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Editorial

Plant Essential Oil with Biological Activity

Hazem S. Elshafie

School of Agricultural, Forestry, Food and Environmental Sciences, University of Basilicata, Via dell’Ateneo
Lucano 10, 85100 Potenza, Italy; hazem.elshafie@unibas.it; Tel.: +39-0971-205522; Fax: +39-0971-205503

Abstract: Plant essential oils (PEOs), extracted from many aromatic and medicinal plants, are used
in folk medicine and often represent an important part of the traditional pharmacopoeia: they have
a long history of use in folk medicine as antimicrobial agents to control several human and phyto-
pathogens. Many PEOs have been registered as effective alternatives to chemical and synthetic
antimicrobials, and in the last few decades, they have also been effectively used in the food industry
as antioxidants and anticarcinogens, thanks to the efforts of many research/medical institutions and
pharmaceutical companies. This Special Issue discussed the chemical composition and biological-
pharmaceutical activities of some important PEOs and their single constituents. Detailed information
has been also covered in this Special Issue regarding the mechanisms, possible modes of action, and
factors affecting these activities, such as geographical origins, environmental conditions, nutritional
status, and the extraction methods used.

Keywords: natural products; antimicrobial activity; cytotoxicity; phytotoxicity; antioxidant; phy-
topathogens; food preservatives

1. Introduction

This Special Issue entitled ‘Plant Essential Oil with Biological Activity’ comprises
15 papers covering a wide range of different aspects, ranging from the biochemical char-
acterization of some PEOs and their biopharmaceutical activities and possible agri-food
and medical applications. In particular, some important published research papers have
manipulated different aspects related to the biological investigation of crude essential oils
(EOs), whereas other papers were related to the study of their specific single constituents.
Some other research papers focused on the comparative chemical profiles of different
species/ecospecies of the same plant. In addition, some studies have highlighted the sea-
sonal changes in the production and utilization stages of some PEOs. Furthermore, some
research studies are related to the use of EOs for the control of serious phytopathogens. On
the other hand, our Special Issue has also covered some important review papers covering
different aspects of bio-pharmaceutical properties and agri-food applications.

2. Antimicrobial, Phytotoxic Activity, and Agri-Food Applications

Recently, the use of some EOs as alternative antimicrobial and pharmaceutical agents
has attracted considerable interest from scientists worldwide [1]. In particular, Abd-
ElGawad et al. [2] reviewed the phytotoxic effect of some EOs and their chemical compo-
sitions as reported in bibliographic research from 1972 to 2020. The same authors used
chemometric analysis to build a structure–activity relationship between phytotoxicity and
EO chemical composition. In particular, the analysis of the collected data revealed that
oxygenated terpenes and mono- and sesquiterpenes play principal roles in the phytotoxicity
of EOs [2].

Another important study, conducted by Abd-ElGawad et al. [3], deals with the chemi-
cal composition of EO extracted from the aerial parts of Persicaria lapathifolia and its free
radical scavenging activity and its herbicidal effect on the weed Echinochloa colona. The
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results obtained showed that the extracted EO of P. lapathifolia exhibited substantial al-
lelopathic activity against the germination, seedling root, and shoot growth of the weed
E. colona in a dose-dependent manner [3]. In addition, P. lapathifolia EO demonstrated
promising antioxidant activity [3]. On the other hand, Abd-ElGawad et al. [4] evaluated
the phytotoxic activity of EOs extracted from two ecospecies of Pulicaria undulata (Saudi
and Egyptian) against the weeds Dactyloctenium aegyptium and Bidens pilosa. The results
obtained showed that the EO of the Egyptian ecospecies showed more phytotoxic activity
against D. aegyptium and B. pilosa than the Saudi ecospecies [4].

An important study conducted by Ibáñez and Blázquez [5] reviewed the agri-food
applications of Curcuma longa L. rhizome EO. This review study focused on some interesting
information regarding conventional and recent extraction methods of C. longa rhizome oil,
their characteristics, and their suitability to be applied at the industrial scale [5].

An important study published in this Special Issue, conducted by Xylia et al. [6],
evaluated the efficacy of an eco-friendly product based on rosemary and eucalyptus Eos and
two different application methods (vapor and dipping) on the quality attributes of tomato
fruits, and the obtained results indicated that eco-friendly products based on the studied
EOs were able to maintain the quality of tomato fruits. In addition, Chrysargyris et al. [7]
studied the vapor application of sage EO for maintaining tomato fruit, where the quality
attributes were more affected in green fruits and were less affected red fruits. The results
also showed that sage EO has a lowering effect of the total phenolics, acidity, total soluble
solids, and fruit chroma, with no specific trend found in both breaker and red tomatoes.

Calvopiña et al. [8] studied the chemical analysis of a new sesquiterpene essential oil
from the native Andean species Jungia rugosa and studied its cholinergic activity. The results
showed that the volatile fraction of this EO was exclusively composed of sesquiterpenes,
specially curcumene (more than 45%) and sesquiphellandrene (about 17%). This EO
demonstrated weak inhibition activity against AChE.

Regarding the antimicrobial activity, Camele et al. [9] studied the potential microbicide
activity of Mentha piperita cv. ‘Kristinka’ and its main constituents against some common
phytopathogens (Botrytis cinerea, Monilinia fructicola, Penicillium expansum, and Aspergillus
niger). The results obtained showed that the tested EO has promising antifungal activity
against all tested fungi. In addition, Soliman et al. [10] studied the antifungal activity of
Mentha spicata and Mentha longifolia EOs against F. oxysporum. The results obtained also
showed that the single compounds (thymol, adapic acid, menthol, and menthyl acetate)
possess antifungal effects through the malformation and degradation of the fungal cell
wall [10].

3. Bio-Pharmaceutical Properties

Many plant EOs are being widely utilized in the pharmaceutical industry, aromather-
apy, and other related medical applications. Regarding the cytotoxicity effect and antioxi-
dant activity, several studies have been published in this Special Issue. Elgamal et al. [11]
studied the chemical profiles of EOs of the above-ground parts of Pluchea dioscoridis (L.) DC.
and Erigeron bonariensis (L.) in addition to their cytotoxic and anti-aging activities. The re-
sults obtained explicated that the terpenoids are the main constituents of both plants, with a
relative concentration of 93.59% and 97.66%, respectively, mainly including sesquiterpenes
(93.40% and 81.06%) [11]. Another study conducted by Shahin et al. [12] reported that the
flowers’ EO extracted from Aerva javanica, isolated during four seasons, is considered a
good source of natural bioactive antioxidants. Khalil et al. [13] studied the chemical com-
position of EO isolated from Anisosciadium lanatum and evaluated its anti-cancer potential
and mechanistic effect on HepG2 liver cancer cell lines. The obtained results showed that
the studied EO was able to regulate the cell proliferation and cell viability in HepG2 liver
cancer cells at a sub-lethal dose of 10 to 25 g/mL and displayed reductions in migration
and invasion [13]. In addition, the treatment with A. lanatum EO indicated the mitigation of
cancer activity by aborting the mRNA of pro-apoptotic markers such as BCL-2,CASPASE-3,
CYP-1A1, and NFkB [13].
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4. Future Perspectives

Further studies are required to determine the consumer demand for agri-food product-
based EOs; however, a balance must be struck between matching customer expectations and
maximizing industrial production efficiency in accordance with Green Chemistry. On the
other hand, reality simulation models are required in order to determine the composition
of essential oils based on the environmental conditions surrounding plants; these models
should aim to manage these variables and thus obtain high yield oils with the appropriate
chemical composition for specific functions in the agri-food sector. In addition, the use
of PEOs as food preservatives should be investigated further to determine the optimum
application regarding the effective dose, the time of exposure, and the number of treatments.
Regarding the herbicidal effect of PEOs, further future studies are recommended in order
to characterize the allelochemical substances of many EOs against various weeds. In the
same context, additional investigations are also needed to encapsulate EOs to maximize
their biological activities and to examine the application of single active ingredients for
several purposes.

5. Conclusions

As conclusion, the studies in this Special Issue prove that several studied PEOs have
promising pharmaceutical, medicinal, and culinary benefits. In addition, other studies
highlighted the potential applications of numerous EOs in the agri-food industry, where
they have a strong antimicrobial activity against a broad spectrum of food spoilage microor-
ganisms and extend food shelf-lives. Furthermore, the studied EOs and their two main
constituents can be used successfully as possible natural alternatives to synthetic substances
against several phytopathogens. Many researchers have also attributed the biological ac-
tivity of many EOs to the characteristic chemical composition, usually sesquiterpenes and
phenolic compounds. We hope that we were able to contribute to the enrichment of the
scientific content of the reader in this important field of research.
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Abstract: The South African medicinal plant Oncosiphon suffruticosum (L.) Källersjö is an important
remedy used to treat chronic, respiratory, and skin ailments. From the essential oil (EO) extracted by
the hydrodistillation, sixteen constituent components were identified with oxygenated monoterpenes:
camphor (31.21%), filifolone (13.98%), chrysanthenone (8.72%), 1,8-cineole (7.85%), and terpinen-4-ol
(7.39%) as predominant constituents. In the antibacterial activity study, the EO was found most
susceptible against Pseudomonas aeruginosa with an MIC of 6.4 mg/mL; however, it showed the same
activity against Staphylococcus aureus and Escherichia coli with an MIC value of 12.8 mg/mL. The
sun protecting factor (SPF) of the EO was found to be 2.299 and thus establishing it as a potentially
important cosmeceutical for sunscreen applications. This is the first report investigating the essential
oil of O. suffruticosum for its chemical composition and skin-related in vitro biological activities viz
antibacterial, antioxidant capacity, antityrosinase, and sun protection factor.

Keywords: essential oils; Oncosiphon suffruticosum; antioxidant; antibacterial; tyrosinase inhibition;
sun protection factor

1. Introduction

Essential oils (EOs) are aromatic oily liquids composed of a complex mixture of volatile
compounds and are produced by aromatic plants as secondary metabolites. The volatile
constituents of EOs have been important materials for preventing and treating human
diseases since the early days [1]. Although mainly used for their agreeable scents, EOs
present themselves as excellent candidates to meet the current beauty industry’s demands
for two principal reasons. Firstly, research backs up their efficacy as valuable cosmeceuticals.
They have been shown to exhibit properties of antimicrobials [2,3], antioxidant agents [4,5],
antityrosinase agents [6–8], sunscreens [9,10], natural preservatives [11], natural sources
of fragrance [12], as well as inhibitors of skin’s degradation enzymes (collagenase and
elastase) [13]. Secondly, the small lipophilic molecules that make up their composition
grant easy penetration through the skin layers [14].

South Africa (SA) is home to an important and rich botanical diversity. The country
boasts over 30,000 flowering species with high endemism and is ranked third in biodiversity
in the world [15,16]. A significant fraction of aromatic plant species contributes to this rich
heritage. To date, oil-rich plant species recorded in South Africa belong to the Asteraceae
family (2300 species), Rutaceae family (290 species), and Lamiaceae (235 species) family [16].

Oncosiphon Källersjö is an aromatic genus of the Asteraceae family and Anthemideae
tribe that counts seven species. Some species of the genus were formerly classified in
the Pentzia Thunb. and others in Matricaria L. genera. However, the Oncosiphon genus

Plants 2021, 10, 1315. https://doi.org/10.3390/plants10071315 https://www.mdpi.com/journal/plants
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later arose due to the morphological differences recorded in the now-Oncosiphon species
which were not present in the Pentzia genus. Most of the Oncosiphon species are native
to the Greater Cape Floristic Region except for O. piluliferum (L.f.) Källersjö and O. suf-
fruticosus (L.) Källersjö. These two species also grow in Australia and are respectively
known as Globe Chamomile and Calomba Daisy. Oncosiphon species bear the Afrikaans
name “stinkruid” which means stinkweed due to their pungent aroma. Among them,
O. piluliferum, O. suffruticosus, and O. africanum are important materials of Cape Dutch
ethnobotany and Khoi-San medicine [17].

The O. suffruticosum (L.) Källersjö herb features hairless and thin leaves (Figure 1). It
bears a typical sharp and powerful scent like other Oncosiphon species. The herb grows up
to 50 cm tall annually and is distributed in the southern part of Africa from the Western
Cape to Namibia [18]. In traditional healing practices, oral administrations aim to treat
asthma, gastric disorders, convulsions, diabetes, rheumatic fever, typhoid fever, colds, and
influenza [19,20]. Additionally, the herb is used topically as a leaf poultice to treat scorpion
stings and inflammation [20].

  

(a) (b) 

Figure 1. Photographs of O. suffruticosum. (a) Uprooted branch; (b) flower heads. These photographs
were taken during the summer season (December, 2018) at the Cape Flats regions of Cape Town,
South Africa.

Since time immemorial, plants have been renowned sources of bioactive materials
used in traditional therapies and a reservoir for innovative cures in modern medicine. The
use of plants ranges from culinary preparations, medicine, to perfume compositions [21].
However, only a few SA medicinal plants are explored commercially [22] and investigated
scientifically [20]. According to the literature, the essential oil of O. suffruticosum has never
been studied before. In the quest to explore the South African flora for novel cosmeceutical
ingredients, the aim of the present research was to elucidate the chemical composition
and study the biological studies, antimicrobial activity, antioxidant capacity, antityrosinase
activity, and photoprotection of the essential oil of O. suffruticosum.

2. Results and Discussion

2.1. Chemical Composition of O. suffruticosum Essential Oil

The hydrodistillation of fresh aerial parts of O. suffruticosum gave an average essential
oil yield of 0.23% (v/w). According to the present GC-MS analysis, sixteen components
representing 85.09% of the EO in composition were identified (Table 1).
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Table 1. GC-MS analysis of O. suffruticosum essential oil.

RT (Min)
Component

Code
Mass Spectral Matching

Composition
(%)

Experimental
RI

Literature
RI

Identification

9.214 1 α-Pinene 0.80 935 939 A RI, MS
9.981 2 Camphene 2.17 950 950 B RI, MS

11.374 3 Sabinene 0.54 974 973 B RI, MS
13.928 4 α-Terpinene 0.71 1016 1017 B RI, MS
14.508 5 p-Cymene 2.45 1026 1024 B RI, MS
15.016 6 1,8-Cineole 7.85 1035 1032 B RI, MS

16.710 7 γ-Terpinene 1.48 1061 1060 B RI, MS
20.058 8 Filifolone 13.98 1109 1109 Wb RI

20.372 9 Unknown 2.56 1114 - -
20.560 10 Unknown 2.03 1117 - -
21.426 11 Chrysanthenone 8.72 1131 1125 B RI, MS

23.039 12 Camphor 31.21 1155 1156 Wb RI, MS

23.683 13 Pinocarvone 0.29 1164 1164 A RI, MS
25.032 14 Terpinen-4-ol 7.39 1183 1177 B RI, MS

26.745 15 Verbenone 0.56 1207 1206 B RI, MS
29.015 16 Unknown 1.10 1243 - -
35.372 17 Piperitenone 0.78 1339 1341 B RI, MS

39.371 18
3,5-Heptadienal,

2-ethylidene-6-methyl- 5.71 1400 1395 Wb RI

40.828 19 Unknown 3.75 1425 - -
49.798 20 Caryophyllene oxide 0.45 1576 1580 B RI, MS

Monoterpene hydrocarbons: 8.15
Oxygenated monoterpenes: 76.49
Total monoterpenoids: 84.64
Sesquiterpene hydrocarbons: 0.00
Oxygenated sesquiterpenes: 0.45
Total sesquiterpenoids: 0.45
Total identified: 85.09
Unidentified: 9.44

Total 94.53
A = Adams [23], B = Babushok et al. [24], Wb = NIST Chemistry WebBook [25], MS = In addition to RI, the MS of the analyzed compound
matched with the MS of the compound in [23] and/or NIST Chemistry WebBook [25], Unknown = The MS of the compound could not be
matched with the available literature data.

The major constituents of the EO were found to be the hydrocarbons and oxygenated
monoterpenes amounting to 84.64%, of which the oxygenated monoterpenes were domi-
nant by 76.49%. The only identified sesquiterpene was found to be caryophyllene oxide
present as 0.45%. No hydrocarbon sesquiterpenes were detected. The major constituents
were found to be oxygenated monoterpenes: camphor (31.21%), filifolone (13.98%), chrysan-
thenone (8.72%), 1,8-cineole (7.85%), and terpinen-4-ol (7.39%) (Figure 2).

 
Figure 2. Major components detected in O. suffruticosum essential oil.

As per the literature, the O. suffruticosum essential oil had never been studied before
as it is for other plants of the same genus. However, according to the results obtained, a
chemical link to its historical classification in the Pentzia genus was observed. Like O. suffru-
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ticosum EO, the chromatographed EOs of Pentzia incana [26] and Pentzia punctata [27] have
shown to possess a significant content of camphor of up to 47.9% and 27.3%, respectively.
Additionally, 1,8-cineole was also found as a major compound in Pentzia incana with up to
16.7% [26].

2.2. Antibacterial Activity: Minimum Inhibitory Concentration (MIC) Using the Broth
Microdilution Method

The evaluation of the cutaneous antibacterial effect of O. suffruticosum essential oil
was assessed against three bacterial strains, Staphylococcus aureus, Pseudomonas aeruginosa,
and Escherichia coli, in the broth microdilution susceptibility assay. The results were
taken as the lowest concentration inhibiting visible bacterial growth as detected by the
p-iodonitrotetrazolium chloride (INT) reagent and expressed in mg/mL as presented in
Table 2.

Table 2. MICs (mg/mL) of O. suffruticosum EO and control.

Sample Micro-Organisms

S. aureus E. coli P. aeruginosa

O. suffruticosum 12.8 12.8 6.4
Ampicillin <0.2 <0.2 R *

* R = resistant.

The MIC of O. suffruticosum EO was detected as 12.8 mg/mL for S. aureus and E. coli,
whereas it was found twice as lower for P. aeruginosa and detected as 6.4 mg/mL. According
to Van Vuuren [16], essential oils with an MIC ≤ 2 mg/mL can be taken as effective.
Therefore, according to these results, O. suffruticosum EO may be classified to possess low to
moderate antibacterial activity. These findings correlate well with the chemical composition
of this EO. Indeed, it is known that the chemical structure of terpenoids parallels their
activity [28], whereby the presence of an oxygen function in the framework enhances their
antimicrobial properties [29]. The phenol and aldehydes are often characterized by the
highest antibacterial activity [30] followed by the alcohols which are usually bactericidal
rather than bacteriostatic, then the ketones and the terpene hydrocarbons which have
weak activities [29]. In the EO of O. suffruticosum, phenols were not detected and only
one aldehyde terpene was detected, 2-ethylidene-6-methyl-3,5-heptadienal, as 5.71%. The
predominant functional moieties were ketones, alcohols, and terpene hydrocarbons by
78.93% which could explain the lower bacterial inhibitory activity.

2.3. Antioxidant Capacities

Free radicals chain reactions culminate in oxidative stress when the number of free
radicals surpasses the number of systemic defenses, the antioxidants, in the target cell [31].
Oxidative stress in the skin is expressed by blotchy pigmentation, sagging skin, and
wrinkles [32]. The strength of the antioxidative potential of O. suffruticosum essential oil
was evaluated by four in vitro antioxidant capacity assays. The selection of the assays
considered covering electron transfer (ET)- and hydrogen atom transfer (HAT)-based
mechanisms. The ET-based methods selected were the 2,2-diphenyl-1-picrylhydrazyl
(DPPH), 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and Ferric reducing
antioxidant power (FRAP) assays although DPPH and ABTS can involve both HAT and
ET mechanisms [33,34]. The HAT-based method selected was Oxygen radical absorbance
capacity (ORAC) assay [35,36]. The results are summarized in Table 3.

In the DPPH assay, the values of % radical scavenging activity (% RSA) of the essential
oils were found to be extremely poor, 10.03 ± 1.02%, 8.38 ± 0.24%, and 7.06 ± 0.20% at
2, 1, and 0.5 mg/mL, respectively. Additionally, they were significantly lower than that
of Trolox® positive control found as 94.94 ± 0.02%, 94.78 ± 0.06%, and 94.45 ± 0.04% at
the respective concentrations tested. In the ABTS assay, the % RSA’s were found to be
higher and comparable to the gallic acid positive control. The values were found to be
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87.17 ± 0.76% to 71.46 ± 0.04% for the EO vs. 97.97 ± 0.13% to 98.05 ± 0.03% for the
positive control in the 2 to 0.5 mg/mL concentration range. The higher performance of the
EO in the ABTS assay was expected as ABTS•+ are more reactive than DPPH radicals [34].
However, the difference in antioxidant strength between the EO and gallic acid was evident
in the discrepancy in Trolox® equivalent values which were 100-fold higher for gallic acid
than those of the EO. Moreover, the EO was found to be −505.8 ± 80.8 μmol (AAE)/L at
2 mg/mL in the FRAP assay against being 635,500 ± 4070.9 μmol AAE/L for gallic acid
positive control, and 6701.8 ± 57.2 μmol TE/L in the ORAC assay at the same concentration
against 26,904 ± 328.2 μmol TE/L for EGCG positive control. The antioxidant capacity of a
substance assesses the amount of antioxidant which reacts with the oxidant [37]. Overall,
the EO was found to exhibit a much weaker performance than the reference controls.
Therefore, the results indicated that the EO possesses poor to moderate antioxidant capacity.

Table 3. Antioxidant capacities of O. suffruticosum essential oil in the DPPH, ABTS, FRAP, and ORAC assays.

Sample DPPH * ABTS * FRAP * ORAC *

mg/mL
% RSA6 min

± SD
% RSA6 min

± SD

TEAC
(μmol TE/L

± SD)
mg/mL

FRAP
(μmol AAE/L

± SD)

ORAC
(μmol TE/L

± SD)

O.
suffruticosum

2 10.03 ± 1.02 87.17 ± 0.76 9431.2 ± 81.5
2 −505.8 ± 80.8 6701.8 ± 57.21 8.38 ± 0.24 81.13 ± 0.51 8784.6 ± 54.5

0.5 7.06 ± 0.20 71.46 ± 0.04 7750.1 ± 4.5

Trolox®
2 94.94 ± 0.02

– – – – –1 94.78 ± 0.06
0.5 94.45 ± 0.04

Gallic acid
2

–
97.97 ± 0.13 605,840 ±

27,811.3
2 635,500 ± 4070.9 –

1 97.96 ± 0.16 355,740 ± 7127.6
0.5 98.05 ± 0.03 195,220 ± 6241.5

EGCG ** – – – – 2 – 26,904 ± 328.2

* Average values of triplicate measurements (n = 3); RSA: radical scavenging activity; SD = standard deviation; RSD = relative standard
deviation; TE: Trolox® equivalent; AAE: ascorbic acid equivalent. ** EGCG: (-)-epigallocatechin gallate.

2.4. Tyrosinase Inhibition

Tyrosinase (EC 1.14.18.1), also known as polyphenol oxidase, is a copper-containing
enzyme that has a central role in the production of melanin, the pigment responsible
for the color of the skin. It catalyzes the first two steps of the multiphase process of
melanogenesis, the biosynthesis of melanin. Today, tyrosinase inhibitors are increasingly
prevalent cosmeceuticals’ ingredients aiming to treat hyperpigmentation problems caused
by the overproduction of melanin in the skin [38]. In the present work, the O. suffruticosum
essential oil was tested in the tyrosinase inhibition assay exploring the monophenolase
activity of the enzyme by monitoring the absorbance of L-DOPA (λ490 nm) using L-tyrosine
as a substrate. The essential oils were tested at 200 μg/mL and 50 μg/mL and compared to
kojic acid, a standard tyrosinase inhibitor used in cosmetics, at the same concentrations.
The results were obtained as presented in Table 4.

Table 4. Summary of the tyrosinase inhibition assay results of O. suffruticosum EO at 200 μg/mL and 50.

Tyrosinase Inhibition (%)

Samples at 200 μg/mL at 50 μg/mL

O. suffruticosum 61.46 ± 11.0 26.14 ± 3.74
Kojic acid 96.24 ± 3.62 98.34 ± 0.80

O. suffruticosum EO exhibited significantly lower tyrosinase inhibition values than kojic
acid at both concentrations tested. At 200 μg/mL, the EO was found to be 61.46 ± 11.00%
against 96.24 ± 3.62% for kojic acid and at 50 μg/mL, the EO was found to be 26.14 ± 3.74%
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against 98.34 ± 0.80% for kojic acid. These values indicate that the enzyme inhibition is
concentration dependent, and O. suffruticosum EO is a relatively weak tyrosinase inhibitor.

2.5. Sun Protection Factor (SPF)

Solar UV rays are recognized as the main contributor to extrinsic cutaneous aging
in humans [39–41]. Chronic exposure to ultraviolet radiation (UVR) induces various
dermatological problems including skin cancer [42]. Herein, the SPF of O. suffruticosum
essential oil was determined by measuring the absorbance of a dilute hydroalcoholic
solution of EO (0.1% v/v) at 290–320 nm at 5 nm interval then calculated using the equation
given by Mansur et al. [43]. The results are presented in Table 5.

Table 5. Spectrophotometric absorbances of hydroalcoholic aliquots of O. suffruticosum essential oil
and its calculated SPF.

Wavelength (nm) EE(λ) x I(λ) ** Employed Absorbance *

290 0.0150 0.2844 ± 0.0075
295 0.0817 0.2759 ± 0.0023
300 0.2874 0.2647 ± 0.0065
305 0.3278 0.2340 ± 0.0053
310 0.1864 0.1919 ± 0.0049
315 0.0837 0.1501 ± 0.0038
320 0.0180 0.1115 ± 0.0030

Calculated SPF 2.299
* Values represent mean absorbance values ± standard deviation of triplicate measurements, n = 3; ** constant
values erythemogenic effect (EE) of radiation with wavelength λ x solar intensity (I) at wavelength λ determined
by Sayre et al. [44].

According to the study, the essential oil of O. suffruticosum was found to possess an SPF
value of 2.299. It has been reported that an SPF value above 2 is noteworthy [45,46]. Such a
substance may block UV radiation by approximately 57% [45–47]. Therefore, the results
establish O. suffruticosum EO as an important cosmeceutical for sunscreen formulation.

In an attempt to compare the biological activities of the plants which are rich in the
major components found in the O. suffruticosum EO, the essential oils of Cinnamomum
camphora, Artemisia herba-alba, Eucalyptus globulus, and Melaleuca alternifolia were selected as
representative examples with camphor, chrysanthenone, 1,8-cineole, and terpinen-4-ol as
respective major components. The results from the literature search indicated that mainly
these essential oils have been studied for their antibacterial and antioxidant properties and
they showed variable degree of activities.

The C. camphora essential oil contains camphor as the main constituent. The sample
collected from Pantnagar, India, was effective against Pasturella multocida but not against
Salmonella enterica enterica and Escherichia coli [48]. C. camphora oil from Nepal also showed
marginal activity against B. cereus and S. aureus, with a MIC = 313 μg/mL [49]. During an
antioxidant study by the DPPH assay, the IC50 value of the C. camphora essential oil was
found to be 31.85 μL/mL, whereas that for the reference butylated hydroxytoluene (BHT)
was reported to be 7.6 μg/mL [50].

Essential oil of A. herba-alba from Makther Seliana, Tunisia having camphor and
chrysanthenone as major components displayed MIC (μg/mL) values of 100, 50, and
>100 against S. aureus, E. coli, and P. aeruginosa, respectively [51]. The antioxidant activity
of A. herba-alba EO by DPPH assay showed an IC50 of 2.66 μg/mL whereas that for the
synthetic antioxidant butylated hydroxyanisole (BHA) was 1.66 μg/mL [52]. At a concen-
tration of 1 mg/mL, the A. herba-alba EO exhibited a tyrosinase inhibition of 31.35%, which
was much lower than that of the standard inhibitor kojic acid (87.54% at 0.05 mg/mL) [53].

EOs of E. globulus collected from Skoura, Morocco, presented excellent activity on
E. coli in the agar disc diffusion assay with inhibition zone diameter (izd) = 48.15 mm
compared to S. aureus (izd = 13.5 mm) and S. intermedius (izd = 10.26). The MIC for E. coli
corresponded to 0.15 mg/mL while for S. aureus and S. intermedius the values corresponded
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to 0.75 mg/mL and 1.08 mg/mL, respectively [54]. The main component of E. globulus EOs
is 1,8-cineole and it has been demonstrated that this compound has antimicrobial activity
against several microorganisms including S. aureus and E. coli [55]. In an antioxidant study
of this plant with the DPPH method, its methanolic extract exhibited the strongest free
radical-scavenging activity with an IC50 value of 23 μg/mL, followed by the ethyl acetate
extract (IC50 = 29 μg/mL) and hexane extract (IC50 = 65 μg/mL). However, the essential
oil did not show any noticeable activity with the DPPH method [56]. This activity may
be attributed to the high content of phenolic compounds (542.42 mg GAE/g) in methanol
extract from E. globulus.

Essential oil from M. alternifolia is referred to as tea tree oil, the major component
of which is terpinen-4-ol present at least 30% of total oil [57]. M. alternifolia essential oil
obtained from a commercial source in Germany inhibited the growth of S. aureus, E. coli,
and P. aeruginosa at a concentration of 5% w/v [58]. An antioxidant activity study by the
DPPH method indicated that M. alternifolia EO at a concentration of 10 μL/mL produced
80% free radical scavenging activity which was equivalent to that of 30 mM BHT [59].

No tyrosinase inhibition studies are reported for essential oil of these plants except
A. herba-alba. There was also no report in the literature regarding the SPF studies of the
essential oils of these plants. As per the above discussed results from the literature, no direct
correlation could be ascertained among the biological activity and the major component
of the essential oil, suggesting that the biological activity of the essential oils is because
of the synergism among the components of the essential oil rather than any one of the
major constituents.

3. Materials and Methods

3.1. Plant Material

The plant material (3.0 kg) was wildly harvested from the Cape Flats Nature Reserve
of the University of the Western Cape in December 2018. A voucher specimen was authen-
ticated by Hlokane Mabela and deposited at the Horticultural Sciences Department of the
Cape Peninsula University of Technology.

3.2. Extraction of Essential Oil

The fresh aerial parts (leaves, stems, and flowers) of O. suffruticosum were subjected
to hydrodistillation using the Clevenger-type apparatus for 3 h as per the European Phar-
macopeia’s guidelines [60]. The essential oil was recovered by decantation in glass vials
and stored in the dark at 4 ◦C until further use. The oil yield was expressed as the average
percentage of volume in mL per weight in g (% v/w) of triplicate analyses.

3.3. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

The GC-MS analyses were carried out according to the in-house method and the
procedure previously reported by Kuiate et al. [61] with some adjustments. The in-
strument consisted of an Agilent GC-7820A fitted with an HP-5MS fused silica column
(30 m × 0.25 mm i.d. × 0.25 μm film thickness) and coupled with an Agilent 5977E mass
selective compartment (Agilent Technologies, Inc., Santa Clara, CA, USA). The oven tem-
perature was programmed at 50 ◦C for 5 min, 50–220 ◦C at a rate of 2 ◦C.min−1 then 220 ◦C
temperature hold for 5 min for the first ramp. For the second ramp, the temperature was
set to 300 ◦C at a rate of 25 ◦C.min−1. Helium was used as a carrier gas at 1 mL.min−1

flowrate and pressure of 7.6522 psi. Sample injection of 1 μL of 1% (v/v) solution diluted
in n-hexane was splitless and operated at 250 ◦C. A reference standard of homologous
n-paraffin series of C8-C20 (Sigma-Aldrich®, St. Louis, MO, USA, Cat no. 04070) was
prepared and co-injected under identical experimental conditions as the samples for the
determination of retention indices (RIs). The MS spectra were obtained on electron impact
at 70 eV scanning from 30.0 to 650 m/z.

The identification of the constituents was achieved by computerized matching
(MassHunter software, Agilent Technologies, Inc., Santa Clara, CA, USA) of each mass
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spectrum generated with authentic samples (if available) and with those stored in the
instrument’s built-in mass spectral libraries (National Institute of Standards and Technolo-
gies, NIST), comparing of the experimental RIs [62] with those of the NIST online data
collection [25] and literature [23,24]. The relative amounts of individual constituents were
calculated automatically based on the total ion count detected by the GC-MS and expressed
as percentage composition.

3.4. Antibacterial Assay
3.4.1. Micro-Organisms

The essential oil was tested against three skin pathogenic bacterial strains obtained
from the Medical Bioscience Department at the University of the Western Cape. These
were one gram-positive strain, wild-type (WT) S. aureus, and two gram-negative strains,
wild-type (WT) E. coli and wild-type (WT) P. aeruginosa.

3.4.2. Preparation of the Media

The bacterial species were resuscitated by inoculation into Brain heart infusion (BHI)
broth (Oxoid UK, Cat. no. CM1135) and incubated at 37 ◦C for 24 h after which, each strain
was streaked aseptically onto Tryptone soya agar for single colony formation and incubated
at 37 ◦C for 24 h. The cell suspensions were performed in sterile saline, standardized at
0.5 McFarland standard (Remel™, Kansas, Cat. no. R20410) at 1.5 × 108 colony forming
units (CFU)/mL. Then, the working suspensions were obtained by a second 1:100 dilution
onto BHI to approximately 106 CFU/mL.

3.4.3. Broth Microdilution Susceptibility Assay

The broth microdilution test was performed as previously described by Lourens et al. [63]
and Sartoratto et al. [64] with slight adjustments. An EO stock solution of 51.2 mg/mL was
prepared with a BHI:dimethyl sulphoxide (DMSO) (1:1) solution. In a 96-well plate, 100 μL
of BHI was added to the experimental wells in triplicate except in well 1. Then, 200 μL
of EO stock solution was added to well 1, from which a serial dilution was performed to
the last experimental well. Subsequently, 100 μL of cell suspension was added to establish
the two-fold 25.6–0.2 mg/mL sample concentration range and a bacterial cell suspension
of approximately 5 × 105 CFU/mL. The plate was incubated at 37 ◦C for 20 h. After
incubation, the antimicrobial activity was detected by adding 40 μL of 0.2 mg/mL INT
(Sigma-Aldrich®, Cat no. I10406) aqueous solution. The plates were incubated at 37 ◦C
for 1 h. The MICs were defined as the lowest concentration of essential oil that inhibited
visible growth, as indicated by the color change of INT. Ampicillin (Sigma-Aldrich®, Cat
no. A9393) was used as a positive control.

3.5. Antioxidant Capacity Assays

The antioxidant capacity of the O. suffruticosum EO was studied by the following four
antioxidant assays to cover both HAT and ET mechanisms.

3.5.1. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Assay

The DPPH assay was performed according to the method previously described by
Bondet et al. [65] with slight modifications. In a clear 96-well plate, 275 μL of DPPH reagent
(Sigma-Aldrich®, Cat no. D9132) (absorbance of 2.0 ± 0.1 at 517 nm) was added to 25 μL of
EO sample and Trolox® (Sigma-Aldrich®, Cat no. 238831) positive control (2.0, 1.0, and
0.5 mg/mL). For the blank, ethanol was added instead of the sample. The total volume of
the assay was 300 μL. The absorbance was read at 517 nm and 37 ◦C at the 6 min time point.
The EO/Trolox® sample was read in triplicate (n = 3). The percentage radical scavenging
activity (% RSA) of the samples was calculated using Equation (1).

% RSA6 min = 1 − Abssample

Absblank
, (1)
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where Abssample is the absorbance signal of the EO sample and Absblank is the absorbance
signal of the DPPH solution (ethanol in place of the sample) at 517 nm after 6 min. The
results were expressed as the mean percentage of triplicate measurements (±standard
deviation, SD).

3.5.2. 2,2′-Azino-bis(3-Ethylbenzothiazoline-6-Sulfonic Acid) (ABTS) Assay

The ABTS assay was performed according to Re et al. [66] with slight modifications.
The ABTS radical cation (ABTS•+) (Sigma-Aldrich®, Cat no. A1888) stock reagent was
produced by reacting 5 mL of freshly prepared 7 mM ABTS solution with 88 μL of a
freshly prepared 140 μM K2S2O8 (Merck, Cat no. 105091) then allowing the mixture to
sit overnight for 16 h in the dark at room temperature. In a clear 96-well plate, 275 μL of
ABTS•+ reagent (absorbance of 2.0 ± 0.1 at 734 nm) was added to 25 μL of each ethanolic
Trolox® working standard (50 μM, 100 μM, 150 μM, 250 μM, and 500 μM) and EO sample
(2.0, 1.0, and 0.5 mg/mL). Gallic acid (Sigma-Aldrich®, Cat no. G7384) was used as a
positive control. For the blank, ethanol was added instead of the sample. The total volume
of the assay was 300 μL. The absorbance was read at 734 nm and 37 ◦C at the 6 min time
point. The EO sample, working standard, and gallic acid sample were read in triplicate
(n = 3). The percentage of radical scavenging activity (% RSA) of each EO or positive
control working solution was calculated using Equation (1), where Abssample is the ab-
sorbance signal of the EO sample/positive control and Absblank is the absorbance signal
of the ABTS•+ solution (ethanol in place of the sample) at 734 nm. The results were ex-
pressed as the mean percentage of triplicate measurements (±standard deviation, SD). The
Trolox® equivalent capacity assay (TEAC) values were reduced from the linear regression
(R2 = 0.9980) of Trolox® concentrations (μM) and the absorbance readings at 734 nm at 6 min
and expressed as mean (±SD) of triplicate measurements in μmol Trolox® equivalents per
liter of the sample tested (μmol TE/L).

3.5.3. Oxygen Radical Absorbance Capacity (ORAC) Assay

The ORAC assay was performed according to the method described by Prior et al. [67]
with slight modifications. In a black 96-well plate, 12 μL of the Trolox® working solutions
(83 μM, 167 μM, 250 μM, 333 μM, and 417 μM prepared with phosphate buffer at pH 7.4)
and EO sample (2.0 mg/mL) were added in triplicate (n = 3). Subsequently, 138 μL
of fluorescein solution was added followed by 50 μL of freshly prepared by dissolving
2,2’-Azobis (2-methylpropionamidine) dihydrochloride (AAPH) (Sigma-Aldrich®, Cat
no. 440914) in phosphate buffer (150 mg of AAPH in 6 mL buffer). (-)-Epigallocatechin
gallate (EGCG) (Sigma-Aldrich®, Cat no. E4143) was used as a positive control. For
the blank, the phosphate buffer was added in place of the sample. The total volume of
the assay was 200 μL and the temperature was set at 37 ◦C. Readings of the EO/EGCG
samples (2.0 mg/mL) and Trolox® working standard solutions were taken using the
excitation wavelength set at 485 nm and the emission wavelength at 530 nm for 2 h at 1 min
reading interval. After analysis, the data points of the blank, EO sample, EGCG sample,
and Trolox® working standards were summed up over time to obtain the area under
the fluorescence decay curve (AUC). The ORAC values were calculated using the linear
regression (R2 = 0.9861) equation (Y = aX + c) between Trolox® concentration (Y) (μM) and
the net area (blank-corrected) under the fluorescence decay curve (X). The results were
expressed as the mean (±SD) of triplicate measurements in μmol of Trolox® equivalents
per liter of the sample tested (μmol TE/L).

3.5.4. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was conducted as recommended by Benzie and Strain [68] with slight
adjustments. Firstly, the fresh blue FRAP reagent was achieved by mixing 30 mL of acetate
buffer, 3 mL of 2,4,6-tris[2-pyridyl]-s-triazine (TPTZ) (Merck, Cat no. T1253) with 3 mL of
FeCl3 solution and 6.6 mL of distilled water. Then, an L-ascorbic acid (Sigma-Aldrich®,
Cat no. A5960) standard series of 50 μM, 100 μM, 200 μM, 500 μM, and 1000 μM was
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prepared from a 1 mM of L-ascorbic acid stock in distilled water. Lastly, in a clear 96-well
plate, 300 μL of the FRAP reagent was added to 10 μL of L-ascorbic acid working standard
solutions and EO sample (2.0 mg/mL) in triplicate (n = 3). Gallic acid was used as a
positive control. For the blank, the phosphate buffer (pH 3.6) was added instead of the
sample. The total volume of the assay was 310 μL. The absorbance of TPTZ-Fe (II) in the
samples was read at 593 nm at 37 ◦C for 30 min. The results were calculated using the
linear regression (R2 = 0.9965) of the L-ascorbic acid (AA) standard series concentrations
(μM) and absorbance signals expressed as mean (±SD) of triplicate measurements in μmol
L-ascorbic acid equivalents per liter of the sample tested (μmol AAE/L).

3.6. Antityrosinase Assay
3.6.1. Essential Oils Samples and Positive Control Preparation

A total of 10 mg/mL of EO working solution was prepared with a DMSO: Tween®20
(1:1) solution to facilitate dispersion of the oils then further diluted to 1 mg/mL working
solutions with methanol. A 10 mg/mL kojic acid working solution was made up with
100% DMSO and then diluted to 1 mg/mL with methanol.

3.6.2. Tyrosinase Inhibition Assay

The tyrosinase inhibition assay was performed as described previously by Popoola et al. [69]
and Cui et al. [70] with slight modifications. The concentrations of EO sample and kojic
acid chosen, 200 μg/mL and 50 μg/mL, were achieved by setting up the 96-well plate
in the following order: 70 μL of the sample (1 mg/mL) then 30 μL of tyrosinase enzyme
(500 U/mL). Each concentration of the sample and positive control was set up in two
different wells, whereby one of the wells received enzyme and the other well had no
enzyme volume added. All volume deficits were compensated by adding excess buffer.
The negative controls, 10% v/v of 1:1 DMSO: Tween®20 in methanol for the EO and 10%
v/v DMSO in methanol for kojic acid were treated the same way. Then, the plate was
incubated at 37 ◦C (±2.0 ◦C) for 5 min. Thereafter, the reaction was initiated by adding
110 μL of L-tyrosine (2 mM) and subsequently incubated at 37 ◦C (±2.0 ◦C) for 30 min.
The absorbance of L-DOPA was read at 490 nm on a Multiskan™ spectrum plate reader
(Thermo Fisher Scientific, Waltham, MA, USA). Two independent experiments were carried
out in triplicate and the percentage tyrosinase inhibition was calculated using Equation (2).

Tyrosinase inhibition (%) =
(A − B)− (C − D)

(A − B)
× 100, (2)

where A is the negative control with an enzyme, B is the negative control without enzyme,
C is the EO sample or kojic acid with enzyme and D is the EO sample or kojic acid without
enzyme. The inhibition percentages were expressed as the mean (±standard deviation) of
duplicate measurements. One-way ANOVA was used to compare the absorbance values of
the two groups (p < 0.05).

3.7. Sun Protection Factor (SPF)

The protocol used for this assay was conducted as per Kaur and Saraf [71]. The
solubility of the EO in different ratios of ethanol and water was tested by taking 10% to
50% of ethanol in distilled water. The maximum solubility was detected at ethanol: water
in a 40:60 ratio above which turbidity developed. Thereafter, an initial stock solution of
1% v/v was prepared by making up 10 μL of the EO to 1 mL of ethanol: water (40:60).
Then out of this stock, 0.1% v/v was prepared. Subsequently, 100 μL of the EO aliquot and
the blank (ethanol: water, 40:60) were injected in the 96-well plate and read in triplicate
(n = 3) over the 290–320 nm range at 5 nm interval. The SPF value of the essential oil
was calculated following the method by Mansur et al. [43]. The mean of the observed
absorbance values was multiplied by their respective erythemogenic effect times solar
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intensity at wavelength λ values, EE (λ) × I (λ), then their summation was obtained and
multiplied with the correction factor (=10). The calculation is described as Equation (3).

SPFspectrophotometric = CF × ∑320
290 EE (λ)× I (λ)× Abs (λ), (3)

where CF is the correction factor (=10), EE (λ) is the erythemogenic effect of radiation
at wavelength λ, I (λ) is the solar intensity at wavelength λ, and Abs (λ) represents the
spectrometric absorbance value at wavelength λ. The values of EE (λ) × I (λ) are constant
values that were determined by Sayre et al. [44] as shown in Table 6.

Table 6. Relationship between erythemogenic effect and radiation intensity.

Wavelength (nm) EE X I (Normalized)

290 0.0150
295 0.0817
300 0.2874
305 0.3278
310 0.1864
315 0.0837
320 0.0180

Total 1

4. Conclusions

The present work is the first report to investigate the chemical composition of O. suf-
fruticosum essential oil and its biological activities to explore its cosmeceutical potential
in selected biological activities of dermatological relevance. The GC-MS analysis served
to identify sixteen constituents (1–8, 11–15, 17, 18, 20) totaling 85.09% of the composition.
The monoterpenoids predominated the chemical composition of the essential oil by 84.64%.
The major compounds were found to be ketone and alcohol monoterpenes, camphor (12)
31.21%, filifolone (8) 13.98%, chrysanthenone (11) 8.72%, 1,8-cineole (6) 7.85%, and terpinen-
4-ol (14) 7.39%. According to the in vitro biological evaluations conducted, O. suffruticosum
essential oil possessed low tyrosinase inhibitory activity, low to moderate antibacterial and
antioxidant activity, but a promising sun protection ability as per the calculated SPF value.
It is further proposed that the therapeutic properties of this essential oil can be improved
by the application of nanotechnologies such as nanoencapsulation and nanostructured
lipid carriers. This study establishes that the O. suffruticosum essential oil can be used as a
complementary ingredient to boost the performance of cosmeceuticals with a prominent
potential to be used in sunscreen formulations.
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Abstract: The exploration of new green, ecofriendly bioactive compounds has attracted the attention
of researchers and scientists worldwide to avoid the harmful effects of chemically synthesized
compounds. Persicaria lapathifolia has been reported to have various bioactive compounds, while
its essential oil (EO) has not been determined yet. The current work dealt with the first description
of the chemical composition of the EO from the aerial parts of P. lapathifolia, along with studying
its free radical scavenging activity and herbicidal effect on the weed Echinochloa colona. Twenty-one
volatile compounds were identified via GC–MS analysis. Nonterpenoids were the main components,
with a relative concentration of 58.69%, in addition to terpenoids (37.86%) and carotenoid-derived
compounds (1.75%). n-dodecanal (22.61%), α-humulene (11.29%), 2,4-dimethylicosane (8.97%), 2E-
hexenoic acid (8.04%), γ-nonalactone (3.51%), and limonene (3.09%) were characterized as main
compounds. The extracted EO exhibited substantial allelopathic activity against the germination,
seedling root, and shoot growth of the weed E. colona in a dose-dependent manner, showing IC50

values of 77.27, 60.84, and 33.80 mg L−1, respectively. In addition, the P. lapathifolia EO showed
substantial antioxidant activity compared to ascorbic acid as a standard antioxidant. The EO attained
IC50 values of 159.69 and 230.43 mg L−1, for DPPH and ABTS, respectively, while ascorbic acid
exhibited IC50 values 47.49 and 56.68 mg L−1, respectively. The present results showed that the
emergent leafy stems of aquatic plants such as P. lapathifolia have considerably low content of the
EO, which exhibited substantial activities such as antioxidant and allelopathic activities. Further
study is recommended to evaluate the effects of various environmental and climatic conditions on
the production and composition of the EOs of P. lapathifolia.

Keywords: pale smartweed; essential oil; phytotoxicity; green chemistry; herbicides

1. Introduction

Essential oils (EOs) are complex mixtures of small compounds, and they have been
documented to have persuasive medicinal potentialities including antioxidant [1,2], an-
tibacterial [3,4], anti-inflammatory [5], anticancer [6], antiaging [2] antipyretic [5], and other
activities. Because of these activities, EOs have been integrated into the food and cosmet-
ics industries [7]. In the agriculture sector, EOs can be integrated as green, ecofriendly
bioherbicides, where they can substitute the synthetic and chemical herbicides that are
responsible for environmental pollution and affect human health [8].

Plants 2021, 10, 1798. https://doi.org/10.3390/plants10091798 https://www.mdpi.com/journal/plants
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Allelopathy is defined as the chemical interference between plants [9]. Understand-
ing this biological phenomenon aids the development of applications for natural and
agricultural systems [10]. Allelopathic interactions are considered to be crucial for the
success of many invasive plants and are a key element in determining species distribution
and abundance within plant ecosystems. Temperature, water content, salinity, nutrition
availability, competitive stress, and microbiota are among the most important variables
influencing allelopathy [11–14]. EOs from various wild plants have been reported as allelo-
chemicals that interfere with the germination and growth of weeds [6,12,14,15]. These EOs
have promising characteristics against weeds, as they are ecofriendly, have low resistance
from weeds, and possess a wide allelopathic spectrum [8]. Over 3000 plant species have
been studied for their EO composition, and hundreds of these EOs have been produced
commercially [16]. In consequence, the exploration of new EOs from various wild plants
with biological activities has attracted the attention of researchers and scientists worldwide.

Polygonaceae is an important edible families of flowering plants and has a worldwide
distribution with 46 genera and 1100 species [17,18]. In the flora of Egypt, there are
28 species of Polygonaceae, belonging to eight genera [17]. Persicaria is commonly known
as smartweeds or knotweeds, and this genus comprises about 150 herbaceous cosmopolitan
species. Most species are found in temperate regions, with a few others are found in
tropical and subtropical regions from sea level to a range of different altitudes [19]. Seven
Persicaria species have been recorded in the flora of Egypt. Persicaria lapathifolia (L.) Delarbre
(synonym Polygonum lapathifolium) is commonly known as pale persicaria, pale smartweed,
or curlytop knotweed (Figure 1).

 

Figure 1. Persicaria lapathifolia (L.) Delarbre: (a) overview of the aerial parts growing on the canal
bank habitat, (b) close view of the aerial parts, and (c) close view of the inflorescence.

Persicaria lapathifolia is an annual herb that grows up to 80 cm and has reddish stems
and alternate leaves [17]. This plant has grown worldwide (cosmopolitan) and inhabits
various moist habitats and in agricultural fields. This species is considered a troublesome
weed. Persicaria lapathifolia has many uses in traditional medicine such as antibacterial,
antiviral, anti-inflammatory, astringent, antiseptic, anti-stomach complaint, hepatoprotec-
tive, and antifungal uses in addition to its use for the treatment of dysentery, burns, and
fevers [20]. Several studies have revealed that different extracts and isolated metabolites
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of this plant have antimicrobial [21], anthelmintic and antiemetic [20], anticancer [22],
antioxidant, α/β-glucosidase inhibitory, and anticholinesterase activity [23]. These activ-
ities were ascribed to the numerous phytoconstituents in this plant such as flavonoids,
chalcones, acylated flavonoids, ferulate esters, and phenolic acids [21–25]. However, to
our knowledge, the EO of P. lapathifolia has not been described yet, and in consequence, its
EO’s allelopathic effect against weeds has not been studied. Echinochloa colona (L.) Link is
commonly recognized as jungle rice because of its excellent competition with rice [26]. It
is a noxious worldwide distributed weed that infests many crops (rice, maize, sugarcane,
and cotton) as well as other habitats such as roadsides, gardens, disturbed sites, fallow
lands, and pastures [27]. This weed is hardly controlled in the agroecosystem because of
its diverse ecotypes, vast production of seeds, short seed dormancy, fast growth rate, high
competitive perspective, allelopathic interference, and herbicide resistance [26].

Thereby, the present study aimed to analyze for the first time the chemical composition
of the volatile oil extracted from the aerial parts of P. lapathifolia, evaluate its allelopathic
activity of the EO on the weed E. colona, and determine its antioxidant activity.

2. Results and Discussion

2.1. Chemical Composition of P. lapathifolia EO

The hydrodistillation of the aerial parts of P. lapathifolia via the Clevenger apparatus
produced 0.18% (v/w) of a dark yellow oil accompanied by a slight scent. This yield
was lower than those reported from other Persicaria species such as Vietnamese P. odorata
(0.41%) [28], Malaysian P. odorata (0.64%) [29], and P. hydropiper (0.70%) [15]. Overall,
twenty-one volatile components were identified via GC–MS analysis, representing 98.3%
of the total mass of oil (Table 1).

Eight classes of the compounds were characterized for the EO, including monoter-
penes (hydrocarbons and oxygenated), sesquiterpenes (hydrocarbons and oxygenated),
diterpenes (hydrocarbons and oxygenated), carotenoid-derived compounds, and other
nonterpenoid compounds (Table 1). Among these components, nonterpenoid constituents
represented the predominant type of compounds, with a relative concentration of 58.69%.
This result is consistent with the previously described essential oils from Vietnamese [28]
and Australian [30] P. odorata. In contrast, Dũng, et al. [31] described that sesquiterpene
hydrocarbons were the main compounds of the Vietnamese P. odorata along with the oxy-
genated constituents. Herein, 11 nonterpenoids were identified, comprising n-dodecanal
(22.61%), 2,4-dimethylicosane (8.97%), 2E-hexenoic acid (8.04%), and γ-nonalactone (3.51%)
as the abundant compounds, while n-tricosane (1.18%) was determined as a minor com-
pound. The preponderance of the alkyl aldehyde, n-dodecanal, in the EO of P. lapathifolia
is in harmony with the published data on the EOs of Vietnamese and Australian P. odor-
ata [28,30].

Monoterpenes were determined with a relative concentration of 17.23% of the EO mass.
They can be divided into monoterpene hydrocarbons (6.80%) and oxygenated monoter-
penes (10.43%). Three monoterpene hydrocarbon compounds were assigned, of which
limonene (3.09%) was the major and α-pinene was a minor compound. Limonene is not a
widely distributed compound in the EOs of Persicaria plants, although it has been reported
as a major constituent of the EOs of several species such as Schinus terebinthifolius [32],
Callistemon viminalis [33], Artemisia scoparia [34], Heterothalamus psiadioides [35], and Carum
carvi [36].

On the other side, 2-methyl butyl isovalerate was the only identified oxygenated
monoterpene, with a relative concentration of 10.43%. Isovalerate derivatives have been
described in the EOs of several plants such as Eucalyptus brockwayii [37], Algerian Daucus
gracilis [38], and Chamaemelum fuscatum [39].
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Table 1. Essential oil chemical composition from aerial parts of Persicaria lapathifolia.

No Rt a Relative Conc.
(%) b

Compound Name Type
Identification c

KIObserved
d KIPublished

e

1 3.23 1.74 ± 0.02 α-Pinene MH 932 935
2 4.14 1.97 ± 0.05 Sabinene MH 969 966
3 5.43 8.04 ± 0.06 2E-Hexenoic acid Others 1007 1009
4 13.84 3.09 ± 0.05 Limonene MH 1024 1028
5 14.54 10.43 ± 0.14 2-Methyl butyl isovalerate OM 1104 1104
6 18.26 1.98 ± 0.03 Hydrocinnamyl alcohol Others 1227 1232
7 20.12 3.51 ± 0.06 γ-Nonalactone Others 1361 1367
8 21.67 1.29 ± 0.02 trans-Caryophyllene SH 1408 1403
9 22.64 22.61 ± 0.16 n-Dodecanal Others 1408 1415
10 23.07 11.29 ± 0.13 α-Humulene SH 1452 1459
11 32.46 2.69 ± 0.04 2-Ethyl chromone Others 1614 1618
12 32.84 3.78 ± 0.04 Phytane DH 1810 1818
13 36.88 1.75 ± 0.02 Hexahydrofarnesyl acetone Car 1845 1847
14 38.16 3.19 ± 0.03 Carissone OS 1927 1934
15 39.42 8.97 ± 0.08 2,4-Dimethylicosane Others 2080 2087
16 40.02 1.08 ± 0.04 Abienol OD 2150 2156
17 42.56 2.27 ± 0.06 n-Docosane Others 2200 2202
18 46.02 1.18 ± 0.03 n-Tricosane Others 2300 2300
19 46.2 2.72 ± 0.05 n-Nonacosane Others 2900 2905
20 49.22 3.01 ± 0.04 n-Hentriacontane Others 3100 3101
21 51.14 1.71 ± 0.03 n-Dotriacontane Others 3200 3203

6.80 ± 0.07 Monoterpene Hydrocarbons (MH)
10.43 ± 0.14 Oxygenated Monoterpenes (OM)
12.58 ± 0.12 Sesquiterpene Hydrocarbons (SH)
3.19 ± 0.03 Oxygenated Sesquiterpenes (OS)
3.78 ± 0.04 Diterpene Hydrocarbons (DH)
1.08 ± 0.04 Oxygenated Diterpenes (OD)
1.75 ± 0.02 Carotenoid derived compounds (Car)
58.69 ± 0.13 Other compounds (Others)

98.3 Total
a Rt: retention time, b average value ± standard deviation, c the identification of EO constituents was based on the comparison of mass
spectral data and Kovats indices (KI) with those of the NIST Mass Spectral Library (2011) and Wiley Registry of Mass Spectral Data 8th
edition and literature, d KIpublished: reported Kovats retention indices; e KIObserved: experimentally calculated Kovats index relative to
C8–C28 n-alkanes.

Sesquiterpenes made up a relative concentration of 15.77% of the total oil mass.
They consisted of sesquiterpene hydrocarbons (12.58%) and oxygenated sesquiterpene
(3.19%). α-Humulene (11.29%), and trans-caryophyllene (1.29%) were the only identified
sesquiterpene hydrocarbons. The two compounds are popular in the EOs of the plants
belonging to Persicaria such as Vietnamese P. odorata [28,31] and Australian P. odorata [30].
In the EO of P. lapathifolia, diterpenes represented 4.86% of the total oil mass, including one
diterpene hydrocarbon, phytane (3.78%), and one oxygenated compound, abienol (1.08%).
Diterpenes have been recorded in the EOs of Persicaria species as traces [28,30,31]. The
scarcity of diterpenoids in EOs derived from plants is a common phenomenon with a few
exceptions such as Araucaria heterophylla [5] and Calotropis procera [14].

Carotenoid-derived components were represented by only the common compound,
hexahydrofarnesyl acetone (1.75%), which has been characterized in the EOs of many plants
such as Launaea mucronata, Launaea nudicaulis [40], and Heliotropium curassavicum [13].

2.2. Allelopathic Activity of P. lapathifolia EO

The extracted EO of P. lapathifolia exhibited substantial allelopathic activity against the
germination, seedling root, and shoot growth of the weed E. colona in a dose-dependent
manner (Figure 2). At the highest concentration (100 mg L−1), the germination, seedling
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root, and shoot growth were inhibited by 64.25, 82.48, and 95.25%, respectively. Addition-
ally, the EO showed IC50 values of 77.27, 60.84, and 33.80 mg L−1, respectively (Figure 2).
It is clear that the seedling growth was more inhibited than germination. However, the
root growth of E. colona was more sensitive to the EO than the shoots, and this observation
was in harmony with other studies [13,41]. This could be attributed to the permeability of
the root cells and the direct contact with the medium that contained the EO [14,41,42].

Figure 2. Allelopathic activity of the Persicaria lapathifolia essential oil. (a) Inhibitory effect on the
germination, seedling root, and shoot growth of the weed Echinochloa colona; (b) IC50 values. Different
letters mean a significant difference in values after Tukey’s HSD test (p < 0.05).

To our knowledge, the allelopathic activity of P. lapathifolia EO has not been described
yet. Herein, the EO of P. lapathifolia was found to exhibit allelopathic effects on E. colona.
Many published data have revealed the principal and direct relationship between the allelo-
pathic properties of EOs derived from plants and their chemical compositions [4,14,40–42].
Therefore, the observed allelopathic activity of P. lapathifolia EO might be ascribed to its
chemical constituents, especially the main compounds n-dodecanal, α-humulene, 2,4-
dimethylicosane, and 2E-hexenoic acid, γ-nonalactone, and limonene. These compounds
could act either singularly or in a synergistic manner as allelochemicals that inhibit ger-
mination and seedling growth [41]. The allelopathic effect of allelochemicals may occur
by inhibition of cell division, reduction of respiration, affecting photosynthesis, inhibi-
tion of enzymatic systems, affecting nucleic acid, or induction of reactive oxygen species
in plant cells [43–45]. Humulene has been reported as a major compound in the EO of
Symphyotrichum squamatum, which exhibited significant allelopathic activity on the weed
Bidens pilosa [12]. Also, limonene has been reported as a major compound in the EOs
of various plants that exhibited considerable allelopathic activity such as Heterothalamus
psiadioides [35], Agastache rugosa [46], Schinus terebinthifolius [32], Callistemon viminalis [33],
Artemisia scoparia [34], Pinus pinea [47], and Carum carvi [36].

It is worth mentioning here that E. colona has been reported to have allelopathic
activity against various crops and weeds such as rice, soybean [48], and Avena fatua [49].
Also, the allelopathic activity of various plant extracts, such as those of Sorghum bicolor,
Helianthus annuus, Brassica campestris [50], Mikania micrantha, Clidemia hirta, Dicranopteris
linearis, and Ageratum conyzoides [51], has been studied against E. colona. However, no
study has revealed the activity of the essential oil of P. lapathifolia against this weed. In
this line, the present study showed that the EO of the aerial parts of P. lapathifolia could be
used in the management of weeds as a green, ecofriendly herbicide, particularly against
species of Echinochloa, including E. colona, which has been reported to be resistant against
herbicides [52].

23



Plants 2021, 10, 1798

2.3. Antioxidant Activity of P. lapathifolia EO

The EO of P. lapathifolia was tested for antioxidant activity via the reduction of the
free radicals DPPH and ABTS, and it showed a substantial antioxidant activity compared
to ascorbic acid as a standard antioxidant (Figure 3). By increasing the concentration of
the EO, the reduction of radicals was increased. At the highest concentration of the EO
(400 mg L−1), the DPPH and ABTS were reduced by 70.68 and 67.23%, respectively. The EO
showed IC50 values of 159.69 and 230.43 mg L−1, respectively (Figure 3a), while ascorbic
acid exhibited IC50 values 47.49 and 56.68 mg L−1, respectively (Figure 3b).

Figure 3. Antioxidant activity of Persicaria lapathifolia essential oil (a) and ascorbic acid as a standard
antioxidant (b). Different letters mean a significant difference in values after Tukey’s HSD test
(p < 0.05).

The antioxidant activity of the EO is usually correlated to the oxygenated compounds
in the EO profile [8,12,41]. Thereby, the substantial antioxidant activity of EO of P. lapathifo-
lia could be attributed to its high content of oxygenated components (> 70%), especially
oxygenated hydrocarbons. Additionally, terpenoid compounds have been stated to have
important functions as free radical scavengers, especially the oxygenated derivatives [12,40].
In the present study, about 38% of the EO mass consisted of terpenoids, including 15% oxy-
genated derivatives that could be responsible for the scavenging of free radicals. Many EOs
of plants have been proven to exhibit significant antioxidant effects via different methods

24



Plants 2021, 10, 1798

because of their high percentages of terpenoids, such as those of Euphorbia mauritanica [1],
Deverra tortuosa [3], and Launaea species [40].

3. Materials and Methods

3.1. Plant Materials Collected and Preparation

The aerial parts of Persicaria lapathifolia were collected in May from a population
growing on the canal bank habitat of an irrigation canal near the city of Mansoura, Egypt
(31.0708553N 31.4394701E). The collected aerial parts were air dried at room temperature
(25 ± 3 ◦C), crushed gently by hand, and packed in a paper bag till further analyses. A
plant voucher specimen was deposited in the herbarium of the Department of Botany,
Faculty of Science, Mansoura University, Egypt.

3.2. Extraction of EO, GC-MS Analysis, and Identification of Chemical Constituents

About 250 g of the air-dried powder aerial parts of P. lapathifolia was subjected to
hydrodistillation over Clevenger-type apparatus for three hours, and the dark yellow, oily
layer was separated by n-hexane via a separating funnel. The EO chemical composition
was analyzed and identified based on gas chromatography–mass spectrometry (GC–MS)
using the instrument at the Medicinal and Aromatic Plants Research Dept., National
Research Center, Egypt. The instrument comprises a TRACE GC Ultra Gas Chromatographs
(THERMO Scientific Corp., Miami, CA, USA) and a thermo mass spectrometer detector (ISQ
Single Quadrupole Mass Spectrometer; Model ISQ spectrometer, THERMO Scientific Corp.,
Miami, CA, USA). The system was equipped with a TR-5 MS column with specifications
of 30 m × 0.32 mm i.d. and 0.25 μm film thickness. Helium was used as a carrier gas at
a flow rate of 1.0 mL min−1 and a split ratio of 1:10. The temperature program started at
60 ◦C for one minute and was then raised 4.0 ◦C every minute to 240 ◦C, then held for one
minute. Electron ionization (EI) at 70 eV with a spectral range of m/z 40–450 was used for
performing mass spectra. The chemical constituents of the EO were tentatively identified
by their retention indices (relative to n-alkanes C8-C22) and mass spectrum matching to the
Wiley spectral library collection and the NSIT library database [41].

3.3. Allelopathic Bioassay

The extracted EO from the aerial parts of P. lapathifolia was tested in vitro for its
allelopathic activity against the germination and seedling growth of the weed E. colona. The
ripened seeds of E. colona were collected from a cultivated field near the city of Manzala,
Al-Dakahlya Governorate, Egypt (31.1691466N 31.896379E). The homogenized seeds in
size and color were sterilized with 0.3% NaClO and dried in a sterilized condition. The
viability of seeds was preliminarily tested and found to be 94.56% ± 3.25. For bioassay,
different concentrations (0, 25, 50, 75, and 100 mg L−1) of the extracted EO were prepared
in 1% Tween® 80 (Sigma-Aldrich, Darmstadt, Germany) as an emulsifier. Twenty sterilized
seeds were arranged over a filter paper (Whatman No. 1) in Petri dishes. About four mL of
each concentration and Tween® 80 (as control) were poured over the filter paper, and the
dishes were sealed with Parafilm® tape (Sigma, St. Louis, MO, USA) to avoid the loss of
EO [41]. For each concentration, five dishes were tested, and the experiment was repeated
three times. A total of 75 dishes (5 treatments (4 concentrations + control) × 5 dishes
(replications) × 3 times) were prepared and incubated at 27 ◦C in a growth chamber with
adjusted light conditions of 16 h light and 8 h dark. After ten days of incubation, the
number of germinated E. colona seeds was counted, and the lengths of the seedling root
and shoot of the weed were measured. The inhibition of germination and growth was
calculated with respect to control according to the following equation:

Inhibition (%) = 100 ×
(

Ncontrol
L control − Ntreatment

L treatment

)
Ntreatment

L control

where N is the number of germinated seeds and L is the length of the seedling root or shoot.
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3.4. Antioxidant Activity Estimation

The antioxidant activity of the extracted EO was assessed by its ability to reduce
the free radicals 2,2-diphenyl-1-picrylhydrazyl (DPPH, Sigma-Aldrich, Germany) and
2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, Sigma-Aldrich, Germany).
According to Miguel [53], a range of concentrations of the EO (50–400 mg L−1) were
prepared in MeOH. This range was selected based on the observed scavenging percentage,
i.e., to be suitable to determine the IC50 (the concentration of EO necessary to scavenge the
radical by 50%) [3]. In glass tubes, 2 mL of each concentration was mixed vigorously with
2 mL of freshly prepared 0.3 mM DPPH. Negative control was performed using MeOH
treated with DPPH-like treatment. The reaction mixtures were kept in dark conditions at
room temperature for 30 min, and the absorbance was measured immediately at 517 nm by
spectrophotometer (Spectronic 21D model).

For confirmation, the scavenging of ABTS was performed following the method of
Re et al. [54]. Briefly, the ABTS radical was prepared by mixing about 7 mM ABTS (1/1,
v/v) with 2.45 mM potassium persulfate, and this mixture was stored in dark conditions
at 25 ± 2 ◦C for 16 h. In glass tubes, 2 mL of the prepared ABTS radical and 0.2 mL
of each EO concentration (50–400 mg L−1) were mixed well and kept for 6 min at room
temperature. The absorbance was measured by a spectrophotometer at 734 nm. Moreover,
the antioxidant activity of ascorbic acid as a standard antioxidant was determined following
the same procedures for DPPH and ABTS using a range of 20–100 mg L−1. The scavenging
activity was calculated according to the following equation:

Radical scavenging activity (%) = 100 ×
[
1 −

(
Absorbancesample/Absorbancecontrol

)]

3.5. Statistical Analysis

The experiment of allelopathic activity was performed three times with five replicas
per treatment. The mean values and standard error were calculated, while the raw data
were subjected to one-way ANOVA followed by Tukey’s HSD test. Moreover, the data of
antioxidant activity of the EO and ascorbic acid with three replicates were subjected to
one-way ANOVA followed by Tukey’s HSD test as well. The analysis was accomplished in
the CoStat program (version 6.311, CoHort Software, Monterey, CA, USA). The IC50 for
allelopathic and antioxidant assays were calculated graphically using MS Excel.

4. Conclusions

The current study showed for the first time the chemical composition of the EO from
the aerial parts of P. lapathifolia. The EO had 21 compounds, with 58.69% as nonterpenoids
and 37.86% as terpenoids. The main compounds were n-dodecanal, α-humulene, 2,4-
dimethylicosane, 2E-hexenoic acid, γ-nonalactone, and limonene. The EO of P. lapathifolia
showed substantial herbicidal activity against the weed E. colona; 100 mg L−1 of this EO
inhibited the germination, seedling root, and shoot growth by 64.25, 82.48, and 95.25%,
respectively. Also, the EO exhibited considerable antioxidant activity compared to ascorbic
acid as a standard. The present results showed that the emergent leafy stems of aquatic
plants such as P. lapathifolia have considerably low content of the EO, which exhibited
substantial activities such as antioxidant and allelopathic activities. Further study is
recommended to evaluate the effects of various environmental and climatic conditions on
the production and composition of the EOs of P. lapathifolia.
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Abstract: The Asteraceae (Compositae) family is one of the largest angiosperm families that has a
large number of aromatic species. Pulicaria undulata is a well-known medicinal plant that is used in
the treatment of various diseases due to its essential oil (EO). The EO of both Saudi and Egyptian
ecospecies were extracted via hydrodistillation, and the chemical compounds were identified by GC–
MS analysis. The composition of the EOs of Saudi and Egyptian ecospecies, as well as other reported
ecospecies, were chemometrically analyzed. Additionally, the phytotoxic activity of the extracted
EOs was tested against the weeds Dactyloctenium aegyptium and Bidens pilosa. In total, 80 compounds
were identified from both ecospecies, of which 61 were Saudi ecospecies, with a preponderance of
β-pinene, isoshyobunone, 6-epi-shyobunol, α-pinene, and α-terpinolene. However, the Egyptian
ecospecies attained a lower number (34 compounds), with spathulenol, hexahydrofarnesyl acetone,
α-bisabolol, and τ–cadinol as the main compounds. The chemometric analysis revealed that the
studied ecospecies and other reported species were different in their composition. This variation
could be attributed to the difference in the environmental and climatic conditions. The EO of the
Egyptian ecospecies showed more phytotoxic activity against D. aegyptium and B. pilosa than the
Saudi ecospecies. This variation might be ascribed to the difference in their major constituents.
Therefore, further study is recommended for the characterization of authentic materials of these
compounds as allelochemicals against various weeds, either singular or in combination.

Keywords: allelopathy; Pulicaria crispa; chemometric analysis; chemotype; Asteraceae

1. Introduction

Taxa belonging to Pulicaria (Asteraceae Family) are widely distributed in Asia, Africa,
and Europe. These plants are considered very important medicinal plants due to their tradi-
tional applications around the world, in addition to the presence of interesting metabolites
comprising mono-, sesqui-, and diterpenoids, as well as phenolic and flavonoids [1–4].

The Egyptian widespread desert plant, Pulicaria undulata (L.) (syn. Pulicaria crispa
(Forssk.) Benth et Hook), was documented as a very important traditional plant for the
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treatment of diabetes, abscesses, cardiac and skin diseases, and chills [5]. In Egypt, this
plant was used as a herbal tea for inflammation treatment, in addition to insect repellent [4].

Numerous pharmaceutical activities were described for different extracts and in-
gredients of this plant such as antioxidant [6–8], neuroprotective [9], antiulcer [10], anti-
acetylcholinesterase [8], anticancer [11], and α-glucosidase inhibitory activity [12]. These
biological activities of P. undulata were ascribed to different classes of identified chemical
compounds such as terpenes [4,12–15], flavonoids [7,16], and sterols [11]. The essential oil
(EO) of P. undulata exhibited various potent biological activities such as antiproliferative,
antioxidant [6,15], anticancer [8], antibacterial [13], and cytotoxic [12].

Many documents have been published concerning the chemical characterization
EOs of different ecospecies of P. undulata from different countries such as Sudan [6,17],
Iran [15,18,19], Algeria [14], Yemen [13], and Egypt [8,16,20]. However, by comparing
all these ecospecies, there was evidence that their EOs were different either in quality or
quantity. This deduced that the biosynthesis of the natural metabolites including EOs in
the plant kingdom is correlated with environmental and climatic conditions, in addition to
genetic variability [21–23]. The present study aimed to analyze and compare the EO profiles
of two ecospecies of P. undulata growing in Saudi Arabia and Egypt, assess phytotoxicity
against the noxious weeds Dactyloctenium aegyptium and Bidens pilosa, as well as holistically
categorize their EOs with other reported ecospecies using chemometric tools.

2. Results and Discussion

2.1. Yields and Chemical Constituents of P. undulata EOs

The aerial parts of Saudi and Egyptian P. undulata (150 g each) were subjected sep-
arately to the hydrodistillation for 3 h in Clevenger-type apparatus, provided pale yel-
low oil with an average yield of 0.43% and 0.36% (v/w), respectively. The yields of
EOs in our study were comparable to those reported from other Egyptian ecospecies
(0.23–0.60%) [9,16,20]. However, the yield of the present P. undulata ecospecies was lower
than that reported in previous studies for other ecospecies such as Yemeni (2.10%) [13],
Iranian (0.50–1.34%) [15,19,24], Sudanian (1.40–2.50%) [6,17], and Algerian ecospecies
(1.20%) [14]. These variations in the yield of the EOs might be attributed to the difference in
the geographical region, in addition to the environmental conditions such as soil, climate,
as well as genetic pool [22,25–27].

In total, 80 compounds were characterized depending upon GC–MS analysis of
the two EOs of P. undulata including 61 and 34 compounds from Saudi and Egyptian
ecospecies, respectively. The identified constituents were classified into eight classes—
namely, (i) monoterpene hydrocarbons, (ii) oxygenated monoterpenes, (iii) sesquiter-
pene hydrocarbons, (iv) oxygenated sesquiterpenes, (v) carotenoid-derived compounds,
(vi) apocarotenoid-derived compounds, (vii) nonoxygenated hydrocarbons, and (viii) oxy-
genated hydrocarbons, (Figure 1a). Oxygenated sesquiterpenes were the most represented
class—they represented 55.03% and 40.34% of the total oil of the Egyptian and Saudi
ecospecies, respectively. Monoterpenes were determined with a high content (39.46%)
of the EO of Saudi ecospecies, while it represented a minor class in Egyptian ecospecies
(6.70%). Additionally, hydrocarbons represented 13.32% of the total EO content of the
Egyptian eco-sample, while completely absent in the Saudi plant sample. Overall, the Egyp-
tian ecospecies had oxygenated compounds as the main elements, while non-oxygenated
compounds were represented as the main constituents of Saudi ecospecies (Figure 1b). The
identified compounds, accounting for 97.22% and 97.61%, respectively, of overall EO mass,
in addition to their retention times, and literature and experimental Kovats indices are
presented in Table 1.
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Figure 1. Classification of the chemical compounds of Pulicaria undulata EOs of Saudi and
Egyptian ecospecies. (a) various classes and (b) oxygenated and non-oxygenated compounds.

Table 1. Chemical constituents of the EOs of the aerial parts of Saudi and Egyptian ecospecies of Pulicaria undulata.

No. Rt a
Relative Conc. (%) KI

Compound Name Identification
SA b EG c Lit. d Exp. e

Monoterpene Hydrocarbons
1 4.05 0.14 ± 0.01 —– 931 931 α-Thujene KI and MS
2 4.20 5.08 ± 0.06 0.91 ± 0.01 939 940 α-Pinene KI and MS
3 4.58 0.15 ± 0.02 —– 953 951 Camphene KI and MS
4 5.07 0.76 ± 0.04 —– 976 975 Sabinene KI and MS
5 5.21 21.14 ± 0.12 1.32 ± 0.05 980 980 β-Pinene KI and MS
6 6.19 0.65 ± 0.01 —– 1031 1030 Limonene KI and MS
7 6.50 7.70 ± 0.08 —– 1064 1063 γ-Terpinene KI and MS
8 8.09 3.84 ± 0.05 0.81 ± 0.03 1088 1086 α-Terpinolene KI and MS

Oxygenated Monoterpenes
9 5.50 0.46 ± 0.03 —– 991 990 Dehydro-1,8-cineole KI and MS

10 5.92 0.22 ± 0.01 —– 1005 1005 α-Phellandrene KI and MS
11 6.01 0.13 ± 0.01 —– 1129 1129 p-2-Menthen-1-ol KI and MS
12 9.45 0.27 ± 0.02 —– 1131 1132 trans-p-Mentha-2,8-dienol KI and MS
13 9.96 0.15 ± 0.01 —– 1137 1138 β-Nopinone KI and MS
14 10.05 0.27 ± 0.02 —– 1139 1139 Pinocarveol KI and MS
15 10.23 0.21 ± 0.01 —– 1140 1140 cis-Verbenol KI and MS
16 10.72 0.27 ± 0.03 —– 1143 1145 Camphor KI and MS
17 10.99 0.28 ± 0.02 —– 1162 1161 Pinocarvone KI and MS
18 11.28 0.28 ± 0.01 —– 1165 1167 endo-Borneol KI and MS
19 11.82 1.20 ± 0.04 —– 1177 1179 Terpinen-4-ol KI and MS
20 13.04 0.20 ± 0.02 —– 1194 1193 Myrtenal KI and MS
21 13.51 0.11 ± 0.01 —– 1228 1229 α-Citronellol KI and MS
22 16.79 0.14 ± 0.01 —– 1321 1319 Isopulegol acetate KI and MS
23 17.33 0.48 ± 0.01 —– 1354 1356 Citronellyl acetate KI and MS
24 17.84 0.26 ± 0.01 3.36 ± 0.07 1258 1259 Carvotanacetone KI and MS
25 20.21 2.50 ± 0.05 —– 1326 1326 Myrtenyl acetate KI and MS
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Table 1. Cont.

No. Rt a
Relative Conc. (%) KI

Compound Name Identification
SA b EG c Lit. d Exp. e

Sesquiterpene Hydrocarbons
26 16.34 0.58 ± 0.01 —– 1377 1375 Berkheyaradulen KI and MS
27 17.48 3.63 ± 0.04 1.17 ± 0.06 1409 1410 α-Gurjunene KI and MS
28 17.70 0.62 ± 0.03 —– 1418 1418 trans-Caryophyllene KI and MS
29 18.47 0.78 ± 0.02 —– 1439 1437 α-Guaiene KI and MS
30 18.69 0.88 ± 0.04 0.81 ± 0.01 1455 1456 α-Humulene KI and MS
31 19.63 0.13 ± 0.01 2.76 ± 0.05 1473 1472 γ-Gurjunene KI and MS
32 19.85 0.18 ± 0.01 —– 1480 1480 Germacrene-D KI and MS
33 20.77 0.37 ± 0.01 —– 1483 1484 α-Curcumene KI and MS
34 21.21 0.51 ± 0.01 —– 1499 1500 α-Muurolene KI and MS
35 21.78 1.49 ± 0.05 —– 1524 1525 δ-Cadinene KI and MS

Oxygenated Sesquiterpenes
36 20.95 1.54 ± 0.03 —– 1515 1514 Shyobunone KI and MS
37 21.67 6.51 ± 0.07 2.31 ± 0.02 1517 1517 6-epi-Shyobunol KI and MS
38 22.37 0.12 ± 0.01 —– 1518 1518 6-epi-Shyobunone KI and MS
39 23.19 0.41 ± 0.01 —– 1563 1562 Citronellyl iso-valerate KI and MS
40 23.47 3.33 ± 0.08 0.87 ± 0.01 1564 1564 trans-Nerolidol KI and MS
41 23.66 7.67 ± 0.05 1.63 ± 0.04 1571 1572 Isoshyobunone KI and MS
42 23.78 3.43 ± 0.04 30.86 ± 0.12 1575 1575 Spathulenol KI and MS
43 24.13 0.17 ± 0.01 —– 1581 1582 Caryophyllene oxide KI and MS
44 24.52 4.82 ± 0.09 0.95 ± 0.03 1584 1586 7-Hydroxyfarnesen KI and MS
45 24.62 0.51 ± 0.01 1.25 ± 0.02 1595 1595 Salvial-4(14)-en-1-one KI and MS
46 24.78 0.84 ± 0.02 —– 1596 1598 Veridiflorol KI and MS
47 24.85 2.41 ± 0.05 —– 1608 1610 Humuladienone KI and MS
48 24.97 0.55 ± 0.01 —– 1613 1613 Longifolenaldehyde KI and MS
49 25.12 0.16 ± 0.01 —– 1625 1627 Isospathulenol KI and MS
50 25.29 0.88 ± 0.04 —– 1621 1620 Fonenol KI and MS
51 25.43 0.74 ± 0.03 —– 1641 1640 Cubenol KI and MS
52 25.58 0.76 ± 0.02 3.65 ± 0.07 1642 1642 τ-Cadinol KI and MS
53 25.65 0.38 ± 0.02 —– 1643 1644 τ-Muurolol KI and MS
54 25.98 1.39 ± 0.06 —– 1649 1650 β-Eudesmol KI and MS
55 26.88 0.29 ± 0.01 —– 1653 1654 α-Cadinol KI and MS
56 27.04 1.74 ± 0.08 —– 1668 1668 Cedr-8-en-13-ol KI and MS
57 27.5 0.40 ± 0.02 —– 1671 1670 Calarene epoxide KI and MS
58 28.61 0.18 ± 0.01 —– 1682 1680 Ledene oxide-(I) KI and MS
59 28.89 1.11 ± 0.03 6.34 ± 0.05 1683 1683 α-Bisabolol KI and MS

60 30.66 —– 1.53 ± 0.03 1690 1693
6-Isopropenyl-4,8a-

dimethyl-1,2,3,5,6,7,8,8a-
octahydro-naphthalen-2-ol

KI and MS

61 31.41 —– 4.68 ± 0.07 2257 2259
4,4-Dimethyl-

tetracyclo[6.3.2.0(2,5).0(1,8)]
tridecan-9-ol

KI and MS

62 33.35 —– 0.96 ± 0.01 2462 2463 Isocalamendiol KI and MS

Carotenoid Derived Compounds
63 16.10 —– 0.97 ± 0.04 1279 1280 Vitispirane KI and MS
64 16.45 —– 1.06 ± 0.04 1288 1287 Dihydroedulan II KI and MS
65 23.29 0.64 ± 0.03 —– 1444 1445 Citronellyl propionate KI and MS

Apocarotenoid Derived Compounds

66 38.29 1.51 18.12 ± 0.11 1845 1845 Hexahydrofarnesyl
acetone KI and MS
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Table 1. Cont.

No. Rt a
Relative Conc. (%) KI

Compound Name Identification
SA b EG c Lit. d Exp. e

Non-oxygenated Hydrocarbons

67 32.32 —– 1.08 ± 0.06 1533 1535 2,6,10-Trimethyl-
tetradecane KI and MS

68 33.97 —– 0.97 ± 0.01 1885 1883 2,6,10,15-Tetramethyl-
heptadecane KI and MS

69 39.53 —– 1.57 ± 0.05 1900 1900 n-Nonadecane KI and MS
70 44.39 —– 0.66 ± 0.04 2200 2200 n-Docosane KI and MS
1 46.11 —– 1.05 ± 0.03 2300 2300 n-Tricosane KI and MS
72 46.35 —– 1.28 ± 0.07 2500 2500 n-Pentacosane KI and MS
73 52.20 —– 1.49 ± 0.05 2900 2900 n-Nonacosane KI and MS
74 57.64 —– 0.42 ± 0.04 3000 3000 n-Triacontane KI and MS
75 57.71 —– 0.46 ± 0.03 3200 3200 n-Dotriacontane KI and MS

Oxygenated Hydrocarbons
76 37.85 —– 3.73 ± 0.07 1942 1945 cis-9-Hexadecenoic acid KI and MS
77 47.39 —– 0.29 ± 0.01 2135 2132 9,12-Octadecadienoic acid KI and MS
78 47.42 —– 0.32 ± 0.01 2243 2246 9-hexyl-Heptadecane KI and MS

Total 98.55 99.64
a Rt: retention time; b values are mean (n = 2) ± SD of Saudi ecospecies; c Egyptian ecospecies; d literature Kovats retention index;
e experimental Kovats retention index; MS: mass spectral data of compounds; KI: Kovats indices with those of Wiley Spectral Library
collection and National 104 Institute of Standards and Technology (NIST) Library database.

The analysis of the data revealed that the EOs of the two plant samples were very
rich with terpenoids, with respective concentrations of 95.78% and 66.17% in addition to
carotenoids (2.77% and 20.15%, respectively). The variations in the quantitative and qualita-
tive analysis of EOs of the two plant samples were attributed directly to the environmental
and climate variations between the Saudi and Egyptian environments [28,29].

More in-depth data indicated that the EO of the Saudi P. undulata contained mainly
terpenoids, including almost equal concentrations of mono (46.27%) and sesquiterpenes
(49.51%) with traces of carotenoids and a complete absence of diterpenoids and hydro-
carbons. In comparison, the chemical characterization of the EO of the Egyptian plant
showed that terpenoids were the major compounds, including minor elements of monoter-
penes (6.40%) and abundance of sesquiterpenes (59.77%), as well as a high concentra-
tion of carotenoids. Similarly, the EO of the Egyptian plant was characterized by the
complete absence of diterpenes and the presence of a remarkable concentration of hy-
drocarbons. The sesquiterpenes were found as major constituents of the EOs of both
ecospecies (Saudi and Egyptian); this result was different than those reported for Yemeni
leaves (2.1%) [13], Iranian aerial parts (0.5%) [15], and Egyptian aerial parts (0.6%) [20]
of P. undulata. The sesquiterpenes in the EOs of Saudi and Egyptian ecospecies were
categorized as sesquiterpene hydrocarbons (9.17% and 4.74%), and oxygenated sesquiter-
penes (40.34% and 55.03%). Isoshyobunone (7.67%), 6-epi-Shyobunol (6.51%), spathulenol
(3.43%), and trans-nerolidol (3.33%) represented the main oxygenated sesquiterpene of EO
of the Saudi plant. In comparison, spathulenol (30.86%), α-bisabolol (6.34%), 4,4-dimethyl-
tetracyclo[6.3.2.0(2,5).0(1,8)]tridecan-9-ol (4.68%), and τ–cadinol (3.65%) were found to be
the abundant oxygenated sesquiterpenes of EO of Egyptian ecospecies. Most of the stud-
ied ecospecies of P. undulata have been described as non-rich of sesquiterpene [13,15,20].
However, EOs of other Pulicaria species such as P. somalensis [1], P. dysenterica [30], and
P. gnaphalodes [31] were reported as rich in sesquiterpene.

Numerous Pulicaria plants were described to have spathulenol as minor and/or major
compounds of their EOs such as P. somalensis [1] and P. stephanocarpa [32]. α-Bisabolol was
detected as the main sesquiterpene in EOs derived from some Pulicaria species such as P. so-
malensis [1], P. dysenterica [30], and P. gnaphalodes [31]. Moreover, the major sesquiterpene,
cadinol, in this study has been described as a major component in EO derived from aerial
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parts of the P. undulata collected from the Algerian Sahara [14], while it was reported as
minor or trace element in other ecospecies.

Monoterpenes were reported as the main constituents of several Pulicaria ecospecies [13,33].
Saudi P. undulata was found to be in harmony with the reported documents where the
monoterpenes represented around half of the total oil (46.27%) including hydrocarbons
(39.46%) and oxygenated (6.81%) forms of monoterpene. However, the monoterpenes
were identified as trace elements (6.40%) in the EO of Egyptian plants, including traces of
non-oxygenated and oxygenated forms, with respective relative concentrations of 3.04%
and 3.36%. In the EO from the Saudi sample, β-pinene (21.14%), α-pinene (5.08%), and α-
terpinolene (3.84%) were assigned as the main monoterpene hydrocarbons, while myrtenyl
acetate (2.50%) and terpinen-4-ol (1.20%) were characterized as main oxygenated monoter-
penes. Only four monoterpenes were identified from overall compounds of EO of Egyptian
ecospecies. β-Pinene (1.32%) was assigned as the main monoterpene hydrocarbons, and
carvotanacetone (3.36%) was the only identified oxygenated one. Carvotanacetone was
stated as the main monoterpene of P. undulata collected from Yemen [13] and from the
Egyptian Western Desert region [8,20]. The present data revealed that the variations in
the components in EO of Egyptian and Saudi samples might be attributed to the varia-
tions in collection areas, in addition to the environmental conditions such as soil, climate,
as well as their genetic pool [23]. The abundance of pinene and myrtenyl derivatives,
α-terpinolene, terpinen-4-ol was in complete harmony with the data reported from the
Iranian P. undulata [15,18].

Carotenoid-derived compounds were represented as trace constituents in the EO
of the Saudi ecospecies, with a concentration of 2.77%, comprising carotenoids (1.26%)
and apocarotenoid-derived compounds (1.51%). Hexahydrofarnesyl acetone was found
as the main component in all characterized carotenoid-derived compounds. By contrast,
carotenoid-derived compounds derived from the Egyptian EO sample were characterized
by high concentration (20.12%), representing carotenoid-derived compounds (2.03%) and
apocarotenoid-derived compounds (18.12%). Additionally, hexahydrofarnesyl acetone
represented the predominated compound in all overall carotenoid-derived compounds.
Hexahydrofarnesyl acetone is a common apocarotenoid-derived compound in EOs de-
rived from the plant kingdom such as Hildegardia barteri [34], Stachys tmolea [35], and
Bassia muricata [36].

The hydrocarbons represented 13.32% of the total identified oil of the Egyptian plant
involved non-oxygenated (8.98%) and oxygenated (4.34%) forms. n-nonadecane (1.57%)
and n-nonacosane (1.49%) were identified as the majors of non-oxygenated hydrocarbons,
while cis-9-hexadecenoic acid (3.73%) represented the main oxygenated hydrocarbons.
Hydrocarbons were completely absent from the EO of the Saudi plant, and this result was
found in agreement with Iranian P. undulata [15,18].

2.2. Chemometric Analysis of the EOs of Pulicaria Ecospecies

The application of the EOs profiles of the 2 ecotypes of P. undulata and the other 11
ecotypes were subjected to principal component multivariate data analysis (PCA) and
agglomerative hierarchical clustering (AHC). The cluster analysis revealed that the EOs
could be categorized into four clusters. Cluster-I consisted of the Iran–Baluchestan ecotype,
while the EOs of the presently studied ecospecies (Saudi and Egyptian) were grouped as
cluster-II. Further, the Egypt–Elba Mountain-2 and Egypt–Sinai ecospecies showed a close
correlation, and therefore, they were grouped as cluster-III. Finally, cluster-IV contained
Iranian (Iran–Baluchestan, Iran–Fars, and Iran–Hormozgan samples), Algerian, Sudanian,
Yemeni, Egyptian (Elba Mountain-2, and Sadat) ecospecies (Figure 2a).
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Figure 2. Chemometric analysis of the essential oil of different Pulicaria undulata ecospecies:
(a) agglomerative hierarchical clustering (AHC) and (b) principal components analysis (PCA). SA:
Suadi, EG: Egyptian, IR: Iranian, AL: Algerian, SU: Sudanian, and YE: Yemeni. The blue color
represents the present samples.

The PCA score plot showed the distant separation of Egypt–Elba Mountain-2 and
Egypt–Sinai ecospecies in the PC2, while Egypt–Elba Mountain-2, Egypt Sadat, Yemeni,
Algerian, and Sudanian ecospecies were distantly distributed along the right side of the
PC1 (Figure 2b). Conversely, the present samples (Saudi and Egyptian) as well as Iranian
and Algerian were clustered together in the center of the PCA and had positive score
values. In addition, the examination of the loading plot showed that piperitone was
the most correlated/abundant compound in Egypt–Elba Mountain-2 and Egypt–Sinai
ecospecies. However, carvotanacetone showed an abundance in Egypt–Elba Mountain-2,
Egypt Sadat, Yemeni, Algerian, and Sudanian ecospecies. The detected variation among
different ecospecies could be ascribed to the effect of climatic and environmental conditions,
as well as the genetic characteristics [22,25,26,37].

2.3. Phytotoxic Activity of P. undulata EOs

The EOs of both Saudi and Egyptian ecotypes of P. undulata showed significant
phytotoxic activity against seed germination and seedling growth of the noxious weed
B. pilosa (Figure 3). At the highest concentration (100 μL L−1), EOs of Saudi ecospecies
showed inhibition of germination, shoot growth, and root growth of B. pilosa by 66.67%,
74.59%, and 83.47%, respectively, while the Egyptian species showed inhibition values of
86.67%, 79.23%, and 94.17%, respectively (Figure 3). Based on the IC50, the Saudi ecospecies
showed IC50 values of 72.83, 72.84, and 44.55 μL L−1 regrading germination, shoot growth,
and root growth of B. pilosa, respectively. However, the Egyptian ecospecies showed IC50
values of 42.42, 65.71, and 40.70 μL L−1, respectively (Figure 3).

37



Plants 2021, 10, 2366

Figure 3. Phytotoxic effect of the EOs extracted from the aerial parts of both Saudi and Egyptian
ecotypes of P. undulata on the (a) germination of seeds, (b) shoot growth, and (c) root growth of the
weed Bidens pilosa. Different letters on each line mean significant differences (one-way randomized
blocks ANOVA). Data are mean value (n = 3), and the bars represent the standard error. * p < 0.05,
** p < 0.01.

It was evident that the Egyptian ecospecies were more effective against B. pilosa than
Saudi ecospecies, which could be ascribed to the variation in the quality and quantity of the
chemical composition of the EO. In this study, the Egyptian ecospecies were richer in oxy-
genated compounds than the Saudi ones. EOs rich in oxygenated compounds have been
reported to possess more activity [38–41]. The phytotoxic activity of the EO from Egyptian
ecospecies might be attributed to its major compounds such as spathulenol, hexahydrofar-
nesyl acetone, α-bisabolol, and τ–cadinol. Additionally, the Saudi ecospecies had β-pinene,
isoshyobunone, 6-epi-shyobunol, α-pinene, and α-terpinolene as major compounds. More-
over, τ–cadinol was identified as a major compound in the EO of Cullen plicata, where it
showed strong phytotoxic activity against B. pilosa and Urospermum picroides [38]. Addi-
tionally, τ–cadinol was reported in a high concentration of the EO of Rhynchosia minima,
which showed significant allelopathic activity against Dactyloctenium aegyptium and Rumex
dentatus [42]. However, α-bisabolol, as a major compound of the Egyptian ecospecies in the
present study, has not been reported to possess phytotoxicity; therefore, further study is
recommended for its characterization as an allelochemical compound.
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In the Egyptian ecospecies, the major compound, spathulenol (30.86%), has also
been reported as major compounds of EOs with substantial phytotoxic activity such as
Launaea mucronata [26], Xanthium strumarium [37], Eucalyptus camaldulensis [43], Teucrium
arduini [44], and Symphyotrichum squamatum [25]. Moreover, hexahydrofarnesyl acetone
(18.12%), was determined in a high concentration of the EO, which exhibited strong phyto-
toxicity such as Heliotropium curassavicum [23], Launaea nudicaulis, Launaea mucronata [26],
and Bassia muricata [36].

Otherwise, the main compound in the EO of Saudi ecospecies, β-pinene (21.14%),
has been reported as the main compound of EOs of various plants that have exhibited
phytotoxic activity such as Schinus terebinthifolius [45], Symphyotrichum squamatum [25],
Pinus brutia, Pinus pinea [46], Lavandula angustifolia [44], and Heterothalamus psiadioides [47].
The other major compounds of the Saudi ecospecies have also been reported in EOs with
significant phytotoxicity [1,46,48]. Additionally, the present data showed that the roots
were more sensitive to the EO than shoots since roots were directly exposed to the EO.
Moreover, root cells have more permeability than the cells of the shoot [22,38].

Results also indicated that the EOs of Saudi and Egyptian ecospecies showed more
inhibitory activity against the weed D. aegyptium than B. pilosa (Figure 4).

Figure 4. Phytotoxic effect of the EOs extracted from the aerial parts of both Saudi and Egyptian
ecotypes of P. undulata on the (a) germination of seeds, (b) shoot growth, and (c) root growth of the
weed Dactyloctenium aegyptium. Different letters on each line mean significant differences (one-way
randomized blocks ANOVA). Data are mean value (n = 3) and the bars represent the standard error.
* p < 0.05, ** p < 0.01.
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At the highest concentration of the Saudi EOs (100 μL L−1), the D. aegyptium seedling
growth was completely inhibited. However, the germination was reduced by 93.33%,
while the Egyptian ecospecies showed 96.67%. Based on the IC50 values, the EO of the
Saudi ecospecies showed IC50 values of 48.61, 50.49, and 62.92 μL L−1 for germination,
shoot growth, and root growth of D. aegyptium, respectively, while the Egyptian ecospecies
attained IC50 values of 38.84, 46.59, and 51.87 μL L−1, respectively.

3. Materials and Methods

3.1. Plant Samples Collection and Preparation

The aerial parts of Saudi P. undulata were collected from the Wadi Alsahbaa, Alkharj,
Riyadh region (24◦16′34.1′′ N 47◦56′11.3′′ E), while the Egyptian sample was collected
from Wadi Hagoul, the Eastern Desert, Egypt (30◦00′38.2′′ N 32◦05′35.5′′ E), during
spring of 2019. The specimens were authenticated according to Tackholm [49] and Bou-
los [50]. Voucher specimens were prepared and deposited in the herbarium of the Depart-
ment of Botany, Faculty of Science, Mansoura University with No. Mans.001162117 and
Mans.001162118.

The samples were collected from two populations of P. undulata in separate plastic
bags and immediately transferred to the lab. The samples were dried in a shaded place
at room temperature (25 ± 3 ◦C) for 7 days, crushed into powder using a grinder (IKA®

MF 10 Basic Microfine Grinder Drive, Breisgau, Germany) at a dimension of 3.0 mm, and
packed in paper bags.

3.2. EOs Extraction, GC–MS Analysis, and Chemical Compounds Identification

About 150 g of the prepared samples of P. undulata were extracted with hydrodistilla-
tion via a Clevenger-type apparatus for 3 h. The oils were collected, water was removed
using 0.5 g of anhydrous sodium sulfate, and stored in glass vials in the fridge (−4 ◦C) till
further analysis [29]. Two samples of the plant were extracted by the same protocol afforded
two samples of EOs. The two extracted EOs were analyzed via gas chromatography–mass
spectrometry (GC-MS) at the National Research Center, Giza, Egypt, as described in our
previously documented work [25,26,48,51]. Briefly, the apparatus has TRACE GC Ultra Gas
Chromatographs (THERMO Scientific™ Corporate, Waltham, MA, USA), together with
Thermo Scientific ISQ™ EC single quadrupole mass spectrometer. The GC–MS system
is equipped with a TR-5 MS column (0.25 μm film thickness, 30 m × 0.32 mm internal
diameter). Helium was used as a carrier gas at a flow rate of 1.0 mL min−1, with a divided
ratio of 1:10. The temperature program was 60 ◦C for 1 min, rising by 4.0 ◦C min−1 to
240 ◦C, and held for 1 min. An aliquot of 1 μL of the EO sample in hexane was injected at
a ratio of 1:10 (v/v), and the detector and injector were adjusted at 210 ◦C. Mass spectra
were recorded by electron ionization (EI) at 70 eV, using a spectral range of m/z 40–450.
The chemical compounds identification was accomplished by Automated Mass spectral
Deconvolution and Identification (AMDIS) software, as well as Wiley Spectral Library
collection, NIST Library database (Gaithersburg, MD, USA; Wiley, Hoboken, NJ, USA),
which were used for retention indices relative to n-alkanes (C8–C22), or appraisal of the
mass spectrum with authentic standards.

3.3. Phytotoxic Activity Estimation of the EOs

The extracted EOs were tested for their phytotoxicity against two noxious weeds
Dactyloctenium aegyptium and Bidens pilosa. The seeds of D. aegyptium were collected
from cultivated fields near the Mediterranean coast, at Gamasa City, northern Egypt
(31◦27′03.9′′ N 31◦27′44.8′′ E), while the seeds of B. pilosa were collected from a garden
in Mansoura University campus, Mansoura, Egypt (31◦02′40.2′′ N 31◦21′18.4′′ E). The
homogenous and ripe seeds were selected, sterilized with 0.3% sodium hypochlorite,
rinsed with distilled and sterilized water, dried, and stored in sterilized vials.

The phytotoxicity experiments were conducted in vitro following the methodology
described by Abd El-Gawad et al. [38]. In brief, 20 seeds of the weed were transferred to a
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Petri plate lined with Whatman No. 1 filter paper wetted with 4 mL of each concentration
of the EOs (25, 50, 75, and 100 μL L−1). Different concentrations of the EOs were prepared
using 1% Tween® 80 (Sigma-Aldrich, Darmstadt, Germany) as an emulsifier. The plates
were sealed with Parafilm® tape and incubated in a growth chamber adjusted with a
temperature of 25 ◦C and light/dark cycle of 12/12 h. Besides, Tween® 80 was used as
a control treatment. After seven days of incubation, the germinated seeds were counted
and the length of shoots and roots of the seedlings were measured. The inhibition of
germination and seedling growth were calculated based on the following equation:

Inhibition % = 100 × (Length/NumberControl − Length/NumberTreatment)

(Length/NumberControl)

The IC50 (the concentration of the EO required to reduce the germination or growth
by 50%) was calculated using MS-Excel.

3.4. Data Analysis

The experiment of phytotoxicity was repeated three times with three replications. The
data of the inhibition were subjected to one-way ANOVA, followed by Duncan’s test using
CoStat program (version 6.311, CoHort Software, Monterey, CA, USA), while the IC50
values were subjected to a two-tailed t-test using MS-EXCEL. To make a holistic catego-
rization of the EOs of the two studied ecospecies (Saudi and Egyptian) and other reported
ecospecies (Algerian, Egyptian, Iranian, Sudanian, and Yemeni), we constructed a data
matrix of the 30 major chemical compounds, with concentration > 3%, from 11 ecospecies.
The matrix was subjected to Principal component multivariate data analysis (PCA) and
agglomerative hierarchical clustering (AHC) using the XLSTAT Statistical Software package
(version 2018, Addinsoft Inc., New York, NY, USA).

4. Conclusions

The EO composition of the Saudi and Egyptian ecospecies of P. undulata showed
substantial variation in both quantity and quality. The Saudi ecospecies had 61 compounds,
with β-pinene, isoshyobunone, 6-epi-shyobunol, α-pinene, and α-terpinolene as major
compounds, while the EO of the Egyptian ecospecies attained a lower number (34 com-
pounds), with spathulenol, hexahydrofarnesyl acetone, α-bisabolol, and τ–cadinol as main
compounds. This variation could be attributed to the difference in the environmental
and climatic conditions. The EO of the Egyptian ecospecies showed more phytotoxic
activity against D. aegyptium than B. pilosa, as well as more phytotoxic, compared with
the Saudi ecospecies. This variation might be ascribed to the difference in their major
constituents. Therefore, further study is recommended for the characterization of authentic
materials of these compounds as allelochemicals against various weeds, either singular or
in combination.
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Abstract: Several economically important crops, fruits and vegetables are susceptible to infection
by pathogenic fungi and/or bacteria postharvest or in field. Recently, plant essential oils (EOs)
extracted from different medicinal and officinal plants have had promising antimicrobial effects
against phytopathogens. In the present study, the potential microbicide activity of Mentha × piperita
cv. ‘Kristinka’ (peppermint) EO and its main constituents have been evaluated against some common
phytopathogens. In addition, the cell membrane permeability of the tested fungi and the minimum
fungicidal concentrations were measured. The antifungal activity was tested against the following
postharvest fungi: Botrytis cinerea, Monilinia fructicola, Penicillium expansum and Aspergillus niger,
whereas antibacterial activity was evaluated against Clavibacter michiganensis, Xanthomonas campestris,
Pseudomonas savastanoi and P. syringae pv. phaseolicola. The chemical analysis has been carried out
using GC-MS and the main components were identified as menthol (70.08%) and menthone (14.49%)
followed by limonene (4.32%), menthyl acetate (3.76%) and β-caryophyllene (2.96%). The results
show that the tested EO has promising antifungal activity against all tested fungi, whereas they
demonstrated only a moderate antibacterial effect against some of the tested bacteria.

Keywords: medicinal plants; GC-MS; postharvest diseases; biological control; cell membrane permeability

1. Introduction

Many microorganisms cause different plant diseases in field and/or postharvest.
Without proper treatments, they can cause losses or decrease the shelf life of fruits and
vegetables [1,2]. Although synthetic pesticides efficiently control diseases, their application
is restricted, particularly postharvest, because of consumer concern for human health
conditions, the harmful effects on the environment and the development of new resistant
strains [3–5].

There are strict regulations worldwide regarding the minimum pesticide residue levels
in the edible portion of the fresh vegetable and fruits for protecting human health and the
environment [1,5]. On the other hand, in Europe, synthetic fungicides are prohibited in
postharvest applications. For that reason, the discovery of new natural substances, such
as plant essential oils (EOs), for controlling phytopathogens, especially in postharvest
conditions, has attracted great interest recently. Several research projects reported the
antifungal efficacy of plant EOs against postharvest fruit pathogens, being considered
natural, safe and biodegradable alternatives [6–9].

Mentha × piperita L. (peppermint) is a perennial plant that is widespread throughout
the Mediterranean region [10]. Peppermint, a plant in the Family Lamiaceae, has long been
considered an economically important [11]. It was already known in Egyptian, Greek
and Roman medicine for its wide benefits for human health, especially for digestive and
diuretic problems and as a remedy for coughs and colds [12]. Peppermint has several
medicinal uses such as treating stomach-aches, chest pains and for treating irritable bowel
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syndrome [13]. Peppermint EO can be extracted from the aerial parts of the flowering
plant, from dried leaves or from fresh flowers [11,14]. Many studies reported the chem-
ical composition of peppermint EO, which is composed mainly of menthol, menthone,
menthofuran, 1,8-cineole, and menthyl acetate [15]. Previous studies revealed that most
peppermint EO is rich in pulegone, menthon, menthol, carvone, 1,8-cineole, limonene
and β-caryophyllene [16]. Regarding the chemical composition of peppermint EO, some
previous studies have analysed its chemical composition and principal single constituents
and found that the respective percentage of different peppermint species varied depending
upon the origins of the plant, species as well as the possible variation within the same
species [16]. In addition, there are some factors, such as physiological and environmen-
tal conditions, genetic and evolution that can also determine the chemical variability of
peppermint EO [17].

Bibliographic research revealed that the plant EOs from different species of peppermint
possess potential antimicrobial activity against different plant pathogens [18] as well as
insecticidal activity against stored product [19]. Several researchers have also reported
the promising biological activities of peppermint EO against different phyto- and food
pathogens, especially against Gram-positive bacteria such as Staphylococcus aureus and
Enterococcus faecalis, as reported by Jirovetz et al. [11]. Researchers at the University of
Prešov bred a variety of peppermint with a very high content of the main constituents—
menthol and menthone [20].

The current study aims to evaluate the in vitro antimicrobial activity of peppermint
EO against some common postharvest fungal pathogens and some pathogenic bacteria.
This research aims also to study the mode of antimicrobial actions and the minimum
fungicidal concentrations, both for the EO and for its main components.

In particular, the main objectives of the current study were to: (i) identify the main
components of the Mentha × piperita cv. ‘Kristinka’ in the harvest season 2020 culti-
vated in Prešov, Slovakia; (ii) screen the antifungal effect of the extracted EO against
Monilinia fructicola, Aspergillus niger, Penicillium expansum and Botrytis cinerea; (iii) evalu-
ate the antibacterial affect against Clavibacter michiganensis, Xanthomonas campestris, Pseu-
domonas savastanoi and P. syringae pv. phaseolicola; (iv) study the effect of EO and its two
main constituents (menthol an menthone) on the fungal cell membrane permeability (CMP);
(v) determine the minimum fungicidal concentration (MFC) of the studied EO and its two
main constituents.

2. Results

2.1. Identification of M. piperita EO Components

Essential oil of M. × piperita cv. ‘Kristinka’ was hydrodistilled and qualitatively anal-
ysed using GC-MS for determining the main components as mentioned below. Average
amount of EO was 0.4 ± 0.02% from plant materials. Qualitative parameters are sum-
marised in Table 1. The most principal component identified was menthol (70.08 ± 0.05%),
followed by menthone (14.49 ± 0.01%). This is the typical characteristic of the new cul-
tivar Kristinka, where menthol is the dominant component with higher quantity. Other
dominant components were limonene (4.32 ± 0.03%), menthyl acetate (3.76 ± 0.01%)
and β-caryophyllene (2.96 ± 0.04%). Oxygenated monoterpenes presented 89.13% of the
identified chemical group. Sesquiterpenes hydrocarbons (5.46%) and monoterpenes hydro-
carbons (5.26%) followed with the almost the same quantity. Among the different chemical
groups, oxygenated sesquiterpenes, such as spathulenol compound, were also present in
very low quantities (0.03%).
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Table 1. Identification of Mentha × piperita cv. ‘Kristinka’ EO components.

Components
Mentha × piperita cv. ‘Kristinka’

Ki Exp Ki Lit. % Formula Chem. Group

α-Pinene 935 936 0.47 ± 0.01 C10H16 MH
β-Pinene 976 978 0.45 ± 0.01 C10H16 MH
Limonene 1025 1025 4.32 ± 0.03 C10H16 MH

cis-β-Ocimene 1028 1029 0.02 ± 0.00 C10H16 MH
Menthone 1146 1136 14.49 ± 0.01 C10H18O OM
Menthol 1174 1172 70.08 ± 0.05 C10H20O OM

α-Terpineol 1177 1176 0.18 ± 0.00 C10H18O OM
Carvone 1210 1214 0.01 ± 0.00 C10H14O OM

Piperitone 1223 1226 0.60 ± 0.02 C10H16O OM
Isopulegol acetate 1271 1263 0.01 ± 0.00 C12H20O2 OM
Menthyl acetate 1278 1280 3.76 ± 0.01 C12H22O2 OM
α-Cubebene 1354 1355 0.01 ± 0.00 C15H24 SH

Clovene 1365 1365 0.03 ± 0.00 C15H24 SH
Isoledene 1370 1382 0.01 ± 0.00 C15H24 SH

β-Bourbonene 1386 1378 0.07 ± 0.01 C15H24 SH
β-Elemene 1389 1389 0.03 ± 0.00 C15H24 SH
β-Cubebene 1390 1390 0.17 ± 0.02 C15H24 SH
Longifolene 1404 1411 0.04 ± 0.00 C15H24 SH
α-Gurjunene 1410 1413 0.20 ± 0.01 C15H24 SH

(Z)-β-Farnesene 1420 1420 0.50 ± 0.00 C15H24 SH
β-Caryophyllene 1421 1421 2.96 ± 0.04 C15H24 SH

Aristolene 1422 1423 0.02 ± 0.00 C15H24 SH
Aromadendrene 1435 1443 0.01 ± 0.00 C15H24 SH
α-Humulene 1448 1455 0.07 ± 0.00 C15H24 SH

Allo-Aromadendrene 1460 1462 0.20 ± 0.01 C15H24 SH
γ-Gurjunene 1472 1472 0.14 ± 0.01 C15H24 SH
β-Chamigrene 1474 1474 0.03 ± 0.00 C15H24 SH
γ-Muurolene 1475 1474 0.01 ± 0.00 C15H24 SH
α-Amorphene 1477 1477 0.03 ± 0.00 C15H24 SH
Germacrene D 1479 1479 0.03 ± 0.00 C15H24 SH

Ledene 1489 1491 0.53 ± 0.02 C15H24 SH
Valencene 1493 1494 0.06 ± 0.00 C15H24 SH

α-Muurolene 1496 1496 0.06 ± 0.01 C15H24 SH
γ-Cadinene 1507 1507 0.09 ± 0.01 C15H24 SH
δ-Cadinene 1520 1520 0.16 ± 0.02 C15H24 SH
Spathulenol 1565 1572 0.03 ± 0.00 C15H24O OS

Total 99.88
Percentage was calculated as an average from three replication ± SD; Ki–Kovats index calculated by researchers;
Ki lit. Kovats index from literature (MS Finder) for comparison.

2.2. Antibacterial Activity

The results of the antibacterial activity assay showed that the positive control (Tetracy-
cline 1.6 mg/mL) demonstrated the highest inhibition against all tested phytopathogenic
bacteria (Table 2). However, peppermint EO showed the highest significant antibacterial
activity against P. syringae pv. phaseolicola (the diameter of inhibition zone was 39.5 mm)
similar to tetracycline (1.6 mg/mL) where the diameter of its inhibition zone was 40 mm.
In addition, there was a moderate activity against C. michiganensis at 10 mg/mL and low
activity against P. savastanoi only at 10 mg/mL. On the other hand, there was no activity
against X. campestris.
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Table 2. Antibacterial activity of Mentha × piperita cv. ‘Kristinka’ EO.

Tested EOs
Diameter of Inhibition Zones (mm)

Conc. X. campestris C. michiganensis P. syr. pv. phaseolicola P. savastanoi

Peppermint EO

10 mg/mL 0.0 ± 0.0 b 27.5 ± 2.8 b 39.5 ± 0.5 a 09.0 ± 1.2 b

1 mg/mL 0.0 ± 0.0 b 17.0 ± 2.3 c 26.5 ± 1.6 b 0.0 ± 0.0 c

0.1 mg/mL 0.0 ± 0.0 b 09.0 ± 1.1 d 19.5 ± 0.6 c 0.0 ± 0.0 c

Tetracycline (1.6 mg/mL) 23.5 ± 1.70 a 39.5 ± 0.6 a 40.0 ± 1.6 a 37.0 ± 2.2 a
Values followed by different letters for each tested bacterium in each column are significantly different at p < 0.05 according to two-way ANOVA
combined with Duncan post hoc test. Data are expressed as the mean of three replicates ± SD.

2.3. Antifungal Activity

The results of the fungicidal activity of peppermint EO are presented in Figure 1,
where it showed the highest significant inhibition the mycelium growth of B. cinerea and
P. expansum in plates at the two tested concentrations (1 and 5 mg/mL), whereas peppermint
EO at 5 mg/mL demonstrated the highest inhibition against M. fructicola and A. niger. The
lowest inhibition effect was observed in the case of the tested concentration 0.1 mg/mL
against all tested pathogenic fungi, which was insignificantly different from the positive
control (Azoxystrobin, 0.8 μL/mL). In fact, the inhibition of fungal mycelium growth in
plates is considered as a general indication of the efficacy of the tested treatments, whereas
the MFC assay is considered a more accurate test for determining the lowest concentration
required to inhibit the visible growth of the microorganism.
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Figure 1. Antifungal activity of M. piperita EO. Where: C1: 5.0 mg/mL; C2: 1.0 mg/mL; C3: 0.1 mg/mL. Bars with different
letters for each tested fungus indicate mean values significantly different at p < 0.05 according to two-way ANOVA combined
with Duncan post hoc multiple comparison test.

2.4. Fungal Cell Membrane Permeability Assay

This assay was carried out to explain the possible mechanism of the antifungal activity
of the tested EO. In general, the fungicidal effect of EO depends on the destruction of
the fungal cell membrane that increases the cell permeability. For that reason, the current
assay was performed to investigate the effect of mint EO and its main single constituents
on the CMP of the tested phytopathogenic fungi by measuring their electric conductivity
(EC) [21,22].

Figure 2 showed the effect of peppermint EO at different doses on the mycelium
electrical conductivity (MEC) as indication of the cell membrane permeability (CMP) of the
four tested fungi. Generally, the effect of the studied EO on the CMP of all tested fungi was
dose-dependent. In particular, the highest tested concentration (7.0 mg/mL) showed the
EC values 87.2, 85.3, 92.3 and 85.1 S/cm corresponding to the CMP of M. fructicola, B. cinerea,
A. niger and P. expansum, respectively. On the other hand, the concentration 7.0 mg/mL
showed a significant increase in the CMP in the case of M. fructicola and B. cinerea, whereas
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there was no significant difference between the two doses 5.0 and 7.0 mg/mL regarding
A. niger and P. expansum. In addition, there was a dramatical increase in the CMP in the
case of P. expansum after treatment with 5.0 mg/mL.
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Figure 2. The effect of peppermint EO on mycelium electrical conductivity of the tested fungi. Where, (A): Monilinia fruc-
ticola; (B): Botrytis cinerea; (C): Aspergillus niger; (D): Penicillium expansum. C-ve: negative control (potato dextrose broth).
Differences between the tested concentrations for each tested fungus indicate mean values significantly different at p < 0.05
according to one-way ANOVA for each fungus combined with Duncan post hoc multiple comparison test.

Figure 3 showed the effects of two single constituents of peppermint EO (menthol and
menthone) at different doses on the MEC of the four tested fungi. In the case of menthol, it
showed a dose-dependent effect on CMP of M. fructicola, B. cinerea and A. niger, whereas
the CMP was highly decreased after treatment with 0.8 mg/mL in the case of P. expansum.
The EC values were 35.9, 37.2, 39.0 and 45.5 S/cm for M. fructicola, B. cinerea, A. niger and
P. expansum, respectively. Regarding the menthone, it showed a dose-dependent effect on
the CMP against M. fructicola, B. cinerea and P. expansum. The EC values were 38.9, 44.5,
37.8 and 34.0 S/cm for M. fructicola, B. cinerea, A. niger and P. expansum, respectively.
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Figure 3. The effect of single constituents of peppermint EO on mycelium electrical conductivity of the tested fungi. Where
(A): Monilinia fructicola; (B): Botrytis cinerea; (C): Aspergillus niger; (D): Penicillium expansum. C-ve: negative control (potato
dextrose broth). Differences between the tested concentrations for each tested fungus indicate mean values significantly
different at p < 0.05 according to one-way ANOVA for each fungus combined with Duncan post hoc multiple comparison test.

2.5. Fungicidal Microdilution Broth Assay (96-Microplate)

This assay was carried out to determine the minimum fungicidal concentration (MFC)
which is defined as the lowest concentration of the tested antimicrobial agent that can
inhibit the growth of fungi significantly differently to the growth of the negative control,
as reported by Arikan [23]. The results of the fungicidal effect of mint EO and its main
single constituents on mycelium growth percentage are reported in Table 3, whereas the
MFC values of peppermint EO and its two main constituents are reported in Table 4 using
the tendency-line formula of the chart in Microsoft Excel. The studied EO showed 4.78,
2.91, 5.40 and 4.98 mg/mL, corresponding to the inhibition of 50% visible growth of fungal
mycelium of M. fructicola, B. cinerea, A. niger and P. expansum, respectively.

Regarding menthol, the MFC values were 0.85, 1.40, 1.45 and 1.21 mg/mL against
M. fructicola, B. cinerea, A. niger and P. expansum, respectively. In the case of menthone, the
MFC values were 1.31, 1.37, 1.90 and 1.69 mg/mL, against M. fructicola, B. cinerea, A. niger
and P. expansum, respectively.
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Table 3. Fungicidal effect of EO and single constituents on mycelium growth (%) in broth culture.

Tested Concentrations
(mg/mL)

Mycelium Growth Percentage (MGP)

M. fructicola B. cinerea A. niger P. expansum

M. piperita 7.0 33.3 ± 4.0 d 31.6 ± 6.0 d 35.1 ± 4.1 d 18.6 ± 3.0 c
M. piperita 5.0 47.8 ± 4.0 c 42.8 ± 2.4 bc 71.3 ± 3.4 c * 48.6 ± 4.0 b
M. piperita 3.0 60.5 ± 6.0 c * 48.9 ± 0.6 bc 74.3 ± 0.5 ab 50.1 ± 3.0 b
M. piperita 1.0 77.8 ± 4.1 ab 66.1 ± 5.9 b * 78.6 ± 1.9 ab 52.4 ± 0.5 b *
C-ve: PDB + F 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a

Principal Single Components

Menthol 1.6 40.0 ± 5.6 c 41.7 ± 4.3 d 58.1 ± 6.2 c 51.9 ± 7.4 cd
Menthol 0.8 50.5 ± 6.6 c 66.1 ± 5.7 c * 60.0 ± 5.8 c 52.8 ± 7.3 cd
Menthol 0.4 60.1 ± 4.3 b 78.2 ± 1.3 ab 62.1 ± 4.4 c 66.4 ± 5.0 c
Menthol 0.2 65.0 ± 5.0 b * 78.7 ± 3.3 ab 71.2 ± 3.8 b * 76.7 ± 5.3 b *
Menthol 0.1 69.1 ± 2.9 ab 81.4 ± 6.3 ab 93.8 ± 3.5 a 85.2 ± 4.2 ab

Menthone 1.6 29.2 ± 4.4 d 42.9 ± 2.0 d 45.1 ± 3.0 d 33.6 ± 3.3 d
Menthone 0.8 55.8 ± 4.0 c 66.0 ± 3.7 c 63.5 ± 4.5 c 60.6 ± 6.7 c
Menthone 0.4 64.2 ± 6.2 b * 70.4 ± 3.4 b * 71.3 ± 3.3 b 68.9 ± 5.8 b *
Menthone 0.2 69.6 ± 2.2 ab 89.2 ± 4.7 a 76.6 ± 4.2 b 79.2 ± 4.3 ab
Menthone 0.1 75.7 ± 1.5 ab 97.1 ± 0.6 a 77.0 ± 4.2 b * 83.2 ± 2.3 ab

C-ve: PDB + F 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a
Values followed by different letters in each column for each tested fungi are significantly different at p < 0.05
according to one-way ANOVA combined with Tukey B post hoc test. (*) are the mycelium growth percentages
corresponding to the MFC values. Data are expressed as the mean of three replicates ± SD and presented for
peppermint EO and the two single substances.

Table 4. MFC values of fungicidal effect of studied EO and single constituents.

MFC (mg/mL)

M. fructicola B. cinerea A. niger P. expansum

M. piperita EO 4.78 2.91 5.40 4.98

Menthol 0.85 1.40 1.45 1.21

Menthone 1.31 1.37 1.90 1.69

3. Discussion

The studied EO in the current study was hydrodistilled from the new cultivar “Kristinka”
of M. piperita. The parameters of EO differ from the standard ones for M. piperita. The culti-
var Kristinka was bred and certificated to obtain a higher amount of the main component,
menthol [24]. The newly bred cultivar of M. × piperita is characterised by a higher amount
of menthol than found in other commercial cultivars [20,25]. The amount of EO depends on
external factors influencing the vegetation season (environmental and climatic conditions)
and may vary [25,26]. Plant biodiversity is also represented by different amounts of the
main chemical components. This variation present great opportunity for the research to
study the different effects of antibacterial activity.

Generally, the explanation of components of EO analysed by the GCMS is by peak
area and it is explained in %. In particular, the major components of the EO of M. × piperita
in different publications are menthol, menthone, menthofuran and menthyl acetate in
the amounts of about 40, 30, 7 and 10%, respectively, of the whole amount of EO con-
tent [2,7,27–29]. Another study conducted by Kamatou et al. [18] on Mentha canadensi
EO reported that the main components were identified as isomenthone (27.4%), menthol
(24.3%), menthone (9.2%), limonene (5.8%), 1,8-cineole (5.6%), menthofuran (4.4%) and
isomenthol (3.2%).

Many studies have highlighted the promising antibacterial and antifungal activity of
peppermint EO against some human- and phytopathogens such as Botrytis cinerea, Cladospo-
rium cladosporioides, Penicillium aurantiogriseum, Staphylococcus aureus, Streptococcus pyogenes,
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Escherchia coli and Klebsiella pneumonia [2,7,27]. On the other hand, the antimicrobial activity
of peppermint EO might be correlated to its chemical composition due to the hydrophobic
nature of those above-mentioned compounds, which allows them to interact with microbial
membranes causing cell lysis, interrupting the proton’s motor force, electron flow and
transport activity, and inhibiting protein synthesis [30,31]. Particularly, the obtained results
of the current study of the bioactivity of menthol and menthone have confirmed their role
in antimicrobial activity, as previously hypothesized.

Regarding the antifungal activity of peppermint EO, Tsao and Zhou [32] concluded
that menthol was able to inhibit the postharvest fungi Botrytis cinerea and Monilinia fruc-
ticola [32]. Furthermore, different stereoisomers of menthol were active against Fusar-
ium verticillioides, commonly reported as fungal species infecting maize (Zea mays) [33].
Tyagi et al. [34] have reported the efficacy of peppermint oil and its vapours against yeasts
causing food spoilage in fruit juice such as Saccharomyces cerevisiae, Zycosaccharomyces bailii,
Aureobasidium pullulans, Candida diversa, Pichia fermentans, Pichia kluyveri, Pichia anomala and
Hansenula polymorpha.

A recent study conducted by Hsouna et al. [5] underlined the antibacterial activity of
peppermint EO against Agrobacterium tumefaciens, the causal agent of crown gall disease
in over 140 species of eudicots, where the tested concentration 200 mg/mL was able
to completely inhibit the formation of tumours on tomato plants when inoculated with
A. tumefaciens ATCC 23308T [5].

In the current research, peppermint EO showed promising antifungal activity against
the postharvest tested pathogenic fungi by measuring the growth of mycelium in plates. In
addition, the studied EO explicated moderate to acceptable antibacterial activity, especially
against P. syringae pv. phaseolicola and C. michiganensis, by measuring the diameter of the
inhibition zones compared to the respective positive controls.

The results of the inhibitory effect against some phytopathogens are in agreement with
some other important studies, especially those conducted by Afridi et al. [35]. The latter
authors have attributed the biological activity of peppermint EO to their ability to penetrate
the plasma membranes and cell walls of fungal cells, increasing their permeability, causing a
significant decomposition of the walls, and later leading to the death of the fungal cells [32].
The last interpretation is what we tried to clarify through this research by conducting
the CMP assays of cell membranes and their rate of electrical conductivity in the broth
culture media of the tested fungi [36,37]. This, in turn, gave a clear indication of a change
in the normal rate of permeability of the cell wall compared to the control cells due to the
influence of biological oil as well as mono active compounds.

Consistently with this interpretive context, Ultee et al. [38] have also attributed the
promising biological activity of peppermint EO to its rich content of menthol and its related
compounds. These compounds can destabilize the cytoplasmic membrane and act as a
proton exchanger to reduce pH gradient. Therefore, this action can destroy the proton
motive force cause the depletion of ATP and hence increasing the possibility of cell death.

4. Materials and Methods

4.1. Plant Materials and Extraction of Essential Oil

Peppermint plant was grown in the experimental field belonging to University of
Prešov in 2020. It was harvested in the flowering developmental stage, then dried in the
shade for several days. When the plant materials were able to be crushed in the hands,
they were placed into the Clevenger apparatus for hydrodistillation of EO. Fifty grams
of plant materials were placed into glass flask, covered with water and connected to the
Clevenger apparatus. After 3 h of hydrodistillation, the EO was reached. The procedures
were repeated a few times to obtain amount of EO necessary for the successive chemical
and biological analysis. Quantitative parameter was calculated as an average amount of all
hydrodistillation, recalculated as a percentage of amount of utilized plant materials.
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4.2. Gas Chromatography-Mass Spectrometry Analysis

Three samples of peppermint EO were analysed by a gas chromatography/mass
spectrometry (GC/MS) for qualitative properties in laboratory at University of Prešov.
GC/MS analyses were carried out on devices Varian 450-GC and 220-MS. Separation was
conducted on a capillary column BR 5ms (30 m × 0.25 mm ID, 0.25 μm film thickness).
Injector type 1177 was heated to a temperature of 220 ◦C. Injection mode was splitless
(1 μL of a 1:1000 n-hexane solution). Helium was used as a carrier gas at a constant
column flow rate of 1.2 mL min−1. Column temperature was programmed as follows:
initial temperature was 50 ◦C for 10 min, then increased to 100 ◦C for 3 min, maintained
isothermally for 5 min and then increased to 150 ◦C for last 10 min. The total time for
analysis was 46.67 min. The MS trap was heated to 200 ◦C, manifold 50 ◦C and transfer line
270 ◦C. Mass spectra were scanned every 1 s in the range 40–650 m/z. The retention indices
were determined in relation to the Rt values of a homologous series of n-alkanes (C10–C35)
under the same operation conditions. Constituents were identified by comparison of their
retention indices (RI) with published data in different literature. Further identification was
made by comparison of the mass spectra with those stored either in NIST 02 library or
with those from the literature [39]. Components relative concentrations were obtained by
percentage of peak area normalization.

4.3. Preliminary Screening of Antimicrobial Activity
4.3.1. Tested Bacterial and Fungal Isolates

The tested bacterial strains are: Clavibacter michiganensis Smith, and Xanthomonas
campestris Pammel, Pseudomonas savastanoi Janse (Gardan) and P. syringae pv. phaseoli-
cola Van Hall were used in this assay, whereas four postharvest phytopathogenic fungi:
Monilinia fructicola (G. Winter) Honey, Aspergillus niger van Tieghem, Penicillium expansum
Link, and Botrytis cinerea Pers were used for the antifungal activity assay. All tested isolates
were identified by classical and molecular methods and conserved as pure culture in the
collection of the School of Agricultural, Forestry, Food and Environmental Sciences (SAFE),
University of Basilicata, Potenza, Italy.

4.3.2. Antibacterial Activity

Disc diffusion assay. The antibacterial test was carried out following the disc diffu-
sion method [40,41] using the King B nutrient media (KB) [42]. A bacterial suspension
of each tested bacteria was prepared in sterile distilled water adjusted at 106 CFU/mL
(OD ≈ 0.2 nm) using a turbidimetry instrument (Biolog, Hayward, CA, USA). Four millil-
itres of bacterial suspension mixed with soft agar (0.7%) at ratio 9:1 (v/v) were poured
over each plate (90 mm diameter). Blank discs of 6 mm (OXOID, Milan, Italy) were then
placed over the KB-plate surfaces and about 20 μL from each tested EO concentration
at 0.1, 1 and 10 mg/mL was carefully applied over discs. Tween 20 was added to each
tested EO concentration at 0.2% for accelerating the oil solubility. Tetracycline (1.6 mg/mL)
was used as a positive control. The antibacterial activity was estimated by measuring
the diameter of inhibition zone in mm ± SDs around each treated disc compared to the
positive control ones.

4.3.3. Antifungal Activity

Incorporation assay. The possible fungicidal activity of the studied EO was evaluated
at three different doses (0.1, 1 and 5 mg/mL) following the incorporation method [43–45]
as explained below. The EO was incorporated into Potato Dextrose Agar (PDA) medium
at 45 ± 2 ◦C. Fungal disks (0.5 cm) from each of the phytopathogenic fungi (96 h fresh
culture) were deposited in the centre of each Petri dish. All plates were incubated at
22 ± 2 ◦C for 96 h in darkness. As negative control, PDA plates without any treatments
were inoculated only with each fungus. The diameter of fungal mycelium growth was
measured in mm ± Standard Deviations (SDs) between the three replicates [46] and the
percentage of growth inhibition (PGI%) was calculated using Equation (1) [47] compared

53



Plants 2021, 10, 1567

to synthetic fungicides Azoxystrobin (0.8 μL/mL), a large spectrum fungicide, as control
according to the international limit of microbicide standards.

PGI (%) =
GC − GT

GC
× 100 (1)

where PGI is the percentage of growth inhibition, GC is the average diameter of fungal
mycelium in PDA negative control and GT is the average diameter of fungal mycelium on
the oil-treated PDA dish.

4.4. Cell Membrane Permeability

The CMP effect of the mint EO and its two main principals was determined by
measuring the potential of electrical current transport through water as molar conductivity
(MC) or electrolytic conductivity (EC) as reported by Elshafie et al. [21]. This assay was
performed by transferring five mycelial discs (0.5 cm diameter) from fresh culture of each
tested fungus into Potato Dextrose Broth (PDB) medium and incubated under shaking
condition (180 rpm/min), at 28 ◦C for 96 h. A gram and half of dried mycelia from each
fungal species was re-suspended into 20 mL of each tested EO concentration at 1, 3, 5
and 7 mg/mL or single components at 0.1, 0.2, 0.4, 0.8 and 1.6 mg/mL and incubated at
22 ± 2 ◦C. EC values have been measured after 72 h of incubation. The IP% of EC value
was calculated following Equation (2) [21].

IP (%) =
EC t

EC ctrl
× 100 (2)

where EC t. is the electrical conductivity of the treated sample and EC ctrl. is the electrical
conductivity of the PDB broth culture.

4.5. Fungicidal Microdilution Broth Assay

The MFC was carried out against the four tested pathogenic fungi using a 96-well
microplate (Nunc MaxiSorp®, Vedbaek, Denmark) by a micro-dilution method [22,48].
Four millilitres of liquid suspension from fresh fungal cultures (96 h) was prepared at
108 spore/mL. The tested EO was dissolved in PDB at 1.0, 3.0, 5.0 and 7.0 mg/mL, whereas
the tested concentrations for menthol and menthone were 0.1, 0.2, 0.4, 0.8 and 1.6 mg/mL.
The proposed concentrations of this assay were selected according to the obtained results
from the preliminary in vitro antifungal assay. One hundred microlitres/well from each
prepared concentration of EO and 100 μL/well of PDB media were added into the 96-well
microplates then 30 μL/well of fungal suspension from each tested fungus was uploaded
per all wells. All plates were incubated at 24 ± 2 ◦C. The absorbance was measured at
λ = 450 nm using microplate reader instrument (DAS s.r.l., Rome, Italy) after 24 h. The
MGP percentage was calculated using Equation (3). The whole experiment was repeated
in triplicate ± SDs.

MGI (%) =
Abs. t
Abs. c

× 100 (3)

where Abs. t: is the value of the absorbance at 450 nm for each treatment; Abs. c: is the
value of the absorbance at 450 nm for the PDA + fungi as control.

4.6. Statistical Analysis

The obtained results of the biological assays were subjected to one-way ANOVA for
the statistical analysis. Then, the significance level of the findings was checked by applying
Tukey B Post Hoc multiple comparison test with a probability of p < 0.05 using statistical
Package for the Social Sciences (SPSS) version 13.0 (Prentice Hall: Chicago, IL, USA, 2004).

5. Conclusions

The EO from Mentha × piperita cv. ‘Kristinka’ demonstrated promising antifungal
activity against some serious phytopathogenic fungi even at low concentrations and this
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result is very interesting, especially for controlling postharvest fungi. In addition, the stud-
ied EO showed acceptable antibacterial activity against the following pathogenic bacteria:
P. syringae pv. phaseolicola and C. michiganensis; however, it showed little effect against
P. savastanoi, and no activity against X. campestris. On the other hand, the biological activity
of the studied EO can be highly attributed to its rich content of menthol (70.08%) and
menthone (14.49%). The MFC value of the fungicidal effect achieved by the peppermint EO
was 2.9 mg/mL against B. cinerea and the MFC value in the case of menthol was 0.8 mg/mL
against M. fructicola, whereas menthone achieved MFC values equal to 1.3 mg/mL against
M. fructicola and B. cinerea.

The obtained promising results of the antimicrobial activity of peppermint EO proved
its potential to control several fungal and bacterial pathogens. Furthermore, the studied
EO and its two main constituents can be used successfully in the chemical industries as
natural alternatives to synthetic substances against several phytopathogens.
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Abstract: Plants belonging to the Asteraceae family are widely used as traditional medicinal herbs
around the world for the treatment of numerous diseases. In this work, the chemical profiles of es-
sential oils (EOs) of the above-ground parts of Pluchea dioscoridis (L.) DC. and Erigeron bonariensis (L.)
were studied in addition to their cytotoxic and anti-aging activities. The extracted EOs from the
two plants via hydrodistillation were analyzed by gas chromatography-mass spectroscopy (GC-MS).
GC-MS of EO of P. dioscoridis revealed the identification of 29 compounds representing 96.91% of
the total oil. While 35 compounds were characterized from EO of E. bonariensis representing 98.21%.
The terpenoids were found the main constituents of both plants with a relative concentration of
93.59% and 97.66%, respectively, including mainly sesquiterpenes (93.40% and 81.06%). α-Maaliene
(18.84%), berkheyaradulen (13.99%), dehydro-cyclolongifolene oxide (10.35%), aromadendrene oxide-
2 (8.81%), β-muurolene (8.09%), and α-eudesmol (6.79%), represented the preponderance compounds
of EO of P. dioscoridis. While, trans-α-farnesene (25.03%), O-ocimene (12.58%), isolongifolene-5-ol
(5.53%), α-maaliene (6.64%), berkheyaradulen (4.82%), and α-muurolene (3.99%), represented the
major compounds EO of E. bonariensis. A comparative study of our results with the previously
described data was constructed based upon principal component analysis (PCA) and agglomerative
hierarchical clustering (AHC), where the results revealed a substantial variation of the present studied
species than other reported ecospecies. EO of P. dioscoridis exhibited significant cytotoxicity against
the two cancer cells, MCF-7 and A-549 with IC50 of 37.3 and 22.3 μM, respectively. While the EO
of the E. bonariensis showed strong cytotoxicity against HepG2 with IC50 of 25.6 μM. The EOs of
P. dioscoridis, E. bonariensis, and their mixture (1:1) exhibited significant inhibitory activity of the
collagenase, elastase, hyaluronidase, and tyrosinase comparing with epigallocatechin gallate (EGCG)
as a reference. The results of anti-aging showed that the activity of mixture (1:1) > P. dioscoridis > E.
bonariensis against the four enzymes.

Keywords: horseweed; wavy-leaf fleabane; sesquiterpenes; cytotoxicity; anti-senility

1. Introduction

Natural products derived from the plant kingdom represented potent resources for
foods, cosmetics, and traditional medicines [1,2]. Many scientists focused on the study
of the chemical characterization of essential oils (EOs) along with their pharmaceutical
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effects for many decades [3–6]. Due to the complicated composition from different iso-
prenoids based compounds [7], EOs exhibited several significant biological effects including
anti-inflammatory, antipyretic [8], antioxidant [9,10], allelopathy [8,11–17], antiulcer [18],
antimicrobial [8,19], and hepatoprotective [20]. EOs have been reported as potent agents
against degenerative diseases via inhibition of oxidative stress due to the strong free radical
scavenging activity [21].

Plants belonging to Conyza genus (Family Asteraceae), including around 150 plant
species [22], were described as important traditional medicinal plants in the treatment of
toothache, skin diseases, rheumatism, haemorrhoidal, diarrhoeal, and injuries
bleeding [23,24]. Some members of Asteraceae were named Conyza formerly; however,
some taxa names have been changed later based on taxonomic criteria. From these taxa,
Conyza dioscoridis (L.) Desf. that its accepted name now is Pluchea dioscoridis (L.) DC., and
Conyza linifolia (Willd.) Täckh. that now have been accepted as Erigeron bonariensis L. [25,26].
Studying various criteria of the plant species such as morphological, anatomical, molecular,
and chemical properties, providing valuable information for taxonomists, thereby, some
taxa names have been changed [27,28]. EOs analysis has been reported to provide profitable
information for chemotaxonomy [27,29].

Pluchea dioscoridis (L.) DC. (syn. Conyza dioscoridis (L.) Desf.) is a widely distributed
wild plant in the Nile delta, Mediterranean coast, Sinai Peninsula, Western Desert, and
Eastern Desert [25]. This plant was described in folk medicines for the treatment of some
diseases as ulcer, colic, carminative, epilepsy in children, rheumatic pains, and cold [30].
Many documents described that the different extracts of this plant have several potent
biological activities comprising anti-inflammation, antiulcer, antidiabetic, antinociceptive,
antipyretic, ant-diarrheal, antibacterial, antifungal, and free radical scavenging activities,
along with diuretic effect [30–33]. Many metabolites were isolated and characterized from
P. dioscoridis including steroids, triterpenes [30], flavonoids, and phenolic acids [30,32].

The chemical constituents of EO of E. bonariensis collected from Alexandria, Egypt has
been reported in addition to its antimicrobial and insecticidal activities [34]. In this study,
25 compounds were identified from EO of E. bonariensis including sesqui- and monoter-
penes. From the total of this oil, α-bergamotene, and D-limonene represented the mains
with concentrations of 27.4 and 22.5%. In the same report, EO of C. linifolia was documented
to exhibit antibacterial potentiality against B. subtilis with MIC of 125 mg/mL [34,35]. Little
reports concerning the chemical profiles as well as biological activities of Erigeron bonariensis
L. (syn. Conyza linifolia (Willd.) Täckh.) have been recorded.

We hypothesized that these two plant species were formerly named Conyza, and their
names were changed. Therefore, the chemical characterization of their EOs could be valu-
able in their chemotaxonomy. Herein, this work aimed to (i) identify the chemical profiles
of EOs from P. dioscoridis and E. bonariensis, collected from Egypt, (ii) establish comparative
profiles of the two plants based upon chemometric analysis with other reported ecospecies,
(iii) study the cytotoxic activity of the EOs of the two plants against several human cancer
cell lines, and (iv) assess in vitro anti-aging potentialities of the EOs of the two plants.

2. Results and Discussion

2.1. Chemical Compositions of EO of P. dioscoridis

The chemical characterization of P. dioscoridis EO was extracted via hydro-distillation
afforded golden yellow (0.037%). The chemical profiles of the extracted EO were assigned
depending upon the GC-MS analysis. The GC-MS chromatogram of the EO is presented
in Figure 1 exhibiting the main peaks from all identified components. Twenty-nine com-
pounds were identified from the EO of P. dioscoridis represented 96.91% of the total oil.
All the identified compounds along with their chemical and physical properties were
summarized in Table 1.
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Table 1. Components of essential oils of Pluchea dioscoridis and Erigeron bonariensis.

No Rt [a] Compound Name MF KILit
[b] KIExp

[c]
Relative Concentration %

P. discodirdis E. bonariensis

Monoterpenes 0.19% 14.16%
1 4.13 α-Pinene C10H16 933 934 0.19 ± 0.01 0.18 ± 0.01
2 5.43 α-Myrcene C10H16 991 990 —— 0.20 ± 0.01
3 6.41 O-Ocimene C10H16 1012 1012 —— 12.58 ± 0.09
4 6.91 D-Limonene C10H16 1035 1036 —— 1.20 ± 0.04

Sesquiterpenes 93.4% 81.06%
5 16.22 β-Caryophyllene C15H24 1418 1420 4.95 ± 0.07 2.17 ± 0.04
6 16.96 Aromandendrene C15H24 1439 1448 —— 0.12 ± 0.03
7 17.17 α-Guaiene C15H24 1439 1439 0.21 ± 0.02 0.11 ± 0.02
8 17.39 α-Maaliene C15H24 1480 1479 18.84 ± 0.08 6.64 ± 0.09
9 17.60 Berkheyaradulen C15H24 1492 1493 13.99 ± 0.09 4.82 ± 0.06

10 18.36 β-Muurolene C15H24 1493 1493 8.09 ± 0.05 2.37 ± 0.04
11 18.57 α-Muurolene C15H24 1498 1499 2.20 ± 0.04 3.99 ± 0.07
12 18.98 Bicyclogermacrene C15H24 1500 1501 —— 0.66 ± 0.01
13 19.67 trans-α-Farnesene C15H24 1508 1507 —— 25.03 ± 0.13
14 19.73 α-Bisabolene C15H24 1509 1511 0.58 ± 0.03 ——
15 19.84 γ-Cadinene C15H24 1514 1515 1.36 ± 0.04 ——
16 20.35 α-Sesquiphellandrene C15H24 1516 1517 0.44 ± 0.01 ——
17 20.45 cis-Lanceol C15H24O 1525 1527 0.16 ± 0.02 0.09 ± 0.01
18 20.54 Isolongifolene-5-ol C15H24O 1534 1535 0.19 ± 0.01 5.53 ± 0.07
19 20.64 Germacrene D-4-ol C15H24 1574 1576 —— 2.35 ± 0.04
20 20.81 Spathulenol C15H24O 1576 1577 0.81 ± 0.03 0.10 ± 0.01
21 20.98 Isoaromadendrene epoxide C15H24O 1580 1579 —— 1.50 ± 0.03
22 21.41 Calarenepoxide C15H24O 1592 1592 —— 1.07 ± 0.02
23 21.56 Caryophyllene oxide C15H24O 1594 1593 0.86 ± 0.02 0.08 ± 0.01
24 21.66 Salvial-4(14)-en-1-one C15H24O 1595 1595 2.20 ± 0.04 0.38 ± 0.01
25 21.93 Ledene alcohol C15H24O 1729 1731 —— 0.97 ± 0.03
26 22.1 Carotol C15H26O 1597 1598 0.78 ± 0.02 ——
27 22.42 Humuladienone C15H24O 1607 1605 —— 0.32 ± 0.01
28 23.09 Neoclovenoxid C15H24O 1608 1610 0.90 ± 0.02 0.51 ± 0.03
29 23.33 Cubenol C15H26O 1642 1642 —— 0.74 ± 0.02
30 23.49 Farnesol C15H26O 1722 1720 1.35 ± 0.05 ——
31 23.55 Ledene oxide-(i) C15H24O 1668 1667 —— 10.93 ± 0.10
32 23.65 Dendrolasin C15H22O 1574 1575 2.85 ± 0.06 8.37 ± 0.09
33 23.81 Torreyol C15H26O 1645 1644 —— 0.55 ± 0.02
34 25 Isospathulenol C15H24O 1625 1627 1.90 ± 0.05 ——
35 25.22 tau-Muurolol C15H26O 1646 1646 3.88 ± 0.08 0.51 ± 0.03
36 25.32 Aromadendrene oxide-2 C15H24O 1650 1649 8.81 ± 0.11 0.38 ± 0.02
37 25.85 α-Eudesmol C15H26O 1652 1653 6.79 ± 0.08 0.77 ± 0.01
38 26.69 γ-Cadinol C15H26O 1654 1655 0.91 ± 0.04 ——

39 26.92 Dehydro-cyclolongifolene
oxide C15H24O 1657 1658 10.35 ± 0.12 ——

Diterpenes —— 2.44%
40 30.47 Neophytadiene C20H38 1840 1840 —— 2.44

Carotenoids derived compounds 0.28% ——
41 27.36 α-Ionone C13H20O 1426 1426 0.28 ± 0.01 ——

Others 1.33% 0.55%

42 18.66 1-Butanone, 1-(2,3,4,5-
tetramethylphenyl)- C14H20O 1660 1661 0.46 ± 0.03 0.32 ± 0.02

43 26.32 Methyl
2,5-octadecadiynoate C19H30O2 1980 1980 0.64 ± 0.03 0.13 ± 0.01

44 42.28 n-Pentacosane C25H52 2500 2500 —— 0.10 ± 0.01
45 45.48 n-Heptacosane C27H56 2700 2700 0.23±0.01 ——

Total 96.91% 98.21%

[a] Rt: retention time, [b] Literature Kovats retention index on DB-5 column with reference to n-alkanes [36], [c] experimental Kovats retention
index; values of each compound are average ± SD from duplicates. The identification of essential oil (EO) components was performed
based on the (a) mass spectral data of compounds (MS) and (b) Kovats indices with those of Wiley spectral library collection and NIST
(National Institute of Standards and Technology) library database.
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Figure 1. Gas chromatography-mass spectroscopy (GC-MS) chromatograme of the essential oils (EO)
of Pluchea dioscoridis. The main peaks were numbered (1–7).

The constituents of EO of P. dioscoridis were characterized by the presence of four
classes of compounds including sesqui- (93.40%), and monoterpenes (0.19%), carotenoid de-
rived compounds (0.28%) in addition to other acyclic compounds (1.33%). The terpenoids
were found as abundant compounds with a relative concentration of 93.59% in addition
to traces of carotenoids and acyclic compounds with a complete absence of diterpenoids.
GC-MS analysis of EO derived from E. bonariensis, revealed the presence of four categories
of compounds comprising sesqui- (81.06%), and monoterpenes (14.16%), diterpenes (2.44%)
in addition to other acyclic compounds (0.55%). Furthermore, the terpenoids were char-
acterized as the main components by a relative concentration of 95.22% with traces of
diterpenoids and other compounds. These results deduced the fact of the preponderance
of the terpenoids in the different species of Conyza genus [32,34,37].

Sesquiterpenoids were found as the main compounds of the EO of P. dioscoridis with
mixtures of oxygenated and non-oxygenated compounds. The abundance of sesquiter-
penes was found in full agreement with previous data of EOs of this plant [32,38]. From
all identified sesquiterpenes, α-maaliene (18.84%), berkheyaradulen (13.99%), dehydro-
cyclolongifolene oxide (10.35%), aromadendrene oxide-2 (8.81%), β-muurolene (8.09%),
α-eudesmol (6.79%), β-caryophyllene (4.95%), t-muurolol (3.88%), represented the
major compounds.

Berkheyaradulen, muurolene, eudesmol, tau-muurolol, and caryophyllene, were
found as marker compounds for this plant in the previous study [32] and this data is in the
same line with our results. While the reported data of EO of the leaves of this plant [38]
exhibited variations in chemical constituents than those data described previously by our
team [32] and also than our results herein. Elshamy, et al. [32] documented that α-cadinol
is the main sesquiterpene and this data is different than our results in which γ-cadinol is
present as a minor compound. Additionally, eudesmol and tau-muurolol were reported as
major sesquiterpenes in EO of the leaves of this plant, and this data agreed with our results.

The results of GC-MS of EO of P. dioscoridis revealed that the monoterpenes are traces
with only one compound, α-pinene (0.19%). The scarcity of monoterpenes is consistent
with the results of Elshamy, et al. [32] and El-Seedi, et al. [38].

In EO derived from P. dioscoridis, diterpenes were completely absent and this result
is inconsistent with the published data [32,37], while El-Seedi, et al. [38] characterized
only one diterpene, phytol, from the leaves of this plant. α-ionone was the only identified
carotenoid-derived compound from EO of P. dioscoridis that was not reported before from
this plant [32].

The other compounds (1.33%) including hydrocarbons were characterized as traces
in EO of P. dioscoridis that was in agreement with the previous data [32,39]. In contrast,
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El-Seedi, et al. [38] documented that the monoterpenoid compounds represented a high
concentration (26.6%) of the total mass of EO of the leaves of P. dioscoridis.

2.2. Chemical Compositions of EO of E. bonariensis

The hydro-distillation of the above-ground parts of E. bonariensis afforded golden
yellow EO (0.049%). The chemical characterization of the extracted EO was performed
based on the GC-MS analysis. Figure 2 represented the GC-MS chromatogram including
the major peaks. Thirty-five components were assigned representing 98.21% of the total oil
mass. The characterized constituents as well as retentions times (RIs), molecular formulas
(MFs), and literature and calculated Kovats indexes (KIs) were compacted in Table 1.

Figure 2. GC-MS chromatogrames of the EO of Erigeron bonariensis. The main peaks were numbered (1–7).

In EO of E. bonariensis, sesquiterpenes represented also the main constituents includ-
ing several oxygenated and non-oxygenated metabolites. With a relative concentration
of 81.06% of sesquiterpenes, our results are completely agreed with the previous data
by Harraz, et al. [34] that reported a relative concentration of 92.50%; trans-α-Farnesene
(25.03%), isolongifolene-5-ol (5.53%), α-maaliene (6.64%), berkheyaradulen (4.82%), and
α-muurolene (3.99%) were found the main sesquiterpenoid contents. The main sesquiter-
pene, trans-α-farnesene, was widely distributed in the EOs of Conyza species such as
C. bonariensis (≈E. bonariensis) collected from Venezuela and Vietnam [40], C. canaden-
sis [39], and C. sumatrensis [41]. However, in the only stated study of EO of E. bonarien-
sis [34], α-bergamotene was described as the main compound in addition to some farnesene
derivatives such as, β-farnesene, and (E)-farnesene epoxide. The abundance of α-maaliene
(6.64%), berkheyaradulen (4.82%), and α-muurolene (3.99%) were found in perfect har-
mony with our results of EO of P. dioscoridis. The variations of secondary metabolites
comprising EOs might be attributed to the plant age and development, plant organs, as
well as the environmental factors including such as altitude, seasonality, atmospheric
composition and temperature, and water availability [11,42,43].

Monoterpenes represented a remarkable concentration of the EO of E. bonariensis with
a wealth of O-ocimene (12.58%). O-Ocimene was reported here for the first time in EO of
this plant, contrariwise, Harraz, et al. [34] reported the complete absence of it from EO of
the aerial parts of this plant collected from Alexandria, Egypt.

The diterpenoids were represented by a relative concentration of 2.44% from over
all mass of the oil of E. bonariensis. The total relative concentration of diterpenes was
determined in the EO of E. bonariensis with only one compound, neophytadiene, which is
not reported before from the EO of this plant [34].

Carotenoid derived compounds were not identified from the EO of E. bonariensis
and this result is in harmony with Mabrouk, et al. [37]; also, hydrocarbons and the other
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components were represented by traces in EO of E. bonariensis (0.55%) that agreed the
previous described studies [32,39].

2.3. Chemometric Analysis

The EOs chemical compositions of the major compounds (>3%), reported from dif-
ferent ecospecies of P. dioscoridis and E. bonariensis were constructed in a matrix. These
collected data were subjected to agglomerative hierarchical clustering (AHC) and principal
component analysis (PCA). The cluster analysis of P. dioscoridis EOs showed that the present
studied sample of P. dioscoridis is closely correlated to the Egyptian ecospecies collected
from El-Sadat City, and little correlated to that collected from Cairo–Suez desert road,
Egypt (Figure 3a). However, the present sample was different than those purchased from
a commercial source in Cairo, Egypt. This means that the commercial samples are not in
pure form or may be mixed with other plants.

Figure 3. Chemometric analysis of the EOs from the present studied Pluchea dioscoridis ecospecies
and other reported ecospecies. (a) agglomerative hierarchical clustering (AHC) and (b) principal
component analysis (PCA).
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The PCA of the P. dioscoridis ecospecies showed that the sample collected from Cairo-
Suez desert road, Egypt is mainly characterized by farnesol, germacene d-4-ol, and longi-
folene (Figure 3b). However, the purchased sample from a commercial source in Cairo,
Egypt is characterized by hexadecanoic acid and α-cadinol.

On the other side, the cluster analysis of E. bonariensis EOs revealed that the present
Egyptian sample is closely related to the Venezuelan ecospecies, while it was different than
other ecospecies (Figure 4a).

Figure 4. Chemometric analysis of the EOs from the present studied Erigeron bonariensis ecospecies
and other reported ecospecies. (a) agglomerative hierarchical clustering (AHC) and (b) principal
component analysis (PCA).

While the Indian and Tunisian ecospecies showed a close relation in the composition
of the EO. The PCA showed that the present sample of E. bonariensis is characterized by
trans-α-Farnesene, O-ocimene, and trans-β-Farnesene (Figure 4b). The sample collected
from Alexandria, Egypt, showed a close correlation with α-bergamotene, limonene, and
α-curcumene, while the Indian ecospecies is characterized by β-eudesmol, caryophyllene
oxide, allo-aromadendrene, and carvacrol.
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The observed variation among the present samples and other reported ones revealed
the profitable information derived from the EOs analysis, which could be a useful tool in
chemotaxonomy [27].

2.4. Anti-Aging Activity

The EOs from P. dioscoridis, E. bonariensis, and the mixture of the two EOs (1:1) have
a strong inhibitory activity of the collagenase, elastase, hyaluronidase, and tyrosinase
(Figure 5). All the EO treatments exhibited potent inhibition of collagenase enzyme with
IC50 of 1.85, 2.90, and 1.73 μg/mL for P. dioscoridis, E. bonariensis, and the mixture, re-
spectively. Furthermore, the three EO treatments strongly inhibit the elastase enzyme
with respective values of IC50 of 14.63, 16.52, and 11.01 μg/mL. Furthermore, strong sup-
pression of hyaluronidase was demonstrated via the three EO treatments based upon the
respective observed values of IC50 of 17.18, 15.16, and 13.54 μg/mL. By the same, the three
tested displayed strong tyrosinase enzyme inhibition with IC50 values at 19.52, 18.93, and
15.81 μg/mL, respectively. All the results were constructed based upon comparing with
the polyphenolic compound, epigallocatechin gallate (EGCG), as a standard ant-aging
reference [44] that exhibit inhibition of collagenase, elastase, hyaluronidase, and tyrosinase
with IC50 of 1.56, 10.29, 12.71, and 14.37 μg/mL.
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Figure 5. Anti-aging activities of the EOs extracted from Pluchea dioscoridis and Erigeron bonariensis
against the four enzymes: collagenase, elastase, hyaluronidase, and tyrosinase. Values are IC50
(μg/mL) as an average of three replicates and the bars representing the standard deviation. Different
letters (A, B, and C) within each enzyme mean values significant at 0.05 probability level after
Duncan’s test.

In the matrix of extracellular, the elastin and hyaluronan degradation were principally
correlated with the two respective proteolytic enzymes, elastase, and hyaluronidase that
cause the main reasons for aging of the skin such as wrinkles, sagging. Moreover, tyrosinase
caused the regulation of the synthesis of melanin in human melanocytes that lead to
skin ailments.

In the present study, the anti-aging of the 1:1 mixture of the two EOs was evaluated to
study the synergetic effects of the combination of the two EOs. Results revealed that the EO
of P. dioscoridis, E. bonariensis, and the mixture of the two EOs (1:1) have strong anti-aging
activity. These results might be attributed to the chemical components of these oils. The
anti-aging activity was directly correlated with antioxidant potentiality [45]. The main
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constituents in both EOs, sesquiterpenes, were described to play a significant role as antiox-
idants, anti-inflammatory agents, and thus anti-aging [45]. Tu and Tawata [45] reported
that EO of the leaves of Alpinia zerumbet exhibit antioxidant and anti-aging activities due to
the high concentration of terpenoids, especially sesquiterpenes. Furthermore, the monoter-
penes were documented as active anti-aging agents in EO of Juniperus communis [46] and
Origanum vulgare [47]. These reports concluded that the increase of free radical scavenging
constituents in EOs lead to an increase in their anti-aging activity. Based upon this fact,
the high concentrations of terpenes especially the oxygenated sesqui- and monoterpenes
caused increasing in the anti-aging activity of EOs of these two plants. All these reported
data deduced the role of synergetic effects between the components of the EOs. This fact of
the role of synergetic effect was very clear in our results in which the mixture of the two
EOs (1:1) exhibited better activity than the individual EO of each plant. In the mixture of
the two EOs, the raising of concentration of oxygenated terpenes as well the synergetic
effects between the components caused increasing of the inhibition potentiality.

2.5. Cytotoxic Activity of EOs of P. dioscoridis and E. bonariensis

The cytotoxicity of EOs of the above-ground parts of the two plants, P. dioscoridis and E.
bonariensis, as well as a mixture of the two EOs (1:1) against the three cancer cell lines, breast
adenocarcinoma cells (MCF-7), lung cancer cells (A-549), and hepatocellular carcinoma
cells (HepG2) are shown in Figure 6. The results exhibited that the EO of P. dioscoridis have
a significant inhibition of the two cancer cells, MCF-7 and A-549, with IC50 of 37.3 and
22.3 μM, respectively (Figure 6A,B), without any activity against HepG2. While, the EO of
the E. bonariensis showed inhibitory potentiality only against HepG2 with IC50 of 25.6 μM
(Figure 6C), with negative results against MCF-7 and A-549. The 1:1 mixture of the two
EOs did not exhibit any activity against the three cancer cells.

 
Figure 6. Cytotoxicity of EOs of (A) Pluchea dioscoridis against MCF-7 cells, (B) P. dioscoridis against A-549 cells, and (C)
Erigeron bonariensis against HepG2.
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The significant activities of the two EOs might be attributed to the chemical composi-
tion in which the synergetic effect of the compounds contributes to this activity [48]. The
sesquiterpenes in both forms, oxygenated and hydrocarbons, represented very effective
compounds as anticancer leaders [49,50]. Several reports deduced that the increasing of
sesquiterpene contents in EOs caused increasing in anticancer activity [51,52]. For example,
caryophyllene with high concentration in EOs was reported as a known potential cytotoxic
agent especially against the growth of breast adenocarcinoma cells (MCF-7) [53,54].

The present data revealed that these two EOs are selective against the tested cancer
cells. This selectivity was in full agreement with several documented results of EOs derived
from other plants. For example, EO derived from Sideritis perfoliata, Satureia thymbra, Salvia
officinalis, Laurus nobilis, and Pistacia palestina were found to have selective inhibitory
effects against, amelanotic melanoma (C32), renal celladenocarcinoma (ACHN), hormone-
dependent prostatecarcinoma (LNCaP), and breast cancer (MCF-7) [55]. Moreover, EOs
extracted from the three plants, Satureja montana, Coriandrum sativum, and Ocimum basilicum,
were found to have selective cytotoxic activity against HeLa, MDA-MB-453, K562, and
MRC-5 [56]. The disappearance of the mixtures of the two EOs (1:1) might be ascribed
to the negative synergetic effects of each EO upon the other and this phenomenon was
reported in some reports. Haroun and Al-Kayali [57] found that the different extracts of
Thymbra spicata showed positive synergetic effects via combination with some references
antibiotics against some strains of bacteria and a while negative synergetic effects against
other strains.

3. Materials and Methods

3.1. Plant Materials Collection and Preparation

The above-ground parts of P. dioscoridis and E. bonariensis, were collected from two
populations along the Cairo–Alexandria desert road, Egypt in November 2019. From each
population, the healthy and fresh plant samples were clipped from three individuals and
pooled as composite samples (two per each plant; P. dioscoridis and E. bonariensis). The two
plants were authenticated according to Tackholm [58] and Boulos [25]. Voucher specimens
(CZ-D-x908-019 & CZ-L-x909-019) have been deposited in the herbarium of the National
Research Center, Egypt. The above-ground parts were dried in the shade, ground into a
fine powder, and packed in paper bags till further analysis [13].

3.2. Extraction of EOs

The air-dried powder of the above-ground parts of the P. dioscoridis, and E. bonariensis,
(200 gm, each) were subjected separately to Clevenger-type apparatuses using round flask
(2.5 L) comtaining water (1.5 L) for hydro-distillation for 3 h. The oily layer of each plant
was isolated separately by n-hexane, then dried using anhydrous Na2SO4 (0.5 g), and
finally stored in glass vials in the freezer till further analysis via GC-MS. This extraction of
the EO of each plant was repeated as duplicates.

3.3. Gas Chromatography-Mass Spectroscopy (GC-MS) Analysis and Chemical Components Investigations

The four EOs samples (two samples for each plant) were analyzed via Gas
Chromatography-Mass Spectroscopy (GC-MS) at National Research Center, Egypt [8].
The adjustment of the GC/MS instrument specifications has occurred as the following
conditions: TRACE GC Ultra Gas Chromatographs (THERMO Scientific™ Corporate,
Waltham, MA, USA), lined with a Thermo Scientific ISQ™ EC single quadrupole mass
spectrometer. The GC-MS system was equipped with a TR-5 MS column with a dimension
of 30 m × 0.32 mm i.d., 0.25 μm film thickness. Helium as carrier gas at a flow rate of
1.0 mL/min with a split ratio of 1:10 using the following temperature program: 60 ◦C for
1 min; rising at 4.0 ◦C/min to 240 ◦C and held for 1 min was used for the analyses. Both
injector and detector were held at 210 ◦C. An aliquot of 1 μL of diluted samples in hexane
(1:10, v/v) was always injected. Mass spectra were recorded by electron ionization (EI) at
70 eV, using a spectral range of m/z 40–450.
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Chemical constituent of the EOs under investigations was characterized by Auto-
mated Mass spectral Deconvolution and Identification (AMDIS) software (www.amdis.net,
accessed on 2 January 2020), retention indexes (relative to n-alkanes C8-C22), comparison
of the mass spectrum with authentics (if available), and Wiley spectral library collection
and NSIT library database (Gaithersburg, MD, USA; Wiley, Hoboken, NJ, USA).

3.4. Anti-Aging Activity of the EOs
3.4.1. Anti-Collagenase Assay

The anti-collagenase assay of the two studied plants EOs as well as the 1:1 mixture
were performed according to Thring, et al. [59] with minor modifications for use in a
microplate reader. The assay was performed in 50 mM tricine buffer (pH 7.5) with 400 mM
NaCl and 10 mM CaCl2. Collagenase from Clostridium histolyticum (ChC–EC.3.4.23.3) was
dissolved in a buffer for use at an initial concentration of 0.8 units/mL according to the
supplier’s activity data. The synthetic substrate N-[3-(2-furyl) acryloyl]-Leu-Gly-Pro-Ala
(FALGPA) was dissolved in tricine buffer to 2 mM. Two studied EOs and the mixture of
EOs of the two plants (1:1, w/w), separately, were incubated with the enzyme in a buffer for
15 min before adding substrate to start the reaction. Absorbance at 490 nm was measured
using a Microplate reader (TECAN, Group Ltd., Männedorf, Switzerland). Epigallocatechin
gallate (EGCG) was used as a positive control.

3.4.2. Anti-Elastase Assay

For anti-elastase inhibitory assay the two studied plants EOs as well as the 1:1 mixture,
this assay was performed according to Kim, et al. [60] with minor modifications. Briefly;
Porcine pancreatic elastase, was dissolved to make a 3.33 mg/mL stock solution in sterile
water. The substrate, N-succinyl-Ala-Ala-Ala-p-nitroanilide (AAAPVN) was dissolved in
buffer at 1.6 mM. The test EOs were incubated with the enzyme for 15 min before adding
substrate to begin the reaction. The final reaction mixture (250 μL total volume) contained
buffer, 0.8 mM AAAPVN, 1 μg/mL PE and 25 μg test sample. The studied EOs and a
mixture of EOs of the two plants (1:1, w/w), separately, were incubated. EGCG was used
as a positive control. Absorbance values at 400 nm were measured in 96 well microtitre
plates using a Microplate reader (TECAN, Inc.). The percentage inhibition for this assay
is calculated.

3.4.3. Anti-Tyrosinase Assay

Assays of tyrosinase inhibition of the two plants EOs, as well as the 1:1 mixture, were
carried out via measuring of L-DOPA chrome formation according to the described protocol
of Batubara, et al. [61]. Briefly, the two EOs and a mixture of them (1:1, w/w), separately,
were dissolved in a solvent with three certain concentrations (10, 100, and 250 μg/mL).
The assays were performed by insertion of the following components: (a) phosphate buffer
(120 μL, 20 mM, pH 6.8), (b) 20 μL sample, and (c) 20 μL mushroom tyrosinase (500 U/mL
in 20 mM phosphate buffer) in 96-well plates. After 15 min of incubation at 25 ◦C, the
intiation of reaction was occurred by insertion of 20 μL L-tyrosine solution (0.85 mM) for
every well and followed by incubation for 10 min at room temperature. The activity of the
enzyme was monitored at 475 nm using a Microplate reader (TECAN, Inc.). EGCG was
used as a positive control. The calculation of the tyrosinase inhibition % was performed
via the following equation:

Tyrosinase inhibition (%) = [(A − B) − (C − D)]/(A−B) × 100 (1)

where A is the absorbance of the control with the enzyme, B is the absorbance of the control
without the enzyme, C is the absorbance of the test sample with the enzyme, and D is the
absorbance of the test sample without the enzyme.
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3.4.4. Anti-Hyaluronidase Assay

The fluorimetric Morgan–Elson assay method was performed according to Reissig,
et al. [62] that modified by Takahashi, et al. [63]. In a brief description, a 5 μL of tested
EOs and a mixture of EOs of the two plants (1:1, w/w), separately, were incubated for
10 min at 37 ◦C with bovine hyaluronidase (1.50 U) in 100 μL of 20 mM sodium phosphate
buffer solution (pH 7.0), sodium chloride (77 mM), in addition to 0.01% bovine serum
albumin (BSA). The assay reaction was initiated via adding the hyaluronic acid sodium
salt (100 μL) from rooster comb (0.03% in 300 mM sodium phosphate, pH 5.35) to the
incubation mixture, then the mixture was incubated at 37 ◦C for 45 min. The precipitation
of undigested hyaluronic acid was carried out by 1 mL acidic solution of albumin, involving
0.1% BSA in sodium acetate (24 mM) and acetic acid (79 mM, pH 3.75). The mixture was
stoped by allowing it for 10 min at room temperature, and fluorescence was detected using
a Tecan Infinite microplate reader at 545 nm excitation and 612 nm emission EGCG was
used as a positive control.

The percentage of the collagenase, elastase, and hyaluronidase inhibition was calcu-
lated via the following equation:

Enzyme inhibition (%) = [1 − (S/C) × 100] (2)

where S: the corrected absorbance of the samples containing elastase inhibitor (the enzyme
activity in the presence of the samples); and C: the corrected absorbance of controls (the
enzyme activity in the absence of the samples).

The IC50, the concentration required to inhibit 50% of the enzyme under the assay con-
ditions, was estimated from graphic plots of the dose-response curve for each concentration
using Graphpad Prism software (San Diego, CA, USA).

3.5. Cytotoxicity of the Two EOs

Cytotoxic activity of the P. dioscoridis and E. bonariensis EOs and a mixture of them (1:1,
w/w), separately were carried out against the three human cancer cells, breast adenocarci-
noma cells (MCF-7), lung cancer cells (A-549), and hepatocellular carcinoma cells (HepG2),
using sulforhodamine B (SRB) protocol.

3.5.1. Cell Culture

The three cancer cell lines, breast adenocarcinoma cells (MCF-7), lung cancer cells (A-
549), and hepatocellular carcinoma cells (HepG2) were obtained from VACCERA, Mokatam,
Giza, Egypt. Cells were maintained in DMEM media supplemented with 100 mg/mL of
streptomycin, 100 units/mL of penicillin, and 10% of heat-inactivated fetal bovine serum
in humidified, 5% (v/v) CO2 atmosphere at 37 ◦C.

3.5.2. Cytotoxicity Assay

Cell viability was assessed by SRB assay. Aliquots of 100 μL cell suspension
(5 × 103 cells) were in 96-well plates and incubated in complete media for 24 h. Cells were
treated with another aliquot of 100 μL media containing EOs and a mixture of them (1:1,
w/w), separately, at various concentrations ranging from (0.01, 0.1, 1, 10, and 100 ug/mL).
After 72 h of drug exposure, cells were fixed by replacing media with 150 μL of 10% TCA
and incubated at 4 ◦C for 1 h. The TCA solution was removed, and the cells were washed
5 times with distilled water. Aliquots of 70 μL SRB solution (0.4% w/v) were added and
incubated in a dark place at room temperature for 10 min. Plates were washed 3 times with
1% acetic acid and allowed to air-dry overnight. Then, 150 μL of TRIS (10 mM) was added
to dissolve protein-bound SRB stain; the absorbance was measured at 540 nm using a BMG
LABTECH®- FLUOstar Omega microplate reader (Ortenberg, Germany) [64,65].
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3.6. Data Treatment

The data of the anti-aging activity of various enzymes were presented in three replica-
tions and subjected to one-way ANOVA followed by Duncan’s test using CoStat version
6.311 (CoHort, Monterey, CA, USA, http://www.cohort.com).

A matrix of the concentration of a total of 30 major chemical compounds (>3%)
identified in the EO of five P. dioscoridis ecospecies was constructed, these samples were (1)
present sample; (2) purchased from a market in Cairo, Egypt; (3) collected from El-Sadat
City, Egypt; (4) collected from Cairo-Suez desert road, Egypt dring April; and (5) collected
from Turkey. While for E. bonariensis, a matrix of 27 major chemical compounds (>3%)
represented six samples was designed, these samples were (1) present sample; (2) collected
from Alexandria, Egypt; (3) collected from Monastir, Tunisia; (4) collected from Venezuela;
(5) collected from Vietnam; and (6) collected from India. The matrices were subjected to
principal component analysis (PCA) and agglomerative hierarchical clustering (AHC) via
XLSTAT statistical computer software package (version 2018, Addinsoft Inc., New York,
NY, USA).

4. Conclusions

Herein, the GC-MS analysis of EOs of the above-ground parts of P. dioscoridis and E.
bonariensis, revealed the identification of 29 and 35 compounds, respectively. Sesquiter-
penes were characterized as the main components of EOs derived from the two plants.
The major components of EO of P. dioscoridis were α-maaliene, berkheyaradulen, dehydro-
cyclolongifolene oxide, aromadendrene oxide-2, and β-muurolene. While, trans-α-farnesene,
O-ocimene, and α-maaliene represented the abundant constituents of E. bonariensis EO. The
observed variation in the EOs composition among the studied ecospecies and that reported
support the changing of the taxa names. EO of P. dioscoridis exhibited cytotoxicity against
the two cancer cells, MCF-7 and A-549, while the EO of the E. bonariensis showed activity
only against HepG2. The EOs of P. dioscoridis and E. bonariensis as well as the mixture of
them (1:1), exhibited significant anti-aging activity in which the mixture (1:1) > P. dioscoridis
> E. bonariensis. All these data deduced the studied EOs of these two plants may be used as
antiaging and anticancer leading agents.
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Abstract: The preservation of fresh produce quality is a major aim in the food industry since
consumers demand safe and of high nutritional value products. In recent decades there has been
a turn towards the use of eco-friendly, natural products (i.e., essential oils-EOs) in an attempt to
reduce chemical-based sanitizing agents (i.e., chlorine and chlorine-based agents). The aim of this
study was to evaluate the efficacy of an eco-friendly product (EP—based on rosemary and eucalyptus
essential oils) and two different application methods (vapor and dipping) on the quality attributes
of tomato fruits throughout storage at 11 ◦C and 90% relative humidity for 14 days. The results
indicated that overall, the EP was able to maintain the quality of tomato fruits. Dipping application
was found to affect less the quality attributes of tomato, such as titratable acidity, ripening index
and antioxidant activity compared to the vapor application method. Vapor application of 0.4% EP
increased fruit’s antioxidant activity, whereas tomatoes dipped in EP solution presented decreased
damage index (hydrogen peroxide and lipid peroxidation levels), activating enzymes antioxidant
capacity (catalases and peroxidases). Moreover, higher EP concentration (up to 0.8%) resulted in a
less acceptable product compared to lower concentration (0.4%). Overall, the results from the present
study suggest that the investigated EP can be used for the preservation of fresh produce instead of the
current commercial sanitizing agent (chlorine); however, the method of application and conditions of
application must be further assessed for every commodity tested.

Keywords: tomato; eco-friendly product; essential oils; quality preservation; antioxidants; dam-
age index

1. Introduction

Fresh produce is considered to be an important source of vitamins (i.e., A, C, niacin,
riboflavin, thiamine), minerals (i.e., potassium, calcium, iron) and dietary fibers. Increase
consumption of vegetables has been associated with a healthy lifestyle, reducing the
risk of vitamin and mineral deficiencies, cancer and other chronic diseases [1]. These
benefits derive from the previously mentioned phytonutrients that possess antioxidant,
anti-inflammatory, and anti-cancer properties, among others [2].

Vegetables are perishable products and their quality might be affected by various
environmental factors throughout the food supply chain [2]. The factors that can influence
the quality and storability of vegetables include pre-harvest (i.e., growing temperature
and light conditions, irrigation, maturity, pest management, harvesting, cultivation prac-
tice) and postharvest (i.e., poor handling, processing, storage temperature, marketing,
pathogens) parameters [3–6]. During postharvest handling (including processing, storage,
transport and retailing) and under unfavorable conditions (i.e., high temperature, low
relative humidity, improper hygiene), vegetables’ quality gradually deteriorates resulting
in great losses for the food industry [1,7,8].

During storage, fresh produce might exhibit water loss (wilting), degradation of
pigments (discoloration, i.e., loss of chlorophylls, carotenoids), and increased susceptibility
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to diseases and all these result in a less acceptable product by the consumer [2,3]. The
main factors that affect vegetables’ quality include exposure to undesirable temperature,
relative humidity and light [2]. It has been shown that storage at low temperatures and
high humidity suppresses the respiration rate of fresh produce, extending their shelf life [9].
Furthermore, the use of sanitizing agents including chlorine and chlorine-based means
for fresh produce decontamination, might not be able to sufficiently reduce the microbial
load, while at the same time, these products have been associated with the production of
harmful, carcinogenic compounds [9,10].

Nowadays there is a turn towards the investigation of natural products in an attempt
to reduce the use of chemical sanitizing agents in the food industry and meet consumers’
demands for fresh, high nutritional and safe fresh produce [11,12]. Chlorine, the most
commonly used sanitizing agent, has been linked with the formation of carcinogenic
compounds that can adversely affect human health [10] and its application is of con-
cern. Among the natural products investigated, the essential oils (EOs) from medicinal
and aromatic plants gained more attention by researchers due to their antioxidant, anti-
inflammatory, antifungal and antibacterial activities, among others [4,11,13–19]. Various
EOs have been used in the food industry (as food preservatives) in a variety of foods
including meat and meat products, fruits and vegetables, minimally processed products
and dairy products [8,19–21].

The application of EOs for the postharvest preservation of fresh produce and the
utilization of their properties have been previously reported and the results are promising
since they are able to preserve/improve product quality and ensure its safety for consump-
tion [4,8,22]. The use of EOs alone or in combination with other compounds, i.e., chitosan,
on fresh and/or minimally processed vegetables (including tomato and cucumber) has
been previously studied and the results are encouraging [4,17,23–25]. For instance, EOs
from eucalyptus lemon, helichrysum, sage, nutmeg, cinnamon and clove inhibited the
growth of Escherichia coli in cucumber fruit, preserving fruit’s quality and flavor [18]. The
use of dittany EO in eggplant fruits decreased gray mold (Botrytis cinerea) development
and at the same time did not negatively affect fruit’s quality attributes [15]. The use of
natural products (including sage EO) in vapor phase resulted in suppressed gray mold
growth when inoculated on pepper fruits, while sage EO incorporated in Aloe vera gel
improved (via dipping application) tomato fruit quality attributes alongside with decreased
fruit decay throughout storage [4,23]. Moreover, Santoro et al. [26] reported that vapor
application of thyme and savory EOs on peaches and nectarines was found to improve
fruit’s quality attributes (i.e., less weight loss and no significant losses of ascorbic acid and
carotenoid content), but at the same time they showed conflicting results on postharvest
diseases (brown rot and gray mold). Among EOs, rosemary and eucalyptus have been
studied for their many beneficial properties and many uses have been proposed [27,28].

Even though EOs are classified as generally recognized as safe (GRAS) food additives,
it is noteworthy that their application might result in phytotoxicity, allergies and undesired
alterations in product quality (i.e., appearance, aroma, flavor) if used with inappropriate
(high) concentrations and/or food combinations [18,19,29]. Thus, the aim of this study was
to evaluate the effects of an eco-product (EP—based on rosemary and eucalyptus essential
oils) by two different application methods (vapor and dipping) on the quality attributes of
tomato fruits throughout storage at 11 ◦C and 90% relative humidity for 14 days.

2. Results

2.1. Preliminary Test

The effects of the EP on tomato during the preliminary screening are shown in Figure 1.
Both application methods (vapor and dipping) at the highest concentration (0.8% EP)
resulted in decreased weight loss compared to the other concentrations tested (Figure 1A,B).
Vapor application led to lower scoring on the marketability scale with 0.1%, 0.2% and 0.8%
EP, whilst dipping application with 0.4% EP also presented lower scores after two days
of storage (Figure 1C,D). Furthermore, all applied concentrations (for both application
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methods) showed lower scoring values on the aroma scale compare with the control.
However, all tested concentrations showed higher scores as compared to the higher applied
concentrations (i.e., for vapor: 0.8% and for dipping: 0.4% and 0.8%) (Figure 1E,F).

Figure 1. Effects of vapor (A,C,E) or dipping (B,D,F) application with eco-product (EP) at different concentrations (0%,
0.05%, 0.1%, 0.2%, 0.4% and 0.8%) or control (application of water) on weight loss (%), marketability (scale 1–10) and aroma
(scale 1–10) of tomato fruits stored for two days at 11 ◦C. In each day, means (±SE) followed by different Latin letters
significantly differ according to Duncan’s MRT (p = 0.05).

2.2. Main Experiment
2.2.1. Weight Loss and Decay

Figure 2 illustrates the effects of the EP application (vapor and dipping) on the weight
loss and decay of tomato fruits. Dipping application with 0.4% EP resulted in increased
weight loss on the 12th day and up to the last day of storage (0.98 and 1.02%, respectively)
(Figure 2B), while no differences on weight loss were observed after vapor application
(Figure 2A). No significant differences (p > 0.05) regarding the decay of tomato fruits were
reported throughout storage for both application methods (Figure 2C,D).
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Figure 2. Effects of vapor (A,C) or dipping (B,D) application with eco-product (EP) at different concentrations (0%, 0.4%
and 0.8%), chlorine (0.02%) or control (application of water) on weight loss (%) and decay (scale 1–10) of tomato fruits
stored up to 14 days at 11 ◦C. In each day, means (±SE) followed by different Latin letters significantly differ according to
Duncan’s MRT (p = 0.05). ns: not significant.

2.2.2. Respiration Rate and Ethylene Production

Figure 3 presents the effects of the EP application (vapor and dipping) on tomato’s
respiration rate and ethylene production. The vapor application of 0.8% EP and chlorine
treatment increased respiration rate on the seventh day of storage (7.14 mL CO2 kg−1 h−1)
and this was evident for the chlorine application even at the last day of storage (Figure 3A).
Interestingly, dipping application did not significantly affect tomato’s respiration rate
(p > 0.05) (Figure 3B). Ethylene production was increased on the 7th day of storage with
EP (0.4% and 0.8%) vapor application, but this was not persistent after 14 days of storage
(Figure 3C). Indeed, dipping application with chlorine increased ethylene production on
the 7th day, while both EP and chlorine had increased ethylene levels on the last day of
storage, compared to the control (Figure 3D).
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Figure 3. Effects of vapor (A,C) or dipping (B,D) application with eco-product (EP) at different concentrations (0%, 0.4% and
0.8%), chlorine (0.02%) or control (application of water) on respiration rate (mL CO2 kg−1 Fw h−1) and ethylene production
(μL kg−1 Fw h−1) of tomato fruits stored up to 14 days at 11 ◦C. In each day, means (±SE) followed by different Latin letters
significantly differ according to Duncan’s MRT (p = 0.05). ns: not significant.

2.2.3. Firmness, Total Soluble Solids, Titratable Acidity and Ripening Index

The effects of the EP on tomato’s quality attributes (firmness, TSS, TA, ripening index)
are presented in Figure 4. Fruit firmness was maintained with the EP vapor application
compared to control treatment, while chlorine in vapors, decreased firmness compared
to 0.4% EP treatment. Fruit firmness was maintained in similar levels after all dipping
applications (Figure 4A,B). Interestingly, both methods did not significantly affect TSS of
tomato fruit (Figure 4C,D). Vapor treatment of 0.4% EP decreased TA on the 7th day of
storage (0.16 g citric acid L−1), while chlorine applied via vapor decreased fruit’s ripening
index compared to 0.4% EP on the same day (Figure 4E,G). Dipping application resulted in
no differences on tomato’s TA and ripening index (Figure 4F,H).
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Figure 4. Effects of vapor (A,C,E,G) or dipping (B,D,F,H) application with eco-product (EP) at different concentrations (0%,
0.4% and 0.8%), chlorine (0.02%) or control (application of water) on firmness (N), total soluble solids (TSS; ◦Brix), titratable
acidity (TA; g citric acid L−1 juice) and ripening index (TSS/TA) of tomato fruits stored up to 14 days at 11 ◦C. In each day,
means (±SE) followed by different Latin letters significantly differ according to Duncan’s MRT (p = 0.05). ns: not significant.

2.2.4. Ascorbic Acid, Lycopene, β-carotene

Figure 5 shows the effects of vapor and dipping application of EP and chlorine on
ascorbic acid, lycopene and β-carotene content of tomato fruits. It is noteworthy that
tomato’s ascorbic acid, lycopene and β-carotene contents did not significantly differ among
treatments for both application methods (vapor and dipping) (p > 0.05) (Figure 5A–F).
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Figure 5. Effects of vapor (A,C,E) or dipping (B,D,F) application with eco-product (EP) at different concentrations (0%,
0.4% and 0.8%), chlorine (0.02%) or control (application of water) on ascorbic acid (mg g−1 Fw), lycopene (mg g−1 Fw) and
β-carotene (mg g−1 Fw) of tomato fruits stored up to 14 days at 11 ◦C. In each day, means (±SE) followed by different Latin
letters significantly differ according to Duncan’s MRT (p = 0.05). ns: not significant.

2.2.5. Total Phenolic Content and Antioxidant Activity

The effects of vapor and dipping application of EP and chlorine on total phenolic
content and antioxidant activity (FRAP, DPPH) of tomato fruit are presented in Figure 6.
No significant differences were reported on tomato’s total phenolic content among treat-
ments for both application methods (vapor and dipping) (p > 0.05) (Figure 6A,B). Va-
por application of 0.8% EP decreased antioxidant activity on the last day of storage
(FRAP: 0.16 mg trolox g−1 Fw) compared to control and chlorine treated fruits (0.22 and
0.21 mg trolox g−1 Fw, respectively) (Figure 6C). Antioxidant activity (DPPH) of tomato
fruit increased when fruit treated with 0.4% EP on the seventh day (0.60 mg trolox g−1 Fw),
while vapor application of 0.4% EP and chlorine also increased antioxidants on the last day
of storage (0.84 and 0.88 mg trolox g−1 Fw, respectively) (Figure 6E). Interestingly, dipping
application resulted in no differences on tomato’s antioxidant activity (assayed by FRAP
and DPPH) (Figure 6D,F).
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Figure 6. Effects of vapor (A,C,E) or dipping (B,D,F) application with eco-product (EP) at different concentrations (0%, 0.4%
and 0.8%), chlorine (0.02%) or control (application of water) on total phenols content (mg GAE g−1 Fw) and antioxidant
activity (FRAP, DPPH; mg trolox g−1 Fw) of tomato fruits stored up to 14 days at 11 ◦C. In each day, means (±SE) followed
by different Latin letters significantly differ according to Duncan’s MRT (p = 0.05). ns: not significant.

2.2.6. Damage Index

The effects of the EP application on the damage index of tomato fruit (H2O2 and
lipid peroxidation levels) are illustrated in Figure 7. The vapor application of chlorine
increased H2O2 levels of tomato compared to 0.8% EP-treated and control fruits (0.03 and
0.03 μmol g−1 Fw, respectively) on the last day of storage (Figure 7A). On the other hand,
all treatments applied via dipping decreased tomato’s H2O2 levels on the seventh day,
compared to control fruits (Figure 7B). All vapor applied treatments resulted in increased
lipid peroxidation (increased MDA levels) during the seventh day (compared to untreated
fruits). Dipping tomato fruits in 0.8% EP lowered MDA levels in comparison with control
fruits (11.34 and 10.90 nmol MDA g−1 Fw, respectively) on the 14th day (Figure 7C,D).
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Figure 7. Effects of vapor (A,C) or dipping (B,D) application with eco-product (EP) at different concentrations (0%, 0.4%
and 0.8%), chlorine (0.02%) or control (application of water) on damage index of tomato fruits (H2O2 and MDA levels;
μmol g−1 Fw and nmol g−1 Fw, respectively) stored up to 14 days at 11 ◦C. In each day, means (±SE) followed by different
Latin letters significantly differ according to Duncan’s MRT (p = 0.05). ns: not significant.

2.2.7. Enzymes Antioxidant Activity

Figure 8 illustrates the effects of the EP application (vapor and dipping) on the enzy-
matic activity of tomato fruits. During the seventh day of vapor application of 0.8% EP,
CAT activity was increased (12.78 units mg−1 protein) compared to control and 0.4% EP
(7.55 and 7.01 units mg−1 protein, respectively), while 0.8% EP also increased CAT activity
on the last day of storage in comparison to chlorine treated fruits (Figure 8A). On the other
hand, dipping in 0.4% EP decreased CAT activity on the 14th day compared to control
(Figure 8B). Interestingly, both EP application methods did not significantly affect SOD
activity of tomato fruits (Figure 8C,D). POD activity increased with the EP vapor appli-
cation (0.4 and 0.8%) compared to control on the seventh day of storage, while 0.8% EP
led to decreased enzyme activity on the last day of storage compared to chlorine (2.52 and
3.59 units mg−1 protein, respectively) (Figure 8E). In contrast, dipping in 0.4% EP resulted
in decreased POD activity on the seventh day of storage compared to chlorine, whilst the
same treatment increased enzymes’ activity on the last day of storage in comparison to
control (Figure 8F).
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Figure 8. Effects of vapor (A,C,E) or dipping (B,D,F) application with eco-product (EP) at different concentrations (0%, 0.4%
and 0.8%), chlorine (0.02%) or control (application of water) on enzyme activity (catalase-CAT, superoxide dismutase-SOD
and peroxidase-POD), expressed as units of enzyme per mg of protein, stored up to 14 days at 11 ◦C. In each day, means
(±SE) followed by different Latin letters significantly differ according to Duncan’s MRT (p = 0.05). ns: not significant.

2.2.8. Sensory Evaluation

The effects of the EP’s application (via vapor and dipping) on tomato’s sensory
attributes (marketability, aroma, appearance) are illustrated in Figure 9. Tomato’s mar-
ketability was not affected during vapor application (Figure 9A), while dipping on 0.4% EP
and chlorine decreased marketability (lower scoring values) on the seventh day of storage
compared to control (Figure 9B). Vapor treatment with chlorine decreased aroma scoring
on the seventh day of storage compared to control, while on the last day of storage all
vapor treatments were able to decrease aroma values (Figure 9C). Moreover, dipping in
chlorine resulted in lower aroma values on the seventh day compared to other treatments
(Figure 9D). During vapor application, all treatments resulted in lower appearance val-
ues compared to control on the last day of storage, while dipping method did not affect
tomato’s appearance (Figure 9E,F).
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Figure 9. Effects of vapor (A,C,E) or dipping (B,D,F) application with eco-product (EP) at different concentrations (0%,
0.4% and 0.8%), chlorine (0.02%) or control (application of water) on marketability (scale 1–10), aroma (scale 1–10) and
appearance (scale 1–10) of tomato fruits stored up to 14 days at 11 ◦C. In each day, means (±SE) followed by different Latin
letters significantly differ according to Duncan’s MRT (p = 0.05). ns: not significant.

3. Discussion

Tomato is an important food crop, characterized by high consumption numbers world-
wide, and numerous uses and health benefits [30]. As a fresh produce commodity, tomato
has a relatively short shelf life and its quality is affected by many pre and postharvest
factors. During postharvest handling many parameters can influence tomato’s quality
attributes resulting in rapid deterioration. In this study, dipping tomato fruits in 0.4% EP
increased product’s weight loss after the 12th day of storage; however, the weight loss
was less than 1.2%, which is not considered of great issue in postharvest storability of
fresh produce. Similarly, Tzortzakis et al. [23] reported increased weight loss with dip-
ping tomatoes in 0.5% sage EO compared to 0.1% EO and control fruits after seven and
14 days of storage at 11 ◦C. In another study, the vapor application of oregano EO did
not result in any significant differences in tomato’s weight loss [31]. These effects can be
attributed to the similar EO composition of the main components of rosemary (isoborneol,
α-pinene, α terpineol, 1.8-cineole), eucalyptus (1.8-cineole, α-pinene and δ-3 carene) and
sage (α-thujone, camphor, 1.8-cineole, camphene and α-pinene) in comparison to oregano
EO (carvacrol, p-cymene, γ-terpinene) [4,23,31,32].
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Tomato, as a typical climacteric fruit, is characterized by increased respiration rate
followed by increased ethylene production while ripening [33]. In that sense, vapor
application increased respiration rates mainly at high EP levels and chlorine after seven
days and at chlorine application at 14 days. Such changes in respiration were not evidenced
in dipping application, indicating a non-lasting impact of the dipping, compared to the
vapor method. We speculate that any boost in respiration rates of dipped tomatoes could
possibly happen before the seven days, as indicated by the increased ethylene levels at
days 7 and 14. However, considering the effects of EP product, vapor application of EP
(0.4%, 0.8%) increased ethylene emission on the seventh day, while respiration increase was
observed only at the 0.8% EP vapor application, on the same day. Both vapor and dipping
application methods retarded ethylene emission on the last day of storage compared to day
zero (fruits were at room temperature), and this is evidenced by the low temperatures used
in the present study in comparison to room temperature, by retarding the ripening process
and slowing down metabolic changes of the fruit. In a previous study, it has been shown
that respiration rate and ethylene emission of tomato fruit were increased after dipping
the fruits in 0.5% sage EO, compared to control and 0.1% EO, after the seventh day and
up to the last day (14th) of storage at 11 ◦C [23]. The differences in respiration rate and
ethylene emission of these products can be attributed to disturbance of gas exchange and
cell wall degradation that can be caused by the duration of the EO application and/or even
the method of application [34,35]. The increased respiration and/or ethylene production
are processes related to increased fruit metabolism and ripening.

Tomato fruit firmness decreases through storage and maturation as fruit gets softer,
while it has been previously suggested that EO treated fruits maintained higher firmness
values compared to non-treated fruits [35]. Oregano EO when applied to tomato fruits was
found not to affect fruit’s firmness in comparison with control fruits while at the same time
it decreased fruit decay after 14 days of storage [31], highlighting a prolonged postharvest
storage period. Vapor application of EP (0.4%) resulted in firmness maintenance compared
to vapor chlorine on the seventh day of storage. Moreover, in the present study, no
symptoms of decay were observed on the examined tomatoes in all treatments and methods
of applications (vapor vs. dipping). Similarly, in another study, eucalyptus EO vapor-
treated tomatoes maintained their firmness [36]. No significant differences regarding
firmness were reported with the application (via dipping) of sage EO (0.5% and 0.1%) on
tomato fruits even up to 14 days of storage at 11 ◦C [23]. These results are in accordance
with the observations of dipping application of the EP (0.4% and 0.8%) in the present study.
Indeed, EO effectiveness from the previous mentioned EOs on fruit firmness is attributed to
the common main components of the tested EOs, such as 1,8-cineole and α-pinene; however,
that statement needs further substantiation by testing individual chemical components
and/or mixtures of them in ratios similar to the examined EOs. The Eos’ effectiveness
is not related only to the main component of the oil, but to the synergistic action of the
major components, usually numbering 3–5 components in each EO. Nevertheless, EOs
effectiveness can vary, and that can be attributed to the different species, even varieties, to
the cultivation practices, and components’ composition.

Acidity (organic acids) is one of the main taste characteristics of tomatoes that influence
fruit quality and decreases throughout storage, as fruit ripens [37,38]. Tomato’s TA was
decreased on the seventh day by the vapor application of 0.4% EP. The use of sage EO
decreased tomato’s TA, while increasing its sweetness (ripening index) after 14 days of
storage at 11 ◦C [23]. Similarly, Adams et al. [35] mentioned a decrease in TA in EO-treated
(ginger EO) tomatoes compared to control. Aminifarda and Mohammadi [39] reported that
tomato fruits treated (dipping method) with ammi and anise EOs (concentration range:
200–800 μL L−1) presented higher TSS compared to the control ones. During the ripening
of tomato fruits, sugars accumulate above the required levels for respiration purposes
and this is reflected in an increased TSS value [37]. In the present study, both application
methods (dipping and vapor) did not affect tomato’s TSS throughout storage. However, it
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has been previously mentioned that EO-treated tomatoes seem to have a slightly decreased
TSS due to respiratory metabolism [35].

Color is one of the most important quality attributes of tomato fruit. The development
of pigments changes during tomato fruit maturation, with the production of carotenoids
and the breakdown of chlorophylls. In the present study, both application methods (dipping
and vapor) did not affect tomato’s AA, β-carotene and lycopene content throughout storage,
which is important for maintaining the fruit’s high nutritive value. These results are of
agreement with another study in which no significant differences were reported on the
carotenoid content of peaches and nectarines with the application of thyme and savory
EO (1% and 10% in vapor phase) [26]. Carotenoid content decreases during storage and
exposure of fruits to light, however the use of EOs has been proven to prevent oxidation
processes (scavenging free radicals) and even preserve carotenoid levels due to their
antioxidant activities [8]. On the other hand, the application of 0.1% sage EO resulted
in higher AA levels of tomato fruits compared to control and 0.5% EO treated fruits [23].
Interestingly, AA and carotenoid content (β-carotene and lycopene) were found to be
increased with the dipping of tomato fruits in ammi and anise EOs (concentrations range:
200–800 μL L−1) compared to control fruits, initiating the antioxidative metabolism of the
fruit [39]. Moreover, application of oregano EO (0.40 mL L−1) resulted in tomato’s increased
lycopene and AA content (compared to control fruits) after 14 days of storage [31]; however,
oregano EO levels were 10-fold lower than the ones used in the present study (i.e., 0.4%).
Santoro et al. [26] reported that the reduced loss of the nutritional value macromolecules
such as AA and carotenoids might be attributed to the EOs and their components (i.e.,
1,8-cineole, α-pinene and camphor) that possess antioxidant activities, protecting sensitive
nutrients from oxidation.

The results of this study indicate that both application methods (dipping and va-
por) did not cause significant changes in total phenolic content. Considering that AA,
carotenoids (β-carotene and lycopene), and total phenolics remained unchanged in general,
this indicates that non-enzymatic antioxidants compounds were not influenced by the
examined treatments. Therefore, any possible stress, as indicated by MDA and H2O2
increases, could alter the enzymatic antioxidant capacity of the fruit (for example, the
increased CAT and POD values). Tzortzakis et al. [23] also reported no significant dif-
ferences in phenolic content of tomato fruits treated with sage EO (0.1% and 0.5% via
dipping). Additionally, in the same study no significant differences in antioxidant levels
(DPPH, FRAP) were observed on the seventh day of storage, while increased antioxidants
were reported on the last day of storage when tomato fruits were dipped in 0.1% sage EO
(compared to 0.5% EO and control) [23], being in agreement with our results of 0.4% EP
(vapor method) for DPPH activity at seven days of storage. The application of EOs on fresh
produce can enhance the content as well as the production of antioxidant compounds when
applied to fresh produce due to their own antioxidant capacity [23]. However, the increase
in antioxidants during fresh produce storage is also attributed to other extrinsic postharvest
factors such as chilling or adverse storage temperatures and low RH, among others.

Considering damage indices, dipping in EP product decreased tomato’s H2O2 levels
on the seventh day of storage, whereas dipping in 0.8% EP decreased MDA levels on the
same day. The decreased MDA levels observed in EO-treated fruits can be attributed to the
induced activation of defense-related enzymes, towards the oxidative stress challenge [40].
When citrus fruits were treated with 0.5% clove EO, increased H2O2 levels were revealed up
to four days of storage at 25 ◦C [40]. At the same study, clove EO-treated fruits presented
lower MDA levels compared to non-treated fruits from 12 h after the application and up to
four days [40]. Another study mentioned that kiwifruits treated with 0.6 μL mL−1 citral
presented decreased H2O2 and MDA levels when stored at 1 ◦C for up to 90 days [41]. On
the other hand, our findings indicate that vapor application of the EP increased MDA levels
(increased lipid peroxidation) during the seventh day of storage. Shao et al. [42] reported
that vapor application of tea tree EO (0.9 g L−1) increased H2O2 levels of strawberry fruits
stored at 20 ◦C for three days. Increased oxidative stress—production of reactive oxygen
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species (ROS) such as H2O2—can be reported throughout storage of fresh produce and this
might be attributed to the ripening process, the time and conditions of storage as well as
the applied treatments (including the application of EOs). EOs when applied in fruits seem
to directly and indirectly initiate the activation of fruit defense mechanisms, including the
activity of antioxidant enzymes [42].

It has been previously mentioned that the application of clove EO (0.4%) on citrus
fruits enhanced the activity of plant defense-related enzymes including POD, phenylalanine
ammonia-lyase (PAL), polyphenol oxidase (PPO), and lipoxygenase (LOX) [40]. In the
present study, the application of EP (based on rosemary and eucalyptus essential oil
components) revealed an increase in the CAT and POD activity of tomato’s fruits during the
seventh day of storage, highlighting the induction of enzymatic antioxidant mechanisms of
the fruit. Similarly, tea tree EO vapor treated (0.9 g L−1) strawberries showed higher SOD,
PAL and POD activities during a three-day storage at 20 ◦C [42]. In our study, a decrease
in POD activity was reported on the seventh day with dipping application of 0.4% EP,
followed by an increase in POD activity on the 14th day. These results differ from a previous
study where increased POD activity was recorded throughout storage of citral-treated
(0.6 μL mL−1) kiwifruits [41], and such EO variation in its effectiveness is related to the EO
composition, application practices and/or tested commodities. However, both tomatoes
and kiwifruits are climacteric fruits and a speed-up of the ripening metabolism is taking
place during storage, as indicated by the increased respiration and ethylene emission rates,
mainly after seven days of storage. EO-treated fruits tend to present increased activity of
antioxidant enzymes in order to suppress the accumulation of ROS during ripening and
senescence of fruits during storage conditions and processing. Moreover, the activity of
POD has also been correlated with fresh produce quality attributes (including color) [8].
This might also partially explain the lower appearance scoring values of tomato fruits
vapor treated with the EP.

Sensory evaluation (aroma, optical/visual appearance) of fresh produce is one of
the main factors affecting consumers’ buying decisions. In the present study, dipping
tomato fruits in 0.4% EP decreased marketability on the seventh day compared to control
fruits. In contrast, the application of ginger EO (application time 20 and 30 min) increased
acceptance of tomato fruit compared to control fruits [35]. Furthermore, the application of
0.8% EP (vapor method) in our study resulted in a less tomato-like aroma on the seventh
day, while all applied vapor treatments also decreased aroma (less tomato-like aroma) on
the last day of storage. When fruits were treated with the vapor method (all treatments),
the appearance of the fruits decreased on the last day of storage indicating a less red
product (less acceptable by consumers). Tzortzakis et al. [23] mentioned that tomato fruits
treated with 0.1% sage EO presented greater appearance, aroma, texture and marketability
compared to control fruits. On the other hand, the same study reports that increased sage
EO concentration (0.5%) resulted in a less acceptable product [23]. The time of application
can also affect the quality of the end product. In a previous study, the dipping application
of ginger EO for 20 min resulted in a less acceptable (“sour”) product compared to 30 min
application which resulted in a more acceptable product [35]. Further investigation of EO
and EP applied to postharvest fresh produce is needed, as it is essential that fresh produce
and applied EOs are being combined in a harmonious manner enhancing fresh produce
quality attributes.

4. Materials and Methods

4.1. Plant Material and Experimental Set Up

The present study took place at the laboratory facilities of Food Science and Technology
of the Cyprus University of Technology, Limassol, Cyprus. Tomato (Solanum lycopersicum
cv. F179) fresh produce were purchased from a commercial greenhouse. Crops were
grown under common cultivation practices in a clay sandy-loam soil and drip irrigation
and fertigation were applied according to crop needs. The cultivation took place during
winter–spring months and the temperature ranged between 19 ◦C and 31 ◦C.
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An eco-product (EP; named as ‘’Agriculture Green-tech E”, Meydan Solution Ltd.,
Larnaca, Cyprus) based on rosemary (Rosmarinus officinalis L.) and eucalyptus (Eucalyptus
crabra L.) essential oil was used. Individual EOs were analyzed by gas chromatography-mass
spectrometry (GC/MS-Shimadzu GC2010 gas chromatograph interfaced Shimadzu GC/MS
QP2010 plus mass spectrometer) and constituents were determined [43] and presented in
Table S1. Rosemarinus officinalis essential oils used in the tested formula were found rich
in isoborneol (30.29%), α pinene (25.71%), α terpineol (14.89%) and 1.8-cineole (10.81%),
while the dominant compounds of the essential oils from Eucalyptus crabra were 1.8-cineole
(26.51%), α pinene (24.12%) and δ-3 carene (20.10%), being in accordance with previous
studies [44,45]. This product was a mixture of these two essential oils (eucalyptus: rosemary
in approximately 2:1 v/v ratio) and it also contained vinegar < 5% w/w as well as emulsifier
treated water (<80%). Chlorine was used as a commercial sanitizer at 0.02% (v/v).

Fresh produce was selected based on uniform size, appearance, and absence of physi-
cal defects and used immediately in the different experiments. The fruits were disinfected
with a chlorine (0.05% v/v) solution for 4 min and washed four times with distilled water
before use (to avoid any microbial load). A preliminary screening and main experiments
were implemented.

4.2. Preliminary Test

A preliminary experimental set-up has been conducted in order to determine the
possible phytotoxicity or negative effects of the EP on the examined produce quality.
Tomatoes were placed in 1 L capacity polystyrene (2 fruits per container), snap-on lid
containers.

A total of five concentrations of the EP were examined (0.05%–0.1%–0.2%–0.4%–0.8%
v/v), while purified water (0.0% EP) was used as control treatment and applied either
as vapor or dipping. Three replications were used for each concentration and for each
application. Containers were placed in a chamber at 11 ◦C and 90% relatively humidity
(RH), in the dark. To maintain high RH during storage period, wet filter paper was
displaced inside each container, and was remoistened every second day [46]. Container
lids were open every 48 h and aerated in order to avoid air composition abnormalities (i.e.,
decreased O2 and increased CO2 levels). Fresh produce was monitored for phytotoxicity
(marked spots), marketability, aroma and weight loss (as described at the main experiment)
after 2 days of storage. Based on the results, the concertation of 0.4% was selected for
further investigation and it was compared with a double level of the eco-product (0.8% EP)
and common postharvest sanitizer (i.e., chlorine) in vapor or dipping applications.

4.3. Main Experiment

The following four treatments were examined: (i) purified water (control), (ii) 0.4% EP,
(iii) 0.8% EP (iv) chlorine (0.02%). The treatments were applied either in vapor or dipping.
For vapor application, tomatoes were placed in the container, together with the vaporized
solution of the selected concentrations (in a 2 mL Eppendorf tube). For dipping application,
based on the preliminary tests and previous studies [8], fresh produce was immersed
for 10 min in the examined solution and then fruits were left to dry for 20 min at room
temperature. Then, each two tomatoes were placed into the polystyrene, snap-on lid
containers (1 L capacity). In total, six biological replications per treatment, for each storage
period of 7 and 14 days, were used. Containers were placed in a refrigerated chamber
at 11 ◦C and 90% relatively humidity (RH), in the dark. In summary, the experimental
set up consisted of four treatments × six replications × two storage periods (plus day 0)
and two application (dipping and vapor) methods. Fresh produce enclosed in containers
was kept at room temperature for 2–3 h to allow EP vapor-activation, and then transferred
to chilled conditions. To maintain high RH during storage period, wet filter paper was
displaced inside each container, and was remoistened every second day, as described
above. Container lids were open every 48 h and aerated in order to avoid air composition
abnormalities.
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4.3.1. Decay Evaluation

Fruit decay was visually evaluated at days 7 and 14, after storage at 11 ◦C. All fresh
produce from each container were used for the evaluation. A commodity was considered
as decayed when the symptoms of mycelia or bacteria development were present. A scale
from 1 to 10 showing the surface infection percentage as 1: 0–10% infection; 2: 11–20%
infection; 3: 21–30% infection; 4: 31–40% infection; 5: 41–50% infection; 6: 51–60% infection;
7: 61–70% infection; 8: 71–80% infection; 9: 81–90% infection; and 10: 91–100% infection
was assessed to estimate the degree of produce infection.

4.3.2. Respiration Rate and Ethylene Production

The carbon dioxide (CO2) and ethylene production were assessed by placing each fruit
in a 1 L plastic container sealed for 1 h, at room temperature. Each fruit was weighed and its
volume was measured. Moreover, CO2 and ethylene of room air were tested and subtracted
from the measurements, by equipment zeroing, prior to and during measurement. For
the determination of the respiration rate, container gas atmosphere was sucked by a dual
gas analyzer (GCS 250 Analyzer, International Control Analyser Ltd., Kent, UK) for 40 s
and results were expressed as milliliter of CO2 per kilogram per hour (mL CO2 kg−1 h−1).
Ethylene was measured with an ethylene analyzer (ICA 56 Analyzer, International Control
Analyser Ltd., Kent, UK) whereas the container air sample was sucked for 15 s. Results
were expressed as microliter of ethylene per kilogram per h (μL ethylene kg−1 h−1) (three
replications per treatment and storage period; n = 3).

4.3.3. Weight Loss and Fruit Firmness

Fruit weight was recorded on the harvesting day (day 0) for each fresh produce (n = 6)
per treatment and every other day, up to the last day of storage (day 14). Fruit firmness
was measured at two points on the shoulder of each tomato fruit by applying a plunger of
3 mm in diameter at a speed of 2 mm s−1 and the penetration depth was 12 mm, using a
texture analyzer (TA.XT plus, Stable Micro Systems, Surrey, UK). The amount of force (in
Newtons; N) required to break the radial pericarp (i.e., surface) of each commodity (n = 6)
was recorded at ambient temperature (22–24 ◦C).

4.3.4. Soluble Solids, Titratable Acidity, Ascorbic Acid and Carotenoids

Total soluble solids (TSS) concentration was determined in triplicate from the juice
obtained from two pooled fresh fruits for each replication (n = 3) with a temperature-
compensated digital refractometer (model Sper Scientific 300017, Scottsdale, AZ, USA) at
20 ◦C, and results were expressed in ◦Brix. Titratable acidity (TA) was measured via poten-
tiometric titration (Mettler Toledo DL22, Columbus, OH, USA) of 5 mL of fruit juice diluted
to 50 mL with distilled water, using 0.1 N NaOH up to pH 8.1. Results were expressed as g
of citric acid per 1 L juice (g citric acid L−1 juice). The fruit sweetness/ripening index was
calculated using TSS/TA ratio.

Ascorbic acid (AA) was determined by the 2,6-Dichloroindophenol titrimetric method
as described previously [47]. An aliquot of 5 mL of pooled tomato juice was diluted with
45 mL of oxalic acid 0.1% and was titrated by the dye solution until the color changed.
Data were expressed as mg of AA per gram of fresh weight (mg AA g−1 Fw).

Carotenoids (lycopene and β-carotene) for tomatoes were determined according to
the method described by Nagata and Yamashita [48]. Briefly, 1 g of blended tomatoes was
homogenized with 20 mL of acetone:hexane 4:6 (v:v) and after sonication and vigorous
vortex the two phases were separated automatically. An aliquot from the upper phase
was used for absorbance measurement at 663, 645, 505 and 453 nm in a spectrophotometer,
using a reference of acetone:hexane (4:6) ratio. Lycopene and β-carotene contents were
calculated according to the Nagata and Yamashita [48] equations:

Lycopene (mg 100 mL−1 of extract) = −0.0458 × A663 + 0.204 × A645 + 0.372 × A505 − 0.0806 × A453. (1)
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β-Carotene (mg 100 mL−1 of extract) = 0.216 × A663 − 1.22 × A645 − 0.304 × A505 + 0.452 × A453. (2)

Results were expressed as mg per gram of fresh weight (mg g−1 Fw).

4.3.5. Total Phenolics and Antioxidant Activity

Total phenolic content was measured in blended fruit tissue (1 g) extracted with 10 mL
of 50% (v/v) methanol, as reported previously [43]. Results were expressed as mg gallic acid
equivalents (GAE) per gram of fresh weight (mg GAE g−1 Fw). The antioxidant activity
was determined using the ferric-reducing antioxidant power (FRAP) and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical-scavenging activity assays (at 593 and 517 nm, respectively)
as described by Chrysargyris et al. [43]. The results were expressed in mg trolox per gram
of fresh weight (mg trolox g−1 Fw). All biological samples were analyzed in triplicate.

4.3.6. Damage Index (Hydrogen Peroxide and Lipid Peroxidation)

Hydrogen peroxide (H2O2) levels were estimated using the procedure previously
described by Loreto and Velikova [49]. After measuring the optical density (OD) at 390 nm,
results were expressed as μmol of H2O2 per gram of fresh weight (μmol g−1 Fw). Lipid
peroxidation was determined with the 2-thiobarbituric acid reactive substances (TBARS)
assay according to de Azevedo Neto et al. [50]. The absorbance was measured at 352 nm
(discarding the non-specific absorbance at 600 nm) and results were expressed as nmol
malondialdehyde (MDA) per gram of fresh weight (nmol g−1 Fw).

4.3.7. Enzymatic Antioxidant Activity

Fresh fruit tissue, powdered with liquid nitrogen (0.5 g) was homogenized with
4 mL of 50 mM potassium phosphate buffer (pH 7.0), which contained 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 1 mM ethylenediaminetetraacetic acid (EDTA), 1% w/v
polyvinylpolypyrrolidone (PVPP) and 0.05% Triton X-100. Samples were then centrifuged
at 16000 g for 20 min, at 4 ◦C, and the supernatant was used for the determination of
the antioxidant enzyme activity. Catalase (CAT, EC 1.11.1.6) activity was determined by
following the consumption of H2O2 at 240 nm for 3 min. Results were expressed as CAT
units per milligram of protein (units mg−1 protein), using the extinction coefficient of
39.4 mM cm−1 [51].

Superoxide dismutase (SOD, EC 1.15.1.1) was assayed as described by
Chrysargyris et al. [52]. The reaction of 13 mM methionine, 75 μM nitro blue tetrazolium
(NBT), 0.1 mM EDTA, 2 μM riboflavin and extract, was started after the addition of ri-
boflavin. Reaction was then incubated under a light source of two 15-watt fluorescent
lamps, for 15 min. The absorbance was determined at 560 nm and the activity was expressed
as SOD units per mg of protein (units mg−1 protein). One unit of SOD activity was defined
as the amount of enzyme required to cause 50% inhibition of the NBT photoreduction rate.

Peroxidase activity (POD, EC 1.11.1.7) was determined according to the method used
by Tarchoune et al. [53], using pyrogallol as substrate. The increase in absorbance at 430 nm
was measured on a kinetic cycle for 3 min, and results were expressed as units of POD
per milligram of protein (units mg−1 protein).

An aliquot of the extract was used to determine the protein content by the Bradford
method [54], with bovine serum albumin (BSA) as the protein standard.

4.3.8. Sensory Evaluation

Fresh produce marketability, aroma and appearance were recorded by at least six
panelists to compare the external visual aspect and marketability of treated and control
fresh produce after 7 and 14 days of storage at 11 ◦C. Aroma was evaluated by using a
1–10 scale, with 1: bad aroma but not EP odor; 3: EP odor with some unpleasant smell; 5:
EP smell but it is pleasant; 8: less tomato-like; 10: intense tomato-like. Appearance was
evaluated by using a 1–10 scale, with 1: green color of 50%; 3: yellow-green; 5: orange; 8:
red; 10: deep red. Marketability was evaluated by using a 1–10 scale, with 1: not marketable
quality (i.e., malformation, wounds, infection); 3: low marketable with malformation; 5:
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marketable with few defects i.e., small size, decolorization (medium quality); 8: marketable
(good quality); 10: marketable with no defects (extra quality).

4.4. Statistical Analysis

Statistical analysis was performed using IBM SPSS version 22 comparing data means
(± standard error-SE) with one-way ANOVA, and Duncan’s multiple range tests were
calculated for the significant data at p = 0.05. Measurements were done in three (prelimi-
nary test) or three or six (main study) biological replications/treatment (each replication
consisted of a pool of two to three individual measures/sample) on different assays.

5. Conclusions

The EP based on the mixture of EOs (eucalyptus and rosemary) had different impacts
on tomato fruits. Tomato fruit’s quality attributes including TA, ripening index as well as
antioxidants were not significantly affected by EP dipping application, whilst the same
application method resulted in decreased damage index (H2O2 and MDA levels). Exposure
of tomato fruits to vapor EP low concentration (0.4%) increased fruit’s antioxidants. It is
important to consider the application method of the EP, as it seems from this study that
vapor applications had more profound effects than dipping application. The nutritional
value (mostly AA and carotenoid content) remained unaffected in different EP levels
and/or applications vapor and dipping). The findings of this study indicate that the
investigated EP presented similar and/or better results on tomato fruits compared to those
treated with chlorine (a commonly used sanitizing agent of the food industry); thus, this
product could possibly be considered as an alternative and environmentally friendly agent
used during postharvest handling of fresh produce. The use of natural products in fresh
produce preservation should be further investigated to determine the optimum conditions
of application (i.e., method, time, concentration) for each commodity examined in each
case. However, caution should be taken when applying EOs and products based on their
components to fresh produce commodities, since products’ sensory attributes might be
adversely impacted (undesirable/intense aroma and flavor) or even allergy issues might
arise during consumption.
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Abstract: Consumers seek safe, high-nutritional-value products, and therefore maintaining fresh
produce quality is a fundamental goal in the food industry. In an effort to eliminate chemical-based
sanitizing agents, there has been a shift in recent decades toward the usage of eco-friendly, natural
solutions (e.g., essential oils-EOs). In the present study, tomato fruits (Solanum lycopersicum L. cv.
Dafni) at breaker and red ripening stage were exposed to sage essential oils (EO: 50 μL L−1 or
500 μL L−1) for 2, 7 and 14 days, at 11 ◦C and 90% relative humidity (RH). Quality-related attributes
were examined during (sustain effect—SE) and following (vapour-induced memory effect—ME;
seven days vapours + seven days storage) vapour treatment. In breaker tomatoes, EO-enrichment
(sustained effect) retained fruit firmness, respiration rates, and ethylene emission in low EO levels
(50 μL L−1). In contrast, breaker fruit metabolism sped up in high EO levels of 500 μL L−1, with
decreased firmness, increased rates of respiration and ethylene, and effects on antioxidant metabolism.
The effects were more pronounced during the storage period of 14 days, comparing to the fruit
exposed to common storage-transit practice. In red fruits, the EOs impacts were evidenced earlier (at
two and seven days of storage) with increased rates of respiration and ethylene, increased β-carotene,
and decreased lycopene content. In both breaker and red ripening fruit, EO application decreased
weight losses. Considering the fruits pre-exposed to EOs, quality attributes were more affected
in green fruits and affected to a lesser level in the red ones. Furthermore, based on appearance,
color, and texture evaluations, organoleptic trials demonstrated an overwhelming preference for
EO-treated red fruit during choice tests. EOs had lower effects on total phenolics, acidity, total soluble
solids, and fruit chroma, with no specific trend for both breaker and red tomatoes. Natural volatiles
may aid to retain fruit quality in parallel with their antimicrobial protection offered during storage
and transportation of fresh produce. These effects may persist after the EO is removed from the
storage conditions.

Keywords: fruit storage; natural products; quality-related attributes; tomato; volatiles

1. Introduction

The increased demands on fresh produce, fruits, vegetables, and herbs is challenged
nowadays, with efforts focusing on the increasing yields and quality during the crop
production. Moreover, efforts have also been targeted to decrease produce losses during
the postharvest storage. As a consequence, the increased consumption of fresh produce
has driven commercial desire for better storage and transportation conditions. There
is an increased interest on effective sanitation means a decrease in postharvest losses
due to decay, while maintaining fruit quality, including flavor, color, nutritional value,
texture, and storability [1,2]. Non-single preservation means are efficient enough to be
applied in a wide range of fresh produce, microorganisms, and environmental conditions,
for each crop. Despite the fact that chemical applications in postharvest are of high
effectiveness, there are significant challenges including current sanitation procedures and
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health and environmental concerns due to the possible generation of toxic by-products
and residues [3–5]. Moreover, the use of chemicals as fungicides for postharvest sanitation
is partially restricted in many countries [6]. Therefore, alternative, safe, eco-friendly but
effective sanitizing agents are explored for the fresh produce preservation [7–11].

One candidate is the essential oils (EOs) derived from medicinal and aromatic plants
(MAP) due to a wide range of biocidal activities, including antifungal [12–14], antibac-
terial [15–17], antioxidant [15,17], cytotoxic [18], and anti-inflammatory [19] activities, to
name a few. Essential oils from a variety of plant species, including sage (Salvia spp.), have
demonstrated bioactivity against a variety of plant diseases [7,20,21]. However, there has
been not much research on the beneficial effects of the EOs application on the fruit quality
of pears, tomatoes, eggplants, strawberries, and cherries [2,6,12,22,23], processed fresh
produce [24] and cut flowers [25,26]. Although the strong aroma of EO can restrict the final
product’s organoleptic acceptability, it is known to have strong antioxidant and antimi-
crobial properties [7,27,28]. Recent research has revealed that EO (i.e., Thymus capitatus;
thyme oil), can act as signaling compound. Therefore, EO application is triggering a signal
to induce a defense mechanism in vegetables by increasing the activity of defense-related
enzymes and increasing antioxidant ability [29]. Essentials oils can be both applied in
aqueous and in vaporized phase, with the latter being an advantage for some commodi-
ties (i.e., strawberries and grapes) where aqueous sanitation is a limitation. The EO’s
antimicrobial activity is linked to its hydrophobic properties, which allow it to penetrate
into microbial cells’ phospholipid membranes, causing structural disorder and permeabil-
ity [30]. However, the use of EOs in high levels is restricted due to probable unfavorable
sensory effects, and as a result of that, the concentrations used need to be optimized for
each commodity.

Tomatoes (Solanum lycopersicum Mill.) are harvested at different stages of ripeness
to meet various consumption needs (e.g., fresh and processed). For red-fleshed tomatoes,
six ripeness stages (i.e., green, breaker, turning, pink, light red, and red) are described
based on the surface color [31]. Breaker-turning ripeness stage is used for longer fruit
storage and transportation. Tomato is a climacteric fruit with a limited postharvest life
due to the elevated levels of respiration, transpiration, ethylene emission and postharvest
decay, resulting in an increased ripening process and senescence [32,33]. Tomato ripening
is accompanied with chlorophyll break down, lycopene accumulation, tissue softening,
and shifts in aroma and other compositional properties [34]. Following harvest, the fruit
continues to have several biochemical changes on quality and deteriorates rapidly. In some
cases, fruit deterioration can be during or after transport and marketing. Tomatoes are
stored at comparably high temperatures (10–12.5 ◦C) depending on the maturity stage to
prevent chilling injury which is evidenced at lower temperatures, below 7–10 ◦C [35].

Only fresh produce that meets the consumer’s standards is suitable at the market
interface. As a result, it is vital to assess the impact of potentially revolutionary applications
on the sensory and organoleptic features of fruits and vegetables. Sage EO has been effective
in fruit quality and observed antimicrobial activity [23,36]. The goal of this study was to
examine if the vapor phase of essential oils obtained from sage (Salvia trilova L.) had any
effect on tomato fruit quality attributes including: (i) physiological parameters (including
weight loss, fruit firmness, and rates of respiration and ethylene production); (ii) fruit
chemical composition (for example, vitamin C content, antioxidant capability, organic acid
content (citrate), total soluble solids, carotenoids (lycopene, β-carotene) and total phenolic
content) and damage index; and (iii) sensory qualities as determined by a consumer panel
under controlled settings.

2. Results

The experimental lay out is presented in Figure 1, with tomato fruits exposed to sage
EO (50 or 500 μL L−1) during storage for up to 2, 7, and 14 days or exposed to EO for 7 days
and then stored to chilled conditions for an additional 7 days.
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Figure 1. Layout of experiments: Tomato fruit were exposed to ambient air or essential oil (EO: 50 or 500 μL L−1) in the dark
at 11 ◦C and 90% RH. Experiment 1: Tomato fruit were exposed to air or EO for 2, 7, and 14 days and sampling took place
during exposure (sustain effect—SE) to air or EO. Experiment 2: Tomato fruit were exposed to air or EO for seven days,
and then transferred for additional seven days to air. Sampling took place following EO exposure (memory effect—ME) at

14 days of storage. Air ( ), EO exposure (→). Tomato exposed to air , tomato exposed to EOs .

2.1. Fruit Decay

Neither the EO-treated nor the control fruit showed signs of degradation until day
7 of the storage period. At the end of the trial (day 14), control fruit showed evidence of
deterioration (assessed as 2.05 and 2.75 on a 1–5 scale, for breaker and red fruit, respectively)
[principally symptoms of anthracnose rot (caused by Colletotrichum coccodes) and secondary
symptoms of black spot] (caused by Alternaria alternata)] as shown in Table 1.

Table 1. Effect of sage essential oil (EO) of tomato fruit decay at breaker and red ripening stage, exposed to ambient air
(control) or EO (50 or 500 μL L−1) for 14 days (Sustain effect—S) or up to 7 days and then transferred to ambient air for an
additional 7 days (memory effect—M). Fruit were maintained throughout at 11 ◦C and 90% RH. The degree of infection
on fruit was rated using a scale of 1 to 5 (1-clean, no infection; 2-trace infection; 3-slight infection; 4-moderate infection;
5-severe infection).

Fruit Decay

Treatments Breaker Stage Red Stage

0 Days 7 Days 14 Days 0 Days 7 Days 14 Days

S/M Control 1.00 ± 0.00 * 1.17 ± 0.12 a 2.05 ± 0.15 a 1.00 ± 0.00 * 1.16 ± 0.10 a 2.75 ± 0.22 a
S EO-50 μL L−1 1.03 ± 0.04 a 1.10 ± 0.15 b 1.06 ± 0.07 a 1.25 ± 0.10 b
S EO-500 μL L−1 1.00 ± 0.00 a 1.00 ± 0.00 b 1.00 ± 0.00 a 1.00 ± 0.00 b
M EO-50 μL L−1 1.15 ± 0.10 b 1.40 ± 0.20 b
M EO-500 μL L−1 1.30 ± 0.25 b 1.95 ± 0.35 ab

Values represent the mean (±SE) of evaluation made on eight independent fruit per treatment per storage period. Values followed by the
same letter in each column do not differ significantly (p < 0.05). Symbols of * indicating significance among controls through storage period.

2.2. Fruit Weight Loss, Firmness and Colour

Fruit weight loss increased when storage time was extended, reaching 1.65% in control
and in 1.32% in 500 μL L−1 EO-treated breaker fruit after 14 days at 11 ◦C (Figure 2A)
while the relevant values in red fruits were 1.61% and 1.17%, respectively (Figure 2B). Fruit
weight loss (%) was at similar levels for both breaker and red tomatoes during 2 days of
storage. However, fruit weight loss was significantly decreased (up to 45%) in EO-treated
tomatoes after 7 and 14 days, comparing with fruits maintained throughout in ambient
air at 11 ◦C (Figure 2A,B). Interestingly, the effects were persisted when fruit removed
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from 50 μL L−1 of EO exposure (including 500 μL L−1 of EO for red tomatoes), and stored
additionally for seven days (memory effect).

Figure 2. Impacts of sage essential oil (EO) on weight loss (%) and firmness (expressed in Newtons) of tomato fruit at breaker
(A,C) and red (B,D) ripening stage, exposed to ambient air (control) or EO (50 or 500 μL L−1) for 2, 7, and 14 days (sustain
effect—S) or up to 7 days and then transferred to ambient air for an additional 7 days (memory effect—M). Fruits were
maintained throughout at 11 ◦C and 90% RH. Values represent mean (±SE) of measurements made on eight independent
fruit per treatment and storage period. Means followed by different Latin letters significantly differ according to Duncan’s
MRT (p = 0.05).

The effect of EO and fruit ripening stage on the tomato firmness is presented in
Figure 2C,D. Two days’ storage in an EO-enriched atmosphere revealed no changes in
the tomato firmness for breaker stage fruits, but maintained in red tomatoes. Tomatoes-
enriched with 50 μL L−1 EOs maintained fruit firmness up to 14 days comparing with
higher concentration (500 μL L−1) in both red and breaker fruits. However, when treated
fruit was transferred to ambient air, breaker and red fruit previously exposed to 50 μL L−1

EO remained substantially (p = 0.01) firmer than fruit subjected to 500 mg L−1 EO storage
conditions throughout.

Fruit colour was mainly affected by the storage and ripening stage of tomatoes rather
than the EO application (Figure S1). At breaker stage, L* value was greater in 500 μL L−1

EO application at 14 days of storage for both sustain and memory treatments (Figure S1A).
Moreover, breaker-tomatoes revealed decreased chroma and a* value but increased b*
value in 500 μL L−1 EO application at 14 days of storage (Figure S1C,G). Red tomatoes
revealed increased L* value at 2 and 7 days but decreased Chroma and a* value at high EO
(500 μL L−1) application at 14 days of storage (Figure S1B,D,H).

2.3. Soluble Solids, Organic Acid and Ripening Index

Total soluble solids (TSS) levels attained a maximum after 14 days of storage for
breaker and red tomatoes (Figure 3A,B). Two days’ storage in an EO-enriched atmosphere
revealed in increased levels for TSS content in red tomatoes. However, soluble sugar levels
were found reduced in breaker tomatoes either exposed to EO (500 μL L−1) for 14 days
or pre-exposed to EO for 7 days and then transferred to ambient air (Figure 3A). Citric
acid content measured by titratable acidity (TA), was declined (p < 0.05) as fruit ripened
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(Figure 3C,D), whereas EO application in general resulted in no changes in the citric acid
content. Ripening index indicated by the ratio of TSS/TA did not differ among the tested
applications and/or storage period (data not presented).

Figure 3. Impacts of sage essential oil (EO) on total soluble solids (TSS; in %) and acidity (% citric acid) of tomato fruit
at breaker (A,C) and red (B,D) ripening stage, exposed to ambient air (control) or EO (50 or 500 μL L−1) for 2, 7, and
14 days (sustain effect—S) or up to 7 days and then transferred to ambient air for an additional 7 days (memory effect—M).
Fruits were maintained throughout at 11 ◦C and 90% RH. Values represent mean (±SE) of measurements made on eight
independent fruit per treatment and storage period. Means followed by different Latin letters significantly differ according
to Duncan’s MRT (p = 0.05).

2.4. Respiration Rate and Ethylene Emission

Fruit treated with volatiles (500 μL L−1) revealed an increased respiration rate af-
ter 2 and 7 days at breaker tomatoes and after 7 and 14 days of storage at red tomatoes
(Figure 4A,B). Low level (50 μL L−1) EO-treated tomatoes at breaker stage respired greater
than the relevant control (fruits stored in ambient air) following 14 days of storage. Respi-
ration rate was increased in pre-exposed fruit to EO (500 μL L−1) for red and for breaker
(including the 50 μL L−1 EO) tomatoes. Indeed, red tomatoes pre-exposed to 50 μL L−1 EO
and followed 7 days of storage revealed the lowest respiration rate (Figure 4B).

Similar trend to respiration rates was observed in fruit ethylene production (Figure 4C,D).
Therefore, the high EO (500 μL L−1) concentration increased the ethylene emission in both
exposed and pre-exposed tomatoes to EO, for both breaker and red maturation tomato stages.

2.5. Carotenoid Composition and Ascorbic Acid

In breaker fruits, EO application at 500 μL L−1 increased β-carotene content at 7 days of
storage but this effect did not persist after 14 days of storage (Figure 5A). Fruits pre-exposed
to 500 μL L−1 of EO and stored for additional seven days in ambient air marked an increase in
β-carotene content, almost twice more than the control fruits. A steady increase in β-carotene
content marked at two days of volatiles application in red tomatoes (Figure 5B).
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Figure 4. Impacts of sage essential oil (EO) on respiration rate (mL CO2 kg−1 h−1) and ethylene emission (mL kg−1 h−1) of
tomato fruit at breaker (A,C) and red (B,D) ripening stage, exposed to ambient air (control) or EO (50 or 500 μL L−1) for 2,
7, and 14 days (sustain effect—S) or up to 7 days and then transferred to ambient air for an additional 7 days (memory
effect—M). Fruits were maintained throughout at 11 ◦C and 90% RH. Values represent mean (±SE) of measurements made
on eight independent fruit per treatment and storage period. Means followed by different Latin letters significantly differ
according to Duncan’s MRT (p = 0.05).

Sage oil-treated fruit at breaker and red ripening stage with 50 μL L−1 maintained
or increased lycopene content at 7 and 14 days of exposure, while lycopene content in
red tomatoes reduced due to EO application at 2 days of storage (Figure 5C,D). Lycopene
content was significantly (p < 0.01) reduced in pre-exposed breaker tomatoes to 500 μL L−1

EO, following storage of seven days, but such effects were not found in the relevant red
tomatoes, tomatoes pre-exposed to 500 μL L−1 EO, and storage of seven days.

EO-enrichment resulted in increased ascorbic acid (AA) content in breaker fruits at
2 days and this effect was persisted in 50 μL L−1 EO-treated fruits at 14 days and in the pre-
exposed fruits with 50 μL L−1 EO and stored for 7 days in ambient air (Figure 5E). Indeed,
the relevant pre-exposed fruits with 500 μL L−1 EO had decreased AA content compared
with the control at 14 days of storage. The non-treated fruits with EOs, revealed increased
levels of AA during the storage period. Similarly, in red tomatoes, EO-treated fruits had
increased AA content at 2 days but this effect was not persisted thereafter (Figure 5F).

2.6. Total Phenols Content and Antioxidant Activity

EO-treatment tended to decrease or not to affect fruit total phenols content, and the
effects did not attain statistical significance (Figure 6A,B). However, non-treated fruits
with EOs, revealed increased levels of total phenolics up to seven days of storage, but
this effect did not persist thereafter. Antioxidant activity measured by ferric-reducing
antioxidant power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
activity methods was reduced in breaker tomatoes exposed to EO for two days. However,
at seven days of storage DPPH activity was increased in EO-treated breaker tomatoes
(Figure 6C,E). Moreover, pre-exposed fruit to 500 μL L−1 of EO following storage of
additional 7 days in ambient air revealed decreased DPPH levels, compared to the relevant
control at 14 days of storage. In red tomatoes, DPPH antioxidant capacity of fruit was
increased with the 500 μL L−1 of EO application, and this effect was persisted in pre-
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exposed fruits as well (Figure 6D). FRAP activity was not changed during storage and/or
EO application (Figure 6F).

Figure 5. Impacts of sage essential oil (EO) on β-carotene (nmol g−1), lycopene (nmol g−1) and ascorbic acid (mg g−1) in
tomato fruit at breaker (A,C,E) and red (B,D,F) ripening stage, exposed to ambient air (control) or EO (50 or 500 μL L−1) for
2, 7, and 14 days (sustain effect—S) or up to 7 days and then transferred to ambient air for an additional 7 days (memory
effect—M). Fruits were maintained throughout at 11 ◦C and 90% RH. Values represent mean (±SE) of measurements made
on eight independent fruit per treatment and storage period. Means followed by different Latin letters significantly differ
according to Duncan’s MRT (p = 0.05).

2.7. Plant Stress Indicators

In breaker and red fruits, hydrogen peroxide (H2O2) fluctuated among the treatments
without a specific trend (Figure 7A,B). In breaker stage fruits, lipid peroxidation as assessed
in terms of malondialdehyde (MDA) content, was not changed in EO-treated fruits and/or
during storage duration of 14 days (Figure 7C). However, in red tomatoes MDA decreased
at 50 μL L−1 of EO application after 7 and 14 days of storage (Figure 7D).

2.8. Sensory Evaluation

Sensory evaluation revealed significant changes between treatments that the jurors
were able to detect and marked as 86% and 50% for breaker and red tomatoes. In breaker
tomatoes, jurors preferred un-treated fruit with 57% and followed by 50 μL L−1 treated
fruits with 43%. In the case of the red tomatoes, jurors preferred low EO-treated fruits
and then control fruits with 79% and 21%, respectively. Interestingly, no preference was
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noticed for high-EO treated tomatoes, revealing the lowest sensory scores (Table 2). Those
who preferred low EO-treated fruits did so due to the improved appearance and texture,
which was comparable to that of the untreated fruits (Table 2). In red tomatoes, taste
panelists preferred fruit subjected to low-level EO-enrichment (50 μL L−1), and this effect
was mirrored by the increased scores in appearance, color, aroma, texture, and sweetness.

Figure 6. Impacts of sage essential oil (EO) on total phenolics (GAE μmol g−1) and antioxidant activity (mg Trolox g−1) in
tomato fruit at breaker (A,C,E) and red (B,D,F) ripening stage, exposed to ambient air (control) or EO (50 or 500 μL L−1) for
2, 7, and 14 days (sustain effect—S) or up to 7 days and then transferred to ambient air for an additional 7 days (memory
effect—M). Fruit were maintained throughout at 11 ◦C and 90% RH. Values represent mean (±SE) of measurements made
on eight independent fruit per treatment and storage period. Means followed by different Latin letters significantly differ
according to Duncan’s MRT (p = 0.05).
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Figure 7. Impacts of sage essential oil (EO) on the fruit content of hydrogen peroxide (H2O2) and malondialdehyde (MDA)
in tomato fruit at breaker (A,C) and red (B,D) ripening stage, exposed to ambient air (control) or EO (50 or 500 μL L−1) for
2, 7, and 14 days (sustain effect—S) or up to 7 days and then transferred to ambient air for an additional 7 days (memory
effect—M). Fruits were maintained throughout at 11 ◦C and 90% RH. Values represent mean (±SE) of measurements made
on eight independent fruit per treatment and storage period. Means followed by different Latin letters significantly differ
according to Duncan’s MRT (p = 0.05).

Table 2. Quantitative analysis of the impacts of sage essential oil (EO) on sensory attributes of tomato fruit at breaker and
red ripening stage, exposed to ambient air (control) or EO (50 or 500 μL L−1) for 14 days. Fruits were maintained throughout
at 11 ◦C and 90% RH. Values represent mean (±SE) of assessments made by 14 panelists per treatment.

Breaker Tomatoes Red Tomatoes

Control EO-50 μL L−1 EO-500 μL L−1 Control EO-50 μL L−1 EO-500 μL L−1

Appearance 61.8 ± 4.6 a 64.4 ± 4.9 a 40.0 ± 4.2 b 71.8 ± 3.4 a 78.8 ± 3.9 a 38.5 ± 4.4 b
Color 70.1 ± 5.8 a 52.8 ± 5.4 b 50.1 ± 5.8 b 74.2 ± 4.9 a 79.5 ± 3.3 a 51.4 ± 5.0 b
Aroma 70.0 ± 5.7 a 57.0 ± 4.5 b 24.2 ± 2.2 c 68.5 ± 4.1 a 67.1 ± 4.5 a 27.1 ± 2.6 b
Texture 65.8 ± 5.7 a 72.7 ± 6.4 a 34.2 ± 3.8 b 65.2 ± 3.8 a 74.0 ± 3.5 a 30.0 ± 3.4 b
Sweetness 45.7 ± 3.8 a 38.5 ± 3.9 ab 30.0 ± 4.1 b 67.1 ± 5.7 a 59.2 ± 3.8 a 32.8 ± 4.5 b
Satisfaction 61.4 ± 3.9 a 49.7 ± 5.3 b 22.8 ± 1.9 c 68.5 ± 4.0 a 55.7 ± 5.2 b 21.4 ± 1.4 c
Marketability 67.1 ± 5.7 a 54.7 ± 5.8 b 21.4 ± 1.4 c 80.0 ± 5.5 a 64.2 ± 7.6 b 20.0 ± 0.0 c

In each row, mean values in percentage followed by the same small (breaker stage) are not significantly different, p ≤ 0.05.

3. Discussion

Only fresh produce that meets the consumer’s standards is suitable at the market
interface. As a result, evaluating the impact of possible novel procedures on the sensory
and organoleptic features of fruits and vegetables is critical. Weight loss, color, firmness,
total soluble solids, total acidity, and antioxidants are only a few attributes that affect
postharvest fruit quality. Moreover, the postharvest performance of the tomato ripening
stage and understanding the physiological changes taken place during storage are of high
research interest [37]. In the present study, mature green tomato fruit when were subjected
to EO-enrichment (sustained effect) were perceptibly retained their firmness in low EO
levels (50 μL L−1). However, the rates of respiration and ethylene as well as the antioxidant
metabolism were increased in high EO levels of 500 μL L−1, and the effects were more
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pronounced during the storage period of 14 days, in comparison to the control fruits
(subjected to typical storage and transportation methods). When red tomatoes (being in
higher maturation stage compared to mature green fruit) were subjected to EOs, effects
on quality attributes were appeared even earlier, after two days of EOs exposure, with
increase of TSS, and β-carotene and decrease on lycopene content. Considering the pre-
exposed fruits to EOs, quality attributes were more affected in mature green fruits and
to a lesser level in the red fruits. Furthermore, based on appearance, color, and texture
evaluations, taste panel trials demonstrated an overwhelming preference for EO-treated
red fruits during choice testing.

The relationship between increased ethylene production and tomato ripening is well
understood [33] and effects are related to the fruit ripening stage, by altering signaling
genes related to ethylene metabolic pathway [37]. In addition to the ripening stage, biotic
and abiotic stresses have an impact on ethylene production [38]. In tomato fruit, the
increase in respiration occurs either concurrently or shortly after the increase in ethylene
production [39,40] and this was evidenced in both mature-green and red tomatoes, starting
from the 2nd day up to 14th day of storage for the high EO concentration of 500 μL L−1.
Interestingly, mature green tomatoes stimulated more the respiration rates compared to the
relevant red tomatoes with the EO of 500 μL L−1. When ethylene is added to mature-green
tomato fruit, ethylene hastens the climacteric and ripening process [37], meaning induced
respiratory climacteric due to increased endogenous ethylene output in tomato [41]. That
could be the case in our study, but further research is needed to that direction before final
conclusions. As a result, a comprehensive investigation at the molecular level is required
to investigate the effects of EOs on gene and/or protein expression in metabolic pathways,
such as the ethylene biosynthesis pathway, which is linked to fruit ripening (particularly in
climacteric fruits such as tomatoes).

Fresh commodities loss weight mainly by vapor pressure at different locations [42]
but also through the respiration process [43]. A loss of more than 5%, on the other hand, is
a limiting factor for the fruit marketing and consumption [44]. However, weight loss in
the present study was <1.8%. Fruit treated with EO lost less weight during storage than
fruit that had not been treated with EOs, and weight loss increased progressively over time.
This decrease in weight loss could be attributed to the ability of the EOs to decrease water
exchange and solute movement due to EOs hydrophobic properties [45]. The ability of the
essential oil to act as a barrier and the antioxidant activity of the essential oil coatings were
responsible for the reduced weight loss rate in coated fruits during storage [46,47].

During fruit maturation and storage time, titratable acidity is decreased and TSS is
increased in general, as this trend was observed in our study. TA was decreased up to 17%
from day 0 to day 14, and the values were ranged from 0.2 to 0.6%, being in agreement
with previous records [40].

EO application as preservative means is well documented due to their antimicrobial
and antioxidant activities [12,13,48,49]. Moreover, sage (Salvia officinalis L.) antibacterial
and antifungal properties have been reported previously [50]. In the present study, sage
EO maintained their antimicrobial efficiency up to 14 days, with reduced decay symp-
toms, being in accordance with previous applications of cinnamon and eucalyptus EO
on tomatoes and strawberries [22]. In the present study, the main component of sage EO
was eucalyptol, as described at the Section 4, with proven antimicrobial activity [51,52].
Additionally, secondary components of sage EO, such as camphor and α-pinene have also
antimicrobial activity [53,54]. Both primary and secondary components of an EO contribute
to the antimicrobial activity of the oil, affecting the quality of the fresh produce. Fruit
decay causes metabolic alterations that are responsible for unpleasant smell and flavor [40].
Based on the findings of this study, it is hypothesized that the active component in sage EO
continues to be released throughout storage, extending the fruit’s shelf-life. Additionally,
the effects were persisted even when fruits removed from the EO and were stored in
ambient air for seven days, indicating a residual effect. Similarly, sage EO revealed residual
effects in pepper fruits [36].
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The pigment content of the fruit changes during development, whereas the chlorophyll
level falls during ripening, prompting the synthesis of carotenoids, including the red
pigment lycopene as well as β-carotene. In red tomatoes 500 μL L−1 EO-treated fruits
had lighter (higher L* value) color than the untreated ones during two and seven days of
storage at 11 ◦C, suggesting delayed color development by EO treatment [55]. This was
evidenced by the decreased lycopene levels for the EO-treated fruits up to seven days of
storage. However, this effect did not persist after 14 days of storage. Noticeably, delay in
color development was evidenced in pre-exposed mature-green tomatoes to 500 μL L−1

EO-treated after seven days of EO exposure and additional seven days of storage in clean
air (as “7 + 7 days” treatment).

The mechanisms underlying the effects of EOs on fruit firmness are unknown. How-
ever, it is known that during fruit ripening, cell wall matrices, particularly pectins, are
disrupted, and these modifications are thought to be responsible for the decrease in tis-
sue firmness that occurs with ripening [56,57]. In the present study, fruit firmness was
maintained in tomatoes-enriched with 50 μL L−1 EOs for up to 14 days, compared with
higher concentration (500 μL L−1) in both red and breaker fruits. The effect of EO was even
persisted in fruits pre-exposed to EO (50 μL L−1) and stored for an additional seven days
in ambient air.

Depending on the species, cultivar, temperature, and climatic and environmental
conditions during the growing period, the evolution of total phenolics in fruit during
storage could be different [58]. The key contributors to the soluble antioxidant activity
in tomato fruit, ascorbic acid, and soluble phenolics increased with storage, resulting in
an increase in antioxidant activity in tomato fruit [59]. According to one study, ascorbic
acid comprises 28–38% of soluble antioxidant activity, with soluble phenolics accounting
for the rest [60]. In our study, increased AA levels were found at two days of EO-treated
fruits reflecting the increased DPPH levels found at two and seven days in red tomatoes
and at seven days in breaker fruits. Antioxidants help to avoid the build-up of potentially
harmful reactive oxygen species (ROS), which are produced as a by-product of cellular
metabolism and serve as secondary messengers in hormone signaling [61]. Since tomato
fruit is known to be particularly rich in antioxidants [62], such as vitamin C, carotenoids
(especially lycopene; [62]), and vitamin A, the antioxidative characteristics of tomato fruit
and tomato products are affected by storage procedures, which is a source of worry [63].
Indeed, tomato fruit is an essential nutritional source of several of these compounds, which
are vital in the prevention of chronic diseases including heart disease and cancer [64].
The temporary rise in AA content in breaker and red tomatoes (including β-carotene in
red tomatoes) after two days of EO-enriched atmosphere is noteworthy in this regard.
Moreover, EO of 50 μL L−1 in red tomatoes kept MDA levels down indicating less stress
on the fruits.

During choice testing, panel trials demonstrated a clear preference for EO of 50 μL L−1

treated fruits in red tomatoes compared to the untreated fruits, while the opposite was
evidenced in breaker tomatoes. Appearance and texture were the main indicators for
breaker fruits, while for red tomatoes, not only appearance and texture but also color, aroma,
and sweetness were scored to similar levels in low EO-treated fruits and in the control.

4. Materials and Methods

4.1. Plant Material and Experimental Design

Tomato fruit (Solanum lycopersicum L. cv. Dafni F1) was collected from a local field
Limassol, Cyprus (crop cultivated for six months under commercial conditions and stan-
dard cultural practices in a clay loam soil [65], frequently irrigated by drippers according
to crop needs, during spring with temperatures ranging from 18 ◦C to 28 ◦C). Fruits were
collected by the third inflorescences of the plants. At the laboratory, fruits were selected to
obtain homogeneous batches based on color, size, ripeness [breaker stage-mature green
(two and three ripening stage)—and light red and red (five and six ripening stage)] and free
from defect or injury and then were utilized for experimental purposes. To avoid microbial
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contamination, the fruits were submerged in a diluted chlorine solution for 3 min before
being washed four times with distilled water.

Organic essential oils were extracted by hydrodistillation from sage [Salvia trilova L.
(Lamiaceae)] gathered in a hilly area of Crete, Greece (without any human inputs) (Cle-
venger apparatus for 3 h). The composition of the EO was analysed by Gas Chromatography-
Mass Spectroscopy (GC-MS), and the main (>2.0%) components were: α-Pinene (3.1%),
Camphene (2.3%), β-Pinene (4.1%), Eucalyptol (53.5%), cis-Thujone (6.7%), trans-Thujone
(3.3%) and Camphor (7.9%), as described previously [36].

Breaker and fully ripe tomato fruits were placed in 1 L polystyrene containers with
snap-on lids for each treatment. Two tomatoes were placed in each container, resulting in
eight containers (biological replications) per treatment for each of the storage periods. Sage
EO used in this study (concentrations based on previous research [22]) were 50 μL L−1 and
500 μL L−1. Aliquot of each EO solution was placed into individual Eppendorf (1.5 mL)
tubes, which were subsequently placed inside the plastic containers shortly before the lids
were covered. Filter paper dampened with water was inserted in each container to maintain
high relative humidity level during storage, as described in Tzortzakis [22]. The EO volatile
components were allowed to spontaneously evaporate inside the containers at 20 ◦C for 2 h.
The containers were then moved to a cold room for storage. Tomato fruit exposed to control
(ambient air) or EO (sustainable effect—SE) for 2, 7, and 14 days at 11 ◦C and 90% relatively
humidity (RH~90%) in darkness. Following 1-week exposure, a second batch of fruits
were transferred to ambient air and stored at 11 ◦C for an additional one week (memory
effect-ME) named as “7 + 7 d” treatment. To summarize, the experimental set up consisted
of 3 treatments × 2 ripening stages × 8 replications (2 fruits per replication) × 4 storage
periods (plus day 0) with total of 400 fruits used (Figure 1). Sixteen samples of treated
and control fruits were taken after 2, 7, and 14 days and 7 + 7 days for immediate analysis
for each ripening stage. For day zero measurements, washed fruits (eight containers)
with chlorine were used. Containers were aerated every 72 h avoiding air concentration
abnormalities. Volatiles exposure did not cause any phytotoxic effect on the tomato fruit.

4.2. Decay Evaluation

After 2, 7, and 14 days of storage at 11 ◦C, the severity of fruit degradation (in
individual fruits in each container; total 16 fruits per treatment per storage period) was
visually assessed. Tomato fruit showing surface mycelia growth was considered decayed.
On a scale of one to five, the degree of infection on fruit was rated: 1-clean, no infection,
2-trace infection, 3-slight infection, 4-moderate infection, and 5-severe infection. Rots were
distinguished by tomato tissue subculture onto Potato Dextrose Agar (PDA) media as
described previously [66].

4.3. Respiration Rate and Ethylene Emission

The carbon dioxide (CO2) and ethylene production were measured by placing each
tomato in a 1 L glass jar hermetically sealed with a rubber stopper for 1 h at ambient room
temperature. Fruits were weighed and volume was measured. Additionally, CO2 and
ethylene of room air were tested and subtracted from the measurements, by equipment
zeroing, prior to and during experimentation. For respiration rate determination, the holder
atmosphere was sucked by a dual gas analyzer (International Control Analyser Ltd., UK)
for 30 s. Results were the mean of two determinations for each jar (eight jars per treatment
and storage period; n = 8) and expressed as milliliter of CO2 per kilogram per hour.
Ethylene was quantified by using an ethylene analyzer (ICA 56 Analyser, International
Control Analyser Ltd., UK) whereas container air sample was sucked for 30 s. Results were
the mean of two determinations for each jar and expressed as microliter of ethylene per
kilogram per hour (eight jars per treatment and storage period; n = 8). CO2 and ethylene
evolution were calculated according to the following Equation: rate of evolution = M ×
(V1 − V2) × (1/w) × (1/t); where, M represents the measurement; V1, V2 represent jar and
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fruit volume (mL), respectively; w represents fruit weight (g); and t represents incubation
time (h).

4.4. Weight Loss, Colour and Fruit Firmness

Individual tomato weights were measured on the day of harvesting (day 0) and after
the different sampling dates. Weight loss was calculated for each fruit (n = 8) per treatment
and storage time as follows: weight loss % = 100 (Wo − Wf)/Wo, with Wo being the initial
weight and Wf the final weight of the fruit.

Color was determined using the Hunter Lab System and a Minolta colorimeter model
CR400 (Konica Minolta, Osaka, Japan). Following the recording of individual L*, a*,
and b* parameters, and chroma value (C) was calculated by the following equations
C = (a*2 + b*2)1/2 as described previously [24]. Results were the mean of determinations
made on four points for each fruit (n = 8) along the equatorial axis, for each treatment and
storage time.

Fruit firmness was measured at two points on the shoulder of each tomato fruit
(1 cm2 of skin removed), respectively for each treatment by applying a plunger of 8 mm in
diameter, using a texturometer FT 011 (TR Scientific Instruments, Forli, Italy). The amount
of force (in Newtons; N) required to break the radial pericarp (i.e., surface) of each tomato
(n = 8) was recorded at ambient (21–23 ◦C) temperature for each treatment and storage time.

4.5. Soluble Solids, Titratable Acidity, Ripening Index, Ascorbic Acid and Carotenoids

Total soluble solids concentration was determined in triplicate from the juice obtained
from two pooled tomatoes for each replication (n = 8) with a temperature-compensated
digital refractometer (model Atago PR-101, Atago Co. Ltd., Tokyo, Japan) at 20 ◦C, and
results were expressed in percentage (%). The titratable acidity was measured via poten-
tiometric titration (Mettler Toledo DL22, Columbus, OH, USA) of 5 mL juice diluted to
50 mL with distilled water using 0.1 N NaOH up to pH 8.1. The results were expressed as
percentage of citric acid. The ratio of TSS/TA was used to evaluate the sweetness/ripening
index of the fruit.

Ascorbic acid (being the major part in Vitamin C) in eight independent pools of tomato
juice was determined by the 2,6-Dichloroindophenol titrimetric method [67]. An aliquot of
5 mL of pooled tomato juice was diluted with 5 mL of water and was titrated by the dye
solution until the color changed. Data were expressed as mg of ascorbic acid per gram of
fresh weight.

Carotenoids (lycopene and β-carotene) were determined according to the Nagata and
Yamashita [68] method following modification [69]. Eight individual samples (each sample
pooled of two fruits) were examined per treatment and storage period. Thus, 1 g of blended
tomatoes were placed in 50 mL falcons and stored in −20 ◦C till analysis (within 48 h). A
volume of 16 mL of acetone:hexane 4:6 (v:v) were added to each sample, the samples were
shaken vigorously and the two phases were separated automatically. An aliquot was taken
from the upper solution for measurement of optical density at 663, 645, 505, and 453 nm in
a spectrophotometer, using a reference acetone:hexane (4:6) ratio. Lycopene and β-carotene
contents were calculated according to the Nagata and Yamashita [68] equations:

Lycopene (mg 100 mL−1 of extract) = −0.0458 × A663 + 0.204 × A645 + 0.372 × A505 − 0.0806 × A453.

β-carotene (mg 100 mL−1 of extract) = 0.216 × A663 − 1.22 × A645 − 0.304 × A505 + 0.452 × A453.

Results were expressed as nmol per gram of fresh weight.

4.6. Total Phenols and Antioxidant Activity

Eight individual samples (each sample pooled of two fruits) were examined per
treatment and storage period. Samples of 5 g were milled in an Ultraturrax (T25 digital
ultra-turrax, IKA, Germany) with 10 mL methanol (50% v/v) for 30 s, and polyphenol
extraction was assisted with ultrasound (Ultrasonic cleaning baths-150, Raypa, Spain) for
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5 min. The slurry was centrifuged for 30 min on 5000× g at 4 ◦C (Sigma 3–18 K, Sigma
Laboratory Centrifuge, Germany). The supernatant was transferred to a 15 mL falcon tube,
and was stored at 4 ◦C until analysis (within 48 h) for evaluation of total phenolic content
and total antioxidant activity.

The total phenols content of the methanolic extracts was determined by using Folin–
Ciocalteu reagent (Merck), according to the procedure described by Tzortzakis et al. [70].
Briefly, 125 μL of plant extract was mixed with 125 μL of Folin reagent. The mixture was
shaken, before addition of 1.25 mL of 7% Na2CO3, adjusting with distilled water to a
final volume of 3 mL, and thorough mixing. After incubation in the dark for 90 min, the
absorbance at 755 nm was measured versus the prepared blank. Total phenolic content was
expressed as μmol of gallic acid equivalents (GAE) per gram of fresh weight, through a
calibration curve with gallic acid. All samples were analyzed in triplicate.

A sample of 3 mL of freshly prepared ferric-reducing antioxidant power solution
(0.3 mol L−1 acetate buffer, pH 3.6), containing 10 mmol L−1 TPTZ (Tripyridil-s-triazine)
and 40 mmol L−1 FeCl3·10H2O and 20 μL of extract (50 mg mL−1) were incubated at 37 ◦C
for 4 min and the absorbance was measured at 593 nm. The absorbance change was con-
verted into a FRAP value, by relating the change of absorbance at 593 nm of the test sample
to that of the standard solution of trolox ((±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid). Standard curve was prepared using different concentrations of trolox, and
the results were expressed as mg trolox per gram of fresh weight [69]. All samples were
analysed in triplicate.

Radical-scavenging activity was determined according to Wojdylo et al. [71] with
some modifications. The 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity of the
plant extracts was measured from the bleaching of the purple-colored 0.3 mM solution of
DPPH. One milliliter of the DPPH solution in ethanol, 1.98 mL (50% v/v) methanol and
0.02 mL of plant extract were mixed. After shaking, the mixture was incubated at room
temperature in the dark for 30 min, and then the absorbance was measured at 517 nm. The
results were expressed in mg trolox per gram of fresh weight. All samples were analyzed
in triplicate.

4.7. Plant Stress Indicators

Cell damage index of lipid peroxidation in leaves was assessed in terms of malondi-
aldehyde content, which was determined by the thiobarbituric acid reaction [72]. Hydrogen
peroxide content was measured according to the method of Loreto and Velikova [73]. The
results were expressed as nmol MDA or μmol H2O2 per g FW. Four replicates were ana-
lyzed for each treatment and sampling date.

4.8. Sensory Evaluation

For the sensory evaluation, 14 panelists of similar ratio of males and females (aged
from 22 to 44 years old) were employed to assess fruit of the two ripening stages and
subject to storage for 14 days in ambient air or EO-enriched air (50 μL L−1 or 500 μL L−1).
All panelists had at least some training in the sensory evaluation of tomato fruit. To
ensure representative results, the panel was initially asked to assess treatment preferences,
with each panelist being given more than one fruit from each sample. Panelists were
subsequently challenged with fresh fruit from each treatment and asked to rate appearance,
colour, aroma, sweetness, texture, and marketability using scales (values of acceptance)
with anchor points 1: ‘Poor/unsweet/soft’ and 5: ‘excellent/very sweet/firm’. Scales
were converted to percentage values. Individual panelists were given two sets of fruit
(representing the two stages of ripening) and each set had three plates (one for each
treatment) containing three whole tomato fruits and three halved tomato fruits for sensory
analysis, all tests being conducted under the same conditions and with no time limit. To
avoid intermixing of panel members, panel testing was conducted in isolation in booths in
the same room.
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4.9. Statistical Analysis

The data were checked for normality before being subjected to an analysis of variance
(ANOVA). The time of storage and the treatments were the sources of variation. Following
one-way ANOVA, significant differences between mean values were detected using Tukey’s
HSD test (p = 0.05). SPSS was used to conduct statistical analysis (SPSS Inc., Chicago,
IL, USA).

5. Conclusions

The current study emphasizes the possibility of employing natural volatiles obtained
from sage essential oils to preserve tomato fruit during storage and/or transit at 11 ◦C and
high RH levels of 90%. In breaker tomatoes, EO-enrichment (sustained effect) retained
fruit firmness, respiration rates, and ethylene emission in low EO levels (50 μL L−1), while
fruit metabolism was sped up in high EO levels of 500 μL L−1, with decreased firmness
and increased rates of respiration and ethylene and effects on antioxidant capacity. The
effects were more pronounced during the storage period of 14 days, in comparison with
fruit subject to traditional storage/transit practice. In red fruits, the EOs impacts were
evidenced earlier (at two and seven days of storage) with increased rates of respiration
and ethylene, increased TSS and β-carotene, and decreased lycopene content. Considering
the pre-exposed fruits to EOs, quality attributes were more affected in mature green fruits
and to a lesser extent in red fruits. Furthermore, based on appearance, color, and texture
evaluations, taste panel trials demonstrated an overwhelming preference for EO-treated
red fruit during choice testing. Additional investigation is needed to encapsulate the EOs
and to examine the application of EOs mixtures, based on their active ingredients, for the
preservation of tomato fruits. The use of natural products to preserve fresh commodities
should be researched further to determine the best application conditions (i.e., method,
duration, and concentration) for each commodity in each case.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10122645/s1. Figure S1: Impacts of sage essential oil (EO) on L*, a*, b* and chroma
values in tomato fruit at breaker and red ripening stage, exposed to ambient air (control) or EO (50 or
500 μL L−1).
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Abstract: As part of a project devoted to the phytochemical study of Ecuadorian biodiversity, new
essential oils are systematically distilled and analysed. In the present work, Jungia rugosa Less
(Asteraceae) has been selected and some wild specimens collected to investigate the volatile fraction.
The essential oil, obtained from fresh leaves, was analysed for the first time in the present study.
The chemical composition was determined by gas chromatography, coupled to mass spectrometry
(GC-MS) for qualitative analysis, and to flame ionization detector (GC-FID) for quantitation. The
calculation of relative response factors (RRF), based on combustion enthalpy, was carried out for
each quantified component. Fifty-six compounds were identified and quantified in a 5% phenyl-
polydimethylsiloxane non-polar column and 53 compounds in a polyethylene glycol polar column,
including four undetermined compounds. The main feature of this essential oil was the exclusive
sesquiterpenes content, both hydrocarbons (74.7% and 80.4%) and oxygenated (8.3% and 9.6%).
Major constituents were: γ-curcumene (47.1% and 49.7%) and β-sesquiphellandrene (17.0% and
17.9%), together with two abundant undetermined oxygenated sesquiterpenes, whose abundance was
6.7–7.2% and 4.7–3.3%, respectively. In addition, the essential oil was submitted to enantioselective
evaluation in two β-cyclodextrin-based enantioselective columns, determining the enantiomeric
purity of a minor component (1S,2R,6R,7R,8R)-(+)-α-copaene. Finally, the AChE inhibition activity of
the EO was evaluated in vitro. In conclusion, this volatile fraction is suitable for further investigation,
according to two main lines: (a) the purification and structure elucidation of the major undetermined
compounds, (b) a bio-guided fractionation, intended to investigate the presence of new sesquiterpene
AChE inhibitors among the minor components.

Keywords: Jungia rugosa; Jungia bullata; Jungia jelskii; Jungia malvifolia; Asteraceae; essential oil;
enantiomers; sesquiterpenes; Ecuador

1. Introduction

Ecuador, due to multiple combinations of factors, has been configured as a megadi-
verse country, with a high rate of plant endemism per surface area, which makes it one
of the richest countries in biodiversity and endemism of the world [1,2]. Some figures
presented in the Fifth and Sixth National Report for the Convention on Biological Diversity
regarding the emergence of new plant species illustrate this peculiarity: between 1999 and
2012, 2443 new species were reported for the country, of which 1663 were also new to the
science. In 2013, 18,198 species of vascular plants were registered, which meant 1140 more
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species than those reported in 2010 and representing about 7.6% of the vascular plants
registered worldwide. It is estimated that the total number of vascular plants could reach
25,000 [3,4].

Along with the above, indigenous cultures possess a strong tradition about plants
as a means of treating diseases, which has allowed ancestral knowledge to be transferred
through generations from ancient times to the present, promoting the abundant use of
medicinal plants. For all these reasons, Ecuador is an invaluable source of natural products
and unprecedented knowledge about plant applications. In contrast, the number of high-
impact scientific studies in this area is relatively low, given the potential that the country’s
biodiversity offers [5]. In this respect, to the best of the authors’ knowledge, the essential
oil (EO), distilled from the leaves of Jungia rugosa Less, has never been described.

Within the Asteraceae, the Jungia genus corresponds to flowering plants that mostly
develop at high altitudes and cold climates, being characteristic of the Andean regions
of Ecuador, Peru, and Argentina. Despite many articles describing the phytochemistry
of genus Jungia, only three deal with EOs. In fact, only the volatile fractions of Jungia
paniculata and Jungia polita have been described so far, the first one being very popular in
the Andes and known with the traditional name “matico” [6–8]. Concerning J. rugosa, two
phytochemical studies have been published. However, they are devoted to non-volatile
fractions and their biological activities [9,10].

Jungia rugosa Less (Asteraceae) is a native Andean species, growing at altitudes be-
tween 1500 and 4000 m above sea level [11]. It is characterised by great resistance to frost
and low temperatures, which is why it prevails in cold and humid climates. This plant
grows up to 5 m in height, presenting a thin, woody, smooth, hard, and green stem. Its
intense green leaves with a pale green underside, measure between 5 and 12 centimetres
and are covered with villi; they are also petiolate, presenting an anti-parallel rib. Its main
root divides, giving rise to an abundant root system. Its flower is whitish in colour, pre-
sented in a green capsule, which generates small black seeds. In some localities located
in the Andean region of Ecuador, it is better known as “carne humana”. Based on the
indigenous heritage of the central Ecuadorian region (Cotopaxi), this species is used as
an anti-inflammatory remedy, for instance, in treating bruises, and for other unspecified
healing purposes [12]. The anti-inflammatory activity is probably the most important
medicinal property of this plant, since it has also been confirmed by two scientific studies,
together with the closely related antioxidant capacity [13,14]. Some sources also report that
leaf decoctions are applied to treat wounds and skin ulcerations, gastric problems, and
kidney disorders, among others [15,16]. In addition to medicinal applications, this species
is also used to prepare ropes in the Chimborazo region of Ecuador [12]. Furthermore, J.
rugosa is also known with three botanical synonyms: Jungia bullata Turcz., Jungia jelskii
Hieron., and Jungia malvifolia Muschl [17]. None of these synonyms corresponds to any
chemical literature.

So far, many plant species from Ecuador have been described for producing new
EOs, often characterised by important biological activities such as analgesic, antioxidant,
antibacterial, anticancer, and sedative, among others [5,18–20]. In particular, EOs rich in
sesquiterpenes have been presented as promising anti-proliferative agents, whose con-
stituents are able to easily reach certain organs, such as heart, liver, and kidneys [20].
Among all the biological properties of EOs and their constituents, we are particularly inter-
ested in the inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE),
due to the serious implications that neurodegenerative diseases are ever-more producing
in western countries [18,21–23].

In accordance with the above, the objectives of this research were to investigate
the chemical and enantiomeric composition of J. rugosa EO and to evaluate the presence
of cholinergic molecules in this volatile fraction. All this information will provide a
contribution to the phytochemical and phytopharmacological knowledge of the Ecuadorian
flora.
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2. Results

2.1. Distillation and Physical Properties

The essential oil of the fresh aerial parts of Jungia rugosa was obtained by steam
distillation for 4 h, yielding an average of 0.09 (w/w). The physical properties, chemical
composition and enantiomeric analysis are discussed below.

Two physical properties were determined: relative density (d = 0.898 ± 0.012 g/mL)
and refractive index (η = 1.505 ± 0.002). These properties are notoriously determined by
genetic characteristics, geographical location, and phenological stage of the plant [24].

2.2. Chemical Analysis of the EO

In the chemical analysis of the EO of J. rugosa, all components identified were sesquiter-
penes corresponding to a total of 56 and 53 compounds, respectively, with DB-5ms and
HP-INNOWax columns (see Section 4.4). Most of the constituents (52) were identified
by comparing the electron impact mass spectrum (EIMS) and the linear retention index
(LRI) with literature, whereas four remained unidentified. According to their molecular
weight, the unknown components are consistent with one sesquiterpene (204 amu) and
three oxygenated sesquiterpenoids (220, 262 and 280 amu). The significant difference
between calculated and reference LRIs is within the experimental error.

Concerning the quantitative analysis (see Section 4.5), 50 compounds were quanti-
fied on at least one column, with a detection threshold of 0.1%, whereas six compounds
(β-cubebene, α-chamipinene, δ-amorphene, allo-aromadendrene epoxide, cis-thujopsenal,
and 8-α-acetoxyelemol) appeared as traces (<0.1%) in both columns. Quantified compo-
nents corresponded to 98.3% and 99.6% of the EO total mass, on the non-polar and polar
column, respectively; the sesquiterpene hydrocarbons, corresponding to 75.8% and 80.8%
and oxygenated sesquiterpenes, corresponding to 22.3–18.8%, respectively. The major
components, with an average amount ≥3% over the two columns, were γ-curcumene
(47.1%, 49.7%), β-sesquiphellandrene (17.0%, 17.9%), ar-curcumene (3.4%, 4.2%) and two
undetermined oxygenated sesquiterpenes with molecular weight 220 (6.7%, 7.2%) and 262
(4.7%, 3.3%). A standard deviation of less than 5% was obtained between the percentages of
each analyte with both columns. The GC-MS chromatograms on both columns are reported
in Figures 1 and 2. Table 1 shows the identified components together with their relative
percent abundance, calculated vs. n-nonane as the internal standard.

Figure 1. GC-MS chromatogram of J. rugosa EO on DB-5ms column.
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Figure 2. GC-MS chromatogram of J. rugosa EO on HP-INNOWax column.

Table 1. Qualitative and quantitative chemical analyses of the EO from J. rugosa fresh leaves.

N. Compounds
DB-5ms HP-INNOWax DB-5ms HP-INNOWax

LRI 1 LRI Ref. LRI 1 LRI Ref. (%) 2 σ (%) 2 σ

1 α-copaene 1370 1374 [25] 1464 1489 [26] 0.2 0.01 0.3 0.01
2 β-cubebene 1378 1387 [25] 1536 1542 [27] trace 0.02 trace -
3 7-epi-sesquithujene 1385 1390 [25] 1576 - 0.9 0.02 trace -
4 Italicene 1395 1405 [25] 1525 1536 [28] 0.3 0.08 0.5 0.02
5 α-chamipinene 1397 1396 [25] 1552 - trace 0.05 trace -
6 undetermined (MW 204) 1412 - 1549 - 1.1 0.02 0.4 0.01
7 α-cis-bergamotene 1420 1411 [25] 1584 1577 [28] 1.6 0.03 1.7 0.05
8 α-trans-bergamotene 1430 1432 [25] 1530 1560 [29] 0.1 0.01 0.3 0.02
9 seychellene 1442 1444 [25] 1663 - 0.1 - trace -

10 α-humulene 1448 1452 [25] 1652 1667 [27] 1.1 0.01 0.5 0.01
11 allo-aromadendrene 1451 1458 [25] 1626 1637 [30] 0.1 0.02 trace -
12 (E)-β-farnesene 1453 1454 [25] 1669 1664 [27] trace - 0.8 0.02

13 6-demethoxy
ageratochromene 1458 1461 [25] 2083 2075 [31] 0.9 0.02 1.4 0.02

14 2-epi-(E)-caryophyllene 1466 1465 [32] 1674 1669 [32] 0.1 0.01 trace -
15 ishwarane 1471 1465 [25] 1609 1636 [33] 0.1 0.07 trace -
16 γ-curcumene 1476 1481 [25] 1685 1692 [27] 47.1 0.70 49.7 0.40
17 ar-curcumene 1479 1479 [25] 1768 1774 [27] 3.4 0.34 4.2 0.32
18 γ-muurolene 1486 1478 [25] 1692 1690 [27] 0.1 0.07 0.8 0.02
19 β-selinene 1489 1489 [25] 1710 1717 [27] 0.3 0.04 1.3 0.02
20 α-zingiberene 1491 1493 [25] 1698 1713 [34] 0.1 0.11 trace -
21 epi-cubebol 1493 1493 [25] 1943 1928 [35] 1.0 0.13 trace -
22 β-bisabolene 1505 1505 [25] 1719 1728 [27] 0.9 0.02 1.0 0.02
23 α-cuprenene 1506 1505 [25] 1733 1759 [36] 0.5 0.01 0.6 0.01
24 δ-amorphene 1511 1511 [25] 1704 1710 [37] trace - trace -
25 γ-cadinene 1513 1513 [25] 1744 1763 [27] 0.7 0.01 0.8 0.01
26 β-sesquiphellandrene 1521 1521 [25] 1762 1771 [27] 17.0 0.20 17.9 0.16
27 8,14-cedranoxide 1549 1541 [25] 1842 1858 [38] 0.1 - trace -
28 cis-muurol-5-en-4-α-ol 1569 1559 [25] 2210 2221 [39] 0.1 0.02 trace -
29 spathulenol 1575 1577 [25] 2141 2140 [40] 0.1 - 0.5 0.01
30 allo-cedrol 1588 1589 [25] 2261 - 0.1 0.03 trace -
31 sesquithuriferol 1605 1604 [25] 2125 2113 [41] 0.3 0.01 0.3 0.01
32 isolongifolan-7-α-ol 1609 1618 [25] 2117 - 0.3 0.01 0.2 0.11
33 cis-isolongifolanone 1613 1612 [25] 2168 - 0.2 0.01 0.3 0.01
34 undetermined (MW 220) 1627 - 2070 - 6.7 0.10 7.2 0.14
35 3-iso-thujopsanone 1632 1641 [25] 2106 - 0.2 0.13 trace -
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Table 1. Cont.

N. Compounds
DB-5ms HP-INNOWax DB-5ms HP-INNOWax

LRI 1 LRI Ref. LRI 1 LRI Ref. (%) 2 σ (%) 2 σ

36 allo-aromadendrene
epoxide 1634 1639 [25] 2096 2095 [42] trace - trace -

37 epi-α-muurolol 1642 1640 [25] 2194 2186 [27] 0.1 0.01 0.1 0.01
38 3-thujopsanone 1650 1653 [25] 2265 - 0.3 - 0.2 0.01
39 α-cadinol 1653 1652 [25] 2244 2227 [27] 0.2 0.02 trace -

40 14-hydroxy-9-epi-(E)-
caryophyllene 1658 1668 [25] 2110 - 0.1 0.04 trace -

41 7-epi-α-eudesmol 1664 1662 [25] 2209 2205 [43] 0.2 0.01 trace -
42 bulnesol 1667 1670 [25] 2204 2200 [44] 0.2 0.01 trace -
43 8-cedren-13-ol 1685 1688 [25] 2335 2359 [45] 0.4 0.03 trace -
44 cyperotundone 1690 1695 [25] 2474 - 2.5 0.04 2.5 0.28
45 zizanal 1701 1697 [25] 2450 - 0.6 0.01 1.4 0.07
46 cis-thujopsenal 1705 1708 [25] 2294 - trace - trace -
47 14-hydroxy-α-humulene 1713 1713 [25] - - 0.1 - trace -
48 vetiselinenol 1718 1730 [25] 2445 - 0.2 - trace -
49 γ-costol 1742 1745 [25] 2337 - 0.3 0.01 trace -
50 xanthorrhizol 1749 1751 [25] 2657 2674 [42] 0.6 0.02 1.1 0.27
51 cedryl acetate 1776 1767 [25] 2132 2150 [46] 0.2 0.02 0.3 0.01
52 8-cedren-13-ol acetate 1782 1788 [25] 2248 - 0.3 0.09 trace -
53 undetermined (MW 262) 1789 - 2272 - 4.7 0.18 3.3 0.07
54 8-α-acetoxyelemol 1793 1792 [25] - - trace - trace -
55 undetermined (MW 280) 2029 - - - 1.3 0.30 trace -
56 n-tricosane 2301 2300 [25] 2300 2300 [47] 0.2 0.07 trace -

monoterpene hydrocarbons - -
oxygenated monoterpenes - -
sesquiterpene hydrocarbons 75.8% 80.8%
oxygenated sesquiterpenes 22.3% 18.8%
others 0.2% trace
total 98.3% 99.6%

1 Calculated linear retention index (LRI) according to van den Dool and Kratz [48]; 2 Trace for % < 0.1.

2.3. Enantioselective Evaluation of the EO

The enantioselective analysis of the EO was carried out on a 2,3-diethyl-6-tert-
butyldimethylsilyl-β-cyclodextrin based capillary column. Only the very minor compound
(1S,2R,6R,7R,8R)-(+)-α-copaene could be certainly identified, appearing enantiomerically
pure in the EO. No more enantiomeric pairs or enantiomerically pure compounds could be
identified in the enantioselective chromatogram.

2.4. AChE Inhibition Activity

The AChE inhibitory activity of the investigated essential oils was measured in vitro,
using a spectrophotometric assay based on Elman’s method. Galanthamine and Laurus
nobilis EO were used as positive controls, the latter being considered an active EO in
literature (see Section 3. Discussion). All results are summarised in Table 2.

Table 2. Percent inhibition of AChE by J. rugosa EO compared to L. nobilis EO and galantamine as
positive controls.

Sample Enzymatic Inhibition (%) σ

Galanthamine 1.0 μg/mL 49.2 5.2
Laurus nobilis EO 38 μg/mL 38.8 4.2
Jungia rugosa EO 38 μg/mL 25.9 13.9
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3. Discussion

3.1. The Chemical Composition

About the chemical composition of the EO, the hydrocarbon sesquiterpene fraction
was predominant, corresponding to 74.7% and 80.4% with a non-polar and a polar column
respectively. Furthermore, an oxygenated sesquiterpene fraction was present between 9.6%
and 8.3% of the whole amount. No monoterpenes were detected in the EO. Major compo-
nents of this volatile fraction were γ-curcumene and β-sesquiphellandrene, together with
two undetermined oxygenated sesquiterpenes (molecular weight 220 amu and 262 amu,
respectively). If we compare these results with the only two partial analyses, known so
far for EOs of genus Jungia (J. paniculata and J. polita), the prevalence of sesquiterpenes is
confirmed [7,8]. However, unlike our case, (E)-β-caryophyllene and caryophyllene oxide
are there the main components. Regarding γ-curcumene, it derives its name from Curcuma
longa L. (turmeric), but we must look at Helichrysum italicum (Roth) G. Don (Asteraceae)
to find an important and widely studied botanical species where γ-curcumene is often a
major constituent. Other Helichrysum species are also familiar with similar sesquiterpene
compositions [49]. On the one hand, despite γ-curcumene being quite common and known
for a long time, no exhaustive studies on its pharmacology can be found. On the other
hand, the EOs where it is an important component are widely described, with all the typical
biological activities known for volatile fractions. In regards to β-sesquiphellandrene, it is
also a typical hydrocarbon sesquiterpene of Curcuma longa. The most important study on its
pharmacological properties is probably a recent publication, where β-sesquiphellandrene
has been described as a potent anticancer agent. Its activity is comparable with the one of
curcumin. According to that investigation, β-sesquiphellandrene would exert an antiprolif-
erative activity, by inhibiting the formation of cancer cell colonies and inducing apoptosis.
The neoplastic formations, that appeared to be more sensitive to this metabolite, were
leukaemia, multiple myeloma, and colorectal cancer. Furthermore, cancer cells expressing
p-53 protein resulted in being more sensitive to β-sesquiphellandrene than those lacking
it [50]. Finally, we must mention the presence of two important undetermined compounds,
contributing to the mass of the EO with the non-negligible amounts of 6.7–7.2% and 4.7–
3.3%, respectively (see peaks 34 and 53 in Figures 1 and 2). These constituents showed a
molecular ion of 220 and 262 amu—the first one being characteristic of sesquiterpenoids
with molecular formula C15H24O, whereas the second one is consistent with the rare
sesquiterpene derivatives of formula C18H30O (e.g., sesquiterpenes acetones) [25].

3.2. The Enantiomeric Evaluation

For what concerns the enantiomeric evaluation, the EO was submitted to enantiose-
lective GC, in a classical β-cyclodextrin-based capillary column. However, the only chiral
terpene that could be identified was (1S,2R,6R,7R,8R)-(+)-α-copaene, present as a pure
enantiomer. No other sesquiterpene could be detected, both as a pure enantiomer or
enantiomeric pair. This result is not surprising. In fact, most of the enantiomerically pure
available standards are indeed monoterpenes, whose use is necessary to determine the
elution order of the enantiomers from an enantioselective column. Since the present EO is
exclusively constituted by sesquiterpenes, the corresponding enantioselective GC informa-
tion is, for most of them, unavailable. Furthermore, the similarity among the spectra for
this class of metabolites excluded the possibility to certainly identify enantiomeric pairs
within the peaks. The only exception, although a minor component, was (1S,2R,6R,7R,8R)-
(+)-α-copaene, since the enantiomerically pure standards of this compound are available.

3.3. The Cholinergic Activity

Finally, the inhibition activity of this EO against AChE can be discussed. Observing
our results, shown in Table 2, the inhibition capacity of J. rugosa EO was compared to the
ones of galanthamine and L. nobilis EO. However, whereas the biological activity of galan-
thamine is clearly extremely high, mainly because it is a pure compound, the biological
activity of L. nobilis EO is decidedly lower. Nevertheless, L. nobilis EO is considered as an
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active mixture in this kind of assay, and it can be subsequently used as a better positive
control while working with EOs [51]. In our case, the inhibition power of J. rugosa EO is
about 68% compared to that of L. nobilis EO, clearly resulting in less activity but not inactive.
This fact could be explained by the presence of at least one active minor sesquiterpene in
the mixture. If that is the case, the EO may be considered useless as it is, but suitable to
be studied, through a bio-guided fractionation, in search of new sesquiterpene inhibitors.
The interest in this aspect resides in that, to the best of the authors’ knowledge, the most
active EOs are characterised by an important monoterpene fraction (except for the case
where the EO is dominated by (E)-β-caryophyllene) [18,22]. However, due to their toxicity,
hydrocarbon monoterpenes can hardly be used as pharmaceutical active principles, which
cannot be assumed for sesquiterpenes. Therefore, the discovery of new sesquiterpene
inhibitors of AChE is a matter of some pharmaceutical interest. Consequently, this volatile
fraction is suitable for further investigation, according to two main lines: a) the purification
and structure elucidation of the major undetermined compounds, by mean of prepara-
tive chromatography and NMR spectroscopy; b) a bio-guided preparative fractionation,
intended to investigate the presence of new sesquiterpene AChE inhibitors among the
minor components. Due to the low distillation yield of this EO, a non-classical approach
should be applied. On the one hand, a tentative method for purification and structure
elucidation could be the use of preparative thin-layer chromatography (TLC) and micro-
probe NMR spectroscopy. In this way, about 1 mg of a pure compound would be enough
to be submitted to a complete series of NMR experiments. On the other hand, the bio-
guided investigation could be faced through a bioautographic method. Based on a TLC
analysis, a bioautographic assay can be carried out with few micrograms of EO. Since the
active compounds possibly are known sesquiterpenes, the combined use of bioautography,
preparative TLC and GC-MS should afford the desired information.

In regards to the traditional use of J. rugosa, some previous studies have described the
antioxidant and anti-inflammatory activities of the non-volatile fraction, mainly attributed
to flavonoids [13,14]. Since these properties are fully consistent with the ethnobotanical
use, the EO could probably be exempted to be considered the active fraction.

4. Materials and Methods

4.1. General Information

The chemical and enantioselective analyses of the J. rugosa EO were performed with a
gas chromatography-mass spectrometry (GC-MS) system, consisting of a 6890 N Agilent
Technologies gas chromatograph with an autoinjector model 7683. The instrument was
coupled to an Agilent Technologies simple quadrupole mass spectrometry detector (MSD)
model 5973 INERT (Santa Clara, CA, USA), and a common flame ionization detector (FID).
The MSD operated in SCAN mode (scan range 35–350 m/z), with an electron ionization
(EI) source at 70 eV. The qualitative and quantitative analyses were carried out with both
non-polar and polar stationary phase capillary columns from Agilent Technologies. The
non-polar column was based on 5% phenyl-methylpolysiloxane phase (DB-5ms, 30 m
long, 0.25 mm internal diameter, and 0.25 μm film thickness), while the polar column was
provided with a polyethylene glycol stationary phase (HP-INNOWax, 30 m × 0.25 mm ×
0.25 μm). The enantioselective analysis was run with an enantioselective capillary column,
based on 30% diethyl-tert-butyldimethylsilyl-β-cyclodextrin in PS-086 as chiral stationary
phases as a chiral selector (25 m × 250 μm internal diameter × 0.25 μm phase thickness,
purchased from Mega, MI, Italy). For all the analyses, GC purity grade helium (Indura,
Guayaquil, Ecuador) was used as the carrier gas, set at the constant flow, with a rate of
1 mL/min. For the biological assays, a Spectronic Genesys 6 spectrophotometer was used,
purchased from Thermo-Fisher Scientific (Waltham, MA, USA).

All solvents for GC analysis, the mixture of n-alkanes C9–C25 for linear retention
indices (LRI), internal standard (n-nonane), and reagents for the inhibition activity assays
were purchased from Sigma-Aldrich. The calibration standard was isopropyl caproate,
obtained by synthesis in the authors’ laboratory and purified to 98.8% (GC-FID).
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4.2. Plant Material

The leaves of J. rugosa were collected in February 2020 in the south-central area of the
Ecuadorian highlands (sector Citar, province Cañar). The specimens grew at an altitude of
3445 m above sea level, with coordinates 02◦35′387” S and 78◦56′309” W. The collection
was carried out under governmental permission (MAAE-ARSFC-2020-0638), issued by
the Ministry of Environment of Ecuador (MAE). The identification was achieved at the
Universidad Técnica Particular de Loja, by the botanist Dr. Itziar Arnelas, and a botanical
specimen was deposited at the UTPL herbarium, with voucher number D-HUTPL-2020-6.
The fresh leaves of J. rugosa were distilled the day after collection.

4.3. Distillation of the EO and GC Sample Preparation

Fresh leaves (4.8 kg) of J. rugosa were steam distilled in a Clevenger-type apparatus
for 4 h. The EO, which spontaneously separated from the aqueous layer, was immedi-
ately dried on anhydrous sodium sulphate and stored in the dark at −15 ◦C until use.
The analytical samples for each GC injection were prepared as described in previous
studies [18–22].

4.4. GC-MS Qualitative Analyses

The EO was analysed by injecting 1 μL of analytical sample into the GC instrument
that operated in split mode (40:1). The injector temperature was set at 220 ◦C. The elution
with the DB-5ms column was conducted according to the following oven temperature
program: 60 ◦C was kept for 5 min, followed by a first thermal gradient to 100 ◦C at a rate
of 2 ◦C/min, a second gradient to 150 ◦C at a rate of 3 ◦C/min, then a third gradient to
200 ◦C at a rate of 5 ◦C/min; in the end, the oven temperature was maintained at 250 ◦C
for 15 min at a rate of 15 ◦C/min. With the HP-INNOWax column, the same conditions
and oven program were applied, except for the final temperature, which was set at 230 ◦C.

In order to identify the components of the EO, a homologous series of n-alkanes, from
n-nonane to n-pentacosane, was injected in each column. The linear retention index (LRI)
of each constituent was calculated according to Van Den Dool and Kratz [48]. This way
each volatile metabolite was identified by comparing the corresponding LRI value and
EI-MS spectrum with tabulated data for DB-5ms [25] and HP-INNOWax [26–47].

4.5. GC-FID Quantitative Analyses

The quantitative analyses were performed, with both columns, under the same condi-
tions and configurations described for the qualitative ones. All the samples were injected
in quadrupled and the percentage of each analyte in the EO was calculated as the average
value over the four injections. The quantification was achieved by external calibration and
use a process internal standard, calculating the relative response factor (RRF) of each EO
constituent, based on its combustion enthalpy [52]. The original method was modified,
isopropyl caproate instead of the methyl octanoate reported in the literature, was chosen
as the calibration standard for this analysis. This approach is based on the principle that
the RRF of an organic compound only depends on the molecular formula and number of
aromatic rings, being the same for isomers.

Two external calibration curves were build-up, according to what is described in
previous articles [18–22]. All calibration curves achieved an R2 > 0.995.

4.6. Enantioselective Analysis of the EO

The enantioselective analysis of the EO was carried out by GC-MS on the same samples
of the qualitative and quantitative analyses. The injector temperature was the same as for
the EO qualitative analysis, whereas the injector operated in split mode, with a ratio of 50:1.
The following oven thermal program was applied: The initial temperature was 60 ◦C for
2 min, followed by a thermal gradient of 2 ◦C/min until 220 ◦C, maintained for 2 min. In
addition, a mixture of n-alkanes (C9–C25) was injected under the same conditions as for
conventional analysis to determine LRIs. The enantiomeric pairs of chiral sesquiterpenes
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were identified based on the EI-MS spectra and elution order, determined according to
literature data for the same chiral selector [53,54].

4.7. AChE Inhibition Spectrophotometric Assay

The protocol followed in this study was that of Rhee et al., with slight modifica-
tions [55]. Enzyme solution 0.22 U/mL was prepared in 50 mM Tris-HCl, pH 8, containing
0.1% bovine serum albumin (BSA). Acetyltiocholine (ATCI) solution 1.5 mM was prepared
in Millipore water. Ellman’s reagent solution 3mM was prepared in 50 mM Tris–HCl, pH
8, containing 0.1 M NaCl and 0.02 M MgCl2 hexahydrate. Essential oils stock solutions
15 mg/mL and 30 mg/mL were prepared in dimethyl sulfoxide (DMSO). Laurus nobilis
essential oil solution 15 mg/mL and galanthamine solution 0.4 mg/mL in DMSO were
used as a positive control.

The reagents were placed in the cuvette in the following order: 150 μL of ATCI
solution, 900 μL of buffer B, 5 μL of the essential oil/galanthamine solution and finally
150 μL of enzyme solution. BSA 1%, Tween-20 0.1 and 0.5% and Tween-80 0.1 and 0.5% were
tested as buffer B detergents to increase the essential oil solubility in the aqueous reaction
mixture. The reaction mixture was incubated for 6 minutes at room temperature (25 ◦C).
Absorbance values were collected after 6 minutes of incubation at 412 nm. The absorbance
corresponding to 100% of AChE activity was measured by replacing the EOs/galanthamine
solution with 5 μL of pure DMSO. Control and sample blank solutions were prepared by
replacing the 150 μL of enzyme solution with 150 μL of buffer B. The percentage of AChE
inhibition was measured according to the equation below:

% Inhibition = ΔA (Control) − ΔA (Sample)/ΔA (Control) × 100

ΔA (Control) or (Sample) = A412 (Control) or (Sample) − A412 (Control Blank) or (Sample Blank)

5. Conclusions

The fresh leaves of Jungia rugosa Less afforded, by steam distillation, an essential oil
in quite a low yield (0.09% by weight). This volatile fraction was composed exclusively
of sesquiterpenes, whose major constituents were γ-curcumene (more than 45%) and β-
sesquiphellandrene (about 17%). The other two unknown oxygenated sesquiterpenoids
were detected among the main constituents (about 7% and 5% of the whole mixture). The
EO also manifested a weak inhibition activity against AChE.
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Abstract: Tomato (Lycopersicon esculentum Mill.) is important food in daily human diets. Root rot
disease by Fusarium oxysporum caused huge losses in tomato quality and yield annually. The extensive
use of synthetic and chemical fungicides has environmental risks and health problems. Recent studies
have pointed out the use of medicinal plant essential oils (EOs) and extracts for controlling fungal
diseases. In the current research, Mentha spicata and Mentha longifolia EOs were used in different
concentrations to control F. oxysporum. Many active compounds are present in these two EOs such
as: thymol, adapic acid, menthol and menthyl acetate. These compounds possess antifungal effect
through malformation and degradation of the fungal cell wall. The relative expression levels of
distinctly upregulated defense-related WRKY genes (WRKY1, WRKY4, WRKY33 and WRKY53) in
seedling root were evaluated as a plant-specific transcription factor (TF) group in different response
pathways of abiotic stress. Results showed significant expression levels of WRKY, WRKY53, WRKY33,
WRKY1 and WRKY4 genes. An upregulation was observed in defense-related genes such as chitinase
and defensin in roots by application EOs under pathogen condition. In conclusion, M. spicata and
M. longifolia EOs can be used effectively to control this plant pathogen as sustainable and eco-friendly
botanical fungicides.

Keywords: WRKY transcription factor; essential oils; Fusarium root rot; Mentha spicata; Mentha
longifolia GC–MS; antioxidant enzymes; antifungal activity

1. Introduction

The tomato plant (Lycopersicon esculentum Mill.) is considered one of the third most
important vegetable plants worldwide. Moreover, it is one of the most widespread veg-
etable crops grown across the globe. The tomato plant is highly sensitive to various biotic
and abiotic stresses, which results in high economic losses [1,2]. The biotic stress which
affects tomato plant growth and production is Fusarium oxysporum f. sp. lycopersici (Fol) [3].
Fusarium oxysporum is a soil-borne pathogen that targets the plant by attacking the tomato
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roots, resulting in wilt disease [4]. Wilt disease frequency in tomato crops is very high in
some countries where it reaches up to 25 ± 5% [5,6].

Additionally, in the presence of suitable conditions for the fungus, especially in devel-
oping countries, economic losses may increase up to 80% [7]. Consequently, the fungus
gains its capability in tomato infection through secretion of mycotoxins [8], which have
hazardous effects on animal and human health [9]. Mint essential oil (EO) has been reported
to have a strong antimicrobial activity against several pathogenic microorganisms [10,11].
Many researchers have studied the biological activity of different EOs from Mentha against
different pathogenic fungi, especially Fusarium species [11–15]. In particular, the two stud-
ied Mentha EOs have illustrated a strong antifungal activity against potato pathogens in
addition to different soil-borne diseases in tomatoes [16–18].

The most active chemical compounds in EOs of Mentha species are piperitone ox-
ide, pulegone, and 3-cyclopenten-1-one, 2-hydroxy-3-(3-methyl-2-butenyl) [19,20]. These
compounds play an important role in defense against pests, pathogens, and fungi [21–23].
Sharma et al. [24] studied the effect of mint, clove, lemongrass, and eucalyptus EOs on
wilt-causing fungus F. oxysporum. Plants’ EOs have a vital role in enhancing plant defense
systems by increasing the production of phytochemicals as phenolic compounds and per-
oxidases enzymes which lead to strengthening of the cell wall and increasing lignification
against phytopathogens [25].

When any pathogen infects plants, it is well known that they induce a plant’s defense
system which works to resist both the pathogen attack and development of disease [26].
The plant defense system works once the plant is exposed to any stress; plant transcription
factors belonging to multiple families play a critical role in stress mitigation or other
adjustment mechanisms by modulating the gene expression patterns [27]. There is a large
gene family, “WRKY”, which is considered the transcriptional factors distributed in all plant
parts [28]. In addition, the WRKY genes were previously discovered in non-photosynthetic
eukaryotes [29], and consequently have been identified and characterized in different plant
species [30,31].

The main role of WRKY genes is defense; these genes work in the plant acquired
resistance by using different pathways, including different enzymes [32]. Researchers have
reported that they play a role in the defense mechanism of the Arabidopsis plant infected
with necrotrophic fungal pathogens Botrytis cinerea and Alternaria brassicicola [33]. Several
studies revealed that WRKY genes might bind with the promoter of phytoalexin deficient
3 and 1-aminocyclopropane-1-carboxylic acid synthase 2 when the plant is attacked by
Botrytis cinerea [34].

The aims of the present study are (i) investigating the potential antifungal activities
of different concentrations of M. spicata and M. longifolia EOs against Fusarium root rot
disease caused by F. oxysporum in tomato plant; (ii) demonstrating the possible alterations
in seedling germination, total phenols, and the activity of several antioxidant enzymes;
and (iii) discovering the mode of action between the fungus and plant through analyzing
the expression levels of defense-related genes as chitinase (PR3) and defensin (PR12) and
WRKY transcriptional factors (TFs) (such as WRKY1, WRKY4, WRKY33, and WRKY53) by
investigating the upregulation or downregulation profile of studied defense and WRKY
genes against Fusarium attack.

2. Results

2.1. Screening of Antifungal Activity of Studied EOs

Antifungal activity of M. spicata and M. longifolia EOs at various concentrations (0.25%,
0.5%, 0.75%, 1.0%, and 1.25%) was investigated against F. oxysporum. The average reduc-
tions in F. oxysporum radial growth in response to M. spicata and M. longifolia EOs colloid
treatment are shown in the graph (Figure 1).

All tested concentrations exhibited varied inhibitory activity compared with positive
control fungicide (nystatin 0.005%) and the untreated experimental control. Inhibition
of mycelium growth increased with time and complete growth reduction was achieved
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after 7 days of incubation at 28 ± 2 ◦C in the case of M. longifolia EOs at 1.0% and 1.25%.
Whereas, the highest significant growth inhibition (92.55** ± 0.08% and 90.63** ± 0.04) was
achieved in the case of M. spicata EO (1.25%) and nystatin (0.005%), respectively, compared
with control. The lowest insignificant growth inhibition, 14.33 ns%, was obtained with
M. spicata EO at 0.25%.

Figure 1. Effects of the two studied EOs at different concentrations on mycelial growth reduction
percentages of F. oxysporum after 7 days of incubation at 28 ± 2 ◦C.

2.2. Chemical Composition of Mentha EOs

Selected GC–MS analysis chromatograms of the two studied EOs are shown in
Figures 2 and 3. The component relative concentrations (calculated as GC peak area
percentages and retention index) are shown in Tables 1 and 2. GC–MS results identified
that the principal bioactive components belonged to different chemical groups. The major
constituents in M. spicata EO included thymol (28.19%), adipic acid (25.82%), piperitone
(24.76%), and menthol (24.18%), whereas, the major constituents in M. longifolia EO included
menthol (51.4%), menthyl acetate (20.5%), and d-limonene (11.15%).

Figure 2. GC–MS chromatogram of M. spicata EO. Where (*) is the Total Ion Current.
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Figure 3. GC–MS chromatogram of M. longifolia EO. Where (*) is the Total Ion Current.

Table 1. The relative percentage of the area of peak of M. spicata EO constituents.

Quantitative ID Component Identified
Retention Time

(min)
Retention Index

(RI)
Area (%) Identification

1 Piperitone 5.20 1245 12.34 RI, MS
2 IR-alpha-pinene 7.82 933 0.76 RI, MS
3 D-limonene 11.83 1031 0.77 RI, MS
4 Cis-P-menthan 17.63 984 0.99 RI, MS
5 Menthone 18.13 1150 0.67 RI, MS
6 P-menthan-3-ol alcohol 18.55 1164 2.27 RI, MS
7 Alpha-terpin 19.49 1187 6.11 RI, MS
8 Gamma-terpineol 19.73 1185 0.82 RI, MS
9 β-caryophyllene 27.19 1325 18.7 RI, MS

10 Butanedioic acid 32.28 1580 6.26 RI, MS
11 Ethyl 4-heptyl ester 36.54 1378 8.83 RI, MS
12 Adipic acid 56.70 1507 13.24 RI, MS
13 Menthol 66.70 1182 12.08 RI, MS
14 Thymol 72.10 1290 14.62 RI, MS
15 Others - - 1.54 RI, MS

MS: Mass spectrometry (GC–MS).

Table 2. The relative percentage of the area of peak M. longifolia EO constituents.

Quantitative
ID

Component Identified
Retention Time

(min)
Retention Index

(RI)
Area (%) Identification

1 Alpha piene 4.05 933 6.87 RI, MS
2 β-pinene 12.21 964 0.54 RI, MS
3 D-limonene 12.43 1031 10.33 RI, MS
4 Borneol 12.72 1165 0.38 RI, MS
5 β-terpinyl acetate 16.89 1267 0.47 RI, MS
6 Menthol 24.32 1182 44.17 RI, MS
7 Menthone 26.48 1150 0.55 RI, MS
8 Menthyl acetate 29.63 1294 18.36 RI, MS
9 Linalool 31.74 1083 0.43 RI, MS

10 Eugenol 43.6 1209 0.64 RI, MS
11 Carvone 46.89 1242 0.33 RI, MS
12 Thymol 5.08 1290 11.23 RI, MS
13 Cavacrol 59.55 1298 0.36 RI, MS
14 Cis-jasmone 63.41 1394 0.56 RI, MS
15 Cinerolone 63.52 1641 0.53 RI, MS
16 Caryophyllene 64.32 1418 0.74 RI, MS
17 β-farnesene 64.38 1452 0.35 RI, MS
18 β-cubebene 64.57 1389 0.36 RI, MS
19 Alpha-cadinol 64.78 1627 0.82 RI, MS
20 Others - - 1.98 RI, MS
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2.3. Effects of EOs on Tomato Growth Parameters

Tomato seedlings, treated with the highest concentrations (1.0% and 1.25%) of M. spicata
and M. longifolia, respectively showed in vitro complete and maximum reduction in mycelial
growth in F. oxysporum colonies and disease incidence of Fusarium root rot compared with
untreated control (Figure 4). The magnitude of root rot symptoms and disease severity
(86.39 ± 0.025) was observed in Fusarium inoculated experiments, whereas a significant
reduction in root rot disease severity by 5.6 ± 0.01% and 3.5 ±.02% was shown in treated
plants with 1.25% M. spicata and 1.0% M. longifolia EOs treatments.

In addition, the application of 1.25% M. spicata and 1.0% M. longifolia EOs exhibited
a significant increase in the following growth parameters: plant height, shoot and root
fresh, and dry weights, compared with treated-infected, infected, and negative control EOs
(Table 3). A remarkable maximum plant height (32.42 ± 0.02 cm) was observed in the case of
1.0% M. longifolia-treated plants followed by (28.9 ± 0.01 cm) with 1.25% M. spicata treatment
compared with control (24.32 ± 0.02). In contrast, the lowest plant height (16.54 ± 0.02)
was observed in the case of pathogen-inoculated plants. The treatment with 1.0% M.
spicata and M. longifolia resulted in a significant increase in all other measured germination
features such as radicle and root lengths, and fresh and dry weights of radicle and root
compared with control (Figure 4), while germination features were greatly decreased due
to fungal infestation, where a clear root rot severity was observed. The total chlorophyll
content and electrical leakage results are shown in Figures 5 and 6 where the maximum
chlorophyll content (74.16 ± 0.01 and 62.33 ± 0.02) were measured in 1.0% M. longifolia and
1.25% M. spicata, respectively, compared with Fusarium inoculated plants (42.06 ± 0.02).
Whereas, the maximum electrical leakage (EL %) (127.18 ± 0.01) was recorded in pathogen-
treated plants with 1.25% M. spicata compared with (6.97 ± 0.01) in case of control.

 

Figure 4. Effects of highest concentrations of M. spicata and M. longifolia EOs formulations on
L. esculentum seedling growth potential under Fusarium root rot disease infection. C = control,
P = pathogen, T1 = 1.25% M. spicata, T2 = 1% M. longifolia, P + T1 = pathogen + 1.25% M. spicata, and
P + T2 = pathogen + 1% M. longifolia.

2.4. Protein, Total Phenols, Flavonoids, Malondialdehyde Contents, and Antioxidant Enzymes

Data presented in Figures 7 and 8 represent the effects of M. spicata and M. longifolia
application on L. esculentum seedling on lipid peroxidation level, protein content (PC),
total phenols content (TPC), total flavonoids content (TFC), and different antioxidant
enzymes of L. esculentum seedling in all treatments of 35 DAS and 1.25% M. spicata and
1.0% M. longifolia application under Fusarium root rot infection. Overall, the pathogen-
infected plants showed significant increase in MDA level, TPC, and TFC contents compared
with the untreated control, whereas M. spicata and M. longifolia applications showed a slight
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increase in MDA, TPC, and TFC. In addition, PC of pathogen-infected plants treated
with 1.25% M. spicata and 1.0% M. longifolia had the highest content at 19.09 μmol/g and
18.54 μmol/g of FW, respectively, compared with control and pathogen-infected plants.

Assessed results of antioxidant enzymes in Figure 8 show the effect of Fusarium
infection and 1.25% M. spicata and 1.0% M. longifolia applications for two weeks of seedling
transplantation on SOD, CAT, and APOX enzymes activities in L. esculentum plant leaves.
Our results reveal a significant increase in SOD, CAT, and APOX enzymes activities in all
treatments and Fusarium-infected experiments compared with untreated control.

2.5. qRT-PCR of the Plant Defence System

qRT-PCR was carried out with mRNA to assess the expression levels of different WRKY
transcription factors WRKY1, WRKY4, WRKY33, and WRKY53 (Figures S1–S4) which play
an important role in biotic and abiotic tolerance. In addition, qRT-PCR represented the
relative expression levels of defense-related proteins such as chitinase (PR3) and defensin
(PR12) genes (Figures S5 and S6) in tomato plant roots after two weeks from Fusarium
inoculation and EOs application, respectively.

Table 3. Effects of M. spicata and M. longifolia EOs on L. esculentum seedling growth under Fusarium
root rot disease infection.

EOs Treatment PH (cm) SFW (g) SDW (g) RFW (g) RDW (g)

Control
Control Plants 24.32 ± 0.02 c 15.44 ± 0.02 c 1.98 ± 0.01 c 1.52 ± 0.01 c 0.16 ± 0.01 c

1.25% M. spicata 28.9 ± 0.01 b 15.96 ± 0.02 b 2.09 ± 0.01 b 1.64 ± 0.01b 0.18 ± 0.01 b
1% M. longifolia 32.42 ± 0.02 a 16.33 ± 0.01 a 2.34 ± 0.01 a 1.87 ± 0.01 a 0.24 ± 0.01 a

Pathogen
Infected Plants 16.54 ± 0.02 f 9.52 ± 0.03 f 0.97 ± 0.01 f 1.21 ± 0.02 f 0.1 ± 0.01 f
1.25% M. spicata 18.76 ± 0.01 e 12.97 ± 0.01 e 1.67 ± 0.01 e 1.34 ± 0.15 e 0.12 ± 0.01 e
1% M. longifolia 19.86 ± 0.02 d 13.64 ± 0.01 d 1.85 ± 0.01 d 1.41 ± 0.02 d 0.14 ± 0.01 d

PH = plant height, SFW = shoot fresh weight, SDW = shoot dry weight, RFW = root fresh weight, RDW = root dry
weight, and EOs = essential oils. Different letters indicate significant differences between different treatments at
p ≤ 0.05. Data are expressed as the mean of three replicates ± SDs.

Figure 5. Effects of highest concentrations of M. spicata and M. longifolia EOs on total chlorophyll
content (Chll) in L. esculentum seedling under Fusarium root rot disease infection. Bars with different
letters indicate significant differences between treatments at p ≤ 0.05. Data are expressed as the mean
of three replicates ± SDs.
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Figure 6. Effects of highest concentrations of M. spicata and M. longifolia EOs on electrical leakage per-
centage (EL%) in L. esculentum seedling leaves under Fusarium root rot disease conditions. Bars with
different letters indicate significant differences between treatments at p ≤ 0.05. Data are expressed as
the mean of three replicates ± SDs.

In our study, the highest expression mRNA level (57.24 ± 0.01) was recorded for
chitinase gene in L. esculentum plant roots at 1.0% M. longifolia under Fusarium infection,
followed with (57.16 ± 0.02, 56.4 ± 0.02) of pathogen and M. spicata application treatments,
respectively, compared with (1.0 ± 0.0) in untreated control treatments. Overall, the WRKY
TFs genes (WRKY1, WRKY4, WRKY33, and WRKY53) in tomato seedling roots showed
positive expression levels (upregulation) under M. spicata and M. longifolia treatments and
positive control, compared with the untreated control. The highest expression mRNA
levels of WRKY transcriptional factors WRKY53 gene (39.233 ± 0.03) represented in tomato
roots at 1.0% M. longifolia treatment under Fusarium infection condition, followed with
(38.12 ± 0.02) in pathogen treatment. Figure 9 shows a hierarchical clustering heat map and
the correlation among different treatments and their gene expression. The red color demon-
strates the highest correlation, and the blue color demonstrates the lowest correlation.
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Figure 7. Effects of highest concentrations of M. spicata and M. longifolia EOs on MDA, TPC, TFC,
and PC level in L. esculentum seedling under Fusarium root rot disease infection. Bars with different
letters indicate significant differences between treatments at p ≤ 0.05. Data are expressed as the mean
of three replicates ± SDs.
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Figure 8. Effects of M. spicata and M. longifolia EOs on SOD, CAT, and APOX activity in L. esculentum
seedling under Fusarium root rot disease infection. Bars with different letters indicate significant
differences between treatments at p ≤ 0.05. Data are expressed as the mean of three replicates ± SDs.

Figure 9. Hierarchical clustering heat map of relative expression levels of chitinase, defensin genes,
and WRKY1, WRKY4, WRKY33, and WRKY53 transcripts in L. esculentum seedling under Fusarium
injection and application of 1.25% M. spicata and 1.0% M. longifolia EOs treatments.

3. Discussion

F. oxysporum f. sp. radicis-lycopersici is a wide-spread fungus in the plant rhizosphere
which causes Fusarium crown and root rot (FCRR) disease and leads to losses of tomato
production even in greenhouses and systems of soil production [35]. There are different

132



Plants 2022, 11, 189

management methods for root rot disease of tomato crop using chemical and biological
controls [36]. Biological control for pathogenic fungi is the new management trend for
reducing the harmful effects of chemicals (fungicides) [37,38]. There are four types of
biocontrol management: microorganisms, semi-chemical products, plant-based natural
products, or living microorganisms [39–43]. Furthermore, plant EOs are effective biocontrol
agents against a variety of pathogenic fungi and bacteria [44–47].

The present investigation revealed the effect of Mentha spicata and M. longifolia on EOs
on root rot disease of tomato infected with F. oxysporum both in vitro and in vivo. M. spicata
and M. longifolia EOs had potentiality against Fusarium. The order of efficient EOs against
Fusarium pathogen was: M. longifolia > M. spicata. The highest antifungal activity was
observed in the case of all concentrations of M. longifolia EO in agreement with previous
studies [48]. The capability of two Mentha EOs against fusarium is due to the ability of
bioactive chemical molecules to penetrate the fungal cell wall and cytoplasmic membrane
and destroy mitochondrial membranes [49]. Plant EOs contributed to loss of rigidity of
the hyphal cell wall as well as damaging the cellular enzyme system, resulting in cell
death [50,51]. Many other studies reported that the antifungal activity of M. spicata EO
against F. oxysporum and Aspergillus niger depends on the chemical constituents: menthol,
thymol, and piperitone, individually or in synergic effect [52,53]. Thymol compound
activity presented in the malformation of the cellular membrane in addition to inhibition
for ATPase activity [43,54]; regarding the effect of thymol and eugenol, they correlated
to the ability of thymol compounds’ lysis of the external membrane of microorganisms
which facilitated the entrance of eugenol to cytoplasm and interacted with protein [44,53].
Krishna Kishore et al. [55] demonstrated the antifungal activity of carvacrol, -terpineol,
terpinen-4-ol, and linalool against Rhizoctonia solani, F. oxysporum, Penicillium digitatum, A.
niger, Alternaria alternate, and A. flavus; these produce an effect against different microbial
cells due to the ability of these compounds to penetrate the cell membrane, inactivate the
enzyme pathway, and disturb their active transport [56,57].

The biological effect of the studied EOs on physiological parameters of tomato seedling
is due to the presence of terpenes, alcohols, and phenolic compounds [55,58–60]. Moreover,
the infected plants treated with M. longifolia EO showed the highest values of plant height
(19.86 cm), shoot fresh weight (13.64 g), shoot dry weight (1.85 g), root fresh weight (1.41 g),
and root dry weight (0.14 g). The main components in M. spicata, adipic acid 25.82% and
piperitone 24.76%, are different than their percentage in M. spicata EO as reported by Bayan
and Küsek [61]. Chemical constituents for M. longifolia EO were d-limonene, menthol,
menthyl acetate, linalool, and eugenol, with percentages that differ from those reported
from GC–MS analysis conducted by Desam et al. [62]. This difference in the percentage
of single constituents for Mentha EOs may be due to differences in extraction methods or
genetic diversity of these plants [63].

Menthol, menthyl acetate, linalool, and eugenol constituents alter cell permeability for
Fusarium fungi and cause plasmolysis and cell death [64]. This study recorded collapsing
of mycelium hyphae for F. oxysporum f. sp. lycopersici treated with EOs of M. spicata and
M. longifolia with potential activity as biological control and therapeutic effect against root
rot disease.

To analyze the role of chitinase, defensin, WRKY1, WRKY4, WRKY33, and WRKY53
transcripts in L. esculentum plant defense against F. oxysporum fungal pathogen, we ana-
lyzed their expression after pathogen infection, and pathogen infection and application
of 1.25% M. spicata and 1.0% M. longifolia EOs treatments. The expression results showed
over-expression by 57.24 fold and changes in the level of WRKY33 transcription factor
were recorded in infected plants treated with 1.0% M. longfolia, followed with 57.16 and
56.4 fold changes in pathogen, and 1.25% M. spicata treatments, respectively, while mini-
mum expression of WRKY33 2.43 fold was observed with 1.25% M. spicata EO compared
with control. The expression profile of WRKY35 TF revealed a significant upregulation
of 39.23 and 38.12 fold changes at the pathogen-infected plant under 1.0% M. longfolia
and pathogen treatments, respectively, and the minimum fold change of 3.52 was at 1.25%
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M. spicata EO compared with control. Data obtained in this study showed upregulation in
the WRKY4 TF expression of 37.65 and 32.95 change folds at the pathogen-infected plant
under 1.0% M. longfolia and pathogen treatments, respectively. In comparison, WRKY1
TF expression patterns were 26.35 and 25.17 change folds at the pathogen-infected plant
under 1.0% M. longfolia and pathogen treatments, respectively, as compared with minimum
expression level of 4.23 folds with 1.0% M. longfolia. Our results were in agreement with
previous studies which reported that WRKY3 and WRKY4 encode two structurally similar
WRKY proteins, and their expression was responsive to stress conditions. Stress-induced
expression of WRKY4 but not WRKY3 was further enhanced by pathogen infection. These
results strongly suggest that WRKY4 regulates crosstalk between SA and JA/ET-mediated
signaling pathways and, as a result, plays opposite roles in resistance to the two different
types of microbial pathogens. Interestingly, WRKY proteins such as WRKY4, WRKY33,
and redundant WRKY18, WRKY40, and WRKY60 play a positive role in plant resistance to
necrotrophic pathogens.

The expression of defense-related genes showed over-expression under pathogen
infection conditions and with the pathogen under 1.0% of M. longfolia and 1.25% of
M. spicata. In contrast, chitinase gene was upregulated with 31.25, 29.6, and 27.83 fold
changes at pathogen with 1.25% M. spicata, pathogenated plants, and then pathogenated
with 1.0% M. longfolia treatments, respectively. In addition, defensin gene expressed as
18.65, 16.16, and 15.76 fold changes at pathogen with 1.0% M. longfolia, pathogen with 1.25%
M. spicata, and pathogen treatments compared with minimum 2.44 fold expression was
recorded at 1.25% M. spicata EO treatment.

These results collectively indicate that overexpression of chitinase, defensin, and
WRKY transcripts play a positive role in inducing plant resistance against F. oxysporum and
working toward reducing disease severity. Additionally, WRKY transcripts and PR3, PR12
genes were further enhanced by pathogen infection, and they are already considered as a
marker for the plant–microbe interaction.

WRKY family members have diverse regulatory mechanisms; their protein can be
effectively combined with W-box elements and bind to acting elements to activate or inhibit
the transcription of downstream target genes through the cis-acting mechanism [65]. Thus,
WRKY as a transcription factor plays an important role in plant defense in response to
attacks by several pathogens. The response works by activating the expression of resistance
genes directly or indirectly. It has been reported that WRKY DNA binding proteins bind to
the promoter region of Arabidopsis natriuretic peptide receptor 1 (NPR1), which activated
the plant defense system [66]. Moreover, WRKY33 activates the plant resistance system
against necrotrophic fungi Alternaria brassicicola and Botrytis cinerea [29], and it can regulate
the SAR system in the infected plants and also the PR genes [67,68]. Moreover, the high
expression of such transcription factors could regulate the plant pathogen sensitivity to
mutants of AtWRKY4, AtWRKY3, and AtWRKY3 WRKY4, increasing the plant suscep-
tibility toward the fungus B. cinerea. In contrast, the high expression of the non-mutated
AtWRKY4 enhanced the plant’s resistance toward the Pseudomonas syringae [69]. Many
plant WRKY genes are induced by biotrophic and necrotrophic pathogens, including fungi
and viruses, through the induction of SA-dependent SAR and PR genes [70,71].

4. Materials and Methods

4.1. Sample Collection, Identification, and Preparation
4.1.1. Fungal Isolate and Tomato Variety

The studied Fusarium oxysporum isolate was investigated as an aggressive fungal
pathogen in tomato and other plants and was deposited in GenBank under accession
number (KJ831189) and obtained from the Department of Plant Protection and Biomolecular
Diagnosis, Arid Lands Cultivation Research Institute, Alexandria (Egypt). The fungal
isolate was maintained on potato dextrose agar (PDA) slants and stored at 4 ◦C until further
bioassay. Tomato seed (super strain B) variety was obtained from the Egyptian Ministry
of Agriculture.

134



Plants 2022, 11, 189

4.1.2. Medicinal Plant Materials

Leaves of M. spicata and M. longifolia were collected from unrestricted habitats, Alexan-
dria (Egypt), in June 2020. The plants’ identification was performed in the Botany Depart-
ment, Faculty of Science, Mansoura University, Mansoura (Egypt).

4.2. Extraction of Essential Oils

Previously collected M. spicata and M. longifolia healthy fresh leaves at age one month
were prewashed with tap water, disinfected with 2% sodium hypochlorite for 30 min,
then rinsed with sterile distilled water. Air-dried plant leaves were homogenized to a fine
powder in a mill, stored in airtight dark bottles, and kept until use. Leaf powders were
subjected to hydrodistillation for 3 h using a Clevenger-type apparatus, Shiva Scientific
Glass Pvt. Ltd., New Delhi, India [72].

4.3. GC–MS of Essential Oils

The chemical composition of the volatile content of two studied EOs was determined
using GC–MS- QP2010 Ultra analysis system (Shimadzu, Tokyo, Japan). Compounds were
separated on an Inc DB-5 60 m × 0.25 mm/0.25 micron column (Agilent Technologies, Santa
Clara, CA, USA). The oven temperature program was initiated at 50 ◦C, held for 3 min,
then increased at rate of 8 ◦C to 250 ◦C min−1 and held for 10 min. The spectrophotometer
was operated in electron impact mode. The injector, interface, and ion source were kept at
250 ◦C, 250 ◦C, and 220 ◦C, respectively. Split injection (1 μL diluted sample in n-hexane
(1:1, v/v) injected) was conducted with a split ratio of 1:20 and column flow of 1.5 mL/min,
and helium was the carrier gas.

Identification of the components of the sample was based on a comparison of their
relative indices and mass spectra by computer matching with WILEY and National Institute
of Standards and Technology (NIST08) libraries data (http://webbook.nist.gov accessed
on 20 November 2021) provided with the computer controlling GC–MS system. Individual
isolated compound identifications were also performed by comparing their mass spectra
and retention times with authentic compounds and literature data [73].

4.4. Preparation of EOs

The M. spicata and M. longifolia EOs colloid solutions were prepared by slowly adding
20 mL of M. spicata and M. longifolia EOs to 1 mL of non-ionic surfactant Tween 80 (1%),
and the dispersion was performed under gentle stirring. Then, 80 mL of distilled water
was added to reach the final mixture of 100% with continuous stirring using a magnetic
stirrer for 30 min. The mixture was fed into a liquefied potato dextrose medium at different
concentrations for further in vitro antifungal activity assay and greenhouse experiments.

4.5. In Vitro Antifungal Activity of EOs

Assessment of the antifungal activity of M. spicata and M. longifolia EOs were conducted
in vitro and evaluated against F. oxysporum radial mycelial growth using the agar plate
technique according to Tatsadjieu et al. [74]. The M. spicata and M. longifolia EOs were
liquefied in sterilized PDA media to obtain a final concentration of 0.25%, 0.5%, 0.75%, 1.0%
and 1.25%. Twenty mL of broth medium was poured into Petri dishes (90 mm diameter).
Plates supplemented with 0.05% of fungicide (nystatin at 0.5 μL/mL) were used as control.
Sterile distilled water was used in the bioassays instead of EO as a negative control. All
plates were inoculated with mycelial disc (5 mm diameter) of F. oxysporum from the PDA
plate margins (5–7 days old). Three replicate plates were used for each treatment. Then,
the Petri-dishes were incubated at 25 ◦C and the fungal colony diameter was measured at
7 days.

4.6. Preparation of Fungal Suspension

The fungal suspension was prepared as follows: five discs (5 mm diameter) of mycelia
agar plugs (7 days old) were added to 1 kg of sterilized maize grains, sand (2:1 v/v). Ten mL
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of sterile water was added to the last mixture in a 2 L flask and incubated at 25 ± 2 ◦C for
two weeks. After that, the mixture was put into plastic pots (20 cm diameter). Five sterile
discs of PDA medium were inoculated into a control flask [75].

4.7. Greenhouse Experiments

Seeds of tomato were surface sterilized in sodium hypochlorite for 30 min, washed
five times in sterile water, and germinated in peat moss for three weeks (21DAS). The
experiment was irrigated regularly and subsequently moved to experimental pots. Four
weeks later, tomato seedlings were removed and their roots were washed and transplanted
into the 20 cm diameter pots filled with pasteurized sandy clay soil at 0.9 kg per pot. The
seedlings were treated with M. spicata and M. longifolia EOs at 1.25% and 1.0%, respectively,
in the rhizosphere soil. Pots were arranged in a randomized complete block design with
three replications. In the first experiment, the pots were divided into two main groups:
untreated plants as negative control (C) and plants inoculated with F. oxysporum fungal
suspension as positive control (P). In the second experiment, after 2 weeks from inoculation,
negative control was treated with 50 mL M. spicata EOs (1.25%) (T1) and 50 mL M. longifolia
EOs (1.0%) (T2). In addition, the positive control was treated with 50 mL M. spicata EOs
(1.25%) (P + T1) and 50 mL M. longifolia EOs (1.0%) (P+T2). All the plants continued growth
after transplantation with regular irrigation every 3 days for 2 weeks in a greenhouse at
22/16 ◦C, 65–70% humidity. We then evaluated all pots for the incidence of F. oxysporum
root rot.

4.7.1. Disease Assessments

The disease severity (DS) was evaluated using the 0–5 scale described by Filion et al. [76]:

Disease severity (%) = (∑ ab/AK) × 100

where a = number of diseased plants with the same infection degree, b = infection degree,
A = total number of the evaluated plants, and K = the greatest infection degree.

Whereas the disease incidence (DI) was calculated according to the following equation:

Disease incidence (%) = (a/A) × 100

where a = number of diseased plants, and A = total number of evaluated plants.

4.7.2. Analysis of Plant Growth Parameters

Tomato seedlings of 21-day samples were collected to measure morphological traits.
Three plants of each experiment were harvested and transferred to the laboratory and
carefully uprooted, washed using tap water for measuring plant height and shoot and root
fresh weight. Shoot and root dry weight were measured after oven drying at 40 ◦C for 48 h.

According to Lichtenthaler et al [77] method, chlorophyll content was determined after
35 days using spectrophotometry. The photosynthetic pigments were ground and extracted
from 0.5 g of a third of the fully expanded plant leaves between 8:00 and 10:00 a.m., and
suspended in 10 mL of 80% (v/v) acetone in the dark using a pestle and mortar. Extracts
were filtrated and the content of total chlorophyll was determined at 645 nm and 663 nm.

4.8. Electrolytes Leakage

Determination of electrolytes leakage was conducted by adding 200 mg of fresh tomato
leaves to a test tube containing 4 mL of de-mineralized water and shacked for 30 min. It
was then rinsed 3 times to eliminate surface electrolytes [78]. Malondialdehyde (MDA)
content was examined in the fresh tomato leaves using the method described by Heath and
Packer [79]. Briefly, the MDA contents were determined after centrifugation (12,000× g)
for 10 min; the absorbance reading was 600 nm and 532 nm using a UV–VIS spectrometer
(Jenway, Tokyo, Japan).
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4.9. Determination of Total Phenolic and Flavonoid Contents

Total phenolic content (TPC) of tomato was measured by dissolving 5 mg of air-dried
leaf powder in 10 mL methanol according to Slinkard and Singleton [80] using Folin–
Ciocalteu reagent protocol. Total flavonoid content (TFC) of tomato leaves was evaluated
using the aluminum chloride colorimetry method described by Chavan et al. [81]. A
standard calibration curve was constructed using quercetin in different concentrations
(0.05–1 mg/mL). Tomato extract or quercetin (2 mL) was mixed with 500 μL of 10%
aluminum chloride solution and 500 μL of 0.1 mM sodium nitrate solution. The absorbance
of the reaction mixture was measured after incubation at room temperature for 30 min at
wavelength 430 nm using a UV–VIS spectrometer (Jenway, Tokyo, Japan). Soluble protein
content (PC) was estimated in both control and treated plants following Bradford [82] using
Coomassie Brilliant Blue G-250 dye and the absorbance was recorded at 595 nm using
bovine serum albumin as standard.

4.10. Assay of Antioxidant Enzymes

Antioxidant enzymes were extracted by homogenizing 1 gm fresh tomato leaf tissue
in chilled 50 mM phosphate buffer (pH 7.0) supplemented with 1% polyvinyl pyrolidine
and 1 mM EDTA using prechilled pestle and mortar. After centrifuging at 18,000× g
for 30 min at 40 ◦C, the supernatant was used for enzyme assay. Determination of the
activity of superoxide dismutase (SOD, EC 1.15.1.1) and NBT photochemical reductions
was recorded at 560 nm using the Bayer and Fridovich [83] method in a 1.5 mL assay
mixture containing sodium phosphate buffer (50 mM, pH 7.5), 100 μL EDTA, L-methionine,
75 μM NBT, riboflavin, and 100 μL enzyme extract.

The catalase assay (CAT, EC1.11.1.6) activity method of Luck [84] was used and
monitored the change in absorbance at 240 nm for 2 min. For the calculation, an extinc-
tion coefficient of 39.4 mM−1 cm−1 was used. Ascorbate peroxidase (APX, EC 1.11.1.11)
activity was tested by monitoring absorption change at 290 nm for 3 min in a 1 mL re-
action mixture containing potassium phosphate buffer (pH 7.0), 0.5 mM ascorbic acid,
hydrogen peroxide, and enzyme extract. The calculation of the extinction coefficient of
2.8 mM−1 cm−1 was used [85].

4.11. Gene Expression

According to the manufacturer’s protocol, total mRNA was isolated from 0.5 g tomato
plant root of control and all treatments using the Plant RNA Kit (Sigma-Aldrich, St. Louis,
MO, USA). The purified RNA was quantitated using SPECTROstar Nano (BMG LABTECH,
Ortenberg, Germany). For each sample, 10 μg total RNA was treated with DNAse RNAse-
free (Fermentas, Waltham, MA, USA), 5 μg of which was reverse transcribed in a reaction
mixture consisting of oligo dT primer (10 pmL/μL), 2.5 μL 5X buffer, 2.5 μL MgCl2, 2.5 μL
2.5 mM dNTPs, 4 μL from oligo (dT), 0.2 μL (5 Unit/μL) reverse transcriptase (Promega,
Walldorf, Germany), and 2.5 μL RNA. RT-PCR amplification was performed in a thermal
cycler PCR, programmed at 42 ◦C for 1 h and 72 ◦C for 20 min. Quantitative real-time
PCR was carried out on 1 μL 1:10 diluted cDNA templates by triplicate using the real-
time analysis (Rotor-Gene 6000, QIAGEN GmbH, Hilden, Germany) system. The primer
sequences used in qRT-PCR are given in Table 4. Primers of three PRs (PR3, PR12) genes,
three WRKY transcriptional factors (WRKY1, WRKY4, WRKY33, and WRKY53 TFs genes),
and housekeeping gene (reference gene) were used for gene expression analysis using
SYBR® Green-based method. The reaction mixture consists of 1 μL of template, 10 μL of
SYBR Green Master Mix, 2 μL of reverse primer, 2 μL of forwarding primer, and sterile
distilled water for a total reaction volume of 20 μL. PCR assays were performed using
the following conditions: 950 ◦C for 15 min followed by 40 cycles of 950 ◦C for 30s and
600 ◦C for 30 s. The CT of each sample was used to calculate ΔCT values (target gene CT
subtracted from β-Actin gene CT [86]). The relative gene expression was determined using
the 2-ΔΔCt method [87].
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Table 4. Sequences of primers used in qRT-PCR analysis.

Gene Name Sequence ID & Reference

Chitinase (PR3) F 5′- ATGGCGGAAACTGTCCTAGTGGAA -3′ Medeiros et al. [88]R 5′ ACATGGTCTACCATCAGCTTGCCA -3′

Defensin (PR12) F 5′- TCACCAAACTATTGGATTTCAA -3′ Hafez et al. [89]R 5′- GACTCAATTTTTGACTTCTTAATCC -3′

WRKY1
F 5′- CGCAACTCAAAGAGACGGAAG-3′ Solyc07g047960.2.1
R 5′- CATTGACTACATCCACTTCACTGC-3′

WRKY4
F 5’- CGTTGCACATACCCTGGATG -3′ Solyc05g012770.2.1
R 5′- GGCCTCCAAGTTGCAATCTC -3′

WRKY33
R 5′- CCACCTCCTTCACTTCCATT -3′ Solyc09g014990.2.1
F 5′- GATGGAAAACTCCCAGTCGT -3′

WRKY53
F 5′- CACATACCGAGGCTCCCATAA -3′ Solyc08g008280.2.1
R 5′- CCTGTTGGATAAACGGCTTGG -3′

β-Actin F 5′- TCCTTCTTGGGTATGGAATCCT-3′
NM_007393.5R 5′- CAGCACTGTGTTGGCATAGA-3′

4.12. Statistical Analyses

All the experiments were performed in triplicates. Obtained data and results were
expressed as mean ± standard deviation (±SD). Some experiments were arranged in a
completely randomized blocks design and data were statistically analyzed by one-way
ANOVA test using SPSS 16. The probability values p ≤ 0.05 were considered statistically
significant based on Duncan’s least significant difference test. The heatmap was constructed
to study the similarity and dissimilarity among studied taxa based on essential and non-
essential amino acids using the TBtools package [90].

5. Conclusions

We can conclude that EOs of two Mentha aromatic plants (M. spicata and M. longifolia)
have the highest potential against Fusarium root rot disease for tomatoes. The chemical
essential oils of these EOs have a lethal effect against F. oxysporum fungi. In addition, these
EOs enhance the growth of tomato plants by increasing their physiological activities. Due
to the pathogen attack, this activity could be induced by the plant defense system. This
activity was regulated by different families of genes such as WRKY and PR proteins. On
the other hand, L. esculentum seed priming or seedling root treatments with M. spicata and
M. longifolia EOs could be used at lower concentrations (1.0–1.25%) to enhance seedling
growth and alleviate the adverse effects of the fungal disease by supporting antioxidant
enzymes and total phenols accumulation which could help make seeds or plants tolerate
oxidative stress conditions further. Finally, the EOS of Mentha medicinal plants can be used
as a safe alternative to fungicides that improve the growth of the infected plant without
defects in plant and human health.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11020189/s1, Figure S1. Relative expression level of WRKY1
gene in S. lycopersicum seedling under Fusarium inoculation and application of M. spicata and M.
longifolia EOs. Different letters indicate significant differences between different treatments at p ≤ 0.05.
Figure S2. Relative expression level of WRKY4 gene in S. lycopersicum seedling under Fusarium
inoculation and application of M. spicata and M. longifolia EOs. Different letters indicate significant
differences between different treatments at p ≤ 0.05. Figure S3. Relative expression level of WRKY33
gene in S. lycopersicum seedling under Fusarium inoculation and application of M. spicata and M.
longifolia EOs. Different letters indicate significant differences between different treatments at p ≤ 0.05.
Figure S4. Relative expression level of WRKY53 gene in S. lycopersicum seedling under Fusarium
inoculation and application of M. spicata and M. longifolia EOs. Different letters indicate significant
differences between different treatments at p ≤ 0.05. Figure S5. Relative expression level of Chitinase
gene in S. lycopersicum seedling under Fusarium inoculation and application of M. spicata and M.
longifolia EOs. Different letters indicate significant differences between different treatments at p ≤ 0.05.
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Figure S6. Relative expression level of defensin gene in S. lycopersicum seedling under Fusarium
inoculation and application of M. spicata and M. longifolia EOs. Different letters indicate significant
differences between different treatments at p ≤ 0.05.
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Abstract: The essential oil (EO) of the desert cotton (Aerva javanica (Burm. f.) Juss. ex Schul.) was
extracted by hydrodistillation, from A. javanica flowers growing in the sandy soils of the United Arab
Emirates (UAE) wild desert. The influence of seasonal variation on flowers’ EO yield was studied.
The flowers’ EO yield obtained from spring samples (0.011%) was significantly the highest followed
by early summer (0.009%), winter (0.007%), and autumn samples (0.006%), respectively. The flowers’
EO antioxidant analysis were tested by DPPH, FRAP and ABTS assays (in vitro). Results proved
that A. javanica flowers’ EO, isolated during the four seasons, is a good source of natural bioactive
antioxidants. Based on the three tested assays, the highest antioxidant activity was recorded in
the spring. Testing of the chemical composition of the flowers’ EO was conducted for the season
with the highest yield and the best antioxidant performance, recorded in spring, by a combination
of gas chromatograph (GC) and gas chromatograph-mass spectrometer (GC-MS). This led to the
identification of 29 volatile components, in which the flowers’ oil was characterized by angustione as
a major compound. Photos by scanning electron microscope (SEM) showed prominent availability of
star-shaped trichomes in the epidermis of the flowers.

Keywords: Aerva javanica; sandy soil; hydrodistillation; antioxidant activity; seasonal variation;
GC-MS; angustione; trichomes

1. Introduction

Aerva javanica (Burm. f.) Juss. ex Schul. (English names: desert cotton, snow bush)
(Arabic names: Al ara’, twaim, efhe, tirf) [1], a perennial xerophyte belonging to the
Amaranthaceae family (common name: cockscomb). This shrub grows up to 100 cm. It has
a woody base, erect and branched stems, covered with fine hairs. The leaves are alternate
with greyish-green color on very short stalks, lance-shaped to oblong (1–1.5 × 4–5 cm)
with clear veins and midrib on the underside covered with hairs. The flowers are aromatic,
soft like cotton and generally available throughout the year [2]. It has five petals on a long
spike (5–10 cm) from the leaf nodes. The open flowers are white and the buds are pinkish.
The bracts (leaf-like structure) just below the flowers are covered with long woolly white
hairs that become more intense as the season progresses. The inside of the fruits have a
woolly covering, including one small black or brown shiny seed (0.1 × 0.15 cm) [1].

The genus Aerva is well-known as an important medicinal genus, including many
species with proven biological activities, such as, antioxidant, hypoglycemic, analgesic,
antivenin, antimalarial, and anthelmintic activities [2,3]. A. javanica is an important medici-
nal and commercial plant. It is recommended by Ayurvedic medicine as one of the best
sources of natural remedies (e.g., to treat the bladder and kidney stones) [3]. A. javanica
is an essential oil-bearing shrub (or small tree), common in tropical and subtropical dry
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areas, with various folk applications related to its flowers in traditional herbal practices.
For example, the flowers were mixed with water as a paste to stop wounds bleeding, and
to pack suppurating wounds after cleaning. Furthermore, flowers were used for curing
kidney and rheumatism problems [1,2].

Consequently, it is of great interest to investigate the flowers’ EO yield, which is the
first objective of this work, in order to recommend the best harvesting season with the
highest yield. Furthermore, for the sake of testing the quality, the antioxidant activity of
A. javanica flowers’ EO will be tested for the first time (in vitro) and during the four seasons,
which is the second objective of this research, seeking for a scientific justification for the rich
ethnomedicinal applications of this plant’s flowers. Besides, the volatiles of flowers’ EO
will be identified, to the best of our knowledge, for the first time in the literature. The same
would be identified for the best flowers’ EO yield obtained. In addition, the microscopic
photos under scanning electron microscope are included in this study; providing a better
understanding of the finer morphology of the trichomes of the flower epidermis.

2. Materials and Methods

2.1. Plant Material Identification

The mature plants of A. javanica were identified by Ali El-Keblawy, Professor of Plant
Ecology (College of Sciences, University of Sharjah) and Tamer Mahmoud, Researcher
Botanist (Sharjah Seed Bank and Herbarium, Sharjah Research Academy). Furthermore,
fresh A. javanica flowers were collected from the study location in Al Ain on 5th of Novem-
ber (temperature: 22–33 ◦C) and identified by Mohamed Taher Mousa from the Biology
Department of the UAEU; the voucher specimen of the plant was deposited in the Herbar-
ium of the Biology Department, UAEU (voucher No. 14668).

2.2. Study Location and Plant Collection Schedules

The natural communities of A. javanica were growing wild in the Al Ain area (latitude:
24◦11′ N, longitude: 55◦39′ E). The mature flowers of A. javanica were randomly collected
and separated in the early morning according to the following time schedule and details:

The flowers were harvested once at around the middle of each season, except for the
summer batch of flowers, which was collected on the first of June instead of July. The
same was done, due to the unavailability of flowers, after the first of June; since they will
both complete and end their life cycles. The collected flower batch permitted examining
the seasonal variation influence on the flowers’ EO yields. The details of the harvesting
schedules are as follows:

Spring: Mid-April (21–35 ◦C, average: 28 ◦C).
Summer: First of June (23–47.2 ◦C, average: 35.1 ◦C)
Autumn: End of October (24–35 ◦C, average: 29.5 ◦C).
Winter: Mid-January (11–22 ◦C, average: 16.5 ◦C).
All weather data were obtained from the iPhone application, “Weather”, which collects

data from the Weather Channel: Aqbiyah Weather Station, UAE.

2.3. Soil Physical and Chemical Analysis

The analysis of soil physical properties (done in triplicate) showed that the soil has a
sandy soil texture, measured by dry sieve method (sand% “2 to 0.053 mm”: 97.30 ± 1.02;
silt% “0.032 mm”: 2.09 ± 1.01; clay% “<0.032 mm”: 0.61 ± 0.37).

The analysis of soil chemical properties (done in triplicate) showed that the soil electric
conductivity (EC) is 0.971 ± 0.064 mS measured by EC meter with pH 7.6 ± 0.035 measured
at 21 ◦C by pH meter; both tests were done for disturbed samples. The soil samples
consisted of 0.520 ± 0.047% organic matter measured by the Walkley–Black method. The
utilized soil consisted of 0.0761 ± 0.015% nitrogen, 6.074 ± 0.021 ppm phosphorus and
102.54 ± 0.468 ppm potassium. The total nitrogen was measured by Vario MACRO
cube CHNS and manufactured by Elementar Co. (Langenselbold, Germany), while the
total phosphorus and potassium were measured by inductively coupled plasma atomic
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emission spectroscopy (ICP-OES), model 710-ES. The total soil calcium carbonate (CaCO3)
was 27.841 ± 0.844% measured by calcimeter method.

2.4. Statistics and Experimental Design

The data were subjected to a statistical analysis using SPSS statistical software version 21.
One-way analysis of variance (ANOVA) followed by Tukey (honestly significant differences,
HSD) multiple range test were employed, and the differences between the individual means
were deemed to be significant at p ≤ 0.05 significance level.

The figures and tables illustrate the significant differences between the individual
groups by letters, in which the use of either different letters in the same treatment group,
the use of the symbol (*), or both, mean that there is a significant difference at p ≤ 0.05
(unless a different significance level is specified), while the use of similar letters or absence
of letters means that the difference between the same individual group is not significant.

The experimental design of all the conducted experiments is completely random-
ized. The number of samples and their replications used are illustrated separately in the
description of each experiment.

2.5. EO Extraction by Hydrodistillation

The EO isolation was done by hydrodistillation method using Clevenger type appara-
tus. The seasonal variation influence on flowers’ EO yields were examined, in which three
(3) replicates were considered.

The seasonal variations’ influence on A. javanica flowers’ EO was tested. The summary
of the tested treatments (mentioned as points) is represented in Table 1.

Table 1. Summary of A. javanica experimental treatments.

Plant Part Drying Methods Particle Size Harvesting Season

Flowers Air-Drying:
Shaded at 25 ◦C 2 mm

Spring (Mid-April)
Summer (First of June)

Autumn (End of October)
Winter (Mid-January)

2.5.1. Sample Preparation

The flowers collected throughout the year in each of the four seasons (as described
in Table 1) were washed thoroughly with distilled water three times, and left in a well
ventilate shaded area (27 ◦C) for two weeks (until completely dried). The flowers were
then weighed (dry weight), labelled, and stored in clean and closed paper bags until use
for further analysis.

On the distillation day, the flowers were cut into homogenous sizes (2 mm), measured
by U.S. metric sieves (SOILTEST, ASTM), and directly subjected to hydrodistillation. It
is worth mentioning that the size of A. javanica flowers, which is 2 mm, was obtained
by separating the flowers from the mother plant by hand. The dry matter contents were
measured using the following formula:

DM(%) =
DW
FW

× 100

where DM is the dry matter, FW is the fresh weight, and DW is the dry weight.

2.5.2. Extraction Conditions and Yield Determination

The hydrodistillation process was performed for around 100 g of plant matrix (dry
weight) at 85 ◦C, for a period of 4 h, until no further EO was extracted. At the end of the
distillation, the EO was accumulated as a waxy extract collected and easily separated from
water. Thus, drying with anhydrous sodium sulfate (anhydrous Na2SO4) was not needed.
The pure collected EO was weighed and stored in a sealed glass amber vial at 4 ◦C until
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analyzed. After the distillation, the Clevenger apparatus was subjected to a process using
water, soap, methanol, and ethanol.

The EO yield was calculated based on the plant dry weight and the herbal extract
weight using the following equation:

EO yield (%) =
WEO

Wplant
× 100

where, Wplant is the dry weight of the plant (in grams) and WEO is the weight of the
extracted EO (in grams).

2.6. Antioxidant Activity

The antioxidant activity was determined in microplate to evaluate the antioxidant
activity (in vitro) by spectrophotometer (Microplate reader, BioTek, EPOCH 2) using a
96-well plate. The tested antioxidant assays were: DPPH (2,2-diphenyl-1-picryl hydrazyl),
FRAP (ferric reducing antioxidant power), and ABTS (2, 2-azinobis (3-ethylbenzothiazoline-
6-sulfonate)).

2.6.1. Sample Preparation

EO waxy samples of A. javanica (flowers) for different seasons (in triplicate) were
dissolved in 500 μL of dimethyl sulfoxide (DMSO) and vortexed very well.

2.6.2. Standard Curves

The standard curves were prepared using Trolox as a strong antioxidant reagent. The
absorbance of Trolox at different concentrations was measured at 517 nm, 593 nm, and
734 nm for DPPH, FRAP, and ABTS assays, respectively. The results of all conducted assays
were calculated and expressed as mg Trolox equivalents/g EO extract. The standard curves
are illustrated in Figures 1–3.

Figure 1. Standard curve of DPPH assay.
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Figure 2. Standard curve of FRAP assay.

Figure 3. Standard curve of ABTS assay.

2.7. Chromatographic Analysis

EO sample analysis was performed on an Agilent gas chromatograph (GC) equipped with
flame ionization detection (FID) and an HP-5MS capillary column, 30 m length × 0.25 mm
internal diameter, 0.25 μm film thickness, and temperature programmed as follows:
70–300 ◦C at 10 ◦C/min. The carrier gas was helium at a flow of 3.0 mL/min; injec-
tor port and detector temperature were 250 ◦C and 300 ◦C, respectively. One microliter of
the sample (diluted with acetone, 1:10 ratio) was injected by splitting and the split ratio
was 1:100.

GC-MS Analysis

The gas chromatography-mass spectrometry (GC-MS) analysis was performed on an
Agilent C 5975 GC-MS system with an HP-5MS capillary column (30 m × 0.25 mm internal
diameter × 0.25 μm film thickness). The operating conditions were the same conditions
as described above for the chromatographic analysis. The mass spectra were taken at
70 eV. The scan mass range was from 40 to 700 m/z at a sampling rate of 1.0 scan/s. The
quantitative data were obtained from the electronic integration of the FID peak areas.
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The components of the EO were identified by their retention time (RT), retention
indices (RI) and mass spectra, relative to C9–C28 n-alkanes, computer matching with the
library of NIST Mass Spectrometry Data Center (NIST11.L), as well as by comparison of
their retention indices with those of the authentic samples or with the data already available
in the literature [4]. The percentage of composition of the identified compounds was com-
puted from the GC peak areas without any correction factors and was calculated relatively.

2.8. Plant Morphology by SEM Photos

The finer morphological details of the A. javanica flower (collected from the experi-
mental location in mid-April) were examined using a scanning electron microscope (SEM)
XL Series, Netherlands. The process was done at the Electron Microscope Unit, College of
Medicine, UAEU.

2.8.1. Chemicals

Chemicals used were as follows: fixative, phosphate buffer, osmium tetroxide buffer,
and ethanol.

2.8.2. Sample Preparation Protocol

First, the specimens were cut into 4 × 4 mm pieces, and transferred into fixative at
pH 7.2 in a 7 mL glass vial with attached lids and stand overnight at 4 ◦C. The next day,
specimens were washed in 0.1 M phosphate buffer (3 times, 20 min each), and stored at
4 ◦C. Furthermore, 1 mL of buffered 1% osmium tetroxide was then added to each vial,
and mixed for 1 h at room temperature on a Rota mixer. After that, the osmium tetroxide
was removed and samples were washed three times in distilled water (for 2 min each). The
samples were dehydrated through a series of ethanol washes. The next day, the specimens
were washed again (twice) with 100% ethanol. The final flower sample was kept inside a
desiccator for four days to allow gradual drying.

3. Results and Discussion

3.1. EO Extraction by Hydrodistillation

EO physical characteristics: The flowers’ EO has a yellowish color with waxy nature,
and has a characteristic floral odor similar to the fresh flowers.

3.2. Effect of Seasonal Variation
3.2.1. Quantitative Analysis (by Yield)

The influence of seasonal variations on the EO yield (%, v/w of dry weight) of
A. javanica air-dried flowers is illustrated in Figure 4. The mean results are represented
with their standard deviations (SDs) and standard deviation error bars.

The analysis of variance, by one-way ANOVA, showed significant effect for the sea-
sonal variation on flowers’ EO yield (quantitatively) at 0.042 significance level (p ≤ 0.05).
The analysis of multiple comparisons between groups by Tukey HSD test showed sig-
nificant variations of EO yield obtained in spring at 0.036 significance level with results
obtained in autumn. Our results are similar to other studies found in the literature, which
report that a seasonal variation has significant influence on EO yield [5–7]. According
to Hussain et al. [5], the highest EO yield was obtained in spring, which was reduced
afterward. Therefore, our findings are in agreement with their obtained results.

Annually, A. javanica’s flowering stage started approximately in November (end of
autumn season), continuing to grow in the winter, reaching maturity in the spring, and
completing the life cycle by the beginning of summer. This corresponds with the trend
of our obtained EO yields, which shows the lowest results in the autumn, followed by an
increased EO yield in winter, reaching the maximum yield in spring, which then starts
decreasing by the beginning of summer.
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Figure 4. Effect of seasonal variation on flowers of A. javanica EO yield. The different letters are indicators of the significant
variation between groups.

Our results are in agreement with the results obtained by Hussain et al. [5], Omer et al. [6],
and Villa-Ruano et al. [7], which report that the seasonal variation has a significant influence
on the quantitative EO yield. According to Hussain et al. [5], high EO yield was recorded
in spring and reduced afterward, which is similar to our results.

During spring, the flowers reach the maturity stage, thus the EO yield from the glandu-
lar cells will reach maximum levels, which will play a major role in the pollination process.
However, with the arrival of the summer, which is characterized by high temperature
and high variations between daily minimum and maximum temperatures, the proline
content of the leaves will reach maximum levels, while flowers will end their life cycle, and
accordingly the glandular cells will collapse, thus flowers’ EO content will be reduced.

Based on our results, the best season to extract the highest quantitative EO yield
(0.011 ± 0.002%) obtained from A. javanica flowers is spring, followed by early summer
(0.009 ± 0.001%) and winter (0.007 ± 0.000%). While extracting the oil from flowers col-
lected during autumn provides the lowest yield (0.006 ± 0.001%), thus not recommended.

Our results are similar to other studies found in the literature, which report that
seasonal variation has a significant influence on the quantitative EO yield [5–7].

3.2.2. Qualitative Analysis (by Antioxidant Activity)
DPPH Assay

The DPPH molecule (2,2-diphenyl-1-picryl hydrazyl) is one of the few stable organic
nitrogen radicals. It is characterized by deep purple color, with maximum absorbance at
517 nm wavelength. The antioxidants cause the reduction reactions against the free radical
DPPH by pairing; it has an odd electron with the free radical scavenging antioxidant. This
reaction causes color loss of the purple DPPH due to the formation of the reduced DPPH-H.
The higher the color loss, the higher the antioxidant concentration would be, thus higher
DPPH scavenging activity [8].

In this work, the antioxidant concentration was calculated as Trolox equivalent from a
calibration curve and the antioxidant activity was expressed as mg Trolox eq/g of extract.

The analysis of variance, by one-way ANOVA, showed a significant difference (at
<0.0005 significance level) for the influence of seasonal variation on the antioxidant activity
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of A. javanica flowers’ EO using DPPH assay. As shown in Figure 5, the highest antiox-
idant activities are obtained in the spring (12.20 ± 1.44 mg Aq/g), followed by winter
(11.5 ± 0.15 mg Aq/g), autumn (7.77 ± 0.21 mg Aq/g), and summer (7.08 ± 0.21 mg Aq/g),
respectively.

 

Figure 5. Effect of seasonal variation on A. javanica EO by DPPH assay. The different letters are
indicators of the significant variation between groups.

The analysis of multiple comparisons between groups by Tukey HSD test showed
significant variations of antioxidant activity recorded in spring with summer and autumn
both at <0.0005 significance level, while no significant variation between spring and winter
was observed. The antioxidant activity recorded in winter was significant with summer
and autumn also at <0.0005 and 0.001 significance levels, respectively.

Although, there are many studies that link the influence of exposing the plant to biotic
and abiotic stress factors with the high productivity of EO [9–11]. However, in our work
there was a negative correlation between the severity of seasonal impacts and the EO yield,
which is in agreement with the results obtained by Hussain et al. [5], who reported that
during the year the highest antioxidant activity of basil EO was recorded in spring, while
the lowest activity was recorded in summer.

Linking the quantitative and qualitative results of A. javanica EO obtained from flowers
to our current antioxidant DPPH results shows that the high antioxidant activity recorded
in the spring, which was then reduced significantly by the arrival of summer, could be
due to the variation in amounts of major compounds, which causes the reduction in the
availability of the electron-donation group.

It is worth mentioning that the A. javanica flowering stage starts approximately in
November (end of autumn) and continues growing into the winter reaching maturity in
spring, and completing the life cycle by the beginning of summer. This supported the trend
of our obtained antioxidant results by DPPH assay.

Our results are similar to other studies found in the literature, which report that the
seasonal variation has a significant influence on the qualitative EO yield [5–7]. According
to Hussain et al. [5], basil EO extracted in spring was rich in oxygenated monoterpenes,
while the oil obtained in summer was rich in sesquiterpene hydrocarbons. Meaning that,
seasonal variation has a significant influence on the EO qualitative yield, which is similar
to our obtained antioxidant results.

150



Plants 2021, 10, 2618

FRAP Assay

The analysis of variance, by one-way ANOVA, showed a significant difference (at
<0.0005 significance level) for the influence of the seasonal variation on the antioxidant
activity of A. javanica flowers’ EO using FRAP assay. As shown in Figure 6, the highest an-
tioxidant activities were obtained in the spring (7.76 ± 0.55 mg Aq/g), followed by summer
(5.47 ± 0.57 mg Aq/g), winter (3.28 ± 0.148 mg Aq/g), and autumn (3.14 ± 0.38 mg Aq/g),
respectively.

 

Figure 6. Effect of seasonal variation on A. javanica EO by FRAP assay. The different letters are indicators of the significant
variation between groups.

The analysis of multiple comparisons between groups by Tukey HSD test showed
significant variations of antioxidant activity recorded in spring with the antioxidant results
recorded in summer at 0.001 significance level. Furthermore, the variation between the
results of spring with autumn and winter were significant both at <0.0005 significance level.
While no significant variation between autumn and winter was observed.

Although, there are many studies that link the influence of exposing the plant to biotic
and abiotic stress factors with the high productivity of EO [9–11]. However, in our work
there was a negative correlation between the severity of seasonal impacts and the EO yield,
which is in agreement with the results obtained by Hussain et al. [5], who reported that
during the year the highest antioxidant activity of basil EO was recorded in spring, which
reduced afterward.

Our results are in agreement with the results obtained by Hussain et al. [5], who
reported that during the year the highest antioxidant activity of basil EO was recorded in
spring, which reduced afterward.

In general, our results are similar to other studies found in the literature, which report
that the seasonal variation has a significant influence on the qualitative EO yield [5–7].

It is worth mentioning that the A. javanica flowering stage starts approximately in
November (end of autumn) and continues growing in the winter reaching maturity in the
spring, and completing the life cycle by the beginning of summer. This supports the trend
of our obtained antioxidant results by FRAP assay.

In general, the antioxidant activity obtained from FRAP assay is due to the availability
of hydrogen donating ability, which can be linked to the existence of adjacent substituted
groups (e.g., hydroxyl).
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ABTS Assay

The analysis of variance, by one-way ANOVA, showed a significant difference at <0.0005
significance level for the influence of seasonal variation on the antioxidant activity of A. javanica
flowers’ EO using ABTS assay. As shown in Figure 7, the highest antioxidant activities obtained
in the spring (3.075 ± 0.263 mg Aq/g) are followed by autumn (1.719 ± 0.025 mg Aq/g), winter
(1.685 ± 0.255 mg Aq/g), and summer (0.706 ± 0.248 mg Aq/g), respectively.

 

Figure 7. Effect of seasonal variation on A. javanica EO by ABTS assay. The different letters are
indicators of the significant variation between groups.

The analysis of multiple comparisons between groups by Tukey HSD test showed
significant variations of antioxidant activity recorded in spring with antioxidant results
of all seasons at <0.0005 significance level. Furthermore, the variation between the re-
sults of summer with spring, autumn, and winter were significant at <0.0005, 0.002, and
0.003 significance levels, respectively. While no significant variation between autumn and
winter was observed.

Still, there are many studies that link the influence of exposing the plant to biotic and
abiotic stress factors with high production of EO [9,10]. However, in our work there was a
negative correlation between the severity of seasonal impacts and the EO yield, which is in
agreement with the results obtained by Hussain et al. [5], who reported that during the
year the highest antioxidant activity of basil EO was recorded in spring, while the lowest
activity was recorded in summer.

Linking the quantitative results of A. javanica EO obtained from flowers to our current
antioxidant ABTS results shows that the high antioxidant activity recorded in the spring,
which then reduced significantly by the arrival of the summer, could be due to the variation
in the amounts of the major compounds, which causes the reduction in the availability of
the electron-donation group.

It is worth mentioning that the A. javanica flowering stage started approximately in
November (end of autumn) and continued growing into winter, reaching maturity in the
spring, and completing the life cycle by the beginning of summer. This supports the trend
of our obtained antioxidant results by ABTS assay.

Our results are similar to other studies found in the literature, which report that the
seasonal variation has a significant influence on the qualitative EO yield [5–7].
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Correlation between Antioxidant Assays

The correlation analysis using Pearson’s correlation test was done to evaluate the
strength of the relationship between the results of antioxidant activity obtained by applying
the three antioxidant assays: DPPH, FRAP, and ABTS. The Pearson’s correlation coefficients
were calculated using SPSS statistical software (version 21) at ≤0.01 significance level, in
which the significant effect will be illustrated in this section’s tables using the sign (*).

Our correlation analysis of the flowers’ EO antioxidant activity measured for the four
seasons is shown in Tables 2–5. The illustrated correlation coefficients of spring flowers
show strong positive relationship between all tested antioxidant assays. The correlation
coefficient of spring flowers was found to be strong (at ≤0.01 significance level) between
DPPH and FRAP, DPPH with ABTS, and FRAP with ABTS. While, the correlation coefficient
measured for the remaining seasons shows a very strong positive relationship (significant
at ≤0.01 significance level) between all the tested antioxidant assays.

Table 2. Pearson correlation coefficients of antioxidant activity of spring flowers.

DPPH FRAP ABTS

DPPH NA +0.933 +0.994
FRAP +0.933 NA +0.968
ABTS +0.994 +0.968 NA

(NA) means Not Applicable.

Table 3. Pearson correlation coefficients of antioxidant activity of summer flowers.

Antioxidant Assays DPPH FRAP ABTS

DPPH NA +1 * +1 *
FRAP +1 * NA +1 *
ABTS +1 * +1 * NA

(*) means significant at ≤0.01 significance level. (NA) means not applicable.

Table 4. Pearson correlation coefficients of antioxidant activity of autumn flowers.

Antioxidant Assays DPPH FRAP ABTS

DPPH NA +1 * +1 *
FRAP +1 * NA +1 *
ABTS +1 * +1 * NA

(*) means significant at ≤0.01 significance level. (NA) means not applicable.

Table 5. Pearson correlation coefficients of antioxidant activity of winter flowers.

Antioxidant Assays DPPH FRAP ABTS

DPPH NA +1 * +1 *
FRAP +1 * NA +1 *
ABTS +1 * +1 * NA

(*) means significant at ≤0.01 significance level. (NA) means not applicable.

3.3. Chemical Composition (by GC-MS)

Referring to our previous flowers’ EO results (yield and antioxidant analysis), it was
shown that the highest yield with the best antioxidant activity of the oil was recorded in
spring, in which the chemical composition of the oil was investigated in this section.

The chromatogram result of A. javanica air-dried flowers’ EO extracted during the
spring is illustrated in Figure 8. The complete chemical composition of EO, retention time
(RT) in minutes, retention indices (RI), and percentages (%) of identified compounds of the
flowers’ oil are all represented in Table 6.

153



Plants 2021, 10, 2618

4.2 × 107 

4.0 × 107 

3.8 × 107 

3.6 × 107 

3.4 × 107 

3.2 × 107 

3.0 × 107 

2.8 × 107 

2.6 × 107 

2.4 × 107 

2.2 × 107 

2.0 × 107 

1.8 × 107 

1.6 × 107 

1.4 × 107 

1.2 × 107 

1.0 × 107 

0.8 × 107 

0.6 × 107 

0.4 × 107 

0.2 × 107 

 

Figure 8. The chromatogram of A. javanica air-dried flowers’ EO for spring.
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Table 6. Composition of A. javanica EO obtained from air-dried flowers during spring.

No. Compound RT RI
Percent Composition (%)

Spring

1 2E,4E-Octadienol 12.184 1113 1.35

2 cis-Limonene oxide 12.883 1132 0.42

3 Verbenone 15.973 1204 6.06

4 (2E)-Octenol acetate 16.171 1208 1.14

5 endo-Fenchyl acetate 16.573 1218 —–

6 Methyl-(2E)-nonenoate 16.678 1221 1.20

7 nor-Davanone 17.033 1228 0.39

8 Thymol methyl ether 17.115 1132 0.84

9 tetrahydro-Linalool acetate 17.121 1231 —–

10 Pulegone 17.261 1233 —–

11 Carvotanacetone 17.768 1244 —–

12 (4Z)-Decen-1-ol 18.246 1255 4.07

13 (2E)-Decenal 18.485 1260 0.44

14 cis-Chrysanthenyl acetate 18.537 1261 0.43

15 Geranial 18.595 1264 0.97

16 trans-Carvone oxide 19.044 1273 0.71

17 (2Z)-Hexenyl valerate 19.388 1282 0.39

18 n-Tridecane 20.245 1300 3.79

19 Isoamyl bemzyl ether 20.653 1310 0.95

20 2E,4E-Decadienol 21.078 1319 2.08

21 3-oxo-ρ-Menth-1-en-7-al 21.580 1330 —–

22 Evodone 21.877 1137 14.77

23 4-Hydroxybenzaldehyde 22.641 1355 4.56

24 Angustione 23.392 1372 20.72

25 (E)-Methyl cinnamate 23.556 1376 —–

26 1-Tetradecene 24.092 1388 3.98

27 α-Chamipinene 24.448 1396 —–

28 Cyperene 24.529 1398 1.16

29 methyl-Cresol acetate 24.791 1403 12.49

30 (2E,4E)-Undecadienal 25.281 1415 —–

31 (E)-Trimenal 25.450 1419 2.77

32 cis-Thujopsene 25.858 1429 0.80

33 γ-Elemene 26.103 1434 9.15

34 α-Humulene 26.791 1452 1.65

35 (2E)-Dodecen-1-ol 27.589 1469 1.05

36 α-Selinene 28.755 1498 0.88

37 Menthyl isovalerate 29.507 1516 0.80

The GC-MS analysis of the flowers’ EO showed the chemical composition of the oil
with 29 identified volatiles (representing 100% of the oil). The major compounds were
angustione (20.72%), evodone (14.77%), methyl-cresol acetate (12.49%), γ-elemene (9.15%),
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and verbenone (6.06%). Furthermore, 4-hydroxybenzaldehyde (4.56%), (4Z)-decen-1-ol
(4.07%), and 1-tetradecene (3.98%) were identified as minor components.

Our results show that the A. javanica flowers’ EO is a rich source of potential hydro-
carbons, and supporting the results published by Samejo et al. [12] and Samejo et al. [13].
Our results are justifying the rich ethnomedicinal applications of the flowers [14,15]. An-
gustione is a ketone reported to have antioxidant, anticancer, and antiviral (anti-HIV)
biological activity [16]. Therefore, spring is more favorable to be considered as a collection
season of A. javanica flowers that provides EO with a higher percentage of angustione, and
consequently, better biological activity.

It is worth mentioning that verbenone is a monoterpene (bicyclic ketone terpene)
that has a pleasant characteristic aroma, thus it is used in a wide range of industries
(e.g., herbal remedies, herbal teas, spices, aromatherapy, and perfumery) [17]. Furthermore,
verbenone is an insect pheromone, thus used to control insects [18]. Similarly, γ-elemene is
a sesquiterpene that has a floral aroma and reported to cause antifungal and antioxidant
activity [19].

Truly, the chemical composition of the EO would be significantly varied according to
the harvesting season [5–7]. Therefore, the decision of deciding the favorable harvesting
season depends upon the proposed application of the extracted oil.; meaning that different
applications can consider different harvesting seasons accordingly.

3.4. Morphology by SEM

SEM photos for the flower’s epidermis are illustrated (Figures 9 and 10), in which the
photos show pubescent indumentum, consisting of stellate (star-shaped) base cells with
uniseriate tapered ending. The trichomes are prominent and appear at high density. The
SEM photos for the flowers are illustrated for the first time in the literature.

 

Figure 9. Flower epidermis trichomes of A javanica (magnification: 400×).
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Figure 10. Flowers epidermis trichomes of A javanica (magnification: 800×).

The glandular trichomes indicating thero-tolerance by dissipating heat from the sur-
face of the plant, which play a major role in enhancing the water use efficiency through
adjusting the osmotic potential, which is a natural adaptation mechanism for desert plants
in arid regions. Besides, the glandular trichomes are suspended to produce secondary
metabolites, such as EOs, and acting as defense phytochemicals against biotic (e.g., herbi-
vores) and abiotic (e.g., high temperature, low precipitation) stress factors [11,20].

The appearance of all the mentioned morphological features justifies the fact that A. ja-
vanica is a desert xerophytic plant that can survive high temperatures and high sun exposure
rates with minimal water requirements. Furthermore, the existence of glandular trichomes
on the epidermis of the flower supports the fact that A. javanica is an EO-bearing plant.

4. Conclusions

Aerva javanica is a xerophytic EO-bearing plant. The seasonal variation showed a
significant effect on the flowers’ EO yield, in which the best season to extract the highest
EO yield is spring (0.011%). Similarly, the seasonal variation has a significant effect on the
antioxidant activity of A. javanica flowers’ EO, showing the best activity during the spring,
tested in vitro using antioxidant assays (DPPH, FRAP, and ABTS).

The chemical composition of the flowers’ EO extracted in the optimal season (dur-
ing spring) is characterized with 29 identified volatiles, of which the major volatiles are
angustione (20.72%) and evodone (14.77%).

A. javanica flowers’ EO is a good resource of natural antioxidants, and has a high
potential for the pharmaceuticals industry. Future clinical antioxidant studies for fractionate
EO compounds are highly recommended.
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Abstract: Essential oils have been used in various traditional healing systems since ancient times
worldwide, due to their diverse biological activities. Several studies have demonstrated their plethora
of biological activities—including anti-cancer activity—in a number of cell lines. Anisosciadium
lanatum Boiss. is a perennial aromatic herb. Traditionally, it is an edible safe herb with few studies
exploring its importance. The current study aims to investigate the chemical composition of essential
oil isolated from Anisosciadium lanatum using GC-MS, as well as report its anti-cancer potential and
its mechanistic effect on HepG2 liver cancer cell lines, and conduct molecular docking studies. To
achieve this, the essential oil was isolated using a Clevenger apparatus and analyzed using GC-
MS. The cell viability of HepG2 liver cancer and normal fibroblast NIH-3T3 cell lines was assessed
by MTT cytotoxicity assay. The effects of the essential oil on cell migration and invasion were
assessed using wound healing and matrigel assays, respectively. The effect of the essential oil on
migration and apoptotic-regulating mRNA and proteins was quantified using quantitative real-time
PCR and Western blot techniques, respectively. Finally, computational docking tools were used to
analyze in silico binding of major constituents from the essential oil against apoptotic and migration
markers. A total of 38 components were identified and quantified. The essential oil demonstrated
regulation of cell proliferation and cell viability in HepG2 liver cancer cells at a sub-lethal dose of 10
to 25 μg/mL, and expressed reductions of migration and invasion. The treatment with essential oil
indicated mitigation of cancer activity by aborting the mRNA of pro-apoptotic markers such as BCL-2,
CASPASE-3, CYP-1A1, and NFκB. The algorithm-based binding studies demonstrated that eucalyptol,
nerol, camphor, and linalool have potent binding towards the anti-apoptotic protein BCL-2. On
the other hand, camphor and eucalyptol showed potent binding towards the pro-apoptotic protein
CASPASE-3. These findings highlight the effectiveness of the essential oil isolated from Anisosciadium
lanatum to drive alleviation of HepG2 cancer cell progression by modulating apoptotic markers. Our
findings suggest that Anisosciadium lanatum could be used as a phytotherapeutic anti-cancer agent,
acting through the regulation of apoptotic markers. More well-designed in vivo trials are needed in
order to verify the obtained results.

Keywords: Anisosciadium lanatum; GC-MS; HepG2; BCL-2; CASPASE-3; apoptotic markers
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1. Introduction

Traditionally, medicinal and aromatic plants have been considered to play essential
roles in the field of therapeutics all over the world [1]. Essential oils (Eos), as secondary
metabolites produced from such medicinal and aromatic plants, offer great value in terms of
their various curative and biological properties. Several investigations have demonstrated
the anti-inflammatory, anti-oxidant, anti-fungal, anti-microbial, and cytotoxic activities of
such Eos [2–4]. Cancer is described as a fatal health condition, considered to be one of
major factors leading to death. Cancer affects all human beings and does not differentiate
between gender or age, leading to severe negative health and socio-economic impacts.
More than 75% of anti-cancer drugs are directly or indirectly derived from medicinal
plants [5]. In this context, the discovery of new natural product candidates with anti-
cancer properties has unique interest for the purpose of medical care [6]. Many cytotoxic
molecules that are of plant origin are widely used in chemotherapy [7]. The contribution of
food components to cancer assessment through lifestyle patterns has become popular in
diet–disease investigations [8]. Food enriched with vitamins and bioactive phytochemicals
could act as tumor-controlling agents to reduce cancer progression, especially in the case of
liver or colon cancer [9].

Moreover, a few reports have revealed that Mediterranean EOs and diets based on
substances such as vegetables, nuts, whole grains, olive oil, and/or fish oils can reduce
cancer-related and total mortality rates [10,11]. Several reports have also investigated
the antioxidant activities of essential oils and have shown them to be potent natural
sources of antioxidants to control cancer. The abnormal cellular stress causes non-nuclear
DNA damage, which leads to inhibition of protein transport and reactive oxygen species
formation. The Apiaceae family (formerly Umbelliferae) is one of the families of flowering
plants, which consists of 3780 species in 434 genera. It is distributed worldwide [12,13].
Investigations have proven that this family is rich in its diversity of phytochemicals that
have been considered as potential sources of new therapeutic drugs, including terpenoids,
saponins, flavonoids, coumarins, and poly-acetylenes. In addition, numerous species of the
Apiaceae family are reputed to be a significant source of EOs. EOs isolated and identified
from this family have been shown to contain more than 760 components in various chemical
classes. The identified and reported constituents have shown substantial pharmaceutical
and nutritional values [13–16]. Many members of the Apiaceae family possess various
biological activities, such as anti-bacterial, hepatoprotective, cyclo-oxygenase inhibitory,
and anti-tumor activities [12]. Most of the members are safe and edible plants. The
Anisosciadium genus (Apiaceae family) comprises three species—Anisosciadium isosciadium
Bornm., Anisosciadium orientale DC., and Anisosciadium lanatum Boiss.—and is endemic to
Southwest Asia [17]. Previous investigations have reported on cytotoxicity and antioxidant
assessments pertaining to isolated Eos from Anisosciadium orientale [17,18]. In this aspect,
Anisosciadium lanatum Boiss (A. lanatum) is a member of the Anisosciadium genus that is
native and spread wildly throughout the Arabian Peninsula, including Saudi Arabia [19,20].
A. lanatum is a perennial herb. Anatomically, its leaves are characterized by a bipinnately
parted incision and clasping base. The inflorescences are of a compound umbel type. Its
flowers are tiny and demonstrate whitish-pink petals. The bracts are spiny-tipped. The
fruitlets of each secondary umbel are aggregated before ripening, but are later separated
into spiny units [21,22]. Traditionally, Bedouins have used A. lanatum as local medicinal
herb: A water extract of the dried aerial parts, including the stem, leaves, flowers, and
fruits, is used for skin sores and boils [23]. The young green leaves are a refreshing palatable
herb for Bedouin children [24,25]. Additionally, A. lanatum has demonstrated veterinary
importance, being used in livestock treatment. The extract from the leaves and shoots has
been used to treat skin conditions in goats and sheep [19]. Recent studies have reported that
A. lanatum contains guaiane sesquiterpene and shows anti-proliferative activity towards
liver, colon, and lung cells, as well as anti-mutagenic activities [25,26]. A simple study
reported an analysis of the EO from A. lanatum [20]; however, no previous reports have
detailed advanced analyses of EO isolated from of A. lanatum and its modulatory cytotoxic
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effects, including those with respect to cell migration and invasion. In these contexts, the
goal of the current exploration is to investigate A. lanatum, for the first time, with respect to
its suggested potentials.

2. Results

2.1. Isolation and Identification of Chemical Components of EO

The EO obtained from A. lanatum was subjected to detailed gas chromatography–mass
spectrometry (GC-MS) analysis (Figure 1). The oil yield was 0.46% volume per dried
plant weight. Altogether, 38 components were identified and quantified, corresponding to
94.68% of the total components. The corresponding names of these components are listed in
Table 1, according to their elution sequences and retention index (RI). The major identified
monoterpene hydrocarbons (10 constituents representing 47.86%) were distributed as
follows: α-pinene (10.14%), β-pinene (6.2%), camphene (4.4%), β-myrecene (8.45%), car-
4-ene (5.8%), limonene (6.7%), and p-cymene (6.58%). On the other hand, the major
identified oxygenated monoterpene components (11 constituents representing 16.44%)
were eucalyptol (6.35%), linalool (4.34%), camphor (3.1%), and nerol (4.3%). Regarding
the sesquiterpene hydrocarbons (11 constituents representing 22.13%), the results yielded
β-farnesene (8.25%), β-caryophyllene (7.25%), and α-humulene (6.45%) whereas the major
oxygenated sesquiterpenes (two constituents representing 6.48%) were caryophyllene oxide
(7.25%) and α-eudesmol (0.8%). Phenylpropanoids and non-terpene derivatives showed
very low percentages.

 

Figure 1. GC-MS chromatogram of EO from A. lanatum.

2.2. Proliferation and Cell Viability Assay

The suppressive effect of EO was assessed in HepG2 liver cancer cell lines and normal
fibroblast NIH-3T3 cell lines. Cell viability and proliferation were determined colorimetri-
cally by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. HepG2
and NIH-3T3 cell lines were treated with various concentrations (0, 5, 10, 25, 50, and
100 μg/mL) of EO for 24 h. The results revealed that proliferation was potentially inhibited
in HepG2 cancer cells in a dose-dependent manner. The IC50 of EO in the cell lines was
11.3 μg/mL and 52.1 μg/mL for HepG2 and NIH-3T3, respectively. The sub-lethal dose
was considered to be 10–25 μg/mL, showing survival rates of 52.2% and 36.2% in HepG2
and NIH-3T3, respectively. These concentrations were used for further experiments (see
Figure 2). On the other hand, NIH-3T3 cell lines showed higher cell proliferation and
viability, and it was insignificantly inhibited up to 25 μg/mL of EO.
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Table 1. Volatile constituents of EO from A. lanatum.

No. Constituents Rt(min) RI(Exp) RI(Lit) RA% MS

1 α-pinene 9.03 937 932 10.14 ± 0.6 136.2340
2 camphene 9.29 952 946 4.4 ± 0.1 136.2340
3 β-pinene 9.76 977 977 6.2 ± 0.09 136.2340
4 β-myrcene 9.99 991 988 8.45 ± 0.2 136.2340
5 α-phellandrene 10.28 1005 1002 0.2 ± 0.02 136.2340
6 car-4-ene 13.41 1009 1004 5.8 ± 0.2 136.2340
7 α-terpinene 13.53 1017 1014 3.62 ± 0.07 136.2340
8 limonene 13.74 1030 1224 6.7 ± 0.3 136.2340
9 p-cymene 13.79 1026 1023 6.58 ± 0.1 134.2182

10 terpinolene 15.09 1088 1086 2.07 ± 0.07 136.2340
11 eucalyptol 15.36 1031 1031 6.35 ± 0.2 154.2493
12 linalool 16.37 1099 1095 4.34 ± 0.1 154.2493
13 camphor 16.57 1145 1141 4.3 ± 0.03 152.2334
14 isoborneol 17.03 1167 1165 0.1 ± 0.04 154.2493
15 terpinen-4-ol 17.29 1177 1174 2.4 ± 0.2 154.2493
16 α-terpineol 17.76 1189 1186 1.5 ± 0.05 154.2493
17 fenchyl acetate 17.81 1214 1214 0.1 ± 0.01 196.2860
18 nerol 17.92 1228 1227 3.1 ± 0.1 154.2493
19 bornyl acetate 18.57 1285 1284 0.6 ± 0.04 196.2860
20 methyl geranate 18.61 1321 1319 0.2 ± 0.02 182.2594
21 neryl acetate 18.74 1364 1359 0.1 ± 0.02 196.2860
22 α-copaene 19.56 1376 1374 0.9 ± 0.1 204.3511
23 β-cubebene 19.89 1389 1387 1.3 ± 0.2 204.3511
24 β-caryophyllene 20.45 1424 1424 7.25 ± 0.4 204.3511

25 trans-α-
bergamotene 21.63 1435 1432 0.1 ± 0.04 204.3511

26 α-guaiene 21.21 1439 1437 2.02 ± 0.2 204.3511
27 α-humulene 22.69 1455 1452 6.45 ± 0.5 204.3511
28 β-farnesene 22.78 1457 1454 8.25 ± 0.4 204.3511
29 germacrene D 30.98 1481 1484 2.31 ± 0.07 204.3511
30 β-selinene 31.04 1486 1489 0.6 ± 0.03 204.3511
31 β-bisabolene 32.12 1509 1512 0.2 ± 0.03 204.3511
32 γ-cadinene 32.78 1513 1513 0.2 ± 0.04 204.3511

33 caryophyllene
oxide 33.86 1640 1638 5.68 ± 0.02 220.3505

34 α-eudesmol 33.94 1653 1652 0.8 ± 0.06 222.3663
35 chavicol 17.73 1256 1247 0.07 ± 0.01 134.1751
36 eugenol 17.92 1357 1356 1.5 ± 0.02 164.2011
37 methyl eugenol 19.94 1406 1402 0.2 ± 0.02 178.2277
38 ethyl isovalerate 8.01 853 856 0.2 ± 0.02 130.1849

Classes of Constituents
RA% (No of

Constituents)

Total monoterpene hydrocarbons 47.86 (10)
Total oxygenated monoterpenes 16.44 (11)

Total sesquiterpene hydrocarbons 22.13 (11)
Total oxygenated sesquiterpenes 6.48 (2)

Total phenylpropanoids 1.77 (3)
Total non-terpene derivatives 0.20 (1)
Total identified constituents 94.68 (38)

Values were obtained from three replicates. Mean ± standard deviation (SD) is shown. Rt, retention time; RI (exp),
experimental relative retention index; RI (lit), literature relative retention index from MS libraries (Wiley) National
Institute of Standards and Technology (NIST); RA, relative abundance; MS, mass spectra values.
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Figure 2. Effect of EO from A. lanatum on cell viability. EO inhibited cell growth and cell proliferation
in HepG2 liver cancer cells and NIH-3T3 normal murine fibroblast cells: (A) HepG2 and NIH-3T3 cell
lines were supplemented with EO (0–100 μg/mL) or a vehicle control (0.1% DMSO) for 48 h periods,
and cell viability was assessed by MTT assay, and (B) HepG2 and NIH-3T3 cells were supplemented
with EO (0–100 μg/mL) for 24 h, and cell morphology was examined beneath a phase-contrast
microscope. The data are shown as the mean ± SD of triplicate measurements; * p < 0.05 when
evaluated with respect to control cells.

2.3. Migration (Scratch Wound Assay)

The suppressive effect of the EO on migration was evaluated by scratch wound assay.
In the scratch mobility assay, HepG2 liver cancer cells were treated with 25 μg/mL of EO
supplemented with 1% FBS. The scratch wound was observed to determine the mobility
of the cells in the junction, and scratch distance was measured to determine the closure
disturbance, compared with that of the untreated control cells. The vehicle-treated HepG2
liver cancer cells significantly migrated after 24 h, whereas a distinct gap remained in the
EO-treated groups after 24 h. The gaps were significantly suppressed (0.79 ± 0.05) by EO
treatment (Figure 3). To confirm the inhibition effects, a gelatin-coated transwell insert
assay was performed for invasion analysis. The relative migration fold of the EO-treated
HepG2 liver cancer cells revealed significant differences compared with the untreated cells.

2.4. Invasion (Transwell Assay)

The invasive capacity of cells was evaluated by gelatin-coated transwell assay. As
presented in Figure 4, the invasive ability of the EO-treated cells was significantly decreased
after 24 h of treatment. Compared with the untreated cells, the relative invasion ratio of
EO-treated HepG2 cells was 0.58 ± 0.046. There were significant differences between the
treated and untreated cells, and EO significantly decreased the invasive capacity of HepG2
liver cancer cell lines.
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Figure 3. Effect of EO from A. lanatum on the migration of HepG2 liver cancer cell lines (scratch
wound assay). (A) EO inhibits HepG2 human liver cancer cell proliferation and migration. HepG2
cell monolayers were scratched, and cells were supplemented with EO (10 and 25 μg/mL) for 24 h.
Migration was determined using an optical microscope (200× magnification) by wound-healing
assay. (B) Scratch distance was used to calculate the area of the wound and assess wound closure.
The data are shown as the mean ± SD of triplicate values; * p < 0.05 when evaluated with respect to
the control (PBS, phosphate-buffered saline).

Figure 4. Effect of EO from A. lanatum on the inhibition of invasion and angiogenic capacity of HepG2
liver cancer cells. (A) EO inhibits human liver cancer cell migration and invasion. HepG2 liver
cancer cell lines were supplemented with EO (10 and 25 μg/mL) and loaded to the upper chambers
of matrigel-coated transwells. Invasion was determined by total cell counting. Cells invading the
lower chamber after 24 h were counted. (B) The inhibition percentage of invasion was quantified and
expressed relative to the control (untreated cells), whose level of invasion was set at 100%. Invading
cells quantified using manual counting and values are noted as fold changes, compared to control.
The data are shown as the mean ± SD of triplicate values; * p < 0.05 when evaluated against control
(PBS, phosphate-buffered saline).

2.5. Immunoblotting and Localization of Cytochrome-c

Liver cancer markers are important tools for the evaluation of the migration and
invasion of tumor cells. The apoptotic regulatory markers BCL-2 and CASPASE-3 were
reciprocally regulated by the EO. Angiogenesis was lost through the regulation of CYP-1A1
and NFκB. EO negatively regulated the NFκB markers and increased CYP-1A1 expression
levels in both mRNA and protein markers. These results demonstrate that EO regulates
protein expression levels in HepG2 liver cancer cell lines; see Figure 5. The apoptotic marker
CASPASE-3 was significantly up-regulated (2.5 ± 0.6-fold; p ≤ 0.05), whereas the angiogenic
marker NFκB was down-regulated in EO-treated HepG2 cells (0.65 ± 0.1-fold; p ≤ 0.05).
Furthermore, the metabolic marker CYP-1A1 was significantly up-regulated in EO-treated
cells (3.2 ± 0.5-fold; p ≤ 0.05). EO-treated HepG2 cells showed a loss of mitochondrial
membrane potential (MMP) integrity at both concentrations (10 and 25 μg/mL). Untreated
cells showed high MMP integrity by an emission of orange-red fluorescence. On the
other hand, apoptotic cells stained with JC-1 showed green fluorescence. Consequently,
the EO-treated cells demonstrated an emission of green fluorescence, indicating a loss of
mitochondrial membrane integrity and release of the mitochondrial contents, including
cytochrome-c (cyt-c), in the cytoplasm (Figure 5D,E). These changes revealed the possible
participation of EO in induction of the apoptotic pathway. Therefore, it was suggested that
EO treatment (at 25 μg/mL) decreased the migration and invasion abilities of HepG2 liver
cancer cells by reciprocal regulation of angiogenesis and apoptotic markers.
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Figure 5. Effects of EO from A. lanatum on the mRNA and protein markers of HepG2 liver cancer
cells. The effects of EO on the inhibition of apoptotic and angiogenic markers were evaluated by
real-time PCR. (A) HepG2 liver cancer cells were supplemented with EO (10 and 25 μg/mL). The
mRNA of apoptotic and angiogenic markers that was altered in EO-treated cells was quantified
using quantitative real-time PCR. GAPDH was used as an internal mRNA control. (B,C) Alterations
in the status of metastasis-associated proteins in response to EO supplementation were inspected
using Western blot. HepG2 cells were supplemented with EO (10 and 25 μg/mL) for 24 h. β-actin
was utilized as a control. (D,E) The mitochondrial membrane potential (MMP) was estimated for in
EO-treated (10 and 25 μg/mL) HepG2 cell lines after an incubation period of 24 h. The mitochondrial
membrane integrity was analyzed using the emission of green fluorescent by ImageJ software. The
experimental data are shown as the mean ± SD of triplicate values; * p < 0.05 when evaluated against
control (PBS; phosphate-buffered saline).

2.6. In Silico Docking of Major Constituents against BCL-2 and CASPASE-3

The computational interactions against ligands from the EO with BCL-2 and CASPASE-
3 protein receptors were analyzed. In this study, the possible binding patterns and in-
teraction mechanisms of major constituents—including α-pinene, camphene, β-pinene,
β-myrcene, car-4-ene, α-terpinene, limonene, p-cymene, β-caryophyllene, α-humulene,
β-farnesene, caryophyllene oxide, eucalyptol, linalool, nerol, and camphor—of the EO
were analyzed using an auto-docking tool and evaluated using the binding energy and
binding efficiency (Figure 6). In general, the binding intermol energy represents the best
fit for a ligand in the active site of the target macromolecule. The in silico binding results
revealed that, of the major constituents of EO, eucalyptol, linalool, nerol, and camphor
showed the highest binding energies and high intermol energies (−3.76, −4.29, −3.37,
and −5.5 kcal/mol, respectively). The docking simulation of BCL-2 to EO components
resulted in the formation of eight hydrophobic interactions with potent binding energy,
ligand efficiency, and intermol energy (Table 2). Several hydrophobic amino acid residues
in chain-A and three predominant interactions with chain-B were observed in these EO
interaction studies. Four major amino acid residues interacted with EO components in
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chain-A: Met-163, Arg-161, Lue-136, and Lys-137. Meanwhile, in chain-B, the predominant
binding was against His-117, Val- 266, and Thr-266. Interactions against pro-apoptotic
CASPASE-3 by the essential oil indicate that eucalyptol and camphor had potent binding
compared to the other tested molecules (Figure 7). The binding energies of eucalyptol
and camphor were found to be –4.29 and –3.81 kcal/mol, respectively (Table 3). We also
observed interactions with the amino acid residues Leu-136 and Lys-137 in chain-A and
Thr-195 in chain-B. From the above results, it can be suggested that molecules from EO of
A. lanatum control liver cancer through apoptotic protein interactions, thus mitigating the
migration and angiogenesis of HepG2 liver cancer cell lines.

 
 

 

Figure 6. Cont.
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Figure 6. In silico docking of binding interactions of the constituents eucalyptol (A), linalool (B), nerol
(C), and camphor (D) from EO of A. lanatum against anti-apoptotic protein BCL-2. To demonstrate the
illustration of interactions in the hydrophobic bond and the other polar bond of BCL-2, we show the
amino acid residue analysis of the interacted bond and its length, together with the binding pocket of
ligand–receptor interactions.

Table 2. Hydrophobic interaction of potent binding constituents and amino acid residues of target
proteins (BCL-2).

Ligand Eucalyptol Camphor Linalool Nerol

PubChem ID CID:2758 CID:2537 CID:6549 CID:643820
Binding energy −3.76 −4.29 −3.37 −5.5

Ligand efficiency −0.34 −0.39 −0.31 −0.32
Intermol energy −3.76 −4.29 −4.58 −6.1

Ligand atoms
(ring)

Alkyl hydrophobic
bond:C9

Pi-alkyl hydrophobic
bond:C7

Hydrogen bonds:C2-O
Pi-alkyl hydrophobic

bond:C8

Alkyl hydrophobic bond:C8,
C8 , C1 ,C1 ,C3’-O ,C3’-O

Pi-alkyl hydrophobic
bond:C5, C3’-O

Carbon–hydrogen bond
interaction: C3-OH

C-1
C-1-OH

C-1
C-1-OH

C-1
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Table 2. Cont.

Ligand Eucalyptol Camphor Linalool Nerol

Docked amino
acid residue (bond

length)

Chain A: MET‘163
(4.75 Å)

Chain B: HIS‘117 (5.21Å)

Chain A: ARG‘161/ HE
(2.86 Å)

Chain B: HIS‘117 (4.07Å)

Chain A: LEU‘136 (4.62Å)
Chain A: LYS‘137 (4.16Å)
Chain A: LEU‘136 (4.48Å)
Chain A: LYS‘137 (4.23Å)

Chain A: LYS‘137/CE
Chain B: VAL‘266 (3.50 Å)
Chain B: TYR‘266 (3.50 Å)
Chain B: TYR‘195 (3.65Å)
Chain B: TYR‘195 (4.93Å)

(3.18Å)

Chain A : MET
Chain B : ARG
Chain B : HIS

ARG, arginine; HIS, histidine; LEU, leucine; LYS, lysine; MET, methionine; TYR, tyrosine; VAL, valine.

 

 

Figure 7. In silico docking of binding interactions of the constituents eucalyptol (A) and camphor
(B) from EO of A. lanatum against pro-apoptotic protein CASPASE-3. To demonstrate the illustration
of interactions in the hydrophobic bond and the other polar bond of CASPASE-3, we show the
amino acid residue analysis of interacted bond and its length, together with the binding pocket of
ligand–receptor interactions.
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Table 3. Hydrophobic interaction of potent binding constituents and amino acid residues of target
proteins (CASPASE-3).

Ligand Camphor Eucalyptol

PubChem ID CID_2537 CID_2758
Binding energy −4.29 −3.81

Ligand efficiency −0.39 −0.35
Intermol energy −4.29 −3.81

Ligand atoms (ring)

Hydrogen bonds:C2-O
Alkyl hydrophobic bond:C9, C9,

O, C8
Pi-alkyl hydrophobic bond: O

Alkyl hydrophobic bond:C7,
O, C9, C10, C10, O

Pi-alkyl hydrophobic bond:O

Docked amino acid residue
(bond length)

Chain A: LEU‘136/CG (4.56Å)
Chain A: LYS‘137/CG (3.88Å)

Chain A: LYS‘137 (4.38Å)
Chain A: LYS‘137 (3.95Å)

Chain B: TYR‘197/ HH (2.04 Å)
Chain B: TYR‘195 (5.01Å)

Chain A: LYS‘137 (4.27Å)
Chain A: LYS‘137 (4.35Å)
Chain A: LEU‘136 (4.64Å)
Chain A: LEU‘136 (4.48Å)
Chain B: LYS‘137 (3.94 Å)
Chain B: LYS‘137 (4.95 Å)
Chain B: TYR‘195 (5.01Å)

LEU, leucine; LYS, lysine; TYR, tyrosine.

3. Discussion

Plant metabolites exhibit remarkable effects, including anti-cancer and other impor-
tant biological activities. EOs, among the important secondary plant metabolites, through
a long chain of evidence, have been shown to possess several different biological ac-
tivities [1,27–29]. EOs are worth consideration in research in order to highlight their
mechanisms of action and pharmacological targets. Chemically, EOs are a complex blend
of hydrocarbons and oxygenated hydrocarbons, biosynthesized and arising from the
isoprenoid pathways, and mainly consisting of monoterpenes and sesquiterpenes [30].
The EO obtained from A. lanatum was analyzed using GC-MS, and interpretation of the
analysis revealed and quantified 38 components representing 94.68% of the total compo-
nents, including monoterpene hydrocarbons (47.86%), oxygenated monoterpenes (16.44%),
sesquiterpene hydrocarbons (22.13%), and oxygenated sesquiterpenes (6.48%); see Figure 1
and Table 1. Previous reports have discussed the molecular cytotoxicity effects of EOs,
and some examples of isolated compounds from EOs towards various cancer cell lines
have indicated the mediation of apoptosis, loss of mitochondrial membrane integrity, and
several other mechanisms involving the anti-apoptotic factor BCL-2 and pro-apoptotic
protein CASPASE-3 [30–33]. Camphor and eucalyptol have demonstrated the induction
of apoptosis through the down-regulation of anti-apoptotic factor BCL-2 in a human oral
epidermoid carcinoma cell line and activation of the CASPASE cascade in oral KB and
colorectal cancer cell lines [30,34,35]. Linalool has been shown to lead to a reduction in
BCL-2 protein expression in human dermal fibroblast cancer cell lines [36].

Few studies have investigated the anti-cancer activities of EO from Anisosciadium. The
EO from A. orientale has shown antioxidant and anti-cancer activities against various human
cancer cell lines [17,18]. In this study, the results from an MTT assay demonstrate that the
proliferation of HepG2 was significantly inhibited by the EO of A. lanatum. Conversely,
NIH-3T3 cell lines showed higher cell proliferation and viability, and were insignificantly
inhibited up to 25 μg/mL EO. Considering these results, further studies were carried out on
HepG2 liver cancer cell lines (see Figure 2). Cell migratory properties affect tumorigenesis
and metastasis. Various studies have targeted cancer cell migration and invasion as potent
tools for controlling the progression of cancers [37,38]. In the current study, the cellular
functional results revealed that EO (25 μg/mL) from A. lanatum exhibited a regulation of
cell migration and invasion in HepG2 liver cancer cell lines (Figures 3 and 4). Reliably, the
activation of CASPASE-3 and an antagonist of BCL-2 inhibits the potential intrusion of
HepG2 liver cancer cells [39]. BCL-2 is an anti-apoptotic protein that controls the release
of cytochrome from mitochondria [40]. Mechanistically, the results showed that EO sup-
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pressed BCL-2 expression, which could have been reflected in the cell proliferation and
survival of HepG2 liver cancer cells. As BCL-2 is a marker for tumorigenesis and neoplastic
progression, it may be a potential marker for anti-cancer therapies. Several studies have
confirmed that BCL-2 offers potential as a prospective drug target, as it activates the proto-
oncogenic effect of the cancer environment [41–43]. In this study, EO potentially inhibited
the BCL-2 mRNA and protein expression in HepG2 liver cancer cell lines (Figure 5). Many
small molecular inhibitors of BCL-2, including ABT-737 and ABT-199, have been investi-
gated extensively [44]. The suppressive effects of BCL-2 and CYP-1A1 are interlinked in
cancer prognosis through migratory action and tumorigenesis [45]. Angiogenesis involves
regulatory functions played by BCL-2 and CASPASE-3 in reverse roles [38,46]. In this study,
the suppression effect of EO on the cell migration process may have been mediated by the
suppression of BCL-2 and NFκB markers (Figure 5). The invasiveness activity was also
inhibited in EO-treated HepG2 liver cancer cell lines. Blocking of the regulatory role of
NFκB suppressed the invasiveness capacity and tumorigenesis in in vitro models. The liver
cancer cells were inhibited by EO, which contributed to controlling cancer metastasis [47].
Such suppression regulates the apoptosis (also known as programmed cell death) of tumor
cells, morphologically characterized by nuclear damage, chromatin condensation, cell
shrinkage, and DNA endonuclease activation with apoptotic bodies [48]. Importantly, in
this study, EO induced cell apoptosis in HepG2 liver cancer cells through the activation
of mRNA of CASPASE-3 and CYP-1A1 (Figure 5). These genes are apoptotic markers
involved in the spreading and invasiveness of cancer cells [44,48,49]. Subsequently high
expression of CASPASE-3 and CYP-1A1 could be initiated due to mitochondrial membrane
damage. Upon permeabilization of the mitochondrial membrane, caspase activators such
as cyt-c were released from mitochondria into the cytosol [50]. The results verify the loss of
mitochondrial membrane integrity. Consequently, the mitochondrial contents, including
cyt-c, were released into cytoplasm and triggered an intrinsic apoptotic cascade. These
findings express the possible activation of apoptosis via cyt-c, which in turn initiates other
events in the programmed cell death in EO-treated HepG2 cell lines (Figure-5D, E). Further
molecular modulations showed that EO increased the mRNA of CASPASE-3 expression
levels, as well as increased and reciprocally regulated the protein expression levels of BCL-2
and NFκB (Figure 5). These results suggest that EO promoted apoptosis in and inhibited
the invasiveness of HepG2 liver cancer cells. The previously discussed findings were
further confirmed by in silico studies through the potential simulation of anti-proliferative
properties of major molecules of EO (Figures 6 and 7). In some studies, β-sitosterol was
shown to have potent binding against apoptotic regulating proteins, whereas isovitexin
had the lowest binding affinity detected against BCL-2 and CASPASE-3 proteins [51]. In
this study, of the major molecules, only camphor, eucalyptol, nerol, and linalool showed po-
tential binding against BCL-2. Camphor and eucalyptol alone showed significant binding
against pro-apoptotic CASPASE-3 regulatory molecules. These findings suggest that the
EO from A. lanatum can control hepatoma HepG2 liver cancer cells through the reciprocal
regulation of apoptotic markers. Taken together, the EO from A. lanatum was found to be
able to control cancer progression and tumorigenesis, as mediated by modulatory effects
on apoptotic markers.

4. Materials and Methods

4.1. Plant Material

Aerial parts of A. lanatum were collected from Riyadh, Saudi Arabia (April 2014) and
were identified by Dr. Engineer Mamdouh Shokry, director of El-Zohria Botanical Garden,
Giza, Egypt. A voucher specimen (14-Apr-AL) was deposited at the Herbarium Museum
of the College of Clinical Pharmacy, King Faisal University, Al-Ahsa, Saudi Arabia.

4.2. Extraction of Essential Oil

One hundred grams of the carefully collected and air-dried whole A. lanatum plant
were subjected to hydro-distillation using a Clevenger-type apparatus for 3 h. EO (yield
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0.46% volume per dried plant weight) was recovered and dried over anhydrous sodium
sulphate. The EO sample was kept in amber-colored vials in a refrigerator at 4 ◦C until
further analyses [4].

4.3. Essential Oil Analysis

The EO was diluted with n-hexane (GC grade, 5 μL:1 mL) and 5 μL were injected
into the GC (GC, Model CP-3800, Varian, Walnut Creek, CA, USA) and linked with a mass
spectrometer (MS, Model Saturn 2200, Varian, Walnut Creek, CA, USA) equipped with a
VF-5ms-fused silica capillary column (5% phenyl-dimethylpolysiloxane, with dimensions
of 30 m × 0.25, film thickness was 0.25 μm, Varian). An electron impact (EI) ionization
detector was used, with an ionization energy of 70 eV. Carrier gas (helium) was adjusted
to have a steady flow rate (1 mL/min). The temperature of the oven was programed as
follows: 1, 50, and 5 min at 50, 230, and 290 ◦C, respectively. The split ratio of injection
samples was 1/500, with total time equal to 60 minutes. Identification of the constituents
was conducted by comparison of Kovat’s retention indices (RI) relative to a set of co-injected
standard hydrocarbons (C10–C28, Sigma-Aldrich, Darmstadt, Germany) [52]. Components
were identified by comparing their MS data and their corresponding retention indices
with the Wiley Registry of Mass Spectral Data 10th edition (April 2013), the NIST 11 Mass
Spectral Library (NIST11/2011/EPA/NIH), and literature data [53]. All of the identified
constituents and their relative abundance percentages are listed in Table 1.

4.4. Cell Culture and MTT Assay

Human liver cancer cell lines (HepG2) and a normal fibroblast NIH-3T3 cell line (both
cell lines procured from NCCS, Pune, India) were seeded in 96-well plates with a cell
population of 1 × 10 4 cells/well in DMEM/F12 with antibiotic solution and 10% FCS
(Invitrogen, CA, USA). Cells were incubated in a 5% CO2 chamber at 37 ◦C. The monolayer
cultured cells were washed with PBS, and then were treated with EO (10–100 μg/mL) with
various test concentrations of tested samples in serum-free media and incubated for 24 h.
The medium was aspirated, 0.5 mg/mL of MTT reagent was added, and the solution was
incubated at 37 ◦C for 4 h. After the incubation period, measurements were carried out
according to the method protocol described by Khalil et al. (2021) [5].

4.5. Migration (Scratch-Wound Assay)

The HepG2 cells were seeded in 6-well plates with a cell population of 1 × 10 5 cells/well
in complete DMEM/F12 medium and allowed to attach overnight in a CO2 incubator. The
media was aspirated with DMEM/F12 with 25% charcoal-stripped FCS for 24 h. After
the cells attained confluence, a scratch line was made in the centers of the wells using
a sterile tip. The wells were then gently washed with serum-free DMEM/F12 medium
and treated again with either DMSO or EO containing DMEM/F12 medium for another
24 h [37]. The scratch-line recovery was recorded using an Optika inverted microscope
(200× magnification).

4.6. Invasion (Transwell Assay)

The transwell invasion assay was evaluated using a matrigel-coated 12-well Boyden
chamber (8 μm PET; Corning, NY, USA), following the methodology described previously
by Hanieh et al. (2016) [46], where 4 × 104 cells were cultured in the upper chamber in
600 μL of serum-free DMEM medium with EO. In the lower chamber, 800 μL of DMEM
medium with 10% FBS were added.

4.7. Immunoblotting

After treatment of HepG2 liver cancer cell lines with different concentrations of EO
for 24 h, cells were harvested using trypsin and washed twice with ice-cold PBS. For the
immunoblotting analysis, treated cells were lysed in RIPA buffer (Santa Cruz Biotech, CA,
USA) for 14 min on ice, then centrifuged at 8000× g for 15 min at 4 ◦C. Supernatants
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were collected and estimated using Bradford reagent. An equal amount of protein was
denatured at 92 ◦C for 7 min. Denatured proteins were then separated on SDS-PAGE gels
and transferred to PVDF membranes. Membranes were blocked with 5% non-fat milk at
room temperature for 30 min, incubated with primary antibodies (BCL-2, 1:1000; CASPASE-
3, 1:2000; CYP-1A1, 1:1000; and NFκB, 1:1500) from cell-signaling technology (CST; Beverly,
MA, USA) overnight at 4 ◦C, and then washed and incubated with horseradish peroxidase-
conjugated secondary antibody at room temperature for 1 h. Protein bands were visualized
by enhanced chemiluminescence (Hisense, Thermo Scientific, Waltham, MA, USA) and
analyzed using a Licor analyzer. β-actin (1:2000) was used as an internal control [54].

4.8. Mitochondrial Membrane Potential (MMP) Assessment for Localization of Cytochrome-c

The mitochondria-specific fluorescence dye, namely, 5,5’,6,6’-tetrachloro-1,1’3,3’- tetraethyl
benzamidazol-carbocyanine iodide (JC-1) (JC-1 MMP assay kit, Abcam), was used to de-
termine the MMP according to the method previously described [55]. HepG2 cells were
seeded in 12-well plates and treated with EO (10 and 25 μg/mL) for 24 h. JC-1 working
solution was added and incubated at 37 ◦C for 20 min. Treated cells were washed twice with
PBS, replaced with fresh DMEM medium, and captured on a phase contrast inverted fluo-
rescence microscope 200X (Leica 3000 fluorescence microscope). Mitochondrial membrane
potentials were monitored by the ratio of red and green fluorescence intensity.

4.9. mRNA Expression

mRNA from treated cells was isolated using Trizol Reagent (Sigma, Darmstadt, Ger-
many) and purified using chloroform and isopropanol. Synthesis of cDNA was carried out
using an RT multiscreen kit and amplification was carried out using a thermocycler PCR
machine (Eppendorf, Hamburg, Germany). Quantitative analysis of target mRNA such as
BCL-2, CASPASE-3, CYP-1A1, and NFkB was performed using a SYBR green master mix
(Bio-Rad, California, CA, USA). Details of the primers used for real-time PCR are given in
Table 4. Quantification of mRNA expression was achieved using the quant studio software
(Bio-Rad, California, CA, USA). Data were normalized to GAPDH levels. All qPCRs were
performed at least in triplicate for each experiment [56].

Table 4. Real-time PCR primer details.

Primer Name Forward Reverse Product Size

BCL-2 TGTGGATGACTGACTACCTGAACC CAGCCAGGAGAAATCAAACAGAGG 186
CASPASE-3 GTGGAACTGACGATGATATGGC CGCAAAGTGACTGGATGAACC 212

CYP-1A1 GGCCACTTTGACCCTTACAA CAGGTAACGGAGGACAGGAA 236
NFκB TGAAGAGAAGACACTGACCATGGAAA TGGATAGAGGCTAAGTGTAGACACG 254
β-Actin AAGATCCTGACCGAGCGTGG CAGCACTGTGTTGGCATAGAGG 225

4.10. Computational Docking Analysis
4.10.1. Protein Preparation

For docking studies, three-dimensional structures of anti-apoptotic proteins, such
as BCL-2 and CASPASE-3, were retrieved from the RCSB PDB protein data bank [57,58],
with their respective PDB ID (4LVT and 3DEK). For docking simulations, water molecules
and free hydrogen atoms were removed, and polar molecules were added to all protein
structures using the pymol tool and automated AutoDock tool. Further active sites were
analyzed in protein receptors using the web-based online tool Q-SiteFinder. All ions, except
for the binding site, and non-relevant crystallographic materials were removed. These
active sites were chosen as the most favorable binding residues for our docking simulation.

4.10.2. Ligand Preparation

The structures of the major constituents from EO of A. lanatum—namely, α-pinene, cam-
phene, β-pinene, β-myrcene, car-4-ene, α-terpinene, limonene, p-cymene, β-caryophyllene,
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α-humulene, β-farnesene, caryophyllene oxide, camphor, eucalyptol, nerol, and linalool—
were retrieved from the Pubchem compound database of the National Center for Biotechnol-
ogy Information, with the respective IDs, as follows: CID—6654, CID—6616, CID—31253
14896, CID—16211587, CID—7462, CID—22311, CID—7463, CID—5281515, CID—10704181,
CID—5281516, CID—1742210, CID—2537, CID—2758, CID—6549, and CID—643820, re-
spectively. The downloaded structures were converted into PDB format using a freely
available open-source tool, using pymol and Autodock docking tools.

4.10.3. Statistical Analysis

Representative data are shown as mean ± standard deviation (n = 3) from one ex-
periment. For cell proliferation, migration, invasion, Western blot, and gene expression
analyses, samples from the chosen replicate were used. Statistical analysis was conducted
by one-way ANOVA followed by Dunnett’s post-hoc test as a reference for comparison
to the control group (undifferentiated). All analyses were performed using the GraphPad
Prism 7.0 software (GraphPad Software Inc., San Diego, CA, USA), and the statistical results
are shown as the corrected p value (* p < 0.05).

5. Conclusions

In the present study, EO was isolated from Anisosciadium lanatum using a hydro-
distillation method and its components were identified using GC-MS. The yield of EO was
0.46% v/w. In total, 38 components were identified and quantified. The findings suggest
that the EO from A. lanatum has a controlling effect on hepatoma cells (i.e., the HepG2
liver cancer cell line) through regulation of the apoptotic markers BCL-2 and CASPASE-
3. Molecular docking analysis supported the experimental results, which revealed the
oxygenated molecules camphor, eucalyptol, nerol, and linalool as having potential virtual
binding against the anti-apoptotic marker BCL-2, whereas camphor and eucalyptol alone
showed significant binding against the pro-apoptotic regulator CASPASE-3. The obtained
results indicate that the EO extracted from A. lanatum should be further explored in vivo as
a tool for the management of hepatoma cancer diseases.
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Abstract: Annona cherimola Mill. is a native species of Ecuador cultivated worldwide for the flavor
and properties of its fruit. In this study, hydrodistillation was used to isolate essential oil (EO) of fresh
Annona cherimola leaves collected in Ecuadorian Sierra. The EO chemical composition was determined
using a non-polar and a polar chromatographic column and enantiomeric distribution with an
enantioselective column. The qualitative analysis was carried out by gas chromatography coupled
to a mass spectrometer and quantitative analysis using gas chromatography equipped with a flame
ionization detector. The antibacterial potency was assessed against seven Gram-negative bacteria and
one Gram-positive bacterium. ABTS and DPPH assays were used to evaluate the radical scavenging
properties of the EO. Spectrophotometric method was used to measure acetylcholinesterase inhibitory
activity. GC-MS analysis allowed us to identify more than 99% of the EO chemical composition.
Out of the fifty-three compounds identified, the main were germacrene D (28.77 ± 3.80%), sabinene
(3, 9.05 ± 1.69%), β-pinene (4, 7.93 ± 0.685), (E)-caryophyllene (10.52 ± 1.64%) and bicyclogermacrene
(11.12 ± 1.39%). Enantioselective analysis showed the existence of four pairs of enantiomers, the
(−)-β-Pinene (1S, 5S) was found pure (100%). Chirimoya essential oil exhibited a strong antioxidant
activity and a very strong anticholinesterase potential with an IC50 value of 41.51 ± 1.02 μg/mL.
Additionally, EO presented a moderate activity against Campylobacter jejuni and Klebsiella pneumoniae
with a MIC value of 500 μg/mL.

Keywords: essential oil; Annona cherimola; chemical composition; enantioselective analysis;
antibacterial activity; antioxidant activity; anticholinesterase activity; germacrene D; Campylobacter jejuni

1. Introduction

Worldwide, the Annonaceae family comprises more than 128 genera and approxi-
mately 2106 species and they are mainly distributed in tropical and subtropical regions [1].
For Ecuador, 25 genera, 106 species and 20 endemic species are reported [2]. In a review of
the antimalarial properties of the Annonaceae family, 11 species from Annona and Xilopia
genus were recognized for their antiparasitic potential. Annonaceae species used in tradi-
tional medicine, over the tropical regions, are well documented for having potential for the
treatment of parasitic diseases such as Malaria, Chagas and Leishmaniasis as well as other
illnesses [3]. Indeed, Annona muricata was one of the most cited species with a variety of
medicinal properties including the treatment for the symptoms of malarial infection, fever,
liver ailments and headaches [4].

Annona cherimola, A. crassiflora, A. muricata, A. squamosa and A. reticulata are the com-
mercial species, highly valued by their exotic edible fruit. Furthermore, different parts of the
tree from these species have been used in folk medicine to treat several conditions including
gastrointestinal diseases, diabetes and hypertension [5]. Many secondary metabolites have
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been reported such as phenols and other bioactive compounds but, the main chemical
marker of the genus is a diverse group of polyketides called acetogenins, compounds
closely associated to their antiproliferative effect on cancer cell lines [5,6].

In a related study, nine species from Annona genus, including A. cherimola, where
reviewed in relation to their phytochemical composition and biological activity and found
that mainly polar extracts obtained from these plants, induce a reduction in blood sugar
levels in chemically induced type-2 diabetic rats which demonstrate the antidiabetic poten-
tial of species from this genus. Likewise, seven out of nine of the studied species reported a
good antioxidant capacity profile in different in vitro assays. A. cherimola was only tested
trough the oxygen radical absorbance capacity (ORAC) assay [7].

Annona cherimola Mill. is a native shrub, widely distributed in the Andean, Coastal,
Amazon and Insular regions of Ecuador, between 0–3000 m a.s.l [2]. Currently, this species
is cultivated in the subtropical and tropical regions worldwide, especially for its fruit,
which is considered exotic. The A. cherimola species is commonly known as “chirimoya” or
“chirimoyo” (Spanish language) and “custard-apple” (English language) [8]. The vernacular
name “chirimoya” is derived from the Quechua (indigenous language) word “chirimuya”,
“chiri” that means cold and “muya” seeds. The fruit of this species is considered one the
most appreciated inside the genus. The plant has been used in traditional medicine for the
treatment of boils and others skin diseases [9].

Anthropological evidence suggests that the species A. cherimola was cultivated since
the times of the Incan Empire and its fruit was considered as an active ingredient in
the their diet [10]. Some important compounds have been isolated from this species
such as alkaloids as cherimoline, annocherine A, annocherine B, cherianoine and rumo-
cosine H [11], and some amides as cherinonaine, cheritamide, (N-trans-feruloyltyramine,
N-trans-caffeoyltyramine, N-cis-caeoyltyramine, dihydro feruloyltyramine, N-trans-
feruloylmethoxytyramine, N-cis-feruloylmethoxytyramine, and N-p-coumaroyltyramine [12].
Recent studies have shown that custard apple leaves contain flavonoids and other phenolic
compounds with biological properties [13,14] and that alcoholic extracts from the leaves
have proapoptotic and antidepressant activities [15].

Several studies on the species of the Annona genus have reported the occurrence of
compounds with potential application for pharmaceuticals, food, agrochemicals products
and cosmetics [3,5,6,16]. Extracts from these species are used for a wide range of beneficial
purposes, however, the research have been focused mainly on the non-volatile fraction
of the fruits, meanwhile, the enantiomeric distribution and biological properties of the
EOof Annona cherimola have not been reported previously. This fact stimulated our inter-
est in studying the chemical composition, enantiomeric distribution and antimicrobial,
antioxidant and anticholinesterase activities of the essential oil of custard apple leaves.

2. Results

A total of 15,150 g of fresh custard apple leaves, with a moisture of 53 ± 5% (w/w),
were used as raw material for the extraction. The isolation of the essential oil was carried
out by hydrodistillation using a Clevenger-type apparatus. The amount of EO obtained
was 38.5 mL, which represents a yield of 0.25 ± 0.02 (v/w).

2.1. Physical Properties of Essential Oil

The essential oil isolated from leaves of A. cherimola was presented as a viscous liquid
with a characteristic texture. The physical properties of EO are shown in Table 1. In addition,
this table shows the subjective color and its RGB and CMYK values.

2.2. Chemical Constituents of the Essential Oil

The compounds ocurring in A. cherimola EO were identified and quantified by GC-
MS and GC-FID using nonpolar and polar columns. The Table 2 shows the quantitative
and qualitative data of chemical constituents of custard apple obtained using nonpolar
column DB-5ms. In the essential oil from chirimoya leaves fifty-three compounds were
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identified, which represent 99.80% of the total composition. According to their chemical
nature, all the compounds were grouped in aliphatic monoterpene hydrocarbons (ALM),
oxygenated monoterpenes (OXM), aliphatic sesquiterpene hydrocarbons (ALS) and oxy-
genated sesquiterpene (OXS). The ALS were the most representative compounds with
twenty-seven compounds, which represents 69.40%, followed by ALM with 25.68%. Com-
pounds belonging to the aromatic monoterpene hydrocarbons, aromatic sesquiterpene hy-
drocarbons and oxygenated sesquiterpene groups were not identified. The ALS germacrene
D (compound 32, CF: C15H24, MM: 204.19 Da) was the main constituent with 28.77 ± 3.80%.
Other main compounds (>5%) were sabinene (3, 9.05 ± 1.69%), β-pinene (4, 7.93 ± 0.68%),
(E)-caryophyllene (24, 10.52 ± 1.645) and bicyclogermacrene (36, 11.12 ± 1.39%). Com-
pounds 8 and 9 (limonene and β-phellandrene) co-eluted, both representing 0.66 ± 0.13%.

Table 1. Physical properties of the essential oil.

Annona cherimola EO

Mean a SD b

Density, ρ (g/cm3) 0.9472 0.0044
Refractive index, n20 1.4713 0.0023

Specific rotation, [α] (◦) −61.8 0.8
Subjective color Light-yellow

RGB color values R:255, G:255, B:224
CMYK color values C:0, M:0, Y:0.12, K:0

a Mean of nine determinations: three distillations × three collections, b Standard deviation.

Table 2. Chemical composition of essential oil from Annona cherimola leaves.

CN RT Compounds RI RI ref
A. chirimola EO

Type CF MM (Da)
% SD

1 5.73 α-Thujene 924 924 0.89 0.15 ALM C10H16 136.1
2 5.94 α-Pinene 932 932 4.02 0.36 ALM C10H16 136.1
3 7.37 Sabinene 969 969 9.05 1.69 ALM C10H16 136.1
4 7.50 β-Pinene 973 974 7.93 0.68 ALM C10H16 136.1
5 8.13 Myrcene 987 988 0.78 0.19 ALM C10H16 136.1
6 8.72 α-Phellandrene 1001 1002 0.11 0.03 ALM C10H16 136.1
7 9.15 α-Terpinene 1013 1014 0.14 0.04 ALM C10H16 136.1

8, 9 9.64 Limonene + β-Phellandrene a 1023 1024 0.66 0.13 ALM C10H16 136.1
10 10.08 (Z)-β-Ocimene 1032 1032 0.84 0.23 ALM C10H16 136.1
11 10.54 (E)-β-Ocimene 1043 1044 0.73 0.12 ALM C10H16 136.1
12 10.93 γ-Terpinene 1053 1054 0.46 0.13 ALM C10H16 136.1
13 12.15 Terpinolene 1083 1086 0.07 0.01 ALM C10H16 136.1
14 13.10 Linalool 1099 1095 0.17 0.01 OXM C10H18O 154.1
15 16.55 Terpinen-4-ol 1176 1174 0.07 0.01 OXM C10H18O 154.1
16 23.00 Bicycloelemene 1332 1330 0.33 0.07 ALS C15H24 204.2
17 23.17 δ-Elemene 1337 1335 1.26 0.41 ALS C15H24 204.2
18 23.66 α-Cubebene 1348 1345 0.46 0.11 ALS C15H24 204.2
19 24.81 α-Copaene 1377 1374 3.06 0.77 ALS C15H24 204.2
20 25.17 β-Panasinsene 1384 1381 0.14 0.04 ALS C15H24 204.2
21 25.38 β-Cubebene 1389 1387 1.38 0.27 ALS C15H24 204.2
22 25.49 β-Elemene 1391 1389 2.41 0.62 ALS C15H24 204.2
23 25.99 (Z)-Caryophyllene 1406 1408 0.04 0.01 ALS C15H24 204.2
24 26.59 (E)-Caryophyllene 1419 1417 10.52 1.64 ALS C15H24 204.2
25 27.05 β-Gurjunene 1429 1431 0.10 0.02 ALS C15H24 204.2
26 27.16 γ-Elemene 1432 1434 0.20 0.04 ALS C15H24 204.2
27 27.59 α-Guaiene 1439 1437 0.12 0.03 ALS C15H24 204.2
28 27.86 Aromadendrene 1443 1439 0.33 0.08 ALS C15H24 204.2
29 28.06 α-Humulene 1453 1452 2.05 0.51 ALS C15H24 204.2
30 28.22 allo-Aromadendrene 1457 1458 0.20 0.03 ALS C15H24 204.2
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Table 2. Cont.

CN RT Compounds RI RI ref
A. chirimola EO

Type CF MM (Da)
% SD

31 28.78 4,5-di-epi-Aristolochene 1470 1471 tr - ALS C15H24 204.2
32 29.01 γ-Gurjunene 1475 1475 0.45 0.07 ALS C15H24 204.2
33 29.20 Germacrene D 1478 1480 28.77 3.80 ALS C15H24 204.2
34 29.46 β-Selinene 1486 1489 0.38 0.12 ALS C15H24 204.2
35 29.56 γ-Amorphene 1493 1495 0.20 0.08 ALS C15H24 204.2
36 29.74 Bicyclogermacrene 1497 1500 11.12 1.39 ALS C15H24 204.2
37 29.96 α-Muurolene 1501 1500 0.39 0.07 ALS C15H24 204.2
38 30.17 Germacrene A 1506 1508 1.37 0.35 ALS C15H24 204.2
39 30.49 δ-Amorphene 1510 1511 0.41 0.07 ALS C15H24 204.2
40 30.63 γ-Cadinene 1512 1513 0.37 0.11 ALS C15H24 204.2
41 30.73 δ-Cadinene 1517 1522 1.79 0.39 ALS C15H24 204.2
42 31.26 trans-Cadina-1,4-diene 1530 1533 0.09 0.02 ALS C15H24 204.2
43 32.03 Elemol 1546 1548 0.13 0.07 OXS C15H26O 222.2
44 32.14 Germacrene B 1554 1559 1.45 0.24 ALS C15H24 204.2
45 32.75 (E)-Nerolidol 1563 1561 0.54 0.08 OXS C15H26O 222.2
46 32.97 Germacrene D-4-ol 1571 1574 1.41 0.42 OXS C15H26O 222.2
47 33.45 Carotol 1590 1594 0.08 0.02 OXS C15H26O 222.2
48 33.70 Ledol 1597 1602 1.12 0.17 OXS C15H26O 222.2
49 34.75 1-epi-Cubenol 1621 1627 0.18 0.02 OXS C15H26O 222.2
50 35.52 cis-Cadin-4-en-7-ol 1629 1635 0.12 0.01 OXS C15H26O 222.2
51 35.59 epi-α-Cadinol 1632 1638 0.33 0.08 OXS C15H26O 222.2
52 36.00 α-Muurolol (=Torreyol) 1640 1644 0.56 0.14 OXS C15H26O 222.2
53 36.61 α-Cadinol 1653 1652 tr - OXS C15H26O 222.2

ALM 25.68
OXM 0.24
ALS 69.40
OXS 4.47

Total identified 99.80

RT: Retention Time; RI: Calculated Retention Indices; RI ref: References Retention Indices; SD: Standard Deviation;
CF: Chemical Formula; MM: Monoisotopic Mass; tr: traces; -: not calculated. 1 Co-eluted compounds.

Coeluting compounds (limonene and β-phellandrene) were separated using an HP-
INNOWax polar column. The retention index in this column for limonene was 1192 and for
β-phellandrene was 1201. Limonene (mixture of (+)-limonene and (−)-limonene) presented
a percentage of 0.55 ± 0.09% and β-phellandrene a value of 0.12 ± 0.01%.

2.3. Enantioselective Analysis

The enantioselective analysis from Annona cherimola EO was achieved for the first time.
The Table 3 shows the enantiomeric distribution, linear retention indices and enantiomeric
excess (e.e.) of each enantiomer. Using a chiral column could be quantified four pairs of
enantiomers, whose peaks were well separated at the base. The β-pinene (−) was found
practically pure, while (−)-α-pinene and (−)-sabinene and (−)-germacrene D exhibited
a high enantiomeric excess, whereas (−)-limonene and (+)-limonene were found in a
racemic mixture.

2.4. Antibacterial Activity

Microdilution broth method was used to assess the antibacterial activity of essential
oil of A. cherimola leaves. Tetracycline was used as a positive control and the maximum
evaluated concentration was 1000 μg/mL. The minimum inhibitory concentration (MIC)
values and the microorganisms used (seven Gram-negative bacteria and one Gram-positive
bacterium) are shown in Table 4. The A. cherimola essential oil reported MIC values of
500 μg/mL against Campylobacter jejuni (ATCC 33560). EO dissolved in aqueous media
caused the formation of an emulsion that difficulted the visual observation of bacterial
growth particularly with C. jejuni. The reduction of 2,3,5-Triphenyl tetrazolium chloride
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(TTZ) yield a red color product only in the wells were bacteria developed a well growth.
A blank of EO with the same range of concentrations and media was included to discard
interferences due to contamination which was also confirmed by reading at 405 nm (data
not shown) For the other bacteria, the essential oil did not show activity at the maximum
dose tested.

Table 3. Enantiomeric distribution of chiral constituents occurring in the EO of A. cherimola.

Enantiomers
RT

RI
Enantiomeric Distribution e.e.

min % %

(+)-α-Pinene (1R,5R) 4.60 916 18.01
63.99(−)-α-Pinene (1S,5S) 5.10 921 81.99

(−)-β-Pinene (1S,5S) 10.01 970 100.00 100.00
(+)-Sabinene (1R,5R) 10.51 975 2.05

95.91(−)-Sabinene (1S,5S) 10.91 979 97.95
(−)-Limonene (4S) 16.72 1037 63.75

27.50(+)-Limonene (4R) 17.22 1042 36.25
(+)-Germacrene D (8R) 61.61 1485 2.05

95.91(−)-Germacrene D (8S) 62.01 1489 97.95

Table 4. Antibacterial activity of essential oil from Annona cherimola leaves.

Bacteria
Annona cherimola Positive Control a

MIC (μg/mL)

Gram-negative
Campylobacter jejuni (ATCC 33560) 500 15.65

Escherichia coli (ATCC 25922) >1000 1.95
Klebsiella pneumoniae (ATCC 9997) 500 1.95

Proteus vulgaris (ATCC 8427) >1000 7.81
Pseudomonas aeruginosa (ATCC 27853) >1000 15.62

Salmonella typhimurium (LT2) >1000 3.90
Salmonella enterica (ATCC 29212) >1000 1.95

Gram-positive
Staphylococcus aureus (ATCC 25923) >1000 1.95

a Erythromycin for Campylobacter jejuni and tetracycline for other bacteria.

2.5. Antioxidant Capacity

The results obtained for DPPH and ABTS radical scavenging of the EO are shown in
Table 5. The results are expressed as the concentration of the EO that scavenge or decrease
the concentration of the radical at 50% (SC50). Trolox was used as a positive control.

Table 5. Antioxidant activity of essential oils of Annona cherimola.

Sample
DPPH ABTS

SC50 (μg/mL)

Essential oil 470 ± 30 >1000
Trolox 232 ± 20 446 ± 30

Through the DPPH method, the essential oils of A. cherimola showed strong antioxidant
activity with a SC50 value of 470 ± 30 μg/mL. Employing the ABTS technique the SC50
could not be calculated at the concentration ranges tested (Figure 1).

2.6. Anticholinesterase Activity

Three different concentrations of the essential oil from A. cherimola leaves were used
to determine its anticholinesterase potential. The data obtained by measuring the rate of re-
action of AChE against EO are shown in Figure 2. The results plotted as Log (concentration

181



Plants 2022, 11, 367

essential oil) vs. normalized response rate of reaction allowed us to calculate the IC50 value.
The IC50 value obtained for chirimoya essential oil was 41.51 ± 1.02 μg/mL. The positive
control (donepezil) exhibited an IC50 value of 13.80 ± 1.01 nM.

Figure 1. Scavenging capacity vs. concentration of Annona cherimola essential oil obtained by DPPH
and ABTS assays.

Figure 2. Half-maximum inhibitory concentration of Annona cherimola essential oil against acethyl-
cholinesterase.

3. Discussion

The essential oil from Annona cherimola exhibited a low yield of 2.5 ± 0.2 mL/Kg [17].
The extraction yield of essential oils is very variable between plant species and depends
on different aspects related to the plant such as the part, the age and the time after plant
collection and other aspects related to the isolation process such as the pretreatment of the
material (drying, grinding, etc.) and the extraction time [18].

The aroma of the Annona species is well recognized and has been studied in some
species, however, little has been reported about the essential oil composition of Annona
cherimola. In the present study, the main chemical components identified were aliphatic
monoterpenes (25.68%) and aliphatic sesquiterpenes (69.40%), which was similar to the
information reported by Rabelo et al. [19]. Furthermore, Rios et al. in 2003 [20] reported
monoterpenes (6.09%) and sesquiterpenes (76.56%) as the main type of compounds in the
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A. cherimola EO. On the other hand, the same type of volatile compounds were meaningful
in fruits of Annona cherimola (monoterpene 40.3% and sesquiterpene 24.3%) [16].

The major components (>5%) identified in the A. cherimola EO were germacrene D
(28.77%), bicyclogermacrene (11.12%), (E)-caryophyllene (10.52%), sabinene (9.05%) and β-
pinene (7.93%). The results are different to those reported by Elhawary et al. fβ-caryophyllene
with 9.50%, germacrene-D with 17.71% an β-elemene with 25.02% [21], and those reported by
Rios et al. reported bicyclogermacrene (18.20%), trans-caryophyllene (11.50%), α-amorphene
(7.57%), α-copaene (5.63%) and germacrene D (3.75%) [20]. In addition, Pino observed
that the major compounds were α-thujene (18.7 ppm), α-pinene (23 ppm), terpinen-4-ol
(19.8 ppm) and germacrene D (17.6 ppm) [16]. Despite the differences in their concen-
trations, the main component that is common in all the studies is germacrene D. It is
well known the influence of different cultivation and climatic factors over the chemical
composition of the essential oils.

Due to the relevance of aromatic compounds of the Annona species Ferreira et al.
in 2009 compared the essential oil and the volatile compounds of the leaves and fruits
of Annona cherimola. The chemical composition for the EO was different to the volatile
compounds in fruits, the main compounds in the leaves essential oil were identified in lower
quantities, germacrene-D (0.11% to 0.22%), sabinene (not identified), β-pinene (0.79% to
3.60%), (E)-caryophyllene (0.23% to 0.32%) and bicyclogermacrene (not identified) while
the main compounds analyzed by headspace solid phase microextraction were methyl
butanoate, butyl butanoate, 3-methylbutyl butanoate, 3-methylbutyl 3-methylbutanoate
and 5-hydroxymethyl-2-furfural [22].

This is the first report of enantioselective GC-MS analysis of A. cherimola EO, this
analysis showed the ocurrence of five pairs of enantiomers and one enantiomerically
pure chiral monoterpenoid, β-pinene. The enantiomeric ratio of an essential oil is an
important information which could be related with the biological activity, metabolism and
organoleptic quality of the enantiomeric pairs [23]. The enantiomeric excess (e.e %) were
(−)-α-pinene (1S,5S) (63.99%), (−)-sabinene (1S,5S) (95.91%), (−)-limonene (4R) (27.50%)
and (−)-germacrene D (8S) (95.91%).

Regarding their biological activity, the essential oil of Annona cherimola showed moder-
ate antibacterial activity against Campylobacter jejuni (ATCC 33560) and Klebsiella pneumonia
(ATCC 9997), both with MIC at 500 μg/mL and no activity for the other bacteria tested (MIC
was higher than 1000 μg/mL). Compared to data reported in the literature, Rios et al. in
2003 reported a significant activity against two Gram-positive bacteria Staphylococcus aureus
(MIC 250 μg/mL) and Enterococcus faecalis (MIC 500 μg/mL), however, the MIC values
for Gram-negative bacteria were higher than 5000 μg/mL [20]. Elhawary et al. in 2013
reported the MIC of EO A. cherimola for Bacillus subtilis (130 μg/mL), Staphylococcus aureus
(285 μg/mL), Escherichia coli (110 μg/mL), Pseudomonas aeruginosa (140 μg/mL), and
Candida albicans (152 μg/mL) [21]. When the antibacterial activity of pure compounds
was analyzed [20] the MIC of trans-caryophyllene, β-pinene, linalool, and other com-
pounds was higher than the value for the essential oil, therefore suggesting that the
antibacterial potency could be exerted by a synergistic effect among the constituents
above mentioned. The essential oil of Annona species showed a wide range of bio-
logical activity, for A. vepretorum Costa et al. in 2012 reported a moderate activity (MIC
500 μg/mL) against Staphylococcus aureus and Staphylococcus epidermis and a significant ac-
tivity against Candida tropicalis (MIC 100 μg/mL) [24]. Another study, in 2013, Costa et al.
observed the antibacterial activity of essential oil of A. salzmannii and A. pickelii against
Staphylococcus aureus, Staphylococcus epidermis and Candida tropicalis with MIC of
500 μg/mL [25].

Some studies have shown that the enantiomers of a compound have different biolog-
ical activities. Lis-Balcnin et al. reported that 18 out of 25 different bacteria were more
affected by the (−)-α-pinene in comparison with the (+) enantiomer, 19 out of 20 different
Listeria monocytogenes strains were affected more by (+)-α-pinene isomer and two of three
filamentous fungi were affected more by the (+) enantiomer [26]. The MIC and minimal
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microbicidal concentration (MMC) showed that the positive enantiomers of pinene exerted
a microbicidal effect against all the fungi and bacteria tested with MIC values ranging
from 117 to 4150 μg/mL. However, with concentrations up to 20 mg/mL of the nega-
tive enantiomers, no antimicrobial activity was observed [27]. The MIC values against
three Gram-positive (B. cereus, E. faecalis and S. aureus) and four Gram-negative (E. coli,
K. pneumoniae, M. catarrhalis and P. aeruginosa) bacteria were in the ranges of 3 to 27 mg/mL
for (+)-limonene and 2 to 27 mg/mL for (−)-limonene. The greatest difference was ob-
tained against Staphylococcus aureus ATCC 12600 where the (+)-limonene showed a MIC
of 14 mg/mL and the (−)-limonene a MIC of 4 mg/mL [28]. Omran et al. found that
(−)-limonene had better antifungal activity than (+)-limonene against Aspergillus niger,
Aspergillus sp., Candida albicans and Penicillium sp. [29]. It was not possible to find previous
studies about the antifungal or antibacterial activity of the (+) and (−) enantiomers of the
main compound germacrene D, however, Stranden et al. determined that the two enan-
tiomers of this compound mediate the same kind of information to the receptor neurons of
the moth Helicoverpa armigera, but (−)-germacrene D had approximately 10 times stronger
effect than (+)-germacrene D [30]. The difference in biological activity of the enantiomers is
maintained even when they are mixed with other compounds [28]. The enantiomers of a
compound have different biological activities, then, the enantiomeric distribution of the
compounds could influence the biological activity for an essential oil.

Regarding their antioxidant effect, the Annona cherimola essential oil showed an SC50
of 470 μg/mL for the DPPH assay while the SC50 was >1000 μg/mL in the ABTS assay.
Costa et al. reported as strong the antioxidant activity of EO A. salzamannii and A. pickelii
measured by a TLC-based DPPH assay, however, the individual components β-pinene and
α-pinene did not show antioxidant activity [25]. Araújo, et al. [31] and Costa, et al. [24]
reported a weak antioxidant activity for the EO of A. vepretorum. Another study, Gyesi, et al.
in 2019 [32] reported an SC50 of 244.8 μg/mL from the DPPH assay for the EO of A. muricata.
The differences between the antioxidant activity of EO and pure compounds could corre-
spond to synergistic effects among the components in the essential oil.

The acetylcholinesterase inhibitory activity of A. cherimola EO has not been previously
reported. Chirimoya EO showed an AChE IC50 value of 41.51 μg/mL, this inhibitory
activity could be considered very strong compared to the related EO of Piper carpunya
(IC50 of 36.42 μg/mL) [33]. The inhibition of AChE due to EO is of relevant interest in the
treatment of Alzheimer disease since different studies report in vitro and clinical AChE
inhibitory activity. Benny and Tomas summarize the neuroprotective effects of EO and
its relevance on Alzheimer disease stating that EO could rebuild the antioxidant status of
brain which confer neuroprotective effect as in the case of EO of Coriandrum sativum L.,
Syzygium aromaticum (L.), Juniperus communis, Rosmarinis officinalis (L.), and other species.
The same activity has been observed for pure compounds such as thymol, linalool, α-
terpinene, α-terpineol, carvacrol, (E)-β-caryophyllene, α-pinene, and eugenol [34].

4. Materials and Methods

4.1. Materials

Dichloromethane (DMC), methanol (MeOH), sodium sulfate anhydrous, DPPH (2,2-
diphenyl-1-picrylhydryl), ABTS (2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid),
acetylcholinesterase (AChE), acetylthiocholine (ATC), phosphate buffered saline, Ellman’s
reagent (donepezil, 5,5′-dithiobis(2-nitrobenzoic acid)), tris hydrochloride (Tris-HCl), mag-
nesium chloride hexahydrate and 2,3,5-Triphenyl tetrazolium chloride (TTZ) were pur-
chased from Sigma-Aldrich (San Luis, MO, USA). The microbiological media such as
Mueller Himton broth, Mueller Hinton II broth and fluid thioglycollate medium were pur-
chased from DIPCO (Quito, Ecuador). Horse serum and Oxoid CampyGen were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). The standard aliphatic hydrocarbons
were purchased from ChemService (West Chester, PA, USA). Helium was purchased from
INDURA (Quito, Ecuador). All chemicals were of analytical grade and used without
further purifications.
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4.2. Plant Material

Annona cherimola leaves were collected under permission granted for Ministerio del
Ambiente de Ecuador (Ecuadorian Environmental Ministry) by means of the authorization
No. 001-IC-FLO-DBAP-VS-DRLZCH-MA. The leaves of chirimoya were collected between
the months of October and January in the surroundings of the locality of Cango Bajo,
canton Calvas, province of Loja, Ecuador, at 1950 m a.s.l. at a latitude of 4◦20′34′′ S and a
longitude of 79◦34′24′′ W. Collection, store and transfer of chirimoya leaves were performed
according to what is described by Valarezo et al. [35]. Botanist Nixon Cumbicus made the
identification of the plant material. A voucher specimen was deposited at the Herbarium
of Universidad Técnica Particular de Loja (HUTPL).

4.3. Postharvest Treatments

Between 2 and 3 h after being collected, the plant material was subjected to the posthar-
vest treatments, which consist of the separation of degraded leaves and foreign material.

4.4. Moisture Determination

Method Loss on drying (Moisture) in plants, AOAC 930.04-1930, was used to deter-
mine the moisture of plant material, for this an analytical balance (Mettler AC 100, Mettler
Toledo, Columbus, OH, USA) was used. Moisture was calculated according to Equation (1).

Moisture (%) =
wi − wo

wi
∗ 100 (1)

where wi is the initial weight of sample and wo is weight of sample after drying.

4.5. Essential Oil Extraction

The isolation of the essential oil from leaves of A. cherimola was carried out by hy-
drodistillation using a Clevenger-type apparatus according to the procedure described
by Valarezo et al. [36]. After being collected, the essential oil was dried using anhydrous
sodium sulphate. Finally, the EO was stored at 4 ◦C in amber sealed vials until being used
in the subsequent analysis.

4.6. Determination of the Physical Properties of the Essential Oil

Density of the essential oil was determined using the ISO 279:1998 standard (equivalent
to the AFNOR NF T 75-111 standard). Density measurement was performed using an
analytical balance (Mettler AC 100, Mettler Toledo, Columbus, OH, USA) and a pycnometer
of 1 mL. Refractive index was determined using the standard ISO 280:1998 [37] (similary
to AFNOR NF T 75-112), for which a refractometer (model ABBE, BOECO, Hamburg,
Germany) was used. An automatic polarimeter (Mrc-P810, MRC, Holon, Israel) was
used to measure the optical rotation of the EO according to the standard ISO 592:1998.
All measurements were taken at 20 ◦C.

4.7. Identification of the Chemical Constituents of the Essential Oil
4.7.1. Quantitative and Qualitative Analysis

The dentification of the chemical constituents of the essential oil was carried out
using an Agilent gas chromatograph (GC) (6890N series, Agilent Technologies, Santa
Clara, CA, USA). For the quantitative analysis gas chromatograph was equipped with
a flame ionization detector (FID) and for qualitative analysis gas chromatograph was
coupled to a mass spectrometer (quadrupole) detector (MS) (model Agilent 5973 inert
series, Agilent Technologies, Santa Clara, CA, USA). The GC-FID and GC-MS analyses
were performed according to the procedure described by Valarezo et al. [35]. The injection
of the samples was carried out by an automatic injector (Agilent 7683 automatic liquid
sampler, Agilent Technologies, Santa Clara, CA, USA) in split mode. Chromatographic runs
were performed using a nonpolar and a polar column. The nonpolar was an Agilent J&W
DB-5ms Ultra Inert GC column with stationary phase 5%-phenyl-methylpolyxilosane and
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the polar was an Agilent J&W HP-INNOWax GC column with stationary phase polyeth-
ylene glycol. Both columns with a length of 30 m, an outer diameter of 0.25 mm and a
stationary phase thickness of 0.25 μm. Identification of the EO compounds was based on
a comparison of relative retention indices (RIs) and mass spectra data with those of the
published literature [38,39] according as described by Valarezo et al. [36].

4.7.2. Enantioselective Analysis

The enantiomeric distribution was performed using an enantioselective column with
stationary phase 2,3-diethyl-6-tert-butyldimethylsilyl-β-cyclodextrin. The chromatographic
run was performed with a temperature ramp of 2 ◦C/min from 50 ◦C (maintained for 2 min)
to 220 ◦C (maintained for 2 min) in an Agilent gas chromatograph (model 6890N series,
Agilent Technologies, Santa Clara, CA, USA) coupled to a mass spectrometer (quadrupole)
detector (model Agilent 5973 inert series, Agilent Technologies, Santa Clara, CA, USA). The
injection of enantiomerically pure standards was used to determine the order of elution of
the enantiomers.

4.8. Evaluation of Antibacterial Activity

The antibacterial activity of the essential oil from chirimoya leaves was assessed
against Gram-negative and Gram-positive bacteria (Table 4) by the microdilution broth
method according to the procedure described by Valarezo et al. [40]. The bacterial strains
were incubated in Müeller-Hinton (MH) broth. Tetracycline was used as a positive control
and DMSO was used as a negative control. Results are reported as minimum inhibitory
concentration (MIC).

For Campylobacter jejuni (ATCC 33560) the broth microdilution method was carried
out according to Valarezo et al. [40] with some specific requirements as described briefly.
Fluid thioglycollate medium was used for reactivation of the strain, supplemented with
5% of Horse serum. An aliquot of a cryogenic reserve was resuspended in thioglycollate
and incubated for 48 h at 37 ◦C in a microaerophilic atmosphere provided by an Oxoid
CampyGen (2.5 L sachet). Sample solutions were made by dissolving 80 mg of EO in 1 mL
of DMSO. Two-fold serial dilutions were employed to obtain decreasing concentrations of
EO from 4000 to 31.25 μg/mL and cation-adjusted Muller Hinton II broth (pH 7.3) with 5%
lyssed horse blood [41] as media for the antibacterial assay. The inoculum was prepared
from thioglycollate culture and adjusted to 0.5 McFarland. Final concentration of bacteria
was 5 × 105 CFU/mL. The microplate was incubated for 48 h at 37 ◦C in microaerophilic
atmosphere (5% CO2, Oxoid CampyGen). Erythromycin was used as positive control with
a MIC value of 15.65 μg/mL and DMSO as negative control. MIC was determined by
visual examination of growth and through addition of a 1% solution of TTZ as bacterial
viability indicator after incubation time to confirm the visual results. A blank with the same
range of concentrations of EO was prepared simultaneously and measurements at 405 nm
were made to discard reduction of TTZ by contamination. Optical density (OD) for TTZ
reduction was measured in a microplate reader (EPOCH 2, BioTek, Winooski, VT, USA).

4.9. Antioxidant Capacity
4.9.1. DPPH Radical Scavenging Capacity

The DPPH assay was performed using 2,2-diphenyl-1-picrylhydryl free radical (DPPH•)
based on the technique described by Brand Williams et al. [42] and Thaipong et al. [43]
according to what was described by Valarezo et al. [33]. The concentrations of the EO
from A. cherimola leaves used were 1000, 800, 600, 450, 300, 150 and 25 ppm. Trolox was
used as a positive control and methanol as a blank control. The samples were evaluated
in a UV spectrophotometer (Genesys 10S UV.Vis Spectrophotometer, Thermo Scientific,
Waltham, MA, USA) at a wavelength of 515 nm. The percentage of scavenging capacity
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was calculated according to Equation (2). SC50 is the EO concentration that provided 50%
DPPH• scavenging effect.

SC(%) =
(AEO − AMeOH)

AEO
∗ 100 (2)

where AEO is the absorbance of DPPH• mixed with EO and As is absorbance of DPPH
mixed with methanol.

4.9.2. ABTS Radical Cation Scavenging Capacity

The ABTS assay was performed using 2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic
acid radical cation (ABTS•+) according to the procedure report by Arnao et al. [44] and
Thaipong et al. [43], as described by Valarezo et al. [33]. The concentrations of the essential
oil from A. cherimola used were 1000, 500, 250, 100, 50 and 25 ppm. The samples were
evaluated in a UV spectrophotometer (Genesys 10S UV.Vis Spectrophotometer, Thermo
Scientific, Waltham, MA, USA) at a wavelength of 734 nm. Deionized water was used as
a blank control and trolox was used as a positive control. The percentage of scavenging
capacity was calculated according to equation.

Sc(%) =
(ASO − ASA)

ASA
∗ 100 (3)

where ASO is the absorbance of ABTS•+ with solvent mixture and Ai is the absorbance
after reaction of ABTS•+ with the sample.

4.10. Anticholinesterase Activity

The AChE inhibitory effect was measured based on the methodology designed by
Ellman, et al. [45], with slight modifications as suggested by Rhee, et al. [46], as previously
described by Valarezo et al. [33]. The inhibition of AChE was detected after the addition
of Acetylthiocholine as the enzyme substrate and several concentrations of EO dissolved
in MeOH. The enzyme reaction was monitored in a microplate reader (EPOCH 2, BioTek,
Winooski, VT, USA) at 405 nm for 60 min. Final concentrations of 1000, 100, and 10 μg/mL
of the EO in MeOH were prepared to assess the enzyme inhibition. The assay was carried
out by triplicate in 96-well microplates. Donepezil was used as positive control. The
IC50 value was calculated from the progression curve with the Graph Pad Prism software
(v8.0.1.5., Graph Pad, San Diego, CA, USA)

4.11. Statistical Analysis

All procedures were repeated three times, except for the biological activity, which was
repeated nine times. Microsoft Excel was used to collect the data and Minitab 17 (Version
17.1.0., Minitab LLC., State College, PA, USA) was used to calculate the measures of central
tendency. The results are expressed as mean values.

5. Conclusions

Enantiomeric distribution, antibacterial activity against Campylobacter jejuni, antiox-
idant and anticholinesterase activities of the essential oil from Annona cherimola leaves
were determined for the first time, in addition, the chemical composition and physical
properties of this essential oil was studied. This research contributes to our knowledge
about native species of Ecuador. The results obtained in this study motivate us to carry out
new investigations in endemic and native species of this megadiverse country.
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Abstract: The integration of green natural chemical resources in agricultural, industrial, and phar-
maceutical applications allures researchers and scientistic worldwide. Cleome amblyocarpa has been
reported as an important medicinal plant. However, its essential oil (EO) has not been well studied;
therefore, the present study aimed to characterize the chemical composition of the C. amblyocarpa,
collected from Egypt, and assess the allelopathic, antioxidant, and anti-inflammatory activities
of its EO. The EO of C. amblyocarpa was extracted by hydrodistillation and characterized via gas
chromatography–mass spectrometry (GC-MS). The chemometric analysis of the EO composition
of the present studied ecospecies and the other reported ecospecies was studied. The allelopathic
activity of the EO was evaluated against the weed Dactyloctenium aegyptium. Additionally, antioxidant
and anti-inflammatory activities were determined. Forty-eight compounds, with a prespondence
of sesquiterpenes, were recorded. The major compounds were caryophyllene oxide (36.01%), hex-
ahydrofarnesyl acetone (7.92%), alloaromadendrene epoxide (6.17%), myrtenyl acetate (5.73%),
isoshyobunone (4.52%), shyobunol (4.19%), and trans-caryophyllene (3.45%). The chemometric anal-
ysis revealed inconsistency in the EO composition among various studied ecospecies, where it could
be ascribed to the environmental and climatic conditions. The EO showed substantial allelopathic
inhibitory activity against the germination, seedling root, and shoot growth of D. aegyptium, with
IC50 values of 54.78, 57.10, and 74.07 mg L−1. Additionally, the EO showed strong antioxidant
potentiality based on the IC50 values of 4.52 mg mL−1 compared to 2.11 mg mL−1 of the ascorbic
acid as standard. Moreover, this oil showed significant anti-inflammation via the suppression of
lipoxygenase (LOX) and cyclooxygenases (COX1, and COX2), along with membrane stabilization.
Further study is recommended for analysis of the activity of pure authentic materials of the major
compounds either singularly or in combination, as well as for evaluation of their mechanism(s) and
modes of action as antioxidants or allelochemicals.

Keywords: phytotoxicity; environmental factors; volatile oils; Cleome genus; anti-inflammation
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1. Introduction

Wild plants are considered green factories for the synthesis of thousands of bioactive
compounds that have various biological activities and are integrated into the treatment
of various diseases, controlling weeds as biocides, as well as being used in agricultural,
industrial, and pharmaceutical applications [1]. The use of natural bioactive compounds
instead of synthetic chemicals fascinates scientists, researchers, and policymakers because
they are renewable, degradable, safe, and low toxic [2,3].

Essential oils (EOs) are the main constituents of the members of the plant kingdom [4].
Historically, EOs represented one of the main resources of significant pharmaceutical
and biological agents because of their complicated chemical composition, basically as
isoprenoids [5]. Many biological potentialities for EOs have been described as hepatopro-
tective, anticancer [4], antioxidant [6,7], anti-inflammatory [8], anti-aging [4], antipyretic [6],
and antimicrobial [9], in addition to allelopathy [10–12].

Cleome amblyocarpa Barr. & Murb. (Syns: Cleome arabica var. amblyocarpa (Barratte &
Murb.) Ozenda, Cleome africana Botsch., or Cleome daryoushiana Parsa) is a herbaceous plant
of the Cleomaceae family [13]. It is widely growing in sandy or stony habitats of desert
along with North Africa [14]. This plant has been used in folk medicine for the treatment
of various diseases such as diabetes and colic, as a stomachic therapy, rheumatic fever,
scabies, and inflammation [15]. Various bioactive compounds have been isolated from
C. amblyocarpa, such as flavonoids and glucosinolates [16], saponins [17], triterpenoids [18].
Therefore, this herb has been reported to possess various biological activities, including anti-
inflammatory [16], anti-COVID-19 [17], genotoxicity [9], antidiabetic and antioxidant [19],
and antimicrobial effects [20].

The EOs of several species of genus Cleome have been studied, such as C. droserifo-
lia [21], C. trinervia [22], C. monophylla [23], and C. serrata [24], C. coluteoides [25]. However,
few studies have dealt with the EO of C. amblyocarpa [26]. Additionally, and to the best of
our knowledge, the allelopathic activity of the EO of C. amblyocarpa has not been studied
before. Therefore, the present study aimed to (1) characterize the chemical composition
of the EO isolated from the Egyptian ecospecies of C. amblyocarpa, and (2) evaluate the
allelopathic activity, antioxidant, and anti-inflammatory activities of its EO.

2. Results and Discussion

2.1. EO Composition of C. amblyocarpa

The hydrodistillation of the air-dried powder of the above-ground parts of C. am-
blyocarpa yielded 0.38% (v/w) of golden-yellow oil. Depending upon the GC-MS analy-
sis (Figure 1), 48 compounds were characterized, representing 97.17% of the total mass
(Table 1). The Egyptian ecospecies of the present study yielded higher EO yield compared
to Iranian [27] and Saudi [28] ecospecies, which had 0.20 and 0.21%, respectively. This
variation in oil production could be ascribed to environmental, climatic, or genetic fac-
tors [5,6,29–31]. The term “ecospecies” means that species of the plant can be divided
into several ecotypes (a genetically distinct population of plants that is growing in a
particular habitat).
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Table 1. Chemical components of the essential oil of above-ground parts of Cleome amblyocarpa.

No. RT a RC b % Compound Name MF c KILit
d KIExp

e Identification f

Oxygenated monoterpenes
1 6.60 0.50 6-Camphenol C10H16O 1113 1113 KI, MS
2 8.94 0.13 Eucalyptol C10H18O 1031 1032 KI, MS
3 10.24 0.54 Camphor C10H16O 1146 1165 KI, MS
4 11.00 0.45 Isopulegol C10H18O 1149 1150 KI, MS
5 12.76 1.12 Borneol C10H18O 1169 1169 KI, MS
6 11.99 0.25 2-ethyl-exo-Fenchol C10H18O 1297 1299 KI, MS
7 26.43 5.73 Myrtenyl acetate C12H18O2 1326 1324 KI, MS

Sesquiterpenes hydrocarbons
8 16.34 0.13 Silphiperfol-5,7(14)-diene C15H22 1360 1361 KI, MS
9 17.28 0.98 α-Copaene C15H24 1376 1378 KI, MS
10 17.48 1.01 β-Maaliene C15H24 1380 1381 KI, MS
11 17.70 0.47 Berkheyaradulene C15H24 1388 1389 KI, MS
12 18.68 3.45 trans-Caryophyllene C15H24 1408 1410 KI, MS
13 18.79 0.29 Widdrene C15H24 1431 1430 KI, MS
14 19.22 0.46 β-Humulene C15H24 1438 1436 KI, MS
15 19.85 0.49 β-Farnesene C15H24 1442 1443 KI, MS
16 20.47 0.53 γ-Muurolene C15H24 1479 1477 KI, MS
17 20.78 0.23 ar-Curcumene C15H22 1480 1481 KI, MS
18 20.86 0.54 Valencene C15H24 1496 1496 KI, MS
19 20.94 0.65 α-Selinene C15H24 1498 1497 KI, MS
20 21.20 2.30 α-Muurolene C15H24 1500 1500 KI, MS
21 21.78 1.17 α-Bulnesene C15H24 1509 1510 KI, MS
22 22.00 1.02 γ-Cadinene C15H24 1513 1514 KI, MS
23 23.55 0.42 trans-Calamenene C15H22 1522 1520 KI, MS
24 32.80 1.01 α-Guaiene C15H24 1600 1601 KI, MS

Oxygenated sesquiterpenes
25 20.21 0.13 β-Cubebene C15H24O 1388 1389 KI, MS
26 21.53 1.53 trans-α-Bisabolene epoxide C15H24O 1506 1508 KI, MS
27 21.67 1.54 trans-Nerolidol C15H24O 1531 1533 KI, MS
28 23.17 4.52 Isoshyobunone C15H24O 1571 1570 KI, MS
29 23.48 0.66 Spathulenol C15H24O 1577 1579 KI, MS
30 23.78 36.01 Caryophyllene oxide C15H24O 1582 1584 KI, MS
31 24.22 0.86 Humulene oxide C15H24O 1608 1609 KI, MS
32 24.45 0.83 Junenol C15H26O 1619 1621 KI, MS
33 24.53 0.56 Citronellyl valerate C15H28O2 1625 1626 KI, MS
34 24.63 1.18 Nerolidol-epoxyacetate C17H28O4 1638 1637 KI, MS
35 24.88 0.38 tau-Cadinol C15H26O 1640 1639 KI, MS
36 25.34 6.17 Alloaromadendrene epoxide C15H24O 1641 1643 KI, MS
37 25.57 0.71 α-Eudesmol C15H26O 1653 1655 KI, MS
38 25.80 0.32 Aromadendrene oxide-(2) C15H24O 1678 1680 KI, MS
39 25.99 4.19 Shyobunol C15H24O 1688 1691 KI, MS
40 26.79 0.49 β-Santalol C15H24O 1738 1735 KI, MS
41 29.32 0.54 Xanthorrhizol C15H22O 1753 1752 KI, MS

Diterpenes hydrocarbons
42 33.47 0.22 Geranyl-α-terpinene C20H32 1874 1872 KI, MS

Oxygenated diterpenes
43 37.49 0.17 Phytol C20H40O 1942 1944 KI, MS

Carotenoid derived compounds
44 14.56 1.39 Theaspirane A C13H22O 1305 1307 KI, MS
45 14.87 1.64 Dihydroedulan II C13H22O 1318 1316 KI, MS

Apocarotenoid derived compounds
46 30.87 7.92 Hexahydrofarnesyl acetone C18H36O 1835 1837 KI, MS

Other compounds
47 13.87 1.16 p-Isopropyl-benzaldehyde C10H12O 1239 1240 KI, MS
48 38.11 0.18 9,12-Octadecadienoic acid C18H32O2 2085 2085 KI, MS

Total 97.17
a RT: Retention time. b RC: Relative concentration. c MF: Molecular formula. d KILit: Kovats retention index according to Adams (2017) on
a DB−5 column in reference to n-alkanes. e KIExp: Experimental calculated Kovats retention index. f EO constituent identification was
constructed via compound mass spectra (MS) and Kovats retention indices (KI) with those of Wiley spectral library collection and NIST
library databases.
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Figure 1. Chromatogram of the chemical compounds identified via GC-MS in the EO of Cleome
amblyocarpa above-ground parts. The major compound peaks are numbered (1–6).

In the EO of C. amblyocarpa, six classes of components were determined, compris-
ing oxygenated sesquiterpenes, sesquiterpenes hydrocarbons, oxygenated monoterpenes,
diterpenes hydrocarbons, oxygenated diterpenes, apocarotenoid-derived compounds,
carotenoid-derived compounds, and other compounds (Figure 2). These compounds
pooled as 81.80% oxygenated compounds and 15.37% as non-oxygenated compounds.
From overall mass, terpenoids represented the main constituents with a relative 84.88%
with a preponderance of sesquiterpenes (75.77%), a remarkable concentration of monoter-
penes (8.72%), and traces of diterpenes (0.39%). The abundance of terpenoids in the EO
of C. amblyocarpa was in agreement with the data reported for samples collected from
Iran [27] and the United Arab Emirates [26]. In contrast, the plurality of sesquiterpenes
was inconsistent with the Iranian C. amblyocarpa, in which diterpenoids were determined
as the major class [27], and C. amblyocarpa collected from the United Arab Emirates, in
which monoterpenes were the main constituents [26]. These significant variations of chem-
ical composition might be ascribed to environmental circumstances (such as temperature,
rainfall, soil factors, altitude, etc.) and genetic characteristics [11,30,32,33].

Figure 2. Concentrations of various identified classes of the chemical compounds of the Cleome
amblyocarpa EO (a) and the percentage of oxygenated and non-oxygenated compounds (b).
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Sesquiterpenes were assigned as the main components involving the oxygenated com-
pounds as majors (60.62%) in addition to a relative concentration of 15.15% of sesquiterpene
hydrocarbons. Out of the 16 identified oxygenated sesquiterpenes, caryophyllene oxide
(36.01%), alloaromadendrene epoxide (6.17%), isoshyobunone (4.52%), and shyobunol
(4.19%) represented the major compounds, whereas β-cubebene (0.13%) was the minor
compound. Caryophyllene oxide is a common major compound in several EOs derived
from plants such as Cullen plicata [34], Schinus polygamus [35], Curcuma sahuynhensis [36].
Caryophyllene oxide was documented as a minor compound in the EO of Iranian C. ambly-
ocarpa [27], and totally absent from the EO of C. amblyocarpa collected from the United Arab
Emirates [26], Tunisia [37], and Saudi Arabia [28]. On the other hand, trans-caryophyllene
(3.45%), and α-muurolene (2.30%) were found to be the main sesquiterpene hydrocarbons,
whereas silphiperfol-5,7(14)-diene (0.13%) was determined as a minor component. trans-
caryophyllene has been reported in trace amounts of the EO of the Iranian ecospecies of
C. amblyocarpa [27], whereas it is completely absent from the EO of Saudi [28], Emirati [26],
and Tunisian [37] ecospecies.

The oxygenated monoterpenes were represented by 8.72%, which contained seven
compounds, with myrtenyl acetate (5.73%) and borneol (1.12%) as major compounds. These
two compounds are totally absent from the other ecospecies of C. amblyocarpa [26–28,37].
On the other hand, low diterpene contents were determined and represented by two
compounds, geranyl-α-terpinene (0.22%) and phytol (0.17%). However, diterpenes were
absent from other ecospecies of C. amblyocarpa. In other species of Cleome genus, phytol was
reported in a high concentration such as C. monophylla [23], C. serrata [24], and C. serrata [38].

Carotenoid-derived compounds were determined in a concentration of 3.03%, that
represented only two compounds, dihydroedulan II (1.64%) and theaspirane A (1.39%).
Only one apocarotenoid-derived compound, hexahydrofarnesyl acetone, was identified
with a high relative concentration (7.92%), whereas it was completely absent from the
other reported ecospecies of C. amblyocarpa [26–28,37]. Hexahydrofarnesyl acetone is a
widely distributed major compound in the EOs of several plants such as Bassia muricata [10],
Heliotropium curassavicum [33], Hildegardia barteri [39], Trianthema portulacastrum [40].

Finally, traces of other non-terpenoid components were characterized including only
two compounds, p-isopropy-l-benzaldehyde (1.16%) and 9,12-octadecadienoic acid (0.18%).

2.2. Chemometric Analysis of the EOs from Different C. amblyocarpa Ecospecies

The chemometric analysis of the EO composition of the present studied C. amblyocarpa
and other reported ecospecies (Saudi, Iranian, Tunisian, and Emirati) was performed using
cluster analysis and PCA (Figure 3). The cluster analysis revealed substantial variations
among the studied ecospecies, and we can categorize them into three groups: group I
comprising the present Egyptian and Tunisian ecospecies, group II containing Emirati and
Iranian ecospecies, and finally the Saudi ecospecies separated alone as group III (Figure 3a).
Interestingly, the chemometric analysis revealed that the EO compositions of ecospecies
from the nearest countries were similar. This observation reflects the effect of environmental
and climatic factors [30,32,33].

However, the present studied C. amblyocarpa ecospecies showed a correlation with the
caryophyllene oxide, hexahydrofarnesyl acetone, and shyobunol, whereas the Tunisian
ecospecies showed a correlation with ethyl 3-methylpentanoate, 7-epi-silphiperfol-5-ene, α-
copaene, and 1,8-cineole (Figure 3b). The Saudi ecospecies was characterized by cis-dihydro
carvone, 2-methoxy-4-vinyl phenol, and cubebene heptanal.

2.3. Allelopathic Effect of the C. amblyocarpa EO

The EO of C. amblyocarpa showed significant allelopathic activity of the seed germination
(p < 0.05) as well as the shoot and root development of D. aegyptium in a dose-dependent
manner (Figure 4a). At the highest concentration (100 μg mL−1), the germination was
inhibited by 70.18%, whereas the seedling root and shoot were reduced by 75.88% and
61.87%, respectively. Based on the IC50 values, the root was more affected than the shoot,
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where the roots had an IC50 value of 57.10 μg mL−1, and the root attained 74.07 μg mL−1

(Figure 4b). Root has been reported to be more affected by allelochemicals than the shoot.
This observation was reported for many plant species such as Deverra tortuosa [41], Teucrium
polium [42], Calotropis procera [5], Ficus carica [43], and C. plicata [34]. This could be ascribed to
the direct contact of the root with the medium and the high permeability of root cells [34,44].

Figure 3. Chemometric analysis of various Cleome amblyocarpa ecospecies. (a) agglomerative hierar-
chical clustering (AHC), (b) and principal components analysis (PCA). (F1) and (F2) are factor 1 and 2.

Figure 4. Allelopathic activity of the EO from the above-ground parts of Cleome amblyocarpa on the
germination, root and shoot growth of Dactyloctenium aegyptium. (a) Various concentration and (b) IC50.
Different letters within each line mean values significantly different at p < 0.05 (Tukey’s HSD test).
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To the best of our knowledge, the allelopathic activity of the EO from C. amblyocarpa
has not been studied yet. However, the aqueous, hexane, chloroform, and methanol extracts
from C. amblyocarpa have been reported to inhibit lettuce germination and growth [45]. At
a concentration of 6 g L−1, ethyl acetate showed a complete inhibition of lettuce growth,
whereas Peganum harmala, Raphanus sativus, and Silybum marianum were more resistant. Ad-
ditionally, Ladhari et al. [46] identified some terpenoids and flavonoids from C. amblyocarpa,
where dammarane-type triterpenes showed strong allelopathic activity, and flavonoid
compounds exhibited <50% inhibition of the targeted species.

In our results, the allelopathic activity of C. amblyocarpa EO could be attributed to the
activity of a single or combination of the major identified compounds. Caryophyllene oxide
is reportedly a major compound of the EOs with substantial allelopathic activity such as
C. plicata [34], H. curassavicum [33], Acroptilon repens [47], Teucrium arduini, T. montbretii [48],
and Nepeta curviflora [49]. On the other hand, the EO from Launaea mucronata and L. nudi-
caulis showed the presence of hexahydrofarnesyl acetone as a major compound, where it
revealed significant allelopathic activity against the weed: Portulaca oleracea [30]. Addition-
ally, the EO of H. curassavicum had hexahydrofarnesyl acetone as the main compound, and
showed marked allelopathic activity on Chenopodium murale [33]. The major compound,
alloaromadendrene epoxide, in the EO of the present C. amblyocarpa has also been reported
as the main compound (7.32%) of the EOs from Lactuca serriola that showed allelopathic
activity against the weed Bidens pilosa [50]; however, in the EO of Calamintha nepeta, it did
not show significant allelopathic activity against Raphanus sativus, Lepidium sativum, Sinapis
arvensis, Triticum durum, and Phalaris canariensis [51]. This inconsistency could be attributed
to the resistance of the weeds and shows that allelochemicals are species-specific [52].

Generally, the oxygenated terpene compounds have been reported to possess allelo-
pathic activity compared to the non-oxygenated compounds [6]. In the present study,
the EO of C. amblyocarpa was very rich in oxygenated compounds (81.80%), which could
explain the notable allelopathic activity.

2.4. Antioxidant Activity of C. amblyocarpa EO

The activity of C. amblyocarpa EO in the reduction in the DPPH revealed significant
antioxidant activity in a dose-dependent manner (Figure 5). At the lowest concentration of
the EO (10 mg mL−1), the EO showed a 15.28% scavenging activity of the DPPH, whereas
at the highest concentration (100 mg mL−1), the antioxidant activity was reduced by 3.7-
fold of the lowest concentration of the EO. Based on the IC50, the C. amblyocarpa EO had
a value of 4.52 mg mL−1 compared to 2.11 mg mL−1 of the ascorbic acid as a standard
antioxidant. The antioxidant activity of EOs in the present study were lower than those
reported from Tunisian ecospecies [37]. This could be ascribed to the variation in the EO
chemical compositions (Table 1).

The free radical scavenging activities of plant extracts and/or EOs were directly
correlated with the concentration of the oxygenation of their constituents due to the increase
in the free electrons [53]. The present data revealed 81.08% of oxygenated compounds,
which means that a wealth of free electrons can act to diminish free radicals in the evaluation
reaction. More specifically, the activity of this EO may be attributed to the activity of major
compounds, either singularly or in synergy. Caryophyllene oxide has been reported to
possess antioxidant activity [34]. EOs rich in hexahydrofarnesyl, such as B. muricata [10]
and H. curassavicum [33], showed substantial antioxidant activity. The EO extracted from
L. serriola has been reported to be rich in alloaromadendrene epoxide and isoshyobunone,
where it expressed strong antioxidant activity [50].
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Figure 5. Antioxidant activity of the EO from the above-ground parts of Cleome amblyocarpa. Different
letters of the line mean values significant at p < 0.05 (Tukey’s HSD test).

2.5. Anti-Inflammatory effect of C. amblyocarpa EO

For the first time, the anti-inflammatory of EO of C. amblyocarpa has been evaluated
via inhibition of the enzymes, lipoxygenase (LOX), cyclooxygenases (COX1, and COX2),
as well as membrane stabilization. The results presented in Figure 6 revealed that the
EO exhibited a significant anti-inflammatory action via the inhibition of LOX, COX1, and
COX2 with respective IC50 values of 1.67, 12.77, 13.43 μg mL−1, whereas ibuprofen showed
inhibition with IC50 values of 1.53, 10.26, and 12.71μg mL−1, respectively. Additionally, the
EO significantly inhibited the lysis of the hypotonic solution of the RBCs at an IC50 value of
15.25 μg mL−1, compared with indomethacin which presented a result of 14.34 μg mL−1.
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Figure 6. The anti-inflammatory activity of the EO of Cleome amblyocarpa, based on membrane
stabilizing, and the inhibition of lipoxygenase (LOX) and cyclooxygenase (COX1 and COX 2).
(ns) non-significant, * p < 0.05, ** p < 0.01 (two-tailed t-test). Data are mean values ± standard
error (n = 4).

These data revealed that this EO has potent anti-inflammatory potentialities com-
parable with the two reference drugs, ibuprofen, and indomethacin, especially via the
inhibition of lipoxygenase (LOX) and cyclooxygenase (COX1). This capability of EO for
the inhibition of inflammations might be directly ascribed to the terpenoid contents as the
main components (84.88%) [54]. Terpenoids represented major components of many of
the documented plants with significant anti-inflammatory potentialities such as Araucaria
heterophylla [8], Ocimum basilicum [55], and Limnophila indica [56].

Many studies have deduced that volatile sesquiterpene compounds have a potent
anti-inflammation role in in vivo and in vitro models, especially caryophyllene and its
oxide form [57]. Chavan et al. [58] described that the caryophyllene oxide, isolated from
Annona squamosa, has significant in vivo anti-inflammatory activity. EO derived from Cordia
verbenacea as well as its active constituent, caryophyllene, were demonstrated to exhibit
strong anti-inflammatory activity was discussed with regard to their interfering with the
production of TNF-α [59]. Moreover, Medeiros et al. [60] described that trans-caryophyllene
showed potent anti-inflammatory in rats by significantly decreasing the migration of
neutrophils as well as increasing the NF-κB-induced stimulation by lipopolysaccharides.

The EO of Sardinian Santolina corsica has been reported to contain a remarkable
content of aromadendrene derivatives that exhibit a significant anti-inflammatory [61]. The
enriched EO of Algerian Myrtus communis with myrtenyl acetate (38.7%) was shown to
reduce the mice’s inflammation and paw edema at a concentration of 100 mg/kg [62]. In
addition to these significant roles of the main components, the other compounds were
expected to have an important contribution via synergetic effects [8]. Based upon all these
reported data, it is very clear that the present data agree with the previously documented.
Additionally, the present results could be attributed to the prevalence of sesquiterpenes,
especially trans-caryophyllene and caryophyllene oxide.
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3. Materials and Methods

3.1. Plant Materials

Composite samples of the above-ground parts of the flowering C. amblyocarpa were
collected in May 2018 from Wadi Hajoul, eastern desert, Egypt (29◦57′51.2′′ N 32◦08′57.9′′ E).
The flowering plant was presented in Figure 7 The samples were collected from two
populations in plastic bags, transferred to the laboratory, air-dried in a shaded place
at room temperature for seven days, crushed into powder, and stored in paper bags
until further analysis. The plant was identified according to [63,64]. A herbarium sheet
(Mans.030301002) was prepared and deposited in the Herbarium of Botany Department,
College of Science, Mansoura University, Egypt.

 

Figure 7. Cleome amblyocarpa Barratte & Murb. (a) Whole flowering plant, (b) enlarged flowering
branch, and (c) enlarged fruiting branch. Photos were taken by Dr. Yasser El-Amier during spring of
the year 2018 in Wadi Hajoul, eastern desert, Egypt.

3.2. EO Extraction Analysis and Characterization

The EO chemical compositions of the two extracted EO samples were analyzed and
identified separately by gas chromatography–mass spectrometry (GC-MS), as described in
our previous publication [65].

3.3. Allelopathic Bioassay

The allelopathic activity of the extracted EO from the above-ground parts of C. ambly-
ocarpa was evaluated in vitro against the weed, Dactyloctenium aegyptium. The ripe seeds of
the weed were collected from a cultivated field near Gamasa city, northern Mediterranean
coast, Egypt (31◦26′19.3′′ N 31◦34′12.9′′ E). The uniform seeds were surface-sterilized with
sodium hypochlorite (0.3%), rinsed with distilled sterilized water, and dried under sterile
conditions [34]. To test the allelopathic activity, serial concentrations (10–100 μg mL−1)
of the EO were prepared using 1% polysorbate 80 (Sigma-Aldrich, Darmstadt, Germany)
as an emulsifier. In a Petri plate, 20 sterilized seeds of D. aegyptium were arranged over
wetted Whatman filter paper (Sigma-Aldrich, Darmstadt, Germany), either with each
concentration or polysorbate 80 (as positive control). The plates were sealed with Parafilm®

tape (Sigma, St. Louis, MO, USA) and kept in a growth chamber adjusted at 25 ◦C.
The plates were checked every day, and after 7 days, the number of germinated seeds

was counted, and the lengths (mm) of seedling roots and shoots were measured. The
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inhibition of the germination, root growth, and shoot growth of seedlings was calculated
according to the following equation:

Inhibition (%) = 100 ×
(

Number/Lengthcontrol − (Number/Lengthtreatment)

Number/Lengthcontrol

)
(1)

Additionally, the IC50, which is the concentration of the EO required for 50% inhibition
of seed germination or seedling growth, was calculated by linear regression of the inhibition
values versus various EO concentrations using MS-EXCEL 2016.

3.4. Antioxidant Activity

The antioxidant activity of the EO from C. amblyocarpa was estimated based on its
ability to reduce the stable radical, 2,2-diphenyl-1-picrylhydrazyl (DPPH). According to
the method of Miguel [66], a reaction mixture of an equal volume of 0.3 mM of freshly
prepared DPPH and serial concentrations (10–100 mg mL−1) of the EO or ascorbic acid as
standard was prepared and well shaken. The mixture was incubated in dark conditions
at room temperature (25 ± 2 ◦C) for 30 min. The absorbance was measured at 517 nm
using a spectrophotometer (Spectronic 21D model). The scavenging activity was estimated
according to the following equation:

Scavengingactivity(%) = 100 ×
(

1 − Absorbancesample

Absorbance control

)
(2)

The IC50, which is the concentration of the EO required to reduce the color of the
DPPH by 50%, was calculated graphically by linear regression using MS-EXCEL 2016.

3.5. Anti-Inflammatory Activity Estimation

The anti-inflammatory activity of the EO from the above-ground parts of C. amblyocarpa
was evaluated by assessing the in vitro membrane stabilizing, and inhibition of lipoxygenase
(LOX, EC: 1.13.11.12) and cyclooxygenase (COX1 and COX 2, EC: 1.14.99.1) enzymes.

3.5.1. Membrane Stabilization Inhibition Assay

The membrane-stabilizing activity of the samples was assessed using hypotonic
solution-induced erythrocyte (RBCs) hemolysis [67]. For the preparation of erythrocyte
suspension, whole blood was obtained with heparinized syringes from rats through cardiac
puncture. The blood was washed three times with isotonic buffered solution (154 mM
NaCl) in 10 mM sodium phosphate buffer (pH 7.4) and immediately centrifuged for 10 min
at 3000× g. The test sample consisted of stock erythrocyte suspension (0.5 mL), 5 mL
of hypotonic solution (50 mM NaCl), and the C. amblyocarpa EO (7.81–1000 μg mL−1 in
ethanol) or indomethacin (as a standard drug). The control sample consisted of 0.5 mL of
stock erythrocyte suspension and hypotonic-buffered saline solution alone. The mixtures
were incubated for 10 min at room temperature (25 ± 2 ◦C) and centrifuged for 10 min at
3000× g. In 96-well plates, the absorbance of the supernatant was measured at 540 nm. The
percentage inhibition of hemolysis or membrane stabilization were calculated according to
the modified method described by Shinde et al. [67] as follows:

Inhibition % = 100 × [(Acontrol − Atreatment) ÷ Acontrol] (3)

where Acontrol is the absorbance control, and Atreatment is the absorbance treatment.
The IC50 value was defined as the concentration of the EO required to inhibit 50%

of the RBC hemolysis under the assay conditions. It was calculated graphically by linear
regression of the inhibition values of different concentrations using MS-EXCEL 2016.

3.5.2. Lipoxygenase (LOX) Inhibition Assay

The activity of the C. amblyocarpa EO on the inhibition of the LOX enzyme (type I-B)
was determined according to Granica et al. [68], with slight modifications. Briefly, in 96-well
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plates, 100 μL of soybean (Glycine max) LOX solution (1000 U/mL in borate buffer solution,
pH 9) and 200 μL of borate buffer were mixed together with various concentrations of either
EO (to a final concentration range of 0.98–125 μg mL−1) or ibuprofen as a reference drug.
Samples were pre-incubated with 100 μL of linoleic acid (substrate) to initiate the reaction
and then were incubated at 25 ◦C for 15 min. The absorbance increase was measured
at 234 nm using a microplate reader (BioTek Instruments Inc., Winooski, VT, USA). The
inhibition percentage and IC50 were calculated as previously mentioned in the membrane
stabilization inhibition assay.

3.5.3. Cyclooxygenase (COX 1 and COX 2) Inhibition Assay

The COX activity was monitored as a result of the oxidation reaction of N,N,N,N-
tetramethyl-p-phenylenediamine (TMPD) with arachidonic acid according to the protocol
of Petrovic and Murray [69], with slight modifications. The activity of the EO or ibuprofen
as a reference drug at a concentration range of 0.98–125 μg mL−1 was determined by
monitoring the absorbance of TMPD oxidation reaction with arachidonic acid at 611 nm
using a microplate reader (BioTek Instruments Inc., Winooski, VT, USA). The inhibition
percentage and IC50 were calculated as previously mentioned in the membrane stabilization
inhibition assay.

3.6. Treatment of Data

The experiment of allelopathic bioassay was repeated three times with five replicas
per each treatment. The data were subjected to one-way ANOVA followed by Tukey’s
HSD at the probability level of 0.05 using CoStat software program, version 6.311 (http:
//www.cohort.com, CoHort, Monterey, CA, USA, 1 April 2017). Additionally, the antioxidant
scavenging data were subjected to one-way ANOVA followed by Tukey’s HSD. The data of
anti-inflammatory activity were compared using paired two-tailed t-tests using the XLSTAT
2018 program (https://www.xlstat.com/en/, Addinsoft Inc., New York, NY, USA, 15 January
2018). Chemometric analysis of the EO compositions of the studied Egyptian ecospecies
in the present study and four other studied ecospecies collected from Saudi Arabia [28],
Tunisia [37], Iran [27], and the United Arab Emirates [26] was performed via cluster analysis
(agglomerative hierarchical clustering (AHC) and principal components analysis (PCA). We
constructed a matrix of 65 compounds, from six samples of C. amblyocarpa, with a concentration
>2%. The matrix was subjected to AHC and PCA using the XLSTAT 2018 program (https:
//www.xlstat.com/en/, Addinsoft Inc., New York, NY, USA, 15 January 2018).

4. Conclusions

For the first time, the analysis of the EO from the above-ground parts of the Egyptian
ecospecies of C. amblyocarpa revealed the presence of 48 compounds, with a prevalence of
sesquiterpenes. Caryophyllene oxide, hexahydrofarnesyl acetone, alloaromadendrene
epoxide, myrtenyl acetate, isoshyobunone, shyobunol, and trans-caryophyllene have
been identified as major compounds. The chemometric analysis of the presently stud-
ied ecospecies and other reported ecospecies revealed significant variation in the EO
composition that could be ascribed to variation in the environmental and climatic condi-
tions. EO showed substantial allelopathic inhibitory activity against the weed D. aegyptium,
reflecting the potentiality of using this EO as an eco-friendly bioherbicide. Additionally,
the EO showed significant antioxidant and anti-inflammatory activities. Further studies
are recommended for evaluation (i) of anti-inflammatory effects of the C. ambliocarpa EO
on an in vitro cell model (ex. RAW 264.7 cells); and (ii) the antioxidant, anti-inflammatory,
and allelochemical activities along with the possible modes of action of the pure samples
of the main EO compounds either singularly or in combination.
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Abstract: Herbicides are natural or synthetic chemicals used to control unwanted plants (weeds).
To avoid the harmful effects of synthetic herbicides, considerable effort has been devoted to find-
ing alternative products derived from natural sources. Essential oils (EOs) from aromatic plants
are auspicious source of bioherbicides. This review discusses phytotoxic EOs and their chemical
compositions as reported from 1972 to 2020. Using chemometric analysis, we attempt to build a
structure-activity relationship between phytotoxicity and EO chemical composition. Data analy-
sis reveals that oxygenated terpenes, and mono- and sesquiterpenes, in particular, play principal
roles in the phytotoxicity of EOs. Pinene, 1,8 cineole, linalool, and carvacrol are the most effective
monoterpenes, with significant phytotoxicity evident in the EOs of many plants. Caryophyllene and
its derivatives, including germacrene, spathulenol, and hexahydrofarnesyl acetone, are the most
effective sesquiterpenes. EOs rich in iridoids (non-terpene compounds) also exhibit allelopathic
activity. Further studies are recommended to evaluate the phytotoxic activity of these compounds
in pure forms, determine their activity in the field, evaluate their safety, and assess their modes
of action.

Keywords: allelopathy; bioherbicides; volatile oils; terpenes; aromatic plants

1. Introduction

Humans have been cultivating plants for nearly 10,000 years ago. Today, any plant
growing where it is not wanted is defined as a weed. Weeds represent an important
constraint to agricultural production [1]. Weeds represent approximately 0.1% of the
world’s flora and they evolve with agricultural practices. Weeds can cause declines in
crop yields via competition for resources such as light, water, space, and nutrients, and by
producing chemical weapons known as allelopathic compounds [2]. Weed management is
achieved using several techniques to limit infestation and minimize competition. These
techniques evolved to mitigate crop yield losses, but weed control is typically used only
after a problem has been identified.
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Scientists and researchers address weed control through physical, chemical, and bio-
logical methods. Controlling weeds in an environmentally friendly way is often considered
a challenge. Natural resources offer new approaches to producing eco-friendly, and safe
bioherbicides that are effective against nuisance weeds. Plants produce the essential oils
(EOs) in their various organs as a complex mixture of secondary metabolites such as
mono-, sesquit-, and di-terpenoids in addition to hydrocarbons [3,4]. In plants, EOs were
biosynthesized via different isoprenoid pathways such as methylerythritol phosphate
(MEP) pathway and mevalonic acid (MVA) pathway [5]. The EOs have been described
as potent biological agents such as phytotoxic [6–9], antimicrobial [10], anti-inflammatory,
antipyretic [11], antiulcer [12], and hepatoprotective [13]. The bioactivities potential of
EOs are directly correlated with the quality and quantity of their chemical constituents [6].
Many studies have been performed using the extracted EOs from various plants as phyto-
toxic chemicals (allelochemicals), where the phytotoxicity is usually correlated to the whole
EO profile that contained a mixture of compounds. However, the activity of the EO could
be ascribed to a specific compound(s) in the EO. Therefore, in the present review, we try to
elucidate a framework of the most frequent and major allelochemicals that were identified
in the EOs with a substantial phytotoxic activity using chemometric tools. Additionally,
the activities of the authentic identified major compounds are discussed.

2. Materials and Methods

This review focuses on reports of EOs from plants that exhibit phytotoxic activity
published between 1972 and early 2020, using Google, Sci-finder, Google Scholar, PubMed,
Elsevier, and Springer databases. Based on the major compounds (those constituting > 5%
of the total mass of the EO), the plants were categorized into three groups; mono-, sesqui-,
and non-terpenoid–rich compounds. Firstly, the database of EOs rich in monoterpenes
derived from plants comprised 46 species belonging to 12 botanical families, including
Lamiaceae (18 species), Myrtaceae (nine species), Asteraceae (eight species), Anacardiaceae
(three species), and Cannabaceae, Euphorbiaceae, Monimiaceae, Pinaceae, Poaceae, Verbe-
naceae, Winteraceae, and Apiaceae (a single species each). Additionally, the EOs of these
plants were tested against 49 plant species.

Secondly, the plant EOs rich in sesquiterpenes from 25 plant species belonging to eight
botanical families were studied. The most represented botanical families were Lamiaceae
and Asteraceae (nine plant species each), while Anacardiaceae, Boraginaceae, Fabaceae,
Myrtaceae, Simaroubaceae, Verbenaceae, and Chenopodiaceae were represented by a single
species. All the EOs of these plants were investigated against 13 plant species. Thirdly,
six plant EOs rich in non-terpenoid compounds were identified belonging to Lamiaceae
(three species), Apiaceae (two), and Cucurbitaceae (one), were tested against 17 plants.

To assess the correlation of EOs phytotoxic activity and structural compounds, a data
matrix of each group was performed as a spreadsheet in MS-EXCEL. A matrix of 42 ma-
jor monoterpene compounds from 45 plant species was assembled, while a matrix of
26 sesquiterpene compounds, identified in the EOs of 22 plant species was prepared.
These matrices were subjected to PCA using XLSTAT software version 14 (Addinsoft,
New York, NY, USA).

3. Phytotoxic EOs Derived from Plants Rich in Monoterpenes

The EOs from different plant species with monoterpenes as the main compounds that
exhibited significant phytotoxic activity against various target plant species are presented
in Table 1. Zhang, et al. [14] concluded that monoterpene-rich EOs derived from Euca-
lyptus salubris, E. dundasii, E. spathulata, and E. brockwayii strongly inhibited germination
and seedling growth in Solanum elaeagnifolium relative to commercial Eucalyptus oil and
1,8-cineole. Moreover, the EO of E. salubris was found to be the most powerful inhibitor of
germination and roots and shoot growth, while E. spathulata exhibited the lowest effect [14].
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Table 1. Monoterpene-rich EOs derived from various reported plants with significant allelopathic activity.

Plant Name Main Monoterpenoid Compounds Phytotoxic against Reference

Euphorbia heterophylla 1,8-cineole, camphor, Cenchrus echinatus * [6]

Symphyotrichum squamatum β-pinene Bidens pilosa * [15]

Salvia sclarea l-linalool, linalyl acetate, α-terpineol,
and geraniol

Lactuca sativa, Lepidium sativum,
and Portulaca oleracea *

[16]

Schinus terebinthifolius 3-carene, α-pinene, limonene,
and β-pinene

Bidens pilosa * [17]

Cannabis sativa myrcene, terpinolene,
and (E)-β-ocimene

Avena sativa, Zea mays, Brassica
oleracea, Avena fatua *, Bromus
secalinus *, Echinochloa
crus-galli *, Amaranthus retroflexus *,
Centaurea cyanus *

[18]

Callistemon viminalis 1,8-cineole α-pinene, and d-limonene Bidens pilosa *, Cassia occidentalis *,
Echinochloa crus-galli *, and Phalaris
minor *

[19]

Cymbopogon citratus neral, geranial, and α-pinene Sinapis arvensis * [20]

Eucalyptus cladocalyx 1.8-cineole, and p-cymene

Origanum vulgare carvacrol, γ-terpinene, and p-cymene

Artemisia absinthium β-thujone, and linalool

Cymbopogon citratus neral, geranial, and β-myrcene Echinochloa crus-galli * [21]

Origanum acutidens carvacrol, p-cymene, linalool acetate Amaranthus retroflexus *,
Chenopodium album *, and Rumex
crispus *

[22]

Eriocephalus
africanus

carvacrol, p-cymene, linalool acetate Amaranthus hybridus * and Portulaca
oleracea *

[23]

Vitex agnus-castus 1,8-cineole, sabinene, and α-pinene Lactuca sativa and Lepidium sativum [24]

Thymus daenensis thymol, carvacrol, and p-cymene Amaranthus
retroflexus *, Avena fatua *, Datura
stramonium *, and Lepidium sativum

[25]

Thymus eigii thymol, carvacrol, p-cymene,
γ-terpinene, and borneol

Lactuca sativa, Lepidium sativum,
and Portulaca oleracea *

[26]

Thymbra spicata carvacrol, γ-terpinene, p-cymene Triticum aestivum, Zea mays, Lactuca
sativa, Lepidium sativum,
and Portulaca oleracea *

[27]

Nepeta flavida linalool, 1,8-cineole, and sabinene Lepidium sativum, Raphanus sativus,
and Eruca sativa

[28]

Heterothalamus psiadioides β-pinene, δ3-carene, and limonene Lactuca sativa and Allium cepa [29,30]

Salvia hierosolymitana α-pinene, myrtenol, and sabinyl
acetate,

Raphanus sativus and Lepidium
sativum

[31]

Artemisia scoparia p-cymene, β-myrcene,
and (+)-limonene

Achyranthes aspera,
Cassia occidentalis *, Parthenium
hysterophorus *, Echinochloa crus-galli
*, and Ageratum conyzoides *

[32]

Eucalyptus grandis α-pinene, γ-terpinene, and p-cymene Lactuca sativa [33]

Eucalyptus citriodora β-citronellal, geraniol, and citronellol

Plectranthus
amboinicus

carvacrol Lactuca sativa and Sorghum bicolor [34]
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Table 1. Cont.

Plant Name Main Monoterpenoid Compounds Phytotoxic against Reference

Pinus brutia α-pinene, and β-pinene Lactuca sativa, Lepidium sativum,
and Portulaca oleracea *

[35]

Pinus pinea limonene, α-pinene, and β-pinene Sinapis arvensis *, Lolium
rigidum *, and Raphanus
raphanistrum *

[36]

Cotinus coggyria
Scop.

α-pinene, limonene, and β-myrcene Silybum marianum *, and Portulaca
oleracea *

[37]

Zataria
multiflora

carvacrol, linalool and p-cymene Hordeum spontaneum *, Secale cereale
*, and Amaranthus retroflexus *,
and Cynodon dactylon *

[38]

Mentha × piperita menthol, mentone, and menthofuran Lycopersicon esculentum, Raphanus
sativus, Convolvulus arvensis *,
Portulaca oleracea *, and Echinochloa
colonum *

[39]

Hyssopus officinalis β-pinene, iso-pinocamphone, and,
trans-pinocamphone

Raphanus sativus, Lactuca sativa,
and Lepidium sativum

[40]

Lavandula angustifolia β-pinene, iso-pinocamphone,
and trans-pinocamphone

Majorana hortensis 1,8-cineole, β-phellandrene,
and α-pinene

Melissa officinalis (-)-citronellal, carvacrol,
and citronellol

Ocimum basilicum linalol, and borneol

Origanum vulgare o-cymene, carvacrol, and linalyl
acetate

Salvia officinalis trans-thujone, camphor, and borneol

Thymus vulgaris o-cymene, and α-pinene

Verbena officinalis isobornyl formate , and (E)-citral

Shinus molle β-phellendrene, α-phellendrene,
and myrcene

Triticum aestivum [41]

Syzygium aromaticum eugenol, and eugenol acetate Mimosa pudic *a and Senna obtusifolia
*

[42]

Peumus boldus ascaridole, p-cymene and 1,8-cineole Amaranthus hybridus * and Portulaca
oleracea *

[43]

Drimys winterii terpinen-4-ol, γ-terpinene,
and sabinene

Agastache rugosa d-limonene, and linalool Majorana hortensis *, Trifolium repens
*, Rudbeckia hirta, Chrysanthemum
zawadskii, Melissa officinalis *,
Taraxacum platycarpum *, and Tagetes
patula

[44]

Eucalyptus lehmanii 1,8-cineole, α-thujene, and α-pinene Sinapis arvensis *, Diplotaxis harra *,
Trifolium campestre *, Desmazeria
rigida *, and Phalaris canariensis *

[45]

Tanacetum aucheranum 1,8-cineole, camphor,
and terpinen-4-ol

Amaranthus retroflexus *,
Chenopodium album *, and Rumex
crispus *

[46]

Tanacetum chiliophyllum camphor, 1,8-cineole and borneol
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Table 1. Cont.

Plant Name Main Monoterpenoid Compounds Phytotoxic against Reference

Heterothalamus psiadioides β-pinene, δ3-carene, and limonene Lactuca sativa and Allium cepa [29]

Baccharis patens linalool

Senecio amplexicaulis α-phellandrene, o-cymene and
β-ocimene

Phalaris minor * and Triticum
aestivum

[47]

Eucalyptus salubris 1,8-cineole, α-pinene and p-cymene Solanum elaeagnifolium * [14]

Eucalyptus dundasii 1,8-cineole, α-pinene and
trans-pinocarveol

Eucalyptus spathulata 1,8-cineole and α-pinene

Eucalyptus brockwayii α-pinene, 1,8-cineole and isopentyl
isovalerate

Carum carvi estragole, limonene, and β-pinene Raphanus sativus, Lactuca sativa,
and Lepidium sativum

[40]

* Reported as a weed.

Hydro-distilled EO from Senecio amplexicaulis with a high content of monoterpenes,
including α-phellandrene, O-cymene, and β-ocimene, reportedly exhibited strong allelo-
pathic activity at higher concentrations, with a significant ability to inhibit germination
of Phalaris minor and Triticum aestivum seeds [47]. The EOs of Heterothalamus psiadioides,
composed mainly of the monoterpenes β-pinene, Δ3-carene, and limonene, showed cidal
effects against Lactuca sativa and Allium cepa by inhibiting germination as well as growth of
shoots and roots [29]. Moreover, a strong herbicidal activity against Amaranthus retroflexus,
Chenopodium album, and Rumex crispus was reported in the EOs of the two Tanacetum
species (T. aucheranum and T. chiliophyllum) by completely inhibiting seed germination
and seedling growth, an ability that may be attributable to their monoterpene content,
including 1,8-cineole, camphor, borneol, and terpinen-4-ol [46]. Significant reduction of
seedling emergence and growth of Sinapis arvensis, Diplotaxis harra, Trifolium campestre,
Desmazeria rigida, and Phalaris canariensis were reported via the EO derived from E. lehmanii
in which monoterpenes represented the major constituents, including 1,8-cineole, α-thujene,
and α-pinene [45].

The EOs from Agastache rugosa leaves collected over different seasons reportedly
achieved partial or complete prevention of germination and growth of hypocotyl and
radicles in Majorana hortensis, Trifolium repens, Rudbeckia hirta, Chrysanthemum zawadskii,
Melissa officinalis, Taraxacum platycarpum, and Tagetes patula. These extracted EOs were
described to be rich in the monoterpenes methylchavicol, d-limonene, and linalool as the
main compounds [44]. In the same manner, the chemical profiles of the EOs of Chilean
Peumus boldus and Drimys winterii were reported to be composed primarily of the monoter-
penes ascaridole, p-cymene, and 1,8-cineole and γ-eudesmol, elemol, and terpinen-4-ol.
These two EOs were found to exhibit inhibitory effects against Amaranthus hybridus and
Portulaca oleracea [43]. The EO of Peumus boldus was found to inhibit germination and
seedling growth in two weeds at all used concentrations, while Drimys winterii EO exhib-
ited inhibitory activity against germination activity in Portulaca oleracea only at the highest
dose (1 μL mL−1) [43]. In addition, de Oliveira, et al. [42] reported that different samples of
EOs extracted by supercritical CO2 from Syzygium aromaticum at varying temperatures and
pressures displayed allelopathic activities by inhibiting germination and radicle elongation
in Mimosa pudica and Senna obtusifolia, with extraction of the EO at 50 ◦C and 300 bars
associated with the most effective activity. The monoterpenes eugenol, eugenol acetate,
and (E)-caryophyllene were reported as the main constituents of these samples. The EOs
of the leaves and fruits of Shinus molle were reported to cause a concentration-dependent
decline in the germination and radicle elongation of Triticum aestivum with more activity
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seen in leafy samples. Both oils were found to be composed of monoterpenes as the main
components, with an abundance of β-phellendrene, α-phellendrene, and myrcene [41].

The chemical components as well as the phytotoxic activities of EOs derived from 12
Mediterranean plants, including Hyssopus officinalis, Lavandula angustifolia, Ocimum basilicum,
Majorana hortensis, Origanum vulgare, Salvia officinalis, Foeniculum vulgare, Thymus vulgaris,
Melissa officinalis, Verbena officinalis, Pimpinella anisum, and Carum carvi, on germination and
radicle growth in Raphanus sativus, Lactuca sativa, and Lepidium sativum seeds have been
documented [40]. The EOs reportedly have an inhibitory effect against germination and
initial radicle elongation at different doses through different mechanisms, with samples
of Melissa officinalis, Thymus vulgaris, Verbena officinalis, and Carum carvi demonstrating
the strongest effect. Monoterpenes were described as the main components of Hyssopus
officinalis, Lavandula angustifolia, Majorana hortensis, Melissa officinalis, Ocimum basilicum,
Origanum vulgare, Salvia officinalis, Thymusvulgaris, Verbena officinalis, and Carum carvi, while
non-terpenoid phenols were the main constituents in Foeniculum vulgare and Pimpinella
anisum [40]. Similarly, peppermint EO is reportedly rich in menthone, menthol, and men-
thofuran, and has been described as having a potent allelopathic effect on seed germination
and seedling growth in Lycopersicon esculentum, Raphanus sativus, Convolvulus arvensis,
Portulaca oleracea, and Echinochloa colonum [39]. In 2010, the main components of Zataria
multiflora EO were reported as the monoterpenes carvacrol, linalool, and p-cymene, all of
which exhibited significant herbicidal activities against Hordeum spontaneum, Secale cereal,
Amaranthus retroflexus, and Cynodon dactylon [38]. This activity was associated with signif-
icant inhibition of the rate of germination, seedling length, root and stem fresh and dry
weights at all used concentrations, and 320 and 640 mL L−1 in particular [38].

The dose-dependent toxicity of the EOs of Cotinus coggyria, which consist mainly
of monoterpenes such as limonene, α-pinene, and β-myrcene, against the weeds of Sily-
bum marianum and Portulaca oleracea reportedly [37] decreased germination in radishes
by 83% and 60%, seedling radicle length by 93% and 84%, and plumule length by 84%
and 91% at 32 μL mL−1. The EOs of Pinus brutia and Pinus pinea were documented to
have monoterpenes as the major components, with a preponderance of α- and β-pinene
and caryophyllene [35]. At higher dose, these EOs were found to have a potent inhibitory
effect on germination by 53% and 22% of Lactuca sativa, 60% and 33% of Lepidium sativum,
and 13% and 3% of Portulaca oleracea, respectively [35]. An evaluation of Tunisian Pinus
pinea EO, rich in limonene, α- and β-pinene, revealed a dose-related gradual inhibition
of Lolium rigidum, Sinapis arvensis, and Raphanus raphanistrum, and seed germination was
completely inhibited at low concentrations [36]. The EO of Plectranthus amboinicus, which is
composed primarily of monoterpenes, and carvacrol in particular (88.61%), was reported to
significantly inhibit germination and reduce the growth of Lactuca sativa and Sorghum bicolor
roots and shoots [34]. Another study [33] described the EO chemical composition of two Eu-
calyptus plants in which monoterpenes, including p-cymene, β-myrcene, and (+)-limonene,
were the main components in Eucalyptus grandis, and α-pinene, γ-terpinene, and p-cymene
in E. citriodora. These EOs were found to dose-dependently inhibit germination of Lactuca
sativa, with a concentration of 0.1 μL mL−1 of both oils suppressing germination by 74%
and 68%, respectively [33].

With a preponderance of the monoterpenoids p-cymene, β-myrcene, and (+)-limonene,
along with acenaphthene, EO extracted from Artemisia scoparia was found to have sig-
nificant phytotoxic activities, primarliy against the roots of Achyranthes aspera, Cassia
occidentalis, Echinochloa crus-galli, Ageratum conyzoides, and Parthenium hysterophorus [32]
with the latter species suffering the most effects [32]. In the same manner, an artemisia
ketone–rich EO derived from Eucalyptus africanus reportedly exhibited a potent effect sim-
ilar to that of Eucalyptus camaldulensis on Amaranthus hybridus, but without a noticeable
effect on Portulaca oleracea [23].

The phytotoxic activity of the EO of the Turkish Origanum acutidens and its monoter-
penoid components (carvacrol, p-cymene, and thymol) were studied by Kordali, et al. [22].
Their results revealed that carvacrol and thymol completely inhibited seed germination
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and seedling growth in Chenopodium album, Amaranthus retroflexus, and Rumex crispus,
but no effect was observed with p-cymene [22]. The EO of Cymbopogon citratus, which is
composed mostly of the monoterpenes neral, geranial, and β-myrcene, was reported to
delay the germination of seeds and inhibit seedling growth in Echinochloa crus-galli [21].
In another study, the EOs of the aerial parts of four plants—Cymbopogon citratus, Origanum
vulgare, Eucalyptus cladocalyx, and Artemisia absinthium—were determined to be potential
bioherbicides against the seeds of Sinapis arvensis, with the EOs of Cymbopogon citratus
and Eucalyptus cladocalyx [20] exhibiting the most activity. Neral, geranial, and α-pinene,
along with other monoterpenes, were found to be the main components of Cymbopogon
citratus. However, the sesquiterpene spathulenol, as well as the monoterpenes 1,8-cineole
and p-cymene, were found to be the main components of the EO of Eucalyptus cladocalyx.
The three monoterpenoids carvacrol, γ-terpinene, and p-cymene were described as major
constituents of the EO of Origanum vulgare, while Artemisia absinthium EO was reported to
be composed largely of monoterpenes, including β-thujone, chamazulene, and linalool [20].

Potential herbicidal activity of the EO from Nepeta flavida was reported against
Raphanus sativus, Lepidium sativum, and Eruca sativa, in which it completely inhibited
germination at a concentration of 4.0 μL mL−1 [28], an effect that may be attributed to
the presence of the monoterpenes linalool, 1,8-cineole, and sabinene [28]. Monoterpenes
including carvacrol, γ-terpinene, p-cymene were found to be the predominant constituents
of the EO of Thymbra spicata and may be responsible for the strong phytotoxic activity
reported against Zea mays, Triticum aestivum, Lactuca sativa, Lepidium sativum, and Portulaca
oleracea [27]. Ulukanli, et al. [26] reported that the EO of Thymus eigii exhibited significant
toxic effects against Lepidium sativum, Lactuca sativa, and P. oleracea. This oil was found to be
rich with monoterpenes, with thymol, carvacrol, and p-cymene the major constituents [26].
Moreover, EOs extracted from Thymus daenensis collected from four different habitats
inhibited germination in Avena fatua, Amaranthus retroflexus, Datura stramonium, and Le-
pidium sativum. These four ecospecies of Thymus daenensis were found to be rich with
monoterpenoids, including thymol, carvacrol, and p-cymene in particular [25].

Foliar volatiles of Callistemon viminalis and EOs reportedly reduced seed germina-
tion, seedling growth, and accumulation of dry matter in Bidens pilosa, Cassia occiden-
talis, Echinochloa crusgalli, and Phalaris minor, with the greatest sensitivity observed in
B. pilosa [19]. Monoterpenoids, and 1,8-cineole, α-pinene, and d-limonene in particular,
have been described as major components in the EO of this plant. Pinheiro, et al. [17]
reported an allelopathic effect of the EO extracted from Cannabis sativa on germination
and seedling growth in Amaranthus retroflexus, Bromus secalinus, Avena sativa, and Bras-
sica oleracea. Based on gas chromatography-mass spectroscopy analysis, this oil is rich in
monoterpenes, including myrcene, terpinolene, and (E)-β-Ocimene [18].

Monoterpene-rich EOs derived from Schinus terebinthifolius collected from two dif-
ferent areas of Brazil reportedly produced an inhibitory effect on germination, root and
hypocotyl growth, and production of biomass in Bidens pilosa. In the Cerrado biome, the EO
of Schinus terebinthifolius was found to be rich with trans-caryophyllene, 3-carene, and ger-
macrene B, while Schinus terebinthifolius from the country’s Atlantic forest biome is rich
with α-pinene, limonene, and β-pinene [17]. Additionally, the EO of Vitex agnus-castus was
reported to be rich with monoterpenes, particularly 1,8-cineole, sabinene, trans-β-farnesene,
and α-pinene. This EO was found to exhibit significant inhibitory activity on Lactuca sativa
and Lepidium sativum [24].

The EO of Salvia sclarea was described to have significant phytotoxic effects against
Lepidium sativum, Lactuca sativa, and Portulaca oleracea at a concentration of 0.16 mg mL−1, re-
ducing seed germination by 94%, 100%, and 50%, respectively [16]. The main constituent of
this EO was reported to be monoterpenes, including L-linalool, linalyl acetate, α-terpineol,
and geraniol [16].

The EO from the aerial parts of Euphorbia heterophylla reportedly inhibited germination
(93.9%), root (84.6%), and shoot growth (57.8%) in Cenchrus echinatus weeds at 100 μL L−1.
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The authors described monoterpenes as the major components (69.48 %), and 1,8-cineole
was the primary monoterpene, representing 32.03% of the total mass [6].

4. Monoterpene-Rich EO-Allelopathy Correlation

Application of a PCA to a dataset of the 46 different plant species with EOs comprised
mainly of monoterpenes found allelopathic activity is presented in Figure 1. The results
show that that α- and β-pinene, 1,8 cineole, linalool, and carvacrol were the most effec-
tive allelopathic monoterpene compounds. They also showed that Eucalyptus africanus,
Origanum acutidens, Zataria multiflora, and Plectranthus amboinicus were correlated to each
other linalool and carvacrol predominating (Figure 1). Meanwhile, Pinus brutia, Schi-
nus terebinthifolius, Thymus vulgaris, Eucalyptus lehmanii, Eucalyptus lehmanii, Eucalyptus
lehmanii, Callistemon viminalis, Majorana hortensis, Vitex agnus-castus, and Eucalyptus brock-
wayii showed a close correlation with each other with respect to the composition of their
EOs; 1,8-cineole and α, and β-pinene were the major monoterpenoid compounds. The anal-
ysis found α-, and β-pinene and 1,8 cineole in most of the allelopathic plants in which
monoterpenes are major EO compounds.

Figure 1. Principal component analysis of reported plants with essential oils containing monoterpenes
as major compounds and showing allelopathic activity.

5. Phytotoxic EOs Derived from Plants Rich in Sesquiterpenes

Sesquiterpene-rich EOs from different plants associated with notable phytotoxic activ-
ities are listed in Table 2. The EO of Eupatorium adenophorum was described as being com-
posed primarily of sesquiterpenes, with γ-cadinene, γ-muurolene, and 3-acetoxyamorpha-
4,7(11)-diene-8-one as the main compounds. This oil reportedly exhibited strong phytotoxic
activity against Phalaris minor and Triticum aestivum, with a stronger effect observed against
Phalaris minor [48]. Elshamy and his co-workers reported the EO composition and allelo-
pathic activities of three Launaea plants (Launaea mucronata, Launaea nudicaulis, and Launaea
spinosa) collected from different habitats. Results showed that these EOs had significant
and concentration-dependent effects on Portulaca oleracea weeds. The EOs of two samples
of Launaea mucronata collected from the desert and coastal regions were found to have the
highest activity, inhibiting germination by 96.1% and 87.9% and radicle growth by 92.6%
and 89.7%, respectively, at 250 μL L−1 [6]. The authors found that sesquiterpenes were
the main components, and hexahydrofarnesyl acetone the main compound, in Launaea
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mucronata [6]. The EO of Schinus lentiscifolius was reported to be associated with a 19.35%
reduction in the mitotic index in onions and 25.14% in lettuce, compared with negative con-
trol. This EO was found to comprise sesquiterpenoid compounds as the main components,
and δ-cadinene in particular [49].

Table 2. Sesquiterpene-rich EOs derived from various plants and exhibiting phytotoxic activity.

Plant Name Major Sesquiterpenes Compounds Phytotoxic Against Reference

Lactuca serriola isoshyobunone, and alloaromadendrene oxide-1 Bidens pilosa * [7]

Launaea mucronata hexahydrofarnesyl acetone and (-)-spathulenol Portulaca oleracea *
[6]Launaea nudicaulis hexahydrofarnesyl acetone and γ-gurjunen

epoxide (2)

Launaea spinosa α-acorenol, trans-longipinocarveol,
and γ-eudesmol

Heliotropium curassavicum Hexahydrofarnesyl acetone, (-)-caryophyllene
oxide, farnesyl acetone

Chenopodium murale * [6]

Xanthium strumarium α-eudesmol, (-)-spathulenol, and ledene alcohol Bidens pilosa * [3]

Cullen plicata (−)-caryophyllene oxide, z-nerolidol, tau.cadinol
and α-cadinol

Bidens pilosa * and Urospermum
picroides *

[50]

Scutellaria strigillosa germacrene D, bicyclogermacrene,
and β-caryophyllene

Amaranthus retroflexus * and
Poa annua *

[51]

Acroptilon repens caryophyllene oxide, β-cubebene,
β-caeyophyllen, and α-copaen

Amaranthus
retroflexus * and Cardaria draba
*

[52]

Lantana camara α-curcumene, β-caryophyllene,
and γ-curcumene

Amaranthus hybridus * and
Portulaca oleracea * [23]

Eucalyptus camaldulensis spathulenol, and isobicyclogermacrenal

Eupatorium adenophorum γ-cadinene, γ-muurolene,
and 3-acetoxyamorpha-4,7(11)-diene-8-one

Phalaris minor * and Triticum
aestivum *

Baccharis patens β-caryophyllene, and spathulenol Lactuca sativa and Allium cepa [29]

Salvia multicaulis α-Copaene, β-caryophyllene,
and aromadendrene

Raphanus sativus and Lepidium
sativum

[40]Teucrium arduini caryophyllene, caryophyllene oxide, germacrene
D, and spathulenol

Teucrium maghrebinum germacrene d, δ-cadinene, γ-cadinene,
and caryophyllene

Teucrium polium caryophyllene, torreyol, and α-cadinol

Teucrium montbretii carvacrol, caryophyllene, and caryophyllene
oxide

Nepeta curviflora β-caryophyllene, caryophyllene oxide,
and (E)-β-farnesene [31]

Nepeta nuda β-bisabolene

Ailanthus altissima β-caryophyllene, (Z)-caryophyllene,
and germacrene D,

Lactuca sativa [53]

Schinus lentiscifolius δ-cadinene, α-cadinol, and β-caryophyllene [49]

Pulicaria somalensis Juniper camphor (24.7%), α-sinensal (7.7%),
6-epi-shyobunol (6.6%), and α-zingiberene (5.8%)

Dactyloctenium aegyptium *
and Bidens pilosa *

[4]

Bassia muricata hexahydrofarnesyl acetone, and α-gurjunene Chenopodium murale * [54]

* Reported as a weed.
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A study of the chemical profiles of EOs of Tunisian Ailanthus altissima [53] deduced
the presence of a high concentration of sesquiterpenes such as β-caryophyllene, (Z)-
caryophyllene, germacrene D, and hexahydrofarnesyl acetone. The phytotoxic activities of
the EOs (at a concentration of 1 mg mL−1) of the roots, stems, leaves, flowers, and fruits
completely inhibited seed germination in Lactuca sativa [53]. Raphanus sativus and Lepidium
sativum root growth was reduced under the effects of the EOs of Nepeta curviflora and Nepeta
nuda. These EOs were found to have sesquiterpenes, and β-caryophyllene, caryophyllene
oxide, and β-bisabolene in particular, as the main components. [31]. In addition, the EOs of
Teucrium maghrebinum, Teucrium polium, and Teucrium montbretii were reported to be rich
sources of sesquiterpenes, including caryophyllene, caryophyllene oxide, and carvacrol in
particular. These EOs were found to significantly reduce the radicle growth of Raphanus
sativus and Lepidium sativum with mild effect on germination [55].

The herbicidal effects of the EOs derived from Lantana camara, Eucalyptus camaldulensis,
and Eriocephalus africanus were determined by Verdeguer, et al. [23]. The EO of Eucalyptus
camaldulensis, which is reportedly composed primarily of spathulenol, had the greatest
impact among the three plants, completely inhibiting seedling growth and germination in
Amaranthus hybridus and Portulaca oleracea. With a high concentration of sesquiterpenes,
and sesquiterpene hydrocarbons in particular. The EO of Lantana camara reportedly exhib-
ited significant allelopathic activity against Amaranthus hybridus [23]. Recently, Elshamy,
et al. [7] reported significant allelopathic effects of Lactuca serriola EO against Bidens pilosa,
with half-maximal inhibitory concentrations (IC50) of 104.3, 92.3, and 140.3 μL L−1 for
germination, growth of roots, and growth of shoots, respectively. The EO of Lactuca serriola
was described to be rich with sesquiterpenes, with isoshyobunone and alloaromadendrene
oxide-1 as major components. The EO of the invasive noxious plant Heliotropium curassav-
icum, collected from an inland area, demonstrated remarkable phytotoxic activities against
Chenopodium murale, with IC50 values of 2.66, 0.59, and 0.70 mg mL−1 for germination,
growth of roots, and growth of shoots, respectively. A coastal sample of the same species
exhibited more allelopathic activity, with IC50 values of 1.58, 0.45, and 0.66 mg mL−1 [7].
Sesquiterpenes were determined to be the main class of EOs of Heliotropium curassavicum,
and hexahydrofarnesyl acetone, (-)-caryophyllene oxide, and farnesyl acetone were the
major compounds. In 2019, Abd El-Gawad and his co-authors reported that EOs from the
leaves of the Egyptian Xanthium strumarium exhibited allelopathic effects against Bidens
pilosa, and a concentration of 1000 μL L−1 inhibited seed, root, and shoot germination
growth by 97.34%, 98.45%, and 93.56%, respectively [3]. In the EO of Xanthium strumar-
ium, the sesquiterpenoids 1,5-dimethyltetralin, eudesmol, and l-borneol were the major
identified compounds.

The EO of Symphyotrichum squamatum collected from Egypt was analyzed and found
to be enriched in sesquiterpenes such as humulene, epoxide, (-)-spathulenol, and (-)-
caryophyllene oxide [15]. The EO of this plant was reported to have a strong and con-
centration -dependent allelopathic effect against Bidens pilosa weeds. The EO of Cullen
plicata, rich in sesquiterpenes such as (−)-caryophylleneoxide, Z-nerolidol, tau cadinol,
and α-cadinol, was reported to completely inhibit germination in Bidens pilosa and Uros-
permum picroides at 200 μL L-1 with respective IC50 values of 49.39 and 17.86 μL L−1 [50].
The EO derived from Scutellaria strigillosa was found to have significant phytotoxic po-
tential against Amaranthus retroflexus and Poa annua [51]. These weeds were inhibited by
86.6 % and 20.0%, respectively, when treated with 1 μL ml−1 of Scutellaria strigillosa EOs.
This active EO was found to be rich in sesquiterpenes, and germacrene D, 1-octen-3-ol,
bicyclogermacrene, and β-caryophyllene in particular. In another study, the extracted EO
of Acroptilon repes was examined by Razavi, et al. [52] for its phytotoxic activity against
Amaranthus retroflexus and Cardaria draba. They reported that EOs from Acroptilon repes had
a significant inhibitory effect on seed germination in Amaranthus retroflexus. Sesquiterpenes
including caryophyllene oxide, β-cubebene, β-caeyophyllen, and α-copaen were reported
as the main constituents of this EO [52].
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Recently, Assaeed et al. reported that sesquiterpene-rich EOs of the aerial parts
of Pulicaria somalensis had significant phytotoxic effects on the weeds of Dactyloctenium
aegyptium and Bidens poilosa, with an IC50 of 0.6 mg mL−1 for root growth in both weeds,
and 0.7 and 1.0 mg mL−1 for shoot growth, respectively. Juniper camphor (24.7%), α-
sinensal (7.7%), 6-epi-shyobunol (6.6%), and α-zingiberene (5.8%) were reported to be the
main chemical constituents of the EO of this plant [54].

Lastly, the EO of aboveground parts of Bassia muricata (Chenopodiaceae) was found
to have a significant reduction effect on root growth, shoot growth, and germination in
Chenopodium murale weed, with IC50 values of 175.60 μL L−1, 246.65 μL L−1, and 308.33 μL
L−1, respectively. Sesquiterpenes were found to be the main constituents of the EO, with an
abundance of hexahydrofarnesyl acetone, and α-gurjunene [54].

6. Sesquiterpene-Rich EO-Allelopathy Correlation

The application of PCA to a dataset of 15 different plant species with EOs composed
mainly of sesquiterpenoid compounds showed allelopathic activity is presented in Figure 2.
Caryophyllene, caryophyllene oxide, germacrene D, spathulenol, and hexahydrofarnesyl
acetone were the sesquiterpenoids most associated with allelopathic activity. Most tested
plant species were correlated to each other regarding these major EO compounds.

(E)-β-farnesene
.tau.cadinolalloaromadendrene oxide-1bicyclogermacrene Caryophyllene

caryophyllene oxide
germacrene D

Hexahydrofarnesyl acetone
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Figure 2. Principal component analysis of reported plants with essential oils containing sesquiterpenes as major compounds
and showing allelopathic activity.

7. Phytotoxic EOs Derived from Plants Rich in Non-Terpenoids

Phytotoxic EOs with non-terpenoid major compounds are listed in Table 3. The EOs
of leaves and fruits of Ecballium elaterium reportedly contain phenolics and hydrocarbons,
including E-anethol, octyl octanoate, 3-(6,6-dimethyl-5-oxohept-2-enyl)-cyclohexanone,
and tetracosane as major components [56]. The EO of the leaves was found to have an
allelopathic effect on Lactuca sativa that was stronger than that of fruits, with a significant
(12%) decrease in seed germination. In another study, Mutlu, et al. [57] found that EO rich
in iridoids from Nepeta meyeri had a strong inhibitory effect (>50%) on seed germination of
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Bromus danthoniae, Bromus intermedius, and Lactuca serriola at a concentration of 0.01% and
0.02%. Kordali, et al. [58] reported that the EO of the Turkish plant Nepeta meyeri contained
4a-α,7-α,7a-β nepetalactone and 4a-α,7-α,7a-α nepetalactone as major compounds. This EO
completely inhibited germination of Amaranthus retroflexus, Chenopodium album, Cirsium
arvense, and Sinapsis arvensis at a concentration of 0.5 mg mL−1. Iridoids, and 4a-α,7-α,7a-
β-nepetalactone and 4a-α,7-β,7a-α-nepetalactone in particular, were determined to be the
major compounds of the EO of Nepeta cataria [59]. This EO can reportedly act as an allelo-
chemical agent against Hordeum spontaneum, Taraxacum officinale, Avena fatua, and Lipidium
sativum, with dose-dependent suppression of germination [59]. Similarly, Bozok, et al. [60]
reported a strong herbicidal activity for the EO of Nepeta nuda on germination and seedling
growth in Raphanus sativus, Triticum aestivum, Lactuca sativa, Portulaca oleracea, and Lepidium
sativum. This EO was rich in iridoids 4a-α,7-α,7α-β-nepetalactone, 2(1H)-naphthalenone,
and trans-octahydro-8a-methyl. Finally, Mancini, et al. [31] reported that the EOs of the
two Salvia species (Salvia hierosolymitana and Salvia multicaulis) displayed phytotoxic effects
on Raphanus sativus by reducing radicle elongation and seed germination. These EOs are
characterized by an abundance of carbonylic compounds.

Table 3. Nonterpenoidial-rich EOs derived from plants and with significant phytotoxic activity.

Plant Name Main Components Major Compounds Phytotoxic Against Reference

Nepeta nuda Iridoids 4a-α,7-α,7a-β-
nepetalactone,
2(1h)-naphthalenone,
and octahydro-8a-
methyl-trans-

Triticum aestivum, Raphanus
sativus, Lactuca sativa,
Lepidium sativum,
and Portulaca oleracea *

[60]

Nepeta cataria Iridoids 4a-α,7-α,7a-β-
nepetalactone and
4a-α,7-β,7a-α-
nepetalactone

Hordeum spontaneum *,
Taraxacum officinale *, Avena
fatua *, and Lipidium
sativum

[59]

Nepeta meyeri Iridoids 4a-α,7-α,7a-β-
nepetalactone and
4a-α,7-β,7a-α-
nepetalactone

Amaranthus
retroflexus *, Bromus
danthoniae *, Bromus
intermedius *, Chenopodium
album *, Cynodon dactylon *,
Lactuca serriola *, Portulaca
oleracea *, Cirsium arvense *,
and Sinapsis arvensis *

[57,58]

Ecballium
elaterium

Phenolics and
hydrocarbons

e-anethol, octyl
octanoate, 3-(6,6-
dimethyl-5-oxohept-2-
enyl)-cyclohexanone,
and tetracosane

Lactuca sativa [56]

Pimpinella anisum Non-terpenoidial phenols cis-anethole Raphanus sativus, Lactuca
sativa, and Lepidium sativum [40]

Foeniculum
vulgare

Non-terpenoidial phenols cis-anethole

* Reported as a weed.

8. Structure-Activity Relationship Summary

Based on the data presented in Tables 1–3 and correlation analysis between phytotoxic
EOs derived from different plants and their major chemical constituents (Figures 1 and 2),
we concluded that the phytotoxic activities of EOs increase with terpenoid content, partic-
ularly oxygenated terpenoid content. Almost all previous studies found that increasing
the oxygenation of terpenoids led to an increase in allopathic activities via inhibition of
germination and growth of noxious weeds [6,16,23].
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As can be seen in Table 1, oxygenated monoterpenoids are the main components
of phytotoxic EOs, and their phytotoxicity was observed to increase with the degree of
oxygenation. For example, the mono-oxygenated monoterpenoid 1,8-cineole (eucalyptol,
C10H18O), was to be the main compound in several allopathic EOs derived from plants
from different botanical families such as Euphorbia heterophylla [6], Callistemon viminalis [19],
Eucalyptus cladocalyx [20], Nepeta flavida [28], Majorana hortensis [40], Peumus boldus [43],
Eucalyptus lehmanii [45], Tanacetum aucheranum, Tanacetum chiliophyllum [46], Eucalyptus
salubris, Eucalyptus brockwayii, and Eucalyptus dundasii [14].

In addition, linalool and borneol were found to be the major compounds in numerous
phytotoxic oils, such as Salvia sclarea [16], Artemisia absinthium [20], Origanum acutidens [22],
Eriocephalus africanus [23], Nepeta flavida [28], Zataria multiflora [38], Agastache rugosa [44],
Salvia officinalis, and Ocimum basilicum [40], and Tanacetum chiliophyllum [46]. It is therefore
clear that the oxygenated monoterpenoids 1,8-cineole, linalool, and borneol play significant
and effective roles as allopathic agents and more research into their phytotoxic activity and
phytotoxic mechanism(s) is recommended.

Similarly, careful analysis of sesquiterpene-rich phytotoxic EOs revealed that an in-
crease in oxygenated sesquiterpene levels can enhance the phytotoxic activity of an EO.
The data supplied in Table 2 and PCA analysis suggest the major oxygenated sesquiter-
penes caryophyllene and its derivatives, as well as hexahydrofarnesyl acetone, can be
potent phytotoxic agents. The phytotoxic EOs derived from Baccharis patens [29,30], He-
liotropium curassavicum [7], Cullen plicata [50], Scutellaria strigillosa [51], Acroptilon repens [52],
Lantana camara [23], Teucrium arduini, Teucrium maghrebinum, Teucrium polium, Teucrium mont-
bretii [31], and Ailanthus altissima [53] were reported to have all or one of β-caryophyllene,
(-)-caryophyllene, and caryophyllene oxide as primary compounds. These reports indicate
a strong correlation between the phytotoxic activities of EOs and the presence of these
compounds as main components. Hexahydrofarnesyl acetone has been described as an
essential compound in the phytotoxic EOs of Launaea mucronata, Launaea nudicaulis [6],
Heliotropium curassavicum [7], and Ailanthus altissima [53]. The authors of these studies also
concluded that compounds with hexahydrofarnesyl acetone as a main constituent can play
a major role as phytotoxic mediators.

EOs derived from aromatic plants typically consist of low-molecular-weight ter-
penoids, including mono, sesqui-, and diterpenoids as well as non-terpenoid compo-
nents [14]. Two plants belonging to the Nepeta genus were reported that containing
iridoid-rich EOs such as Nepeta meyeri [57,58] and Nepeta cataria [59]. The two iridoids
4a-α,7-α,7a-β-nepetalactone and 4a-α,7-β,7a-α-nepetalactone were reported to be the main
phytotoxic mediators in the EOs of these two species. The two compounds should, there-
fore, be subjected to further study to evaluate their allopathic abilities against several
noxious weeds.
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Abstract: Curcuma longa L. rhizome essential oil is a valuable product in pharmaceutical industry
due to its wide beneficial health effects. Novel applications in the agri-food industry where more
sustainable extraction processes are required currently and safer substances are claimed for the
consumer are being investigated. This review provides information regarding the conventional
and recent extraction methods of C. longa rhizome oil, their characteristics and suitability to be
applied at the industrial scale. In addition, variations in the chemical composition of C. longa rhizome
and leaf essential oils regarding intrinsic and extrinsic factors and extraction methods are also
analysed in order to select the most proper to obtain the most efficient activity. Finally, the potential
applications of C. longa rhizome oil in the agri-food industry, such as antimicrobial, weedicide and
a food preservative agent, are included. Regarding the data, C. longa rhizome essential oil may
play a special role in the agri-food industry; however, further research to determine the application
threshold so as not to damage crops or affect the organoleptic properties of food products, as well as
efficient encapsulation techniques, are necessary for its implementation in global agriculture.

Keywords: Curcuma longa; essential oil; extraction methods; chemical composition; agri-food indus-
try; antimicrobial; herbicidal; antioxidant

1. Introduction

Medicinal and aromatic plant species (MAPs) have been broadly exploited as food
flavourings, medicinal agents, preservatives and ornaments, as well as beauty and personal
delight products, becoming natural alternatives that offer reliability, safety and sustainabil-
ity [1,2]. Amongst them, turmeric (Curcuma longa L., Zingiberaceae) is especially popular
worldwide because of its attractive culinary, cosmetic and medicinal uses [3]. Specifi-
cally, the interest of this tuberous species resides in its exploitation as a colouring and
flavouring agent, as well as in its numerous pharmacological activities, such as antioxidant,
anticancer, anti-inflammatory, neuro- and dermoprotective, antiasthmatic or hypogly-
caemic [4–10], being recently reported that turmeric can even potentially contribute against
the life-threatening viral disease COVID-19 by inhibiting the main protease enzyme [11].
Most of these interesting features and properties principally come from the rhizome [3,12],
a horizontal underground stem from which the shoots and roots arise [13]. It has distinctive
organoleptic properties: a yellow/brown colour externally, with a deep orange inner part,
a special aromatic smell and a bitter, hot taste. These characteristics make C. longa rhizome
ideal for gastronomy. Especially, it is the principal ingredient of curry, for which it is
probably popularly known [14–16].

Furthermore, rhizomes are a rich source of two major products with remarkable at-
tributes: curcuminoids and essential oils [17]. On the one hand, curcuminoids are the
responsible for the previously described orange-yellow colour [15]. They particularly
refer to a group of three phenolic compounds, curcumin, desmethoxycurcumin and bis-
desmethoxycurcumin, belonging to the diarylheptanoid family. They consist of a diketonic
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hydroxycarbon skeleton with different functional groups, depending on the curcumi-
noid [18,19]. Their content in the C. longa rhizome may vary according to many factors,
such as the variety and geographic location, as well as cultivation and postharvest process-
ing conditions [17,20]. For these secondary metabolites, turmeric is commonly employed
as a spice and additives that provide colour and flavour in the food industry [21]. Addition-
ally, they have demonstrated promising antioxidant and anti-inflammatory activities, being
considered a valuable complementary therapy to pharmaceuticals in Crohn’s, diabetes
and cancer between other disorders [15,21,22]. Unfortunately, their poor solubility, low
absorption and bioavailability, as well as high metabolic rate, limit their use for therapeutic
purposes [23–26]. In fact, the major component curcumin has not been approved as a
therapeutic agent yet due to its pharmacokinetics and physicochemical properties, despite
it is generally considered a safe substance [24,27]. In response, curcuminoids have been
associated with lipids, micelles, nanoparticles and other molecules to enhance their effects.
An example is the binding of curcumin with phosphocaseins. This combination represents
a suitable vector to deliver efficiently the compound, as well as other drugs and nutrients
in general. New analogues with improved activity are being tried to develop from the
original ones [21,28–32].

On the other hand, the essential oil is the one that provides the C. longa rhizome
a particular spicy and aromatic flavour [3,15] with its distinctive chemical composition.
In general, sesquiterpenes are the predominant phytochemical group in C. longa rhizome
oil [33]. More concretely, ar-, α- and β–turmerones are usually the major and most rep-
resentative components [34,35], although numerous intrinsic and extrinsic elements may
influence in their quality and quantity [36–41]. Nevertheless, this chemical composition
is different from the essential oil extracted from the aerial parts in which monoterpenes
(α-phellandrene, terpinolene, 1,8-cineole, etc.) stand out [42–46]. Countless beneficial
health effects have been attributed to C. longa rhizome oil as a consequence of this particu-
lar chemical composition: cardiovascular protection, antihyperlipidemic, antiglycaemic,
antioxidant, antiplatelet, anti-inflammatory, antioxidant, antiarthritic, etc. [47]. Especially,
abundant research has been focused on ar-turmerone, demonstrating its promising in-
teresting medicinal properties, like the protection against the development of certain
tumours [48,49], antifungal activity against dermatophytes [50], antiangiogenic effects [51],
anticonvulsant properties [52] and treatment of neurodegenerative and other inflammatory
diseases, such as psoriasis [53,54].

Nowadays, there is a growing demand of essential oils in the perfume and cosmetics,
agriculture, pharmacy, food and beverage, as well as in many other, industries. One of the
principal aims is to replace synthetic products with detrimental health and environmental
effects [55]. In particular, numerous essential oils such as winter savoury, peppermint,
oregano, wintergreen and eucalypt, as well as many of their principal components (car-
vacrol, limonene, etc.) have already exhibited attractive and useful antimicrobial, herbicidal
and antioxidant activities for the agri-food industry [56–62]. These data favour their po-
tential use as natural preservatives to prevent the crop and food spoilage and extend the
shelf-life, as well as weed control without significantly affecting the harvests.

The medicinal and culinary properties of C. longa rhizome oil are well-known. How-
ever, its potential applications in the agri-food industry are still under investigation. There-
fore, the attempt of the present review is to present detailed literature dealing with the
extraction, chemical composition and biological activity of C. longa rhizome essential oil
in order to highlight the potential application in the agri-food industry as natural, safer
and more sustainable antimicrobial, herbicidal and antioxidant agents. Specifically, the
different possible extraction methods of the essential oil from the rhizomes C. longa and
their characteristics will be discussed first. Then, the qualitative and quantitative chemical
compositions of C. longa rhizome oil and the factors that influence it, as well as the differ-
ence with other parts of the plant and other Curcuma spp. will be described. Finally, the
antimicrobial, herbicidal and food preservative properties of C. longa rhizome oil will also
be discussed to assess a prospective application in the emergent “bio” agri-food industry.
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2. Extraction Methods to Obtain Essential Oil from C. longa Rhizomes

The characteristic aroma of turmeric’s rhizomes is provided mainly by its essential oil,
representing an excellent marker of quality of this spice and its derived products. Several
extraction processes have been carried out with the subterranean plant stems to obtain this
mixture of flavouring compounds, steam distillation being the most commonly chosen
one [63–65]. In this process, a blast of steam goes through the plant material placed on
a perforated plate above, dragging the organic compounds [66,67]. It presents certain
disadvantages on an industrial scale (Table 1), including the huge amounts of raw material
and time required and, consequently, the high price [68]. In addition, this process can
present difficulties sometimes, either the evaporation of the steam-volatile compounds by
the remaining latent heat or the collapse by their excessive elevation in the flask [69,70].
With the aim of avoiding these drawbacks and consequently increasing the quality and
quantity of the essential oil, this technique has usually been modified and/or combined
with others. For instance, Chandra et al. incorporated a continuous water circulation
process to the regular steam distillation of the essential oil of turmeric rhizomes and leaves,
achieving 13% and 29% more yield, respectively, compared to the conventional process [71].
Moreover, a subsequent distillation with vacuum allows a more efficient extraction of
turmeric monoterpenes and sesquiterpenes [72]. The addition of a packed bed of turmeric
rhizomes above the steam source has been also key to maximize the essential oil yield [73].
In general, a steam jacket is formed, helping reach a constant elevated temperature of the
distillation and avoiding the degradation of the oil and, therefore, the unwanted odours
that emerge from it [73,74] (Table 1).

On the other hand, hydrodistillation is also widely employed in the extraction of the
essential oils from turmeric rhizomes on an industrial scale, due to its low-cost efficiency
and easy implementation [75]. Unfortunately, it may sometimes mean longer extraction
times and the production of wastewater, as well as loss and alteration in the composition of
essential oils because the raw material is in contact with the boiling water [74,75]. Despite
this, distillation in the Clevenger apparatus gives better results in the deodorisation process
of turmeric relative to other distillation methods, such as distillation using the Kjeldahl
apparatus or under high vacuum [76].

The most recent extraction methods appear to overcome the limitations of the conven-
tional ones, such as heat transfer, time and quality of the resulting essential oil [77,78]. These
advantages have also been observed in the extraction of oleoresins and, more particularly,
curcuminoids, active components of the dried rhizome of C. longa extracts [79–81].

Amongst these methods, supercritical fluid extraction (SFE) [65,70,82] has shown many
advantages for the extraction of essential oils on an industrial scale, including the reduction
of extraction times, higher quality extracts and, principally, the use of carbon dioxide
(CO2) as a nontoxic, non-flammable and free-of-residues solvent [74,83–85]. In relation to
turmeric, superior yields but no significant differences in the relative composition or higher
concentrations of most of the essential oil components [79] were obtained using SFE rather
than the conventional systems of steam distillation and ultrasound extraction. However,
the turmeric oil yield was higher with Soxhlet extraction than SFE [86,87]. Particularly,
the combination of 320 K and 26 MPa gives an optimum production of turmeric oil with
71% turmerones’ purity [88] or 67.7% with 313 K and 20.8 MPa [89]. Similar optimal
conditions to obtain the highest-quality essential oils from turmeric rhizomes (75% of ar-, α-
and β-turmerone) were reported by Carvalho et al. (333 K and 25 MPa) [90]. Nevertheless,
this technique is still under study to achieve a higher optimization. The influence of
the variation of different operating parameters (temperature, extraction time, pressure,
solubility and particle size) together with the integration of other techniques, such as SFE
assisted by pressing (SFEAP), are investigated to reach higher yields, the quality of turmeric
essential oil and its main compounds [82,83,91,92] (Table 1).

Among SFE, subcritical water extraction (SWE) also demonstrated many advantages
over traditional methods in the recovery of bioactive compounds from plants, excepting
implementation on the industrial scale for the moment [93]. Specifically, it takes advantage
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of the special properties of supercritical water under high temperature and pressure
conditions (100–374 ◦C, >50 bar) to extract nonpolar compounds [94]. After a deep study of
the influence of operating conditions in the extraction of C. longa essential oil from rhizomes
(temperature, flow rate, particle size, time, etc.), SWE has demonstrated its selectivity to
enhance a target compound and its suitability as a green and effective method for the
extraction of essential oil and curcumin from turmeric rhizome [86] (Table 1).

Table 1. Different extraction methods to obtain Curcuma longa essential oil: advantages and limitations. SFME: solvent-free
microwave extraction, MAE: microwave-assisted extraction, HDAM: hydrodistillation assisted by microwave, SDAM: steam
distillation assisted by microwave, VMHD: vacuum microwave hydrodistillation and MHG: microwave by hydrodiffusion
and gravity. ↑: Increase, ↓: Decrease.
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Steam Distillation

Advantages
• Can be modified and/or combined with

other techniques to maximize the yield and
efficiency, e.g., ↑13–29% yield

[63–65,71,74]

Limitations

• Huge amounts of raw material needed
• Time-consuming
• High price
• Evaporation of steam-volatile compounds

and even collapse

[68–70]

Hydrodistillation

Advantages

• Low-cost efficiency
• Easy implementation
• Clevenger gives better deodorization results

than other processes

[75,76]

Limitations

• Long extraction times
• Production of wastewater
• Loss and/or alteration in the composition of

essential oils

[74,75]

Supercritical Fluid
Extraction

Advantages

• Reduction of extraction times
• Higher quality extracts
• CO2 as nontoxic, non-flammable and

free-of-residues solvent
• Superior yields

[73,79,83–85]

Limitations

• No significant differences in qualitative and
quantitative composition of turmeric
essential oil with respect to other methods:
67.7–75% turmerone purity at 313–320 K
and 20.8–26 MPa

• Under study to achieve higher optimisation

[79,82,83,88,89,91,92]

Subcritical Water
Extraction

Advantages

• Especially useful to extract non-polar
compounds

• Selective to enhance a target compound
• Green and effective to extract the essential

oil and curcumin

[86,94]

Limitations • Low implementation in industry currently [93]
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Table 1. Cont.

Ultrasonic
Extraction

Advantages

• Improved mass transfer between plant cell
and solvent

• Combination with other techniques: ↑
efficiency, ↓ processing time, ↓costs

[68,82,95]

Limitations

Microwave Energy
(SFME, MAE)

Advantages

• ↓ Costs
• ↓ Extraction times
• ↓ Energy consumption
• ↓ CO2 emissions
• Combination with other techniques to

improve the performance: HDAM, SDAM,
VMHD, MHG

• ↓ Extraction time from 4 h of
hydrodistillation to 1 h

• No degradation products
• Maximum yield

[96–98]

Limitations

Solvent Extraction
Advantages

• Overcomes the problem of excessive heat;
avoids the loss of compounds and
properties of the essential oil

• Suitable and safe extractants: chloroform
and freons

[99–101]

Limitations

Ultrasonic extraction is another method of extraction of essential oils and other bioac-
tive compounds [77,95]. It is based on ultrasonic cavitation: a bubble implosion produces
micro-jets that destroy the lipid glands in the plant cell tissue, releasing the essential oil [68].
It has overcome low extraction kinetics and yields of SFE-resulting essential oils by enhanc-
ing the mass transfer between the plant cell and solvent [68,95]. Moreover, it is usually
combined with other extraction techniques, enhancing the efficiency and reducing the
processing time and costs [68,95] (Table 1).

The use of microwave energy (solvent-free microwave extraction (SFME) and microwave-
assisted extraction (MAE)) shares similar advantages as the previous cases: a reduction
of costs, extraction times, energy consumption and CO2 emissions [96]. A microwave
reactor is the source of heat that promotes the bursting and release of accumulations of
essential oils [97]. It represents a more efficient method for extraction of essential oils
from the Zingibereaceace family, because it is able to reduce the extraction time from four
h in hydrodistillation to one h, avoiding the formation of degradation products and ob-
taining the maximum yield [97]. Furthermore, the use of microwave extraction gives rise
to other categories of techniques to improve its performance, such as hydrodistillation
assisted by microwave (HDAM), steam distillation assisted by microwave (SDAM), vac-
uum microwave hydrodistillation (VMHD) or microwave by hydrodiffusion and gravity
(MHG) [96,98] (Table 1).

Finally, solvent extraction was also used for the extraction of C. longa essential oil.
It overcomes the problem of excessive heat reached with certain conventional techniques
and, consequently, avoids the loss of the compounds and properties of the essential oil [99].
Ethanol, hexane or chloroform are some of the solvents used to extract turmeric essential
oil, being the last one with which a higher yield of turmeric essential oil was obtained [100].
Recently, a group of researchers proposed freons as suitable and safe extractants of the
essential oil from the roots of C. longa and its main components [101] (Table 1).

In general, the result is a yellow to orange-coloured liquid having a fresh, peppery
and aromatic odour with sweet orange and ginger notes and a sharp and burning bitter
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taste [63,64]. These physical characteristics, as well as the chemical composition and related
properties of the essential oil, may vary depending on the extraction technique. For this
reason, the selection of both the most adequate method and operating conditions is key to
obtain the maximum amount and quality of the C. longa essential oil [17]. Together with
the extraction method, other factors such as drying and storage processes also influence
the chemical composition of turmeric essential oil, being necessary the subsequent identi-
fication of the chemical composition to identify the variations and the quality control of
turmeric essential oil.

3. Chemical Analysis of the Essential Oil Obtained from C. longa Rhizomes

The chemical composition of the essential oil obtained from C. longa rhizomes has been
widely determined through gas chromatography-mass spectrometry (GC-MS) (Table 2),
which is normally used for a sesquiterpenoid analysis [102] alone or combined with gas
chromatography-flame ionisation detector (GC-FID) [103–105] to achieve a quantitative
analysis. The determination of the chemical composition is key, because the components of
the essential oil and their concentration can be considered a fingerprint conferring specific
characteristics and properties [106].

As a general rule, oxygenated sesquiterpenes have been identified as the predomi-
nant ones (Table 2) and the principal reason of the biological activity of turmeric essential
oil [107]. Concretely, turmerones (α-, β- and ar-) represent the major and the most dis-
tinctive individual components [108,109] (Table 2 and Figure 1). They give interesting
properties to C. longa essential oil, such as anticancer, anti-inflammatory, antioxidant and
the prevention of dementia [72,110–113]. Even they enhance the bioavailability and ac-
tivity of other important turmeric components like curcumin [114–116]. In particular,
ar-turmerone (6S-2-methyl-6-(4-methylphenyl) hept-2-en-4-one) has been identified as the
leading one, followed by α- and β-, in C. longa rhizome oil (Table 2). Many authors have
reported about the therapeutic potential of ar-turmerone and its numerous benefits for
human health [113]. Lee demonstrated its antibacterial activity against human pathogens
like Clostridium perfringens and Escherichia coli [117]. In the same year, he also reported
a higher inhibitory effect than aspirin in platelet aggregation induced by collagen and
arachidonic acid [118]. Other researchers have proposed ar-turmerone as a natural anti-
cancer and cancer-preventive agent, being considered the α,β-unsaturated ketone of the
molecule, the principal pharmacophore, for this activity [51,119–121]. ar-Turmerone has
also been observed as useful in the prevention and attenuation of inflammatory diseases
like psoriasis and neuronal ones [122,123].

Figure 1. Main compounds found in the rhizomes and leaves of turmeric essential oils.
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Oxygenated sesquiterpenes also constitute the predominant group in the essential
oils obtained from the rhizome of other species included in the genus Curcuma [124]. For
instance, curzerenone was the main compound in the rhizome oil of C. angustifolia and
C. zedoaria; curdione was the major one in C. nankunshanensis, C. wenyujin and C. kwangsien-
sis; germacrone in C. sichuanensis and C. leucorhiza; β-elemenone in C. nankunshanensis
var. nanlingensis; xanthorrhizol in C. xanthorrhiza and velleral in C. attenuata [124–128].
Turmerones are normally present, being considered the most representative components
in general. Nevertheless, their amount may vary between species, probably due to the
intrinsic differences between them [129]. The quantification of oxygenated sesquiterpenes,
together with the identification of the secondary components, are key for the distinction
and quality control of Curcuma spp. [17,130].

The sesquiterpenoids are generally followed by smaller quantities of sesquiterpene
hydrocarbons in C. longa rhizome oil (Table 2 and Figure 1). This group is characterised
by great structural diversity, providing a variety of fragrances and characteristic aromas
to the essential oil [131]. Specifically, monocyclic bisabolane derivatives with a C6-ring
formed in analogy to the menthane skeleton highlighted in turmeric essential oil obtained
from rhizomes. Some examples are bisabolene isomers (β-bisabolene), α-zingiberene and
ar-curcumene, characteristic of Curcuma spp. and ginger. β-caryophyllene is also common,
widely spread in food plants and derived from α-humulene, with a C9-ring fused to a
cyclobutane ring [132]. Sesquiterpene hydrocarbons predominate over oxygenated ones
in the rhizome oil of other Curcuma spp., such as C. aromatica (Sesquiterpene Hydrocar-
bons (SH): 8.30% ± 1.90% and Oxygenated Sesquiterpenes (OS): 7.10% ± 2.14%) and
C. kwangsiensis var nanlingensis (SH: 9.76% ± 1.89% and OS: 6.80% ± 1.27%) [124].

The amount of monoterpene hydrocarbons and oxygenated monoterpenes are usu-
ally lower in most samples of rhizome essential oil of C. longa (Table 2). Contrarily, they
constitute the most abundant group in the rhizome oil of other different Curcuma spp.,
such as C. amada [133], as well as in the essential oils obtained from the aerial parts of
C. longa [17,134–137]. Regarding this, the yield of C. longa essential oil varied between the
leaves (23%), rhizomes (48%) and rhizoids (27%), and the chemical composition was differ-
ent between the leaf petiole, lamina and rhizoid oils (myrcene, p-cymene, etc.) compared
to the stem and rhizome ones in which turmerones predominated [138]. α-Phellandrene,
terpinolene and 1,8-cineole (Figure 1) are usually the most abundant compounds detected
in the essential oil extracted from the leaves of C. longa [36,39,43,44], whereas turmerones
are found in minor concentrations (Table 2) [109], being also usually found in the es-
sential oils of the aerial parts of C. longa p-cymene, α-terpinene, myrcene and pinenes
(Table 2) [134,135,137,139,140]. However, in samples of C. longa grown in Nigeria, the leaf
essential oil was dominated by turmerones, like in rhizomes (Table 2) [141,142]. In addition,
important concentrations of C8-aldehyde (20.58%) were found in the essential oil of C. longa
leaves in a high-altitude research station in Odisha, India [140]. The concentration of these
compounds can be increased by enhancing the leaf biomass production [143].

The aerial parts of C. longa normally end as waste products. An interest approach is
their recycling to obtain biologically active compounds. In this sense, C. longa leaf essential
oil and its principal component α-phellandrene have demonstrated remarkable insecticidal
activity against Cochliomya macellaria, causative agents of myasis in humans and animals,
as well as against Lucilia cuprina [144,145], being also a C. longa leaf essential oil highlight
because of its medicinal and food-preservation properties, with a significant inhibition of
microbial growth and toxin production [146,147].

On the other hand, several studies corroborate that the qualitative and quantitative
chemical compositions of turmeric rhizomes essential oil may fluctuate according to many
factors [124,148,149]. Sometimes, different chemical compositions come from the intrinsic
characteristics of each genotype. In fact, certain traits of a specific variety of C. longa can in-
fluence the content of rhizome oil, representing good criteria for the selection of high-yield
ones. Regarding this, an interesting study observed a direct relationship between plant
height and rhizome oil content, as well as a negative correlation between the amount of
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essential oil in the dry leaf with the one contained in the fresh rhizome [150]. A clear exam-
ple of genotype influence is the dissimilar chemical composition between yellow C. longa
rhizome oil rich in oxygenated sesquiterpenes (ar-turmerone, turmerone, curlone, etc.) and
red one with oxygenated monoterpenes (carvacrol, citral, methyl eugenol, geraniol, etc.) as
principal compounds more similar to Origanum or Thymus spp. [151]. Indeed, the rhizome
colour is closely related to the beneficial properties of C. longa [152]. The influence of the
genotype or cultivars have also been reported by other authors who observed significant
variations in the yield and chemical composition of rhizome oils of C. longa under similar
climatic conditions [153–155].

Together with the genetic and environmental factors, the geographic location con-
tributes to the different yields and quality of C. longa rhizome oils, even developing
different chemotypes [39,109]. In India, the region of production determines the type of
turmeric [156]. Samples from Nepal included α- and β-turmerones (8.19% and 17.74%, re-
spectively) between other compounds like epi-α-patshutene (7.19%), β-sesquiphellandrene
(4.99%), 1,4-dimethyl-2-isobutylbenzene (4.4%), (±)-dihydro-ar-turmerone (4.27%) and
zingiberene (4.03%) [33]. The main components of the essential oil from Nigeria were
ar-turmerone, α-turmerone and β-turmerone [141,157], while turmerones (approximately
37%), together with terpinolene (15.8%), zingiberene (11.8%) and β-sesquiphellandrene
(8.8%), predominated in the rhizome oil from Reunion Island [134]. Turmerones still are also
the predominant compounds in samples from Faisalabad (Pakistan) and Turkey [104,158].
In the South American continent, the essential oil isolated from rhizomes grown in Ecuador
was rich in ar-turmerone (45.5%) and α-turmerone (13.4%), similar to Colombian samples,
while that from Brazil was dominated by zingiberene (11%), sesquiphellandrene (10%),
β-turmerone (10%) and α-curcumene (5%) [105,107,159].

The analysis of each C. longa habitat’s conditions can help to predict the features of the
resulting essential oil and enhance its yield and quality; what results especially important
for its optimisation and commercialisation. Altitude, humidity, rainfall, temperature, soil
pH, organic carbon, nitrogen, phosphorous and potassium are some of the factors that lead
to wide variations in the yield and chemical composition of rhizome essential oil. From
the development of predictive models and in vivo tests, the altitude, soil pH, nitrogen
and organic carbon have been observed as enhancers of rhizome essential oil production.
Amongst them, nitrogen and organic carbon raise the turmerone content concretely and
phosphorous and potassium the oil yield [40,160–162]. Land configurations involving
furrows and thatches surrounding C. longa reduce the loss of these soil nutrients, enhancing
the rhizome yield [41].

The stage of maturity of C. longa rhizomes can also influence in the yield, chemical
composition and properties of the essential oil. In relation to this, Garg et al. demonstrated
that the percentage of the essential oil content widely varied between fresh and dried
rhizomes of 27 accessions of C. longa in North India [163]. Similarly, Sharma et al. also
observed certain variations in the qualitative and quantitative chemical compositions
between the essential oils extracted from a mix of 5–10 month-old rhizomes and eight
ones [139]. Furthermore, Singh et al. confirmed that fresh rhizome essential oil contained
a major quantity of the active compound turmerone than dry ones, consequently having
stronger activity [164]. A different trend was observed by Gounder et al., who reported
the higher activity of cured (fresh rhizome boiled in water, dried in shade and polished)
and dried rhizome oils over fresh ones [165], probably due to the lower percentage of ar-
turmerone and β-turmerone. Anyway, the control of the drying conditions constitutes an
important parameter in order to obtain the highest content of essential oil in the minimum
time possible [166,167]. The sun and mechanical drying coexist as drying methods of
C. longa rhizomes [156]. In particular, Monton et al. confirmed that one hour of microwave
drying without conventional drying represented the optimum conditions to obtain the
highest content of turmeric essential oil [167].
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Table 2. Main components of C. longa essential oil according to the part of the plant used, origin, method of extraction and analysis. GC-
MS: gas chromatography-mass spectrometry, CG-FID: flame ionisation detector, SFE: supercritical fluid extraction, SWE: supercritical
water extraction and: CG-FTIR: gas chromatography-Fourier-transform infrared.

Part of
Turmeric

Origin
Method of
Extraction

Analysis Yield Main Components Ref.

Powdered
rhizomes Nepal Hydrodistillation

Clevenger GC-MS 3.0%

β–turmerone (17.74%),
α-turmeron (8.19%),

epi-α-patschutene (7.19%),
β–sesquiphellandrene (4.99%),

1,4-dimethyl-2-
isobutylbenzene

(4.4%)

[33]

Pulverized
rhizome India Steam distillation +

vacuum distillation GC-MS 1.6–46.6%
Turmerones, l-zingiberene,
β–sesquiphellandrene,

ar-curcumene
[72]

Rhizomes Brazil

Hydrodistillation
assisted by
microwave
(HDAM)

GC-MS 0.6%
ar-turmerone (50.37 ± 0.99%),
β–turmerone (14.39 ± 0.33%),
ar-curcumene (6.24 ± 0.21%)

[98]

Rhizomes Brazil
HDAM +

Cryogenic grinding
(CG)

GC-MS 1.00%
ar-turmerone (47.97 ± 1.19%),
β–turmerone (13.70 ± 0.55%),
ar-curcumene (5.94 ± 0.27%)

[98]

Rhizomes Brazil

Steam distillation
assisted by
microwave

(SDAM)

GC-MS 0.9% - [98]

Rhizomes Brazil SDAM + CG GC-MS 1.45% - [98]

Powdered
dried

rhizome
Serbia Hydrodistillation

Clevenger
GC-MS and

GC-FID 0.3 cm3/100 g
ar-turmerone (22.7%),

turmerone (26%) and curlone
(16.8%)

[104]

Rhizomes Pakistan Hydrodistillation GC-MS 0.673%
ar-turmerone (25.3%),

α-turmerone (18.3%) and
curlone (12.5%)

[158]

Powdered
rhizomes Thailand Hydrodistillation

Clevenger GC-MS -
ar-turmerone (43–49%),

turmerone (13–16%) and
curlone (17–18%)

[166,167]

Dried
rhizomes Brazil SFE GC-MS 0.5–6.5 g/100

g
ar-turmerone (20%) and ar-, α-

and β–turmerones (~75%) [91]

Dried
rhizomes Brazil Extraction with

volatile solvents
GC-MS and

CG-FID 5.49%
α-turmerone and β

–turmerone (~8.7%),
ar-turmerone (~3.6%)

[104]

Dried
rhizomes Brazil Steam distillation GC-MS and

CG-FID 0.46%
ar-turmerone (~12.8%),
α-turmerone and β

–turmerone (~4.1%)
[104]

Dried
rhizomes China Steam distillation GC-MS 4.50% w/w ar-turmerone (11.81%) [124]

Dried
rhizomes Nigeria Hydrodistillation

Clevenger GC-MS 1.33% w/w
ar-turmerone (44.4%),
α-turmerone (20.8%),
β–turmerone (26.5%)

[141]

Dry
rhizomes India Hydrodistillation

Clevenger GC-MS 2.9%
ar-turmerone (21.4%),
α-santalene (7.2%) and
ar-curcumene (6.6%)

[164]
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Table 2. Cont.

Part of
Turmeric

Origin
Method of
Extraction

Analysis Yield Main Components Ref.

Dried
rhizomes India Hydrodistillation

Clevenger GC-MS 3.05 ± 0.15%
ar-turmerone (30.3%),
α-turmerone (26.5%),
β–turmerone (19.1%)

[167]

Cured
rhizomes India Hydrodistillation

Clevenger GC-MS 4.45 ± 0.37%
ar-turmerone (28.3%),
α-turmerone (24.8%),
β–turmerone (21.1%)

[167]

Dried root - SFE GC-MS 2–5.3 wt%
ar-turmerone (31–67.1%),
β–turmerone (2–37.9%),
α-turmerone (0–21.3%)

[87]

Fresh
rhizomes Brazil Hydrodistillation

Clevenger GC-MS 1000 μL
α-turmerone (42.6%), β
–turmerone (16.0%) and

ar-turmerone (12.9%)
[34]

Fresh
rhizomes India Hydrodistillation

Clevenger GC-MS 0.6–2.1% Turmerone (35.24–44.22%) [39]

Fresh
rhizomes India Hydrodistillation

Clevenger GC-MS 0.8%
α-turmerone (44.1%),

β–turmerone (18.5%) and
ar-turmerone (5.4%)

[43]

Fresh
rhizomes India Hydrodistillation

Clevenger GC-MS 0.36%

ar-turmerone (31.7%),
α-turmerone (12.9%),

β–turmerone (12.0%) and (Z)-
β–ocimene (5.5%)

[44]

Fresh
rhizomes India Modified

distillation process GC-MS 2.09–2.50%

ar-turmerone (45.27%),
curlone (5.6%), turmerone

(4.4%), zingiberene (4.01%),
ar-curcumene (4.01%),

dehydrocurcumene (2.0%)

[73]

Fresh
rhizome Malaysia SFE GC-MS -

ar-turmerone (10.84–21.50%),
turmerone (36.14–45.68%) and

curlone (21.27–22.30%)
[79]

Fresh
rhizomes Iran SWE GC-MS 0.98%

ar-turmerone (62.88%),
curcumin (10.49%),

β–sesquiphellandrene (9.62%),
α-phellandrene (6.50%)

[86]

Fresh
rhizomes Ecuador Steam distillation GC-FID and

GC-MS 0.8% v/w ar-turmerone (45.5%) and
α-turmerone (13.4%) [105]

Fresh
rhizomes France Steam distillation GC-MS and

GC-FTIR 1.1%

α-turmerone (21.4%),
zingiberene (11.8%),
terpinolene (15.8%),

β–sesquiphellandrene (8.8%),
ar-turmerone (7.7%) and
β–turmerone (7.1%)

[134]

Fresh
mature

rhizomes
Bhutan Hydrodistillation

Clevenger GC-MS 2–5.5%
α-turmerone (30–32%),

ar-turmerone (17–26%) and
β–turmerone (15–18%)

[139]

Fresh
rhizome India Steam distillation - 2.03–6.50% - [156]
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Table 2. Cont.

Part of
Turmeric

Origin
Method of
Extraction

Analysis Yield Main Components Ref.

Dried
rhizomes India Hydrodistillation

Clevenger GC-MS 3.05 ± 0.15%
ar-turmerone (30.3%),
α-turmerone (26.5%),
β–turmerone (19.1%)

[167]

Cured
rhizomes India Hydrodistillation

Clevenger GC-MS 4.45 ± 0.37%
ar-turmerone (28.3%),
α-turmerone (24.8%),
β–turmerone (21.1%)

[167]

Dried root - SFE GC-MS 2–5.3 wt%
ar-turmerone (31–67.1%),
β–turmerone (2–37.9%),
α-turmerone (0–21.3%)

[87]

Fresh
rhizomes Brazil Hydrodistillation

Clevenger GC-MS 1000 μL
α-turmerone (42.6%), β
–turmerone (16.0%) and

ar-turmerone (12.9%)
[34]

Fresh
rhizomes India Hydrodistillation

Clevenger GC-MS 0.6–2.1% Turmerone (35.24–44.22%) [39]

Fresh
rhizomes India Hydrodistillation

Clevenger GC-MS 0.8%
α-turmerone (44.1%),

β–turmerone (18.5%) and
ar-turmerone (5.4%)

[43]

Fresh
rhizomes India Hydrodistillation

Clevenger GC-MS 0.36%

ar-turmerone (31.7%),
α-turmerone (12.9%),

β–turmerone (12.0%) and (Z)-
β–ocimene (5.5%)

[44]

Fresh
rhizomes India Modified

distillation process GC-MS 2.09–2.50%

ar-turmerone (45.27%),
curlone (5.6%), turmerone

(4.4%), zingiberene (4.01%),
ar-curcumene (4.01%),

dehydrocurcumene (2.0%)

[73]

Fresh
rhizome Malaysia SFE GC-MS -

ar-turmerone (10.84–21.50%),
turmerone (36.14–45.68%) and

curlone (21.27–22.30%)
[79]

Fresh
rhizomes Iran SWE GC-MS 0.98%

ar-turmerone (62.88%),
curcumin (10.49%),

β–sesquiphellandrene (9.62%),
α-phellandrene (6.50%)

[86]

Fresh
rhizomes Ecuador Steam distillation GC-FID and

GC-MS 0.8% v/w ar-turmerone (45.5%) and
α-turmerone (13.4%) [105]

Fresh
rhizomes France Steam distillation GC-MS and

GC-FTIR 1.1%

α-turmerone (21.4%),
zingiberene (11.8%),
terpinolene (15.8%),

β–sesquiphellandrene (8.8%),
ar-turmerone (7.7%) and
β–turmerone (7.1%)

[134]

Fresh
mature

rhizomes
Bhutan Hydrodistillation

Clevenger GC-MS 2–5.5%
α-turmerone (30–32%),

ar-turmerone (17–26%) and
β–turmerone (15–18%)

[139]

Fresh
rhizome India Steam distillation - 2.03–6.50% - [156]

C. longa nutrition also has a significant impact in the yield and composition of rhizome
oil. Especially, fertilizer use can enhance the productivity of volatile oil of C. longa rhizomes
6% [148]. Furthermore, a prior treatment with minerals during in vitro rhizome develop-
ment followed by a fertilizer treatment in a greenhouse increases the percentage of volatiles
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in C. longa rhizomes. Particularly remarkable is the interaction of KNO3 and Ca2+, which
favours the accumulation of sesquiterpenes in turmeric rhizome [168]. An interesting
research proposed the use of arbuscular mycorrhizal fungi instead of chemical fertilizers in
the cultivation of C. longa rhizomes. These optimise the absorption of nutrients and water,
augment the metabolic activity of the plant, etc. In consequence, the root system becomes
more robust, and the chemical composition of the essential oil is improved, increasing the
production of certain compounds, including caryophyllene, α-curcumene, β-bisabolene
and β-curcumene, using sustainable technologies [169,170]. Finally, the postharvest man-
agement of turmeric rhizomes also has a noteworthy influence on the quality of the derived
products. Concretely, the boiling conditions, way of slicing, type of mill and speed of
crushing and presence of heat and oxygen need to be controlled and standardised to obtain
essential oils with certain characteristics [156].

In conclusion, the study of the chemical composition of the essential oil from the
rhizome of C. longa gives us an idea of the characteristics and possible properties that it
possesses. Sesquiterpenes are usually the main compounds in C. longa rhizome essential
oil, highlighting the oxygenated turmerones followed by sesquiterpene hydrocarbons
(Figure 1). However, the qualitative and quantitative chemical compositions of the essential
oil can vary depending on the genetic and commented on factors. The knowledge of these
can help to achieve a high-yield product with useful composition and properties for the
agri-food industry.

4. Potential Applications of C. longa Essential Oil Obtained from Rhizomes in the
Agri-Food Industry

Foodborne diseases, spoilage, insect and weed infestation are some common problems
that cause significant economic losses to the agri-food industry. Chemical preservatives and
pesticides have been widely exploited to maintain and enhance yields and productivity.
However, the numerous handicaps derived from their overuse have been extensively
described. As a result, sustainability has become an increasingly important subject in the
agri-food industry. The characteristics of certain natural products, especially essential oils
(zero waste), have become a matter of study as sustainable alternatives [171–176]. Amongst
them, C. longa rhizome oil can take part in the safer and eco-friendly emergent agri-food
industry due to its promising antimicrobial, herbicidal and antioxidant activities (Figure 2).

Figure 2. Representation of the roles that Curcuma longa rhizome oil can play in the safer and more sustainable emerging
agri-food industry: antimicrobial, herbicidal and antioxidant activities.
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4.1. Prevention and Inhibition of Microbial Attack in Crops and Food-Spoilage Microorganisms

Microbial contamination can affect any step of the food chain, from seed germination
to food processing and storage [177–180]. Initially, the seed-borne pathogens endanger the
correct development of grains, affecting both yield and quality [179]. Besides, bacteria and
fungi are the principal causative agents of many postharvest diseases. Erwinia, Pseudomonas,
Corynebacterium, Aspergillus and Fusarium are some of the most common food spoiler
species, seriously compromising the quality of food products. Moreover, human health
may be disturbed by the contact with these contaminated products [181,182], along with a
deleterious impact in the reliability and economics of the agri-food industry [177,183,184].
Synthetic pesticides and preservatives, some of them with detrimental effects, have been
the most commonly used formulations to prevent and stop the growth of these microor-
ganisms. Therefore, natural, safer and eco-friendly antimicrobials are demanded by the
consumers [178,180,185,186]. Essential oils constitute a potential alternative, because they
possess antimicrobial activity, individually or in combinations between them and with
antibiotics. They prevent food deterioration, maintain their appearance and quality and
are able to be used in biopreservation and biocontrol in the agri-food industry [187–191].

In general, the essential oils proceeding from the rhizomes of the genus Curcuma have
demonstrated noteworthy antimicrobial activity [192–194]. Amongst them, the essential
oil of C. longa rhizome with 58% of ar-turmerone, together with limonene and borneol as
the principal compounds, has presented a dose-dependent antimicrobial activity against
a broad spectrum of food-borne and food-spoilage bacteria and fungi, including Bacillus
subtilis, Salmonella choleraesuis, Escherichia coli, A. niger and Saccharomyces cerevisiae but
at higher doses than the traditional chloramphenicol and amphotericin antibiotics [195]
(Table 3). The addition of C. longa essential oil (33.42% ar-turmerone, 22.35% α-turmerone
and 20.14% β-turmerone) to an edible film with sorbitol and egg white protein power
improved both the properties of the film (thickness and lipophilicity) and its antibacterial
activity against E. coli and Staphylococcus aureus [196] (Table 3).

Usually, bacterial contamination is more difficult to detect, because food generally
appears normal until advanced infection. In contrast, fungal contamination can be easily
perceived, as it normally alters the odour, appearance and texture of food [177,178,197].
C. longa essential oil has already demonstrated its strong fungicidal effect against the
causal agents of important diseases in crops [192,198]. In particular, the radial growth of
Colletotrichum gloeosporioides, Sphaceloma cardamomi and Pestalotia palmarum were completely
inhibited after the treatment with essential oil from C. longa rhizomes at 1–5%. Other
phytopathogenic fungi, such as Rhizoctonia solani, Aspergillus sp. and Fusarium sp., were
also notably affected, especially at the highest concentration (5%) assayed [199] (Table 3).

It is interesting to note that essential oils represent a natural alternative to the usually
employed weak-acid preservatives in the prevention of A. niger, a common contaminant of
yogurt, ready-to-drink beverages and, especially, bakery products [200,201]. Particularly,
packaging with a biopolymer film containing turmeric essential oil (35.46% turmerone,
20.61% cumene and 13.82% ar-turmerone) constitutes a sustainable and efficient technology
to protect these food products against attacks of the filamentous fungus. The biopolymer
film acts as a carrier, releasing in a sustained way the antimicrobial agent turmeric essential
oil [202] (Table 3). In fact, the addition of turmeric essential oil in edible coating films could
enhance food protection from microbial contamination in general. In relation to this, the
fungal growth of common spoilers of pumpkin Penicillium and Cladosporium spp. were
reduced 60.3% and 41.6%, respectively, for 15 days with an edible coating based on achira
starch (Canna indica L.) containing 0.5% w/w C. longa rhizome oil [203] (Table 3).

The antifungal effect of C. longa essential oil has been tested in other Aspergillus spp.,
such as A. flavus, a common contaminant of cereals, legumes, juices, and fresh and dried
fruits [182,204–208], as well as one of the major source of aflatoxins in agricultural crops,
considered the most problematic mycotoxins worldwide [181,209,210]. The growth rate
of A. flavus was significantly reduced with only 0.10% v/v of C. longa rhizome oil (33.2%
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ar-turmerone, 23.5% α-turmerone and 22.7% β-turmerone). Furthermore, the germination
and sporulation were completely inhibited at 0.5% v/v [211] (Table 3).

Regarding Fusarium spp., versatile spoilers of fruit, vegetables, cereals, etc. [212,213]
generating important economic losses in the agri-food industry, C. longa rhizome essen-
tial oil has exhibited also promising results. The mycotoxin production, particularly of
thrichothecenes and fumonisins, with serious health impacts in humans and livestock by
their potentially carcinogenic and inhibition of the protein synthesis, respectively [214], is
another problem to solve. The essential oil obtained from the fresh rhizomes of C. longa
(42.6% α-turmerone, 16.0% β-turmerone and 12.9% ar-turmerone) significantly affected the
development of F. vericillioides by decreasing the thickness and length of the microconidia,
as well as the fungal biomass. The fumonisin production was also significantly inhib-
ited [34] (Table 3). Likewise, C. longa rhizome oil (53.10% ar-turmerone) had a considerable
effect in the morphology of the mycelia and spores, as well as in the zearalenone produc-
tion of F. graminearum [215], being the mycelial growth of F. moniliforme and F. oxysporum
inhibited at 1000 and 2000 ppm, respectively [192] (Table 3).

On the other hand, the essential oil obtained from other parts of C. longa with different
chemical compositions has also shown antimicrobial activity. In this sense, C. longa essential
oil dominated by oxygenated monoterpenes (82.0%) displayed promising in vivo antifun-
gal activity against P. expansum and Rhizopus stolonifer when combined with A. sativum
essential oil, representing a natural alternative to chemical fungicides in tomato protec-
tion [216]. Similarly, C. longa essential oil rich in monoterpenes (20.4% α-phellandrene,
10.3% 1,8-cineole and 6.19% terpinolene) and with considerable quantities of α- and β-
turmerone (19.8% and 7.35%) presented one of the highest MICs (0.06–0.36 mg/mL) with
respect to 11 different essential oils against five food-spoilage yeasts [217] (Table 3).

Therefore, the high antimicrobial activity of C. longa essential oil may be due to a
synergism between the usual main compounds ar-turmerone, turmerone and curlone and
the other phenolic group [218].

Regarding these data, the essential oil from the rhizome of C. longa can be considered
a green alternative for biopreservation in the agri-food industry. It has demonstrated
promising dose-dependent antimicrobial activity against a wide range of microorganisms.
This efficacy is not always shared with the essential oils extracted from other parts of
C. longa. Therefore, its efficacy may be due to its particular chemical composition, especially
to the predominance of turmerones and combinations with other oxygenated compounds.
This makes C. longa rhizome oil the subject of incorporation in edible coating films and
other encapsulating technologies for future applications.

4.2. Herbicidal Activity

The resistance and tolerance development of weeds, crop damage or environmen-
tal pollution are the main problems due to the continuous use of synthetic herbicides
in global agriculture [219–221]. Alternatives to synthetic herbicides for weed manage-
ment and food security require the research of natural sources such as essential oils to
develop safer and more sustainable herbicides without significantly affecting crops yields.
Several essential oils have demonstrated promising herbicidal properties, inhibiting seed
germination and/or seedling growth of a broad number of weeds [175,222–225]. In fact,
some of them are already the main components of several commercial herbicidal composi-
tions, taking part in the construction of a harmless and eco-friendlier emergent agri-food
industry [226,227].

Regarding turmeric, the rhizome essential oil (38.7% ar-turmerone, 18.6% β-turmerone
and 14.2% α-turmerone) has proven to be a potential post-emergent treatment in the
control of weeds such as common purslane (Portulaca oleracea L.), especially aggressive
in agriculture because of its versatility in affecting a wide variety of scenarios due to its
tolerance to changes and rapid growing [228,229], Italian ryegrass (Lolium multiflorum
Lam.), rapidly growing weed with the capacity of producing large quantities of seeds,
being particularly competitive in small grain and vegetable harvests, where it represents a
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great problem due to the development of herbicide resistance [230,231] and barnyard grass
(Echinochloa crus-galli (L.) Beauv.), considered one of the world’s worst weeds infesting
cropping systems [232], especially detrimental in rice paddies, where it interferes with
canopy light transmission, triggering a series of metabolic alterations in rice that can lead
to severe losses of even 55.2% [233]. Concretely, it reduced the hypocotyl development of
the three weeds 56.55%, 40.45% and 39.33%, respectively, from 0.125 to 1 μL/mL, without
affecting either the seed germination or the hypocotyl growth of the tomato, cucumber and
rice crops [234] (Table 3).

The harmlessness of C. longa rhizome essential oil for food crops, a great challenger
in the search for natural herbicides, has been corroborated by other authors. For instance,
Prakash et al. confirmed that it did not affect the germination of chickpea seeds. The
mean length of both hypocotyl and radicle were not significantly reduced after three days
of exposure to the essential oil regarding control (3.65 and 0.82 cm vs. 3.75 and 0.93 cm,
respectively). Only its combination with Z. officinale essential oils showed certain phyto-
toxicity against the seeds, probably due to the activity of Z. officinale [235]. However, the
essential oil proceeding from other species included in the genus Curcuma have shown
phytotoxic actions against food crops. For instance, C. zedoaria essential oil with a pre-
dominance of oxygenated compounds (18.20% epi-curzerenone and 15.75% 1,8-cineole)
severely depressed the germination, germination rate and seedling development of lettuce
and tomatoes. Particularly, the seed germination of both crops decreased from 80% to
0% and from 100% to 40%, correspondingly, at the highest dose of C. zedoaria essential oil
(1.00%) assayed, and the hypocotyl and radicle growths were significantly reduced, with
the essential oil at only 0.73–0.86% [236].

Furthermore, C. longa rhizome oil constitutes a potential candidate for biological
control of the emerging invasive alien plant species. Specifically, it is outstanding in the
inhibitory effect in the development of pampas grass (Cortaderia selloana (Schult. & Schult.
f.) Asch. & Graebn.) and tree tobacco (Nicotiana glauca Graham.) from the lowest dose
(0.125 μL/mL) assayed. Among them, C. selloana exhibited a special sensitivity to C. longa
essential oil. The seed germination was drastically inhibited in a dose-dependent manner,
achieving 81.71% of reduction at the highest dose (1 μL/mL) applied [234] (Table 3). It is
interesting to note that the management of invasive species with sustainable alternatives is
another important step in global agriculture, because these species are becoming natural-
ized in a wide number of areas with serious consequences: they influence the environment,
change soil properties, affect diversity, etc. and, finally, are reverberating in socioeconomic
factors, as well as human health [237–239].

On the other hand, other products derived from C. longa have demonstrated phytotoxic
activity. In this way, the ethanolic extract completely inhibited the growth of the floating
weed common duckweed (Lemna minor (L.) Griff.) at 100 and 1000 μg/mL [240], whereas
the ethyl acetate extract (1000–10,000 ppm) showed the highest inhibitory effect vs. the seed
germination and seedling growth of radishes in comparison to cyclohexane and n-hexane,
which stimulated germination and elongation at 10,000 and 7500 ppm, respectively [241];
more recently, Akter et al. remarked on the potent inhibitory effect of the methanolic extract
against the seed germination and seedling growth of both weed beggarticks (Bidens pilosa
L.) and crops cress, radishes and lettuce. Especially, the major curcuminoids present in
C. longa’s Ryudai gold variety strongly reduced the seed germination, as well as root and
shoot growth of the weed (IC50 8.7–12.9 and 15.5–38.9 μmol/L, respectively) [242].

Therefore, C. longa can be considered an important source of bioproducts with inter-
esting phytotoxic properties. Especially, the rhizome essential oil has demonstrated apt
herbicidal activity against specific weed and invasive plant species, without significantly
harming food crops. These observations make the essential oil of C. longa rhizome a ref-
erence of investigation for new weedicide compounds. Further research involving more
weed and crop species, as well as different conditions, is needed to keep demonstrating its
potential as a bioherbicide.
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4.3. Food Decay Prevention: Antioxidant Activity

Stored food products are subject to oxidation, involving a loss of quality, alteration
of the organoleptic properties and nutritional value, as well as of food safety problems.
Synthetic antioxidant additives commonly used to avoid this process are under controversy
currently, which has led to an increased interest in the agri-food industry to use the
preservative properties of plant products.

Several essential oils and their components have already demonstrated their po-
tential role in overcoming storage losses and enhancing food shelf-lives in the near
future [243–245]. Some have even been approved as flavour or food additives, and others
are under validation. Nowadays, the encapsulation of essential oils is also being studied to
try to stabilise their antioxidant activity and even enhance it [246].

In general, C. longa and its products have shown their antioxidant potential as biop-
reservatives of physicochemical and organoleptic properties of food items, such as paneer,
white hard clams, rainbow trout, cuttlefish and mashed potatoes, either alone or in com-
bination with other plant products. This property can be improved even more with the
help of nanotechnology that may control the aqueous solubility and stability of turmeric
derivatives [245,247–255].

The antioxidant properties of the turmeric essential oils have been widely studied.
The leaf essential oil with 22.8% β-sesquiphellandrene and 9.5% terpinolene as the main
compounds has been proposed as a potential option to prevent the oxidative deterioration
of fat-containing food products because of its hydrogen-donating properties and reducing
power [256] (Table 3). Likewise, C. longa rhizome oil is able to decrease lipid peroxidation
and other processes related to free-radical formation, achieving the extending shelf-lives of
food products. In fact, it has exhibited the lowest peroxide value with respect to oleoresins
and synthetic antioxidants, meaning a more efficient inhibitory effect of the formation of
the secondary oxidation product malondialdehyde [164] (Table 3). This effect has been
corroborated by means of diverse methods that evaluate both the scavenging capacity for
different free radicals and the metal ion-chelating ability of the essential oil. Particularly,
the essential oil obtained from the fresh rhizomes of C. longa (α-turmerone (42.6%), β-
turmerone (16.0%) and ar-turmerone (12.9%)) has exhibited satisfactory dose-dependent
DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2,2′-azino-bis-3-ethylbenzothiazoline-6-
sulphonic acid) radical-scavenging activities (IC50 10.03 and 0.54 mg/mL, respectively),
as well as reducing power [34] (Table 3). Both the DPPH and ABTS methods are between
the most carried out antioxidant capacity assays [257]. These are good estimators of the
antioxidant activity of any extract in general, using a simple redox reaction between the
antioxidant and reactive oxygen species (ROS), being considered the DPPH method as the
first line for evaluating the ability of a compound and extract or other biological source
to act as a free-radical scavenger or hydrogen donor because of its accuracy, simplicity
and low cost [258]. On the other hand, ABTS has been observed as especially useful to
track changes in the antioxidant system itself during the storage and processing steps [257].
Reducing power is usually a complementary test to the previous ones to further evaluate
the antioxidant activity [259].

In this way, the antioxidant activity of C. longa rhizome essential oil stood out over
10 other different essential oils. Its free radical-scavenging potential was twice higher
than that of Trolox (~60% vs. 28.2%, respectively), and the antioxidant activity (72.4%)
was near the values of the reference essential oil Thymus vulgaris (90.9%) and butylated
hydroxyanisole (BHA) (86.74%) [217] (Table 3). Similarly, the reducing potential of C. longa
rhizome oil was also highlighted over Eucalyptus spp., such as E. sideroxylon, E. tereticornis
and E. citriodora [130.5 ± 1.2, 122.1 ± 1.4 and 95.8 ± 1.0 μM ferric reducing antioxidant
power (FRAP) equivalents, respectively], with 138.4 ± 1.1 μM FRAP equivalents. This
value was even higher than the one of other Curcuma spp.—for instance, C. aromatica
(130.6 ± 1.5 μM FRAP equivalents) [260]. This antioxidant potential has also been demon-
strated in vivo. A starch/carboxymethyl cellulose (CMC) edible coating including C. longa
oil suppressed the oxidase enzyme activity of fresh-cut “Fuji” apples by 9% [261] (Table 3).
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The luminol-photochemiluminiscence (PLC) assay corroborated afterwards the high
antioxidant activity of C. longa essential oil [217]. It results in an easy, fast and sensitive
method to know the scavenging activity of antioxidants against the radical anion superox-
ide, especially for hydrophobic-like essential oils [217]. This property may be due to the
total phenolic content of C. longa essential oil that also highlights over more than 15 essential
oils from different plant species [235]. However, the phenolic compounds of C. longa essen-
tial oil and, consequently, the antioxidant activity can vary depending on the cultivation
conditions. Especially, the substrate type, together with the presence of fungi, have signifi-
cantly influenced the composition and activity of C. longa leaf essential oil [169,170]. The
antioxidant activity can also change according to many other factors, such as the degree of
dryness of C. longa rhizome. Specifically, the essential oil from the fresh rhizomes (24.4% ar-
turmerone, 20.5% α-turmerone and 11.1% β-turmerone) exhibited higher DPPH radical
scavenging, as well as Fe2+-chelating abilities, than the dry ones (21.4% ar-turmerone,
7.2% α-santalene and 6.6% ar-curcumene). The antioxidant activity of both essential oils
was significantly higher than the commercial antioxidants BHA and butylated hydrox-
ytoluene (BHT) [164] (Table 3). Nevertheless, other authors reported a different trend.
Gounder et al. demonstrated throughout several tests that dried and cured rhizomes had
higher antioxidant activity than the fresh ones (ar-turmerone (21.0–30.3%), α-turmerone
(26.5–33.5%) and β-turmerone (18.9–21.1%)). Specifically, ABTS radical cation scaveng-
ing [Trolox equivalent antioxidant capacity (TEAC) 68.0, 66.9 and 38.9 μM at 1 mg/mL];
ferric-reducing antioxidant potential (TEAC 276.8, 264.1 and 178.4 μM at 1 mg/mL); to-
tal antioxidant capacity by phosphomolybdenum assay (686, 638 and 358 ascorbic acid
equivalents per 1 mg of oil) and reducing power were stronger in dried and cured rhizome
than in fresh ones, respectively [165]. These differences are mainly due to the different
compositions reported by the authors [164,165] in the fresh and dry rhizome essential oils
used in the test.

Several research carried out with turmeric rhizome essential oil without β-turmerone
among the main compounds [105,262] reported lower DPPH bleaching potential and
ferric-reducing antioxidant power of C. longa rhizome oil (45.5% ar-turmerone and 13.4% α-
turmerone) principally, in comparison to those of Trolox (IC50 14.5 ± 2.9 mg/mL vs.
0.012 ± 0.004 mg/mL and 389.0 ± 112.0 vs. 402.3 ± 20.1 μM ascorbic acid equivalents,
respectively) [105], as well as negligible DPPH radical scavenging activity (38.7% ar-
turmerone and 14.2% α-turmerone) with respect to other, different essential oils, among
which were cinnamon, clove, green tea, lemon eucalyptus, rosemary, oregano and its main
compound carvacrol [262] (Table 3).

239



Plants 2021, 10, 44

Table 3. Antimicrobial, herbicidal and antioxidant activities of C. longa essential oil in the agri-food industry. DPPH: 2,2-
diphenyl-1-picrylhydrazyl, ABTS: 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid, BHA: butylated hydroxyanisole
and BHT: butylated hydroxytoluene.

Antimicrobial Activity

Chemical Composition Concentration Effect Ref.

42.6% α-Turmerone
16.0% β-Turmerone
12.9% ar-Turmerone

17.9 and 294.9 μg/mL
Decrease the development of Fusarium verticillioides by 56.0
and 79.3%, respectively, as well as the thickness and length
of microconidia, fungal biomass and fumonisin production

[34]

51.8% ar-Turmerone
11.9% ar-Turmerol 1000 ppm Complete mycelial growth inhibition of Colletotrichum

falcatum and F. moniliforme [192]

51.8% ar-Turmerone
11.9% ar-Turmerol 2000 ppm Complete mycelial growth inhibition of Curvularia pallescens,

Aspergillus niger and F. oxysporium [192]

58% ar-Turmerone
Limonene

Borneol
>45–90 μg/disc

Significant inhibition of Bacillus subtilis, Salmonella
choleraesuis, Escherichia coli, A. niger and Saccharomyces
cerivisiae at higher doses than chloramphenicol and
amphotericin

[195]

33.42% ar-Turmerone
22.35% α-Turmerone
20.14% β-Turmerone

1–2% (v/v)
Antibacterial activity against E. coli and Staphylococcus
aureus when incorporated to an edible film with sorbitol and
egg white protein

[196]

- 1–5%
Complete radial growth inhibition of C. gloeosporoides,
Sphaceloma cardamomi, Pestalotia palmarum, Rhizoctonia solani,
Aspergillus sp. and Fusarium sp.

[199]

35.46% Turmerone
20.61% Cumene

13.82% ar-Turmerone
>0.5 μL Antifungal effect against A. niger when incorporated to a

biopolymer film [202]

- 0.5% w/w

Reduction of the growth of Penicillium and Cladosporium spp.
in 60.3 and 41.6%, respectively, for 15 days when
incorporated to an edible coating based on achira starch
(Canna indica L.)

[203]

33.2% ar-Turmerone
23.5% α-Turmerone
22.7% β-Turmerone

0.10–0.5% v/v Significant reduction of the growth rate of A. flavus, as well
as complete inhibition of germination and sportulation [211]

53.10% ar-Turmerone 2450 and 3300 μg/mL Minimum inhibitory and minimum fungicidal
concentration against F. graminearum [215]

53.10% ar-Turmerone 3500 and 3000 μg/mL Complete inhibition of fungal biomass and zearalenone
production in F. graminearum, respectively [215]

20.4% α-Phellandrene
19.8% α-Turmerone
10.3% 1.8-Cineole

7.35% β-Turmerone

0.06–0.36 μg/mL
One of the highest minimum inhibitory concentrations with
respect to 11 different essential oils against five-food
spoilage yeasts

[217]

Herbicidal Activity

38.7% ar-Turmerone
18.6% β-Turmerone
14.2% α-Turmerone

0.125–1 μL/mL

Reduction of the hypocotyl growth of Portulaca oleracea,
Lolium multiflorum and Echinochloa crus-galli in 56.55, 40.45
and 39.33%, respectively, without affecting neither seed
germination nor hycopotyl growth of tomato, cucumber
and rice crops

[234]

38.7% ar-Turmerone
18.6% β-Turmerone
14.2% α-Turmerone

1 μL/mL Significant inhibition of Cortaderia selloana seed germination
(81.71%) [234]

38.7% ar-Turmerone
18.6% β-Turmerone
14.2% α-Turmerone

>0.125 μL/mL Outstanding inhibitory effect in the development of
C. selloana and Nicotiana glauca [234]
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Table 3. Cont.

Antimicrobial Activity

Chemical Composition Concentration Effect Ref.

Antioxidant Activity

42.6% α-Turmerone
16.0% β-Turmerone
12.9% ar-Turmerone

IC50 10.03 mg/mL
(DPPH)

IC50 0.54 mg/mL
(ABTS)

Dose-dependent DPPH and ABTS radical scavenging
activities, as well as reducing power [34]

45.5% ar-Turmerone
13.4% α-Turmerone

IC50 14.5 ± 2.9 mg/mL
(DPPH)

389.0 ± 12.0 μM
Ascorbic Acid (AA) eq.

Low DPPH bleaching potential and ferric-reducing
antioxidant power in comparison to Trolox [105]

24.4% ar-Turmerone
20.5% α-Turmerone
11.1% β-Turmerone

<100 Meq/kg (peroxide
value)

0.04–0.08 TBA value
5–20 μL (DPPH)
10–100 μL (Fe2+

chelating effect)

The lowest peroxide value with respect to oleoresins,
synthetic antioxidants and essential oil from dry rhizomes.
More efficient inhibitory effect of malondialdehyde
Higher DPPH radical scavenging, as well as Fe2+ chelating
abilities than the dry ones (21.4% ar-turmerone, 7.2%
α-santalene and 6.6% ar-curcumene)
Higher DPPH radical scavenging activity than BHA and
BHT

[164]

21.4% ar-Turmerone
7.2% α-Santalene

6.6% ar-Curcumene

100–200 Meq/kg
(peroxide value)

0.04–0.08 TBA value
15–20 μL (DPPH)
10–100 μL (Fe2+

chelating effect)

Higher DPPH radical scavenging activity than BHA and
BHT [164]

20.4% α-Phellandrene
19.8% α-Turmerone
10.3% 1,8-Cineole

7.35% β-Turmerone

28.1 ± 1.45 mmol
Trolox/L (PLC)

Free radical-scavenging potential twice higher than that of
Trolox (~60 vs. 28.2%, respectively)
Antioxidant activity (72.4%) near the values of the reference
essential oil Thymus vulgaris (90.9%) and butylated
hydroxyanisole (BHA) (86.74%)

[217]

22.8%
β-Sesquiphellandrene

9.5% Terpinolene

IC50 3.227 mg/mL
(DPPH)

IC50 1.541 mg/mL
(ABTS)

1 mg/mL
(antiperoxidative)

Hydrogen donating properties and reducing power.
Potential option to prevent oxidative deterioration of fat
containing food products

[256]

35.46% Turmerone
20.61% Cumene

13.82% ar-Turmerone
30 μL/mL

Suppression of oxidase enzyme activity of the fresh-cut
“Fuji” apples by 9% when incorporated in a
starch/carboxymethyl cellulose edible coating

[261]

38.7% ar-Turmerone
14.2% α-Turmerone 10 μL

Negligible DPPH radical scavenging activity with respect to
other different essential oils (cinnamon, clove, green tea,
lemon eucalyptus, rosemary, oregano and its main
compound carvacrol)

[262]

On the other hand, other Curcuma spp. essential oil with very different chemical
compositions have also demonstrated strong and dose-dependent antioxidant abilities.
In this sense, C. zedoaria (17.72% curzerenone, 15.85% γ-eudesmol acetate and 6.50%
germacrone) and C. angustifolia (29.62% epicurzerenone, 10.79% curzerenone and 6.12%
trans-β-terpineol) rhizome essential oils showed higher DPPH (IC50 2.58 ± 077 μg/mL
and 12.53 ± 0.14 μg/mL) and ABTS (IC50 1.28 ± 0.05 μg/mL and 5.53 ± 0.29 μg/mL)
radical scavenging ability, as well as reducing power (EC50 4.77 ± 0.14 μg/mL and
5.68 ± 0.11 μg/mL) than BHT and ascorbic acid (DPPH: 19.07 ± 0.17 and 5.31 ± 0.2 μg/mL,
ABTS: 14.19 ± 0.21 and 1.51 ± 0.32 μg/mL and reducing power: 9.61 ± 0.18 and
5.21 ± 0.13 μg/mL, respectively) [194]. The leaf essential oil of C. angustifolia (33.2% curz-
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erenone, 18.6% 14-hydroxy-δ-cadinene and 7.3% γ-eudesmol acetate) showed even higher
DPPH and ABTS free-radical scavenging (4.06 ± 0.06 and 1.35 ± 0.14 μg/mL, respectively),
as well as reducing (EC50 2.62 ± 0.25 μg/mL) activities, than the rhizome oil and the
standard references [128]; C. amada rhizome oil (40% β-myrcene, 11.78% β-pinene and 10%
ar-curcumene) and the essential oil obtained from the pulverized rhizome of C. petiolata
(83.99% 2-methyl-5-pentanol) presented moderate antioxidant activity in comparison to
the extracts and standard references [133,263].

C. longa rhizome essential oil has also exhibited strong antioxidant potential when
combined with other essential oils—for instance, Z. officinale. In this case, the combination
of both showed higher DPPH radical scavenging activity (IC50 3.75 μL/mL vs. 4.28 and
7.19 μL/mL), as well as stronger β-carotene–linoleic acid bleaching (65.24% vs. 59.88 and
55.82%) than C. longa and Z. officinale oils alone, respectively [235]. This last test has been
commonly used to compare the lipid peroxidation inhibitory activity of either individual
compounds or mixtures, despite possible scattered results due to different factors like the
chemical composition and extracting solvent [264].

Overall, the genus Curcuma and its derived products have been popularly used as
food additives to confer special beneficial properties, which include colouring, preservation
and healthy effects. Particularly, the biopreservative properties of C. longa rhizome oil
can meet the needs of the agri-food industry. Its suitability as a natural alternative to
synthetic antioxidants has been broadly corroborated through many in vitro and in vivo
tests, obtaining interesting results replacing the reference synthetic antioxidants. So much
so that this essential oil is being included in food coatings to keep them much longer.
Moreover, further investigation regarding the most appropriate application of C. longa
rhizome oil, as well as combinations with other, different essential oils, is being carried out,
with the aim of trying to enhance its antioxidant potential and being finally implemented
in the sustainable agri-food industry.

5. Conclusions

Consumers demand natural, safer and greener products, as well as sustainable food
technologies, from the agri-food industry. However, an equilibrium between meeting
consumer expectations and achieving the maximum efficiency in industrial production
according to Green Chemistry is required.

The potential applications of numerous plant products in the agri-food industry have
been widely investigated. Amongst them, the essential oil extracted from the rhizome of
C. longa (species popularly known for its medicinal and culinary benefits) has demonstrated
a high antimicrobial potential against a broad spectrum of plagues in crops and food-
spoilage microorganisms, as well as significant phytotoxic effects against diverse weeds
that are considered truly a threat for agricultural production and ecology. Besides, it has
exhibited interesting antioxidant activity that would avoid postharvest decay and extend
food shelf-lives.

This versatility is mainly due to the characteristic chemical composition of C. longa
rhizome essential oil. Usually, sesquiterpenes constitute the main phytochemical group
identified, and turmerones are the most representative components. However, this pattern
is subjected to changes depending on countless internal (genetics) and external (geographic
location, cultivation conditions, post-harvest processing, etc.) factors. For this reason,
predictive models need to be developed to previse the chemical composition of C. longa
rhizome essential oil according to the conditions surrounding the plant. In this way, the
control of these factors is useful to obtain a high-yield essential oil with the aimed chemical
composition, convenient for carrying out a specific activity in the agri-food industry in an
optimum way.

Given the nature of these products (complex mixtures of volatile compounds), one
of the first processes to take into account is the extraction technique chosen. Despite that
the conventional methods (steam distillation, hydrodistillation, etc.) are still the most
commonly used, there is a current tendency to employ the novel ones (SFE, SWE, SFME,
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MAE, etc.) that offer several advantages, such as the reduction of costs, of extraction times,
energy consumption, etc., in an attempt to offer higher-quality C. longa rhizome essential
oil in the lowest time possible and with the minimum residues produced. For its total
implementation, further research is needed to achieve the most efficient extraction that
allows obtaining a chemical composition enriched in the active component to elucidate its
mechanisms of action, encapsulating techniques of C. longa essential oil for its preservation
and/or release against external conditions (temperature, oxygen, etc.), as well as to deter-
mine the threshold application with which it would neither damage crops nor affect the
organoleptic properties of food products, are necessary research prior to their employment
in the agri-food industry.

The sustainable and efficient encapsulation of C. longa rhizome oil represents the
ultimate step for its implementation in the agri-food industry. Current research is oriented
to solve the limitations when applying turmeric essential oil (volatility, instability under
certain conditions and hydrophobicity), with the aim of longer preserving its numerous
benefits and improving its performance. Biodegradable and biocompatible products as
edible alginate-based films with turmeric represent advantages over traditional plastic
containers, increasing the antioxidant capacity and extending the shelf-lives of the final
products. Many encapsulation methods, including β-cyclodextrines, chitosan–alginate,
microemulsions, nanoparticles etc., have been described to enhance the curcumin bioavail-
ability. They represent potential options to also enhance the beneficial properties of the
essential oil of C. longa rhizome and its components, as well as controlling their release.
A complex study regarding the cost-efficiency and sustainability, as well as threshold
concentrations not to harm crops and food, have to be taken into account.
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