fruit are presented in Figure 1. This study shows that the applied treatments
did not affect fruit weight throughout storage (Figure 1). Based on previous reports, the
maximum weight loss was 7% during storage for cucumbers to maintain a marketable
appearance [6], whereas in this study, the maximum weight loss was 2.56% on average.
One hypothesis suggests that the hydrophobic nature of EOs decrease in water vapor
permeability of the produce surface occurs to prevent water transfer and weight losses.
A previous study has also proved that there was no significant weight loss in cucumber
fruits during exposure to the vapors of a green-based product made with rosemary and
eucalyptus EOs when it was applied at different concentrations [47]. Another study
revealed that the vapor application of lavender EO at a concentration of 43 μL/L resulted
in significant weight loss of lemon fruits compared to a concentration of 86 μL/L [18].
The same study showed that EOs from mint and basil applied in vapor form also resulted
in a decrease in fruit weight [18]. This might be due to the different duration of the storage
period for lemons versus cucumbers, as well as due to the different concentrations of the
applied EOs; higher EO concentrations could evidently retard fruits’ respiration rates, and
accelerate fruits’ senesce [26]. The fruits’ respiration rate was increased with Lav 200 μL/L
on the fifth day, while at the end of the storage period (day 10), at all treatments (especially
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Lav 200 μL/L, Ros 200 μL/L and Lav + Ros 200 μL/L), cucumbers revealed an increased
respiration rate. In previous studies, application of rosemary EO mixed with eucalyptus EO
(300 μL/L) increased the respiration rates in apple and pear fruits [26], whereas lavender
and thyme EOs were found to decrease apples’ respiration and ethylene production [48].
As it appears, different EOs have distinct effects on the respiration process of various
commodities which could be related with alterations on the cell wall integrity and gas
exchange [49] as well as with the different respiration rates that the non-climacteric fruits
have, such as the cucumber, and the climacteric, such as apple and pear. In another study
on tomatoes, chlorine application and high levels of EOs vapors (mixture of rosemary
and eucalyptus EOs) significantly boosted respiration rates (although these changes were
not observed at the dipping application) after 7 days and 14 days. This indicates that the
effect of dipping was shorter than that of the vapor application [33]. Therefore, dipping
application of EOs is an alternative way of using EOs as a preservation means in postharvest
management of fresh produce, and relevant studies should be implemented on cucumber
fruits as well.

Figure 1. Impacts of lavender (Lav) and rosemary (Ros) EOs, their mixture (Lav + Ros, 1:1 v/v)
and eucalyptol vapors on cucumber’s weight loss and respiration rate during storage at 11 ◦C
for 10 days. The presented values are the means (±standard errors) of six biological replicates
(per treatment). Values for day 0 refer to the control (non-treated). Different Latin letters indicate
statistically significant differences among treatments on each day (for each column). ns indicates
non-significant. The arrow shows the initial value for the control (non-treated).

Quality and sensory characteristics such as dark green color and increased firmness
are essential for consumers when purchasing cucumbers. Previous studies showed that EO
application during storage of fresh commodities can affect organoleptic characteristics of
produce [12,18,24–26,50]. The effects of exposure to volatiles on the cucumber’s sensory
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attributes (aroma, appearance, taste) and marketability are presented in Figure 2 and
Figure S1. Exposure to Eucalyptol 100 and 200 μL/L revealed 5.25 (not cucumber and
pleasant aroma) and 3.44 (not cucumber and lightly unpleasant aroma) on the fifth day of
storage, respectively. Moreover, at the end of the storage period, all treatments resulted in
a not cucumber but pleasant aroma. No significant differences were observed regarding
fruit appearance after 5 and 10 days of storage at 11 ◦C (Figure 2). All applied treatments
revealed lower scores (especially Eucalyptol 100 and 200 μL/L—not cucumber and very
unpleasant) than the non-treated (control) on the fifth day, while even lower scores were
observed at the end of the storage period (day 10) by all the applied treatments. In a study
on broccoli, it has been showed that the application of rosemary EO (1.82 mg/mL) resulted
in less acceptable broccoli florets (less pleasant odor and flavor) as did the application of
oregano EO (0.48 mg/mL) and their combination (0.91 and 0.24 mg/mL, respectively) [12].
In our study, after all the applied treatments, especially with Eucalyptol 100 and 200 μL/L
(not marketable) on the fifth day, the panelists evaluated the produce as less marketable,
while on the last day (day 10) the applied treatments resulted in a low marketable product
(scores ranging between 3.50 and 5.25) (Figure 2 and Figure S1). Time of application and
concentration of the applied EOs were found to significantly affect the quality-related
features of a fresh produce during storage, such as aroma, color and taste, while some
studies have reported negative effects on organoleptic characteristics as the concentration
of the applied EOs increases [25,51]. Moreover, the impacts on fruit quality characteristics
such as aroma and taste can be attributed to the possible interactions of the EOs and
the volatile compounds with the food matrix components, which in some cases result in
undesirable and unpleasant end products [52].

 

 

Figure 2. Impacts of lavender (Lav) and rosemary (Ros) EOs, their mixture (Lav + Ros, 1:1 v/v) and
eucalyptol vapors on cucumber’s sensory attributes (aroma, appearance, taste) and marketability
during storage at 11 ◦C for 10 days. The presented values are the means of eight panelists evaluation
on each treatment. Different Latin letters indicate statistically significant differences among treatments
on each day (for each column).
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Consumers are attracted by the dark green color of cucumbers during purchase. How-
ever, during long storage and under adverse conditions (high temperature and low relative
humidity) the cucumber’s green color turns to yellow due to the degradation of chloro-
phyll [8]. Table 1 illustrates the effects on fruit color of the exposure to volatiles of cucumber
fruits after storage for 10 days. A higher a* value was found with Eucalyptol 200 μL/L
in comparison to Lav 200 μL/L during the fifth day, while no significant differences were
found at the end of storage. Interestingly, other color parameters that were investigated in
this study (i.e., L*, b*, hue, chroma value and color index) were not affected by the applied
treatments throughout the storage period, indicating that EO-treated produce were able to
maintain good color attributes during the 10 days of storage. Similar observations were
found in lettuce treated with thyme EO [53]. Moreover, it appears that Ros EO preserved
the dark color of cucumber fruits more efficiently than the other treatments. These findings
could be explained by the antioxidant activities of rosemary EO and its composition that
protected chlorophylls from degradation [54]. The small changes in a* and b* values are
good indicators of the absence of oxidative browning of cucumbers [55].

Table 1. Impacts of lavender (Lav) and rosemary (Ros) EOs, their mixture (Lav + Ros, 1:1 v/v) and
eucalyptol vapors on cucumber’s color parameters: L*, a*, b*, hue (h), chroma value (C) and color
index (CI) during storage at 11 ◦C for 10 days.

Treatment L* a* b* h (◦) C CI

Day 0 Control 39.04 ± 0.87 −11.99 ± 0.71 16.30 ± 1.22 126.51 ± 0.53 20.24 ± 1.40 −19.06 ± 0.79

Day 5

Control 36.29 ± 0.48 −11.61 ± 0.16 ab 15.73 ± 0.27 126.44 ± 0.29 19.56 ± 0.29 −20.37 ± 0.38

Lav 100 μL/L 36.40 ± 1.09 −11.28 ± 0.75 ab 15.15 ± 1.35 126.92 ± 0.66 18.90 ± 1.53 −20.82 ± 1.09

Lav 200 μL/L 38.12 ± 1.23 −13.41 ± 0.46 b 17.32 ± 1.29 128.13 ± 1.48 21.93 ± 1.26 −21.00 ± 1.88

Ros 100 μL/L 38.92 ± 1.17 −12.79 ± 0.60 ab 17.79 ± 1.14 125.84 ± 0.52 21.91 ± 1.28 −18.69 ± 0.81

Ros 200 μL/L 37.31 ± 1.51 −12.48 ± 0.82 ab 17.40 ± 1.59 125.97 ± 0.80 21.42 ± 1.77 −19.75 ± 1.38

Lav + Ros 100 μL/L 36.05 ± 1.04 −11.40 ± 0.45 ab 14.90 ± 0.76 127.49 ± 0.46 18.76 ± 0.88 −21.43 ± 0.96

Lav + Ros 200 μL/L 37.41 ± 1.39 −12.85 ± 0.68 ab 17.61 ± 1.28 126.35 ± 0.75 21.80 ± 1.43 −19.89 ± 1.17

Eucalyptol 100 μL/L 35.68 ± 1.04 −11.59 ± 0.57 ab 15.34 ± 1.00 127.22 ± 0.68 19.23 ± 1.12 −21.41 ± 0.90

Eucalyptol 200 μL/L 35.24 ± 1.15 −10.28 ± 0.60 a 13.09 ± 0.92 128.24 ± 0.38 16.65 ± 1.09 −22.54 ± 1.07

Day 10

Control 36.66 ± 1.14 −11.97 ± 0.98 16.34 ± 1.74 126.55 ± 0.69 20.26 ± 1.98 −20.41 ± 1.07

Lav 100 μL/L 39.25 ± 0.94 −13.03 ± 0.55 18.28 ± 1.02 125.59 ± 0.43 22.45 ± 1.15 −18.33 ± 0.73

Lav 200 μL/L 37.09 ± 1.51 −13.21 ± 0.55 18.10 ± 1.22 126.30 ± 0.66 22.41 ± 1.31 −20.04 ± 1.07

Ros 100 μL/L 39.55 ± 0.69 −13.09 ± 0.47 18.90 ± 0.81 124.75 ± 0.29 22.99 ± 0.93 −17.58 ± 0.40

Ros 200 μL/L 38.31 ± 1.13 −12.39 ± 0.77 16.96 ± 1.46 126.43 ± 0.78 21.01 ± 1.62 −19.44 ± 1.03

Lav + Ros 100 μL/L 39.95 ± 1.23 −12.94 ± 0.80 18.41 ± 1.55 125.32 ± 0.63 22.51 ± 1.73 −17.89 ± 0.94

Lav + Ros 200 μL/L 38.54 ± 0.48 −11.48 ± 0.05 16.03 ± 0.29 125.63 ± 0.43 19.72 ± 0.25 −18.63 ± 0.48

Eucalyptol 100 μL/L 36.48 ± 2.15 −11.53 ± 1.39 15.76 ± 2.40 126.90 ± 1.00 19.54 ± 2.76 −21.20 ± 1.98

Eucalyptol 200 μL/L 38.87 ± 1.00 −13.76 ± 0.69 19.64 ± 1.40 125.23 ± 0.73 27.15 ± 2.72 −19.09 ± 0.36

The presented values are the means (±standard errors) of six biological replicates (per treatment). Values for day
0 refer to the control (non-treated). Different small Latin letters indicate statistically significant differences among
treatments on each day (for each column).

When purchasing fresh produce, consumers frequently select firmer fruits since
they preserve better in the refrigerator and/or have longer shelf life. During storage
and fruit ripening, fruits’ firmness decreases due to the weakening of the structure of
their cell wall and the activation of enzymes such as wall hydrolases and pectinases,
resulting in soft fruits that are not accepted by the consumers [56]. On the fifth day
of storage, fruits exposed to Ros 200 μL/L revealed higher firmness than the relevant
fruits exposed to Lav 200 μL/L and control fruits (Table 2), and this reflected the fruit
crispness and juiciness [57]. Interestingly, a decrease in fruit firmness was found with
Lav 200 μL/L and Ros 100 μL/L in comparison to the control at the end of storage.
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In light of these results, the effects of the applied EOs on fruit firmness may be attributed
to the secondary components of the EOs rather than the major one (i.e., eucalyptol).
This can be justified if other chemical compounds of the examined EOs could be tested
individually or in combination, in order to identify the corresponding effects on the
preservation of fruit firmness.

Table 2. Impacts of lavender (Lav) and rosemary (Ros) EOs, their mixture (Lav + Ros, 1:1 v/v) and
eucalyptol vapors on cucumber’s firmness, total soluble solids (TSS), titratable acidity (TA), ripening
index and ascorbic acid (AA) content during storage at 11 ◦C for 10 days.

Concentration
Firmness

(N)
TSS

(◦Brix)
TA

(g Malic Acid/L)
Ripening Index

(TSS/TA)
AA

(mg AA/100 g)

Day 0 Control 15.24 ± 0.86 2.90 ± 0.15 1.06 ± 0.19 29.23 ± 5.27 2.61 ± 0.23 B

Day 5

Control 14.66 ± 0.47 b 3.10 ± 0.06 1.38 ± 0.24 a 24.10 ± 4.51 c 2.32 ± 0.06 e

Lav 100 μL/L 14.90 ± 1.00 ab 3.20 ± 0.00 0.78 ± 0.01 b 41.09 ± 0.49 c 2.63 ± 0.16 de

Lav 200 μL/L 14.31 ± 0.50 b 3.00 ± 0.17 0.53 ± 0.02 bc 56.55 ± 4.77 bc 2.23 ± 0.04 e

Ros 100 μL/L 15.34 ± 0.32 ab 3.10 ± 0.15 0.60 ± 0.03 bc 51.71 ± 4.36 c 2.27 ± 0.13 e

Ros 200 μL/L 18.45 ± 1.30 a 3.03 ± 0.07 0.53 ± 0.03 bc 57.84 ± 2.18 bc 3.10 ± 0.06 cd

Lav + Ros 100 μL/L 15.38 ± 0.53 ab 3.30 ± 0.15 0.31 ± 0.10 c 81.99 ± 5.31 abc 3.65 ± 0.21 bc

Lav + Ros 200 μL/L 16.14 ± 0.54 ab 2.87 ± 0.13 0.45 ± 0.01 cb 63.65 ± 4.68 bc 4.16 ± 0.16 ab

Eucalyptol 100 μL/L 16.19 ± 1.19 ab 2.93 ± 0.07 0.29 ± 0.06 c 113.66 ± 32.47 ab 3.74 ± 0.14 abc

Eucalyptol 200 μL/L 15.25 ± 0.76 ab 2.90 ± 0.20 0.21 ± 0.02 c 139.88 ± 12.52 a 4.40 ± 0.19 a

Day 10

Control 17.27 ± 0.74 a 3.07 ± 0.23 0.72 ± 0.02 a 42.99 ± 4.37 5.58 ± 0.18 abA

Lav 100 μL/L 16.68 ± 0.66 ab 2.67 ± 0.03 0.31 ± 0.11 b 119.47 ± 51.66 4.88 ± 0.09 bcd

Lav 200 μL/L 13.91 ± 0.81 b 2.70 ± 0.15 0.21 ± 0.07 b 149.57 ± 36.81 6.37 ± 0.10 a

Ros 100 μL/L 14.29 ± 0.87 b 2.60 ± 0.10 0.23 ± 0.01 b 112.28 ± 9.43 5.96 ± 0.08 a

Ros 200 μL/L 15.37 ± 0.66 ab 2.87 ± 0.12 0.33 ± 0.11 b 122.71 ± 58.93 4.45 ± 0.38 cd

Lav + Ros 100 μL/L 14.74 ± 0.59 ab 2.73 ± 0.15 0.19 ± 0.06 b 112.75 ± 12.31 6.07 ± 0.32 a

Lav + Ros 200 μL/L 15.88 ± 0.23 ab 2.63 ± 0.09 0.37 ± 0.03 b 73.48 ± 6.17 4.04 ± 0.15 d

Eucalyptol 100 μL/L 15.90 ± 1.18 ab 3.03 ± 0.12 0.19 ± 0.05 b 178.93 ± 39.01 5.89 ± 0.15 ab

Eucalyptol 200 μL/L 16.30 ± 0.50 ab 3.00 ± 0.06 0.19 ± 0.04 b 170.81 ± 40.59 5.39 ± 0.20 abc

The presented values are the means (±standard errors) of six biological replicates (per treatment). Values for day
0 refer to the control (non-treated). Different small Latin letters indicate statistically significant differences among
treatments on each day (for each column). Different Latin capital letters show significant difference between
control on the initial day (day 0) and the last day of storage (day 10).

A decrease in TA and an increase in TSS are generally observed during the ripening
of fruits and it is expected from respiring fruits as the organic acids such as malic or
citric acid are the primary substrates for the respiration process [56]. In this study, no
significant changes in TSS content were found throughout storage. Given that cucumber
fruit is harvested and eaten while it is still at the breaker stage (immature fruit), this fact
could help to explain why we observed unchanged TSS values during the EO treatment in
the short period between 5 and 10 days under storage conditions. On the other hand, all
applied treatments resulted in decreased TA on both occasions (Table 2). Higher values of
ripening indices were reported with Eucalyptol (100 and 200 μL/L) on the fifth day, while
no changes were found at the end of storage. A previous study presented a decrease
in TA in cucumber fruits exposed to the vapors of a green-based product of eucalyptus
and rosemary EOs, while TSS was not affected [47]. Exposure of apples to rosemary and
clove EOs resulted in decreased TA and slightly higher TSS compared to cinnamon and
citronella grass EOs, even two days after their application [27]. This antithesis could
be attributable to the different EOs and their applied concentrations, or to the different
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tested produce (i.e., climacteric and non-climacteric fruits). Since EOs could interfere
with the metabolism of the fruit, they could possibly alter the ratio of TSS and TA and
subsequently affect the fruit ripening process [47,56]. Interestingly, a previous study
has also mentioned that eucalyptol disrupted metabolism in tomatoes [58]. The AA
content of cucumbers was increased after the application of the tested treatments (except
Lav 100 and 200 μL/L, and Ros 100 μL/L) on the fifth day. However, a decrease in
AA content was found with Ros 200 μL/L and Lav + Ros 200 μL/L on the last day
(day 10) compared to the non-treated fruits (control) (Table 2). Interestingly, AA levels
were increased at the end of storage for the non-treated fruits compared to the initial
day (day 0). Higher AA content was also observed in lemons after their exposure to
lavender EO [18]. The increase in AA content might be connected to the antioxidant
properties of the applied EOs and their main compound (eucalyptol), which protect the
fruit’s components from oxidation while at the same time ignite the fruit’s antioxidant
mechanisms, as a response to the applied abiotic stress [14,17,20]. This increase in AA
is desirable since it improves the nutritional value of cucumber fruits, which is highly
preferred by the consumers.

3.2. Impact on Fruits’ Polyphenols and Antioxidants

As shown in Table 3, all treatments (apart from Lav 100 μL/L) resulted in lower
phenolic content in cucumber fruits than the non-treated (control) fruits on day 5. After
10 days, the applications of Lav (100 and 200 μL/L), Eucalyptol (100 and 200 μL/L) and Ros
100 μL/L declined the fruits’ phenols content compared to the control. Other studies on
vapor application of rosemary and eucalyptus EO-based products resulted in no significant
changes in phenolic content in cucumber fruits [47]. The findings of this study differ from
the aforementioned work due to the different EO concentrations and composition of the
applied treatments, as well as the duration of the application. On the other hand, during
this study, increased antioxidants were observed with Lav 100 μL/L and Lav 200 μL/L on
day 5 and 10, respectively (DPPH assay). In contrast, a decrease in antioxidants was found
with exposure to Lav 200 μL/L, Ros (100 and 200 μL/L) and Eucalyptol (100 and 200 μL/L)
on the fifth day (FRAP assay) (Table 3). In addition, Ros 100 μL/L, Lav + Ros 200 μL/L
and Eucalyptol 100 μL/L further decreased antioxidants on the last day (FRAP assay).
After five days of exposure to Ros (100 and 200 μL/L), Lav + Ros (100 and 200 μL/L)
and Eucalyptol (100 and 200 μL/L), a decrease in antioxidant levels (ABTS assay) was
observed. Similarly, those treatments also caused a decrease in cucumbers’ antioxidant
levels on the tenth day, whereas Lav 100 μL/L resulted in an increase in antioxidants
(ABTS assay) (Table 3), indicating increased nutritive value produce. The decrease in
cucumbers’ antioxidant levels might be attributed to the protective effect of the applied
EOs that shield plant tissue from biotic and abiotic stress, suppressing defense mechanisms
of the plant tissue due to their antioxidant activity [14,59]. The antioxidant capacity of
the fruit is not unlimited and might be exhausted after a certain point. In this sense,
the cucumber fruit exposed to EO treatment might reveal higher antioxidant status even
before the 5 days (where the first sampling took place). Interestingly, AA levels were
increased at the end of the storage period for the non-treated fruits, and were compared
to the initial day (day 0). The differences in phenolic content and antioxidant capacity
of cucumbers during storage in this study might be linked to the different antioxidant
activity of the applied EOs. Previous findings showed that a rosemary EO presented
greater antioxidant activity than a lavender EO [60]. This could explain the decrease in
antioxidants and polyphenols in rosemary-treated cucumber fruits in our case, due to
reduced oxidative stress.
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Table 3. Impacts of lavender (Lav) and rosemary (Ros) EOs, their mixture (Lav + Ros, 1:1 v/v) and
eucalyptol vapors on cucumber’s phenols content and antioxidants (examined by DPPH, FRAP and
ABTS assays) during storage at 11 ◦C for 10 days.

Concentration
Phenols

(μg GAE/g)
DPPH

(μg trolox/g)
FRAP

(μg trolox/g)
ABTS

(μg trolox/g)

Day 0 Control 52.48 ± 0.59 B 17.02 ± 1.40 A 36.83 ± 3.22 93.45 ± 0.73 A

Day 5

Control 63.71 ± 1.30 a 13.47 ± 0.99 b 35.21 ± 0.86 a 78.40 ± 1.02 ab

Lav 100 μL/L 59.65 ± 0.67 ab 17.88 ± 0.53 a 33.60 ± 1.87 ab 82.93 ± 2.01 ab

Lav 200 μL/L 50.57 ± 1.22 c 11.64 ± 0.65 b 26.34 ± 1.62 cd 83.52 ± 2.62 a

Ros 100 μL/L 53.91 ± 2.67 bc 15.67 ± 1.32 ab 28.62 ± 1.40 bc 61.77 ± 1.37 cd

Ros 200 μL/L 48.80 ± 2.10 c 14.67 ± 0.54 ab 27.61 ± 1.05 bcd 67.27 ± 0.82 c

Lav + Ros 100 μL/L 53.76 ± 2.32 bc 14.41 ± 1.10 ab 27.66 ± 1.14 bcd 75.38 ± 1.46 b

Lav + Ros 200 μL/L 46.08 ± 0.43 c 12.37 ± 0.75 b 22.44 ± 1.13 d 60.41 ± 1.44 cd

Eucalyptol 100 μL/L 49.14 ± 0.96 c 13.18 ± 0.87 b 23.18 ± 0.77 cd 58.32 ± 1.14 d

Eucalyptol 200 μL/L 53.24 ± 1.92 bc 13.55 ± 0.64 b 25.97 ± 0.71 cd 66.27 ± 1.61 c

Day 10

Control 62.73 ± 0.85 aA 8.45 ± 0.84 bcdB 36.64 ± 1.74 ab 81.37 ± 1.42 bB

Lav 100 μL/L 51.62 ± 0.21 ab 11.40 ± 0.36 abc 32.55 ± 1.37 bc 89.92 ± 2.45 a

Lav 200 μL/L 55.08 ± 1.15 ab 12.25 ± 0.62 a 39.07 ± 1.29 a 83.61 ± 1.13 ab

Ros 100 μL/L 48.79 ± 1.56 c 11.61 ± 0.95 ab 31.53 ± 0.73 cd 69.29 ± 2.20 cd

Ros 200 μL/L 64.20 ± 1.24 a 9.24 ± 0.53 abcd 36.33 ± 0.62 ab 59.86 ± 1.55 ef

Lav + Ros 100 μL/L 66.85 ± 1.84 a 7.28 ± 0.93 d 32.76 ± 0.41 bc 56.39 ± 0.72 f

Lav + Ros 200 μL/L 63.57 ± 1.44 a 8.12 ± 0.48 cd 29.61 ± 0.09 cd 65.23 ± 0.36 de

Eucalyptol 100 μL/L 50.82 ± 1.60 ab 10.86 ± 0.59 abc 26.97 ± 0.47 d 72.58 ± 0.66 c

Eucalyptol 200 μL/L 55.39 ± 1.30 b 8.57 ± 0.47 bcd 32.59 ± 0.61 bc 64.62 ± 1.40 de

The presented values are the means (±standard errors) of six biological replicates (per treatment). Values for day
0 refer to the control (non-treated). Different small Latin letters indicate statistically significant differences among
treatments on each day (for each column). Different Latin capital letters show significant difference between
control on the initial day (day 0) and the last day of storage (day 10).

3.3. Fruit Damage Index and Enzymatic Antioxidant Activity

Essential oils at high concentrations can trigger phytotoxicity and oxidative stress
on fresh commodities, and this has been demonstrated by the EO tomato fruit vaporized
with sage [24]. During storage, the metabolic rate of fruit increases, and abiotic and biotic
stress factors usually occur, resulting in the production and accumulation of reactive
oxygen species (ROS) such as hydrogen peroxide (H2O2). Fruit alleviates oxidative stress
by the activation of both non-enzymatic (phenols, antioxidants, ascorbic acid, proline,
etc.) and endogenous enzymatic (SOD, CAT, POD, ascorbate peroxidase-APX, glutathione
peroxidase-GPX, etc.) metabolites. However, changes in non-enzymatic or enzymatic
metabolites can take place independently or in parallel in order to detoxify fresh produce.
The main endogenous (SOD) antioxidant enzymes convert the superoxide anion to H2O2,
which is a substrate for CAT and GPX. Catalase metabolizes H2O2 to water and oxygen,
and GPX decreases both H2O2 and organic hydroperoxides when reacting with glutathione
(GSH) [61]. Thus, molecules such as H2O2 and malondialdehyde (MDA) are used for
the investigation of plant tissue damage [62]. The impacts of the volatile treatments on
cucumbers’ damage indices and the activities of the antioxidant enzymes are presented in
Table 4. Exposure of cucumbers for five days to Eucalyptol 200 μL/L resulted in decreased
H2O2 levels compared to the control, Ros 100 μL/L, Lav + Ros 200 μL/L and Eucalyptol
100 μL/L. On the other hand, no significant differences in H2O2 levels were evidenced on
the last day (Table 4). The production of MDA decreased with Lav (100 and 200 μL/L),
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Ros 200 μL/L and Eucalyptol 200 μL/L on the fifth day, whereas Eucalyptol 200 μL/L
resulted in increased MDA levels compared to the control, Lav (100 and 200 μL/L) and
Ros 200 μL/L (Table 4). The lower MDA levels obtained from fruits treated with EO
can be related to the enhanced activation of defense-related enzymes in response to the
oxidative stress condition [63] but also to the non-enzymatic metabolites involvement, such
as phenols and AA.

Table 4. Impacts of lavender (Lav) and rosemary (Ros) EOs, their mixture (Lav + Ros, 1:1 v/v) and
eucalyptol vapors on cucumber’s hydrogen peroxide (H2O2), lipid peroxidation (MDA) and the
antioxidant enzyme activity of superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD)
during storage at 11 ◦C for 10 days.

Concentration
H2O2

(mmol/g)
MDA

(nmol/g)
SOD

(units/mg of Protein)
CAT

(units/mg of Protein)
POD

(units/mg of Protein)

Day 0 Control 0.14 ± 0.00 B 9.63 ± 0.10 A 3.12 ± 0.35 4.27 ± 0.51 10.82 ± 1.72

Day 5

Control 0.15 ± 0.00 a 9.46 ± 0.09 abc 2.23 ± 0.16 3.26 ± 0.22 ab 15.42 ± 2.01 bc

Lav 100 μL/L 0.14 ± 0.01 ab 8.96 ± 0.15 c 2.46 ± 0.43 3.05 ± 0.21 ab 26.88 ± 4.25 a

Lav 200 μL/L 0.14 ± 0.00 ab 9.37 ± 0.14 bc 2.74 ± 0.04 5.69 ± 1.01 a 30.32 ± 1.76 a

Ros 100 μL/L 0.16 ± 0.01 a 9.67 ± 0.33 abc 2.24 ± 0.16 2.81 ± 0.47 ab 14.73 ± 0.23 bc

Ros 200 μL/L 0.14 ± 0.00 ab 8.54 ± 0.33 c 1.79 ± 0.10 4.29 ± 1.14 ab 29.73 ± 3.81 a

Lav + Ros 100 μL/L 0.14 ± 0.01 ab 10.09 ± 0.32 abc 2.10 ± 0.09 1.69 ± 0.28 b 9.94 ± 0.24 c

Lav + Ros 200 μL/L 0.15 ± 0.00 a 10.32 ± 0.29 abc 2.30 ± 0.15 2.50 ± 0.24 b 14.75 ± 1.14 bc

Eucalyptol 100 μL/L 0.15 ± 0.00 a 11.60 ± 1.17 ab 1.79 ± 0.34 3.45 ± 0.43 ab 12.18 ± 1.44 c

Eucalyptol 200 μL/L 0.12 ± 0.01 b 11.64 ± 0.07 a 1.51 ± 0.32 2.98 ± 0.62 ab 24.59 ± 3.50 ab

Day 10

Control 0.18 ± 0.01 A 6.98 ± 0.14 dB 3.01 ± 0.71 a 4.45 ± 0.17 de 16.54 ± 2.52 c

Lav 100 μL/L 0.17 ± 0.01 7.70 ± 0.09 cd 1.90 ± 0.24 ab 9.58 ± 1.12 c 13.69 ± 1.88 c

Lav 200 μL/L 0.17 ± 0.00 7.82 ± 0.14 cd 1.65 ± 0.18 ab 19.64 ± 0.59 a 37.01 ± 2.26 a

Ros 100 μL/L 0.17 ± 0.01 8.93 ± 0.28 ab 1.41 ± 0.29 ab 4.99 ± 0.95 de 34.65 ± 7.24 ab

Ros 200 μL/L 0.18 ± 0.00 8.08 ± 0.31 bc 1.60 ± 0.30 ab 7.70 ± 0.19 cd 26.95 ± 0.91 abc

Lav + Ros 100 μL/L 0.18 ± 0.01 8.46 ± 0.27 abc 0.95 ± 0.05 b 3.49 ± 0.69 de 25.19 ± 3.81 abc

Lav + Ros 200 μL/L 0.19 ± 0.01 8.52 ± 0.12 abc 2.83 ± 0.46 a 14.87 ± 1.79 b 30.18 ± 3.94 abc

Eucalyptol 100 μL/L 0.20 ± 0.01 8.26 ± 0.13 abc 1.80 ± 0.08 ab 3.31 ± 0.20 e 19.57 ± 0.37 bc

Eucalyptol 200 μL/L 0.17 ± 0.00 9.19 ± 0.20 a 1.52 ± 0.11 ab 5.93 ± 0.46 cde 34.81 ± 1.68 ab

The presented values are the means (±standard errors) of three biological replicates (per treatment). Values for
day 0 refer to the control (non-treated). Different small Latin letters indicate statistically significant differences
among treatments on each day (for each column). Different Latin capital letters show significant difference
between control on the initial day (day 0) and the last day of storage (day 10).

After 5 days of storage, SOD activity remained at similar levels for all tested fruits,
indicating that the antioxidant capacity of the enzyme has been exhausted since there
were changes in the activities of other antioxidant enzymes, as indicated by CAT and POD
activities. Therefore, the increased CAT and POD levels were associated with decreased
MDA levels, reflecting the antioxidant capacity of CAT and POD to protect fruit from
oxidative damage. It has been reported that when the clove EO (0.4%) was applied to
citrus fruits, it increased the activity of the enzymes involved in plant defense, including
POD, phenylalanine ammonia lyase (PAL), polyphenol oxidase (PPO) and lipoxygenase
(LOX) [63]. Similar to this, over a 3-day storage period at 20 ◦C, strawberries treated with
vapors of tea tree EO exhibited increased SOD, PAL and POD activity [64].

Increased H2O2 levels were found in untreated cucumbers (control) on the last day,
in comparison to the initial day (Day 0). Moreover, decreased MDA levels were found in
untreated cucumbers (control) on the last day when compared to Day 0, whereas the activity
of the examined antioxidant enzymes did not differ between Day 0 and Day 10, when
taking the levels of SOD, CAT and POD into consideration. As rosemary EO has significant
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antioxidant activity, higher than other essential oils (compared to lavender EO), applying it
alone and/or in combination appeared to reduce the oxidative stress of cucumbers while
they were being stored [60]. The reduction in the oxidative stress indicators by the vapor
of the applied EOs is mainly attributed to their composition (i.e., phenols, flavonoids,
etc.), which exhibit free radical scavenging activities while at the same time increasing the
antioxidant capacity of the produce they are applied on [59].

3.4. Impact on Microbial Load

Increased microbial load could result in higher decay incidence and increased fresh
produce losses [7]. Microbial control, both at preharvest and postharvest level, is of great
importance for the preservation of fresh produce with high quality and safety features. As
shown in Table 5, a decrease in TVC numbers was found with Ros 200 μL/L at the end of the
storage period of 10 days. On the other hand, exposure to Lav 200 μL/L, Ros 100 μL/L, Lav
+ Ros 200 μL/L and Eucalyptol (100 and 200 μL/L) presented higher numbers on the tenth
day. As reported previously, if 5 log cfu/mL (or 5.95 log cfu/g, considering the dilution
rates in this study) of aerobic plate counts or yeast and mold counts is considered as the
critical limit [57], only the Lav 100–200 μL/L, Ros 200 μL/L and Lav + Ros 100 μL/L were
within these limits for TVC and decreased the yeast and mold numbers and extended the
microbial shelf life of cucumbers after 10 days of storage. The increase in microbial numbers
might be attributed to the volatile nature of the EOs components that may evaporate after
a long period, and due to their antimicrobial activity weakening. Moreover, this increase
might be caused by the possible leaking of nutrients, i.e., calcium, which is responsible for
maintaining fruit firmness from potentially damaged fruit cell walls [65]. Yeast and mold
were decreased after the exposure to Eucalyptol 200 μL/L, opposite to Lav + Ros 100 μL/L,
on the fifth day of storage (Table 5). Moreover, Lav (100 and 200 μL/L) and Ros 200 μL/L
also decreased yeast and mold on day 10. According to this study’s results, lavender
and rosemary EOs were the main factors responsible for the reduction in cucumbers’
microbial load. This effect does not appear to be solely related to the eucalyptol (their major
component), rather, it may also be due to the synergistic effect of other components which
are present in lower concentrations in the EOs [26]. The antimicrobial activity (antibacterial
and antifungal) of EOs is attributed to the hydrophobic nature of their constitutes that
enables them to penetrate the microbial cell wall membrane and interfere with the cell wall
permeability and structure, among other vital processes (i.e., quorum sensing) [59,66].

Table 5. Impacts of lavender (Lav) and rosemary (Ros) EOs, their mixture (Lav + Ros, 1:1 v/v) and
eucalyptol vapors on cucumber’s microbial load (total viable count-TVC, yeast and mold) during
storage at 11 ◦C for 10 days.

Concentration
TVC

(log cfu/g)
Yeast and Mold

(log cfu/g)

Day 0 Control 5.81 ± 0.10 4.12 ± 0.17

Day 5

Control 4.67 ± 0.03 4.59 ± 0.07 ab

Lav 100 μL/L 4.71 ± 0.02 4.67 ± 0.18 ab

Lav 200 μL/L 4.45 ± 0.38 4.47 ± 0.01 ab

Ros 100 μL/L 4.70 ± 0.07 4.43 ± 0.22 ab

Ros 200 μL/L 4.43 ± 0.10 4.65 ± 0.08 ab

Lav + Ros 100 μL/L 4.86 ± 0.05 4.85 ± 0.03 a

Lav + Ros 200 μL/L 4.58 ± 0.05 4.43 ± 0.04 ab

Eucalyptol 100 μL/L 4.28 ± 0.12 4.32 ± 0.04 ab

Eucalyptol 200 μL/L 4.21 ± 0.05 4.08 ± 0.13 b
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Table 5. Cont.

Concentration
TVC

(log cfu/g)
Yeast and Mold

(log cfu/g)

Day 10

Control 5.38 ± 0.15 d 4.73 ± 0.03 ab

Lav 100 μL/L 5.69 ± 0.08 cd 3.73 ± 0.00 cd

Lav 200 μL/L 5.88 ± 0.02 abc 3.30 ± 0.35 d

Ros 100 μL/L 6.00 ± 0.00 abc 4.88 ± 0.01 ab

Ros 200 μL/L 4.91 ± 0.05 e 3.11 ± 0.16 d

Lav + Ros 100 μL/L 5.80 ± 0.05 bcd 4.41 ± 0.09 bc

Lav + Ros 200 μL/L 6.20 ± 0.03 ab 5.18 ± 0.01 a

Eucalyptol 100 μL/L 6.19 ± 0.08 ab 4.89 ± 0.07 ab

Eucalyptol 200 μL/L 6.29 ± 0.15 a 4.56 ± 0.01 ab
The presented values are the means (±standard errors) of three biological replicates (per treatment). Values for
day 0 refer to the control (non-treated). Different small Latin letters indicate statistically significant differences
among treatments on each day (for each column).

4. Conclusions

The vapor application of lavender and rosemary EOs, their 1:1 (v/v) mixture and
their major compound (eucalyptol) on cucumber fruits showed no significant differences in
features such as the fruits’ weight loss and color. Notably, fruits’ firmness was maintained
throughout storage (exceptions occurred when fruits’ were exposed to Lav 200 μL/L and
Ros 100 μL/L). Increased oxidative stress was found after the exposure to Eucalyptol
200 μL/L. On the other hand, the applied treatments resulted in significant increases
in antioxidants and AA content (i.e., vitamin C), increasing the nutritional value of the
cucumber fruit. The findings of this study indicate that the examined means (the tested
EOs, their mixture and the main common compound) could be considered as alternative
means for the postharvest preservation of cucumber fruits. As the Ros 200 μL/L treatment
revealed increased fruit firmness and AA content after 5 days of application, and decreased
TVC and yeast and mold after the 10 days of application, combining high nutritive value
and low antimicrobial activity appears to be an effective application when applied during
storage. However, the application of such compounds should be performed with caution
as it could, in some cases, negatively affect the organoleptic characteristics (i.e., aroma,
taste, appearance) of the tested fresh produce and could potentially result in phytotoxicity
when used in high concentrations. In addition, the EOs mixture as a preservation means
can be explored further, as the combination of the different EO components and the
possible synergistic effect on fruit preservation is of high interest. Another factor to
consider when using essential oils is their perceived high cost. However, if used in the
recommended dosage (concentration x time of application), this could be a cost-effective
method. Additional considerations for using EOs include the possibility of phytotoxicity in
the applied produce and allergy issues upon consumption.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13102493/s1, Figure S1: Impacts of lavender (Lav) and
rosemary (Ros) EOs, their mixture (1:1 v/v) and eucalyptol vapors on cucumber fruits during storage
at 11 ◦C for 10 days.
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Abstract: In this paper, the essential oil (EO) extraction from thyme by the consecutive use of
ultrasound and microwave treatments is presented. The aim of this study was to apply an ultrasound
pre-treatment of thyme leaves to enhance the thymol content and the extraction yield of the EO
obtained by microwave-assisted hydro-distillation (MWHD). Compared with conventional hydro-
distillation (CHD), the consecutive use of ultrasound pre-treatment and microwave extraction resulted
in a 72% lower extraction time. When the ultrasound pre-treatment (using the ultrasonic processor
with an amplitude of 70%) was applied, the EO content was 23% higher compared to the extraction
without pre-treatment (2.67 ± 0.06 g EO/100 g DM for the MWHD with ultrasound pre-treatment
compared with 2.18 ± 0.07 g EO/100 g DM for the MWHD without pre-treatment). The EO samples
were analyzed by GC/MS. The results showed that the major component, thymol, varied from 43.54%
(by CHD) to 65.94% (by the consecutive use of ultrasound and microwave treatments).

Keywords: ultrasound pre-treatment; microwave hydro-distillation; thyme; essential oil; thymol

1. Introduction

Thyme (Thymus officinalis L.) is a plant that belongs to the Lamiaceae family and
is used for food flavoring and preservation. This plant can be found in Europe, North
Africa, and Asia [1]. Thyme is rich in essential oil (EO), which is part of the secondary
metabolites of the plants (up to 2.5% EO for the dried herb [2]). It is involved in the
defense mechanism of the herb (repelling the phytophagous organisms) and in attracting
pollinators. Among the constituents of thyme EO (carvacrol, p-cymene, α-pinene, γ-
terpinene, etc.), thymol is the major one [3]. This compound has been shown to have
antioxidant and anti-inflammatory [4], antibacterial [5], antimicrobial [6], antifungal [7],
antiparasitic [8], immunological [9], and anticancer [10] properties. Thyme also contains
polyphenolic compounds (rosmarinic, caffeic, p-hydroxybenzoic, and procatechuic acids)
and carotenoids (β-carotene, lutein, and zeaxanthin) [11]. These bioactive compounds
enhance the valuable properties of thymol, providing thyme extracts with a beneficial
effect on human health. Also, if added to foodstuffs, thyme EO can improve their quality.
For example, Medina et al. proved that thyme EO decreased oxidation in supplemented
minced beef [3].

The extraction of EOs from plants can be performed by conventional methods, such as
cold pressing [12], hydro-distillation, and steam distillation [13]. These methods present
several drawbacks, such as long extraction times, high energy and solvent consumption,
etc. [14]. Thus, in recent years, in order to overcome these shortcomings, alternative
methods have been developed. The new approaches include microwave-assisted hydro-
distillation [15], ultrasound [16] and enzymatic [17,18] pre-treatments before the extraction
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of EOs, supercritical [19] and subcritical [20] fluid extractions, solvent-free extraction [21],
and microwave hydro-diffusion and gravity extraction [22,23].

Microwave-assisted hydro-distillation (MWHD) combined with the ultrasound pre-
treatment of aromatic herbs to extract EOs was successfully employed [24,25]. This strategy
combines the advantages of ultrasound and microwave extraction. The latter can pro-
vide volumetric and selective heating. During microwave irradiation, the heterogeneous
extraction mixture is heated as a whole volume and the vegetal material can be heated
selectively. Although the microwave heating of extraction mixture occurs rapidly, in the
overall rate of the process, the mass transfer is limited [26,27]. On the other hand, the
cavitation phenomena can promote the breakage of the cellular tissue, which will increase
the mass transfer rate [28].

Our work describes the extraction of EO from thyme leaves by the consecutive use of
ultrasound and microwave treatments. Thus, the aim of this study was to apply an ultra-
sound pre-treatment of the extraction mixture in order to increase the thymol content and
the extraction yield of the EO obtained using MWHD. The influence of the ultrasound pre-
treatment on the extraction process of EO was studied using both an ultrasound bath and an
ultrasonic processor. To our knowledge, MWHD combined with ultrasound pre-treatment
to extract EO was not used for thyme leaves. There are only a few studies regarding the
ultrasound pre-treatment of thyme, and neither of them reported the comparison between
different sonication equipment. Kowalski et al. applied an ultrasonic pre-treatment of the
thyme leaves using an ultrasound bath, but the EO was further extracted by conventional
steam distillation. In this study, a maximum yield of 2.4% (v/w) was achieved, meaning
approximatively 2.15 g EO/100 g of dried plant material [29]. Roldan-Gutierrez et al. used
an ultrasonic processor for the pre-treatment of thyme leaves, but the extraction of EO was
further performed by steam distillation and superheated water methods [30].

2. Materials and Methods

2.1. Materials

Fresh thyme (stems and leaves) was purchased from Hofigal (Bucharest, Romania).
The fresh leaves and stems were chopped into pieces of 1–2 cm, then dried in an air flow-
heating oven (Memmert UNE 500 Universal Oven, Memmert GmbH + Co. KG, Schwabach,
Germany) at 60 ◦C to a constant weight. Part of the dried vegetal material was used as
such, and another part was ground using an electric grinder and screened to a particle size
under 0.1 cm. The ground thyme was dosed in samples of 100 g (in sealed plastic container)
and stored at 4–5 ◦C until extraction of EO. The water content of the dried thyme leaves
was 7.7% (w), being determined with the help of a moisture analyzer (PMB 202 Moisture
Analyzer, Adam Equipment Co., Ltd., Bletchley, UK). For the GC-MS quantification of
thyme EO, the following standards were used: thymol, γ-terpinene, p-cymene, α-terpinene,
and β-pinene from Merck (Merck & Co., Inc., Darmstadt, Germany).

2.2. Methods
2.2.1. Essential Oil Extraction Procedure

The extraction of EO from thyme was performed by MWHD using a multimode
microwave oven (Plazmatronika, Plazmatronika NT SP Z.O.O., Wroclaw, Poland), which
has a frequency of 2450 MHz. This apparatus is described in our previous work, Calinescu
et al. [17]. During the experiment, temperature, time, and power were controlled via an
operating console. Steam produced in the reactor carrying the thyme EO was directed to a
modified Neo Clevenger trap with a 10 mL graduated tube. The extractions were carried
out at different ratios of solvent to plant: 8/1, 10/1, and 12/1 (v/w). The particle size of
vegetal material was varied, as follows: pieces of 1–2 cm or particles under 0.1 cm. The
solvent used was distilled water and the mixture was subjected to extraction until no EO
was obtained (80 min). The protocols for the MWHD method are described in our previous
work [17]. Comparative extraction of thyme EO by conventional hydro-distillation (CHD)
method was also performed. The conventional extraction was carried out for 180 min (after
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this time no EO was obtained) at a solvent to plant ratio of 12/1 (v/w). The separated EO
was kept at 4 ◦C until GC-MS analysis. The extraction yield was expressed as grams of EO
per 100 grams of dry matter (g EO/100 g DM).

2.2.2. Ultrasound Pre-Treatment of Plant Material

Before MWHD, the vegetal material mixed with the solvent (distilled water) was
subjected to ultrasound pre-treatment for 30 min. The pre-treatment was performed using
either an ultrasound bath (ES375H Bench Top Ultrasonic Tank, Hilsonic Ultrasonic Cleaners,
Birkenhead, UK) with a volume of 3 L, a power of 120 W, and a frequency of 40 kHz, either
an ultrasonic processor (Vibracell VCX-750, Sonics & Materials, Inc., Newtown, CT, USA)
with a power of 750 W, a frequency of 20 kHz, and a titanium horn with a diameter of
13 mm. The sonication of the extraction mixture, using the ultrasonic processor, was applied
with a duty cycle of 5 s on and 5 s off for an amplitude of 50% or 70%. The sonication for
the ultrasonic bath was applied continuously. Control samples without any pre-treatment
were directly subjected to MWHD or CHD.

2.2.3. GC-MS Analysis of the Thyme Essential Oil

The separated EO was analyzed by GC-MS method. The GS-MS apparatus, a Thermo
Electron Corporation Focus GC system (Thermo Fisher Scientific S.p.A., Milan, Italy), is
described in our previous work Calinescu et al. [17]. The main constituents of thyme
EO (thymol, γ-terpinene, p-cymene, α-terpinene, and β-pinene) were identified according
to retention times of known standards. Identification of the other constituents of thyme
EO was performed by comparing the samples’ spectral peaks with spectra from Wiley
database. The main constituents of thyme EO were chosen based on preliminary tests
that were part of a research project (PN-III-P2-PED-2019-2118, project: “IMUNOSTIM”, no.
381PED/2020). Absolute amounts of the individual components were calculated based on
GC peak areas, and were expressed as milligrams per 100 grams of dry matter (mg/100 g
DM).

2.2.4. Statistical Analysis

All measurements were performed in triplicate, and the data were expressed with
standard deviation (SD) as mean value ± SD for triplicate of samples (n = 3). All the results
achieved at different levels of process factors were subjected to univariate one-way ANOVA
and multivariate principal component analysis (PCA). Statistical analysis of the data was
performed using the multiple comparison Duncan’s post hoc tests in order to determine
the significant statistical differences between the averages of the main components of
two or more independent groups. To evaluate the strength of linear correlations between
dependent variables, the Pearson correlation coefficient (r) was used [31]. The differences
were considered statistically significant at p < 0.05. Statistical analysis was conducted using
XLSTAT Version 2019.1 (Lumivero, Addinsoft, New York, NY, USA).

3. Results

3.1. Microwave-Assisted Hydro-Distillation (MWHD) vs. Conventional Hydro-Distillation (CHD)

The first step to optimize the extraction process of thyme EO consists of kinetics study
of the control samples obtained by MWHD and CHD (Figure 1). As shown in Figure 1,
the time required to achieve the reflux temperature (the time after the EO starts to be
collected into the Clevenger apparatus) for MWHD (10 min) is lower compared with CHD
(60 min). This can be explained by the volumetric heating of microwaves compared with
the conventional one, which occurs by convection [27]. The MWHD leads to a rapid
increase in EO content in the first 40 min (which corresponds to 83% of the total yield),
achieving a maximum amount after 70 min (1.73 ± 0.03 g EO/100 g DM). For CHD, the EO
content increases slowly, obtaining 1.65 ± 0.06 g EO/100 g DM after 170 min. Further, the
experiments were performed by MWHD.
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Figure 1. Kinetics study of microwave-assisted hydro-distillation (MWHD) vs. conventional hydro-
distillation (CHD) for a solvent to plant ratio of 12/1 (v/w) and a particle size of 1–2 cm.

The thyme EO was analyzed and identified by GC-MS. The results, for both methods
(MWHD and CHD), are shown in Table 1.

Table 1. Chemical composition of thyme essential oil (EO) for microwave-assisted hydro-distillation
(MWHD) and conventional hydro-distillation (CHD) for a solvent to plant ratio of 12/1 (v/w) and
a particle size of 1–2 cm. The letters a and b within table show the significant difference between
groups analyzed by ANOVA (p < 0.05) and Duncan’s post hoc t-tests.

RT
(min)

Compound CAS BP (◦C)
Component Content (mg/100 g DM)

MWHD CHD

9.043 α-Pinene 80-56-8 155 13 ± 0.2 b 15 ± 0.7 a

9.205 Camphene 79-92-5 159 16 ± 0.2 b 26 ± 1.2 a

9.941 Sabinene 3387-41-5 163 7 ± 0.1 b 11 ± 0.5 a

10.039 β-Pinene 127-91-3 165 33 ± 0.3 b 41 ± 1.8 a

10.568 α-Terpinene 99-86-5 173 57 ± 1.1 b 68 ± 2.9 a

10.613 p-Cymene 99-87-6 177 88 ± 3.0 b 110 ± 4.8 a

10.783 Eucalyptol 470-82-6 176 6 ± 0.1 b 11 ± 0.5 a

11.245 γ-Terpinene 99-85-4 183 523 ± 37.4 a 573 ± 24.9 a

13.071 Terpinen-4-ol 562-74-3 219 - 14 ± 0.6 a

14.657 Thymol 89-83-8 232 969 ± 28.9 a 689 ± 29.9 b

16.724 β-(E)-
Caryophyllene 87-44-5 254 4 ± 0.1 b 11 ± 0.5 a

17.616 γ-Cadinene 39029-41-9 271 3 ± 0.1 b 4 ± 0.2 a

RT—retention time; CAS—CAS registry number; BP—boiling point.

For both methods, approximately 12 compounds were identified. As shown in Table 1,
the main constituents of thyme EO are thymol, γ-terpinene, p-cymene, α-terpinene, and β-
pinene. These compounds constitute between 93% and 97% of the total amount of resulted
EO. Considering the EO composition, there is only a slight difference between the two
extraction methods. Thymol is extracted more efficiently by MWHD, while γ-terpinene is
extracted more efficiently by CHD. This difference can be explained by the bioconversion
of γ-terpinene in thymol, which is influenced by different factors, one of them being the
extraction method [32]. The same behavior can be noticed for p-cymene, α-terpinene,
and β-pinene, which are extracted more efficiently by CHD. Krause et al. proposed a
biosynthetic pathway of thymol, starting from the cyclization of geranyl diphosphate
forming γ-terpinene. The latter is oxidized by the P450 monooxygenases enzyme to
cyclohexadienol intermediates. These products are unstable being dehydrogenated by
a dehydrogenase/reductase enzyme to allylic ketone intermediates. Further, through
keto-enol tautomerisms, thymol is formed [33].
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3.2. Influence of Solvent to Plant Ratio on the Extraction of Thyme Essential Oil

The next step to optimize the EO extraction from thyme was to study the influence
of solvent to plant ratio. To establish the solvent volume required to achieve as much EO
as possible, different ratios of solvent to plant material were used. Moreover, to avoid
degradation of thyme leaves due to direct microwave irradiation, an adequate amount of
water is required. As shown in Figure 2a, the amount of EO increases with the increase in
the water volume. The most efficient solvent to plant ratio for the extraction of thyme EO
by MWHD is 12/1 (v/w).

β
α−

p

γ−

Figure 2. Influence of solvent to plant ratio on the extraction of thyme EO by microwave-assisted
hydro-distillation (MWHD) for a particle size of 1–2 cm: (a) essential oil (EO) content; (b) major
compounds identified by GC-MS. Different letters (a–c) within graph show the significant difference
between groups analyzed by ANOVA (p < 0.05) and Duncan’s post hoc t-tests.

The resulted EO, for all solvent to plant ratios, was analyzed by GC-MS. The main
compounds of thyme EO identified by GC-MS are shown in Figure 2b. It can be noticed
that the EO component content is similar for all three ratios and the amount of thymol
is directly proportional with the solvent to plant ratio. Thus, a high amount of water is
required to entrain the constituents with high boiling points. The ANOVA analysis showed
that by increasing the solvent to plant ratio from 8/1 to 10/1, the EO content increases
significantly (p < 0.05). By the further increase in the solvent to plant ratio, the EO content
increases non-significantly (Figure 2a). Regarding the thymol extraction, the ANOVA
analysis showed that by increasing the solvent to plant ratio, the thymol concentration
increased significantly (p < 0.05, Figure 2b).

Although the amount of EO is similar for both 10/1 and 12/1 ratios, further experiments
were carried out for a 12/1 (v/w) solvent to plant material ratio since the amount of the
targeted compound (thymol) is higher and the specific energy (see Table 5) is lower compared
with the other ratios used (969 ± 28.90 mg thymol/100 g DM for 12/1 ratio compared to
926 ± 16.93 and 824 ± 20.67 mg thymol/100 g DM for 10/1 and 8/1 ratios, respectively).

3.3. Influence of Ultrasound Equipment on the Extraction of Thyme Essential Oil

Prior to the extraction of thyme EO by MWHD, the extraction mixture was subjected
to ultrasound pre-treatment for 30 min using two types of equipment: an ultrasound bath
(ES375H Bench Top Ultrasonic Tank, Hilsonic Ultrasonic Cleaners, Birkenhead, UK) and an
ultrasonic processor (Vibracell VCX-750, Sonics & Materials, Inc., Newtown, CT, USA).

It can be noticed (Figure 3a) that the ultrasound pre-treatment of the extraction mixture
leads to higher amounts of EO compared with the experiments without pre-treatment,
for both the ultrasound bath (approximatively 6% higher—1.83 ± 0.09 g EO/100 g DM)
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and the horn (approximatively 21% higher—2.10 ± 0.03 g EO/100 g DM). This could be
due to the cavitation phenomenon, which can stimulate the disruption of cell walls and
increase the mass transfer rate. In the ultrasonic bath, the cavitation occurs uncontrollably.
The ultrasound energy is unequally dispersed in the bath and has low intensity. On the
other hand, for the horn, the cavitation has a high localized intensity, and implicitly, the
sonication process is more efficient [34]. Therefore, the higher amount of EO achieved when
the ultrasound pre-treatment is carried out using the Vibracell equipment (an increase of
approximately 15%) could be due to these differences between ultrasonic baths and horns.
In addition, the ultrasound pre-treatment of the extraction mixture has a beneficial effect
on the extraction time, achieving a maximum amount of EO in only 50 min compared
with the extraction without pre-treatment when a maximum amount is achieved after
70 min. Further, the experiments were performed using the Vibracell ultrasonic processor
to pre-treat the extraction mixture.
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Figure 3. Influence of ultrasound pre-treatment on the extraction of thyme EO by microwave-assisted
hydro-distillation (MWHD) for a solvent to plant ratio of 12/1 (v/w), a particle size of 1–2 cm, and an
amplitude of 50%: (a) essential oil (EO) content; (b) major compounds identified by GC-MS. Different
letters (a–c) within graph show the significant difference between groups resulted from ANOVA
(p < 0.05) and Duncan’s post hoc t-tests.

The GC-MS analyses of the EO obtained by consecutive use of ultrasound and mi-
crowave irradiation are shown in Figure 3b. It can be noticed that the major constituents
of the EO are similar for all three methods (the extraction with ultrasound pre-treatment
using both ultrasonic horn and bath and the extraction without pre-treatment). As shown
in Figure 3b, the thymol is extracted more efficiently when the ultrasound pre-treatment is
carried out using the ultrasonic probe (1196 ± 15.35 and 1040 ± 35.62 mg/100 g DM for
ultrasonic probe and bath, respectively). Instead, p-cymene is obtained in lower amounts
(90 ± 7.28 and 103 ± 6.49 mg/100 g DM for ultrasonic probe and bath, respectively). This
could be due to the transformation of some compounds during ultrasound irradiation, such
as isomerization, oxidation, and degradation of dimmers and polymers [35]. Also, in water,
the cavitation phenomenon can lead to the formation of free radicals (H•, OH•) which
can cause the transformation of the EO constituents [36]. The ANOVA analysis showed
that pre-treatment with the ultrasonic horn led to a significant increase in the thymol
content, while using the ultrasonic bath the content of p-cymene increased significantly
(p < 0.05). The opposite behavior of p-cymene when the pre-treatment is performed using
the ultrasonic bath could be due to the low intensity of the cavitation in such equipment.
Since the ultrasound energy for the horn can be focused on specific sample area, the con-

79



Agronomy 2023, 13, 2331

stituents with lower boiling points can be rapidly released, and implicitly, they can be
degraded afterwards.

3.4. Influence of Ultrasound Amplitude on the Extraction of Thyme Essential Oil

The influence of ultrasound amplitude on the extraction process efficiency was also
studied. Amplitudes of 50 and 70% were chosen. As shown in Figure 4a, the amount of
thyme EO is directly proportional to the ultrasound amplitude. The EO content increases
by 6% compared with the pre-treatment performed at an amplitude of 50% (2.10 ± 0.03 and
2.22 ± 0.06 g EO/100 g DM for an amplitude of 50 and 70%, respectively). The extraction
mechanism involves the diffusion of the solvent through the cell walls and, implicitly, their
rinsing, since the walls are disrupted. These phenomena can be enhanced by ultrasonic
cavitation [37]. Thus, an efficient ultrasound pre-treatment of the extraction mixture can
increase the EO yield.
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Figure 4. Influence of ultrasound amplitude on the extraction of thyme EO by microwave-assisted
hydro-distillation (MWHD) for a solvent to plant ratio of 12/1 (v/w) and a particle size of 1–2 cm
using the Vibracell ultrasonic processor: (a) essential oil (EO) content; (b) major compounds identified
by GC-MS. Different letters (a,b) within graph show the significant difference between groups from
one-way ANOVA (p < 0.05) and Duncan’s post hoc t-tests.

The thyme EO was also analyzed and identified by GC-MS. The results for both
ultrasound amplitudes are shown in Figure 4b. As in the previous experiments (see
Figures 2b and 3b, and Table 1) the main constituents of thyme EO (thymol, γ-terpinene,
p-cymene, α-terpinene, and β-pinene) remain unchanged. As shown in Figure 4b, the
targeted compound, thymol, is extracted more efficiently when an amplitude of 70% is
used (1196 ± 15.35 and 1370 ± 58.78 mg/100 g DM for an amplitude of 50 and 70%,
respectively). Statistical analysis confirmed that by increasing the ultrasonic amplitude
from 50 to 70%, the EO and thymol contents increase significantly (p < 0.05). However, the
content of p-cymene is inversely proportional with the ultrasound power, achieving higher
amounts for an amplitude of 50%. This can be due to an accentuated transformation of
some constituents at high ultrasound powers.

3.5. Influence of Thyme Leaf Size on the EO Extraction

In addition to external glands, which can be easily destroyed by sonication, the EO
can be found in the internal secretory structures of the vegetal materials. This can lead
to a mass transfer resistance. A strategy to overcome this drawback is to mill the herb in
order to increase the surface area. Thus, more cells will be directly exposed to the cavitation
phenomenon, thus enhancing the mass transfer of the targeted compounds from vegetal
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matrix to the solvent [37]. As shown in Figure 5a, the particle sizes of the thyme leaves
influence to a large extent the EO content. For a particle size under 0.1 cm, higher amounts
of EO are achieved for both ultrasound pre-treatment (for both amplitudes applied, i.e., 50
and 70%) and extraction without pre-treatment. Using smaller particles, the EO content is
23% higher when an ultrasound pre-treatment (with an amplitude of 70%—2.67 ± 0.06 g
EO/100 g DM) of the extraction mixture is applied, compared with the extraction without
pre-treatment (2.18 ± 0.07 g EO/100 g DM). The ANOVA analysis showed that EO content
increased significantly (p < 0.05) by decreasing the plant material particles size.
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Figure 5. Influence of leaf particle size on the extraction of thyme EO by microwave-assisted hydro-
distillation (MWHD) for a solvent to plant ratio of 12/1 (v/w): (a) essential oil (EO) content; (b) major
compounds identified by GC-MS for a particle size under 0.1 cm. Letters (a–c) within graph show the
significant difference between groups’ ANOVA (p < 0.05) and Duncan’s post hoc t-tests.

These strategies (the ultrasound pre-treatment using an ultrasonic probe and milling
the plant material to a particle size under 0.1 cm) lead to a higher extraction yield compared
with other studies. For example, Kowalski et al., [29] after applying ultrasonic pre-treatment
using an ultrasound bath, followed by conventional steam distillation method, achieved an
extraction yield of 2.15 g EO/100 g DM.

The major component content of thyme EO for a granulation of the leaves under
0.1 cm is similar with the one for a particle size of 1–2 cm. However, the amount of the
targeted compound (thymol) is higher for the herb milled to a granulation under 0.1 cm (see
Figures 3b, 4b and 5b). This behavior can be noticed for all three methods: the extraction
with ultrasound pre-treatment applying both 50 and 70% amplitudes and the extraction
without pre-treatment (1542 ± 42.54 and 1764 ± 52.68 mg/100 g DM for an amplitude
of 50 and 70%, respectively, and 1396 ± 62.7 mg/100 g DM for the extraction without
pre-treatment). As shown in Figure 5b, the thymol content is higher when an ultrasound
pre-treatment with an amplitude of 70% is applied, while the α-terpinene content is lower
(54 ± 4.91 and 33 ± 5.27 mg/100 g DM for an amplitude of 50 and 70%, respectively). As
shown in Figure 4b, this behavior of α-terpinene can be also observed for the extraction
with thyme leaves of a 1–2 cm particle size (51 ± 4.5 and 46 ± 4.02 mg/100 g DM for an
amplitude of 50 and 70%, respectively). Indeed, according to ANOVA analysis, the decrease
at an amplitude of 70% is insignificant (see Figure 4b), but the higher decrease when
smaller particles are used can be explained by a more considerable exposure of ultrasound
energy. Moreover, the p-cymene content is higher for an amplitude of 70% compared
with 50% when the plant is milled (Figure 5b—100 ± 9.9 and 170 ± 14.06 mg/100 g DM
for an amplitude of 50 and 70%, respectively), while for the extraction performed with
leaves of 1–2 cm particle size, an opposite behavior is observed (Figure 4b—90 ± 7.28
and 63 ± 5.99 mg/100 g DM for an amplitude of 50 and 70%, respectively). This could be
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due to a possible oxidation of some components (such as α-terpinene and γ-terpinene)
yielding p-cymene [38]. However, further research is required for possible oxidation under
combined ultrasound and microwave treatments.

3.6. Principal Component Analysis

To evaluate the relation between the extraction method and the composition of the
EO, principal component analysis (PCA) was performed. For the multivariate analysis,
the chemical compositions of the thyme EO obtained by different extraction methods were
determined. The PCA results show two eigenvalues higher than 1, i.e., those corresponding
to PC1 (3.55) and PC2 (1.04). The main components of thyme EO in the plane formed by
these first two PCs explain 90.68% of the variability, including 70.21% on the first axis and
20.47% on the second axis. The coordinates of variables (factor loadings) on the factor-plane
PC1−PC2 are shown in Table 2, with the significant levels marked in bold. The projections
of cases (factor scores) on the factor-plane PC1−PC2 are summarized in Table 3.

Table 2. Factor loadings.

Variables PC1 PC2

β-Pinene −0.966 0.045
α-Terpinene −0.888 −0.201
p-Cymene −0.150 0.985

γ-Terpinene −0.930 −0.079
Thymol 0.950 −0.063

Table 3. Factor scores.

Method Method Description PC1 PC2

1
MWHD without ultrasound pre-treatment,

solvent to plant ratio of 8/1,
leaf particle size of 1–2 cm

−2.382 0.174
−3.041 0.252
−1.723 0.095

2
MWHD without ultrasound pre-treatment,

solvent to plant ratio of 10/1,
leaf particle size of 1–2 cm

−1.506 0.710
−2.039 0.830
−1.075 0.821

3
MWHD without ultrasound pre-treatment,

solvent to plant ratio of 12/1,
leaf particle size of 1–2 cm

−1.477 0.196
−1.941 0.433
−0.653 −0.170

4
MWHD + ultrasonic bath pre-treatment,

solvent to plant ratio of 12/1,
leaf particle size of 1–2 cm

−1.388 0.539
−1.663 0.672
−1.113 0.406

5
MWHD + ultrasonic horn pre-treatment (50%

amplitude), solvent to plant ratio 12/1,
leaf particle size 1–2 cm

−1.267 −0.454
−1.339 −0.264
−0.271 −0.698

6
MWHD + ultrasonic horn pre-treatment (70%

amplitude), solvent to plant ratio of 12/1,
leaf particle size of 1–2 cm

0.601 −1.865
0.472 −1.727
0.895 −2.018

7
MWHD without ultrasound pre-treatment,

solvent to plant ratio of 12/1,
leaf particle size < 0.1 cm

1.846 −0.559
1.737 −0.486
2.101 −0.754

8
MWHD + ultrasonic horn pre-treatment (50%

amplitude), solvent to plant ratio of 12/1,
leaf particle size < 0.1 cm

1.798 −0.479
1.699 −0.384
2.169 −0.915

9
MWHD + ultrasonic horn pre-treatment (70%

amplitude, solvent to plant ratio of 12/1,
leaf particle size < 0.1 cm

3.120 1.964
3.111 2.181
3.328 1.502
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The PCA bi-plot and the correlation matrix are shown in Figure 6 and Table 4, re-
spectively. The significant values of correlation coefficients (r) are highlighted in bold at a
significance level α = 0.05 (two-tailed test).

Figure 6. Projections of variables (β-Pinene, α-Terpinene, p-Cymene, γ-Terpinene, Thymol) and
methods (1–9) on the factor-plane PC1–PC2.

Table 4. Correlation matrix.

Variables β-Pinene α-Terpinene p-Cymene γ-Terpinene Thymol

β-Pinene 1 0.797 0.179 0.908 −0.890
α-Terpinene 0.797 1 −0.034 0.742 −0.815
p-Cymene 0.179 −0.034 1 0.055 −0.194

γ-Terpinene 0.908 0.742 0.055 1 −0.832
Thymol −0.890 −0.815 −0.194 −0.832 1

The PCA bi-plot presented in Figure 6 and correlation matrix shown in Table 4 indicate
the subsequent aspects:

• p-Cymene is weakly correlated with thymol, β-pinene, α-terpinene, and γ-terpinene
(−0.034 ≤ r ≤ 0.179);

• Thymol is highly inversely correlated with β-pinene, α-terpinene, and γ-terpinene
(−0.890 ≤ r ≤ −0.815);

• β-Pinene is highly directly correlated with α-terpinene, and γ-terpinene
(0.797 ≤ r ≤ 0.908);

• The EO obtained by methods 6–9 (highlighted using blue and green circles) had
a higher content of thymol and lower contents of β-pinene, α-terpinene, and γ-
terpinene compared with the EO obtained by methods 1–5 (highlighted using red
circle—discrimination on PC1);
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• The EO obtained by method 9 (highlighted using blue circle) had a higher content of
p-cymene compared with the EO obtained by methods 6–8 (highlighted using green
circle—discrimination on PC2).

• Moreover, the highest amount of thymol was obtained by method 9.

3.7. Energy Considerations

During thyme leaf pre-treatment and extraction of EO, the microwave and ultrasound
powers were recorded for all experiments. The power input for the electrical heater was
measured at the heater power supply using a Wattmeter. Using the above-mentioned
recorded values, the total energy introduced into the system was determined. The specific
energy was also calculated using the following equation:

ES = Etotal/mEO [kJ/g of EO], (1)

where Es is the specific energy [kJ/g of EO], Etotal is the total energy introduced into the
system [kJ], and mEO is the amount of EO obtained by each extraction method [g].

The total energy introduced into the system and the specific energy for each method
are shown in Table 5. The energy consumption for MWHD is 1104 kJ. The ultrasound
pre-treatment step increases this quantity of energy concordantly with Table 5. For example,
the highest increase in energy is given by the ultrasonic bath, the overall process energy
increasing from 1104 kJ (for the extraction without pre-treatment) to 1896 kJ (for the
extraction with pre-treatment using the ultrasound bath). Regarding the pre-treatment
performed using the ultrasonic horn, the energy increase is much lower, between 47 and
82 kJ, as shown in Table 5.

For scaling up the microwave and ultrasound technologies, an important parameter
to evaluate is the specific energy. The specific energy for MWHD (when thyme leaves
with a particle size of 1–2 cm are used) decreases with the increase in the solvent to plant
material ratio (see Table 5). Also, it can be noticed that the pre-treatment performed with
the ultrasonic bath is not energetically efficient. In this case, the specific energy is 62%
higher as compared with the extraction without pre-treatment. However, as compared with
MWHD, using the ultrasonic probe to pre-treat the thyme leaves leads to a specific energy
that is 14 and 16% lower for an amplitude of 50 and 70%, respectively. This difference is
lower for thyme leaves with a particle size under 0.1 cm (a specific energy that is 6 and
13% lower for an amplitude of 50 and 70%, respectively, as compared with the extraction
without pre-treatment).

The plant material grinding step implies energy consumption. In order to achieve a
particle size under 0.1 cm (starting from 1–2 cm size) 20 s of milling were required. Thus,
the grinding step will add 3 kJ to the energy of the overall process of EO extraction. How-
ever, this quantity of energy is insignificant, with the specific energy for the experiments
performed with a thyme leaf particle size under 0.1 cm increasing by only 0.25%.

The aim of the current study was to develop a procedure appropriate to a small scale
with scale-up possibilities. The reduced cost of combined ultrasound and microwave
extraction is evidently beneficial for the proposed methods related to energy and time.
The specific energy necessary to perform these extraction methods is 638.2 kJ/g of EO for
MWHD and 534.5 kJ/g of EO for MWHD + ultrasonic horn pre-treatment. The extraction
time is reduced compared with the conventional extraction. To scale-up these methods,
Sairem has already commercialized different industrial microwave-assisted equipment [39]
and also the ultrasound pre-treatment can be applied at industrial scale. Relating to the en-
vironmental effect, the level of the CO2 fingerprint was calculated based on the supposition
that 800 g CO2 will be released for each 1 kWh obtained by combustion of fossil fuel [40]. It
was observed that for the conventional extraction, the CO2 emission (553 g CO2/g of EO)
is higher compared with MWHD (142 g CO2/g of EO) and MWHD + ultrasonic horn pre-
treatment at an amplitude of 70% (119 g CO2/g of EO). According to these calculations, the
combined ultrasound pre-treatment with MWHD is an environmentally friendly method.
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Table 5. Energy consumption during thyme leaf pre-treatment and EO extraction.

Extraction Methods
Total

Energy (kJ)
Specific Energy

(kJ/g of EO)

Leaf particle
size of 1–2 cm

CHD 4104 2487.3

MWHD without ultrasound pre-treatment (solvent to plant
material ratio of 8/1) 1104 716.9

MWHD without ultrasound pre-treatment (solvent to plant
material ratio of 10/1) 1104 657.1

MWHD without ultrasound pre-treatment (solvent to plant
material ratio of 12/1) 1104 638.2

MWHD + ultrasonic bath pre-treatment 1896 1036.1

MWHD + ultrasonic horn pre-treatment (50% amplitude) 1151.1 548.2

MWHD + ultrasonic horn pre-treatment (70% amplitude) 1186.7 534.5

Leaf particle
size < 0.1 cm

MWHD without ultrasound pre-treatment (solvent to plant
material ratio of 12/1) 1104 508.8

MWHD + ultrasonic horn pre-treatment (50% amplitude) 1151.2 479.6

MWHD + ultrasonic horn pre-treatment (70% amplitude) 1186.7 442.8

4. Conclusions

The purpose of this study was to investigate the influence of the ultrasound pre-
treatment of thyme leaves, before MWHD, on the thymol content and on the EO extraction
yield. Comparative extractions, without pre-treatment, by both MWHD and CHD were also
performed. The influence of several parameters (solvent to plant ratio, particle size of the
vegetal material, ultrasound equipment to pre-treat the extraction mixture, and amplitude
of the ultrasonic processor) on the extraction of thyme EO by MWHD was investigated.
The composition of the EO resulted from all methods was analyzed by GS-MS, the major
constituents being thymol, γ-terpinene, p-cymene, α-terpinene, and β-pinene. The results
showed that the ultrasound pre-treatment of the extraction mixture enhances the EO
content, which can be extracted from thyme leaves. Moreover, by combining the strategies
of ultrasound pre-treatment using an ultrasonic probe and milling the plant material to a
particle size under 0.1 cm, a maximum yield of 2.67 ± 0.06 g EO/100 g DM was achieved.
These strategies were also favorable for the targeted constituent, thymol, leading to a
maximum content of 1764 ± 52.68 mg/100 g DM. However, the ultrasound pre-treatment
requires additional energy to the MWHD. The energy consideration study showed that
the ultrasound pre-treatment using an ultrasonic probe leads to a lower specific energy
(442.8 kJ/g of EO) compared with the extraction without pre-treatment (508.8 kJ/g of EO).
On the contrary, the energy consumption of the ultrasonic bath was high, leading to a
higher specific energy compared with the extraction without pre-treatment, although the
EO content was higher. This means that the use of an ultrasonic probe is a better and
greener choice to pre-treat vegetal materials.
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Abstract: Lamiaceae family includes various medicinal and aromatic plants used in cosmetics and
pharmaceutical industries. The present study aimed to investigate in vitro the cytotoxic, photoprotec-
tive and antioxidant activities of ten Lamiaceae taxa; Melissa officinalis subsp. altissima (Sm.) Arcang.,
Rosmarinus officinalis L., Salvia officinalis L., Sideritis cypria Post, S. euboea Heldr., S. perfoliata L. subsp.
perfoliata, S. scardica Griseb., S. sipylea Boiss., Stachys iva Griseb., and Thymus vulgaris L. The aqueous
extract of Salvia officinalis was bio-guided fractionated to obtain the main bioactive metabolites, which
were evaluated for the aforementioned effects and their wound-healing potential. In total, five
compounds were isolated and identified through NMR spectra, namely salvianic acid A, rosmarinic
acid, salvianolic acid K, luteolin-3′-O-β-D-glucuronide and hispidulin-7-O-β-D-glucuronide. All
the compounds were photoprotective and non cytotoxic, while no statistically significant oxidative
stress reduction was obtained. Regarding the wound-healing potential, salvianolic acid K was the
most promising candidate. Overall, this study suggests photoprotective natural agents from various
Lamiaceae species, widely found in Greece, and provides a better insight into Salvia officinalis and its
bioactive constituents.

Keywords: Salvia officinalis; Lamiaceae; sage; photoprotection; cytotoxicity; oxidative stress; wound
healing; bio-guided isolation; phenolics; skin health

1. Introduction

Skin is the largest organ of the human body and contributes to protecting the organism
against injuries, infections, and toxic substances, as well as from ultraviolet radiation
(UV) [1]. Skin aging is a multifactorial biological process affected by genetic, hormonal,
metabolic, and environmental factors [2]. Extrinsic aging or photoaging could be caused by
chronic exposure to solar UV radiation, resulting in gradual loss of elasticity and changes
of skin connective tissue with subsequent sagging and appearance of crevices, wrinkles,
dryness, and brittleness. In addition, skin aging is accompanied by impaired wound
healing and skin pigmentation alterations [2,3].

Solar UV radiation is divided into three categories based on their wavelength: (i) long
wave UV-A (320–380 nm), medium wave UV-B (280–320 nm), and short wave UV-C
(180–280 nm) [4,5]. Of them, approximately 40% of UV-A and 10% of UV-B radiation
reaches the earth’s surface and their absorptivity is not the same since the radiation’s
penetration depth is relative to the wavelength. As a result, UV-A could penetrate deeper
into the dermis affecting most of the skin cells and leading to skin photoaging and car-
cinogenic transformation, whereas UV-B could be absorbed in the epidermis by various
cellular biochromes (mainly cutaneous pigments, lipids, proteins, and nucleic acids) and
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could reach the papillary dermis, causing erythema or sunburn [5,6]. Furthermore, UV-B
could directly cause DNA damage that leads to the formation of cyclopyrimidine dimers
(CPDs) and other photoproducts like pyrimidine-(6-4)-pyrimidone photoproducts (6-4PPs),
responsible for skin cancer, oxidative stress, and photoaging [7,8]. However, UV radiation
could also possess beneficial effects on human skin. In particular, it is mentioned that it
could stimulate wound healing, exhibit antibacterial activity, and be used for the treatment
of various skin conditions such as psoriasis, atopic dermatitis, vitiligo, and eczema [5,9,10].

Plant extracts and natural compounds have demonstrated important effects as photo-
protective agents through different mechanisms of action such as inhibition of scavenging
reactive oxygen species (ROS), stimulating the production of melanin, and absorbing UV
radiation [5]. Specifically, plant polyphenols (e.g., phenolic compounds and flavonoids)
exhibit photoprotective activity which could be attributed to the chromophore groups of
their structures which absorb radiation, reducing its penetration to the skin and its harmful
consequences [5,11,12].

Lamiaceae, being one of the largest families, includes approximately 236 genera and
more than 7100 species [13]. Many plants of this widespread family have aroused significant
interest due to their pharmacological properties and their use in the food industry and
cosmetics [14]. Genus Salvia L. comprises over 900 species worldwide [15] and traditionally
its species have been widely used to treat various diseases such as respiratory disorders and
skin inflammation [16]. According to the European Medicines Agency (EMA), preparations
from leaves of Salvia officinalis L., commonly known as sage, are traditional herbal medicines
for four indications including the relief of minor skin inflammations [16]. Many studies have
reported a broad range of pharmacological properties of S. officinalis such as antioxidant
and anti-inflammatory activities [17–20]. These effects have been attributed to its rich
phytochemical content, including terpenoids, flavonoids, and phenolic acids [20–22].

The present study aimed to investigate the biological activities of different extracts/
infusions from ten Lamiaceae taxa [Melissa officinalis subsp. altissima (Sm.) Arcang., Ros-
marinus officinalis L., Salvia officinalis L., Sideritis cypria Post, S. euboea Heldr., S. perfoliata L.
subsp. perfoliata, S. scardica Griseb., S. sipylea Boiss., Stachys iva Griseb., and Thymus vulgaris
L.]. The main objective was the bio-guided fractionation of the most potent plant with a
rich phytochemical profile to explore its compounds for their cytotoxic, photoprotective,
antioxidant, and wound-healing properties.

2. Materials and Methods

2.1. General Experimental Procedures

1D and 2D-NMR spectra were recorded in CD3OD on Bruker DRX 400 instrument
at 295 K. Chemical shifts were given in ppm (δ) and were referenced to the solvent sig-
nals at 3.31/49.0 ppm. COSY (COrrelation SpectroscopΥ), HSQC (Heteronuclear Single
Quantum Correlation), and HMBC (Heteronuclear Multiple Bond Correlation) experiments
were performed using standard Bruker microprograms. Column chromatography (CC):
Sephadex LH-20 (Pharmacia) and Vacuum Liquid Chromatography (VLC, Merck, Art.
9385, Darmstadt, Germany). Preparative–thin-layer chromatography (Prep-TLC) plates
were pre-coated with silica gel (Merck, Art. 5721, Darmstadt, Germany). Fractionation
was always monitored by TLC silica gel 60 F-254 (Merck, Art. 5554, Darmstadt, Germany)
with visualization under UV (254 and 366 nm) and spraying with the vanillin-sulfuric
acid reagent. All obtained extracts/infusions, fractions, and isolated compounds were
evaporated to dryness in a vacuum under low temperature and then put in activated
desiccators with P2O5 until their weights had stabilized.

2.2. Plant Samples

Aerial parts of 10 different taxa belonging to the Lamiaceae family were provided
(Melissa officinalis subsp. altissima (Sm.) Arcang., Rosmarinus officinalis L., Salvia officinalis
L., Sideritis cypria Post, Sideritis euboea Heldr., Sideritis perfoliata L. subsp. perfoliata, Sideritis
scardica Griseb., Sideritis sipylea Boiss., Stachys iva Griseb., and Thymus vulgaris L.).
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A detailed description of the used plant materials is shown in Table 1. All samples
were authenticated and voucher specimens of wild and cultivated populations were kept
at a personal herbarium of the Department of Pharmacognosy and Chemistry of Natural
Products, Faculty of Pharmacy, NKUA. M. officinalis subsp. altissima; R. officinalis; Salvia
officinalis; T. vulgaris, as well as Sideritis sipylea were authenticated by Assoc. Prof. Th.
Constantinidis and K. Goula (voucher specimen numbers: Dimas & Skaltsa 01–04 and
Lytra & Skaltsa 01, respectively). Sideritis perfoliata subsp. perfoliata were provided by the
Cypriot National Centre of Aromatic Plants in trays and S. cypria from the Cypriot National
Agricultural Department and seeds of the plant are kept at the Agricultural Research
Institute, national gene bank (Accession number: ARI02415). S euboea; S. scardica and St. iva
were provided by ELGO Dimitra and authenticated by Dr. P. Chatzopoulou (codes 19–17;
GRC017 and 99/2015, respectively).

Table 1. Origin, extract-preparation, and abbreviation of investigated plant samples.

Plant Sample Origin Extract Abbreviation

Melissa officinalis subsp. altissima (Sm.) Arcang. wild—Crete EtOAc/Aqueous MOE/MOW
Rosmarinus officinalis L. wild—Mt. Pelion EtOAc/Aqueous ROE/ROW

Salvia officinalis L. wild—Kozani EtOAc/Aqueous SOE/SOW
Sideritis cypria Post cultivated—Cyprus MeOH/Infusion SCM/SCI

Sideritis euboea Heldr. cultivated—ELGO Dimitra MeOH/Infusion SEM/SEI
Sideritis perfoliata L. subsp. perfoliata cultivated—Cyprus MeOH/Infusion SPM/SPI

Sideritis scardica Griseb. cultivated—ELGO Dimitra MeOH/Infusion SSM/SSW
Sideritis sipylea Boiss. wild—Samos Island MeOH/Infusion SSMe/SSI

Stachys iva Griseb. cultivated—ELGO Dimitra MeOH/Infusion SIM/SII
Thymus vulgaris L. wild—Mt. Pelion EtOH/Aqueous TVE/TVW

2.3. Preparation of Extracts and Infusions

Air-dried aerial parts of each plant (100 g) were cut into small pieces and then ex-
tracted at room temperature with different solvents based on their phytochemical content.
Specifically, M. officinalis subsp. altissima, R. officinalis, and S. officinalis were extracted with
ethyl acetate (EtOAc; 2 × 24 h) and water (2 × 24 h), successively. T. vulgaris was extracted
with ethanol (EtOH; 2 × 24h) and then successively with water (2 × 24 h).

S. cypria, S. euboea, S. perfoliata subsp. perfoliata, S. scardica, S. sipylea, St. iva were
extracted with methanol (MeOH; 2 × 24 h). Moreover, their infusions were independently
prepared based on the monograph of the European Medicines Agency [23]. Four grams
(4 g) of aerial parts of the taxa were given into 200 mL boiling distilled water for 5 min,
were filtered and the solvent was removed under reduced pressure.

All obtained extracts and infusions were concentrated to dryness and were stored as
solids at −20 ◦C until instrumental and biological analyses.

2.4. Chromatographic Separation and Isolation of the Active Metabolites from S. officinalis
Aqueous Extract

Part of the aqueous extract (3.5 g) of S. officinalis was subjected to vacuum column
chromatography (VLC, 10.0 cm × 3.0 cm) on silica gel, eluting with solvent mixtures of
increasing polarity (EtOAc:MeOH:H2O). Ten fractions (SOW_A-SOW_J) were obtained
and tested for their cytotoxicity, photoprotective activity, and their potential to reduce
oxidative stress. Afterward, fractions SOW_E, SOW_F, and SOW_G were selected for
further phytochemical study. Fraction SOW_E (163.5 mg; eluted with EtOAc:MeOH:H2O
75:25:2.5) was submitted in CC on Sephadex LH-20 (16.0 cm × 2.0 cm) with isocratic
elution (MeOH 100%), yielding compounds rosmarinic acid (2; 11.0 mg) and luteolin-3′-O-
β-D-glucuronide (4; 1.5 mg). Fraction SOW_F (93.1 mg; eluted with EtOAc:MeOH:H2O
70:30:3) was subjected to CC on Sephadex LH-20 (16.0 cm × 2.0 cm) with isocratic elution
(MeOH 100%) and 27 fractions were received. The fractions SOW_FH (10.2 mg), SOW_FI
(6.6 mg), and SOW_FK (4.0 mg) were separately submitted in prep-TLC over silica gel with
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EtOAc:MeOH:H2O 6.5:1.5:1.0 to afford compounds salvianic acid A (1; Rf: 0.36; 2.7 mg),
hispidulin-7-O-β-D-glucuronide (5; Rf: 0.19; 1.0 mg), and luteolin-3′-O-β-D-glucuronide
(4; Rf: 0.42; 3.0 mg), respectively. Fraction SOW_G (112.9 mg) was submitted in CC
on Sephadex LH-20 (16.0 cm × 2.0 cm) with isocratic elution (MeOH 100%) and gave
compounds salvianic acid A (1; 3.3 mg) and salvianolic acid K (3; 3.9 mg).

2.5. Activity of Plant Extracts/Infusions, Fractions, and Isolated Compounds in Fibroblasts
2.5.1. Materials and Equipment

A scale with precision to four decimal places from Mettler Toledo B154 College Digital
Analytical Balance Scale was used. The plates were 96 and 24-well Corning 96-Well Plates—
Sigma-Aldrich and the Filament flow chamber was from Abductor Telstar PV100, Spain.
An Axiovert 25 ZEISS (Schwabach, Switzerland) inverted microscope and a Fluostar Galaxy
BMG Microplate Photometer (Ortenberg, Germany) were used. The Laboratory Oven was
a Memmert (Schwabach, Germany) and the liquid nitrogen freezing cell container was a
34 XT Taylor-Wharton (Cambridge Scientific, Merck KGaA, Darmstadt, Germany). The
plate shaker was an MS1 Minishakersmall orbital shaker, (Vortex–IKA, Ludwigsburg, Ger-
many). Also, Camera Canon PowerShot G5 Xzoom lens (7.2–28.8 mm). Haemocytometer
measuring Neubauer cells and an irradiation lamp Astralux Type UVA MED, UK were
used. Fluorescence images were obtained using a Canon PC1049, 16X (Tokyo, Japan) cam-
era with Boligor (Tokyo, Japan) and Carl Zeiss 426126 and MC 80 DX-1.0X (Oberkochen,
Germany) adapters for Axiovert 25 microscope, with fluorescent light MBQ 52ac LEJ (Jena,
Germany) emitter.

DMEM 1X, high glucose (Dulbecco’s Modified Eagle Medium, Taufkirchen, Germany),
PBS (Phosphate Buffered Saline, Cologne, Germany), Antibiotic Antimycotic solution
(100×), Trypsin-EDTA 0.05% were purchased from Biosera (Cholet, France), while Sodium
Lauryl Sulphate (SLS), Chlorpromazine (CPZ) were from Serva (Heidelberg, Germany).
FBS (Fetal Bovine Serum) was from PanBiotech (Aidenbach, Germany) and Neutral Red So-
lution was from Apollo Scientific (Stockport, UK). Ethanol Absolute and Glacial Acetic Acid,
as well as the water for injection, were from Millipore–Sigma (Merck KGaA, Darmstadt,
Germany). 6-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H2DCFDA) was purchased from Gibco-Life Technologies (ThermoFisher Scientific, New
York, NY, USA). NIH/3T3 Fibroblasts were kindly donated by Dr D. Kletsas, Laboratory of
Cell Proliferation and Ageing, Demokritos, Greece.

2.5.2. Cytotoxicity Assay in NIH/3T3 Fibroblasts

Cell viability was assessed on NIH/3T3 fibroblasts. The proliferation rates of NIH/3T3
after treatment with plant extracts/infusions (Table 1) as well as fractions and isolated
compounds of S. officinalis were determined by Neutral Red (NR) Uptake assay. The assay
relies on the ability of living cells to incorporate and bind neutral red, a weak cationic
dye, in lysosomes. Cells were maintained in the Dulbecco’s Modified Essential Medium
(DMEM) high glucose, supplemented with 10% fetal bovine serum (FBS) and 1X Penicillin-
Streptomycin. The cells were seeded in 96-well flat-bottomed microplates at a density of
10,000 cells/well in serum-containing medium and incubated at 37 ◦C, 5% carbon dioxide.
After 24 h of incubation to ensure cell attachment, medium was changed to DMEM (5% FBS)
containing graded concentrations of plant extracts/infusions (from 10−5 to 1.0 mg/mL),
while the fractions and the isolated compounds were evaluated at concentrations ranging
from 10−4 to 10−2 mg/mL and 10−7 to 10−2 mg/mL, respectively. Cultures incubated with
the corresponding vehicle served as negative controls, whereas cultures incubated with
serial dilutions of Sodium Lauryl Sulfate (SLS, 10−3–100 mg/mL) served as positive control.
After 24 h incubation, the morphology of cells was examined under microscope. The cells
were washed with DPBS. Neutral Red medium was added, followed by incubation at 37 ◦C
in a humidified atmosphere of 5% CO2 for 3 h. After incubation, the NR medium was
replaced with NR desorb solution (ETOH/acetic acid). The microtitre plate was shaken on
a microtitre plate shaker for 10 min until NR was extracted from the cells and formed a
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homogeneous solution. The optical density was measured in a microplate reader at the
wavelength of 540 nm.

Cell viability was calculated as follows:

% cell viability = (Absorbance sample/Absorbance control)× 100,

where Absorbance control is the absorbance of cells treated DMEM (5%FBS) and Ab-
sorbance sample is the absorbance of cells treated with the test sample.

Samples with cell viability of less than 70% were considered cytotoxic.

2.5.3. Photoprotection Assay in NIH/3T3 Fibroblasts

The photoprotective potential of plant extracts/infusions (Table 1), fractions, and the
isolated compounds was studied in a UVA-induced phototoxicity assay (5 J/cm2). The
selected UV-A dose was slightly cytotoxic for the NIH/3T3 fibroblast cell line, in order to
reveal the possible cytoprotective efficacy of the extracts/infusions. NIH/3T3 fibroblasts
were seeded in 96-well clear-bottomed white microplates at a density of 10,000 cells/well
in DMEM 10% FBS and were left to adhere for 24 h. Two plates per plant extract were pre-
incubated for 1 h, using the concentrations described in the cytotoxicity assay (Section 2.5.2).
Chlorpromazine hydrochloride was used as positive control (10−2–103 μg/mL). One of the
two plates was irradiated for 50 min, whereas the other plate was kept in the dark. In both
plates, the treatment buffer was replaced with fresh culture medium and cell viability was
determined by NRU after an 18–24 h incubation as previously described.

2.5.4. Intracellular Reactive Oxygen Species (ROS) Assay

The NIH/3T3 fibroblasts were plated in 96-well clear-bottomed black microplates
at a density of 10,000 cells/well in DMEM 10% FBS and were left to adhere for 24 h. To
assess the antioxidant capacity of the plant samples, cells were incubated for 1 h in DPBS
with different concentrations of plant extracts/infusions (10−5–1.0 mg/mL) or fractions
(10−7–10−2 mg/mL) or isolated compounds (10−7–10−2 mg/mL). The cells were then
irradiated with a low UV-A dose of 2.5 J/cm2 within 25 min, which causes non cytotoxic
effects (unpublished data). H2O2, a known oxidative stress inducer, is used as positive
control at concentrations of 10−3–100 μM. Oxidative stress was evaluated using CM-
H2DCFDA ester (5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl
ester), which reacts with free radicals (HO·, HOO·) or oxidizing molecules (H2O2 and
ONOO-). The induced fluorescence is due to the existence of reactive oxygen compounds.
Briefly, after the irradiation, the cells were washed with DPBS, CM-H2DCFDA ester was
added in each well at a 3 μM and the cells were incubated for 45 min. The medium
was replaced by DPBS, and, after 15 min, fluorescence emission was determined at 520
nm, following excitation at 485 nm in a microplate reader, and fluorescence images were
obtained.

2.6. Scratch Assay

The isolated compounds were tested for their healing effect by evaluating their
NIH/3T3 fibroblasts migration ability. The procedure involves growing a cell mono-
layer to confluence in a 12-well assay plate. The ‘wound’, a cell-free zone in the monolayer,
was created by a sterile micropipette yellow tip. The recolonization of the scratched region
was monitored. The incision is followed by PBS wash in order to remove any dead cells and
cellular debris. The isolated compounds of S. officinalis were added at two different concen-
trations (10−4 and 10−3 mg/mL), in DMEM (0.2% FBS) so that the cells are synchronized
and cell proliferation is inhibited. DMEM (15% FBS) was used as a positive control and
DMEM (0.2% FBS) as a control. Images of the incision closure were acquired at 0 and 24 h
at 4× magnification. All images were analyzed using Image-J software. The reduction of
the gap distance of the section was calculated by the following formula: % section closure
= (A−B) * 100/A, where A = initial intersection distance in time (toh) and B = intersection
distance in time (t24h).
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2.7. Statistical Processing of Results

GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA) was used for
statistical analysis. Experiments were performed in triplicates. Data normality was checked
for all the data with the Shapiro-Wilk test. Since data followed a normal distribution,
statistical significance was tested with parametric methods (One-Way Anova, Post Hoc
analysis LSD, t-test). The differences were considered statistically significant at p < 0.05
which is indicated in graphs by one asterisk.

3. Results and Discussion

3.1. In Vitro Cytotoxicity, Photoprotection, and Antioxidant Activity of Plant Extracts/Infusions

The plant extracts and infusions did not demonstrate any cytotoxic effect at the
concentrations from 10−5 to 0.1 mg/mL, apart from the ethyl acetate extract of R. officinalis
(ROE), which showed a cytotoxic activity at a concentration of 0.1 mg/mL (Figures S1–S4).

The ethanol, ethyl acetate, and methanol extracts showed cytotoxicity at 1 mg/mL,
the highest concentration tested, with cell viability ranging in the mean between 45–60%
(Figures S1 and S2), with the exceptions of the ethyl acetate extract of M. officinalis subsp.
altissima (MOE) and methanol extract of S. perfoliata subsp. perfoliata (SPM) which did
not show any cytotoxicity. All aqueous extracts and infusions (Figures S3 and S4) did not
exhibit any cytotoxicity with the exceptions of R. officinalis aqueous extract (ROW) and the
infusions of S. sipylea (SSI) and S. euboea (SEI), which were cytotoxic at the highest tested
concentration (1 mg/mL).

The photoprotective effect of the plant samples was explored at a concentration range
of 10−5 to 1.0 mg/mL (Figures S5–S8). UV-A irradiation of NIH/3T3 fibroblasts with
5 J/cm2 caused an approximately 30% decrease in fibroblast viability (IRR control), while
the non-irradiated cells (NIRR control) viability was set to 100%. The photosensitive sub-
stance, chlorpromazine (positive control), had an IC50 value of 1.0 μg/mL on cell viability
after irradiation. S. officinalis ethyl acetate extract (SOE) showed important photoprotective
activity at the concentration range from 10−2 to 1.0 mg/mL with cell viability ranging
from 80 to 97%. In addition, the ethanol extract of T. vulgaris (TVE) demonstrated a pho-
toprotective effect at all tested concentrations (cell viability ranges: 80–95%). Among the
methanol extracts, those of S. euboea (SEM) and S. perfoliata subsp. perfoliata (SPM) had a
photoprotective effect at a concentration range from 10−2 to 1.0 mg/mL and from 10−5 to
1.0 mg/mL, respectively. The aqueous extracts of S. officinalis (SOW) and T. vulgaris (TVW)
unveiled the most important photoprotective effect at the concentration of 0.1 mg/mL
with viability rates ranging from 85 to 94%. In addition, the aqueous extract of R. officinalis
(ROW) showed moderate photoprotective activity at the lowest concentration, while greater
activity was observed at higher concentrations (from 10−4 to 1.0 mg/mL). The infusions of
S. euboea (SEI) and S. perfoliata subsp. perfoliata (SPI) demonstrated significant activity with
cell viability ranging from 87 to 100%. It is noteworthy that both infusions showed similar
viability rates to non-irradiated cells (NIRR control) at the two highest concentrations (0.1
and 1.0 mg/mL) (Figure S8).

Considering the potential of the plant extracts and infusions to reduce oxidative stress
(Figures S9–S12), the aqueous extracts and infusions did not significantly reduce oxidative
stress with the exception of S. sipylea infusion (SSI).

Overall, the diverse results among the tested plant samples in each biological assay
could be also attributed to the different phytochemical constituents which were included
in the used plants and extracts. Previous studies have reported a broad range of bioactive
metabolites from these plants, belonging to triterpenoids (M. officinalis subsp. altissima,
R. officinalis, Sideritis taxa, Stachys taxa, and T. vulgaris), diterpenoids (R. officinalis, S. offic-
inalis, Sideritis taxa, Stachys taxa), iridoids (Sideritis taxa, St. iva), flavonoids (R. officinalis,
S. officinalis, Sideritis taxa, St. iva, and T. vulgaris), phenylethanoid glycosides (Sideritis taxa
and St. iva), and phenolic acids (M. officinalis subsp. altissima, R. officinalis, S. officinalis,
Sideritis taxa, St. iva, and T. vulgaris) [21,22,24–36].
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3.2. Bio-Guided Investigation of S. officinalis Aqueous Extract

Taking into consideration the overall outcomes from the plant extracts and infusions,
the aqueous extract of S. officinalis (SOW) was chosen for further bio-guided isolation of the
main responsible bioactive metabolites due to its rich phytochemical profile and photopro-
tective and non cytotoxic activity. This extract was fractionated and the obtained fractions
(SOW_A-SOW_J) were evaluated for their cytotoxicity, photoprotective activity, and their
potential to reduce oxidative stress. The fractions were initially tested for their in vitro
cytotoxicity (Figure 1) at a concentration range from 10−4 to 0.01 mg/mL. None of the frac-
tions were cytotoxic at all tested concentrations. All the fractions showed photoprotective
activity at the tested concentrations, with the exception of SOW_H, SOW_I, and SOW_J
fractions (Figure 2). It should be mentioned that a statistically significant photoprotective
effect was exhibited by fractions SOW_E at the concentration of 10−2 mg/mL, SOW_F at
the two highest concentrations (10−3 and 10−2 mg/mL) and SOW_G at all concentrations
with the highest cell viability reaching 130 and 140% respectively, causing a 60 to 70%
increase in viability compared to irradiated cells (IRR control, Figure 2). Regarding their
antioxidant capacity, statistically significant effects were observed by the fractions SOW_C
(at 10−5 and 10−3 mg/mL), SOW_F (at 10−3 and 0.01 mg/mL), and SOW_H (at 10−5 and
10−3 mg/mL) (Figure 3).

Figure 1. Cytotoxic activity of S. officinalis fractions in NIH/3T3 fibroblasts after 24 h of treatment.
Bars ± SD.

Figure 2. Photoprotective activity of S. officinalis fractions. UV-A-induced cytotoxicity was assessed
on mouse skin fibroblasts (NIH/3T3) pre-treated with the indicated fractions for 1 h (A). Fraction—
induced cytotoxicity after 1 h of treatment (B). PBS-treated cultures served as controls. UV-A
untreated control (NIRR) set to 100%. Bars ± SD. * p < 0.05.

94



Agronomy 2023, 13, 1224

Figure 3. Intracellular antioxidant activity of S. officinalis fractions. 2′,7′-dichlorofluorescein (DCF)-
fluorescence of mouse skin fibroblasts (NIH/3T3) treated with the indicated fractions for 1 h was used
for the assessment of UVA-stimulated reactive oxygen species (ROS) levels. Vehicle (PBS)—treated
irradiated cells were used as negative controls. Bars ± SD. * p < 0.05.

Based on the overall results, fractions SOW_E, SOW_F, and SOW_G were selected
for further phytochemical study in order to isolate the most bioactive constituents, us-
ing different chromatographic techniques. In total, five compounds were obtained and
identified through 1D- and 2D-NMR spectra, including three phenolic derivatives: sal-
vianic acid A (1) [37], rosmarinic acid (2) [38], and salvianolic acid K (3) [38], and two
flavone glucuronides namely luteolin-3′-O-β-D-glucuronide (4) [39] and hispidulin-7-O-β-
D-glucuronide (5) [40]. Compounds 2–4 were previously found in S. officinalis [21,24,38].
To the best of our knowledge, although compounds 1 and 5 were reported in the genus
Salvia [21,41,42], they were isolated for the first time from this species. In general, phenolic
acids derivatives are commonly found in the genus Salvia [24]. Among them, rosmarinic
acid is the most principal caffeic acid dimer, while salvianolic acids A–K are widely found
in the genus Salvia. Furthermore, luteolin glycosides and their glucuronides seemed to be
more common compared to those of apigenin in Salvia taxa [21].

The isolated compounds were evaluated for their cytotoxicity, photoprotective activity,
and their potential to reduce oxidative stress. It should be mentioned that hispidulin-7-O-
β-D-glucuronide (5) was not tested in the in vitro assays due to the fact that it was isolated
in a very low amount. So, compounds 1–4 were tested in NIH/3T3 fibroblasts for 24 h at
concentrations from 10−7 to 0.01 mg/mL. No statistically significant cytotoxic activity was
observed compared to the control (Figure 4).

All isolated compounds exhibited statistically significant photoprotective activity in
the tested concentrations (10−7 to 10−2 mg/mL) (Figure 5). These results are in accordance
with the outcomes from the photoprotective effects of the fractions (Figure 2). It is notewor-
thy to mention that luteolin-3′-O-β-D-glucuronide (4) at a concentration of 0.01 mg/mL
showed a cell viability value of approximately 120% (p < 0.05) compared to the control. The
significant photoprotective effects of rosmarinic acid have been previously explored [43,44].
Among the different salvianolic acids, the photoprotection of salvianolic acid B has been
reported [45]. Based on our knowledge this is the first report on the photoprotective activity
of salvianic acid A, salvianolic acid K, and luteolin-3′-O-β-D-glucuronide.
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Figure 4. Cytotoxic activity of the isolated compounds (1–4) from S. officinalis in NIH/3T3 fibroblasts
after 24 h of treatment. Bars ± SD.

Regardless of the potential of the isolated compounds to reduce oxidative stress, none
of them demonstrated statistically significant changes in oxidative stress levels compared to
the control group at the tested concentrations (Figure 6). Previous studies have mentioned
that rosmarinic acid and salvianolic acids are responsible compounds for the antioxidant
activity of Salvia species [21,24,46,47]. Although the initial fractions had been shown to
reduce the oxidative stress in specific concentrations (Figure 3), it was not observed any
effect from their isolated constituents. This might be attributed to the synergistic effects of
the compounds in the fractions.

Figure 5. Photoprotective activity of the isolated compounds (1–4) from S. officinalis. UV-A-induced
cytotoxicity was assessed on mouse skin fibroblasts (NIH/3T3) pre-treated with the indicated com-
pounds for 1 h (A). Compound—induced cytotoxicity after 1 h of treatment (B). PBS-treated cultures
served as controls. UV-A untreated control (NIRR) set to 100%. Bars ± SD. * p < 0.05.
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Figure 6. Intracellular antioxidant activity of the isolated compounds (1–4) from S. officinalis. 2′,7′-
dichlorofluorescein (DCF)-fluorescence of mouse skin fibroblasts (NIH/3T3) treated with the indi-
cated compounds for 1 h was used for the assessment of UVA-stimulated reactive oxygen species
(ROS) levels. Vehicle (PBS)—treated irradiated cells were used as negative controls. Bars ± SD.

3.3. Wound-Healing Potential of the Isolated Compounds in Scratch Assay

The wound healing activity of isolated compounds (1-4) is presented in Figure 7. Mild
migration was observed in the control group at 37%, while in the positive control (FBS 15%)
80% cell migration and proliferation were detected after 24 h of scratch formation. Among
the isolated compounds, salvianolic acid K (3) showed the greatest, statistically significant
wound healing activity at the concentration of 10−3 mg/mL, enhancing cell migration by
70%, in a similar way to positive control (80%). Previous studies have reported various
pharmacological activities of this compound [46,48,49], however, this is the first time that a
wound-healing activity of salvianolic acid K is reported. Among the tested compounds,
rosmarinic acid (2) has already been reported as an important wound-healing agent [50].

Figure 7. Wound-healing activity of the isolated compounds (1–4) from S. officinalis in NIH/3T3
fibroblasts. The data are expressed as mean of three experiments. Bars ± SD. * p < 0.05.

4. Conclusions

This study explored the cytotoxic and photoprotective effects, as well as the potential to
reduce oxidative stress in fibroblasts of ten Lamiaceae taxa. S. officinalis aqueous extract was

97



Agronomy 2023, 13, 1224

bio-guided fractionated leading to the isolation and identification of the main responsible
bioactive metabolites, namely salvianic acid A, rosmarinic acid, salvianolic acid K, luteolin-
3′-O-β-D-glucuronide, and hispidulin-7-O-β-D-glucuronide. All the isolated compounds
exhibited significant photoprotective activity in the tested concentration while none of them
statistically significantly decreased oxidative stress. Salvianolic acid K wound healing effect
was much enhanced, appearing as a good candidate for in vivo wound healing studies.

Overall, the present study unveiled the importance of Lamiaceae plants in skin health.
Furthermore, it could provide a better insight into the traditional applications of the genus
Salvia, aiming to validate ethnomedicinal use and identify the responsible metabolites.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13051224/s1, Figure S1. Cytotoxic activity of ethanol and
ethyl acetate extracts of S. officinalis (SOE), M. officinalis subsp. altissima (MOE), R. officinalis (ROE),
and T. vulgaris (TVE) in mouse skin fibroblasts (NIH/3T3) after 24 h of treatment; Figure S2. Cytotoxic
activity of methanol extracts of S. scardica (SSM), S. sipylea (SSMe), S. cypria (SCM), St. iva (SIM), S.
euboea (SEM), and S. perfoliata subsp. perfoliata (SPM) in mouse skin fibroblasts (NIH/3T3) after 24 h
of treatment; Figure S3. Cytotoxic activity of aqueous extracts of S. officinalis (SOW), T. vulgaris (TVW),
M. officinalis subsp. altissima (MOW), and R. officinalis (ROW) in mouse skin fibroblasts (NIH/3T3)
after 24 h of treatment; Figure S4. Cytotoxic activity of infusions of S. cypria (SCI), S. scardica (SSW), S.
sipylea (SSI), S. euboea (SEI), S. perfoliata subsp. perfoliata (SPI), and St. iva (SII) in mouse skin fibroblasts
(NIH/3T3) after 24 h of treatment; Figure S5. Photoprotective activity of ethanol and ethyl acetate
extracts of S. officinalis (SOE), M. officinalis subsp. altissima (MOE), R. officinalis (ROE), and T. vulgaris
(TVE). UV-A-induced cytotoxicity was assessed on mouse skin fibroblasts (NIH/3T3) pre-treated
with the indicated extracts for 1 h (A). Extract—induced cytotoxicity after 1 h of treatment (B); Figure
S6. Photoprotective activity of methanol extracts of S. scardica (SSM), S. sipylea (SSMe), S. cypria (SCM),
St. iva (SIM), S. euboea (SEM), and S. perfoliata subsp. perfoliata (SPM). UV-A-induced cytotoxicity
was assessed on mouse skin fibroblasts (NIH/3T3) pre-treated with the indicated extracts for 1 h
(A). Extract-induced cytotoxicity after 1 h of treatment (B); Figure S7. Photoprotective activity of
aqueous extracts of S. officinalis (SOW), T. vulgaris (TVW), M. officinalis subsp. altissima (MOW), and
R. officinalis (ROW). UV-A-induced cytotoxicity was assessed on mouse skin fibroblasts (NIH/3T3)
pre-treated with the indicated extracts for 1 h (A). Extract-induced cytotoxicity after 1 h of treatment
(B); Figure S8. Photoprotective activity of infusions of S. cypria (SCI), S. scardica (SSW), S. sipylea (SSI),
S. euboea (SEI), S. perfoliata subsp. perfoliata (SPI), and St. iva (SII). UV-A-induced cytotoxicity was
assessed on mouse skin fibroblasts (NIH/3T3) pre-treated with the indicated extracts for 1 h (A).
Extract-induced cytotoxicity after 1 h of treatment (B); Figure S9. Intracellular antioxidant activity
of ethanol and ethyl acetate extracts of S. officinalis (SOE), M. officinalis subsp. altissima (MOE), R.
officinalis (ROE), and T. vulgaris (TVE); Figure S10. Intracellular antioxidant activity of methanol
extracts of S. scardica (SSM), S. sipylea (SSMe), S. cypria (SCM), St. iva (SIM), S. euboea (SEM), and S.
perfoliata subsp. perfoliata (SPM); Figure S11. Intracellular antioxidant activity of aqueous extracts of
S. officinalis (SOW), T. vulgaris (TVW), M. officinalis subsp. altissima (MOW), and R. officinalis (ROW);
Figure S12. Intracellular antioxidant activity of infusions of S. cypria (SCI), S. scardica (SSW), S. sipylea
(SSI), S. euboea (SEI), S. perfoliata subsp. perfoliata (SPI), and St. iva (SII).
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Abstract: Greenhouse and aquaponic productions of basil (Ocimum basilicum L.) are well established,
but the comparison between these two methods is not studied in detail. A study was conducted to
evaluate the performance of basil in both aquaponic and soil systems under greenhouse conditions.
The plants were raised in aquaponic beds with ornamental fish and a set of plants was raised in
soil pots under a greenhouse setup. The studied parameters were morphological, biochemical and
antioxidant levels. In order to analyze the stress effects of an aquaponic system on plant defense
mechanism, two different antioxidant enzymes (catalase and peroxidase) were analyzed. Water
quality parameters were monitored during the entire study period. Based on the results, there
was a significant increase in growth parameters in the aquaponic system when compared to the
conventional greenhouse cultivation of basil plants. The photosynthetic parameters showed a decline
in the aquaponic system, but the biochemical parameters showed an enhancement in the aquaponic
system of growing basil plants. The antioxidants exhibited a significant increase in the aquaponic
system, which suggests a water stress effect on the plants induced by the aquaponic growing system.
From the results of this study, it can be concluded that the aquaponic system is the best suitable
method for basil production in the UAE condition.

Keywords: Ocimum; ornamental fish; aquaponics; antioxidants; sustainable production

1. Introduction

Water management is the one of the main challenges worldwide, especially in coun-
tries such as the United Arab Emirates, in which it poses a problem which needs immediate
attention. The present system of conventional agriculture is no longer feasible in this aspect,
as it requires a lot of water, which is very precious in this country.

As an alternative way of modern agriculture, aquaponics is considered as a system
that can use the water-containing residues from fish production for producing plants in
order to save water and produce clean products in a shorter time [1]. The principle of
aquaponics is that it uses the waste from fish and utilizes it in the form of nutrients required
for normal plant growth [2]. In this aspect, an aquaponics system can conserve precious
water, especially in countries such as the UAE, where the water supply is limited, and
there are very few arable lands. Additionally, the environmental impact is lower compared
to the conventional farming systems. With aquaponic technology, a sustainable fish and
vegetable production can be achieved with the simultaneous conservation of precious
natural resources in the country.

The UAE is moving toward sustainable food security in the near future, and for
that, a multi-faceted agro-ecological intensification of food production and a decoupling
from unsustainable resource use is of utmost importance. Techniques such as aquaponics
perform a great role in achieving the food security of modern times [3]. In countries such
as the UAE, where the climatic and land characteristics are not adapted for conventional
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farming, this type of low water consumption agricultural systems is more promising [4].
Additionally, the usage of synthetic fertilizers can partly or completely be eliminated in
aquaponic systems, and the use of pesticides is likewise reduced in this type of aquaponic
systems, as the system relies on fish waste to provide nutrients to the plants [5].

The working principle of aquaponics is quite simple, as it involves only three kinds of
living organisms: fish, beneficial bacteria and plants. The interrelations between them are
highly complex and interdependent [6]. Additionally, the issue of toxic components such
as ammonia created in the system from fish and food waste is resolved by the action of
bacteria by the process of conversion of ammonia into nitrite and then into nitrate, which
is non-toxic and at the same time beneficial to plants [7]. In a recirculating aquaponics
system (RAS), the water is circulated through the fish tanks and grow beds, and the waste
of water can be highly reduced [8]. It can produce fish and plants in high quantity and
quality simultaneously.

When selecting the fish to be used in an aquaponic system, the main point to be noted
is the resistance of the fish species to various environmental and water conditions [9].
The availability and usefulness of the species is also to be considered. The major fish
species used in any aquaponics system is Nile Tilapia (Oreochromis niloticus), which can
be used to run the plant-based system very successfully [10]. The studies related to the
usage of ornamental fish in aquaponics systems is relatively scanty [11]. In this study, we
selected koi fish (Cyprinus rubrofuscus var. “koi”), which is an important ornamental species
loved by the hobbyists and aquaculturists throughout the world. Koi fish belong to the
family Cyprinidae and are relatively resistant to different situations in fish tanks [12]. The
resistance of this fish to various levels of water parameters and its ability to grow and
reproduce in significant numbers is the main reason for our selection for it in aquaponics.
This fish is comparatively less disease-susceptible and also fast growing, making it an easy
species when cultivated together with plants [13].

Ocimum basilicum, popularly known as basil, is a very popular culinary herb that is
mainly used in food production [14]. Growing basil is also very common among farm-
ers. Basil has repellent or pathogen-killing properties such as nematicidal, antimicrobial,
fungistatic and insecticidal effects [15]. Considering these benefits and effects, basil has
multiple interesting uses in the food industries, perfume industry, traditional medicine
industry as well as pharmaceutical industry. O. basilicum is a very common plant that
is grown in aquaponics or more specifically in coupled aquaponic conditions [14]. Basil
leaves develop an unmistakable and distinctive scent via peculiar oil glands, and basil
is therefore considered as a very useful herb [15]. Apart from being a very common and
important ingredient in the kitchen, basil has several essential properties, and is therefore
used in fresh and dry form in almost all countries and cultures. Basil is suitable for soil as
well as soilless cultivation [16].

Basil production through aquaponics is well established [17]. Basil has high growth
potential and is therefore especially suitable for aquaponics. Inevitably, the demand for
basil is considerably high among both hydroponics and aquaponics producers. Studies
indicate that owing to its characteristics, basil is the most used herb for different hydro-
ponics and aquaponics experiments [18]. Basil produces 1.8 kg per meter square under
aquaponic production, and only 0.6 kg per meter square in soil cultivation [19]. Thus,
aquaponic production is considered to be more efficient and environmentally friendly than
soil cultivation [20]. Basil is among one of the top priorities for farmers all over the world
due to the high value that it carries as a cash crop [21–23].

Even though previous studies show that basil growth and production is higher in
the case of aquaponic systems compared to soil cultivation, researchers did not focus
adequately on comparing the level of antioxidants in the basil grown in both cases. This
research considers and seeks to fulfil this research gap by conducting a comparative
evaluation of yield as well as levels of antioxidants in basil grown in aquaponics and
soil systems.
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The soil system of growing basil or O. basilicum is one of the most profound and rich
ways of producing basil [24]. Basil does its best work when growing with the help of rich
soil that has an accurate pH level for its growth. A perfect drainage system, a soil that has
the required pH level and a place where sunlight reaches for about six to eight hours every
day, will give any farmer basil of high quality. Basil, in its most basic nature, is a tropical
herb that will grow and thrive easily in moist and nutrition-filled soil [24–26].

With the use of the aquaponic crop-production system, basil can be grown in a way
that is environmentally friendly; no soil, less water and high-quality crop yield [27]. The
crops produced with the help of the aquaponic system are not affected by any shift in the
environment and sudden shifts in the climate [28]. The aquaponic system takes the help of
fish, water tanks, plants and bacteria to grow products that are of high quality [29]. The
quality is maintained through proper checkups and maintenance of the system.

Previous studies showed that basil has a lot of characteristics and properties that
make it one of the most common herbs used extensively in the kitchen as well as in several
other business sectors [15,18,20]. Nevertheless, while previous researchers found that basil
production and yield is higher in the case of aquaponic systems than in soil systems, no
information is available on the level of antioxidants present in basil grown in both systems.
The purpose of this research was to investigate the efficiency of aquaponic systems in
comparison to soil systems, particularly in the context of yield and level of antioxidants in
basil. In other words, this research seeks to identify and understand how basil grown in
soil systems differs from basil grown in aquaponic systems.

2. Materials and Methods

2.1. Experiment Location

The experiment was carried out in in a polycarbonate greenhouse in Falaj Hazza
campus unit of aquaponics of the College of Agriculture and Veterinary Medicine, the
UAEU, in Al Ain city, 160 km East of Abu Dhabi, the capital city of the United Arab
Emirates, co-ordinate latitude and longitude of 24.2191◦ N and 55.7146◦ E, with ambient
lighting, average daily temperature 19.2–26.4 ◦C and relative humidity 40–60%.

2.2. Seed Collection and Germination

The certified seeds of Ocimum basilicum were obtained from agriculture material supply
companies in Al Ain. Seeds of O. basilicum were sown in the nursery in foam plates under
slight media layer and kept in the greenhouse conditions. Water spray was performed two
times per day. Plants were germinated after 4–6 days. The plants were sown along with the
commencement of fish culture. Normal cultivation practices were followed for soil-based
plants in the greenhouse using agriculture sandy soil.

2.3. Experimental Setup

The seedlings were grown in moisturized Rockwool cubes (2.0 cm × 2.0 cm × 2.0 cm),
placed in plastic containers and sprayed with water every day. The well-grown seedlings
were transplanted in a Rockwool slabs (100 cm × 20 cm × 2.5 cm) and connected to the hy-
droponics system, with water circulated from the fish tanks after filtration (Figures S1 and 1).

2.4. Fish Selection and Growth Conditions

A total of 50 fingerlings per m3 of Cyprinus rubrofuscus var. “koi” were added in each
fish tank (500 L) with an average weight of 5 g. The fish were fed as per 2.5% bodyweight
with 36% protein commercial fish diet from Arabian Agricultural Services Company
(ARASCO), Saudi Arabia. They were fed three times a day.
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(a) (b) 
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Figure 1. Different stages during the experimental study. (a) Early stages of growth in green house,
(b) growth in aquaponic bed, (c) sample collection, (d) laboratory analysis.

2.5. Plant Growth Conditions and Parameters Analyzed

Basil was harvested on 40 and 70 days after sowing (DAS). Group of plants were
randomly harvested on each harvesting time. Basil characteristics of each harvest was
evaluated by measuring the length from leaf to root, shoot length, root length, total weight,
shoot weight, leaf weight and average leaf number per plant. The plant height (from the
soil level to the tip of the shoot) was measured and the values are expressed in cm. The
plant root length of longest root was measured (from the point of first cotyledonary node
to the tip) and expressed in cm. The total number of fully developed leaves were counted
and expressed as number of leaves per plant.

The total leaf area of fully developed leaves was measured using a leaf area meter
(LICOR Photo Electric Area Meter, Model LI-3100, Lincoln, NE, USA) and expressed in
cm2 per plant. Fresh weight was determined by using an electronic balance and the values
were expressed in grams. The plants were dried for 48 h at 60 ◦C in a hot air oven after
taking fresh weight. After drying, the weight was measured and the values were expressed
in grams.

2.6. Estimation of Photosynthetic Pigments

Chlorophyll and carotenoid of the leaf were extracted and assessed by the method of
Arnon [30]. Five hundred milligrams of fresh leaf were ground with 10 mL of 80% acetone
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at 4 ◦C and centrifuged at 2500 rpm for 10 min at 4 ◦C. The extract was transferred to a
graduated tube and made up to 10 mL with 80% acetone and assayed immediately. The
absorbance was read at 645, 663 and 480 nm with a spectrophotometer (U-2001-Hitachi)
against 80% acetone as blank. Chlorophyll content was calculated using the formula of
Arnon [30] and expressed in milligram/gram of fresh weight (FW).

Anthocyanin [31] and xanthophyll [32] from the basil were extracted and estimated
and the results were expressed in milligrams/gram FW.

2.7. Biochemical Analysis

Protein was estimated according to the method of Bradford [33]. Five hundred mil-
ligrams of fresh plant material were ground with 10 mL of 20% trichloro acetic acid (TCA),
homogenized and centrifuged for 15 min at 800× g. A total of 5 mL of 0.1 N NaOH was
added to the pellet after the supernatant was discarded, to solubilize the protein, and
the solution was centrifuged at 800× g for 15 min. The supernatant was composed of
10 mL with 0.1 N NaOH, and then used for the estimation of the protein content. The
protein solution containing 10–100 μg protein in a volume of 0.1 mL was pipetted into
12 × 100 mm test tubes. Five milliliters of Bradford’s reagent were added to the test tube
and the contents were mixed by vortexing. The absorbance at 595 nm was measured after
2 min with 3 mL cuvette against a reagent blank, prepared by adding 0.1 mL of 0.1 N NaOH
and 5 mL of Bradford’s reagent. A standard curve was prepared using BSA V fraction,
which was used to determine the protein content.

Total phenols were estimated according to the method by Malick and Singh [34]. Five
hundred milligrams of fresh plant tissue were ground in a pestle and mortar with 10 mL of
80% ethanol. The homogenate was centrifuged at 10,000 rpm for 20 min. The supernatant
was evaporated, and then the residue was dissolved with 5 mL of distilled water and used
as extract. A volume of 0.5 mL of Folin–Ciocalteau reagent was added to 2 mL of the extract.
After 3 min, 2 mL of 20% Na2CO3 solution was added and mixed thoroughly. The mixture
was kept in boiling water for exactly one min and after cooling; the absorbance was read at
650 nm. The total phenols were determined using a standard curve prepared with different
concentrations of gallic acid.

2.8. Non-Enzymatic Antioxidant Contents

Ascorbic acid content was assayed as described by Omaye et al. [35]. One gram of
fresh material was ground in a pestle and mortar with 5 mL of 10 per cent TCA, and the
extract was centrifuged at 3500 rpm for 20 min. The pellet was re-extracted twice with
10 per cent TCA and 10 mL of supernatant was used for estimation. To 0.5 mL of extract,
1 mL of DTC reagent (2,4-Dinitrophenyl hydrazine-Thiourea-CuSO4 reagent) was added
and mixed thoroughly. The tubes were incubated at 37 ◦C for 3 h, and to this 0.75 mL of
ice-cold 65 per cent H2SO4 was added. The tubes were then allowed to stand at 30 ◦C for
30 min. The resulting color was read at 520 nm in spectrophotometer (U-2001-Hitachi). The
ascorbic acid content was determined using a standard curve prepared with ascorbic acid
and the results are expressed in mg g−1 fresh weight.

α-Tocopherol content was estimated as described by Backer et al. [36]. Five hundred
milligrams of fresh tissue was homogenized with 10 mL of a mixture of petroleum ether
and ethanol (2:1.6 v/v) and the extract was centrifuged at 10,000 rpm for 20 min. The
supernatant was used for estimation of α-tocopherol. To one mL of extract, 0.2 mL of 2 per
cent 2,2-dipyridyl in ethanol was added and mixed thoroughly and kept in the dark for
5 min. The resulting red color was diluted with 4 mL of distilled water and mixed well.
The resulting color in the aqueous layer was measured at 520 nm. The α-tocopherol content
was calculated using a standard graph made with known amount of α-tocopherol and
expressed in mg g−1 fresh weight.
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2.9. Antioxidant Enzymes

Peroxidase and catalase crude enzyme extract were prepared according to a method
by Hwang et al. [37]. One gram of plant tissue was homogenized with 10 mL of ice-cold
buffer 50 mM sodium phosphate containing 1 mM PMSF. The homogenate was strained
through two layers of cheesecloth and then centrifuged at 12,500× g for 20 min at 4 ◦C.
The supernatant content was 10 mL with 50 mM of sodium phosphate buffer, used as the
source of enzymes. The enzyme protein was determined using a method by Bradford [33]
for expressing the specific activity of all the enzymes.

Catalase activity was assayed as a method described by Chandlee and Scandalios [38].
Frozen material (0.5 g) was homogenized in 5 mL of ice-cold 50 mM sodium phosphate
buffer (pH 7.5) containing 1 mM PMSF (phenyl methyl sulfonyl fluoride). The homogenate
was centrifuged at 4 ◦C for 20 min at 12,500× g. The supernatant was used for enzyme
assay. The assay mixture contained 0.4 mL of 15 mM H2O2, 2.6 mL of 50 mM potassium
phosphate buffer (pH 7.0) and 0.04 mL of enzyme extract. The decomposition of H2O2 was
followed by the decline in absorbance at 240 nm. The enzyme activity was expressed in
units of 1 mM of H2O2 reduction per minute per mg protein.

Peroxidase was assayed according to a method by Kumar and Khan [39]. The assay
mixture of peroxidase contained 2 mL of 0.1 M phosphate buffer (pH 6.8), 1 mL of 0.01 M
pyrogallol, 1 mL of 0.005 M H2O2 and 0.5 mL of enzyme extract. The solution was incubated
for 5 min at 25 ◦C, after which the reaction was terminated by adding 1 mL of 2.5 N H2SO4.
The amount of purpurogallin formed was determined by measuring the absorbance at 420
nm against a blank (the extract after the addition of 2.5 N H2SO4 at zero time). The activity
was expressed in unit mg−1 protein. One unit is defined as the change in the absorbance
by 0.1 min−1 mg−1 protein.

2.10. Microelements and Macroelements

The analysis was conducted using ICP-OES-Agilent Technologies [40]. Samples were
prepared accurately by weighing 0.5 g in the microwave digestion vessels. The digestion
process began by adding 10 mL of concentrated nitric acid (HNO3) and 2 mL of hydrochloric
acid (HCL) to the sample. The vessels were capped and placed in the microwave digestion
system. The analysis was conducted using ICP-OES-Agilent Technologies, 710. The
percentages of different elements in this sample were determined by the corresponding
standard calibration curves obtained by using standard AR grade solutions of the elements,
for example K, Mg, Ca, Na, Fe, Mn, Zn, P and S.

2.11. Statistical Analysis

The experiment followed a complete randomized design. The data were analyzed
by SAS (SAS Institute Inc., 2000, Cary, NC, USA). Comparisons between the aquaponic
(soilless) and soil systems at the harvest times of 40 and 70 days were conducted using the t-
test at p ≤ 0.05. The values are mean ± SD for seven replicates from each cultivation system.

3. Results

3.1. Morphological Parameters

The plants in aquaponic and soil system exhibited an increase in height with age, as
they started growing since the first DAS, and almost reached their maximum height at
70 DAS. However, when compared to the aquaponic system at 40 DAS (69.42 cm), the
greenhouse-grown plants exhibited (65.55 cm) a decreased height. A similar trend was
noticed in the case of 70 DAS, when aquaponic-grown plants measured 98.05 cm, while the
greenhouse-grown plants measured only 84.21 cm in height (Table 1).

The root length increased with age in both systems. The root length decreased in
the soil system when compared to aquaponic-grown plants (Table 1). The average root
length of basil plants was 27.98 cm in the aquaponic system, but it was further reduced
in soil-system-grown plants to 23.21 cm at 40 DAS. Additionally, at 70 DAS, the root
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length of the basil plants in the aquaponic and greenhouse systems were 59.21 cm and
54.36 cm, respectively.

Table 1. Different growth parameters of Ocimum basilicum in aquaponic and soil (greenhouse) systems
at 40 and 70 DAS.

Growth Parameters DAS Soilless (aquaponic) System Soil (Greenhouse) System

Total plant height (cm) 40 69.42 ± 6.22 a 65.55 ± 6.11 b

70 98.05 ± 4.35 a 84.21 ± 9.55 b

Root length (cm) 40 27.98 ± 4.15 a 23.21 ± 2.11 b

70 59.21 ± 3.98 a 54.36 ± 5.23 b

Leaves (No.)
40 107.00 ± 20.19 a 99.88 ± 10.03 b

70 174 ± 12.55 a 148 ± 15.19 b

Leaf area (cm)2 40 3.78 ± 0.22 a 3.08 ± 0.70 a

70 3.74 ± 0.31 a 3.66 ± 0.38 a

Total fresh weight (g) 40 47.80 ± 5.31 a 45.89 ± 3.33 b

70 84.31 ± 5.89 a 79.25 ± 6.31 b

Total dry weight (g) 40 4.96 ± 0.51 a 3.77 ± 0.19 b

70 7.11 ± 0.22 a 6.33 ± 0.35 b

Root dry weight (g) 40 0.77 ± 0.03 a 0.44 ± 0.01 b

70 1.2 ± 00.02 a 0.99 ± 0.022 b

Values are given as mean ± SD of seven samples in each group. Values that do not share a common superscript
(a,b) differ significantly at p ≤ 0.05 using t-test. DAS—Days after sowing.

The number of leaves increased with age in aquaponic- and greenhouse-grown plants.
However, the number of leaves was reduced in the greenhouse system when compared
to the aquaponic system at both 40 and 70 DAS. In the aquaponic system, the number of
leaves at 40 DAS was 107.00, while in the soil system it was reduced to 99.88. Similarly, at
70 DAS, the aquaponic exhibited 174 leaves when compared with 148 in the soil system.

The total leaf area showed a similar trend under the greenhouse system when com-
pared to aquaponic basil plants, representing 3.78 cm and 3.74 cm in the aquaponic system
at 40 and 70 DAS, respectively. In greenhouse plants, it represented 3.08 and 3.66, re-
spectively, at 40 and 70 DAS. The fresh weight was lower in greenhouse-grown plants
when compared to aquaponic plants. This is due to the higher shoot and root growth of
aquaponic plants, which contributed to the increased fresh and dry weights of the basil
plants in the system.

3.2. Photosynthetic Pigments

The chlorophyll ‘a’ content of the basil leaves was extracted and estimated from the
randomly selected leaves at 40 and 70 DAS (Figure 2). Contrary to the growth param-
eters, the chlorophyll pigment contents in basil showed an increasing trend under the
greenhouse cultivation system. In the case of chlorophyll ‘a’, it represented 0.48 mg/g
FW and 0.55 mg/g FW at 40 DAS in the aquaponic and green house systems, respectively.
At 70 DAS, the content had increased and represented 0.37 mg/g FW and 0.49 mg/g
FW, respectively, in the aquaponic and greenhouse systems. At 40 DAS, the chlorophyll
‘b’ content represented 0.68 mg/g FW and 0.82 mg/g FW in aquaponic and greenhouse
plants, respectively, and it is evident that chlorophyll ‘b’ was enhanced in the greenhouse
system (Figure 2). The total chlorophyll content of the basil leaves increased in greenhouse-
cultivated plants (Figure 2). The greenhouse-grown plants harvested at 40 DAS showed
higher contents (0.137 mg/g FW) when compared to the aquaponic plants (0.116 mg/g
FW). A similar trend was observed in the case of plants harvested at 70 DAS, where the
soil-cultivated plants’ chlorophyll content (1.15 mg/g FW) was higher than that of the
soilless-cultivated plants (0.88 mg/g FW).
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Figure 2. Chlorophyll contents of Ocimum basilicum in (aquaponic) and soil (greenhouse) systems at
40 and 70 DAS. Values are given as mean ± SD of seven samples in each group. Values that do not
share a common superscript (a, b) differ significantly at p ≤ 0.05 using t-test.

The anthocyanin content of basil plants increased with age in both production sys-
tems. Additionally, in comparison with the aquaponic system, the greenhouse system
exhibited more anthocyanin content in the leaves. At 40 DAS, the basil plants exhibited
an anthocyanin concentration of 0.562 mg/g FW in aquaponics- and 0.698 mg/g FW in
greenhouse-cultivated plants. Similarly, the basil leaves from the aquaponic system at
70 DAS exhibited a 0.59 mg/g FW anthocyanin concentration and the greenhouse-system
plants exhibited a 0.77 mg/g FW anthocyanin concentration. Overall, the highest antho-
cyanin contents were recorded in basil leaves grown in the greenhouse system at 70 DAS
(Figure 3a).

(a) 

(b) 

Figure 3. Anthocyanin (a) and xanthophyll (b) concentrations of Ocimum basilicum in (aquaponic)
and soil (greenhouse) systems at 40 and 70 DAS. Values are given as mean ± SD of seven samples
in each group. Values that do not share a common superscript (a, b) differ significantly at p ≤ 0.05
using t-test.
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The xanthophyll concentration (Figure 3b) at 40 DAS in basil plants was the lowest
among the studied samples. As the age increased, the xanthophyll pigment concentration
showed an increase in concentration. The highest concentration was recorded in basil
plants grown in the greenhouse system at 70 DAS (2.36 mg/g FW) when compared to
plants grown in the aquaponic system (1.95 mg/g FW).

3.3. Biochemical Parameters

The plants grown under the aquaponic system exhibited higher protein contents
(36.25 μg mL−1) when compared to the plants grown under the conventional greenhouse
system (29.03 μg mL−1) at 40 DAS. The protein content was high at 70 DAS as well in
aquaponic-grown plants. However, the different samplings at 40 and 70 DAS did not
influence the quantity of protein in both the aquaponic and greenhouse plants. The phenol
concentration showed a remarkable increase in plants with age. The increase was clear at
40 and 70 DAS in both the systems. The phenol concentration at 40 DAS was 8.84 μg mL−1

and 7.01 μg mL−1 in aquaponic and soil systems, respectively. This increased to 10.11 and
9.98 μg mL−1, respectively, at 70 DAS (Table 2).

Table 2. Biochemical parameters of Ocimum basilicum in soilless (aquaponic) and soil (greenhouse)
systems at 40 and 70 DAS.

Biochemical Parameters DAS
Soilless (aquaponic)
System

Soil (Greenhouse)
System

Protein (μg mL−1)
40 36.25 ± 12.7 a 29.03 ± 8.62 b

70 36.90 ± 12.8 a 30.00 ± 8.7 b

Total phenol (mg GAEq g−1 DW)
40 8.84 ± 2.8 a 7.01 ± 2.0 b

70 10.11 ± 3.6 a 9.98 ± 2.9 b

Values are given as mean ± SD of seven samples in each group. Values that do not share a common superscript
(a, b) differ significantly at p ≤ 0.05 using t-test.

3.4. Antioxidants

The ascorbic acid content of the basil plants increased with age in the soil- and
aquaponic-growing systems. The aquaponic system significantly increased the ascorbic
acid content of the plants as compared to the greenhouse plants; it represented 3.57 mg/g
FW at 70 DAS when compared to 3.2 mg/g FW in the greenhouse system (Figure 4a). Like
ascorbic acid, in basil plants, the α-tocopherol content increased with age in the soil- and
aquaponic-growing systems. The aquaponic system significantly increased the ascorbic
acid content of the plants as compared to the greenhouse plants, representing 6.66 mg/g
FW at 70 DAS when compared to 5.02 mg/g FW in the greenhouse system (Figure 4b).

3.5. Antioxidant Enzyme Activities

The antioxidant enzyme activities, such as catalase and peroxidase, increased with
time in soilless- and aquaponic-grown plants. Their activities were higher in aquaponic-
grown plants when compared to soilless-grown plants. At 40 DAS, the content was
7.19 units/mg protein in aquaponic-grown plants and 4.227 in soil-grown plants. The
difference in activities of the catalase enzyme at 40 and 70 DAS was significant between
aquaponic and greenhouse plants (Figure 5a).

The peroxidase enzyme activity was higher in aquaponic plants when compared to
greenhouse-grown plants. Their activity was 1.571 in aquaponic plants at 40 DAS and
1.161 in greenhouse-grown plants. Similarly, the activity was higher at 70 DAS as well in
aquaponic plants when compared to greenhouse-grown basil plants (Figure 5b).
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Figure 4. Ascorbic acid (a) and α-tocopherol (b) concentrations of Ocimum basilicum in (aquaponic)
and soil (greenhouse) systems at 40 and 70 DAS. Values are given as mean ± SD of seven samples
in each group. Values that do not share a common superscript (a, b) differ significantly at p ≤ 0.05
using t-test.

(a) (b) 

Figure 5. Catalase (a) and peroxidase (b) activities of Ocimum basilicum in soilless (aquaponic) and
soil (greenhouse) systems at 40 and 70 DAS. Values are given as mean ± SD of seven samples in each
group. Values that do not share a common superscript (a,b) differ significantly at p ≤ 0.05 using t-test.

3.6. Macronutrients and Micronutrients

The analysis of elements was only conducted at the end of the experimental period
(70 DAS). Some of the levels of macro- and micronutrients were higher in the soilless
system when compared to the conventional greenhouse system (Table 3).

Table 3. Macronutrients (%) and micronutrients (mg kg−1) in basil leaves under soilless (aquaponic)
and soil systems at 70 DAS.

Nutrients Growth Systems

Macronutrients (%) Aquaponics Soil

Nitrogen (N) 6.32 ± 0.09 a 4.89 ± 0.11 b

Phosphorus (P) 1.70 ± 0.05 a 0.99 ± 0.0 b

Potassium (K) 0.69 ± 0.02 a 0.71 ± 0.02 a

Magnesium (Mg) 0.59 ± 0.01 a 0.38 ± 0.0 b

Calcium (Ca) 2.81 ± 0.11 a 2.87 ± 0.13 a

Sulphur (S) 0.29 ± 0.01 a 0.29 ± 0.01 a
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Table 3. Cont.

Nutrients Growth Systems

Micronutrients (mg kg−1)

Boron (B) 41.9 ± 1.70 a 34.9 ± 1.10 b

Copper (Cu) 13.4 ± 0.86 a 13.8 ± 0.64 a

Iron (Fe) 95.2 ± 4.10 a 97.2 ± 2.70 b

Manganese (Mn) 99.8 ± 10.50 a 87.7 ± 2.40 b

Sodium (Na) 88.6 ± 13.50 a 74.0 ± 6.10 b

Zinc (Zn) 51.1 ± 5.30 a 61.1 ± 1.80 b

Values are given as mean ± SD of seven samples in each group. Values that do not share a common superscript
(a,b) differ significantly at p ≤ 0.05 using t-test.

3.7. Water Parameters

The levels of water temperature, dissolved oxygen, pH, total dissolved solids (TDSs),
electrical conductivity (EC), ammonia, nitrate and nitrite showed variations during different
intervals in the aquaponic system. It is known that when ammonia increased, the nitrate
and nitrite levels increased. The pH level also exhibited various levels during the period of
the experiment.

The highest level of dissolved oxygen was recorded to be 5.22 mg/l on day 10 and
the lowest was of 5.01 mg/l on day 1. The level of hydrogen pH was recorded to be the
highest on day 10 at 6.99 and the lowest on day 30 at 6.42. The level of TDS was recorded
throughout the analysis of 40 days from the recorded 310 ppm on the 1st day to 410 ppm on
the 40th day. The average water parameters of EC resulted from the fluctuation throughout
the observation of 40 days. It was recorded to be the highest on day 40 and the lowest on
day 20. The percentage of ammonia was recorded to be the highest on day 40 at 0.60 mg/l
and the lowest on days 1–10 at 0.10 mg/l. On day 20, the level of ammonia was recorded
to be 0.12 mg/l, and on day 30 it was reduced to 0.11 mg/l. As per the results, the highest
level of nitrate was recorded to be of 18.79 mg/l, and the lowest was level of nitrate was
recorded to be 5.81 mg/l. The level of nitrite was recorded to be the highest on day one
and the lowest on day 20 (Table 4).

Table 4. The average water parameters under aquaponic system during 10 day intervals.

Analysis
Intervals

Temperature
(◦C)

Dissolved
Oxygen
(mg/L)

pH TDS (ppm)
EC

(mS/cm)
Ammonia

(mg/L)
Nitrate
(mg/L)

Nitrite
(mg/L)

Day 1 24.01 ± 0.03 5.01 ± 0.03 6.85 ± 0.03 310 ± 1.100 0.62 ± 0.04 0.10 ± 0.03 5.81 ± 0.03 0.30 ± 0.02
Day 10 25.09 ± 0.03 5.22 ± 0.04 6.99 ± 0.03 380.11 ± 1.24 0.76 ± 0.04 0.10 ± 0.03 6.09 ± 0.04 0.10 ± 0.04
Day 20 24.02 ± 0.03 5.10 ± 0.04 6.87 ± 0.02 350.21 ± 0.81 0.70 ± 0.04 0.12 ± 0.03 11.99 ± 0.07 0.08 ± 0.04
Day 30 25.02 ± 0.02 5.03 ± 0.03 6.42 ± 0.04 390.10 ± 1.32 0.78 ± 0.02 0.11 ± 0.02 17.22 ± 0.06 0.10 ± 0.03
Day 40 25.24 ± 0.03 5.10 ± 0.03 6.99 ± 0.04 410.41 ± 1.05 0.82 ± 0.03 0.60 ± 0.02 18.79 ± 0.09 0.11 ± 0.03
Day 50 24.84 ± 0.02 5.20 ± 0.03 7.01 ± 0.05 420.47 ± 1.06 0.84 ± 0.04 0.61 ± 0.02 17.79 ± 0.09 0.12 ± 0.03
Day 60 26.01 ± 0.04 5.11 ± 0.03 6.91 ± 0.04 420.61 ± 1.15 0.84 ± 0.03 0.71 ± 0.03 14.11 ± 0.06 0.12 ± 0.03
Day 70 24.21 ± 0.03 5.10 ± 0.03 6.98 ± 0.05 410.11 ± 1.05 0.82 ± 0.02 0.62 ± 0.02 18.25 ± 0.08 0.14 ± 0.04

4. Discussion

Ocimum basilicum L., commonly known as basil, is a herbal plant used for medicinal
purposes in the treatment of headaches, coughs as well as also kidney malfunctions. There
are many major chemical components in the plant which are the basis for these medicinal
properties. Basil is a source of antioxidant vitamins E, A and C [41]. These sources of
antioxidants help to elevate the health system of humans.

4.1. Plant Growth Parameters

Primarily, the total height of the basil plant exhibited an increase with the consequences
of age. This is based on the analysis of the first DAS of the aquaponics and soil systems.
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The plant was able to reach its maximum height in seventy days. The result of plants grown
on the soil system of the greenhouse showed a distinct difference from the aquaponic
plant growth. The root length of the plants of both systems showed a similar result
regarding height. In comparison with conventional basil cultivation, plant height in
the present study was higher, which is contrary to the findings of a previous study by
Pasch et al. [17], where they reported a reduction in growth of basil in different culture
conditions with catfish (Clarias gariepinus) in decoupled aquaponics. Our results agree with
the earlier studies of Mangmang et al. [42,43], where the inoculation effect of Azospirillum
brasilense on basil significantly increased the growth and production under the aquaponics
production system.

Roosta [44] showed a decrease in vegetative growth when studying the comparison of
the vegetative growth, eco-physiological characteristics and mineral nutrient content of
basil plants irrigated with different hydroponic:aquaponic solutions. In aquaponics, the
plants exhibited high growth performance and basil leaf area, fresh herbage yield and root
weight were increased by up to 27, 11 and 11%, respectively. An increase in biomass and
height were reported in basil plants grown in decoupled aquaponics by Rodgers et al. [45].

4.2. Photosynthetic Pigment Contents

The chlorophyll contents of plants show defining results at both 40 and 70 DAS.
Chlorophyll ‘a’ was subjected to show higher pigments in the greenhouse-grown basil than
the aquaponic-grown basil. Chlorophyll ‘b’ also showed similar results to chlorophyll ‘a’,
namely that the increase was seen more in the greenhouse plants than in the aquaponic
plants. Similar to that of chlorophyll, the plants showed high levels of anthocyanin in
greenhouse growth and lower levels in the aquaponic system. The contents of xanthophyll,
the highest concentration, were recorded in plants grown in the greenhouse as well as in
the aquaponic system.

There was visible chlorosis, as reported by Roosta [44], in basil plants under irrigation
with different ratios of hydroponic:aquaponic solutions. That means the content was lesser
in the aquaponic system of growth, which is concomitant with our studies. Leaf chlorosis
can be considered as an indicator of less physiological functions under aquaponics [46,47].

There was no difference in chlorophyll content or leaf nutrients between the aquapon-
ics and hydroponics of basil plants when grown in comparison to conventional systems [48].
Saha et al. [48] also reported that the pigment concentrations were unaltered in the
aquaponic production of basil, whereas, contrary to our results, Ferrarezi and Bailey [49]
reported an increase in chlorophyll contents in basil plants grown in aquaponics. Similarly,
in one of the recent studies by Rodgers et al. [45], high chlorophyll index ratios in basil
plants when grown in decoupled aquaponic setups were reported.

4.3. Biochemical Analysis

According to the results, the biochemical composition of the basil plants exhibited a
higher content of proteins in the aquaponic system than in the conventional soil system.
Additionally, the total phenol level was high in the aquaponic system and low in the soil
system. As basil is considered a herbal medicinal plant, it is of importance that the high
level of phenol provides antioxidant properties [50]. An increase in protein and other
biochemical concentrations were reported earlier in aquaponic-grown basil by Yang and
Kim [24,51].

4.4. Non-Enzymatic Antioxidant Contents

The antioxidants present in basil provide medical benefits. As per the analysis of the
results, ascorbic acid contents in basil showed an increase in the aquaponics system in both
the analyses at different DAS. The contents of ascorbic acid in greenhouse plants were lower.
This can be based on the fact that the aquaponic system delivers more essential nutrients
and helps build plant food in a better way than the greenhouse system [6]. Ascorbic acid is
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known as vitamin C, which is an essential antioxidant that works to protect firm cellular
components from damage. These elements of basil tend to scavenge free radicals [52].

As per the results, α-tocopherol also increased in the aquaponic system as compared
to the low α-tocopherol components in the soil system. The content of alpha-tocopherol is
proven to provide antioxidant activity that helps in protecting the membrane components,
similar to that in ascorbic acid [53]. We can assume that the plants under aquaponic growth
are probably subjected to a type of water stress (flooding), which in turn increased the
antioxidant content in the plants to fight against it [54].

4.5. Antioxidant Enzymes

Antioxidant activity in basil plants is based on several activities, such as catalase and
peroxide. The results show that these activities tend to increase with the age factor of
the plants in both systems. The activities are higher in aquaponic plants than that in soil
systems. In the case of peroxidase, the activities are also higher in aquaponic systems.

These antioxidant enzyme activities help in eliminating superoxides and the hydrogen
peroxide [55]. Additionally, the survival of many plants depends on their antioxidant
activities. Overall, the plants under the aquaponic system experience a type of flood stress
at the root level, which can be the reason behind the increased activities of antioxidant
enzymes. Antioxidant enzyme activities are used to scavenge the potential free radicals
which are produced due to the stress in the plants [56]. The increase in peroxidase in plants
at 70 DAS can be correlated to the onset of flowering as reported earlier [57].

4.6. Microelements and Macroelements

The results are based on the macro- and micronutrients in basil plants in the analysis
at 70 DAS in both aquaponic and soil systems. The major macronutrients present in basil
plants are nitrogen, phosphorus, potassium, calcium and magnesium. The analysis showed
that in an aquaponic system, the contents of nitrogen were higher than that of the soil
system. The components of phosphorus also showed similar results as that of nitrogen.
While the content of potassium and calcium exhibited a lower content in the aquaponic
system and higher contents in the soil system, conversely, the macronutrients of sulphur
exhibited the presence of equal levels in both the aquaponic and soil system at 70 DAS and
after. As per the results, the levels of micronutrients were also shown. Boron, magnum and
sodium exhibited higher content levels in the aquaponic system than in the soil system,
while the level of copper, iron and zinc showed lower content levels in the aquaponic
system and higher content levels in the soil system at 70 DAS.

Soil-system plants have lower levels of nutrient content. Aquaponics plants, with
water beds of recirculating water, contain more nutrients, and this helps the basil plant to
grow faster. The waste generated by fish in the aquaponics system tends to deliver essential
nutrients for plant growth, such as nitrogen, calcium, magnesium and potassium [58].
As per the recent data, the information on aquaponic nutrient manipulation is scanty.
Potassium and iron can be added to the system as main nutrient elements to be added as a
supplement to the aquaponic solution as potassium hydroxide and iron chelates as a foliar
spray [59].

4.7. Water Quality Parameters

The results of the water quality parameters are based on the analysis of different inter-
nal observations on the aquaponic system of basil plants. In the analysis, the temperature
kept fluctuating throughout days 1–40 from 24 ◦C to 25 ◦C. The dissolved oxygen level was
considered to be the highest on day 10 of the analysis

As per the literature, the accurate pH ranges are 6–9 for tilapia fish, 5.5–6 for plants and
7–8 for nitrifying bacteria, so we can conclude that pH 7 is considered an ideal compromise
for aquaponics [60]. In this study, the EC in aquaponics resulted mainly from the daily
nutrient release from the fish feed. The water temperature recommendation for basil is
20–25 ◦C in any system of cultivation [49].
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5. Conclusions

The main aim of this experiment was to standardize the aquaponic production of
basil plants with the help of ornamental fish, such as Koi fish, and to compare the growth
and quality of basil plants with conventional production methods such as greenhouse
cultivation in the UAE’s climatic condition. Based on the obtained results, the growth
parameters showed an increase under aquaponic production, while the photosynthetic
pigments were higher under greenhouse cultivation. The biochemical parameters exhibited
a significant enhancement in aquaponic-grown plants when compared to the standard
greenhouse system. The non-enzymatic and enzymatic antioxidants exhibited a significant
increase under the aquaponic system in basil plants. The conventional greenhouse system
exhibited lower antioxidant levels. Micro- and macro-nutrient levels also exhibited varied
responses under aquaponic cultivation. From the results of this study, it can be concluded
that the basil crop can be grown in both aquaponic and greenhouse soil systems, but the
quantity and quality of the crop can be increased when a soilless system is adopted. In a
soilless aquaponic system, the height, fresh and dry weight of basil increased significantly
when compared to conventional soil systems. This increase may be due to the additional
fertilizers from the fish waste produced in the system.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12123007/s1, Figure S1. Experimental set up showing
tanks, growth trays and filters.
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Abstract: Although phosphides are utilized in stored pest control, efforts have been made to discover
environmentally friendly insecticides. For insecticidal properties, essential oils (EOs) are considered
to be novel alternatives for pesticide use. This study characterized the Origanum vulgare EO by gas
chromatography–flame ionization detector (GC–FID) × gas chromatography–mass spectrometry
(GC–MS) and assessed the insecticidal activities against Sitophilus granarius. Mortality, post-exposure
survival, behavior, and respiration caused by this EO in S. granarius were investigated. The majority
of the compounds were p-cymene, carvacrol, linalool, and thymol. In dose–mortality bioassays,
the lethality of this EO (LD50 = 3.05 μg insect−1 and LD90 = 10.02 μg insect−1) was confirmed in
S. granarius. The survival rate was 99.9% in adults not treated with O. vulgare EOs, reducing to 44.9%
and 10.3% in weevils treated with 3.05 μg insect−1 and 10.02 μg insect−1, respectively. The O. vulgare
EO alters the behavioral pattern in terms of walking distance and resting time, displaying repellency.
Additionally, this EO reduced the gas exchange of weevils from 2.78 to 2.36 μL CO2 h−1 at 3.05 μg
insect−1, after 3 h EO exposure. The results suggest that O. vulgare EOs affect different biological
functions in the insect, and open new perspectives for controlling stored pests, representing a first
step in the innovation of green pesticides.

Keywords: gas chromatography; repellency; respiration; terpenoids; toxicity; survivorship

1. Introduction

The weevil, Sitophilus granarius Linnaeus (Coleoptera: Curculionidae), is a devastating
stored pest of grains, including Avena sativa (L.), Hordeum vulgare (L.), Sorghum bicolor (L.),
Triticum aestivum (L.), and Zea mays (L.) (Poaceae), worldwide. Sitophilus granarius causes
feeding damage to stored agricultural commodities [1], contaminates food with their
molted exoskeleton and feces [2], and act as a vector of fungi [3], with a strong impact
on market quality and access. Some methods to control S. granarius include temperature
treatment [4], sun treatment [5], a controlled atmosphere [6], and the fumigation of synthetic
chemicals [7]. In S. granarius, collateral effects encouraged by synthetic groups, such
as organophosphates and phosphides, have been investigated [8]. However, negative
consequences have developed as a result of insecticides (physiological and behavioral),
including resistance [9], environmental pollution [10], and residual toxicity [8], which have
limited the demand of chemical control. The search for new pest-control tactics can be
accomplished to ensure the protection of stored products, considering the harmful effects
of synthetic insecticides.

Plant essential oils (EOs) are proposed for the pest control of fields and food storage,
and they display several insecticidal activities [11]. EOs alter the insect’s digestion [12],
causing repellency [13] and disrupting olfactory response [14]. Moreover, impacts on
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physiology cause growth anomaly [15], developmental impairment [16], oxygen depriva-
tion [17], and energy depletion [18] in insects. EOs are a blend of phytochemicals, mainly
alkaloids, flavonoids, and terpenes. The latter are the most abundant chemical group within
the composition of EOs, and act as neurotoxins in insects, affecting acetylcholine [19],
γ-aminobutyric acid [20], and octopaminergic receptors [21], while also inhibiting the
electron–transport complex [22]. The EOs are administered on insects via contact (through
the integumentary system) [23], inhalation (through the respiration system) [24], or they
are administered orally (through the digestive system) [25].

The insecticidal properties of EOs may vary according to plant species, and their
efficacy has been demonstrated in coleopteran grain pests [17,24,26]. For the insecticidal
effects of plant EOs, preliminary investigations demonstrated that Calendula incana was toxic
to Necrobia rufipes DeGeer (Cleridae) [26], Carlina acaulis to Prostephanus truncatus (Horn)
(Bostrichidae) [27], and Mentha spicata to Callosobruchus chinensis Linnaeus (Bruchidae) [28],
supporting the utilization of plant types in pest-suppression tactics. In this sense, EOs from
Amarydillaceae [29], Annonaceae [22], Lauraceae [30], Meliaceae [17], and Poaceae [31] are
the most hopeful for exerting toxicity on insects.

Oregano, Origanum vulgare Linnaeus (Lamiales: Lamiaceae), is a prominent plant
rich in secondary metabolites and is used in medicine [32], the food industry [33], and
agriculture [34]. Origanum vulgare EO is utilized for a continuous period as a natural
tool to safeguard against several microorganisms of stored grains [35], with low animal
toxicity and rapid degradation in the environment. Among the antimicrobial properties,
this EO exhibits strong insecticidal effects against stored pests [25]. In particular, O. vulgare
EO has been demonstrated, with promising results, to control several Coleopteran stored
pests, such as Acanthoscelides obtectus (Say) (Bruchidae) [36], Alphitobius diaperinus (Panzer)
(Tenebrionidae) [37], and Trogoderma granarium (Everts) (Dermestidae) [38]. However,
O. vulgare EO has been not evaluated to manage S. granarius populations.

The objective in this research was to characterize the principal compounds of O. vulgare EO
and to evaluate its effect on the mortality, survival, behavior, and respiration rate of S. granarius.

2. Materials and Methods

2.1. Weevils

Sitophilus granarius was obtained from a mass-rearing colony in the Institute of Applied
Biotechnology for Agriculture (BIOAGRO) of the Federal University of Viçosa (UFV), Viçosa,
Minas Gerais, Brazil. Adults were kept in plastic bottles (750 mL) at 27 ± 3 ◦C and 55 ± 25%
relative humidity under a 12:12 h light/dark cycle. The weevils were fed Triticum aestivum
Linnaeus (Poaceae) grains. Newly emerged (24 h-old) adults were utilized in the experiments.

2.2. Essential Oil

The organic O. vulgare EO, produced on an industrial scale by steam distillation (using
a Clevenger-type apparatus), was purchased from Ferquina Industry and Commerce Ltda.
(Catanduva, São Paulo, Brazil).

2.3. Gas Chromatography-Flame Ionization Detector (GC–FID) Analysis

Quantitative analysis of O. vulgare EO was made using a Shimadzu GC-17A Series
instrument (Shimadzu Corporation, Japan), equipped with a capillary column (Supelco
DB-5 30 m × 0.22 mm × 0.25 μm film) and coupled with a flame-ionization detector
(FID). The operating conditions were the following: carrier gas, helium at a flow rate
of 1.5 mL min−1; injector temperature, 220 ◦C; detector temperature, 240 ◦C; column
temperature to start at 40 ◦C (isothermal for 3 min), with a ramp of 3 ◦C min−1, until
reaching 240 ◦C, and held isothermally at 240 ◦C for 10 min; injection, 1 μL (1% w/v in
dichloromethane, three times); split ratio, 1:10; and column pressure, 118 kPa. For each
component identified, the amount was expressed in relative percentage, calculated by the
normalization of chromatographic peak areas.

118



Agronomy 2022, 12, 2204

2.4. Gas Chromatography–Mass Spectrometry (GC–MS) Analysis

GC–MS analyses were made on a Shimadzu GCMS-QP5050A gas chromatograph
equipped with a Rtx-5MS (Restek Corporation, Bellefonte, USA) capillary column
(30 m × 0.25 mm i.d., 0.25 μm film thickness). The desorption was operated via the
splitless mode (1:10 ratio), with a programmed temperature of 50 ◦C to 220 ◦C at
5 ◦C min−1, and a final holding time of 240 min. An aliquot (1 μL) of this EO (in 1% w/v
in dichloromethane) was injected three times, and the spectra were recorded in electron
impact mode (ionization energy at 70 eV), with a range of 40–400 Da. The identified
O. vulgare EO compounds were achieved by comparing their Kovats indexes from the
original literature [39–41], retention time, and MS data with those of C3−C24 n-alkanes,
obtained from the NIST v.11 and Wiley v.07 libraries.

2.5. Dose–Mortality Relationship

The O. vulgare EO was prepared in 2 mL acetone to obtain a stock suspension and was
tested on weevils using identical procedures to that which were outlined for topical appli-
cation bioassays [11,13,18]. Six dilutions (0.75, 1.5, 2.5, 5, 10, and 20 μg insect−1) besides
the control (acetone) were utilized to determinate the lethality of this EO to S. granarius
adults, set up the dose–response relation, and estimate the lethal doses (LD25, LD50, LD75,
and LD90). For each EO dilution, one microliter (1 μL) was applied to the thorax of weevil
adults, Ausing a Hamilton Model-7001 microsyringe. Subsequently, one adult exposed to
the EO dilution was put into a glass tube (2.5 × 120 mm, covered with perforated lid) and
fed wheat grain. Three replicates (50 weevils per replicate) were performed per dilution,
and the dead weevils were quantified after exposure for 48 h to the essential oil.

2.6. Time–Mortality Relationship

The survival analysis for S. granarius obtained in the dose–mortality bioassay was
evaluated. Solutions prepared with the estimated lethal doses (LD25, LD50, LD75, and LD90)
were applied topically in weevils and air dried for 15 min. Acetone was utilized as the
control. Weevil adults with the various lethal doses were individualized in glass tubes
(2.5 × 120 mm), which were covered with perforated lids. Fifty weevils were employed for
the lethal doses of O. vulgare EO, and each treatment was replicated three times. The live
weevils were quantified each time at 6 h for 48 h.

2.7. Behavioral Response

The Sitophilus granarius adults were individually placed on a Petri dish arena (90 × 1.5 mm)
with filter paper (Whatman No. 1, Merck KGaA, Darmstadt, Germany) at the bottom, and
covered with Teflon® PTFE (E.I. Du Pont de Nemours & Co., Willmington, DE, USA). One half
of the arena was impregnated with 250 μL of O. vulgare EO at the LD50 or LD90, and the other
half was treated with acetone. One S. granarius adult was released into the center of the arena
and monitored for 10 min. Sixteen insects were used per treatment; for each repetition, the
arena was changed. Behavioral responses were recorded using a camcorder, and videos were
analyzed through the Videotrack computerized system (ViewPoint Behavior Technology, Lyon,
France) to measure the distance walked, resting time, and velocity. Weevils that spent less than
1 min on the treated side of the arena were considered repelled, and those that spent less than
5 min were considered irritated [42,43].

2.8. Respiration Rate

The S. granarius respiration was assessed for 3 h after exposure to the O. vulgare EO
(LD50 and LD90) or the control, in accordance with the dose–mortality procedure. The CO2
(carbon dioxide) evolution (μL of CO2 h−1/insect) was quantified with a respirometer of
the CO2 TR3C (Sable System Int., Las Vegas, NV, USA) type. One weevil adult was kept out
in a glass chamber (25 mL) in a closed system. CO2 production was measured for 12 h at
27 ± 3 ◦C after weevil acclimatization. The O2 (oxygen) molecules were infused in a glass
chamber for 4 min at a flow of 125 mL min−1 to quantify the CO2 exhaled in the chamber.

119



Agronomy 2022, 12, 2204

To measure the CO2 exhaled by the insects in each chamber, an infrared reader attached to
the system detected the CO2 molecules during the passage of airflow. Fifteen weevils were
employed for EO exposure (LD50 and LD90, and the control).

2.9. Statistical Analysis

Probit analysis was performed on dose–mortality data to estimate the regression
(intercept and slope) and lethal dose values with 95% confidence limits using SAS software
(version 9.1.). The time–mortality data underwent Kaplan–Meier survival analysis using
GraphPad Prism software (version 7.1.). The respiration rate data underwent a two-way
ANOVA test and Tukey’s HSD test. The behavioral response data were evaluated by
one-way ANOVA and the means were compared with Tukey’s test. Data analysis for the
respiration and behavior was computerized with SAS software.

3. Results

3.1. Chemical O. vulgare EO Characterization

Twenty-five compounds were identified in O. vulgare EO, accounting for 98.31% of the
total composition (Table 1).

Table 1. Chemical composition of Origanum vulgare essential oil.

Peaks Compounds Composition (%)

1 α-thujene 1.45 ± 0.01
2 α-pinene 2.74 ± 0.05
3 Camphene 1.99 ± 0.07
4 β-pinene 1.75 ± 0.02
5 β-myrcene 1.19 ± 0.01
6 α-phellandrene 1.91 ± 0.03
7 α-terpinene 1.25 ± 0.01
8 p-cymene 11.5 ± 0.11
9 Eucalyptol 2.98 ± 0.08
10 γ-terpinene 7.09 ± 0.15
11 Cis-sabinene hydrate 1.49 ± 0.01
12 Terpinolene 1.18 ± 0.01
13 Linalool 9.53 ± 0.22
14 Camphor 1.79 ± 0.01
15 Borneol 1.37 ± 0.01
16 Terpinen-4-ol 1.89 ± 0.02
17 α-terpineol 1.59 ± 0.01
18 Thymol methyl ether 1.91 ± 0.03
19 Carvacrol methyl ether 1.63 ± 0.01
20 Cuminaldehyde 1.22 ± 0.01
21 Thymol 7.51 ± 0.08
22 Carvacrol 25.4 ± 0.13
23 Aromandrene 1.39 ± 0.01
24 β-bisabolene 1.74 ± 0.01
25 Caryophyllene oxide 4.78 ± 0.09

3.2. Dose–Mortality Relationship

The dose–mortality data were suitable for a model probit fit (p > 0.05), demonstrating
the lethality of O. vulgare EO to S. granarius (3.05 μg insect−1), and allowing toxicological
endpoints to be estimated (Table 2). Mortality remained at 1% in the control.
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Table 2. Lethal doses of Origanum vulgare essential oil on Sitophilus granarius after 48 h exposure,
obtained from probit analysis (df = 5, Slope ± SE = 2.481 ± 0.23, intercept = 1.949). The chi-square
value refers to the goodness of fit test at p > 0.05.

N◦ Insects Lethal Doses
Estimated Dose

(μg Insect−1)
95% Confidence Interval

(μg Insect−1)
χ2

(p-Value)

150 LD25 1.632 1.311–1.957 6.89 (0.14)
150 LD50 3.053 2.576–3.645
150 LD75 5.709 4.691–7.331
150 LD90 10.02 7.748–14.27

3.3. Time–Mortality Relationship

The survival rates of S. granarius revealed significant differences between the O. vulgare
EO lethal doses (log-rank test, χ2 = 19.41; df = 4; p < 0.0001) (Figure 1). After 48 h, survival
was 99.9% in the non-EO-exposed (the control) weevils, declining to 58.3% with LD25,
44.9% with LD50, 30.9% with LD75, and 10.3% with LD90 of this EO.

Figure 1. Survival curves of Sitophilus granarius exposed to different lethal doses of Origanum vulgare
essential oil, subject to survival analysis using the Kaplan–Meier estimators (log-rank test χ2 = 19.41,
DF = 4, p < 0.001).

3.4. Behavioral Response

Regarding S. granarius exposed to surfaces contaminated with O. vulgare EO, they
gradually reduced the distance walked, their resting time, and the velocity, indicating
repellency. Sitophilus granarius had a shorter walked distance in the half-arenas treated
with O. vulgare EO (LD50 and LD90) than in the control (F2,15 = 26.57, p < 0.001; Figure 2A).
Sitophilus granarius had higher resting periods in the arenas exposed to lethal doses (LD50
and LD90) than those exposed to the control (F2,15 = 51.18; p < 0.001; Figure 2B). The
walking velocity of weevils was higher in the control than in the LD50 and LD90-treated
ones (F2,15 = 12.53; p < 0.001; Figure 2C).
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Figure 2. Behavioral response of Sitophilus granarius caused by Origanum vulgare essential oil.
(A) Distance walked, (B) resting time, and (C) walking velocity of S. granarius subjected to es-
sential oil (control, LD50, and LD90 estimated values) for 10 min. Treatments (mean ± SEM) differ at
p < 0.05 (Tukey’s mean separation test).

3.5. Respiration Rate

The respiration of S. granarius was affected by exposure to O. vulgare EO at LD50
and LD90. The respiration of weevils differed between the control (2.78 μL CO2 h−1),
LD50 (2.36 μL CO2 h−1), and LD90 (1.68 μL CO2 h−1) 1 h after exposure; however, after
3 h, the respiration decreased to 2.53 μL CO2 h−1 in the control group, followed by LD50
with 1.69 μL CO2 h−1, and LD90 with 1.25 μL CO2 h−1 (Figure 3). The significant effect of
treatments (p < 0.0086), time (p < 0.0001), and the interaction between treatments × time
(p < 0.0004) were observed (Table 3).

Figure 3. Respiration rate (mean ± SEM) of Sitophilus granarius exposure to Origanum vulgare essential
oil (control, LD50 and LD90 estimated values) for 3 h. Treatments (mean ± SEM) differs at p < 0.05
(Tukey’s mean separation test).
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Table 3. Two-way ANOVA for respiration rate of Sitophilus granarius upon exposure to lethal doses
(LD50 and LD90) of Origanum vulgare essential oil. DF = degrees of freedom, SS = sum of squares,
MS = mean square, n = numerator, d = denominator, p = probability of significance.

ANOVA Table SS DF MS F (DFn, DFd) p-Value

Treatments 46.52 2 23.26 F (2,48) = 2.57 <0.0086
Time 138.1 1 138.1 F (1,48) = 15.2 <0.0001

Treatments × time 108.6 2 54.28 F (2,48) = 6.01 <0.0004
Residual 433.7 48 9.036

Total 727 53

4. Discussion

This work investigated the O. vulgare EO composition and evaluated the insectici-
dal properties caused of this EO on S. granarius. Twenty-five compounds were found:
p-cymene, carvacrol, linalool, thymol, γ-terpinene, caryophyllene oxide, α-pinene, and
eucalyptol were the principal compounds, in accordance with previous analytical chemical
investigations on terpenoids of this EO [39–41]. Carvacrol, p-cymene, and thymol are
highly toxic to insects and this action is due to the noncompetitive inhibition of acetyl-
cholinesterase by interaction with nicotinic acetylcholine receptors [44]; meanwhile, linalool
and γ-terpinene act upon the nervous system of insects by the reversible inhibition of
acetylcholinesterase [45]. Specifically, a majority of O. vulgare EO compounds are ter-
penoids and can mediate herbivore–plant chemical communication, acting as allomones or
kairomones [46]. Terpenoids are metabolites with various biochemical mechanisms [47],
and they depict a crucial role in inducing defense responses against insects [48]. With
respect to the mode of action, the evidence action of target proteins responsible for the
bioactivity of O. vulgare EO is small, but it is probably its effect on the nervous system of
S. granarius, owing to existence of terpenoids, which results in rapid mortality, as researched
in other insects after EO exposure [17,31,49].

The lethality of the O. vulgare EO to S. granarius was assessed from the dose–mortality
bioassay on topical application. This EO was lethal to adult S. granarius (LD50 = 3.05 μg insect−1)
and had an effect on cuticle contact. The O. vulgare EO induced dose–dependent lethality in
S. granarius, as found in other insects after EO application [50–52]. Weevils treated to several
doses of this EO showed altered locomotor and feeding activities. Some gradually lost mobility,
followed by paralysis and death. These symptoms were consistent with the identifiable effect
on the nervous system [19–21]. Different pest species, such as Alphitobius diaperinus Panzer
(Coleoptera: Tenebrionidae) [37], Nezara viridula Linnaeus (Hemiptera: Pentatomidae) [53], and
Plutella xylostella Linnaeus (Lepidoptera: Pyralidae), [54] were susceptible to EOs by contact
exposure or fumigation, which caused irreversible effects in the neurons. This result demon-
strated the strong neurotoxicity of O. vulgare EO in S. granarius when topically exposed, which
can impair its populations.

High variability in S. granarius survival can be promoted when the O. vulgare EO
interacts by contact exposure and penetration via the trachea, conducive to the suppression
of nerve conduction. The reduced time exposures to the O. vulgare EO (24 to 48 h) were
needed to induce lethality in this insect and were attributed with the quick action of this
bioinsecticide. In this research, the comparative survival of weevils between lethal doses
of this EO take place at various periods. These time differences were due to the ability
of the EO to ingress via the insect’s spiracles during respiration [23] and penetrate the
integument cuticle layers [18], exerting its effect by acting as neurotoxin in insects [19].
EOs have been demonstrated to interrupt ion channel shutdown in neuronal axons and
cause paralytic activity on Acanthoscelides obtectus Say (Coleoptera: Chrysomelidae) [55],
Anagasta khueniella Zeller (Lepidoptera: Pyralidae) [50], and Rhyzopertha dominica Fabricius
(Coleoptera: Bostrichidae) [56]. Low S. granarius survival prompts that this EO causes
prejudicial effects on adults with quick exposure. Thus, O. vulgare EO may offer much
protection against this insect in the management of stored products.

123



Agronomy 2022, 12, 2204

Alterations in the locomotion of S. granarius caused by O. vulgare EO are a result of
the toxicant action of this biopesticide on the insect’s neuronal receptors. Modifications
in behavioral patterns have been observed in various insects after EO exposure [24,57,58],
with serious consequences on orientation and olfactory responses [59–61]. In S. granarius,
surfaces treated with the O. vulgare EO gradually reduced the walked distance of weevils
and, subsequently, the resting time, suggesting repellency. Modifications in mobility
with doses of this EO may be a result of its shutdown effect on neuron transmission
during channel modulation, exerting a variation of action potentials along nerve axons
and synapses [19,47,62]. The findings show that variations in the locomotor ability of
S. granarius were dose-dependent on the O. vulgare EO, leading to repellency.

The O. vulgare EO compromises the S. granarius respiration, indicating physiological
stress. In insects, inhaled EOs move into the respiratory system and can affect the gas exchange
patterns [14,23,58]. The reduced respiration rate occurs during contact and EO exposure; con-
sequently, this toxic event requires an energetic demand to lead the detoxification process [62].
An imbalance in respiration promotes a high fitness cost, and the energy utilized can be reused
in other metabolic mechanisms [59]. A comparable reaction occurs in coleopteran pests, such
as Demotispa neivai Bondar (Chrysomelidae) treated with neem EOs [30], Ulomoides dermestoides
Fairmaire treated with lemongrass EOs [63], and Tenebrio molitor Linnaeus (Tenebrionidae)
treated with cinnamon EOs [17], decreasing oxygen consumption and disrupting oxidative
phosphorylation in respiration [24,31]. The findings obtained here show that S. granarius
had a reduced respiration when exposed to the O. vulgare EO, with likely fitness costs and
reallocated energy in other physiological processes.

5. Conclusions

Overall, the results indicate that O. vulgare EO has a significant range of prejudicial
effects on S. granarius. This EO inflicts toxicity, low survival, altered behavioral response,
and reduced respiration rate upon adults of this insect. The composition of this EO
proves to be a blend that is abundant in terpenoids, actuating by contact or inhalation to
exert neurotoxicity on S. granarius. Furthermore, this research provides data supporting
O. vulgare EO as a potential source of natural insecticides, which might also be utilized as
an innovative tool for the effective management of S. granarius populations.
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Abstract: Lamiaceae comprises widely distributed medicinal and aromatic plants, many of which are
traditionally used in European countries. The current study aimed to document Lamiaceae taxa used
in rural Bulgaria (Southeast Europe) and to explore the related local knowledge and cultural practices
that influence their utilization for various purposes. Field work included inventory of Lamiaceae
diversity in home gardens and semi-structured interviews focused on the cultivation, collection,
and utilization practices common among elderly inhabitants of 34 settlements in rural Bulgaria. We
report the utilization of 27 Lamiaceae taxa, 9 of which were collected from the wild. Traditional and
contemporary ways of utilizing Lamiaceae taxa as culinary and medicinal plants, in herbal teas, as
repellents, ritual plants, etc., are presented. Recent knowledge on medicinal properties contributed to
the introduction of new taxa in gardens (wild and cultivated), while traditional culinary practices
were found to sustain the diversity of local forms (landraces).

Keywords: home gardens; culinary herbs; medicinal plants; ethnobotany; Mentha; Satureja

1. Introduction

Lamiaceae (Labiatae) is a cosmopolitan family and accounts for over 7000 species
belonging to 245 genera [1]. Members of the family have long-lasting popularity for their
diverse essential oil profiles, hence their multiple applications in medicine, cosmetics,
gastronomy, etc. [2–4]. Many members of the Lamiaceae family used and cultivated since
antiquity are still utilized [5–7]. Due to the broad spectrum of the biological activities (e.g.,
antimicrobial, antifungal, antioxidant, anti-inflammatory, anticancer, biocidal, etc.) of their
secondary metabolites, Lamiaceae plants are used by local people based on their inherited
empirical skills, or as a result of acquisition and exchange of traditional and/or modern
knowledge [8–12]. Numerous ethnobotanical studies reported on the various past and
current utilizations of different Lamiaceae taxa around the world and in Europe [4,13–21].

The status of Lamiaceae taxa as culinary and medicinal plants made them common
in home gardens. Moreover, the growing urbanization and industrialization of agricul-
ture turned several Lamiaceae taxa, e.g., Lavandula, Ocimum, Origanum, Salvia, etc., into
important industrial crops that are grown around the world [22–24]. However, many
of the traditionally used Lamiaceae plants are still harvested from the wild, often in an
unsustainable way, which could be evaded through cultivation [25,26]. Global climate
changes also threaten the crop yields and quality of production [26]. Large scale cultivation
generally relies on limited biodiversity of crops which, in essential oil plantations, could
result in a reduced range of bioactive constituents, flavors, and aromas, thus not meeting
the expectations of different communities for their specific (traditional) medical practices,
cuisines, and/or their cultural/spiritual needs. Conversely, small-scale farming offers
opportunities to maintain a wider range of assorted crops, varieties, and/or landraces
which not only provide for a more diverse diet and additional income for their owners,
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but can also assist the preservation of valuable genetic resources, like valuable Lamiaceae
plants [27–29]. In this sense, small farms and home gardens, as compact, diverse, and
multilayered agroforestry systems provide for an important multitude of services to their
owners and to local communities [30–33]. These environmentally friendly and more sus-
tainable systems also cater to the conservation of wild and agrobiodiversity [34–37]. The
owners of small farms and larger home gardens are more likely to use traditional agricul-
tural practices and the related traditional knowledge inherited from previous generations,
which is regarded as an important stepping stone for the implementation of agroecological
principles in practice [38–42].

Local plant genetic resources preserved by gardeners and farmers, as well as the
traditional knowledge related to their use and cultivation, however, are threatened by the
gradual urbanization of the industrialized societies and growing depopulation and ageing
of the inhabitants of the rural areas [43,44]. Plant diversity in European home gardens,
and especially in those of Eastern and Southeastern Europe, remains understudied in
comparison to home gardens and homesteads in the tropics, mostly due to the specific
socio-economic impact of the latter [30–33]. Bulgarian rural home gardens, which currently
range in size between several square meters and half a hectare, were found to provide
substantially for the family sustenance, harboring a relatively large number of annual and
perennial crop species [45]. Lamiaceae was found to be the second most represented plant
family in Bulgarian rural home gardens, after Rosaceae, the latter being represented mainly
by singular trees and shrubs cultivated for their fruits or grown as ornamentals [45]. On
the contrary, in home gardens across Europe and the East Mediterranean, members of
Lamiaceae were found more scarcely [46–48]. Additionally, it was found that most of the
gardening area was cultivated on an annual basis, while herbs/spices, ornamentals, and
fruit trees bordering the plots were more permanent elements.

The aim of the current study is to assess the variety of Lamiaceae taxa cultivated in
Bulgarian home gardens as a function of their traditional and modern uses and to evaluate
the factors/drivers that maintain and/or change their taxonomic diversity and related
knowledge. We present the case in the frame of the local tradition to use and cultivate
plants of the Lamiaceae family as medicinal and aromatic plants all over Bulgaria.

2. Materials and Methods

2.1. Study Area and Data Collection

Bulgaria is located in the center of the Balkan Peninsula, in the most southeast corner
of Europe. The territory of the country is in the transitional area between the temperate
and the Mediterranean climatic zones, with slightly elevated average annual temperatures
and lower precipitation rates in the last three decades: hardiness zones 7–8 [49]. Bulgarian
vascular flora comprises 4064 species of spermatophytes affiliated with 921 genera and
159 families, of which nearly 150 taxa belong to Lamiaceae [50,51].

Representatives of 74 households took part in the field study (2017–2022). They
were from settlements in eight Bulgarian provinces (Blagoevgrad, Haskovo, Plovdiv, and
Smolyan on the southern site of the Balkan Mt. range, and Lovech, Montana, Pleven, and
Vratsa on the northern site, Figure 1).

Participants were recruited directly using the snowball sampling approach. Assis-
tance of local leaders (mayors, local cultural activists, etc.) was acquired so as to identify
prominent gardeners, agronomists, and/or local healers, when needed. Formal informa-
tion on the age, education and occupation of every participant was collected. Informed
consent was verbally obtained from every participant prior to the interview. The guidelines
prescribed in the Code of Ethics of the International Society of Ethnobiology [52] were
followed during the field study, and their compliance was confirmed by the Scientific
Council of the Institute of Biodiversity and Ecosystem Research, Bulgarian Academy of
Sciences, acting as independent institutional Ethics Board (Decision No. 6/21/05/21).
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Figure 1. Map of the studied provinces.

Participants were asked to share information about the ways they currently utilize
plants of the Lamiaceae family, as well as the taxa they cultivate in their home gardens
and those collected from the wild. Information on the source of different crop plants was
collected together with data on the processing of the collected/cultivated plants, if any.
Participants were invited to freely list the plants they utilized. Additional information
was asked if some plants were present in the garden or stored on a visible place in the
living premises. Guiding questions on popular culinary herbs and herbal teas were asked,
if necessary.

Voucher specimens and/or image data were collected for identification purposes;
herbarium specimens were deposited in the Herbarium of the Institute of Biodiversity
and Ecosystem Research, Bulgarian Academy of Sciences (SOM). The identification of the
plants was carried out at least to the genus and species taxonomical levels in accordance
with the Handbook of Bulgarian vascular flora [53]. Plant names are in accordance with
the Plant list (2013) [1].

Presented plants/herbal products were summarized in eight use categories:

• Culinary herbs (CUL)—used fresh and/or cooked in preparation of salads and/or
dishes;

• Ornamental plants (ORN)—grown for their ornamental flowers and/or foliage;
• Medicinal plants (MED)—used for healing purposes incl. for preparation of recre-

ational herbal teas;
• Aromatic plants (AROM)—used for aromatization of the garden and/or of the home

(fresh or dry);
• Insect repellents (REP)—for deterring biting and vexing insects (mosquitos, flies),

agricultural pests and clothes moths;
• Pollinator attraction (POLL)—plants planted and/or reported to be grown around

other crops so to attract pollinators;
• Symbolic plants (SYM)—fresh/dry used traditionally for decoration of the home and

other buildings or for personal decoration following religious or other rituals;
• Technical plant (TECH)—used for making of the household and other objects.

Importance of each taxon was assessed using the use reports (UR) of the partici-
pants [54]. We visualized the multitude of utilization via Venn diagrams and compared the
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use of the recorded taxa using the Jaccard (similarity) index (JI) for each pair of use records.
Calculation of the JI was performed using the following formula:

JI (X, Y) = |X ∩ Y|/|X ∪Y|,

where X and Y signify every two datasets. JI ranges from 0 (no similarity) to 1 (total
equality) [55].

Sources of seeds and/or planting material were categorized as: local forms (landraces,
purchased from the market/retail, introduced from the wild into the garden or collected
from the wild for direct consumption and/or other uses).

2.2. Data Analysis and Statistics

Statistical association between nominal and ordinal variables was evaluated through
chi-square tests (Fisher’s exact test) and correlation analysis (Spearman rank-order correla-
tion coefficient). All statistical tests were based on two-sided tests and with a significant
level of at least α = 0.05. Statistical analyses were performed using the SPSS statistical
package (ver. 20.0, SPSS, IBM Inc., Armonk, NY, USA).

3. Results

Participants were primarily seniors, 90% over 56 years of age, actively engaged in
home gardening (Table 1). The sets of single living participants and families were similar in
number, 37 and 38, respectively. Education of the participants was prevalently secondary
or higher. Half of the retired participants (79% of all participants) were professionally
involved in industrial agriculture during their active years. However, even those who used
to work or were still working in other professions were involved in agricultural activities
throughout their lives. The retired family members were those responsible for decisions
related to the composition of the gardens and spent most of their time in household
organization and agricultural activities. Younger family members were those who were
supplying new and foreign varieties for the gardens or helping in the processing of the
garden yield, as well as introducing new recipes and knowledge.

Table 1. Characteristics of the participants.

Characteristic Total

Sex
Single female; N (%) 26 (34.7)
Single male; N (%) 11 (14.7)

Family; N (%) 38(50.7)
(N 1) 75

Participant age (years)
Median 70.00

Mean ± SD 68.44 ± 10.19

Age range (years) 35–84
35–55 N (%) 7 (11.3)
56–75 N (%) 40 (64.5)
76–84 N (%) 16 (25.8)

Education
Primary; N (%) 14 (18.7)

Secondary; N (%) 34 (45.3)
College/University; N (%) 19 (25.3)

1 Sample sizes vary due to missing data in the different variables. N: Sample size.

Most of the participants (69%) used two to four taxa of Lamiaceae, while those inter-
ested in six or more were relatively few (Figure 2). The number of those growing only one
taxon was fairly small (three). These were usually people with very small gardens, keen
in ornamental gardening with little or no interest in herbal teas. Age, sex, and education
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were not significantly correlated with the number of cultivated/used taxa (p > 0.2). The
highest number of taxa (nine) was recorded in a twin house with a common home garden
managed by four people. There were no participants that would collect Lamiaceae plants
only from the wild.

Figure 2. Number of used Lamiaceae taxa per participant (N, %).

Studied gardens were found to harbor small patches or separately planted individuals
of 22 taxa of Lamiaceae, belonging to 15 genera (Table 2, Supplementary Table S1). Four
of them were both cultivated and collected from the wild for personal/family use, while
five species were collected by the participants only from the wild. Salvia was the most
diverse genus with four cultivated species, followed by Mentha and Satureja, with three
taxa each. The latter two genera concentrated most of the citations (76.5%). Third place
was occupied by Ocimum, which was represented by two species, Ocimum basilicum L.
and O. minimum L., the latter being rarely registered (28 and 4 mentions, respectively).
Clinopodium, Marrubium and Origanum were presented by two taxa, one collected from the
wild and one introduced into the gardens from the nearby populations and/or grown from
seeds or planting material procured by informal exchange or from the market. Several
participants demonstrated various Thymus sp. and Mentha spicata L. cultivars as well as
Origanum vulgare subsp. hirtum (Link) Ietsw., imported from other European countries as
culinary herbs. The remaining seven genera were represented by only one species.

Table 2. Cultivated and wild Lamiaceae taxa used in rural Bulgaria.

Genus
Taxon/Voucher Specimen Collection

Reference
Origin Source

Occurrence, %
of Gardens

(Landraces 3)
Provinces UR NU

Agastache Agastache foeniculum (Pursh)
Kuntze/BI300317_AF I C 2.7 Hs 5 4

Clinopodium Clinopodium dalmaticum L./SOM177666;
I040517_ClD A W 0.0 Sm 2 1

Clinopodium vulgare L./B160617_ ClV A C, W 1.3 Pd 2 1
Lamium Lamium galeobdolon (L.) Crantz/B140617_LG I C 1.3 Lv 1 1
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Table 2. Cont.

Genus
Taxon/Voucher Specimen Collection

Reference
Origin Source

Occurrence, %
of Gardens

(Landraces 3)
Provinces UR NU

Lavandula Lavandula angustifolia
Mill./B300317_LAn;B140617_LAn; I C 13.3 Bl, Hs, Lv, Mo,

Pv 19 4

Marrubium Marrubium peregrinum L./BI300817_MP A W 0.0 Hs 1 1
Marrubium vulgare L./B140617_MV A C 1.3 Bl 1 1

Melissa
Melissa officinalis L./BI140617_MO;

BI300317_MO; B140617_MO; BY300717_MO;
B160418_MO

A C 24.0 Bl, Hs, Lv, Mo,
Pv 26 4

Mentha Mentha pulegium L./B230419_MPu A W 0.0 Bl 3 2
Mentha spicata L./B260719_Ms; B030821_MS;

B040821_MS; B300317_MS; B040517_MS;
B130617_MS; B140617_MS; B280617_MS;
B300817_MS; B100719_MS; BI260819_MS

A, I C 98.7 (68) All 118 5

Mentha × piperita L./B300317_MxP;
B040517_ MxP; B130617_ MxP; B140617_

MxP; B280617_ MxP; B300817_ MxP;
B100719_ MxP; BI260819_ MxP

I C 26.7 Bl, Hs, Lv, Mo,
Pd, Pv, Sm 35 3

Ocimum Ocimum basilicum L./SOM177657;
SOM177659; B260819_OB; I101019_OB; I C 37.3 (16) All 52 7

Ocimum minimum L./SOM177655;
SOM177660; B050717_OM; I110917_OM;

I120917_OM
I C 5.3 (1) Hs, Sm, Vr 7 3

Origanum Origanum vulgare L./B260819_OV;
B280819_OV; B290819_OV, A W 0.0 Bl 3 2

Origanum vulgare subsp. hirtum (Link)
Ietsw./SOM177661; SOM177662 A, I 1 C, W 21.3 Hs, Lv, Pd, Pv,

Sm 25 5

Rosmarinus Rosmarinus officinalis L./B300317_RO;
B010417_RO I C 18.7 Bl, Hs, Mo, Pd,

Pv 28 5

Salvia Salvia aethiopis L./B290819_SAE A C 1.3 Bl 1 1
Salvia officinalis L./BI160617_SO; I300817_SO;

B260819_SO; B030821_SO I C 12.0 Bl, Hs, Lv, Pd,
Sm 17 3

Salvia splendens Sellow ex J.A.
Schultes/B130617_SSp I C 1.3 Lv 1 1

Salvia viridis L./BI120917_SV I C 1.3 Sm 1 1
Satureja Satureja cuneifolia Ten./SOM177658 A W 0.0 Bl 1 1

Satureja hortensis L./SOM177656;
BI150617_SH; BI260819_SH; I020821_SH;

B030821_SH
I C 74.7 (55) All 57 2

Satureja pilosa Velen./SOM177663 (c);
SOM177664 (w); SOM177665 (w) A C, W 1.3 Hs 3 1

Sideritis Sideritis scardica Gris./B310317_ SSc;
B310317_SSc A 2 C 5.3 Hs 7 2

Stachys Stachys byzantina K. Koch/B140617_StB I C 2.7 Bl, Mo 2 1

Thymus Thymus sp./I040517_Th A, I C, W 2.7 Bl, Sm 5 3
Thymus vulgaris L./B040517_TV;

B280617_TV; B100719_TV; B030821_TV I C 5.3 Pd, Pv, Sm, Vr 6 3

1 Cultivated plants were introduced from nearby wild populations or were grown from seeds/planting material
procured from elsewhere; 2 cultivated plants were grown outside the natural distribution of the species; 3 number
of local forms (landraces) if any; A: autochthonous; I: introduced; C: cultivated; W: wild; UR: use-reports; NU:
number of uses; provinces (Bl: Blagoevgrad; Hs: Haskovo; Lv: Lovech; Mo: Montana; Pd: Plovdiv; Pv: Pleven;
Sm: Smolyan; and Vr: Vratsa).
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Altogether, ten taxa were accountable for the 88.1% of all mentions for utilization of
Lamiaceae plants led by Mentha spicata L. and Satureja hortensis L. They also encompassed
most of the local forms (landraces) that participants were maintaining in their gardens,
68 and 55, respectively. Ocimum basilicum and O. minimum were the other taxa of which
local forms were preferred.

Each participant cited no more than four uses per taxon, which was related not only
to the overall use of the taxon, but also to differences in utilization of varieties/local
forms. Ocimum basilicum was the species with the highest number of uses (seven uses).
Additionally, O. basilicum was, respectively, mentioned two and three times less frequently
than the most popular—M. spicata and S. hortensis. More than half of the taxa (55.5%)
had one or two uses of which 11 taxa had only one use. Culinary use was about twice as
popular as the medicinal one.

Lamiaceae plants were used most often (61.4% of the use-reports) as culinary herbs,
followed by those appreciated for their ornamental value (39.3%). The similarity between
CUL and MED categories on a taxonomical level was high (JI = 0.83) (Figure 3). However,
the varieties/local forms demonstrated as culinary herbs were rarely appreciated for other
purposes, with negative correlation being significant (Spearman rank correlation p < 0.01,
Table 3) for four out of seven categories (ORN, MED, AROM, and SYM).

Figure 3. Multipurpose utilization of Lamiaceae representatives in rural Bulgaria. 1 Taxon collected
only from the wild; 2 Taxon cultivated and collected from the wild; pollinator attraction; * repellent;
****** are the three pollinator attraction; * repellent; ** (Ocimum basilicum L. only) symbolic together;
JI: Jaccard similarity index.

For example, O. basilicum was more frequently mentioned as an ornamental and
aromatic plant than as a culinary one for which mostly foreign broad-leaf varieties were
considered. On the other hand, only locally grown white flowering forms with small leaves
were used for ritual purposes, but they were not consumed (Figure 4). Ocimum basilicum
was the only Lamiaceae representative used symbolically in different rituals and for its
protective (apotropaic) powers. Flowering O. basilicum branches were used by Ortodox
Christians as church and home decoration and in various ceremonies as well as in rituals
related to birth, weddings, and burials.
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Table 3. Usage of Lamiaceae plants in rural Bulgaria and correlation between different usages.

Use CUL 1 MED AROM REP POLL TECH SYM
Total Number
of Use-Reports

Total Number of
Taxa

ORN −0.307 ** 0.081 0.169 ** 0.100 0.018 −0.048 0.082 112 17
CUL −0.562 ** −0.331 ** −0.103 −0.106 −0.075 −0.185 ** 175 11
MED −0.03 0.003 0.036 −0.039 −0.043 86 21

AROM −0.029 0.099 −0.022 0.172 ** 34 10
REP 0.183 ** −0.013 0.085 13 5

POLL −0.005 −0.012 2 2
TECH −0.009 1 1
SYM 6 1

1 Abbreviations—CUL: culinary herb: ORN: ornamental plant; MED: medicinal plant, incl. herbal teas; AROM:
aromatic plant; REP: insect repellent; POLL: pollinator attraction; SYM: symbolic plant used ritually; TECH:
technical plant (brooms). ** Spearman correlation coefficient is significant at the 0.01 level (2-tailed).

 

Figure 4. Ocimum basilicum L. in Bulgarian rural livelihoods.

Top (left to right): local landrace ‘Zhenski bosilek’ (women’s basil) used as rit-
ual and medicinal plant in Banichan village; Ocimum basilicum L. and O. minimum L.
from retail seeds in Central Rhodope Mts.; and the drying of flowering whole plants of
O. basilicum. Bottom (left to right): ornamental patch of O. basilicum and Gomphrena globosa L.;
O. basilicum sown in front of greenhouse to attract pollinators; and the ritual decoration of
O. basilicum for home protection.

Half of the studied taxa (11) were reported to be edible with only one collected
exclusively from the wild (Origanum vulgare L.). The latter was also cited as spirit flavouring
and as a medicinal plant. Mentha spicata, S. hortensis, and O. vulgare subsp. hirtum were
most frequently used for preparation of traditional dishes. All culinary herbs were used
dried, and only M. spicata (Figure 5) was also traditionally used fresh in the preparation
of lamb meat, bean, and vegetable stews. Dried herbs were stocked in bunches or sealed
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in containers and bags in quantities matching the usual demands of the household until
the next harvest. Fresh herbage or leaves of other taxa were used only for preparations of
foreign dishes like O. basilicum for Italian dishes and salads, Mentha × piperita L. and Melissa
officinalis L. for desserts and cocktails, as well as Thymus sp. and Rosmarinus officinalis L.
for roasted meats. Interestingly, the latter was appreciated for its aromatic and decorative
foliage rather than as a culinary herb, and some of our respondents shared that they are
aware of its culinary use but never used it in their cooking.

 

Figure 5. Variety of Mentha spicata L. local forms (landraces) in Bulgarian rural home gardens.

Twenty-one taxa were used for their healing properties, with M. × piperita, M. officinalis,
and Salvia officinalis being the most commonly mentioned. Still, only 30.2% of the reports
were related to the healing properties of Lamiaceae taxa. For medicinal purposes, dried
plants were used as infusions. Some of the participants consumed them daily as healthy
herbal teas, while others associate herbal teas with childhood illnesses and reject to cultivate
and/or collect medicinal plants. Taxa used for household aromatization (10 taxa), insect
repellents (5 taxa), and as pollinator attraction/honey plants (2 taxa) overlapped completely
with medicinal plant category. Dried Lavandula angustifolia Mill. and Mentha spicata bunches
were reported as effective in the repelling of clothes moths. Origanum vulgare subsp. hirtum
and M. spicata were demonstrated as pantry pest repellents, placed directly in the containers
with legumes, grains, etc. Ocimum balisicum and Rosmarinus officinalis were grown in the
gardens next to windows to repel mosquitoes.

Only one species was mentioned as a technical plant; Marrubium peregrinum L., which
was used for garden brooms that were made of large, sturdy herbage collected towards
the end of vegetation. (Figure 6). However, the local knowledge on broom making
was fading away, demonstrated by only one participant. On the other hand, the use of
Lamiaceae plants to attract pollinators in greenhouses so as to promote tomato pollination
should be regarded as a relatively new practice, popular among gardeners interested in
eco-friendly agriculture.
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Figure 6. Home yard broom made of Marrubium peregrinum L.

The culinary use of some species resulted in the preservation of numerous local forms
(Table 4). Contrastingly to the ornamental, aromatic and even medicinal plants that were
sourced mainly from the market, seeds, rhizomes, and/or plantlets for culinary herbs were
predominantly personally propagated. These were handed down through the generations
and were replaced through exchange within the community only if inherited plants were
lost. The practice of introducing plants from wild populations into home gardens was
most popular for medicinal plants. Among these taxa, Sideritis scardica Gris., a species that
became popular for its health benefits in recent years, was the only one that was transferred
outside the area of its natural distribution. Cultivation of Lamiaceae species was preferred
not only for the convenience and availability, but also due to the popularity of the protected
status of some of the medicinal plants (e.g., O. vulgare ssp. hirtum, S. scardica). Additionally,
our participants were more inclined to introduce wild-growing culinary herbs into their
gardens than to lose time visiting natural populations.

Table 4. Sources of Lamiaceae taxa used in rural Bulgaria.

Source ORN 1 CUL MED AROM REP POLL TECH SYM

Local forms 2 40 126 8 10 4 0 0 6
Introduced from the wild 6 7 20 3 1 0 0 0

Retail 51 29 38 13 5 2 0 0
Informal exchange 13 5 8 7 1 0 0 0

Collected from the wild 3 0 5 9 1 0 0 1 0
Fisher exact test,
significance (p) <0.001 <0.001 <0.001 0.008 0.591 0.374 0.06 0.310

1 Abbreviations—CUL: culinary herb: ORN: ornamental plant; MED: medicinal plant, incl. herbal teas; AROM:
aromatic plant; REP: insect repellent; POLL: pollinator attraction; SYM: symbolic plant used ritually; TECH:
technical plant (brooms); 2 data are presented as a number of reports; 3 plants collected regularly from the wild
for direct consumption or other use.
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Additionally to cultivated Lamiaceae taxa studied gardens harbored several wild
Lamiaceae species (Ballota nigra L., Lamium amplexicaule L., L. maculatum L., L. purpureum L.,
Leоnurus cardiaca L., Glechoma hederacea L., Salvia nemorosa L., S. pratensis L. S. verticillata L.)
that were considered by the participants as weeds without practical application.

4. Discussion

The overall number of Lamiaceae family members (22) found cultivated in Bulgarian
rural home gardens was similar to that reported for other European home gardens, however,
none of the taxa mentioned in these studies were present even in half of the studied
gardens [46,56]. In the current study, two species, namely M. spicata and S. hortensis,
were almost compulsorily present in the home hardens, grown in 98% and 74% of the
studied gardens, respectively. Although Lamiaceae taxa were grown in limited quantities in
Bulgarian home gardens, it is noteworthy to mention that their occurrence was comparable
with many of the garden vegetables that were found to be main crops in cultivation [45,57].
Even some Lamiaceae taxa, which are not so popular as culinary herbs in Bulgaria (e.g.,
O. basilicum, R. officinalis), were also found more frequently cultivated in the Bulgarian
home gardens than in other European countries [29,48,58,59]. The observed high diversity
of Lamiaceae taxa in Bulgarian rural home gardens should be attributed not only to the
fact that nearly 70% of our participants cultivated two to four Lamiaceae taxa in their
gardens, but also to the very high preference for local forms (landraces) of culinary herbs
that were inherited from previous generations or obtained through informal exchange
within their community. Utilization of local genetic resources for their local organoleptic
perceptions and their perceived cultural value was previously shown to contribute to their
in situ preservation, which creates additional opportunities for the development of local
entrepreneurship [60,61]. Still, the relatively high age of the rural population in Bulgaria
should be considered as an alarming factor in terms of the need for the development of
targeted collection programs for the safeguarding of these resources [62].

Mentha spicata and S. hortensis, the culinary herbs that occupied the first two places
among the reported taxa, also had the highest number of local forms. On the other hand,
other, incl. wild-growing members of Lamiaceae, such as Origanum, Thymus, and Mentha,
popularly used in different dishes, preserved and fermented foods in the Mediterranean
area were far less consumed by Bulgarians [63–66]. Specific plant spices and their combina-
tions play key roles in the local cuisines that underline their uniqueness [67–69]. Practicing
of traditional (agro)ecological knowledge is of crucial importance, as demographic and
socioeconomic changes in the rural areas, especially in industrialized societies, gradually
diminish natural human connectedness [4,70,71]. While utilization of M. spicata was re-
ported from all over the world [29,72–74], S. hortensis was found popular both as a culinary
herb and a medicinal plant mainly in the Balkans, Iran, and Turkey [75–77]. In this sense
traditional culinary use underpins the maintenance of local Lamiaceae diversity. Recent
results from the Adriatic area show that traditional knowledge related to usage of certain
species is not only diminishing, but also changes in agricultural practices and land use
are making home gardens the main source of medicinal plants, rather than the wild [78].
Still, similarly to other studies, it is hard to designate every inherited form with a landrace
status, as no genetic and/or phytochemical analyses were performed during the study [56].
Nonetheless, the high number of gardens in which M. spicata and S. hortensis were recorded
highlights the importance of home gardens for the preservation of local plant genetic
resources, and also urges for their more detailed characterization, given the numerous
factors that cause genetic erosion and loss of crop diversity [59,79].

Traditionally, consumed plants that have two or more other applications and are
relatively easy to grow would possibly attract more attention even from unexperienced
gardeners, which would contribute to the broadening of the impact of home gardens for
the safeguarding of local plant diversity [80–82]. In the current study, single use was mostly
a signifier for recent introduction of taxa into the gardens (e.g., ornamental varieties) or
of outdated practices such as the preparation of brooms from the herbage of Marrubium
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peregrinum. Others, such as Clinopodium dalmaticum L., have a limited distribution range
in the country, which could be regarded as a restrictive factor for its usability [83]. Here,
it is important to distinguish the O. basilicum, which was the only species with symbolic
(ritual) use. Sweet basil is one of the most important ritual plants in Bulgarian Orthodox
Christian traditions [84], and we found the local forms used for ritual purposes to be rarely
consumed fresh or cooked. Similarly, O. minimum was perceived mostly as an aromatic
and ornamental plant. The discerning and preservation of landraces and varieties of both
O. basilicum and O. minimum, however, would be a complicated enterprise due to the high
variability in genome size and chromosome number, plant morphology, essential oil profile,
etc., that have created considerable taxonomical ambiguities throughout the years and
were related also to the frequent intrageneric hybridization and extensive breeding of
Ocimum [85,86].

While almost all of the reported taxa were known as medicinal plants, the number
of use reports related to medicinal properties was less than 1/3. The number of taxa
used in this category (21) was about twice as low when compared to ethnographical data
previously reported for Bulgaria, however close to the number of Lamiaceae taxa used in
other parts of the Balkans as medicinal plants [77,87,88]. Given the fact that in Bulgarian
folk medicine several species of one taxa could be used for various ailments, sometimes
interchangeably (e.g., Lamium album L., L. maculatum, L. purpureum), it is probable that
knowledge of the uses of other members of Lamiaceae have remained preserved outside
the assessed areas/among other communities [77]. Nonetheless, we should consider the
transformative role of the publication of numerous phytotherapy books that provided
the Bulgarian public with modern and/or foreign knowledge on the use of indigenous
and introduced plant taxa since the 1950s [89–92]. Many of these books also provided
information on the threats to natural populations of some medicinal plants and recommend
more responsible utilization of the natural resources. The latter could also explain the
low number of wild medicinal plants of the Lamiaceae family (8) used traditionally by
Bulgarian farmers in the early 1990s [93]. Additionally, only five species of the Lamiaceae
family, all of which were also shown here, were reported for recreational teas used in
Bulgaria [94]. It is important to mention that Bulgarian folk medicine was, and in some
places still is, typically practiced by skilled healers (called bilkari, bilyari, znahari, etc.) who
collect, supply and often process medicinal plants that are further used by the patients.
Hence, a substantial part of Bulgarian traditional knowledge related to medicinal plants
was never largely available [77]. This could explain why the plants mentioned by our
participants as medicinal were mainly sourced from the market and were exclusively
consumed as infusions, most of which are taken as daily herbal teas. Common examples
for such plants are Thymus spp., Origanum vulgare, and Sideritis scardica, which are popular
winter teas sold allover Bulgaria. However, the traditional knowledge related to their use
would be hard to trace. Complementary to the initial interest in the medicinal properties,
we observed that the purchased plants were often appreciated as ornamental and aromatic
plants. Still, utilization of Lamiaceae taxa for their healing properties was found to be
an important factor for plant domestications in gardens which was found to be a useful
approach to alleviate pressure on the natural populations of medicinal plants [33,95,96].

In conclusion, the cultivation of members of the Lamiaceae family in Bulgarian home
gardens accommodates both the various needs and interests of their owners, as well as
the preservation of wild and agrodiversity. While the medicinal properties of these taxa
cater to higher diversity on a species level, local culinary practices were found to sustain
the variety of local forms (landraces) that underline the role of home gardens as important
pools of plant genetic resources that should be preserved and further explored in the frame
of the multitude of benefits provided by these plants.
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Abstract: In this study, the joint effects of developmental stage and soil water availability on biomass
accumulation, harvest index, as well as essential oil content, yield and composition were investigated
in Thymus armeniacus. For comparison purposes, Thymus kotschyanus was also considered. Plants
were irrigated to either 75 or 50% of field capacity, and were sampled at 50 or 100% blooming. In both
species, water deficit exerted limited effect on the time required to initiate or complete flowering.
In most critical aspects of yield (harvestable organs dry weight, essential oil yield), T. armeniacus
was found to be superior than T. kotschyanus. In these traits, however, T. armeniacus underwent a
more drastic water deficit-induced decrease. Across treatments, metabolite levels fairly correlated to
transcript accumulation profiles of terpene synthases and cytochrome P450 genes. Indices affiliated
with reactive oxygen species were inter-correlated with the activity of five major antioxidant enzymes,
while the same was noted between leaf water status and pigment content. Taken together, these
results indicate that when water availability can be achieved, higher yields will be obtained by
cultivation of T. armeniacus. Under water deficit conditions, instead, the more drought tolerant
T. kotschyanus stands out as the primary choice.

Keywords: blooming; harvest index; terpene; Thymus armeniacus; Thymus kotschyanus; water deprivation

1. Introduction

In medicinal and aromatic plants, cultivated sources are increasingly gaining ground
over wild populations [1]. This shift is underlain by many factors, including consistency of
supply and alignment of product standards to market regulations and consumer prefer-
ences. Depending on the intended market, herbal material may be traded fresh or dried.
Alternatively, the focus may be on the production of essential oils, and in this regard
essential oil yield is of interest [2]. Since the composition of essential oil determines its
properties, it also sets essential oil quality and market value [3]. Therefore, adjustments
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in cultivation protocols may be required to improve herbal material (fresh and dry) yield,
essential oil yield or essential oil composition.

The dissemination of Thymus spp. (Lamiaceae) is centered in the Mediterranean
area, where several species of the genus are also widely cultivated [4]. An extensive
interspecific variation in every aspect of production has been documented. Although
an important amount of information and knowledge has been gained, it is limited to
certain species. Instead, data on other taxa is not publicly available for industrial use.
For instance, both Thymus kotschyanus Boiss. and Hohen. and Thymus armeniacus Klokov
and Des.-Shost. are widely cultivated in Iran. However, contrary to T. kotschyanus [5],
data on biomass accumulation, essential oil yield and composition is essentially absent in
T. armeniacus. In this perspective, there is a great demand of developing and establishing
cultivation protocols.

The developmental stage at harvest is a factor affecting essential oil production. In
some Thymus species, for instance, essential oil production is considerably affected by
flowering induction, whereas flowering exerts a less pronounced effect in other taxa [6,7].
Therefore, the importance of harvesting time associated with essential oil features varies
depending on the species of interest.

Although Thymus species are generally well adapted to water deficits, limited soil
water availability may decrease productivity and alter essential oil composition [8]. These
effects are underlain by a diverse range of processes. For instance, essential oil is highly
concentrated in leaf trichomes, the density of which is affected by water deficit depending
on the species. Another illustration is the water deficit-induced reduction in chlorophyll
content, which impedes carbon assimilation. Furthermore, the water deficit elicits osmotic
stress, impairing the activity of several enzymes and damaging the structure of critical
macromolecules [2]. These effects may be effectively alleviated by the accumulation of
specific osmolites (e.g., proline) [2]. In addition, plants under water deficit conditions
generally experience an imbalance between the generation and scavenging of reactive
oxygen species (ROS) such as hydrogen peroxide (H2O2). Ascorbate peroxidase (APX),
catalase (CAT), guaiacol peroxidase (POX), polyphenol oxidase (PPO), and superoxide
dismutase (SOD) are key ROS detoxification enzymes, while carotenoids and polyphenols
are major non-enzymatic antioxidant metabolites [9–11]. Excessive ROS generation elicits a
range of harmful effects, including lipid peroxidation [9,10,12].

The objectives of this study were to investigate for the first time the dual effects of
harvesting time and soil water availability on herbal material marketable yield (leaves and
flowers), as well as on essential oil yield and composition in T. armeniacus. For comparison
purposes, T. kotschyanus was cultivated at the same stand and considered. To gain a more
fundamental insight, several underlying processes were further investigated, including
leaf trichome density, chlorophyll content, proline content, membrane lipid peroxidation
and seven critical antioxidant defense elements. By studying the regulation of genes
participating in the terpenoid biosynthetic pathway across developmental stages and
species, the genetic-metabolic crosstalk was also elucidated.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

Seeds of two Thymus species (T. kotschyanus, T. armeniacus) were sterilized, and then
rinsed with distilled water. Seeds were then planted in a seedling tray (30 × 18 × 5 cm)
filled with peat and perlite (9:1, v/v; Meegaa substrates BV, Rotterdam, The Netherlands).
At the cotyledon stage, seedlings were transferred to 6 L pots (dimensions of 30 × 25 cm)
containing the same mixture. Following sufficient growth (~six weeks), a single plant
per species was selected as the mother plant. Experimental plants were further obtained
by cutting propagation. For each species, branch cuttings were collected from the same
(mother) plant, and were thus considered identical clones.

Following six weeks of cultivation, cuttings were fully rooted. Rooted cuttings with
uniform height (~15 cm) and architecture were selected for potting. These were trans-
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planted to 6 L pots (dimensions of 30 × 25 cm) containing a mixture of soil, sand, and
animal manure (4:2:1, v/v/v). Pots were transferred in a multi-span plastic greenhouse,
which was located to Shahrekord (32◦19′32′′ N 50◦51′51′′ E). A density of four plants m−2

was employed. The air temperature was set to 24 ◦C, and relative air humidity to 70%.
Supplementary light was set at 250 μmol m−2 s−1 photosynthetic photon flux density at the
top of the plant canopy for 16 h d−1, and was provided by red (90%) and blue LED modules
(Iraneon Co., Birjand, South Khorasan, Iran). Potting-media moisture was maintained by
regular watering. With the dual purpose of inducing the same initial status among indi-
viduals and of ensuring that herbal material growth would take place under experimental
conditions (described below), all plants were pruned at 5 cm above root-to-shoot interface.

Immediately afterwards, three factors [2 species (T. kotschyanus, T. armeniacus) × 2
irrigation levels (full, and deficit irrigation) × 2 sampling stages (50, and 100% blooming)]
were applied as a factorial experiment based on a completely randomized design. Irrigation
was adjusted daily to 75 and 50% of field capacity, representing full and deficit irrigation,
respectively. Under these irrigation schemes, substrate volumetric water content corre-
sponded to circa 8–10 and 5–7%, respectively. These irrigation levels were selected based
on growth reduction in a preliminary study. Irrigation to 100% of field capacity was not
performed in order to avoid potential adverse effects related to waterlogging. Given daily
irrigation and the large substrate volume (6 L), day-to-day variation in substrate moisture
content is expected to be rather minimal. The irrigation scheme was maintained until the
final harvest, which was conducted at the 100% blooming developmental stage (15 August
2019). Experimental plants were collected for evaluation at two developmental stages (50
and 100% blooming), based on the percentage of branches bearing open flowers. When
half of the branches had open flowers, it was considered as 50% blooming. Accordingly,
when all branches were in that state, it was considered as 100% blooming.

Plants were cultivated for three months (15 May–15 August 2019). During this period,
the mean air temperature was 23.8 ± 1.6 ◦C, while the mean relative air humidity was
66 ± 7%. The average daily light integral was 20.6 ± 0.3 mol m−2 d−1 (LI-250A, LI-COR,
Lincoln, NE, USA).

Plant and leaf level measurements were conducted. For leaf-level measurements,
leaves were selected from the upper (toward the apex) one-third of the leaf-bearing nodes.
Sampled leaves had grown under direct light, and were fully expanded. In all evaluations,
three replicates were assessed per treatment.

2.2. Growth, Flowering and Harvest Index

The time required for initiation of flowering, as well as for reaching the two develop-
mental stages (50 and 100% blooming) under study was recorded. The inflorescence height
and the number of flowers per inflorescence were also documented.

The length of five branches (from the root-to-shoot junction to the apical meristem)
per plant was recorded and averaged to compute plant height.

By considering the overhead (top-view) 2D plant silhouette, a convex hull (the minimal
polygon that encloses the entire silhouette perimeter) [13] was fitted. The maximum and
the minimum distance spanned by pairs of points crossing the convex hull center were
considered as plant length and width, respectively. Based on these data, canopy area
(π × plant length

2 × plant width
2 ) was computed.

For individual leaf trait assessment, leaves were scanned (HP Scanjet G4010, Irvine,
CA, USA) and then evaluated by using the Digimizer software (version 4.1.1.0, MedCalc
Software, Ostend, Belgium) [14]. Leaf length (midvein length; major axis), width (widest
point perpendicular to the leaf major axis) and area (one-sided surface area) were digitally
assessed [13,15].

Aerial plant and shoot (fresh and dry) masses were recorded. For measuring dry
weight, samples were placed in a forced-air drying oven for 72 h at 80 ◦C. Economic yield
was considered the combined mass of leaves and flowers (thus excluding shoots). Harvest
index ( economic yield

plant dry weight × 100%) was also computed.
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2.3. Essential Oil Content

The essential oil content is as important as essential oil yield, since it determines the
extraction cost and, therefore, the profitability of essential oil production [2]. Shade-dried
samples were subjected to hydro-distillation using a Clevenger apparatus [3]. These (20 g)
were added to a 1 L flask containing 200 mL of distilled water. The flask was then heated
for 3.5 h. Essential oil content was recorded. The isolated essential oils were first dried over
anhydrous sodium sulfate, and then kept in glass vials at −20 ◦C before further analysis [3].
Three replicates were assessed per sample.

2.4. Essential Oil Composition

Gas chromatography-mass spectrometry (GC–MS) analysis was conducted using a
gas chromatograph (Model 7890A, Agilent, Palo Alto, CA, USA) coupled with a mass
selective detector (Model 5673, Agilent, Palo Alto, CA, USA). A fused silica capillary
column (30 m length × 0.25 mm i.d.; 0.25 μm BP-5 film thickness) was used to separate
the oil compounds. The oven temperature was increased from 40 to 290 ◦C (at a rate of
7 ◦C min−1 for 40–200 ◦C, and of 40 ◦C min−1 for 200–290 ◦C), and finally held isothermal
at 290 ◦C for 10 min. Ion source and transfer-line temperature was 290 ◦C. Ultra-pure
helium was used as the carrier gas. Injector and interface temperatures were 290 ◦C and
280 ◦C, respectively. The mass spectrum was acquired over the mass range of 35–450 amu
in full-scan acquisition mode. The split ratio was 1:50.

The GC-FID analysis of the essential oils was conducted using a Thermoquest Finnigan
apparatus equipped with a flame ionization detector (FID) and a fused silica capillary
column (30 m length ×0.25 mm i.d.; 0.25 μm BP-5 film thickness). The oven temperature
was programmed as stated above. Injector and detector temperatures were 250 ◦C and
300 ◦C, respectively. Ultra-pure helium was used as the carrier gas with a flow rate of
2.1 mL min−1. The split ratio was 1:10.

Retention indices (RI) of each compound were calculated using a homologous series
of n-alkanes (C6–C24) injected to HP-5MS column in the same condition. Identification of
oil constituents was performed by comparison of (1) their retention times with those of
authentic standards, (2) their spectral mass with those of the internal reference mass spectra
library (NIST08 and Wiley 9.0), and (3) their RI with those reported in the literature [16].
Quantification was conducted by the external standard method through calibration curves
generated by running GC analysis of representative authentic compounds [3]. The relative
percentage of each essential oil constituent was obtained according to the respective area
under the curve by using the area normalization method and ignoring response factors [3].

2.5. Leaf Trichome Density

Glandular trichomes secrete essential oils. In this perspective, treatment effects on
glandular trichome density of either leaf side were studied. The sampling area (1 × 1 cm)
was located midway between the leaf base and tip, and between the midrib and lateral
margin. Images were acquired using an optical microscope (Leitz Aristoplan; Ernst Leitz
Wetzlar GmbH, Wetzlar, Germany) connected to a digital camera (Nikon DXM-1200; Nikon
Corp., Tokyo, Japan). Glandular trichome density was counted on five non-overlapping
fields of view per leaf (magnification × 100). Image processing was performed with ImageJ
software (https://imagej.nih.gov/).

2.6. Leaf Water Status

Leaf water status was in situ assessed by measuring relative water content (RWC).
Samples were collected 3 h following the onset of the photoperiod [17]. Following excision,
fresh weight was gravimetrically obtained (±0.0001 g; Mettler AE 200, Giessen, Germany).
Immediately after, samples were floated on distilled water inside a Petri dish covered with
a lid. Following 24 h of incubation, the recorded weight was regarded as turgid (saturated).
Then, dry weight (48 h at 80 ◦C) was determined. RWC was calculated according to
Taheri-Garavand et al. [18].
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2.7. Leaf Chlorophyll and Carotenoid Content

Leaf chlorophyll content is critical for photosynthesis, while carotenoids are important
non-enzymatic antioxidants [1,11]. Samples were processed immediately after collection.
Following fine chopping, portions weighing 0.1 g were homogenized with the addition of
10 mL of 100% acetone. The extract was then centrifuged (14,000× g for 20 min), and the
supernatant was collected. Since chlorophyll is light sensitive, the extraction took place
in a dark room [9,10]. The obtained extract was subjected to reading on a spectropho-
tometer (Mapada UV-1800; Shanghai Mapada Instruments Co., Ltd., Shanghai, China).
Total chlorophyll and carotenoid contents were calculated according to Lichtenthaler and
Wellburn [19].

2.8. Leaf Proline Content

Proline is actively involved in cell osmotic regulation via decreasing cell water poten-
tial, and in this way enzyme activity and the macromolecules’ structure are protected [2].
In this perspective, the treatment effect on leaf proline content was assessed. Freshly
cut leaf discs (0.5 g) were homogenized and then added in 10 mL of 3% (w/v) aqueous
sulphosalycylic acid. The extract was filtered through Whatmann No. 2 filter paper, and
2 mL of the filtrate were mixed with 2 mL acid-ninhydrin and 2 mL of glacial acetic acid.
The obtained solution was heated (100 ◦C for 1 h). The reaction mixture was extracted with
4 mL toluene, and the chromophore containing toluene was aspirated from liquid phase.
After equilibration at 25 ◦C, the absorbance was measured at 520 nm with a spectrometer
(Mapada UV-1800, Shanghai. Mapada Instruments Co., Ltd., Shanghai, China). Proline
concentration was determined using a calibration curve [20].

2.9. Leaf Hydrogen Peroxide Content

H2O2 is a critical ROS which accumulates under adverse conditions [10]. Leaf H2O2
content was, therefore, assessed. The reaction mixture consisted of tissue extract super-
natant, 0.5 mL 0.1% trichloroacetic acid, 0.5 mL of 0.1 M potassium-phosphate buffer
(pH 7.0), and 1 mL of 1 M KI (w/v). Color developed for 45 min in darkness, and ab-
sorbance was then spectrophotometrically assessed at 390 nm (UV-1800, Shimadzu, Kyoto,
Japan). H2O2 content was calculated by using a calibration curve prepared with eight
known H2O2 concentrations.

2.10. Leaf Lipid Peroxidation

The treatment effects on the malondialdehyde (MDA) content, taken as an indication
of lipid peroxidation level, were evaluated by employing the thiobarbituric acid reactive
substance assay [2]. Freshly-cut leaf discs (0.1 g) were homogenized, and then added in 5 mL
of 20% (w/v) trichloroacetic acid and 0.5% (w/v) thiobarbituric acid. The suspension was
subsequently centrifuged (6000× g for 15 min). The obtained solution was heated (100 ◦C
for 25 min). After equilibration at 25 ◦C, the precipitate was removed by centrifugation
(6000× g for 5 min). The amount of MDA was calculated from the absorbance at 535 nm
after subtracting the non-specific absorption at 450 and 600 nm (Mapada UV-1800; Shanghai
Mapada Instruments Co., Ltd., Shanghai, China). The extinction coefficient 156 mmol MDA
L−1 cm−1 was used. Four discs were assessed per replicate sample.

2.11. Antioxidant Defense Elements
2.11.1. Total Phenolic Content

As phenolics exhibit strong antioxidant properties, they can be beneficial for plant
antioxidant defense [12]. Leaf total phenolic content was therefore assessed. Leaf samples
(0.1 g) were ground with a mortar and pestle with liquid nitrogen, extracted with 1 mL
of 80% aqueous methanol in an ultrasonic bath for 10 min, and were then centrifuged
(15,000× g for 10 min). The content of total phenolics was determined by using the Folin-
Ciocalteu assay [12]. The absorbance against prepared re-agent blank was determined
using a microplate reader (Infinite 200 PRO, TECAN, Männedorf, Switzerland). For total
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phenolic content, gallic acid was used as the standard reference and gallic acid equivalent
(GAE) was expressed as mg per g dry mass [12].

2.11.2. Activity of Five Antioxidant Enzymes

The treatment effects on the activity of five critical antioxidant enzymes (APX, CAT,
POX, PPO, SOD) was assessed.

APX activity was assessed using the method described by Ahmadi-Majd et al. [9,10].
Fresh frozen leaf segments (0.1 g) were ground in liquid nitrogen, homogenized with
1 mL of 50 mM sodium phosphate buffer (pH 7.0) containing 2 mM EDTA and 1%
polyvinylpyrrolidone (PVP), and centrifuged (14,000× g for 20 min) at 4 ◦C. APX ac-
tivity in the supernatant was assessed by following the decrease in absorbance at 290 nm
for 2 min (10 s intervals) in a reaction mixture containing sodium phosphate buffer, ascorbic
acid, and H2O2. The extinction coefficient of 2.8 mM−1 cm−1 was used. APX activity was
expressed as μmol of ascorbate oxidized min−1 g−1 tissue.

CAT activity was measured as described by Ahmadi-Majd et al. [9,10]. Fresh frozen
leaf segments (0.3 g) were ground in liquid nitrogen, homogenized with 1.5 mL of K
phosphate buffer (containing 1 mM EDTA and 2% PVP), and centrifuged (14,000× g for
20 min) at 4 ◦C. CAT activity in the supernatant was assessed by following the decrease in
absorbance at 240 nm for 2 min (10 s intervals) in a reaction mixture containing potassium
phosphate buffer and H2O2. The extinction coefficient of 39.4 M−1 cm−1 was used. CAT
activity was expressed as μmol of H2O2 reduced min−1 g−1 tissue.

SOD activity was determined by the method of Ahmadi-Majd et al. [9,10] and was
assayed by monitoring the inhibition of the photochemical reduction of nitro-blue tetra-
zolium chloride (NBT). Fresh frozen leaf segments (0.5 g) were ground in liquid nitrogen,
homogenized with 1 mL of 50 mM sodium phosphate buffer (pH 7.0) containing 2 mM
EDTA and 1% PVP, and centrifuged (14,000× g for 20 min) at 4 ◦C. A reaction mixture of
sodium phosphate buffer, methionine, NBT, EDTA, and riboflavin was used. The mixture
was placed for 20 min at 25 ◦C under a fluorescent light (30 Watt). Absorbance at 560 nm
was monitored using a spectrophotometer (Mapada UV-1800; Shanghai Mapada Instru-
ments Co., Ltd., Shanghai, China). A SOD enzyme activity unit was considered as 50% of
the NBT photoreduction and expressed as unit min−1 g−1 tissue.

PPO activity was determined according to Chen et al. [11], using a commercial assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Briefly, 0.15 mL supernatant
was mixed with 0.6 mL phosphate buffer (25 mM) and 0.15 mL catechol (20 mM), and
incubated for 10 min at 25 ◦C. It was then was immediately placed into boiling water for
10 min and cooled to room temperature (25 ◦C). Next it was centrifuged (10,000× g for
10 min) at 25 ◦C. Thereafter, using distilled water as a blank, the absorbance was measured
at 410 nm with a microplate reader (Infinite 200 PRO, TECAN, Switzerland). One unit of
PPO activity was defined as the amount of enzyme required to increase the absorbance by
0.01 min−1 under the assay conditions.

POX activity was performed according to the method of Narwal et al. [21]. The
reaction mixture contained 1350 μL of 0.1 M potassium phosphate buffer (pH 6), 500 μL
of 44 mM H2O2 solution, 100 μL of 45 mM guaiacol and 200 μL of extracted enzyme
extract. Absorbance at 470 nm was monitored using a spectrophotometer (Mapada UV-
1800; Shanghai Mapada Instruments Co., Ltd., Shanghai, China).

2.12. QPCR Expression Analysis

Total RNA from each sample was extracted using the total RNA isolation kit (S-1010-1,
Dena Zist Asia, Mashhad, Iran). The genomic DNA was eliminated by DNAse I treatment
according to the manufacturer’s instructions (ThermoFisher, Waltham, MA, USA). Subse-
quently, first strand cDNA was amplified using M-MLV (Moloney Murine Leukemia Virus)
Reverse Transcriptase and oligo (dT)18 primer, from 2 μg total RNA to 20 μL final volume
(Cat. No. 18080-044; Invitrogen, Carlsbad, CA, USA).
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All the RT-qPCR reactions were performed using RT-Master Mix (Cat. No. RR820L,
Takara Bio, Shiga, Japan) containing SYBR Green on a Rotor Gene Q (Qiagen, Hilden,
Germany). The following PCR profile was employed: (1) 95◦ C for 30 s (pre-denaturation
step), (2) 95 ◦C for 15 s (denaturation step), (3) 56–57 ◦C for 20 s (annealing), and eventually
(4) 72 ◦C for 25 s (extension). This sequence was repeated for 35 cycles. Then a melting
curve (55–95 ◦C) was performed at the default ramp rate. The primers efficiency was
acquired from calibration curves with 1:5 dilution series and at least three points fitted in a
linear regression with R-square over 0.98.

The primer used in this study was designed based on gene sequences in the NCBI
database and primers designed in previous reports (Crocell et al., 2010). The accuracy of
sequences and size of primers were checked using the Primer-BLAST software of NCBI
(Supplementary Table S1). The qRT-PCR analysis was carried out with elongation factor-1α
(EF-1α) gene as the internal standard and was analyzed using the 2−ΔΔCT method [22].

2.13. Statistical Analysis

Data analysis was performed using the SPSS software (version 23; SPSS Inc., Chicago,
IL, USA). A three-way ANOVA was employed (species × irrigation level × sampling stage).
The data were first tested for normality (Shapiro–Wilk test) and homogeneity of variances
(Levene’s test). The means were compared using Fisher’s least significant difference test to
be significant at p ≤ 0.05.

For the four experimental units, eigenvalues were extracted and the most contributing
variables for each dimension were computed and identified. The first two eigenvalues
cumulated more than 77% of the total variance, and were retained to produce the principal
components. A biplot principal component analysis (PCA) was produced to depict correla-
tions across the traits, species and contributions to principal components. Individuals were
grouped (by discrete color) and variables by their contribution to the principal components
(gradient colors). The “FactoMineR”, “factoextra” and “readxl” libraries were used under
the R-studio integrated development environment (RStudio suite V 1.2.5033).

3. Results

3.1. Growth, Flowering and Harvest Index

The onset of flowering occurred much earlier in T. armeniacus as compared to T. kotschyanus
(49.3 versus 79.3 d), though time to 100% blooming was rather similar among them
(115–120 d; Table 1). Thymus armeniacus had shorter (47.6%) inflorescence length, and
a lower (34.6%) number of flowers per inflorescence. Water deficit (50 as compared to 75%
field capacity) reduced (~5%) time to 100% blooming similarly among the two species.
In both species, the water deficit also decreased inflorescence length, and the number of
flowers per inflorescence. The latter was more decreased in T. armeniacus, while the former
in T. kotschyanus.

In both species, water deficit decreased plant height, length, and individual leaf
dimensions (length, width, area) (Table 2). For plant height and individual leaf dimensions,
this effect was less prominent in T. armeniacus.

Table 1. Effect of irrigation regime on time to flowering (initiation, 50 and 100%) and two key
inflorescence characteristics of two Thymus species. The latter was evaluated at 100% flowering.
Within each column, different letters indicate significant differences (n = 3).

Species
Irrigation (% of
Field Capacity)

Time (d)
Inflorescence
Length (cm)

Number of
Flowers per

Inflorescence
Onset of

Flowering
50% Flowering

100%
Flowering

T. armeniacus
75 49.3 c 63.0 c 120.3 a 2.31 b 50.22 c
50 47.7 c 66.3 c 113.0 b 1.64 c 33.84 d

T. kotschyanus 75 79.3 b 88.0 b 114.7 ab 4.41 a 76.78 a
50 88.0 a 96.0 a 108.7 b 2.34 b 63.07 b
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Table 2. Effect of irrigation regime on plant and individual leaf dimensions of two Thymus species.
Assessments were conducted at 100% flowering. Within each column, different letters indicate
significant differences (n = 3).

Species
Irrigation (% of
Field Capacity)

Plant
Canopy

Area (cm2)

Individual Leaf

Height
(cm)

Length
(cm)

Width
(cm)

Length
(mm)

Width
(mm)

Area
(mm2)

T. armenia-
cus

75 14.6 bc 35.3 a 31.0 a 858 a 12.9 b 5.64 a 47.4 b
50 13.1 c 28.8 bc 28.3 ab 640 b 11.2 c 4.89 b 41.9 c

T.
kotschyanus

75 20.3 a 31.3 b 27.3 b 670 c 18. 5 a 4.71 b 57.1 a
50 15.9 b 28.02 c 29.0 ab 637 d 14.0 b 3.74 c 38.1 c

Thymus armeniacus had higher plant fresh weight, dry weight, economic yield (dry
weight of leaves and flowers), and harvest index (dry weight of leaves and flowers relative
to plant dry weight) as compared to T. kotschyanus (111.6, 95.0, 122.7, and 14.3%, respectively;
Table 3). In both species, water deficit decreased plant fresh weight, dry weight, economic
yield, and harvest index. For plant fresh weight and economic yield, this effect was more
pronounced in T. armeniacus.

Table 3. Effect of irrigation regime on plant (fresh and dry) weight, economic yield (dry mass of leaves
and flowers) and harvest index ( economic yield

plant dry weight × 100%) of two Thymus species. Assessments were
conducted at 100% flowering. Within each column, different letters indicate significant differences
(n = 3).

Species
Irrigation (% of
Field Capacity)

Plant
Harvest Index (%)

Fresh Weight (g) Dry Weight (g) Economic Yield (g)

T. armeniacus 75 116.93 a 42.37 a 34.1 a 81.97 a
50 83.78 b 32.2 b 23.71 b 76.63 b

T. kotschyanus 75 55.26 c 21.73 c 15.313 c 71.71 c
50 42.81 d 16.413 d 12.167 c 63.99 d

3.2. Essential Oil Content, Yield and Composition

Thymus armeniacus had lower (49.9%) essential oil content, and higher (13.2%) essential
oil yield as compared to T. kotschyanus (Table 4). The water deficit decreased (49.9%)
the essential oil content in T. kotschyanus, whereas it exerted a minor effect (1.4%) in
T. armeniacus. The water deficit decreased essential oil yield in both taxa, an effect that was
more prominent in T. armeniacus (30.5 versus 24.6%).

Table 4. Effect of irrigation regime on essential oil content and yield, as well as on leaf trichome
density of two Thymus species. Assessments were conducted at 100% flowering. Within each column,
different letters indicate significant differences (n = 3).

Species
Irrigation (% of
Field Capacity)

Essential Oil
Content (%)

Essential Oil
Yield (g)

Adaxial Abaxial
Leaf (Adaxial +

Abaxial)

Trichome Density (mm−2)

T. armeniacus 75 1.180 c 0.3870 a 4.75 c 5.640 c 10.38 c
50 1.164 c 0.2689 b 18.1 a 12.74 a 30.84 a

T. kotschyanus 75 2.353 a 0.3420 a 8.88 b 10.32 b 19.2 b
50 1.988 b 0.2578 b 10.0 b 11.65 ab 21.67 b

By using gas chromatography–mass spectrometry, essential oil composition was
further analyzed (Table 5). For T. armeniacus, the most abundant metabolites were γ-
Terpinene (16.65–23.58%), p-Cymene (6.70–16.56%) and α-Pinene (12.16–15.78%). The
former two (i.e., γ-Terpinene, p-Cymene) were also the most abundant metabolites in T.
kotschyanus (17.69–28.11 and 4.19–17.78%, respectively), whereas α-Pinene was not detected
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in this species. In T. kotschyanus, thymol was also a very abundant metabolite (11.41–
15.73%).

The water deficit affected substance content depending on the metabolite and the
species (Table 5; full range of documented compounds in Supplementary Table S2).

Hierarchical clustering of essential oil components revealed that these could be organized
primarily based on species and secondarily on irrigation treatments (Figure 1). However,
neither growth stage nor irrigation regime severely distorted essential oil fractions.

Figure 1. Heatmap of standardized values indicating percentages of essential oil components across
treatments. The effect of irrigation regime (75 or 50% of field capacity) on essential oil composition of
two Thymus species (T. armeniacus, T. kotschyanus) was investigated at two developmental stages (50
and 100% blooming). Essential oil composition is presented in Table 5. Color may indicate up- or
downregulation (green and red, respectively). A scale of intensity is provided.

3.3. Principal Component Analysis in Plant Growth and Yield Traits

In order to identify and quantify the components that regulate the connections among the
two Thymus species, as well as the effect of irrigation regime to the delineation of differential
responses, a biplot PCA was conducted (Figure 2). In this analysis, all the growth traits were
included (data in Tables 1–4 excluding trichome density). Eigenvalues were examined to
determine the number of considered principal components (PC). The first two dimensions
explained more than 77% of the total variance percentage (Supplementary Figure S1). The level
of significant contribution of morphological traits to the PCA was estimated by using the cos2
index (Supplementary Figure S2). Among these descriptors, the plant fresh and dry weights as
well as the economic yield and flowering/inflorescence indices had a profound impact for the
categorization of species and treatments. The biplot PCA based on the first two components
revealed the complex relationships among genotypes and treatments (Figure 2). The first axis
revealed that T. armeniacus and T. kotschyanus can be clearly demarcated based on genotypic
discrepancies under control conditions (75% of field capacity), while the second axis displays
the discriminating effects imposed by water deficit within the same species. Furthermore,
positive and negative correlations across morphological components were evident. Flowering
and inflorescence indices were highly homogenous (indicating co-regulation) as were the plant
fresh weight, dry weight and economic yield. Interestingly, the above-mentioned clusters
had an inter-negative association showing that the earliness in blooming is an index of high
biomass yield.
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Figure 2. Principal Component Analysis (PCA) biplot depicting Principal Components (PC) scores
of Thymus species and treatments (dots) and loadings of vector variables. The contribution of each
morphological trait (data in Tables 1–4) in the two dimensions is indicated by a gradient scale and
colour intensity (legend). Vectors near the plot center have lower cos2 values. Larger dots indicate
mean values calculated from three discrete biological replications.

3.4. Leaf Trichome Density

Thymus armeniacus had lower (~45%) trichome density in either leaf side as compared
to T. kotschyanus (Table 4). Most trichomes were generally situated on the abaxial leaf side
as compared to the adaxial one, besides T. armeniacus cultivated under water deficit.

The water deficit increased trichome density in either leaf side of both species (Table 4).
This increase was considerably more prominent in T. armeniacus as compared to T. kotschyanus
(126–281% versus 13%).

3.5. Leaf Water Status

Leaf RWC was determined as an indication of hydration status. In both species, water
deficit impaired leaf hydration status at 100% blooming (Table 6). This effect was more
prominent in T. kotschyanus, as compared to T. armeniacus.

3.6. Leaf Chlorophyll, and Proline Contents

In T. armeniacus, the water deficit improved leaf chlorophyll content at either develop-
mental stage (Table 6). In T. kotschyanus, the water deficit decreased (21.7%) leaf chlorophyll
content at 50% blooming, but not at 100%.

At 100% blooming, water deficit induced a sizeable increase (~1500%) in leaf proline
content (Table 6). This effect was comparable among the two species.

3.7. Leaf Hydrogen Peroxide Content and Lipid Peroxidation Level

H2O2 is a critical ROS. At either developmental stage, water deficit increased (~95%) leaf
H2O2 content in both species (Table 6). This effect was comparable among the two species.
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MDA content was assessed as an indication of lipid peroxidation level [2]. At 100%
blooming, the water deficit induced an increase in leaf MDA content (Table 6). This increase
was more prominent in T. armeniacus as compared to T. kotschyanus (45.3 versus 36.4%).

3.8. Enzymatic and Non-Enzymatic Antioxidant Defense Elements

Carotenoids and polyphenols are critical non-enzymatic antioxidants, while APX,
CAT, POX, PPO, SOD are important antioxidant enzymes.

In T. armeniacus, water deficit improved leaf carotenoid content at either developmental
stage (Table 6). In T. kotschyanus, instead, no effect on carotenoid content was noted.

Water deficit decreased leaf total phenolic content in both species (Table 6). This effect
was more prominent in T. armeniacus as compared to T. kotschyanus (15.6 versus 10.4%).

Different effects of the water deficit were noted among enzymes, species and develop-
mental stages (Table 6).

3.9. Interplay of Physiological Traits

In order to delineate the interaction responses of each species to the watering regime
across the two developmental stages, a hierarchical clustering was performed (Figure 3).
In this analysis, all the physiological traits were included (data in Table 6). Two major
clusters were acknowledged. The first contained oxidative indices (H2O2, proline and MDA
levels) affiliated with ROS induction, as well as antioxidant enzymes (APX, CAT, POX, PPO,
SOD). Oxidative indices were inter-correlated with antioxidant enzymes, suggesting a joint
regulatory biosynthetic pathway. Further correlations among MDA and proline contents,
as well as among H2O2 content and POX enzyme activity, were determined, suggesting a
related biochemical connection. The second cluster contained the RWC index as well as
chlorophyll and carotenoid contents.

Figure 3. Heatmap of standardized values indicating physiological trait regulation across treatments.
The effect of irrigation regime (75 or 50% of field capacity) on several physiological traits (data
in Table 6) of two Thymus species (T. armeniacus, T. kotschyanus) was investigated at two develop-
mental stages (50 and 100% blooming). Color may indicate up- or downregulation (green and red,
respectively). A scale of intensity is provided.

Similar patterns across physiological traits were recorded among the two species
under study (Figure 3). Specifically, a tight upregulation under water deficit that was
mostly unaffected by the developmental stage, was demonstrated. Still, there were some
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instances where the species effect was more prominent and several discrepancies among
the two species were recorded.

3.10. Relative Expression of Terpene Synthesis

The simultaneous analysis of transcript accumulation indicates that there are dis-
tinct developmentally regulated pathways as well as stress-induced responses (Figure 4).
Moreover, gene regulation in the terpene pathway seems to follow different routes based
primarily on the species. Hence, major discrepancies were detected among the two species
under study. In T. armeniacus, a significant downregulation was evident for TERPENE
SYNTHASE 6 (TPS6) at the 100% blooming stage, which was not specifically correlated
to the water deficit. In contrast, the same isoform seems unaffected in T. kotschyanus,
having a rather conserved expression pattern. Genes encoding CYTOCHROME P450
(CYP) monooxygenases enzymes were also differentially regulated among the two species.
CYP71D179 182 seems to be linked to water availability, since in T. kotschyanus a significant
upregulation was detected under water deficit regardless of the developmental stage. In T.
armeniacus, transcription patterns fluctuated at a much lesser pace. By contrast, TERPENE
SYNTHASE 2 (TPS2) seems to correlate to water deficit only in T. armeniacus, since there
was a significant upregulation under the water deficit. In T. kotschyanus, instead, a peak was
established under adequate water supply (75% of field capacity) at the 100% blooming stage.
TERPENE SYNTHASE 3 (TPS3) had a complete opposite transcript accumulation among
the two species. A clear developmental upregulation was established in T. armeniacus, while
blooming progression was accompanied by a significant reduction in transcription of T.
kotschyanus. Similar patterns were recorded during the water deficit, where in the former a
notable increase of TPS3 transcripts was established, as opposed to the latter. Nonetheless,
TERPENE SYNTHASE 4 (TPS4) was found to be equally responsive for both species and
a general downregulation pattern was observed when compared to the adequate water
supply and 50% blooming stage.

Figure 4. Heat map of relative transcript accumulation (log2) of the terpene biosynthetic pathway
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across treatments. The effect of irrigation regime (75 or 50% of field capacity) on relative mRNA
abundance of two Thymus species (T. armeniacus, T. kotschyanus) was investigated at two developmen-
tal stages (50 and 100% blooming). This was assessed using real-time RT-qPCR and three distinct
biological repeats. Color may indicate up- or down regulation (green and red, respectively). A scale
of intensity is provided.

4. Discussion

In Iran, Thymus spp. hold a wide distribution and long history of cultivation [4,23].
Thymus kotschyanus and T. armeniacus are not only highly popular amongst farmers, but
they are also considered as greatly adapted for cultivation in Iran. Regardless, research
has principally focused on the former [5], while information and knowledge on the yield
traits of the latter is scarce. In this study and for the first time, the combined effects of
developmental stage at harvest and soil water availability on several yield features were
assessed in T. armeniacus. Evaluations included T. kotschyanus for comparison purposes.

Despite the little interspecies difference in the time required for full (100%) blooming,
T. armeniacus underwent the beginning of flowering much sooner than T. kotschyanus
(Table 1). Therefore, the overall period of blooming is considerably more extended in
T. armeniacus as compared to T. kotschyanus (66 versus 41 d). Minor effects of soil water
availability on flowering time were generally noted in both species under study (Table 1).
Therefore, water deficit in the extent applied in the current study did not substantially
affect the transition from the vegetative to the generative phase.

Thymus armeniacus developed shorter inflorescences with less flowers as compared
to T. kotschyanus (Table 1). Both inflorescence traits were adversely affected by water
deficit. Length was more decreased in T. kotschyanus, whereas the number of flowers per
inflorescence was more impaired in T. armeniacus (Table 1). These results indicate that water
deficit downgraded inflorescence features, though species differences were inconsistent
among traits.

As discussed, yield may encompass fresh or dry herbal material, which in the case
of Thymus spp. principally includes leaves and flowers. In all relevant aspects of yield,
T. armeniacus was found to be superior than T. kotschyanus (Table 3). Nevertheless, the
water deficit decreased plant fresh weight and economic yield more in T. armeniacus than
T. kotschyanus (Table 3). In T. kotschyanus, a negative effect of drought on agronomic traits
has also been earlier documented [24–26]. Complementarily or alternatively, the yield may
be comprised of essential oil features [2,3]. Despite lower essential oil content, essential oil
yield was higher in T. armeniacus than T. kotschyanus (Table 4). Similarly to plant fresh weight
and economic yield, the water deficit decreased essential oil yield more in T. armeniacus than
T. kotschyanus (Table 4). Taken together, these results indicate that when water availability
can be secured, the cultivation of T. armeniacus will be associated with higher yield (thus
returns), whereas under water deficit conditions the choice may be shifted to T. kotschyanus,
which is more drought tolerant. In this perspective, T. kotschyanus bares a better potential
for water limiting environments. Importantly, this potential is expected to increase in the
near future, provided that global climate models project declining rainfall patterns allied
with elevated temperatures [27].

Trichomes comprise highly dedicated secretory cells where most essential oils are an-
abolized and subsequently amassed in subcuticular cavities [28,29]. Although T. armeniacus
had lower (46%) leaf trichome density as compared to T. kotschyanus, it underwent a much
more drastic water stress-induced increase (197 vs. 13%; Table 4). Nonetheless, essential
oil content was practically unaffected (1.33% reduction) in T. armeniacus, whereas a 15.48%
reduction was noted in T. kotschyanus (Table 4). Still, under the molecular prism, a signif-
icant downregulation of terpene synthases and cytochromes was noted in T. armeniacus
(Figure 4), which potentially reduces terpene precursors and thus leads to a decreased
concentration of moieties in leaf trichomes.
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Across Thymus taxa, over 360 discrete essential oil components have been charac-
terized. An excessive part (>90%) of these moieties are attributable to the nature of
monoterpenes. Among these derivatives, carvacrol and thymol are considered the most
common [30]. In the current study, significant differences in terms of qualitative essential oil
profiles across developmental stages at harvest and irrigation regimes were noted among
the two species. Thymus armeniacus’ terpene palette was mostly composed of terpinenes,
although monoterpenes were positively regulated by the developmental stage, as well as
the water deficit (Figure 1). In contrast, several pinene class terpenes were not detected in T.
kotschyanus, revealing an inferior complexity of essential oil chemical markup. Nonetheless,
several monoterpenes and monoterpene alcohols (thymol, linalool, a-Thujene) were found
to be largely unaffected by the developmental stage at harvest or by soil water availability.
Hence, at least in the case of T. armeniacus and T. kotschyanus, it seems that the main factor
of chemical markup differences is predominantly species dependent.

In terms of physiological traits and ROS detoxifying responses, both species under
study were affected by the water deficit (Table 6). Comparable patterns have been observed
recently [31]. In some traits (MDA content, total phenolic content), T. armeniacus was more
adversely affected than T. kotschyanus, while in others (chlorophyll content) the opposite
was apparent. A comparable effect of water deficit among the two species was also
documented on some traits (proline content, H2O2 content). Across treatments, metabolites
affiliated with oxidative stress (H2O2, proline and MDA levels) were inter-correlated with
antioxidant enzymes (APX, CAT, POX, PPO, SOD) (Figure 3). This correlation might
be taken to indicate a combined regulatory biosynthetic pathway, which has also been
earlier suggested [9–11]. Leaf hydration status (RWC) was also inter-correlated with leaf
pigment (chlorophyll, carotenoid) content (Figure 3). Similar patterns have also previously
recorded [8,31–33].

Since the present field study included a single growing season, additional research
is evidently essential to reach solid results and conclusions. Nevertheless, the obtained
findings serve both as a first step and a reference of how the cultivation protocol shapes
marketable yield and the essential oil quality (composition) of a previously non-studied
Thymus species.

5. Conclusions

For the first time, the dual effects of developmental stage at harvest and soil water
availability on plant growth, marketable herbal material yield, as well as essential oil
content, yield and composition were investigated in Thymus armeniacus. Thymus kotschyanus
was also included for comparison purposes. Irrigation was adjusted to either 75 or 50%
of field capacity, and plants were collected at 50 or 100% blooming. Water deficit did not
substantially affect the time required for the transition from the vegetative to generative
phase in either species. However, the water deficit decreased inflorescence length and the
number of flowers per inflorescence. Thymus armeniacus was associated with enhanced yield
(e.g., dry weight of harvestable organs, essential oil yield) as compared to T. kotschyanus,
but was more affected by water deficit. Water deficit triggered an increase in leaf trichome
density, an effect that was sizeable in T. armeniacus. Essential oil composition was largely
unaffected by developmental stage at harvest or soil water availability. Oxidative stress
indicators (proline, H2O2 and malondialdehyde levels) were inter-correlated with the
activity of five key antioxidant enzymes, while a respective correlation was found for leaf
water status and pigment (chlorophyll, carotenoid) accumulation. Collectively, these results
denote that higher yields will be obtained by cultivating T. armeniacus when soil water is
readily available. In contrast, under conditions of limited soil water availability, the choice
shifts to the more drought tolerant T. kotschyanus.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12051008/s1, Table S1. Primers used for the qPCR experi-
ments. Table S2. Effect of irrigation regime on essential oil composition of two Thymus species at
two developmental stages (50 and 100% blooming). Within each column, different letters indicate
significant differences (n = 3). Retention indices (RI) were generated with a standard solution of
n-alkanes (C6–C24) on the HP-5MS column. Figure S1. The first ten principal components and
percentages of attributed variation. The first two eigenvalues were used to construct the principal
component analysis biplot (accounting for the 77.4% of the cumulative percentage explained). Fig-
ure S2. Quality of representation (cos2) of the variables on factor map. variables on the first five
dimensions are displayed. Size and colour intensity correlate to a better representation of specific
morphological traits.
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APX, ascorbate peroxidase; AsA, ascorbic acid; CAT, catalase enzyme; CYP, CYTOCHROME
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malondialdehyde; NBT, nitro-blue tetrazolium chloride; PC, principal components; PCA, principal
component analysis; POX, guaiacol peroxidase; PPO, polyphenol oxidase; PVP, polyvinylpyrrolidone;
ROS, reactive oxygen species; RWC, relative water content; SOD, superoxide dismutase; TPS2, TER-
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Abstract: The ongoing climate crisis necessitates the sustainable use of natural resources and the
adoption of environmentally friendly agronomic practices. Deficit irrigation is an ecofriendly tech-
nique that allows for the improvement in the water use efficiency of crops. On the other hand,
medicinal and aromatic crops, which usually have an innate tolerance to harsh conditions, are suit-
able candidates for cultivation under low-input cropping systems. In the present study, Melissa
officinalis plants were cultivated under conventional and organic cropping systems, while in each
system two irrigation regimes (full irrigation or deficit irrigation) were tested. The aerial parts of the
plants were evaluated in terms of growth and physiological parameters, chemical composition, an-
tioxidant activity, essential oil yield and essential oil composition. Our results indicate that prolonged
water stress after two deficit irrigation cycles had detrimental effects on the plant growth and biomass
production, whereas it significantly increased the essential oil yield, regardless of the cropping system
(organic or conventional cultivation). The recorded physiological parameters are in agreement with
morphological features, especially the stomatal conductance, which was significantly reduced under
deficit irrigation for both cultivation systems, revealing that the growth inhibition was the result
of stomatal closure and carbon dioxide deprivation. Deficit irrigation and organic cultivation also
increased total phenol and total flavonoid content, especially in the second harvest, thus resulting in
higher antioxidant activity assayed by the FRAP method. In contrast, DPPH and ABTS methods did
not show any differences among the tested treatments in the second harvest, which suggests that
other bioactive compounds are also involved in the overall antioxidant mechanism of lemon balm
plants, as indicated by the increased ascorbic acid content. Regarding the essential oil composition,
the major detected compounds were geranial and neral and, although they were both increased under
the organic cropping in the first harvest, the same trend was not observed in the second harvest.
Finally, a variable effect of cropping system and irrigation regime on minerals content was recorded.
In conclusion, deficit irrigation is an ecofriendly practice that could be applied in conventional and
organic cropping systems of lemon balm crops, aiming to reduce irrigation water consumption and
compensate for reduced herb yields with increased essential oil yield and polyphenol content.

Keywords: Melissa officinalis; organic cultivation; water deficit; essential oils; volatile compounds;
antioxidant activity; nutrient content

1. Introduction

Melissa officinalis (L.) or lemon balm is a widely consumed perennial medicinal herb
belonging to the Lamiaceae family. It is native to the Mediterranean basin and central Asia;
however nowadays it can be found throughout the world as a commonly cultivated herb [1].
Moreover, the distinctive aroma of its flowers make it suitable for the uses as a flavoring
agent, while it is considered as a very important pollinator and it is commonly cultivated
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for ornamental purposes [2,3]. The aerial parts of the species are highly appreciated for their
bioactive properties and are usually consumed in the form of infusions and herbal extracts
in folk and traditional medicine [4,5]. The most common bioactive effects of these formula-
tions include the treatment of headaches, gastrointestinal and neurodegenerative disorders,
as well as liver and bladder diseases [2,6–8] and antimicrobial properties [9–11]. These effects
are associated with various compounds, including various flavonoids, rosmarinic acid and
lithospermic acid [1,12–17].

Apart from the herbal extracts and infusion which are intended for edible use, the
aerial parts of the species contain essential oils which are also beneficial to human health
due to their high content of monoterpenes (geranial, citronellal and neral) [18,19] and
sesquiterpenes (β-caryophyllene) [16]. However, the composition of essential oils may be
altered by growing conditions, especially when plants are subjected to abiotic stress such
as water shortage [20], salinity [1], or nutrient imbalances [21], while the content of the
individual compounds may vary depending on the harvesting date [22], post-harvesting
treatments [23–25], genetic material [26–28] and plant part (leaves and flowers) [29]. More-
over, the cropping system (conventional vs. organic farming) may also affect the composi-
tion of essential oils [15], although there are studies in which the major compound content
remained unaffected [19,30]. Finally, although lemon balm oil is generally regarded as safe
(included in the GRAS list) [31], according to Stojanović et al. [32] the essential oil of the
lemon balm, as well as the individual major compounds (citronella, geranial and neral)
may exhibit moderate oral toxicity.

The environmental burden from fertilizer and agrochemical inputs in medicinal crops
production, as well as the lack of certified pesticides and herbicides for various medicinal
crops has increased the interest in adopting organic cropping systems [33,34]. Crop pro-
duction following low-input cultivation strategies is suitable for medicinal and aromatic
plants due to their low requirements for nutrients and their hardiness against biotic and
abiotic stressors. Apart from environmental issues, organic cultivation of medicinal plants
is associated with the higher quality of the final product compared to conventional prac-
tices, while the low use of chemical fertilizers and pesticides ensures the safety of the final
products due to the lower content of heavy metals and chemical residuals [35,36]. Another
aspect to be considered is that the commercial cultivation of medicinal and aromatic plants
reduces the danger of genetic erosion due to the irrational harvest of wild plants, while
it improves market availability throughout the year and allows the standardization of
the final product following specific safety protocols [33,37]. So far, several reports have
evaluated the possibility of growing lemon balm following organic farming practices with
promising results [30,38,39]. Based on these reports, the lower fresh herb yields expected
compared to conventional cropping methods could be compensated by the improved
quality of the final product as well as by reduced production costs [39].

Deficit irrigation is another environmentally friendly agronomic practice that has been
the focus of research in recent years due to the scarcity of water for agricultural uses and
the climate crisis that necessitates the sustainable use of natural resources [40,41]. The
main objective of deficit irrigation is to reduce water inputs and retain yield parameters as
close as possible to the fully irrigated plants by adjusting the irrigation regime below plant
requirements [42,43]. Therefore, any decrease in the obtained yields is compensated by the
increased water use efficiency, and in several cases, by the improved quality of the final
product. In particular, there are several studies in medicinal crops where deficit irrigation
is reported to increase product quality (herbs or essential oils), since mild water stress
conditions induce the biosynthesis of the secondary metabolites (phenolic compounds and
antioxidants), thus increasing the bioactive properties of the products [3,18,44]. Moreover,
deficit irrigation may result in higher essential oil yields per plant and increase the overall
crop profitability [45–47]. However, the induction of abiotic stress conditions is also
accompanied by changes in the volatile compound profile, which also should be considered
in regards to the quality of the final product [17,44–46,48].
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Considering the numerous factors that may affect essential oil and chemical compo-
sition of plant tissues, the aim of the present study was to evaluate the effect of environ-
mentally friendly practices on the growth, yield and quality of lemon balm plants. For this
purpose, an experiment was carried out where organic vs. conventional cropping systems,
as well as full vs. deficit irrigation were evaluated. The parameters tested included plant
growth and yield, as well as the chemical composition of plant tissues and essential oils of
the aerial parts of the plant.

2. Materials and Methods

2.1. Plant Material and Experimental Conditions

Lemon balm (Melissa officinalis) seedlings were purchased from the Cypriot National
Centre of Aromatic Plants in seeding trays, at the growth stage of 3–4 leaves and 4–5 cm
height. The seedlings were established under field conditions, during the spring-summer
growing period in a commercial organic farm, Limassol, Cyprus (34◦38′ N, 32◦56′ E, 7 m).
The experimental field occupied approximately 350 m2, and the soil properties were as
follows: organic matter = 3.01%; available CaCO3 = 21.23%; pH = 8.42; EC (electrical
conductivity) = 0.78 mS/cm. The climate of the experimental location is dry with average
midday temperature and air humidity during the summer months being ca. 34.2 ◦C and
59%, respectively.

2.2. Cultivation Practices

The seedlings were transplanted in soil and arranged in triple rows (rows were 0.2 m
apart and plants were separated by 0.33 m within the same row) at a plant density of
56,818 plants/ha. The seedlings were grown for about four months. The experimental farm
was divided into four treatments: (i) conventional cultivation with full irrigation (CFI);
(ii) conventional cultivation with deficit irrigation (CDI); (iii) organic cultivation with full
irrigation (OFI); and (iv) organic cultivation with deficit irrigation (ODI). Each treatment
consisted of three plots (replicates) and each plot had 30 plants (360 plants were used in
total). Registered organic or conventional fertilizers and pesticides were used according
to the best practice guides for the species, with a detailed cultivation management being
described in Table S1.

The amount of irrigation applied in each treatment was programmed based on the
soil volumetric water content measured by field-scout TDR300 (Spectrum Technologies
Inc., Aurora, IL, USA), equipped with 20 cm rods. The irrigation water was supplied
approximately every 4–5 days. The soil water content measurements took place at intervals
of 5 days. The plants were grown for two months under full irrigation. Then, the deficit
irrigation (ca. 50% of the full irrigation treatment, namely 3.16 m3 compared to 6.69 m3 of
the full irrigation regime) was applied for three weeks before the first and second harvest
of the aerial parts. The first harvest took place at the early flowering stage of the plants (in
May 2018), while the second harvest was performed in June 2018. Between the two harvests
(four week period), the crop was irrigated normally and according to the plant water needs
for one week after the first harvest in order to allow the recovery of the biomass production.
Then, the second cycle of the deficit irrigation was applied for three weeks and until the
second harvest.

2.3. Plant Growth, Physiology, and Minerals

Two weeks after the water stress initiation (one week before the first and second
harvest), the physiological parameters were recorded, such as leaf stomatal conductance
and chlorophyll fluorescence. The stomatal conductance measurements were carried
out using a ΔT-Porometer AP4 (Delta-T Devices, Cambridge, UK). The leaf chlorophyll
fluorescence levels (Chlorophyll fluoremeter, opti-sciences OS-30p, Hertfordshire, UK)
and SPAD index values were measured in three fully expanded, sun-exposed leaves per
plant [49]. The plant height was recorded in six plants per treatment before each harvesting.
The plants were harvested at 3 cm above the soil in order to allow the recovering biomass
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production. Then, the upper fresh material was weighed (g) for fresh weight determination,
while fresh samples were air-dried in a forced-air oven at 70 ◦C and until constant weight
for dry matter content (%) calculation.

The chlorophyll a (Chl a), chlorophyll b (Chl b) and total chlorophyll (t-Chl) content
were determined according to the protocol described by Richardson et al. [50]. Briefly,
leaf disks (0.1 g consisted of a pool of two plants tissue) were incubated in a heat bath
at 65 ◦C for 30 min, in the dark, with 10 mL dimethyl sulfoxide (DMSO, Sigma Aldrich,
Taufkirchen, Germany) for the chlorophyll extraction. The absorbance of the extract was
measured at 645 nm and 663 nm using a microplate spectrophotometer (Multiskan GO,
Thermo Fischer Scientific, Massachusetts, MA, USA). The photosynthetic leaf pigments
(Chl a, Chl b and t-Chl) content was calculated using the following equations: Chl a =
0.0127 × A663 − 0.00269 × A645; Chl b = 0.0229 × A645 − 0.00468 × A663; and t-Chl =
0.0202 × A645 + 0.00802 × A663. The results were expressed as mg of chlorophyll per g of
fresh weight.

The mineral content in leaves was determined in three replications per treatment
(three pooled plants per replication). The samples were dried to constant weight (at 65
◦C for 4 d) and milled at <0.42 mm. Sub samples (~0.5 g) were burned to ash in a furnace
(Carbolite, AAF 1100, GERO, Lilienthal, Germany) at 450 ◦C for 5 h and then were digested
with acid (2 N HCl). The mineral assessment for potassium (K), sodium (Na), phosphorous
(P) and nitrogen (N) was performed according to Chrysargyris et al. [51] and magnesium
(Mg), calcium (Ca), copper (Cu), and zinc (Zn) by an atomic absorption spectrophotometer
(PG Instruments AA500FG, Leicestershire, UK). The data were expressed in g/kg and
mg/kg of dry weight, for macronutrients and micronutrients, respectively.

2.4. Essential Oil Extraction and Analysis

The aerial parts (leaves and flowers) of the lemon balm plants were harvested at the
early flowering stage and three biological replicates (pooled samples of three individual
plants per replicate) from each treatment were dried in a forced-air oven at 42 ◦C according
to Calín-Sánchez et al. [52] and preliminary tests of our team. The dried plant material
was chopped and hydro-distilled for 3 h, using a Clevenger apparatus for the essential
oil (EO) extraction. The EO yield was calculated (in terms of % and L/ha) and oils were
analyzed by gas chromatography-mass spectrometry (GC/MS- Shimadzu GC2010 gas
chromatograph interfaced Shimadzu GC/MS QP2010plus mass spectrometer, Tokyo, Japan)
and the constituents were determined [53].

2.5. Polyphenols, Flavonoids, Ascorbic Acid and Antioxidant Activity

Fresh samples (0.5 g) of the aerial parts (leaves and flowers) collected at the early
flowering stage from four replicates (pooled by two individual plants/replicate) for each
treatment were milled with 10 mL methanol (50%) and the extraction was assisted with
ultrasounds. The antioxidant activity of the methanolic plant extracts was determined by
using the assays of 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing antioxidant
power (FRAP), as previously described by Chrysargyris et al. [54], while the 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid; ABTS) assay was implemented according to
the methodology described by Woidjylo et al. [55]. The results were expressed as Trolox
((±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) equivalent (mg trolox/g
of fresh weight). The total phenolic compound content was measured using the Folin-
Ciocalteu method, and the results were expressed as gallic acid equivalents (μmol GAE/g
of fresh weight (Fw)) as described previously by Tzortzakis et al. [56]. The total flavonoid
content was determined according to the aluminium chloride colorimetric method [57]
and expressed as rutin equivalents (mg rutin/g of Fw). The ascorbic acid (AA) content
was quantified by titration with 2,6-dichlorophenol- indophenol [58] and the results were
expressed as mg of AA per g of fresh weight.
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2.6. Statistical Methods

The experiment was performed according to the split-split-plot design with three fac-
tors (cultivation practice, irrigation and harvesting period) and three replicates (n = 3)
per treatment. The measurements were performed in three to six biological replica-
tions/treatments (each replication consisted of a poll of three individual measures/samples).
Statistical analysis was performed using the SPSS statistical software (SPSS v.22; IBM, Ar-
monk, NY, USA). The data means were also compared with one-way analysis of variance
(ANOVA) and Duncan’s multiple range test was used for the comparison of treatment
means at p < 0.05.

3. Results and Discussion

The growth and essential oil yield parameters of lemon balm plants in relation to the
cropping system and irrigation regime are presented in Table 1. In the first harvest, plant
height and fresh weight showed decreasing trends under the deficit irrigation conditions,
regardless of the cropping system, while the plants grown in organic farming had lower
height and fresh weight than the conventionally grown ones. A similar trend was observed
in the second harvest regarding the effect of the irrigation regime, whereas the organically
grown and fully irrigated plants recorded the highest plant height. It is worth mentioning
that the lowest overall values of plant height and fresh weight were observed in organically
grown plants subjected to deficit irrigation. Moreover, dry matter content increased under
deficit irrigation conditions for both cultivation systems, whereas in the second harvest
significantly lower values were recorded in the organically grown and fully irrigated
plants. Plant dry weight revealed similar trends as the plant fresh weight, especially in the
second harvest, where the lowest values were recorded under deficit irrigation conditions,
regardless of the cropping system. According to the literature, water stress may severely
affect the growth of medicinal and aromatic plants such as lavender (Lavandula angustifolia)
and Greek sage (Salvia fruticosa), while it increases dry matter content [53]. These effects
are associated with reduced cell multiplication and expansion, which eventually reduce
plant growth and biomass production [48]. Similar results were reported for lemon balm
by Abbaszadeh et al. [44] and Ahmadi et al. [14], which indicate that water availability is a
limiting factor for high biomass yield. Additionally, Németh-Zámbori et al. [46] evaluated
the effect of water stress on biomass yield of four Lamiaceae species and suggested that
lemon balm was the second most sensitive species after peppermint.

Table 1. Effect of cultivation (conventional-C or organic-O) and irrigation (full irrigation-FI or deficit
irrigation-DI) practices on Mellissa plant growth and essential oil yields under two harvestings.

Treatment Height (cm)
Fresh Weight

(g)
Dry Matter
Content (%)

Yield Dry Weight
(ton/ha)

EO Yield
(%)

EO Yield (L/ha)

1st harvest

CFI 34.66 ± 0.61 a 132.13 ± 14.04 a 21.06 ± 0.72 c 1.34 ± 0.16 a 0.285 ± 0.026 a 3.94 ± 0.58 a

CDI 28.50 ± 1.83 b 86.02 ± 22.20 ab 23.21 ± 0.56 ab 1.14 ± 0.19 ab 0.305 ± 0.023 a 3.66 ± 0.81 a

OFI 28.16 ± 1.55 b 77.00 ± 15.57 b 21.63 ± 0.36 bc 0.94 ± 0.11 ab 0.328 ± 0.027 a 3.12 ± 0.47 a

ODI 26.25 ± 1.03 c 62.85 ± 2.73 c 24.48 ± 0.87 a 0.87 ± 0.04 b 0.335 ± 0.038 a 2.92 ± 0.22 a

2nd harvest

CFI 29.25 ± 1.92 ab 155.23 ± 26.76 a 21.34 ± 0.68 a 1.87 ± 0.19 a 0.445 ± 0.047 b 8.45 ± 1.18 a

CDI 26.66 ± 1.69 bc 101.46 ± 17.03
ab 23.20 ± 1.03 a 1.34 ± 0.15 bc 0.511 ± 0.022 ab 6.92 ± 0.81 ab

OFI 32.50 ± 0.85 a 140.56 ± 16.55 a 19.16 ± 0.45 b 1.53 ± 0.12 ab 0.415 ± 0.030 b 6.53 ± 0.84 ab

ODI 24.83 ± 0.78 c 78.75 ± 0.84 b 22.71 ± 0.41 a 1.01 ± 0.02 c 0.580 ± 0.049 a 5.90 ± 0.33 b

Values (n = 6 for plant growth; n = 4 for oil yields) in column for each harvest followed by the same letter are not
significantly different.
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Similarly, García-Caparrós et al. [47] reported the varied response of six Lamiaceae
species to water stress conditions in terms of biomass production and suggested a genotype
dependent response. However, it has to be noted that deficit irrigation practices allow
for the regulation of water availability according to the plant requirements and avoid the
severe water stress conditions that may have a severe impact on plant growth. Finding
the golden ratio between high plant growth and high water use efficiency is always the
case in studies that evaluate the effects of deficit irrigation. According to the literature,
the plant growth is negatively affected in lavender, Greek sage or peppermint when water
availability is reduced by 50% [48,53,59], while the increase in the water stress intensity
results in increasing yield losses [60]. In contrast, the moderate water stress (50% of field
capacity) may increase the number of umbels and seed yield in cumin [61]. In the present
study, the deficit irrigation practice was able to save more than 50% of water (3.16 m3 at DI
vs. 6.69 m3 at FI) during the deficit irrigation application, which is translated to 499 m3 vs.
1055 m3 per hectare for the DI and FI, respectively. These amounts of water savings are of
great importance in semi-arid and arid areas with water scarcity, such as the Mediterranean
basin.

Therefore, the effectiveness of deficit irrigation practices depends on the marketable
part of plants and the severity of water shortages, while stress duration is also a key factor
in the plant response to drought [62]. The cropping system may also affect the plant
growth of medicinal and aromatic species; according to Anwar et al. [63], the application
of vermicompost or farmyard manure combined with inorganic fertilizers showed better
results than inorganic fertilizers alone in terms of herb yield of French basil. However,
varied results were reported for the effects of cropping systems on dry matter content of
two medicinal species (peppermint and sage), where peppermint was not affected whereas
sage dry matter content increased in the organically cultivated plants [64]. Moreover, the
integration of vermicompost and chemical fertilizers resulted in higher dry matter content
in French basil plants in comparison with the vermicompost, chemical fertilizers or the
combination of farmyard manure and chemical fertilizers [63].

Apart from the biomass yield (fresh or dry), the medicinal plants are usually culti-
vated for essential oil production. Therefore, the effects of deficit irrigation and cropping
system on essential oil yield are of great interest in order to evaluate the efficiency of these
agronomic practices under the commercial farming conditions. In our study, the essential
oil (EO) yield (%) was not affected by the tested factors in the first harvest, while it showed
an increase for the deficit irrigation treatments of both cultivation systems. Interestingly,
the EO yield per ha was not affected either by cropping system or the irrigation regime in
the first harvest, whereas a significant decrease was recorded in organically grown plants
under deficit irrigation only when compared to fully irrigated conventional ones. The lack
of effect of cropping system and irrigation regime on oil yield (EO% or per hectare) in
the first harvest could be associated with the low water requirements of the species at the
first growth stages, since according to Ghamarnia et al. [65], the lemon balm plants need
lower water amounts by approximately 23% when successive harvestings are implemented
compared to the plants where a single harvest at flowering is implemented. Therefore,
it seems that even the deficit irrigation levels applied in our study did not induce plant
secondary metabolism for the biosynthesis of essential oils. In contrast, the prolonged
water stress as indicated by the application of the second deficit irrigation cycle in our study
resulted in stress conditions which consequently increased the essential oil biosynthesis, as
expressed by the EO% values, although the reduction in biomass production resulted in a
decrease of EO yield per harvested area.

The findings of our study are confirmed by Németh et al. [66], who suggested that
short-term water shortages (up to three weeks) followed by rehydration does not affect
the essential oil yield and only when water deficit is applied for six weeks are the effects
on oil yield irreversible. In contrast to our study, Bonacina et al. [1] suggested that salinity
stress decreased essential oil yield with increasing salinity levels, while it increased the
number of detected volatile compounds. This disagreement indicates that salinity stress
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has more severe effects on lemon balm plants than water stress and the increasing salinity
overcomes the defense mechanisms of the plants resulting in inhibited growth and limited
essential oil yield. Ozturk et al. [67] further justifies this argument in a study where lemon
balm plants were subjected to salinity and water stress, wherein despite the fact that plant
growth was inhibited under both stress conditions, the essential oil yield decreased and
increased under the increasing salinity and water stress, respectively. On top of that, Szabó
et al. [68] highlighted the genotype effect of lemon balm species on plant response to water
stress and reported significant differences in essential oil yield of five cultivars subjected
to drought. Finally, Petropoulos et al. [69] suggested that the reduced biomass recorded
in parsley plant grown under deficit irrigation allows the increase in plant density and
eventually the increase of the EO yield per harvested area.

The effect of cropping system on essential oil yield was not significant in both harvests,
regardless of the irrigation regime (Table 1). This finding is in agreement with the results
of Seidler-Łożykowska et al. [30], who suggested that oil yield of lemon balm plants did
not differ between the organic and conventional cultivation at three distinct locations in
Poland. Similar results were reported by Sodré et al. [19], who compared the effect of
different amounts of cattle manure with mineral fertilizers without recording significant
differences in essential oil content of fresh or dried lemon balm leaves. In contrast to our
study, Németh-Zámbori et al. [46] reported the decreased oil content in lemon balm leaves
subjected to water stress. This difference could be due to different growing conditions
between the study of Németh-Zámbori et al. and our study (pot cultivation vs. soil
cultivation, respectively), different stress levels (40% vs. 50%) and stress duration (12 weeks
vs. two cycles of three weeks).

The physiological parameters recorded during the growing period are presented in
Figure 1 and Table 2. The SPAD index was the highest in fully irrigated and conventionally
grown plants in both harvesting periods. Moreover, the plants subjected to deficit irrigation
decreased their leaf stomatal conductance during the second harvesting period in order
to maintain water storage in the leaves, whereas no significant differences were observed
in the first harvesting season (Figure 1). Similarly, chlorophyll fluorescence (Fv/Fm) was
not affected in the first deficit irrigation cycle, whereas the highest values were recorded
for the fully irrigated and organically grown plants, being significantly different only from
the conventionally grown and subjected to deficit irrigation plants. Regarding chlorophyll
content, plants grown under the conventional conditions had the highest total chlorophyll
and chlorophyll b content in the first harvest, while chlorophyll a was significantly higher
in the conventionally grown and fully irrigated plants. In contrast, deficit irrigation resulted
in a significant increase of individual and total chlorophyll content in the second harvest,
regardless of the cropping system. The findings of our study indicate that the second deficit
irrigation cycle subjected the lemon balm plants to water stress conditions as suggested
by the decrease in stomatal conductance values, while the chlorophyll fluorescence values
did not differ between the fully irrigated and water stressed plants, regardless of the
cropping system. Similar results were reported by Chrysargyris et al. [54], who also
recorded a decrease of stomatal conductance values in leaves of Sideritis perfoliata L. subsp.
perfoliata plants subjected to experimental treatments similar to our study, while chlorophyll
fluorescence values were not affected. Moreover, Marino et al. [70] recorded a 40% reduction
in stomatal conductance of Mentha spicata plants subjected to water stress which was also
associated with the reduced net photosynthesis and plant growth, while Bonacina et al. [1]
reported similar results for the lemon balm plants grown under saline conditions. Stomatal
closure is a protective mechanism that allows plants to retain water content, while at
the same time it limits CO2 absorptions, which results in reduced biosynthesis and plant
growth [45]. In addition, Parkash and Singh [71] suggested that the protective mechanism
of the stomatal closure is mostly effective under short term water shortages and it helps
plants to retain leaf water potential. Apart from the stomatal closure, the degradation of
chlorophyll is also a stress index which affects the photosynthetic activity and results in the
inhibited plant growth [71]. However, the SPAD index values in our study do not indicate
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the decrease of chlorophyll content, which either increased in the case of the conventionally
grown plants in the first harvest or remained unaffected in the organically grown plants in
both harvests under deficit irrigation conditions. Moreover, the actual chlorophyll content
values showed a significant increase under the prolonged water stress (see second harvest),
regardless of the cropping system. These findings are of particular interest, since despite
the stunted plant growth under deficit irrigation, it seems that the water stress does not
have a negative effect on chlorophyll content, especially at the second harvest where total
and individual chlorophyll content increases under the deficit irrigation, regardless of the
cropping system. Therefore, it could be suggested that plant response of lemon balm to
stressors is limited to the stomatal closure. The same results were reported by [72], who
suggested that the deficit irrigation up to 50% of the daily pan evaporation did not affect
the SPAD index values in lemon balm leaves.

 

 

Figure 1. Cont.
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Figure 1. Effect of cultivation (conventional-C or organic-O) and irrigation (full irrigation-FI or deficit
irrigation-DI) practices on Mellissa plants physiological parameters at two harvesting periods. Values
represent mean (±SE) of measurements made on 6 independent replications per treatment. Mean
values followed by the same letter do not differ significantly at p ≥ 0.05 according to Duncan’s MRT;
ns: no significance.

Table 2. Effect of cultivation (conventional-C or organic-O) and irrigation (full irrigation-FI or deficit
irrigation-DI) practices on Mellissa plants content (mg/g Fw) for chlorophyll a, chlorophyll b and
total chlorophyll under two harvestings.

Treatment Chlorophyll a Chlorophyll b Total Chlorophylls

1st harvest

CFI 1.22 ± 0.11 a 0.37 ± 0.04 a 1.59 ± 0.15 a

CDI 1.00 ± 0.02 b 0.36 ± 0.01 a 1.37 ± 0.03 ab

OFI 0.88 ± 0.04 b 0.24 ± 0.01 b 1.12 ± 0.06 b

ODI 0.98 ± 0.02 b 0.31 ± 0.01 ab 1.29 ± 0.03 b

2nd harvest

CFI 0.84 ± 0.03 bc 0.61 ± 0.02 bc 1.45 ± 0.06 bc

CDI 0.96 ± 0.03 a 0.70 ± 0.02 a 1.66 ± 0.05 a

OFI 0.78 ± 0.03 c 0.57 ± 0.02 c 1.36 ± 0.06 c

ODI 0.91 ± 0.02 ab 0.66 ± 0.01 ab 1.58 ± 0.03 ab

Values (n = 4) in column for each harvest followed by the same letter are not significantly different.

In contrast to our study, Golubkina et al. [73] suggested a concomitant decrease of total
phenolic compounds and total chlorophyll content in Artemisia dracunculus and Hyssopus
officinalis plants subjected to abiotic stress, Moreover, Hallmann and Sabała [35] reported
that conventionally grown herbs contained higher amounts than the organic ones, a trend
which was clearly observed only in the first harvest of our study. These contradictory results
indicate that the lemon balm of our studies activated an effective protective mechanism
under deficit irrigation through the induction of antioxidant compound biosynthesis (see
the results of phenolic compounds and ascorbic acid content in Table 3), which increased
their tolerance under abiotic stress conditions.
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Table 3. Effect of cultivation (conventional-C or organic-O) and irrigation (full irrigation-FI or
deficit irrigation-DI) practices on Mellissa plants, total phenolics (μmol GAE/g Fw), total flavonoids
(mg rutin/g Fw), antioxidant status (ABTS, DPPH, FRAP; mg Trolox equivalents/g Fw) and ascorbic
acid (AA; mg/g Fw) under two harvestings.

Treatment Total Phenols
Total

Flavonoids
ABTS DPPH FRAP AA

1st harvest

CFI 225.53 ± 11.73 b 14.21 ± 1.56 c 27.95 ± 1.54 b 48.21 ± 3.07 b 88.36 ± 13.95 b 33.03 ± 2.01 c

CDI 205.64 ± 11.78 b 13.24 ± 0.29 c 28.52 ± 2.03 b 43.20 ± 2.03 b 83.82 ± 15.77 b 67.50 ± 5.50 b

OFI 350.94 ± 25.61 a 26.75 ± 1.19 b 36.58 ± 1.30 a 74.48 ± 3.41 a 135.34 ± 11.02 a 66.05 ± 2.60 b

ODI 365.28 ± 10.54 a 31.26 ± 1.36 a 43.08 ± 3.87 a 70.83 ± 3.77 a 150.70 ± 12.46 a 81.35 ± 2.85 a

2nd harvest

CFI 231.88 ± 20.38 c 29.91 ± 2.23 b 32.40 ± 0.96 a 78.85 ± 12.02 a 105.08 ± 8.88 b 73.75 ± 1.15 c

CDI 328.42 ± 23.18 b 35.84 ± 2.70 ab 42.02 ± 2.10 a 96.80 ± 10.38 a 127.82 ± 4.67 b 71.45 ± 3.05 c

OFI 271.32 ± 19.89 bc 32.09 ± 2.62 ab 36.79 ± 2.07 a 98.53 ± 5.08 a 123.90 ± 6.91 b 89.59 ± 3.01 b

ODI 410.43 ± 33.00 a 39.01 ± 2.31 a 45.57 ± 7.72 a 91.29 ± 9.49 a 55.96 ± 11.66 a 121.53 ± 2.45 a

Values (n = 4) in column for each harvest followed by the same letter are not significantly different.

The results related to the total phenol, ascorbic acid and total flavonoid content, as
well as to the antioxidant activity assays performed are presented in Table 3. In the first
harvest, total phenol content was higher in the organically grown plants by 55.6% and
77.6% under full irrigation and deficit irrigation, respectively, while total flavonoid content
was the highest in organically grown plants subjected to deficit irrigation (31.26 mg rutin/g
Fw), more than double the content of conventionally grown plants. Ascorbic acid content
was also increased in organically grown plants with the highest values recorded in plants
subjected to DI. Similarly, the antioxidant activity (ABTS, DPPH, FRAP) increased in the
organically grown plants, regardless of the irrigation system. In the second harvest, the total
phenol content and FRAP antioxidant activity were significantly higher in the organically
grown plants subjected to water stress (410.43 μmol GAE/g Fw and 155.96 mg Trolox/g Fw,
respectively), while no significant differences were observed between the tested treatments
in the case of antioxidant activity determined with the ABTS and DPPH assays. Moreover,
the total flavonoid content was the highest for the organically grown plants subjected
to deficit irrigation (39.01 mg rutin/g Fw) without being significantly different from the
normally irrigated plants of the same cropping system or from the conventionally grown
plants subjected to deficit irrigation.

Similarly to our study, Németh-Zámbori et al. [18] reported an increase of the total
phenolic compounds in the lemon balm shoots with the increasing water stress severity,
whereas the opposite trend was recorded for root tissues. Moreover, in the same study
total flavonoid content in shoots and roots was not affected by water stress levels [18].
Chrysargyris et al. [54] also reported an increase of the total phenol content in S. perfoliata
L. subsp. perfoliata plants grown under deficit irrigation conditions, which was more
profound in the first harvest compared to the second one. This difference with our study
could probably be attributed to the severity of the water stress effects, since the growth
inhibition in the study of Chrysargyris et al. [54] was less severe than that observed in
our study, indicating two possible responses: firstly, the protective mechanisms of plants
did not induce the biosynthesis of phenols because other antioxidant mechanisms were
activated, or secondarily, the protective mechanism related to phenol biosynthesis collapsed
and other antioxidant mechanisms were activated [18]. The total phenol content was also
increased under moderate or severe water stress conditions in Greek sage plants, whereas
no significant changes were recorded in lavender [53]. Chrysargyris et al. [54] observed the
same trend in the total flavonoid content of S. perfoliata L. subsp. perfoliata between the two
harvests, which also differed from our study in regards to total flavonoid content recorded
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in the second harvest. The explanation for this difference could be similar to that for the
total phenol content and be due to the different plant species studied.

Regarding the effect of the organic cultivation practices, de Assis et al. [15] suggested
that the combined application of organic manure and arbuscular mycorrhizal fungi on
Melissa officinalis plants resulted in decreased content of the total phenols, whereas organic
manure decreased total flavonoid content, regardless of arbuscular mycorrhizal fungi ap-
plication. Similarly to our study, Hallmann and Sabała [35] evaluated for two consecutive
years the quality of the organic and conventional herbs and reported that the organic crop-
ping system significantly increased the total phenol and total flavonoid content. The same
trend was recorded by Kazimierczak et al. [64], who suggested that the organic cultivation
significantly increased both the total phenolic compounds and total flavonoid content in
lemon balm. Therefore, it seems that the organic cultivation practices induce the biosyn-
thesis of polyphenols, regardless of the presence of abiotic stressors or not. The reason
for this increase could be associated with (a) the slower plant development under organic
cultivation, which results in slower translocation and consumption of biosynthetic products
and secondary metabolites in the plant growth, or (b) the presence of biotic stressors such
as pests and pathogens, which induces the biosynthesis of protective compounds [74].

The results of our study indicate that the total phenols and flavonoids contributed to
antioxidant activity, especially in the first harvest, where organic cultivation and/or deficit
irrigation resulted in higher polyphenol content and antioxidant activity. However, in the
second harvest this was the case only for the FRAP assay, since the detected Trolox values
for ABTS and DPPH assays did not differ among the treatments. The positive correlation
of total phenols and flavonoids with the antioxidant activity is well-documented in various
crops, since the main role of these secondary metabolites is to protect the plants under the
stressful conditions [75,76]. Moreover, the variable findings for the tested assays is very
common in natural matrices, indicating the presence of other bioactive compounds not
determined in our study (e.g., tocopherols, organic acids, essential oils) that could also
contribute to the overall antioxidant activity of the species [77–79].

The essential oil composition of the aerial parts in relation to the cropping system and
irrigation regime are presented in Table 4. The analysis of samples detected thirty indi-
vidual compounds in the first harvest and twenty-two (excluding 2,4-heptadienal, (E,E)-,
limonene, bergamal, cis rose oxide, carvone, geraniol, methyl citronellate and valeranone)
compounds in the second harvest, representing ≥96.67% of the total oil profile in all the
tested samples. It can be further noticed that the oxygenated monoterpene compounds
were the most abundant class (89.91–94.53%) followed by sesquiterpene hydrocarbons
(2.30–4.00%), followed by oxygenated sesquiterpenes (0.58–3.35%) and monoterpene hy-
drocarbons (0.07–0.20%). The most abundant compounds were geranial (47.27–54.6%) and
neral (34.86–37.31%), followed by β-caryophyllene, E-isocitral, geranyl acetate, caryophyl-
lene oxide and Z-isocitral. The same compounds were detected in similar amounts in
the study of Németh-Zámbori et al. [46], who suggested geranial and neral as the major
compounds, while they also detected citronellal, β-caryophyllene, geranyl acetate and
caryophyllene oxide in lower amounts. Additionally, in a series of other studies, geranial
and neral were also reported as the richest compounds in lemon balm essential oils; how-
ever, the detected amounts were lower than those in our study [11,24,80]. Bonacina et al. [1]
suggested a-citral and neral as the major compounds of the lemon balm essential oil, while
Khalid et al. [23] highlighted the presence of citronellal, citronellol and geranyl acetate. This
variability in the literature reports could be attributed to genotypic differences, since Souihi
et al. [27], who studied the essential composition of Melissa officinalis genotypes derived
from Tunisia, Germany and France, observed great differences in individual compound
content, especially in the major ones.
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Table 4. Chemical composition (%) of essential oils of Melissa plants grown in conventional (C) or
organic (O) cultivation systems and subjected to full (FI) or deficit (DI) irrigation.

1st Harvest 2nd Harvest

Compound RI CFI CDI OFI ODI CFI CDI OFI ODI

1-Octen-3-ol 975 0.134 a 0.108 b 0.095 c 0.080 d 0.026 b 0.031 ab 0.038 a 0.027 b

5-Hepten-2-one,6-methyl 983 0.695 a 0.688 a 0.619 ab 0.578 b 0.313 b 0.438 a 0.308 b 0.451 a

β-Myrcene 989 0.117 a 0.089 b 0.091 b 0.093 b 0.071 b 0.093 a 0.095 a 0.096 a

2,4-Heptadienal, (E,E)- 1009 0.030 a 0.000 b 0.035 a 0.034 a

Limonene 1028 0.091 a 0.059 ab 0.023 bc 0.000 c

Benzene acetaldehyde 1041 0.149 ab 0.172 a 0.136 b 0.161 ab 0.128 a 0.112 ab 0.111 ab 0.070 b

trans β ocimene 1046 0.127 a 0.106 b 0.070 c 0.046 d 0.037 a 0.006 b 0.036 a 0.008 b

Bergamal 1050 0.035 a 0.011 b 0.031 a 0.032 a

Linalool 1100 0.287 b 0.251 c 0.319 a 0.191 d 0.153 a 0.064 b 0.147 a 0.095 ab

cis Rose oxide 1109 0.000 b 0.000 b 0.000 b 0.021 a

trans pinocarveol 1139 0.118 b 0.117 b 0.111 b 0.137 a 0.032 d 0.074 b 0.052 c 0.097 a

exo Isocitral 1142 0.257 a 0.197 c 0.223 b 0.230 b 0.181 b 0.216 a 0.183 b 0.221 a

neo Isopulegone 1148 0.329 b 0.323 b 0.320 b 0.430 a 0.200 d 0.342 b 0.261 c 0.413 a

Citronellal 1153 0.762 ab 0.690 bc 0.662 c 0.793 a 0.489 a 0.020 b 0.015 b 0.027 b

Z isocitral 1162 1.288 a 1.124 b 1.245 a 1.224 a 0.590 b 1.221 a 1.112 ab 1.188 a

Rosefuran epoxide 1173 0.354 a 0.301 b 0.282 b 0.304 b 0.056 b 0.097 a 0.048 b 0.086 a

E Isocitral 1180 1.901 a 1.723 b 1.913 a 1.946 a 1.687 a 1.879 a 1.750 a 1.803 a

Methyl salicylate 1192 0.024 a 0.028 a 0.023 a 0.027 a 0.000 b 0.023 a 0.000 b 0.000 b

Citronellol 1227 0.179 a 0.114 a 0.041 b 0.145 a 0.000 b 0.004 a 0.000 b 0.003 a

Neral 1242 35.092 bc 34.860 c 35.690 ab 36.243 a 36.011 b 36.966 a 36.019 b 37.307 a

Carvone 1244 1.728 b 2.524 a 0.394 c 0.041 c

Geraniol 1253 0.330 b 0.423 a 0.116 c 0.077 c

Methyl citronellate 1259 0.020 a 0.026 a 0.000 b 0.000 b

Geranial 1271 48.294 b 47.266 c 49.066 ab 49.857 a 54.601 a 53.436 b 53.571 b 53.290 b

Methyl geranate 1321 0.358 a 0.333 ab 0.295 b 0.358 a 0.229 bc 0.273 a 0.209 c 0.246 ab

Geranyl acetate 1381 1.847 a 1.985 a 1.614 b 1.379 c 0.968 b 1.461 a 1.185 b 1.409 a

β caryophyllene 1425 3.264 ab 3.571 a 3.854 a 2.722 b 3.375 a 2.444 b 3.777 a 2.266 b

α Humulene 1462 0.121 b 0.141 ab 0.150 a 0.092 c 0.075 a 0.042 b 0.092 a 0.038 b

Caryophyllene oxide 1587 1.741 b 2.514 a 2.283 a 2.402 a 0.733 a 0.585 a 0.808 a 0.661 a

Valeranone 1673 0.000 b 0.000 b 0.057 a 0.036 ab

Total Identified 99.678 a 99.748 a 99.765 a 99.703 a 99.958 a 99.833 c 99.932 b 99.806 d

Monoterpene hydrocarbons 0.208 a 0.148 b 0.115 b 0.093 b 0.071 a 0.093 a 0.095 a 0.096 a

Sesquiterpene hydrocarbons 3.385 ab 3.712 a 4.004 a 2.814 b 3.450 a 2.486 b 3.879 a 2.304 b

Oxygenated monoterpenes 90.922 ab 89.915 c 90.383 bc 91.660 a 94.003 a 94.322 a 93.160 a 94.532 a

Oxygenated sesquiterpenes 1.714 b 2.514 a 2.341 a 2.438 a 0.733 a 0.585 b 0.808 a 0.661 b

Others 3.293 a 3.352 a 2.851 b 2.651 b 1.663 b 2.339 a 1.952 b 2.205 a

Values (n = 3) in rows for each harvest followed by the same letter are not significantly different, p ≤ 0.05. In bold
indicated EO components > 1%.

Regarding the major compounds, geranial and neral content showed an increase in
the plants grown organically and under the deficit irrigation in the first harvest, whereas
in the second harvest the highest content of geranial compounds was recorded for the
conventionally grown and fully irrigated plants. In contrast, neral content was beneficially
affected by the deficit irrigation, especially in organic cropping systems. For the rest of
the compounds, a variable response was observed in both harvesting periods. Apart from
oil yield, the profile of essential oils of lemon balm was affected by the tested treatments
and most of the identified compounds increased or decreased its content under the deficit
irrigation conditions in both harvests. Similar results were recorded for the lemon balm and
other aromatic plants, since the water stress conditions are associated with the increased
density of oil glands in plant tissues due to reduced plant growth as well as with the
increased production of terpenes, which resulted in enhanced oil yields [46,48,53,70].
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The mineral content of the leaves is presented in Table 5, where a varied response to
the cropping system and irrigation regime was recorded in both harvesting periods. In
particular, N content was the highest in the organically grown plants in the first harvest,
regardless of the irrigation regime, whereas in the second harvest the highest content
was recorded in organically grown plants subjected to deficit irrigation. Similarly, K
content in the first harvest was the highest for the fully irrigated and organically grown
plants, while in the second harvest no differences between the irrigation treatments were
observed in organically grown plants. Phosphorus content increased in organic cultivation
and full irrigation in the first harvest, while no significant differences between the tested
treatments were observed for the second harvest. The calcium content was decreased in
organic cultivation and deficit irrigation in the first harvest, whereas the opposite trend was
recorded in the second harvest. Regarding the Mg content, the organic cultivation and full
irrigation resulted in the lowest overall content in the first harvest, whereas no significant
differences among the studied treatments were observed in the second harvest. The sodium
content was the highest in the conventional cropping system and deficit irrigation for both
harvests, while Zn increased in organic system regardless of the irrigation regime. Finally,
Cu content increased in organically grown plants in the first harvest, while no significant
differences between the applied treatments were observed in the second harvest. According
to Sussa et al. [81] the cultivation system may affect the mineral composition of the lemon
balm leaves, while they also suggested a seasonal variation of the mineral content. The
variability of the mineral composition recorded in our study could be associated with
the involvement of minerals such Ca, Mg and Zn in terpene biosynthesis or with their
participation in the mevalonic acid pathway [54]. However, no specific trends in the mineral
composition of lemon balm leaves could be identified for the tested treatments and the
applied harvests. Moreover, despite the literature reports, where it is suggested that the
organic cultivation may result in increases in mineral content [64], this was not always the
case in our study and a variable response to the cropping system was observed.

Table 5. Mineral composition of the aerial parts of Melissa officinalis plants grown in conventional (C)
or organic (O) cultivation systems and subjected to full (FI) or deficit (DI) irrigation.

Treatment N (g/kg) K (g/kg) P (g/kg) Ca (g/kg) Mg (g/kg) Na (g/kg) Zn (mg/kg) Cu (mg/kg)

1st harvest

CFI 19.89 ± 0.22 a 32.74 ± 0.41 a 2.49 ± 0.03 b 23.42 ± 1.33 a 0.38 ± 0.03 b 0.35 ± 0.01 c 28.83 ± 0.82 c 125.89 ± 20.46 b

CDI 20.87 ± 0.47 a 29.19 ± 0.47 bc 2.51 ± 0.07 b 20.85 ± 0.57 a 0.48 ± 0.01 a 0.53 ± 0.01 a 37.0 ± 1.44 b 122.91 ± 14.18 b

OFI 18.26 ± 0.63 b 30.07 ± 0.14 b 3.35 ± 0.13 a 20.01 ± 1.88 a 0.43 ± 0.01 ab 0.28 ± 0.01 d 49.96 ± 3.08 a 266.43 ± 44.50 a

ODI 16..55 ± 0.29 c 28.36 ± 0.25 c 2.54 ± 0.01 b 14.87 ± 0.51 b 0.47 ± 0.01 a 0.47 ± 0.01 b 50.51 ± 0.95 a 290.70 ± 43.21 a

2nd harvest

CFI 19.17 ± 0.29 b 35.98 ± 0.50 a 2.52 ± 0.03 a 15.93 ± 0.74 b 0.36 ± 0.01 a 0.46 ± 0.01 c 37.41 ± 1.83 b 302.58 ± 41.10 a

CDI 22.21 ± 0.26 a 35.16 ± 0.34 ab 2.57 ± 0.24 a 20.23 ± 1.66 a 0.40 ± 0.01 a 0.69 ± 0.01 a 39.72 ± 1.07 b 249.18 ± 16.67 a

OFI 17.28 ± 0.49 c 33.78 ± 0.51 bc 2.35 ± 0.05 a 18.99 ± 1.40 ab 0.41 ± 0.01 a 0.48 ± 0.01 c 68.87 ± 2.08 a 335.77 ± 66.73 a

ODI 18.66 ± 0.55 b 32.32 ± 0.42 c 2.56 ± 0.16 a 22.41 ± 1.13 a 0.45 ± 0.08 a 0.59 ± 0.00 b 66.76 ± 3.24 a 254.08 ± 34.12 a

Values (n = 3) in rows for each harvest followed by the same letter are not significantly different, p ≤ 0.05.

4. Conclusions

The ongoing climate crisis necessitates interventions that will reduce the environ-
mental footprint of crops through reduced inputs and increased use efficiency of natural
resources. Irrigation water is becoming more and more scarce, especially in the arid and
semi-arid regions of the world. Therefore, deficit irrigation is an environmentally friendly
agronomic practice that could help to mitigate the negative effects of the climate crisis.
In the same context, the organic cultivation is closely connected with low input practices
and is commonly applied in medicinal and aromatic plants. In our study, we evaluated
the effect of both these practices on agronomic and quality features of the lemon balm
plants. The obtained results were very promising, since despite the reduced plant growth
and biomass production, the essential oil yield (%) increased while the composition of
essential oils was not severely affected, especially regarding the two major compounds,
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i.e., geranial and neral. EO yield per harvested area showed a significant decrease in the
organically grown plants under the prolonged water stress which could be compensated
by the increased plant density when considering the lower biomass and shorter stature of
plants grown under stress. Moreover, the total phenols and flavonoids increased under
organic cultivation and deficit irrigation, thus increasing the bioactive potential of the
obtained herb with the possible application in various sectors of the food industry. In
conclusion, organic cultivation of lemon balm under deficit irrigation seems to be feasible;
however, further studies are needed with more genotypes, while the application of other
innovative practices such as biostimulants could also help to mitigate the negative effects
of water stress on plant growth.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12030649/s1, Table S1. Fertilizers and crop protection
means applied during the experimental study.
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