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Preface to ”Insecticide, Acaricide, Repellent and

Antimicrobial Development”

Nowadays, arthropod pest and vector species are still managed though the use of synthetic

insecticides and acaricides. However, in an Integrated Pest/Vector Management framework,

substantial efforts are directed to design and validate environmentally sustainable and selective

products with multiple modes of action, which make the develop of insecticide and acaricide

resistance unlikely. A similar scenario applies to antimicrobials.

Further, bites from bloodsucker insects and mites can be avoided using repellents. In this

scenario, discovering novel and effective products to repel mosquitoes, ticks, tabanids and kissing

bugs, just to cite some hot-topic examples, is a challenge for public health. Natural products represent

a huge source of highly effective active ingredients to be used for repellent purposes.

From this perspective, the present book, a reprint of the Molecules Special Issue “Insecticide,

Acaricide, Repellent and Antimicrobial Development”, is dedicated to the development of effective

and eco-friendly insecticides, acaricides, repellents, and antimicrobials, including products of

natural origin.

Giovanni Benelli

Editor
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Editorial

Insecticide, Acaricide, Repellent and Antimicrobial
Development

Giovanni Benelli

Department of Agriculture, Food and Environment, University of Pisa, via del Borghetto 80, 56124 Pisa, Italy;
giovanni.benelli@unipi.it; Tel.: +39-0502216141

The quick spread of invasive arthropod species worldwide, sometimes boosted by
global warming and urbanization [1–4], outlines again the need for effective and timely
pest and vector management tools [5]. However, most of them rely on the use of synthetic
insecticides and acaricides. This represents a major problem, since synthetic molecules
often rely on a single mechanism of action, making resistance development quick and hard
to deal with [6,7]. Similarly, fast resistance development to widely used antimicrobials has
been detected in a wide number of microbial pathogens and parasites [8,9]. The massive,
often inappropriate, employ of synthetic pesticides also leads to serious non-target effects
on human health and the environment [10].

Further, bites from bloodsucker insects and mites can be avoided using repellents.
In this scenario, discovering novel and effective products to repel mosquitoes, ticks and
tabanids, just to cite some hot examples, is a challenge for public health [11–14]. Natural
products represent a huge source of highly effective active ingredients to be used for
repellent purposes (e.g., Eucalyptus citriodora and the related molecule p-menthane-3,8-
diol) [15].

In this framework, the present Special Issue is dedicated to the development of effective
and eco-friendly insecticides, acaricides, repellents and antimicrobials, including products
of natural origin (e.g., plant extracts, essential oils, selected bacterial and fungal metabolites).
Research efforts shedding light on the modes of action, behavioural modifications and
non-target effects of the above-mentioned natural products have been welcomed. It has
been recommended to the authors to include a positive control in the experiments [16], as
well as detailed information on the chemical composition of the tested products [17]. Both
original research and reviews have been included in the Special Issue.

Herein, contributions on the following topics have been included:

(a) Laboratory evaluation of the insecticidal, acaricidal and/or antimicrobial activity of
plant essential oils [18,19].

(b) Isolation of pure constituents from plant extracts, and assessment of their insectici-
dal [20–22], acaricidal [23] and/or antimicrobial activities [24], including toxicological
stability assays [25].

(c) Synthesis and characterization of novel semisynthetic insecticides, along with their
in vitro evaluation on insect cells [26].

(d) Exploitation of invasive plant species as sources of effective insecticidal products [27].
(e) Evaluation of the impact of selected plant-borne compounds on the behaviour of key

insect pests, with special reference to aphids [28].
(f) Development of botanical-based insecticidal formulations (including nanoformula-

tions) characterized by an improved bioactivity and stability over time [29,30].

Finally, the Special Issue ends with two reviews. The first summarized current knowl-
edge on the use of diatomaceous earths in crop protection, stored product, and urban pest
control, presenting a number of challenges for future research [31]. The second one high-
lights current prospects and challenges about the use of plant-borne products as pesticides
for agricultural purposes [32].

Molecules 2022, 27, 386. https://doi.org/10.3390/molecules27020386 https://www.mdpi.com/journal/molecules
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In conclusion, despite the relevant research efforts undertaken in this field for discover-
ing new insecticides, acaricides and repellents of natural origin, the road to their large-scale
use in the real world appears long and windy, complicated by costly and complex au-
thorization requirements [33], and with limited commercialization outcomes [34]. In this
scenario, I sincerely hope that the present Special Issue will be useful in inspiring future
research and even extension efforts on the topic, particularly among young researchers.
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Abstract: A series of β-amino alcohols were prepared by the reaction of eugenol epoxide with
aliphatic and aromatic amine nucleophiles. The synthesized compounds were fully characterized
and evaluated as potential insecticides through the assessment of their biological activity against Sf9
insect cells, compared with a commercial synthetic pesticide (chlorpyrifos, CHPY). Three derivatives
bearing a terminal benzene ring, either substituted or unsubstituted, were identified as the most
potent molecules, two of them displaying higher toxicity to insect cells than CHPY. In addition, the
most promising molecules were able to increase the activity of serine proteases (caspases) pivotal
to apoptosis and were more toxic to insect cells than human cells. Structure-based inverted virtual
screening and molecular dynamics simulations demonstrate that these molecules likely target acetyl-
cholinesterase and/or the insect odorant-binding proteins and are able to form stable complexes with
these proteins. Encapsulation assays in liposomes of DMPG and DPPC/DMPG (1:1) were performed
for the most active compound, and high encapsulation efficiencies were obtained. A thermosensitive
formulation was achieved with the compound release being more efficient at higher temperatures.

Keywords: eugenol derivatives; amino alcohols; semisynthetic insecticides; biopesticides; bioinsecti-
cides; phenylpropanoids; Spodoptera frugiperda

1. Introduction

The use of synthetic pesticides for decades to manage pest control in crops has resulted
in an accumulation of various residues with adverse effects on many organisms and poten-
tial negative impact in human health. At the same time, crop destruction by pests, mainly
by insects, is one of the main problems responsible for losses in agricultural production.
Pesticides from natural sources are an effective alternative to synthetic pesticides and are
becoming more important for pest management in agriculture and also public health. In
this respect, plants offer a wide variety of secondary metabolites with efficacy against
insects [1,2]. In recent years, essential oils (EOs) became an important natural source of
pesticides. Many EOs present insecticidal, repellent, fumigant, and antifeedant activities
against a wide variety of insects [3,4]. Essential oil components and their derivatives are

Molecules 2021, 26, 6616. https://doi.org/10.3390/molecules26216616 https://www.mdpi.com/journal/molecules

5



Molecules 2021, 26, 6616

considered to be an alternative way of insect control. In particular, phenylpropanoids, one
of the main constituents of some EOs, have proved to present efficacy against insects [4].
Eugenol is a phenylpropanoid and a major constituent of clove essential oil with many
applications in pharmaceutical, food, agricultural, and cosmetics industries [5], and it has
been shown to be biologically active as antioxidant [5,6], antiviral [7] anti-inflammatory [8]
and antimicrobial [9]. Enan [10] showed that eugenol mimicked octopamine in increas-
ing intracellular calcium levels in cloned cells from the brain of Periplaneta americana and
Drosophila melanogaster, and this was also found to be mediated via octopamine recep-
tors. Structural changes of eugenol are known to be a useful strategy in order to improve
biological activity and to obtain new analogues with reduced side effects [11].

Further, epoxides are important intermediates in pharmaceutical and agrochemical
industries. The three-membered heterocyclic ring is strained and susceptible to attack by
a range of nucleophiles, including nitrogen (e.g., ammonia, amines, azides), oxygen (e.g.,
water, alcohols, phenols, acids), and sulfur (thiol)-containing compounds, leading to bifunc-
tional molecules of great industrial value. The β-amino alcohols are used in the synthesis
of β-blockers, insecticidal agents, and oxazolines, as well as chiral ligands in asymmetric
synthesis [12–17]. β-Amino alcohol functionality is found in many biologically active com-
pounds, being an important pharmacophore [14,18], and N-substituted β-amino alcohols
are important building blocks in the preparation of added-value chemicals [16,19]. Salbu-
tamol and propranolol are on the World Health Organization List of Essential Medicines
and represent the most important examples of therapeutic agents having this structural
feature [20].

Following our research interests in plant-inspired alternatives to synthetic pesti-
cides [21,22], and specifically the study in which some eugenol derivatives have shown
potential as biopesticides [22], in the present work, eugenol was converted to the corre-
sponding epoxide with m-chloroperoxybenzoic acid (m-CPBA) in dichloromethane (DCM)
and further reacted with a series of amine nucleophiles to afford the corresponding β-
amino alcohols. The β-amino alcohols were purified by column chromatography and
fully characterized by 1H and 13C NMR spectroscopy and HRMS (high-resolution mass
spectrometry). The obtained compounds were evaluated as potential insecticides through
the assessment of their biological activity against the Sf9 insect cell lines compared with
chlorpyrifos, which is a commercial synthetic pesticide. In addition, computational studies
were performed to identify the most likely protein targets responsible for the observed
insecticide activity of these molecules through the application of structure-based inverted
virtual screening protocol combined with molecular dynamics simulations and free energy
calculations. Nanoencapsulation of the most promising compound considering its insectici-
dal activity was performed in liposomes of DMPG (dimyristoylphosphatidylglycerol) and
DPPC/DMPG (dipalmitoylphosphatidylcholine/dimyristoylphosphatidylglycerol) (1:1),
aiming at obtaining thermosensitive formulations. DMPG has a gel to liquid–crystalline
phase transition temperature (Tm) at 23 ◦C, while for DPPC, it is 41 ◦C [23]. The increase in
membrane fluidity upon phase transition is expected to promote an enhanced release of
the encapsulated compounds, providing a triggered release by temperature above Tm of
the formulation.

2. Results and Discussion

2.1. Synthesis

Eugenol 1 is easily obtained by hydrodistillation from clove, and is known for its
various biological activities, as mentioned above, namely insecticidal. Following our
recent interests in finding new biopesticides [22], the present work describes a strat-
egy consisting of structural changes of eugenol in an attempt to obtain semisynthetic
alternatives with improved insecticidal activity. Eugenol epoxide 2 was prepared from
eugenol through reaction with m-CPBA in DCM using a known procedure [11,24] in
48% yield. Then, the epoxide was further reacted at 50 ◦C with a series of aliphatic
and aromatic amine nucleophiles in ethanol/water as solvent [25], which is followed
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by column chromatography purification on silica gel using dichloromethane/methanol,
mixtures of increasing polarity (3b, 3d–f) as the eluent, or by evaporation of solvents
under reduced pressure (3a and 3c) to afford the corresponding β-amino alcohol deriva-
tives 3a–f as oil materials. Thus, the reaction of 2-methoxy-4-(oxiran-2-ylmethyl)phenol
2 with 2-methylpropan-2-amine, octan-2-amine, piperidine, aniline, 3-methoxyaniline,
and 4-cyanoaniline gave 4-(3-(tert-butylamino)-2-hydroxypropyl)-2-methoxyphenol 3a,
4-(2-hydroxy-3-(octan-2-ylamino)propyl)-2-methoxyphenol 3b, (4-(2-hydroxy-3-(piperi-
din-1-yl)-propyl)-2-methoxyphenol 3c, 4-(2-hydroxy-3-(methyl(phenyl)amino)propyl)- 2-
methoxyphenol 3d, 4-(2-hydroxy-3-((3-methoxyphenyl)amino)propyl)-2-methoxy- phenol
3e, and 4-(2-hydroxy-3-(4-hydroxy-3-methoxyphenyl)propyl)amino)benzonitrile 3f, respec-
tively, in 9–97% yield, and they were fully characterized by 1H and 13C NMR spectroscopy
and HRMS (Scheme 1).

 

Scheme 1. Synthesis of eugenol amino alcohols 3a–f.

The main 1H-NMR features of compounds 3a–f are the signals for protons of the
CHOH, CH2N, and OCH3 groups. The CH2N protons show up as two distinct signals
as doublets of doublets or multiplets (δ 3.45–2.53 ppm); the CHOH proton displays as a
multiplet in all compounds (δ 4.91–3.89 ppm); and the OCH3 group shows up as a singlet
(δ 3.89–3.81 ppm). The tert-butyl group in 3a shows up as a singlet (δ 1.16 ppm), while in 3b

and 3c, the N-alkyl chain corresponds to a series of multiplets (δ 2.88–0.88 ppm). The 13C
main features are the CH2N (δ 41.24–41.10 ppm), CHOH carbon (δ 71.1–67.01 ppm), OCH3
carbon (δ 55.93–55.72 ppm), and the additional OCH3 in 3e (δ 54.96 ppm). In addition, the
tert-butyl carbons in 3a shows up (δ 26.79 and 24.58 ppm), while in 3b, the methyl terminal
is highlighted (δ 13.98 ppm).

2.2. Toxicity Assessment in Insect Cells

All molecules obtained were evaluated for their impact in the viability of the Sf9
cells at 100 μg/mL (i.e., 1—6.09 × 10−4 M; 2—5.55 × 10−4 M; 3a—3.95 × 10−4 M; 3b—
3.23 × 10−4 M; 3c—3.77× 10−4 M; 3d—3.66× 10−4 M; 3e—3.30× 10−4 M; 3f— 3.35 × 10−4 M;

7



Molecules 2021, 26, 6616

CHPY– 2.85 × 10−4 M) by the means of a resazurin-based method. For benchmarking
purposes, the insecticide chlorpyrifos was used at the same concentration. As shown in
Figure 1, the only molecule devoid of toxicity was 3c, which incidentally was also the only
one bearing a piperidine ring. A second group of molecules, which elicited residual toxicity
(under 25% of viability loss), was 1, 2, 3a, and 3b. Eugenol 1 was the starting material, and
the results show that the replacement of the terminal methylene group by the epoxide had
no effect upon the biological activity of the molecule. Finally, the most potent molecules
were 3d, 3e, and 3f, which caused losses of 40%, 30%, and 50% viability in insect cells,
respectively. These three molecules were also the only ones bearing a benzene ring next to
the nitrogen atom. Considering the unsubstituted ring, 3d, its methoxylation resulted in
decreased potency, while the presence of the cyanide group increased it. In light of these
results, we decided to advance our studies solely with the two most potent molecules, 3d

and 3f, as they were more potent than the benchmark used, chlorpyrifos.

Figure 1. Viability of the Sf9 cells after incubation with the presented molecules (100 μg/mL),
medium (control), or the reference insecticide chlorpyrifos (CHPY, 100 μg/mL). Cells were incubated
for 24 h, after which viability was evaluated. ** p < 0.01, *** p < 0.001.

2.3. Amino Alcohols 3d and 3f Activate Caspase-Like Proteases in the Sf9 Cells

After establishing the toxicity of the selected molecules toward insect cells, we investi-
gated the mechanism of action behind this effect. In fact, the loss of viability could be a
consequence of an array of different biological processes, from necrosis to cell cycle arrest
and apoptosis, among others. Necrosis is a process of uncontrolled cell death that encom-
passes the destruction of cell membranes, with consequent leakage of cytoplasmic content
to the surrounding tissues; for this reason, it is usually avoided in biological contexts [26].
To assess the potential unfolding of this event, we assessed the levels of leaked lactate
dehydrogenase (LDH) in cells incubated with the selected molecules. Being a cytoplasmic
enzyme, the finding of extracellular LDH is widely used as a marker of necrosis. As shown
in Figure 2A, the incubation of cells with a lysis solution (LS) resulted in a three to four-fold
increase in extracellular LDH. Conversely, the incubation of cells with 3d and 3f had no
detectable impact in LDH levels in culture media. In light of this, we concluded that the
impact of these molecules in the viability of the Sf9 cells was not a consequence of an
ongoing necrotic process. Next, we assessed if a process of organized cell death, such as
apoptosis, could be taking place. Given the pivotal role of cysteine-aspartic proteases in
most forms of apoptosis, we investigated the impact of 3d and 3f in the insect equivalent
of mammal caspases, in this case DRACE, using a proluminescent substrate of this target.
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As shown in Figure 2B, both 3d and 3f significantly increased the caspase-like activity in
treated cells, the latter having a more pronounced effect. This result suggests that both 3d

and 3f elicit their cytotoxic effect toward the Sf9 cells by triggering an organized process of
cell death with the involvement of cysteine-aspartic proteases.

Figure 2. (A) LDH activity found in the culture media of the Sf9 cells treated with compounds 3d and 3f (100 μg/mL) for
24 h. Lysis solution (LS) was used as positive control to generate a maximum LDH release. (B) Caspase-like activity of
the Sf9 cells after incubation with compounds 3d and 3f (100 μg/mL) for 24 h. Results are normalized for DNA content.
* p < 0.05, *** p < 0.001.

2.4. Amino Alcohols 3d and 3f Are More Toxic to Insect Cells Than Human Cells

Up to this point, we had already identified two molecules that presented higher
potency than the commercial insecticide chlorpyrifos and that were shown the be non-
necrotic and pro-apoptotic. In addition to these traits reported herein, it is also important
that prospective new insecticides present some degree of selectivity, specifically low toxicity
to human cells. To this end, we assessed the impact of the 3d and 3f in 2D models of human
cells. We chose human keratinocytes (HaCaT cell line), as one of the most relevant routes
of human contact with pesticides is usually via the skin, where keratinocytes are the first
population of living cells in the skin. As shown in Figure 3, both molecules elicited a
weak loss of viability, around 20%. Importantly, both molecules were less toxic than the
benchmark chlorpyrifos and, relevantly, they were less toxic to human cells than insect
cells.

Figure 3. Viability of HaCaT cells exposed to compounds 3d and 3f (100 μg/mL), medium (control),
or the reference insecticide chlorpyrifos (CHPY, 100 μg/mL). Cells were incubated for 24 h, after
which viability was evaluated. *** p < 0.001.
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These results are promising and pave the way for further developments in the field,
as the chemical diversity obtained allows drawing some structure–activity relationships, as
addressed above.

2.5. Inverted Virtual Screening Results

After identifying the most promising molecules and the biological processes involved
in their cytotoxic effect, we were interested in shedding light on the possible molecular
targets. To this end, an array of computational methods was used.

Table 1 presents the average scores obtained for compounds 3d and 3f for each
potential target with each scoring function. Regarding the different scoring functions, it
is important to mention that they are based on different metrics and scales. The score
for all the GOLD scoring functions is dimensionless, and the higher the score, the better
the binding affinity. The Vina scoring function, on the other hand, uses a metric that
approximates that of binding free energies, so a more negative value means better affinity.
The PDB structure with the best score was selected for each potential target, and they were
ranked from the best target to worst, according to the predictions of the different docking
programs/scoring functions.

Table 1. Average scores of the amino alcohol derivatives of eugenol obtained for all PDB structures with the five different
scoring functions and overall ranking of the most likely protein targets for interaction.

Target PDB PLP ASP ChemScore GoldScore Vina Overall Ranking

Ecdysone receptor 1R20 68.82 36.26 30.28 57.54 −7.40
51R1K 74.97 35.04 35.86 56.38 −8.60

Chitinase
3WL1 75.87 50.28 30.745 63.06 −8.05

43WQV 73.47 45.81 31.21 59.7 −8.15

β-N-acetyl-D-hexosaminidase
OfHex1

3NSN 78.01 57.04 36.30 70.90 −7.10
33OZP 72.91 51.61 31.11 67.35 −8.05

N-Acetylglucosamine-1-phosphate
uridyltransferase (GlmU)

2V0K 65.88 30.02 25.93 55.305 −7.15
132VD4 58.64 28.58 25.97 46.5 −6.20

Acetylcholinesterase (AChE)
1QON 89.26 58.71 40.87 71.41 −8.90

24EY6 79.52 51.20 39.12 62.63 −8.45
1DX4 85.66 51.32 37.48 67.86 −8.70

Prophenoloxidase (PPO) 3HHS 77.89 40.86 31.48 62.17 −6.85 6

p-Hydroxyphenylpyruvate
dioxygenase 6ISD 70.33 37.53 31.03 55.00 −7.35 9

Voltage-gated sodium channel 6A95 68.72 31.27 28.95 57.86 −6.75 12

Octopamine receptor 4N7C 57.07 37.56 31.60 61.72 −5.55 11

Sterol carrier protein-2 (HaSCP-2) 4UEI 65.70 37.22 31.64 50.255 −7.40 10

Peptide deformylase 5CY8 76.49 33.49 29.60 65.65 −7.75 7

α-Esterase-7
5TYJ 68.31 39.23 33.26 53.04 −6.95

85TYP 68.54 42.26 32.22 55.565 −6.95

Odorant Binding Protein

5V13 86.69 52.52 41.24 66.46 −6.90

1
2GTE 79.14 41.46 38.55 69.11 −7.55
3N7H 82.54 44.31 36.01 69.11 −6.90
3K1E 91.51 48.43 41.90 74.58 −9.30

Globally, considering the results obtained with the different scoring functions, the
odorant binding proteins class (OBP) and acetylcholinesterase (AChE) are the protein
targets with the highest affinity toward compounds 3d and 3f. This tendency was quite
clear with all the different scoring functions evaluated, which further strengthens our
results.
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2.6. Molecular Dynamics Simulations and Free Energy Calculations Results

To validate the inverted screening results, we evaluate the protein flexibility and
characterize the molecular interactions formed, and molecular dynamics simulations were
performed for the complexes formed with compound 3d and compound 3f and the two
groups of targets predicted at the inverted VS stage: OBP and AChE. Structures with the
best score from each group were selected (3K1E for OBP and 1QON for AChE). The stability
of AChE: compound 3d, AChE: compound 3f, OBP: compound 3d, and OBP: compound 3f

complexes was evaluated using RMSD calculations for the Cα atoms of each complex and
for the ligands, Solvent-Accessible Surface Area (SASA) analysis, and hydrogen bonding
analysis.

All systems and ligands presented relatively low RMSD values, as seen in Table 2
(and Figure S1), showing that the target–ligand complexes are well equilibrated and that
the eugenol derivatives evaluated maintain their binding conformation predicted from the
docking.

Table 2. Average protein and ligand RMSD values (Å), ligand RMSD (Å), average ligand SASA (Å), percentage of potential
ligand SASA buried, and average number of ligand–target hydrogen bonds obtained from the MD simulations. ΔG binding
energy determined using MM/GBSA and per-residue decomposition, which were calculated for the last 90 ns of the
simulation.

Average
RMSD of the
Complex (Å)

Average
RMSD of the

Ligand (Å)

Ligand
SASA (Å2)

Percentage of
Potential Ligand
SASA Buried (%)

Average
Number
H-bonds

ΔGbind

(kcal/mol)
Main Contributors

AChE
3d 4.6 ± 0.6 1.6 ± 0.4 59.6 ± 16.9 88 0.2 ± 0.1 −18.3 ± 0.1

Trp83 (−2.4 ± 0.8)
Tyr370 (−1.3 ± 0.4)
His480 (−1.3 ± 0.6)

3f 3.1 ± 0.2 1.4 ± 0.2 36.8 ± 10.2 93 0.5 ± 0.6 −28.2 ± 0.2
Tyr370 (−2.4 ± 0.1)
Tyr374 (−2.5 ± 0.8)
Trp83 (−1.9 ± 0.4)

OBP
3d 2.2 ± 0.3 1.7 ± 0.3 27.2 ± 10.4 95 0.2 ± 0.5 −31.7 ± 0.2

Leu67 (−2.5± 0.5)
Trp105 (−2.1± 0.4)
Ala79 (−1.7± 0.5)

3f 2.2 ± 0.2 2.1 ± 0.3 33.2 ± 8.5 94 0.9 ± 0.9 −41.6 ± 0.2
Met75 (−2.9 ± 0.4)
Trp105 (−2.5 ± 0.4)
Phe114 (−1.8 ± 0.8)

When analyzing the percentage of potential SASA area buried for compound 3d and
compound 3f when complexed with AChE and OBP, it can be seen that the two molecules
remain tightly bound to the two targets evaluated and well protected from the solvent
with average buried areas over 90% (Table 2). A small decrease was noticed for compound
3d bound to AChE, in relation to the initial configuration predicted from docking, with
an average buried area oscillating between 80 and 90%. These results demonstrate that
compounds 3d and 3f remain well bound to the two targets evaluated, even after 100 ns.
In particular, the eugenol derivatives evaluated in complex with OBP remain very well
protected from the solvent throughout time.

Hydrogen bonding analysis is important to understand the stability of the interactions
between the targets and ligands throughout time. The results presented in Table 2 show
that both ligands maintain a stable hydrogen bonding profile with the targets evaluated,
maintaining between one and three hydrogen bonds with AChE and one and four hydrogen
bonds with OBP. Globally, the profile observed shows that compounds 3d and 3f establish
more hydrogen bonds with OBP and with AChE.

Table 2 summarizes the results discussed so far and presents the values for the Gibbs
binding free energy calculated using MM/GBSA. The analysis of the residue contribution to
the eugenol derivatives’ binding free energy to the two protein targets evaluated highlights
the interaction profile of compounds 3d and 3f against AChE and OBP, showing the most
important amino acid residues involved in ligand stabilization.
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AChE is a serine hydrolase, and it is a very common target for pesticides as it is
an enzyme vital for the regulation of acetylcholine in several organisms, from insects to
mammals. Since this is an enzyme transversal to many species, the use of anticholinesterase
insecticides can cause serious health and environmental problems. In addition, there are
reports of insect resistance due to mutation of the AChE gene [27].

For AChE, compound 3d binding is stabilized mostly by residues Trp83 (−2.4 ± 0.8),
Tyr370 (−1.3 ± 0.4), and His480 (−1.3 ± 0.6) through non-polar interactions. For compound
3f, the residues contributing more toward AChE binding are Tyr370 (−2.4 ± 0.1), Tyr372
(−2.5 ± 0.8), and Trp83 (−1.9 ± 0.4), with non-polar interactions playing an important role
and π–π stacking with Trp83. Figure 4 represents the average structure of the dominant
cluster of the AChE-eugenol derivatives complexes obtained from the analysis of the MD
trajectory, illustrating the binding pocket and main interactions formed.

Figure 4. Compound 3d (cyan licorice) and compound 3f (pink licorice) interaction map with AChE.
The most important residues for the interaction are highlighted in green. Blue arrow indicates π–π
stacking with the ring of Trp-83. Red lines represent hydrogen bonding.

For the sake of warranting the potential off-target effect that could pose a toxicity risk,
human AChE was also analyzed, the docking scores (Table S1) being inferior to the ones
obtained for insect AChE, hence suggesting that the eugenol derivatives evaluated favor
binding to the insect AChE considered over that of human AChE. When comparing the
sequence of amino acids between insect and human AChE, there is only 53–54% sequence
identity, even though their 3D structures are very similar. The active-site gorge in the insect
enzyme is narrower, and the amino acid residues are different. Moreover, the residues
in the opening of the gorge are also different [27], which might explain the difference in
affinity of the eugenol derivatives.

The results show that the most stable complexes are OBP–compound 3d and OBP–
compound 3f, with binding free energy values of −31.7 ± 0.2 and −41.6 ± 0.2 kcal/mol,
respectively. This is consistent with the results presented so far and indicates that eugenol
derivatives have indeed a high affinity toward OBP. In fact, there is a structure deposited
in the PDB of a bee OBP14 from bound to eugenol [28].

OBP are a large and diverse family of insect proteins. They are involved in the
transport of hydrophobic odorant and pheromone molecules toward the olfactory receptors.
They are abundant in the insect family and different in structure but carry out similar roles.
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In the Drosophila melanogaster, there are 52 different types of OBPs alone. Even though
diverse in number and sequence, they present some common features. They are small, have
six conserved cysteine residues joined by three disulfide bridges, and have six alpha-helical
domains [29–32].

Compounds 3d and 3f have a higher molecular weight than eugenol (273.33 g/mol,
298.34 g/mol, respectively, versus 164.20 g/mol), but they are also lipophilic and if volatile,
they can in fact be capable of binding OBP. The precise mechanism of action still needs to
be further validated.

For OBP1, compound 3d binding is stabilized mostly by residues Leu67 (−2.5 ± 0.5),
Trp105 (−2.1 ± 0.4), and Ala79 (−1.7 ± 0.5), through van der Waals interactions. For
compound 3f, the residues contributing more toward OBP binding are Met75 (−2.9 ± 0.4)
and Phe114 (−1.8 ± 0.8) through van der Waals interactions and Trp105 (−2.5 ± 0.4)
through a hydrogen bond with the backbone. Figure 5 illustrates the average structure of
the dominant cluster of the OBP1 binding pocket and main interactions formed between
compound 3d-OBP1 and compound 3f-OBP1, respectively.

Figure 5. Compound 3d (cyan licorice) and compound 3f (pink licorice) interaction map with OBP1.
The most important residues are highlighted in green.

2.7. Nanoencapsulation and Release Assays

The most active compound against the Sf9 cells, compound 3f, was encapsulated
in liposomal systems of the phospholipids DMPG (100%) and DMPG/DPPC (1:1). The
size (hydrodynamic diameter), polydispersity index, and zeta potential of the compound-
loaded liposomes were determined by Dynamic and Electrophoretic Light Scattering
(Table 3). These properties can affect the bulk properties, performance, processability,
and stability of a nanoformulation. Particularly, the surface charge highly influences
the stability of the liposomes, and zeta potential values more negative than −30 mV or
more positive than +30 mV are considered optimal values for good stabilization of a
nanodispersion [33]. In view of this fact, a negatively charged lipid, phosphatidylglycerol,
was chosen for the liposomal formulation. Specifically, the phospholipid DMPG has a
phase transition temperature (23 ◦C) near room temperature [23], allowing obtaining an
enhanced release at summer temperatures (around or above 30 ◦C), where the lipid is in the
fluid (liquid-crystalline) phase. However, the relatively short hydrocarbon chain of DMPG
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and the tendency to form leaky vesicles [34] can hamper a high encapsulation efficiency of
compound 3f. Therefore, the DPPC/DPPG (1:1) formulation was also tested.

Table 3. Hydrodynamic diameter (Dh), polydispersity index (PDI), and zeta (ζ) potential of DMPG
(100%) and DMPG:DPPC (1:1) liposomes (SD from three independent measurements).

Dh ± SD (nm) PDI ± SD ζ-Potential ± SD (mV)

DMPG (100%) 196 ± 10 0.245 ± 0.007 −43.8 ± 1.8

DMPG:DPPC (1:1) 223 ± 17 0.264 ± 0.014 −55.2 ± 2.4

The values in Table 3 show that both liposome formulations are small in size, with
hydrodynamic diameters around 200 nm, presenting also a low polydispersity. A PDI
value below 0.3 is considered to be acceptable, indicating a homogenous population of
phospholipid vesicles [35]. The zeta potential values indicate a highly negative surface
charge, anticipating a low aggregation (due to the electrostatic repulsion) and high colloidal
stability.

The compound 3f is a fluorescent molecule (Figure 6) in several solvents and in
liposomes. This is a great advantage for the determination of the encapsulation efficiency
and drug release, due to the high sensitivity (and selectivity) of fluorescence spectroscopy.

Figure 6. Normalized absorption and fluorescence emission (excitation at 290 nm) spectra of 3f

solution (2 × 10−5 M for absorption and 5 × 10−6 M for emission).

The encapsulation efficiency (EE%) of compound 3f in liposomes was determined by
fluorescence measurements (Table 4). In these assays, it was kept in mind that the com-
pound is active against the Sf9 cells at a concentration of 100 μg/mL (3.35 × 10−4 M) and,
therefore, at least this concentration must be encapsulated. The encapsulation efficiencies
are high, the system DPPC/DMPG being the most advantageous for 3f encapsulation.
Nevertheless, the EE% values show that both formulations are able to encapsulate 3f at
concentrations that may guarantee an insecticidal activity (if compound release is effective).
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Table 4. Encapsulation efficiency (EE%) of compound 3f in DMPG (100%) and DMPG/DPPC (50:50)
liposomes and concentration of encapsulated compound.

EE (%) Encapsulated Concentration (M)

DMPG (100%) 65 ± 7 4.39 × 10−4 M

DMPG:DPPC (50:50) 92 ± 1 6.16 × 10−4 M

Compound release from both liposomal formulations was studied at 20 ◦C and 35 ◦C,
to investigate the temperature dependence of the release profile (Figure 7). The experi-
mental data were analyzed with the Weibull model (Table S2 and Figure S4 in Supporting
Information) and the cumulative concentration released was compared in terms of liposome
formulation and temperature.

Figure 7. Cumulative release of compound 3f at 20 ◦C (black squares) and 35 ◦C (red dots) from liposomes of DMPG (100%)
(left) and DMPG:DPPC (right).

An enhanced release of 3f was observed from liposomes of DMPG, reaching a cu-
mulative release of 62% in 24 h at 35 ◦C, while, at 20 ◦C, a 36% release was attained.
This is a result of the higher membrane fluidity at 35 ◦C (above transition temperature)
for DMPG liposomes, which provide a thermosensitive formulation. Moreover, at both
temperatures, the compound released is higher than 100 μg/mL in 24 h. The rigidity of
DPPC at temperatures below its gel to liquid-crystalline phase transition (41 ◦C) justifies
the much lower compound release from DPPC/DMPG liposomes, with 14% and 16% of
released compound at 20 ◦C and 35 ◦C, respectively, not displaying a significant sensitivity
to temperature.

The parameter b of the Weibull model can be related to the release mechanism [36]. If
b ≤ 0.75, the release is due to a Fickian diffusion, which is the case for DMPG liposomes
at 20 ◦C (Table S2). If b > 1, a complex release mechanism takes place, with multiple
mechanisms contributions, which is verified in the other cases.

3. Materials and Methods

3.1. Chemicals and Reagents

Dichloromethane, ethanol, methanol, ethyl acetate, light petroleum, and m-chloroper-
benzoic acid were purchased from Fisher Scientific (Geel, Belgium). The anhydrous mag-
nesium sulfate was PanReac Applichem (Barcelona, Spain) products. Chloroform-d was
produced by Eurisotop (Cambridge, England). Thin-layer chromatography (TLC) analyses
were carried out on 0.25 mm thick, precoated silica plates (Merck Fertigplatten Kieselgel
60F254, Germany), and spots were visualized under UVlight. Chromatography on silica
gel was carried out on Merck Kieselgel (230–240 mesh).
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3.2. Analytical Instruments

NMR spectra were obtained on a Bruker Avance III (Bruker Corporation, Billerica, MA,
USA) at an operating frequency of 400 MHz for 1H NMR and 100.6 MHz for 13C NMR using
the solvent peak as internal reference at 25 ◦C. All chemical shifts are given in ppm using
δ Me4Si = 0 ppm as reference, and J values are given in hertz. Assignments were made by
comparison of chemical shifts, peak multiplicities, and J values and were supported by
spin decoupling-double resonance and bidimensional heteronuclear correlation techniques.
High-resolution mass spectrometry analyses were performed at the “CACTI—Unidade de
Masas e Proteómica, at University of Santiago de Compostela”, Spain.

3.3. Synthesis of 2-methoxy-4-(oxiran-2-ylmethyl)phenol 2

A solution of eugenol 1 (0.500 g 3.0 mmol; 1 equiv) dissolved in dichloromethane
(18 mL) was added dropwise to a suspension of 70% m-chloroperbenzoic acid (0.750 g;
4.3 mmol; 1 equiv) in dichloromethane (10 mL) at 0 ◦C. After stirring for 1 h, m-chloroper-
benzoic acid was again added (1 equiv), and the reaction mixture was stirred for another
24 h at room temperature. A 10% aqueous solution of sodium sulfate (2 × 20 mL) was
added, and the resulting solution was washed with 5% aqueous solution of sodium hy-
drogen carbonate (2 × 20 mL). The organic phase was dried with anhydrous magnesium
sulfate, and the solvent was evaporated to afford the compound 2 as a dark yellow oil
(0.239 g; 48%). Rf = 0.27 (DCM). 1H-NMR δH (CDCl3, 400 MHz): 6.87 (d, 1H, J = 8 Hz, H-6),
6.73–6.78 (m, 2H, H-3 and H-5), 5.54 (s, 1H, OH), 3.90 (s, 3H, OCH3), 3.12–3.16 (m, 1H, CH
oxirane), 2.79–2.82 (m, 3H, CH2Ph and CH2 oxirane), 2.55 (q, J = 2.8 Hz, 1H, CH2 oxirane)
ppm. 13C-NMR δC (CDCl3, 100.6 MHz): 146.46 (C-2), 144.39 (C-1), 129.03 (C-4), 121.64
(C-5), 114.32 (C-6), 111.54 (C-3), 55.90 (OCH3), 52.67 (CH oxirane), 46.79 (CH2 oxirane),
38.37 (CH2Ph) ppm.

3.4. Synthesis of Amino Alcohols 3a–f
3.4.1. Synthesis of 4-(3-(tert-butylamino)-2-hydroxypropyl)-2-methoxyphenol 3a

To a suspension of 2-methoxy-4-(oxiran-2-ilmethyl)phenol 2 (0.163 g; 0.90 mmol;
1 equiv) in H2O/EtOH 2:1 (2 mL) was added 2-methylpropan-2-amine (0.325 g; 4.44 mmol),
and the resulting mixture was heated at 50 C for 5 h. The solvents and the amine were
evaporated under reduced pressure to afford a compound 3a as an orange oil (0.097 g;
0.38 mmol; 42%), Rf = 0.30 (MeOH/DCM 1:9). 1H-NMR δH (CDCl3, 400 MHz): 6.78
(d, J = 8.0 Hz, 1H, Ar-H), 6.74 (d, J = 1.6 Hz, 1H, Ar-H), 6.45 (dd, J = 8.4 Hz, 2.0 Hz 1H,
Ar-H), 4.04–3.98 (m, 1H, CH2CH(OH)), 3.81 (s, 3H, OCH3), 3.45 (s, 1H, CH2NH), 2.81
(dd, J = 12.0 Hz, 2.4 Hz, 1H, CH2NH), 2.77–2.62 (m, 2H, CH2CH(OH)), 1.16 (s, 9H, t-Bu)
ppm. 13C-NMR δC (CDCl3, 100.6 MHz): 146.63 (Ar-C),144.34 (Ar-C), 121.83 (Ar-C), 114.4
(Ar-C), 112.13 (Ar-C), 69.37 (CH2CH(OH)), 55.8 (OCH3), 47.06 (CH2), 41.25 (CH2), 26.79
(3×CH3), 24.58 (C(CH3)) ppm. HRMS (ESI-TOF): calcd for C14H24NO3 [M + + H]: 254.1751;
found 254.1753.

3.4.2. Synthesis of 4-(2-hydroxy-3-(octan-2-ylamino)propyl)-2-methoxyphenol 3b

To a suspension of 2-methoxy-4-(oxiran-2-ilmethyl)phenol 2 (0.163 g; 0.90 mmol;
1 equiv) in H2O/EtOH 2:1 (2 mL) was added octan-2-amine (0.502 g; 3.89 mmol) and the
resulting mixture was heated at 50 ◦C for 4 h. Then, water (2 mL) was added, and the
resulting mixture extracted with EtOAc (2 mL), The organic phase was collected, dried
with anhydrous MgSO4, and the solvent evaporated to afford an oil (0.202 g), which was
subjected to column chromatography using DCM/MeOH as eluent of increasing polarity
to give the compound 3b as a brown oil (0.165 g; 0.53 mmol; 59%). Rf = 0.45 (MeOH/DCM
10:90). 1H-NMR δH (CDCl3, 400 MHz): 6.78 (d, J = 8.0 Hz, 1H, Ar-H), 6.72 (ls, 1H, Ar-H),
6.48 (d, J = 8.0 Hz, 1H, Ar-H), 3.92–3.89 (m, 1H, CH2CH(OH)), 3.81 (s, 3H, OCH3), 2.84–2.53
(m, 6H, 2×CH2 and CH2NH), 1.49 (m, 1H, NHCHCH3), 1.24 (m, 10H, 5×CH2), 1.07 (m, 3H,
NHCHCH3), 0.88 (m, 3H, CH2CH2CH3) ppm. 13C-NMR δC (CDCl3, 100.6 MHz): 146.69
(Ar-Cq),144.36 (Ar-Cq), 129.59 (Ar-Cq), 121.76 (Ar-C), 114.55 (Ar-C), 111.99 (Ar-C), 70.25
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(CH), 69.93 (CH), 55.72 (OCH3), 51.48 (CH2), 41.32 (CH2), 35.61 (CH2), 31.68 (CH2), 29.21
(CH2), 25.77 (CH2), 22.51 (CH2), 19.17 (CH3), 13.98 (CH3) ppm.

3.4.3. Synthesis of 4-(2-hydroxy-3-(piperidin-1-yl)propyl)-2-methoxyphenol 3c

To a suspension of 2-methoxy-4-(oxiran-2-ilmethyl)phenol 2 (0.1 g; 0.56 mmol; 1 equiv)
in H2O/EtOH 2:1 (2 mL) was added piperidine (0.047 g; 0.56 mmol), and the resulting
mixture was heated at 50 ◦C for 5 h. The solvent was evaporated under reduced pressure
to afford compound 3c as a brown oil (0.142 g; 0.54 mmol; 97%). Rf = 0.35 (MeOH/DCM
10:90). 1H-NMR δH (CDCl3, 400 MHz): 6.83 (d, J = 8.4 Hz, 1 H, Ar-H), 6.77 (d, J = 2.0 Hz,
1H, Ar-H), 6.67 (dd, J = 8.0 Hz, 2.0 Hz, 1H, Ar-H), 4.18–4.12 (m, 1H, CH2CH(OH)), 3.89
(s, 3H, OCH3), 2.88–2.81 (m, 4H, CH2 and CH2NH), 2.65–2.52 (m, 4H, 2×CH2), 1.82–1.70
(m, 4H, 2×CH2) 1.58–1.47 (m, 4H, 2×CH2) ppm. 13C-NMR δC (CDCl3, 100.6 MHz): 146.52
(Ar-Cq), 144.31 (Ar-Cq), 129.52 (Ar-Cq), 121.80 (Ar-C), 114.27 (Ar-C), 111.80 (Ar-C), 67.01
(CH), 63.93 (CH2), 55.93 (OCH3), 54.76 (CH2), 41.30 (CH2), 24.26 (CH2), 23.05 (CH2) ppm.
HRMS (ESI-TOF): calcd for C15H24NO3 [M + +H]: 266.1751, found 266.1752.

3.4.4. Synthesis of 4-(2-hydroxy-3-(phenylamino)propyl)-2-methoxyphenol 3d

To a suspension of 2-methoxy-4-(oxiran-2-ilmethyl)phenol 2 (1 equiv) in H2O/EtOH
2:1 (2 mL) was added aniline (0.4 mL; 3.9 equiv), and the resulting mixture was heated at
50 ◦C for 5.5 h. Then, water (2 mL) was added, and the resulting mixture was extracted
with EtOAc (2 mL). The organic phase was collected, dried with anhydrous MgSO4, and
the solvent was evaporated to afford an oil (0.284 g), which was subjected to column
chromatography using DCM/MeOH as eluent of increasing polarity to give compound
3d as a yellow oil (0.095 g; 0.35 mmol; 36%). Rf = 0.7 (MeOH/DCM 5:95). 1H-NMR δH
(CDCl3, 400 MHz): 7.19 (t, J = 7.2 Hz, 2 H, Ar-H), 6.88 (d, J = 8 Hz, 1H, Ar-H), 6.75 (m, 3H,
Ar-H), 6.65 (d, J = 8 Hz, 2H, Ar-H), 4.09–4.02 (m, 1H, CH2CH(OH)), 3.87 (s, 3H, OCH3),
3.31 (dd, J = 12.4 Hz, 7.2 Hz, 1H, CH2NH), 3.10 (dd, J = 12.4 and 8 Hz, 1H, CH2NH), 2.83
(dd, J = 14 Hz and 5.2 Hz, 1H, CH2CH(OH)), 2.75 (dd, J = 14 and 8 Hz, 1H, CH2CH(OH))
ppm. 13C-NMR δC (CDCl3, 100.6 MHz): 147.9 (Ar-C), 146.6 (Ar-C), 144.4 (Ar-C), 129.4
(Ar-C), 129.3 (Ar-C), 122.0 (Ar-C), 118.1 (Ar-C), 114.5 (Ar-C), 113.5 (Ar-C), 111.8 (Ar-C), 71.1
(CH), 55.9 (OCH3), 49.5 (CH2), 41.2 (CH2) ppm HRMS (ESI-TOF): calcd for C16H20NO3
[M+ +H]: 274.1438; found 274.1430.

3.4.5. Synthesis of 4-(2-hydroxy-3-((3-methoxyphenyl)amino)propyl)-2-methoxyphenol 3e

To a suspension of 2-methoxy-4-(oxiran-2-ilmethyl)phenol 2 (0.162 g; 1 equiv) in
H2O/EtOH 2:1 (2 mL) was added 3-methoxyaniline (0.544 mg; 4.42 mmol), and the re-
sulting mixture was heated at 50 ◦C for 4 h. Then, water (2 mL) was added, and the
resulting mixture was extracted with DCM (2 mL). The organic phase was collected, dried
with anhydrous MgSO4, and the solvent was evaporated to afford an oil (0.579 g), which
was subjected to column chromatography using light petroleum/EtOAc as an eluent of
increasing polarity to give compound 3e as a brown oil (0.098 g; 0.32 mmol; 36%). Rf = 0.35
(ethyl acetate/light petroleum 1:1). 1H-NMR δH (CDCl3, 400 MHz): 7.08 (t, J = 8.0 Hz, 1H,
Ar-H), 6.86 (d, J = 8 Hz, 1H, Ar-H), 6.73–6.71 (m, 1H, Ar-H), 6.30 (dd, J = 8 Hz, 1.6 Hz, 1H,
Ar-H), 6.24 (dd, J = 8 Hz, 2.4 Hz, 1H, Ar-H), 6.20–6.16 (m, 1H, Ar-H), 4.05–3.99 (m, 1H,
CH2CH(OH)), 3.84 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 3.27 (dd, J = 13.2 Hz, 3.6 Hz, 1H,
CH2NH), 3.05 (dd, J = 12.8 Hz, 7.6 Hz, 1H, CH2NH), 2.83–2.70 (m, 2H, CH2CH(OH)) ppm.
13C-NMR δC (CDCl3, 100.6 MHz): 160.69 (Ar-Cq), 149.42 (Ar-Cq), 146.57 (Ar-Cq), 144.27
(Ar-Cq), 129.99 (Ar-Cq), 129.91 (Ar-CH), 121.85 (Ar-CH), 114.48 (Ar-CH), 111.81 (Ar-CH),
106.35 (Ar-CH), 102.95 (Ar-CH), 102.88 (Ar-CH), 71.07 (CH), 55.76 (OCH3), 54.96 (OCH3),
49.32 (CH2), 41.08 (CH2) ppm. HRMS (ESI-TOF): calcd for C14H24NO3 [M+ + H]: 304.1543,
found 304.1547.
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3.4.6. Synthesis of 4-(2-hydroxy-3-(4-hydroxy-3methoxyphenyl)propyl)amino)benzonitrile 3f

To a suspension of 2-methoxy-4-(oxiran-2-ilmethyl)phenol 2 (0.162 g; 0.90 mmol;
1 equiv) in H2O/EtOH 2:1 (2 mL) was added 4-aminobenzonitrile (0.528 mg; 4.47 mmol),
and the resulting mixture was heated at 50 ◦C for 37 h. Then, water (2 mL) was added, and
the resulting mixture was extracted with EtOAc (2 mL), The organic phase was collected,
dried with anhydrous MgSO4, and the solvent was evaporated to afford an oil (0.265 g),
which was subjected to column chromatography using DCM/MeOH as an eluent of
increasing polarity to give compound 3f as a dark yellow oil (0.025 g; 0.08 mmol; 9%).
Rf = 0.45 (MeOH/DCM 5:95). 1H-NMR δH (CDCl3, 400 MHz): 7.39 (d, J = 8.8 Hz, 2H,
Ar-H), 6.87 (d, J = 8.4 Hz, 1H, Ar-H), 6.72–6.69 (m, 2H, Ar-H), 6.58–6.50 (m, 2H, Ar-H),
4.07–4.01 (m, 1H, CH2CH(OH)), 3.85 (s, 3H, OCH3), 3.31 (dd, J = 12.8 Hz, 7.2 Hz, 1H,
CH2NHPhe), 3.12 (dd, J = 12.8 Hz and 7.4 Hz, 1H, CH2NHPhe), 2.82 (dd, J = 13.6 Hz,
5.2 Hz, 1H, CH2CH(OH)), 2.73 (dd, J = 13.6 Hz and 8 Hz, 1H, CH2CH(OH)) ppm. 13C-NMR
δC (CDCl3, 100.6 MHz): 151.20 (Ar-Cq), 146.68 (Ar-Cq), 144.53 (Ar-Cq), 136.33 (Ar-Cq),
133.65 (Ar-CH), 128.83 (Ar-Cq), 121.88 (Ar-CH), 121.33 (Ar-CH), 114.62 (Ar-CH), 112.58
(Ar-CH), 111.72 (Ar-CH), 98.91 (Ar-CH), 70.97 (Ar-CH), 55.87 (OCH3), 48.10 (CH2), 41.20
(CH2) ppm.

3.5. Cell Culture

Insect cells (Sf9, Spodoptera frugiperda) cells were maintained as a suspension culture
and cultivated in Grace’s medium with 10% FBS and 1% penicillin/streptomycin, at 28 ◦C
with agitation. Cells were used in experiments while in the exponential phase of growth. On
the other hand, HaCaT (human keratinocytes) cells were culture in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin at 37 ◦C in a humidified atmosphere of
5% CO2.

3.6. Viability Assessment

For the assessment of viability, a resazurin-based method was used. The Sf9 and
HaCaT cells were plated at a density of 3.0 × 104 and 1.5 × 104 cells/well, respectively,
incubated for 24 h, and then exposed to the molecules under study (at 100 μg/mL in
Grace’s medium) for 24 h. After this period, a commercial solution of resazurin was added
(1:10), and the kinetic reaction of fluorescence increase was monitored at 560/590 nm. For
HaCaT and the Sf9 cells, 30 and 60 min of incubation were used, respectively.

3.7. LDH Assay

The Sf9 cells were cultured at the same density described above for the viability
assessment. To assess the release of the stable cytosolic enzyme lactate dehydrogenase
(LDH) into the media, 24 h after the incubation of cells with the molecules under study (at
100 μg/mL in Grace’s medium), 50 μL of culture media were removed to a 96-well plate.
The LDH released was determined using a CytoTox 96® assay kit (Promega; Madison, WI,
USA) according to the manufacturer’s instructions. A lysis solution (LS) was used as a
positive control to generate a maximum LDH release (45 min). Absorbances were measured
at 490 nm in a Multiskan GO plate reader (Thermo Fisher Scientific; Waltham, MA, USA),
and results correspond to the fold increase of absorbance in treated vs. untreated cells of
four independent experiments performed in duplicate.

3.8. Caspase-Like Activity

The Sf9 cells were plated at the same density described for viability studies and
exposed to the molecules under study for the designated time. Generally, the same method
described before by some of us was used [37]; however, it has been adapted toward insect
cells, as previously reported [21,22]. After the incubation period, caspase-3/7 substrate
was added to wells, and cells were incubated for 20 min at 22 ◦C. The luminescent signal
was measured in a microplate reader (Cytation™ 3, BioTek, Winooski, VT, USA), and
three independent experiments were performed in duplicate. Then, to normalize the
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results, DNA quantification was performed in a triplicate pool using a Qubit™ 1X dsDNA
HS Assay Kit according to a previously described procedure [38] and manufacturer’s
instructions.

3.9. Statistical Analysis

For biological assays, the Shapiro–Wilks normality test was performed in the data to
ensure that it followed a normal distribution. Comparison between the means of controls
and each experimental condition was performed using one-way ANOVA. Outliers were
identified by the Grubbs’ test. Data were expressed as the mean ± standard deviation (SD)
of at least three independent experiments. GraphPad Prism 7.0 software was used, and
values were considered statistically significant with a p < 0.05.

3.10. Molecular Docking and Inverted Virtual Screening Studies

To identify possible molecular targets of the amino alcohols derived from eugenol,
an inverted virtual screening protocol was applied. A search on Scopus was performed
for papers describing virtual screening (VS) studies involving targets and molecules with
insecticidal activity using the keywords: “virtual screening” and “pesticides”. The selection
criteria were relevance of the target and year of publication. In the 18 studies found, 23 PDB
structures were identified and downloaded, enabling the creation of a structural database
of putative insecticide targets. These are listed in Table S3.

The 23 PBD structures were prepared for docking starting using the Autodock Vina
plugin for Pymol [39]. Crystallographic waters were removed. Then, the crystallographic
ligands were saved in separate files and used as reference for active site coordinates as
well as for validation in the re-docking steps. In the absence of ligands, the active site
coordinates were based on the most important residues described in the literature. Re-
docking was used to evaluate the ability of the docking software to reproduce the geometry
and orientation of the crystallographic pose, as well as the quality of the docking protocol,
and to optimize the docking protocol.

The docking programs/scoring functions used were GOLD [40] (PLP, ASP, Chem-
Score, and GoldScore scoring functions), and AutoDock Vina [41]. With each docking
program/scoring function, the protocol was optimized for each protein target, to minimize
the RMSD in the docking predictions of the reference ligand in re-docking, by comparison
with the crystallographic structure of the corresponding complex.

The optimized parameters for each program/scoring function were as follows: Vina-
docking box position, docking box dimension, exhaustiveness; GOLD (PLP, ASP, Chem-
Score, GoldScore)-binding pocket center, docking region radius, search efficiency, number
of runs. The final optimized conditions were used for the subsequent stages. Structures
for the two eugenol amino alcohol derivatives with the highest insecticide activity were
prepared for docking using Datawarrior [42] and OpenBabel [43] and were docked into
each structure with the optimized protocol with all the five scoring functions. A ranked list
of most likely targets was prepared based on the average scores obtained for each target
with the different scoring functions.

3.11. Molecular Dynamics Simulations and Free Energy Calculations

Molecular dynamics simulations were performed using the Amber18 software (Uni-
versity of California, San Francisco, USA) for the two compounds identified from the
experimental studies to have the highest insecticide activity (compounds 3d and 3f), which
are bound to the two most promising targets identified from the inverted virtual screening
study (odorant binding protein 1–3KIE and acetylcholinesterase-1QON). Since 1QON pre-
sented a gap in the structure, a homology model was generated using SWISS-MODEL [44].
A total of 1466 templates were found to match the original sequence, but only the top 50
were used to build the model (Figure S5 in Supplementary Information).

Models for the MD simulations were prepared starting from the pose predicted
for these complexes in the docking experiments during the inverted virtual screening
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protocol with GOLD/PLP and treated with the Leap module of AMBER [45]. The protein
targets were described with the ff14SB force field [46], while the eugenol derivatives were
parameterized using ANTECHAMBER, with RESP HF/6-31G (d) charges calculated with
Gaussian16 [47] and the General Amber Force Field (GAFF) [48]. The overall charge on the
system was neutralized through the addition of counter-ions (Na+ or Cl−), and the systems
were placed in TIP3P water boxes with a minimum distance of 12 Å between the protein
surface and the side of the box.

In order to remove the clashes, the systems were submitted to four consecutive
minimizations stages, which were followed by an equilibration and production. In the first
four minimization stages, the procedure was applied to (1) water molecules (2500 steps);
(2) hydrogens atoms (2500 steps); (3) side chains of all the amino acid residues (2500 steps);
and (4) the full system (10,000 steps). After the complete minimization, the systems were
equilibrated by a procedure, which was divided into two stages: in the first stage, NVT
ensemble, the systems were gradually heated to 298 K using a Langevin thermostat at
constant volume (50 ps); in the second stage, the density of the systems was further
equilibrated at 298 K (subsequent 50 ps). Finally, the productions runs were performed
during 100 ns. Production was executed with an NPT ensemble at constant temperature
(298 K, Langevin thermostat) and pressure (1 bar, Berendsen barostat), with periodic
boundary conditions. An integration time of 2.0 fs using the SHAKE algorithm was used
to constrain all covalent bonds involving hydrogen atoms. The nonbonded interactions
were cut off at 10 Å throughout the entire molecular simulation procedure. The final
trajectories were analyzed in terms of RMSD to obtain confirmation that both systems were
well equilibrated after the initial 10 ns. The last 90 ns of the simulation were considered
for hydrogen bonding analysis, and cluster analysis of the conformations was generated.
This overall procedure has been previously used with success in the treatment of several
biomolecular systems [49–57].

The Molecular Mechanics-Generalized Born Surface Area (MM-GBSA) method [27]
was applied to estimate the binding free energies of compounds 3d and 3f to the odor-
ant binding protein 1 and to acetylcholinesterase, considering a salt concentration of
0.100 mol.dm−3. In addition, the energy decomposition method was employed to estimate
the contribution of all the amino acid residues for each of these binding free energies. From
each MD trajectory, a total of 1400 conformations taken from the last 70 ns of simulation
were considered for the MM-GBSA calculations.

3.12. Nanoencapsulation Studies

The most active compound against the Sf9 cells, compound 3f, was encapsulated in
liposomes composed of the phospholipids 1,2-dimyristoyl-sn-glycero-3-phospho- (1′-rac-
glycerol) (sodium salt) (DMPG) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
which are either composed of DMPG (100%) or DPPC/DMPG (1:1). The liposomes (2 mM
total lipid concentration) were prepared by the ethanolic injection method [58] above the
transition temperature of each lipid, as previously described [21]. The compound (at an
initial concentration of 6.7 × 10−4 M) was encapsulated by co-injection with the ethanolic
lipid solution. The size, polydispersity, and zeta potential of compound-loaded liposomes
were measured in a Litesizer 500 Dynamic Light Scattering apparatus from Anton Paar
(Anton Paar GmbH, Graz, Austria).

The encapsulation efficiency (EE%) was determined as previously reported [21] and
calculated through the Equation (1):

EE% =
(Ctotal compound − Cf ree compound)

Ctotal compound
× 100 (1)

using a calibration curve of fluorescence intensity vs. concentration (C), taking advantage
of the fluorescence emission of the compound.

The compound release was followed during 24 h at 20 ◦C and 35 ◦C, below and above
the phase transition temperature of DMPG. The Weibull model (a distribution function)
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was used to study the transport mechanism involved in the compound release [36], be-
ing expressed in terms of the compound fraction accumulated (m) in solution at time t
(Equation (2)):

m = 1 − exp

[
−(t − Ti)

b

a

]
(2)

where a is a scale parameter that defines the timescale of the process, Ti represents the
latency time of the release process (often being zero), and b is a formal parameter that
characterizes the type of curve (b = 1 is exponential; b > 1 is sigmoid, with ascendant
curvature delimited by an inflection point; and b < 1 is parabolic, displaying high initial
slope and a consistent exponential character).

4. Conclusions

A series of β-amino alcohols were prepared by reaction of eugenol epoxide with
various aliphatic and aromatic amines. The obtained eugenol derivatives were subjected
to biological activity evaluation in the Sf9 cell line, in comparison with the corresponding
precursors, in order to evaluate their application as potential natural based insecticides.

We identified that the three derivatives bearing a terminal benzene ring, either sub-
stituted or unsubstituted, were those showing higher potency, in some cases higher than
the benchmark used. We further clarified that the molecules were eliciting their effect by
triggering organized cell death, and they were selective for insect cells.

Inverted virtual screening studies with five independent methods suggest that these
molecules display their insecticide activity most likely by targeting the insect acetyl-
cholinesterase and/or the insect odorant binding proteins. Molecular dynamics simu-
lations and free energy calculations confirm that these two molecules bind strongly to both
targets forming very stable complexes with well-defined molecular interactions that are
maintained through time.

Nanoencapsulation studies allow obtaining very reasonable encapsulation efficiencies
and a controlled release. Liposomes of DMPG provide a temperature-sensitive compound
release, which is more effective than the DPPC/DMPG (1:1) formulation.

Supplementary Materials: The following are available online, Figure S1: Protein and ligand RMSD
(Å) of the AChE and OBP–ligand complexes, Figure S2: Percentage of the potential solvent accessible
surface area of the ligands that is buried by the protein targets evaluated, Figure S3: Number
of ligand–target hydrogen bonds formed during the simulations for compound 3d and 3f when
complexed with AchE and OBP, Figure S4: Fitting of the release profiles to the Weibull model, Figure
S5: Homology model built for 1QON, Table S1: Docking scores for compounds 3d and 3f in complex
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Abstract: Essential oils (EOs) are widely recognized as efficient and safe alternatives for controlling
pest insects in foods. However, there is a lack of studies evaluating the toxicological stability of
botanical insecticides in stored grains in order to establish criteria of use and ensure your efficiency.
The objective of this work was to evaluate the toxicological stability of basil essential oil (O. basilicum)
and its linalool and estragole components for Sitophilus zeamais (Motschulsky) adults in corn grains
by fumigation. The identification of the chemical compounds of the essential oil was performed with
a gas chromatograph coupled to a mass selective detector. Mortality of insects was assessed after
24 h exposure. After storage for six (EO) and two months (linalool and estragole) under different
conditions of temperature (5, 20, and 35 ◦C) and light (with and without exposure to light), its
toxicological stability was evaluated. Studies revealed that the essential oil of O. basilicum and its
main components exhibited insecticidal potential against adults of S. zeamais. For greater toxicological
stability, suitable storage conditions for them include absence of light and temperatures equal to or
less than 20 ◦C.

Keywords: storage; monoterpenes; bioinsecticide; insect pest; toxicity

1. Introduction

Essential oils (EOs) are classified as secondary metabolites produced by various parts
of the plant such as seeds, stems, leaves, and flowers. They are mixtures of volatile, natural
substances, characterized by strong odor and, in most cases, have lipophilic constitution [1].
As they are composed of volatile terpenoids such as monoterpenes (C10) and sesquiter-
penes (C15) and phenylpropenes (derived from the phenyl group junction (aromatic ring)
and a three-carbon side chain (propyl group) [2], which usually originate from various
biosynthesis pathways [3], there are a wide variety of possible applications of essential
oils [4]. Among the current applications of EOs is their use as an alternative to synthetic
insecticides, as EOs have great biocidal potential, presenting insect toxicity [5].

EOs and their compounds are believed to have a higher barrier to pest resistance and
lower risk to human health and environmental contamination compared to conventional
insecticides [6]. Among the essential oils with insecticidal activity is the essential oil of
Ocimum basilicum, aromatic and medicinal plant of the Lamiaceae family [7], composed
mainly of linalool and estragole [8,9].

The toxicity of O. basilcium essential oil has already been proven for Acanthoscelides obtec-
tus (Coleoptera: Chrysomelidae) [10], Rhyzopertha dominica (Coleoptera: Bostrichidae) [11],
Sitophilus zeamais (Coleoptera: Curculionidae) [12], Tribolium castaneum (Coleoptera: Tenebrion-
idae) [13], Zabrotes subfasciatus (Coleoptera: Chrysomelidae) [14], Anopheles funestus (Diptera:
Culicidae) [15] and Sitophilus Oryzae (Coleoptera: Curculionidae) [16]. Because this essential
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oil is mainly composed of linalool and estragole, its toxicity to stored grain pest insects can
be explained by the action of mixed inhibition of the enzyme acetylcholinesterase (AChE)
caused by such compounds, especially when they are applied by fumigation [17,18].

Linalool, the most well-known monoterpene of O. basilicum essential oil, is present
in the essential oil of various medicinal plants, mainly of the Lamiaceae family [19]. It is
insect repellent [20], inhibits the reproduction of Acanthoscelides obtectus (Say) (Coleoptera:
Chrysomelidae) [21] and exhibits larvicidal activity against Culex quinquefasciatus and Aedes
stephensi larvae (Diptera: Culicidae) [22,23].

Estragole, a volatile monoterpenoid ether found in numerous plants [24]. This compo-
nent and its biotransformation products have toxic potential because they are genotoxic,
mutagenic or carcinogenic [25]. Nevertheless, it was considered safe (GRAS—Generally
Recognized As Safe) by FEMA (Flavor and Extract Manufacturer’s Association, 2008) as it
does not pose a risk to human health in small quantities (0.6 mg kg−1 day−1). Estragole
inhibits the growth of Aedes aegipyti (Diptera: Culicidae) larvae and has antiparasitic and
antihelmintic actions [26]. This compound has reported potential insecticide for Oryza-
ephilus surinamensis (Coleoptera: Silvanidae), Lasioderma serricorne (Coleoptera: Anobiidae),
Liposcelis bostrychophila (Psocoptera: Liposcelididae) and Tribolium castaneum (Coleoptera:
Tenebrionidae) [27–31].

Given that O. basilicum EO and its major components linalool and estragole are toxic
to stored grain pest insects and knowing that once deprived of the protective compartmen-
talization of the plant, essential oil constituents are especially prone to oxidative damage,
chemical transformations, or polymerization through enzymatic or chemically triggered
reactions by external factors such as temperature and light [32]. the objective of this work
was to determine the toxicological stability of O. basilicum EO and its linalool and estragole
components on fumigation Sitophilus zeamais in corn grains, after storage as a function of
temperature and luminosity for a period of six (EO) and two months (linalool and estragol).

2. Material and Methods

2.1. Insect Colony

The insects were raised on maize grains with water content of 12.1% (wet basis) under
constant conditions of temperature (25 ± 2 ◦C), relative humidity (70 ± 5%) and scotophase
24 h. For the creation were used 3 L glass vials, closed with perforated plastic lid and
internally coated with organza to allow gas exchange.

2.2. Essential Oil

The essential oil used in the research was acquired through the company Mundo dos
Óleos (Brasília, DF, Brazil). 100% pure and natural oil extracted from O. basilicum leaves by
steam distillation, obtained from selected raw material, to preserve the main properties
of each extracted element, as well as enhance its flavor, color, and aroma characteristics.
All the essential oil used in the research was acquired on the same date, thus belonging
to the same manufacturing batch, in order to avoid interference in the research due to
compositional variability.

2.3. Essential Oil Analysis

The analysis of the chemical composition of the essential oil was performed at the
Department of Chemistry of the Federal University of Viçosa in Viçosa, Minas Gerais, Brazil.
O. basilicum essential oil was analyzed by mass spectrometry coupled gas chromatography
(GC-MS) on a QP2010 model equipment (Shimadzu, Tokyo, Japan) under the following
conditions: fused silica capillary column (30 m in length) and 0.25 mm internal diameter)
with RTX®-5MS stationary phase (0.25 μm film thickness) and helium as a carrier gas with
a flow rate of 1.0 mL/min. Injector temperature of 220 ◦C, the initial column temperature
was 60 ◦C, with programming to increase by 2 ◦C until reaching a temperature of 200 ◦C,
and 5 ◦C until reaching a maximum temperature of 250 ◦C. Mass spectra were obtained by
electron impact at 70 eV, with 29 to 400 (m/z) scan. 1 μL of the prepared oil solution was
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injected at a concentration of 10 mg mL−1 with a split ratio of 1:20. The main constituents
were identified and quantified by their retention index (IR) relative to the hydrocarbon
standard (C7–C30) (99%, Supelco, Bellefonte, PA, USA) and confirmed by comparing the
mass spectrum of the compounds with the NIST 14 spectrotheque.

2.4. Exposure to Temperature and Light Radiation

For the evaluation of the effect of temperature on the stability of the essential oil and
its major compounds, clear glass containers wrapped in foil and properly sealed, 20 mL of
O. basilicum essential oil and 1 mL of each compound were under different temperature
conditions. The flasks were divided into three lots and packaged for six months for EO
and two months for linalool and estragole, in the following environments: refrigerator at
5.0 ± 1 ◦C (low temperature); in an incubator chamber (model 347, CD, Fanem, São Paulo,
SP, Brazil) at a temperature of 20 ± 2 ◦C (average temperature) and an incubator chamber
at a temperature of 35 ± 2 ◦C (high temperature).

For the evaluation of light stability, clear glass vials containing the essential oil and its
linalool and estragole compounds were kept in a B.O.D. (model 347 CD, Fanem, São Paulo,
SP, Brazil) at a temperature of 20 ± 2 ◦C and subjected to light from cold white lamps
(100 W each) (Philips, São Paulo, SP, Brazil) for six months for EO and two months for
linalool and estragole.

2.5. Toxicological Stability

The fumigation bioassays were performed in 0.8 L (8 cm diameter × 15 cm high) glass
vials with 50 non-sexed S. zeamais adults, in four replications. The concentrations of O.
basilicum essential oil stored under different conditions ranged from 8 to 40 μL L−1 of air.
Working solutions of the essential oil were prepared with toluene solvent (Sigma-Aldrich,
99.9%, Baden-Württemberg, Germany) and applied with a microsyringe (Hamilton, Reno,
NV, USA) on 4 mm diameter paper filter discs. 4 cm placed in Petri dishes (6.5 cm diameter).
Petri dishes were covered with organza type tissue and placed at the base of the flasks.
Pure solvent (toluene) was used as a control. The vials were sealed with a screw-on metal
cap and sealed with parafilm (PM996, American, NV, USA) after insect distribution to
prevent oil vapor leakage during the exposure period. The flasks were kept in an incubator
chamber at a temperature of 27 ± 2 ◦C for 24 h. After this period, dead and living insects
were counted. Corrected mortality was calculated by Abbott’s formula [33].

Pure linalool and estragole were purchased from Sigma-Aldrich (Burlington, MA,
USA). Toxicity assays were performed at concentrations ranging from 8 to 40 μL L−1. Each
filter paper disc (4.4 cm) was treated with 25 μL of toluene diluted linalool and estragole
solution and placed in a Petri dish (6.5 cm in diameter), covered with organza and inserted
into the base of glass pots with a capacity of 0.8 L. A total of 50 non-sexed adults were
placed by pot to expose the insects to the fumigant activity of the compounds for 24 h.
Each treatment consisted of four repetitions. As a control 25 μL of pure toluene was used.

2.6. Statistical Analysis

Toxicity data were subjected to probit analysis using SAS software (SAS Institute, Cary,
NC, USA), generating concentration-mortality curves. Mortality data were submitted to
ANOVA and Tukey test with Statistica 8 software (StatSoft Inc., Tulsa, OK, USA).

3. Results and Discussion

3.1. Essential Oil Composition

The relative chemical composition of the essential oil compounds of O. basilicum leaves
were performed by GC-MS. The major constituents were identified by their retention index
(RI) relative to a homologous series of n-alkanes and confirmed by comparing the mass
spectrum of the compounds with the NIST 14 spectrotheque. Chromatographic analysis
showed that estragole (H2C=CHCH2C6H4OCH3) and linalool ((CH3) 2C=CHCH2CH2C
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(CH3)(OH)CH=CH2) were the major components of O. basilicum essential oil (Figure 1),
representing 85% and 12% of the identified compounds, respectively.

Figure 1. Chromatogram of Ocimum basilicum essential oil (10 mg mL−1 in toluene).

These compounds are responsible for most of the composition of this essential oil [8,9].
Generally, linalool and estragole are the major components of O. basilicum EO, but fac-
tors such as soil type, altitude, temperature, insolation period, cultivation, drying condi-
tions and storage influence its composition [31], explaining variations in the amount of
the compounds.

3.2. Toxicological Stability of Essential Oil

The Probit model was adequate for the concentration-mortality data of all fumigation
treatments, based on the low χ2 value and the high p value obtained from the O. basilicum
essential oil curves stored under different conditions and their components. linalool and
estragole over S. zeamais. For the untreated essential oil, the values of χ2 = 0.14 and
p = 0.98 were obtained. Lethal concentrations to cause 50 and 95% insect mortality (LC50
and LC95) were 25.4 μL L−1 and 178.4 μL L−1 of air, respectively (Table 1). The slope of the
curve was (1.94 ± 0.37), which indicates genetic homogeneity among individuals of the
S. zeamais population.

Table 1. Lethal concentrations of Ocimum basilicum essential oil stored under different conditions and their major components
for fumigation Sitophilus zeamais.

Components
LC50 (FI 95%)

(μL L−1 of Air)
LC95 (FI 95%)

(μL L−1 of Air)
Inclination
(±MSE 1)

χ2 (df ) p

Essential oil 25.4 (23.1–28.6) 178.4 (161.2–196.2) 1.94 ± 0.37 0.14 (7) 0.98
EO at 5 ◦C 25.7 (23.7–29.1) 172.3 (154.3–187.2) 1.99 ± 0.37 0.09 (7) 0.99
EO at 20 ◦C 25.8 (24.1–30.6) 151.3 (139.4–192.3) 2.13 ± 0.38 0.85 (7) 0.83

LC = Lethal Concentration (μL L−1 of air); FI = Fiducial Interval; MSE 1 = Mean square error; χ2 = Chi square; p = Probability; df = degrees
of freedom; EO = Essential oil.

O. basilicum EO was lethal to S. zeamais by fumigation [34], but the effectiveness of
essential oils depends on factors such as dose or concentration, insect species, application
surface, penetration pathway, method of application and composition of oil, season, eco-
logical conditions, method and extraction time, plant part and storage conditions [35,36].
Both the untreated EO and the EO stored under different temperatures (5 and 20 ◦C) and
exposed to light for a period of six months had lower LC50 when applied by fumigation.

The LC50 value of untreated O. basilicum essential oil when applied by fumigation
(25.4 μL L−1 air) was lower than that of Minthostachys verticillata (28.2 μL L−1 air) and
Eucalyptus globulus essential oil (335.7 μL L−1 of air) [37] and higher than Melaleuca al-
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ternifolia essential oil (7.7 μL L−1 of air) for S. zeamais [38]. The fumigant activity of O.
basilicum EO on S. zeamais can be explained by the fact that monoterpenoids inhibit the
acetylcholinestrase (AChE) nerve conduction enzyme [37]. In addition, studies have shown
that essential oils can significantly inhibit the activity of two detoxifying enzymes in S.
zeamais, glutathione S-transferase (GST) and carboxylesterase (CarE), as well as negatively
regulating differentially expressed genes (DEGs) in response to fumigation [37].

O. basilicum EO caused higher mortality of S. zeamais when compared to the negative
control, showing that it has higher fumigant activity (Figure 2). The O. basilicum EO
stored at 5 to 20 ◦C and without storage, differed statistically from each other in only three
concentrations (8; 16 and 40 μL L−1 of air), indicating that temperatures up to 20 ◦C do
not interfere significantly on the toxicological stability of EO for S. zeamais adults when
stored for six months. When comparing the EO without storage and EO stored at 35 ◦C
and in light exposure, there was a statistical difference in all concentrations (Figure 2). The
EO stored at 35 ◦C was more stable than the EO stored in light exposure, causing higher
mortality of S. zeamais adults, which shows that light exposure decreases the toxicity of O.
basilicum EO on S. zeamais.

 
Figure 2. Toxicological stability by fumigation of Ocimum basilicum essential oil stored under different conditions and their
major components for Sitophilus zeamais. Means followed by the same letter in the column do not differ at 5% probability by
Tukey test.

When comparing the untreated EO and the EO stored at 35 ◦C in the fumigation
applications, there was a statistical difference in all concentrations (Figures 2 and 3). This
indicates that storage at high temperatures for a period of six months affects its toxicological
stability on S. zeamais adults. The temperature plays a crucial role in the degradation process
of essential oils, which directly affects their stability. This decisively influences the stability
of the essential oil in several respects [38]. Generally, chemical reactions accelerate with
increasing heat due to temperature dependence of the reaction rate, as expressed by the
Arrhenius equation [39]. Based on this, Van’t Hoff’s law states that a temperature increase
of 10 ◦C doubles chemical reaction rates, a ratio that can be consulted to predict stability at
different temperatures [40].
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Figure 3. Toxicological stability by fumigation of linalool stored under different conditions for Sitophilus zeamais. Means
followed by the same letter in the column do not differ at 5% probability by Tukey test.

Increasing temperature advances the self-oxidation and decomposition processes
of hydroperoxides, as heat can contribute to free radical formation [41]. Essential oils
vary in their susceptibility to self-oxidation at different storage temperatures. In general,
monitoring of volatile plant extracts and essential oil composition demonstrates that
stability decreases with prolonged storage time, as well as a temperature rise from 0 to
28 ◦C [42], 4 to 25 ◦C [43] and 23 to 38 ◦C [44].

There was a statistical difference between the untreated EO and the EO stored in light
exposure at all concentrations (Figures 2 and 3). This indicates that six-month storage
in light exposure affects its toxicological stability in S. zeamais adults. This is possibly
due to the presence of ultraviolet light (UV) and visible light (Vis) being responsible for
accelerating the self-oxidation processes in the essential oils, triggering what results in free
radical formation [44]. Auto-oxidation involves a succession of chemical reactions that
alter the initial composition of the oil, leading to the production of low molecular weight
compounds and oxidized polymers, as well as the destruction of important fatty acids and
the formation of other compounds, compromising their stability [42].

Comparison of EO stored at 35 ◦C and in light exposure shows that the toxicological
stability of O. basilicum EO over S. zeamais was most affected by storage in light exposure.
The light is much more important than temperature in the oxidation of essential oils [42],
although the effect of light on oil oxidation is lessened with increasing temperature [45].
The effect of sunlight for 2 h caused degradation of the quality of ginger oil, while it
remained stable when stored in the dark for the same period of time [46].

Processing and storage of oils in exposure to light can lead to the generation of a wide
range of undesirable compounds, some of which are harmful to health because of their
high toxicity, thereby altering their stability [47]. Among the components of essential oils,
monoterpenes have been shown to degrade rapidly under the influence of visible light [48].
The same study also showed that there were transformation reactions in marjoram oil
during storage under visible light, which led to the formation of several unidentified
elements and smaller components.

30



Molecules 2021, 26, 6483

3.3. Toxicological Stability of Linalool and Estragole

The Probit model was adequate for concentration-mortality data, based on the low
χ2 values and the high p values obtained on the linalool and estragole curve stored under
different conditions over S. zeamais. For untreated linalool, the values of χ2 = 5.57 and
p = 0.34 were obtained. Lethal concentrations to cause 50% and 95% insect mortality (LC50
and LC95) were 34.6 μL L−1 and 330.3 μL L−1 of air, respectively (Table 2). The slope of the
curve was (1.67 ± 0.22), which indicates genetic homogeneity among individuals of the
S. zeamais population.

Table 2. Lethal concentrations of linalool stored under different conditions for fumigation Sitophilus zeamais.

Components
LC50 (FI 95%)

(μL L−1 of Air)
LC95 (FI 95%)

(μL L−1 of Air)
Inclination (±MSE 1) χ2 (df ) p

Linalool 34.6 (31.6–41.2) 330.3 (269.8–463.6) 1.67 ± 0.22 5.57 (5) 0.34
Linalool at 5 ◦C 33.9 (30.7–42.1) 339.3 (301.3–498.9) 1.64 ± 0.22 6.07 (5) 0.29
Linalool at 20 ◦C 39.4 (33.5–48.3) 382.7 (365.2–529.8) 1.51 ± 0.22 6.91 (5) 0.22
Linalool at 35 ◦C 132.4 (110.3–198.7) 495.6 (427.5–612.6) 1.39 ± 0.19 1.56 (5) 0.98
Linalool exposed to light 178.9 (152.4–215.6) 534.2 (518.3–725.5) 1.53 ± 0.23 1.84 (5) 0.96

LC = Lethal Concentration (μL L−1 of air); FI = Fiducial Interval; MSE 1 = Mean square error; χ2 = Chi square; p = Probability; df = degrees
of freedom.

Linalool caused higher mortality of S. zeamais adults when compared to the negative
control, showing that it has higher fumigant activity (Figure 3). Studies have shown that
essential oil components are able to inhibit cellular respiration enzymes, nervous system
enzymes such as acetylcholinesterase (AChE), and detoxification system enzymes such as
P450 and esterase [49], which weakens the insecticide metabolism in insects. Linalol acts
together with other compounds in the cholinergic system of insects, promoting the rapid
breakdown of the nervous system [50]. Linalool stored at 5 to 20 ◦C and without storage
differed statistically from each other in only two concentrations (36 and 40 μL L−1 of air),
indicating that temperatures up to 20 ◦C do not significantly affect its toxicological stability
for adults of S. zeamais during storage for two months. When comparing non-stored linalool
and linalool stored at 35 ◦C and in light exposure, there was a statistical difference in all
concentrations except one (8 μL L−1 of air) (Figure 3). Linalool stored at 35 ◦C was more stable
than linalool stored in light exposure, causing higher mortality of S. zeamais adults, which
shows that light exposure is more detrimental to linalool stability than temperature increase.

For untreated estragole, the values of χ2 = 5.48 and p = 0.35 were obtained. Lethal
concentrations to cause 50% and 95% insect mortality (LC50 and LC95) were 38.13 μL L−1

and 314.01 μL L−1 of air, respectively (Table 3). The slope of the curve was (1.79 ± 0.22),
which indicates genetic homogeneity among individuals of the S. zeamais population.

Table 3. Lethal concentrations of estragole stored under different conditions for Sitophilus zeamais by fumigationis.

Components
LC50 (FI 95%)

(μL L−1 of Air)
LC95 (FI 95%)

(μL L−1 of Air)
Inclination
(±MSE 1)

χ2 (df ) p

Estragole 38.1 (35.6–45.7) 314.0 (298.3–465.6) 1.79 ± 0.22 5.48 (5) 0.35
Estragole at 5 ◦C 37.2 (34.3–43.8) 305.4 (287.1–419.4) 1.79 ± 0.22 6.08 (5) 0.29
Estragole at 20 ◦C 41.0 (38.9–49.2) 335.0 (303.5–490.2) 1.80 ± 0.23 4.38 (5) 0.49
Estragole at 35 ◦C 56.5 (47.5–63.4) 395.2 (347.6–511.5) 1.94 ± 0.25 3.44 (5) 0.63
Estragole exposed to light 53.6 (45.9–61.3) 362.1 (323.7–501.7) 1.98 ± 0.17 6.96 (5) 0.43

LC = Lethal Concentration (μL L−1 of air); FI = Fiducial Interval; MSE 1 = Mean square error; χ2 = Chi square; p = Probability; df = degrees
of freedom.

Estragole caused higher mortality of S. zeamais adults when compared to the negative
control, showing that it has higher fumigant activity (Figure 4). Estragole stored at 5 to
20 ◦C and without storage differed statistically from only one concentration (32 μL L−1 of
air), indicating that temperatures up to 20 ◦C do not significantly affect its toxicological
stability for adults of S. zeamais during storage for two months. Comparing estragole
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without storage and linalool stored at 35 ◦C and in light exposure, there was a statistical
difference in all concentrations, indicating that the increase of storage temperature decreases
the toxicity of estragol for adults of S. zeamais (Figure 4). Estragole stored at 35 ◦C differed
statistically from estragole stored in light exposure by only one concentration (16 μL L−1

of air), which shows that both treatments decrease the toxicity of estragole for S. zeamais
adults to the same extent.

Figure 4. Toxicological stability by estragole fumigation stored under different conditions for Sitophilus zeamais. Means
followed by the same letter in the column do not differ at 5% probability by Tukey test.

Linalool LC50 and LC95 increased from 34.56 to 132.4 μL L−1 of air and from 330.3 to
495.6 μL L−1 of air respectively when stored at 35 ◦C for two months. The same occurred
with estragol LC50 and LC95 which increased from 38.1 to 56.5 μL L−1 of air and from 314.0
to 395.2 μL L−1 of air, respectively. This shows that storage at 35 ◦C decreases the toxicity
of this compound for S. zeamais adults. This can be explained by the fact that temperature
directly influences the stability of volatile compounds [41]. Generally, chemical reactions
accelerate with increasing heat due to temperature dependence of the reaction rate, as
expressed by the Arrhenius equation [42]. Terpenoids, especially terpenes and aldehydes,
are known to be susceptible to rearrangement processes at elevated temperatures. Terpenic
conversion reactions by heating have been reported for both isolated compounds [51,52]
and for essential oils [53]. Mircene, for example, suffered degradation as it was exposed
to higher storage temperatures for 120 days. The initial percentage of mircene fell from
17.38% (6 ◦C) to 3.99% at 37.5 ◦C [54].

In this work, the comparison between linalool stored at 35 ◦C and stored at 20 ◦C in
light exposure shows that it was more toxicologically stable on S. zeamais when exposed to
35 ◦C, indicating that light exposure is more detrimental to the stability of linalool than
increase in temperature. This is because some monoterpenes are more thermodynamically
stable while others demonstrate rapid degradation under the influence of visible light [50].
Linalol, for example, is 5.9 kJ mol −1 more stable than geraniol [55].

In contrast to linalool, the toxicological stability of estragole on S. zeamais was more
affected by increased storage temperature (35 ◦C) than by exposure to light. This can
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occur due to the evaporation process of low boiling compounds, mainly hydrocarbons and
sesquiterpenes [56].

There was no significant difference between linalol and estragole stored at 5 and
20 ◦C, which shows that they can be stored in this temperature range for two months
without decreasing their toxicological stability on S. zeamais. Three temperatures (4 ◦C
in a cold room, −20 ◦C in a freezer and 25 ◦C at room temperature) were used to assess
the stability of Thymus daenensis essential oil for three months [57]. The results indicated
that at room temperature, the amounts of thymol and carvacrol increased considerably
by 26.6% and 23% after 3 months, respectively. The increase in thymol and carvacrol by
storage at room temperature represents an increase in oil quality index. In addition, oil
compositions exhibited the smallest changes and maintained primary quality when stored
at low temperatures, particularly at 20 ◦C [57].

4. Conclusions

The essential oil of O. basilicum and its linalool and estragole components components
exhibited insecticidal potential against S. zeamais adults in corn grains by fumigation.
Increasing temperature (35 ◦C) and exposure to light during storage negatively affects
the stability of O. basilicum EO, reducing its toxicity against S. zeamais. Aiming at the
higher toxicity of O. basilicum EO to S. zeamais, the storage conditions suitable for it are at
temperatures of maximum 20 ◦C and without exposure to light.
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Abstract: The main strategies against Triatoma infestans (primary vector responsible for the Chagas
disease transmission) are the elimination or reduction of its abundance in homes through the applica-
tion of insecticides or repellents with residual power, and environmental management through the
improvement of housing. The use of plant-derived compounds as a source of therapeutic agents (i.e.,
essential oils from aromatic plants and their components) is a valuable alternative to conventional
insecticides and repellents. Essential oil-based insect repellents are environmentally friendly and pro-
vide reliable personal protection against the bites of mosquitoes and other blood-sucking insects. This
study investigates, for the first time to our knowledge, the potential repellent activity of Zuccagnia
punctata essential oil (ZEO) and poly(ε-caprolactone) matrices loaded with ZEO (ZEOP) prepared by
solvent casting. The analysis of its essential oil from aerial parts by GC–FID and GC-MS, MS allowed
the identification of 25 constituents representing 99.5% of the composition. The main components of
the oil were identified as (−)-5,6-dehydrocamphor (62.4%), alpha-pinene (9.1%), thuja-2, 4 (10)-diene
(4.6%) and dihydroeugenol (4.5%). ZEOP matrices were homogeneous and opaque, with thickness
of 800 ± 140 μm and encapsulation efficiency values above 98%. ZEO and ZEOP at the lowest
dose (0.5% wt./wt., 96 h) showed a repellency of 33 and 73% respectively, while at the highest dose
(1% wt./wt., 96 h) exhibited a repellent activity of 40 and 66 %, respectively. On the other hand, until
72 h, ZEO showed a strong repellent activity against T. infestans (88% repellency average; Class V)
to both concentrations, compared with positive control N-N diethyl-3-methylbenzamide (DEET).
The essential oils from the Andean flora have shown an excellent repellent activity, highlighting the
repellent activity of Zuccagnia punctata. The effectiveness of ZEO was extended by its incorporation
in polymeric systems and could have a potential home or peridomiciliary use, which might help
prevent, or at least reduce, Chagas’ disease transmission.

Keywords: Chagas’ disease transmission; triatomines; peridomiciliary use; Argentina

1. Introduction

Chagas disease is an extraordinarily complex zoonosis that is present throughout the
territory of South America, Central America, and Mexico, and continues to represent a
serious threat to the health of the countries of the region. This illness affects 6 to 7 million
people around the world [1]. The main strategies used to interrupt vector transmission of
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Trypanosoma cruzi by Triatoma infestans (primary responsible for the Chagas disease trans-
mission) are the elimination or reduction of its abundance in homes through the application
of insecticides with residual power, and environmental management the improvement of
housing [1].

Pyrethroid insecticides have been used for over 20 years to control the vectors of Cha-
gas disease in Argentina and other Latin American countries [2]. From them, deltamethrin
has been intensively used for the chemical control of T. infestans “vinchucas” and in general
has displayed an effect as a highly effective triatomicide [3]. In 2002, the health authorities
for the control of vectors in Argentina reported failures in the chemical control of T. infestans
associated with different levels of resistance to pyrethroids [4–6]. This fact could be caused
by the rapid degradation of the active compound, as shown in several studies [7].

To overcome these problems, active agents have been incorporated in polymeric
systems allowing their protection and sustained release. Polymer-based systems have
shown a longer lasting effect than traditional suspension concentrate formulations, both
under experimental and field conditions [8]. Nanofibrous mats containing citriodiol as
biorepellent against Aedes aegypti mosquitoes and its incorporation into a layered fabric
were recently studied [9]. Monolithic and core-enriched nanofibrous mats with repellent
activity were successfully obtained, and core-enriched mats displayed a 100% of repellency
for 34 days. Moreover, compounds of botanical origin such as the essential oils from
aromatic plants and their components provide an alternative to conventional insecticides
and repellents. Essential oil-based insect repellents are environmentally friendly and
provide dependable personal protection against the bites of mosquitoes and other blood-
sucking insects [10]. On the other hand, the essential oils have the advantage of being
agents of low toxicity in mammals, little residual life in the environment, and fewer
requirements imposed by the legal framework, because they enjoy social acceptance due to
the widespread use of aromatic species [11].

The essential oils from the Andean flora growing in the province of San Juan located
in the center-west of the Argentine have shown an excellent repellent activity repellents to
Triatoma infestans (Klug) (Hemiptera, Reduviidae), the vector of Chagas disease, since they
constitute a rich source of bioactive compounds that are biodegradable into nontoxic prod-
ucts [12–14], effect that could be enhanced by incorporating them into polymeric systems,
which are considered a suitable strategy for time and distribution-controlled repellent
delivery [13]. The use of repellents against T. infestans vectors might help prevent, or at
least reduce, Chagas’ disease transmission. The resinous species including the genus Larrea
in Argentina (Larrea ameghinoi, L. cuneifolia, L. divaricata, and L. nitida), vernacular name
“jarillas” and Zuccagnia punctata, commonly called “jarilla macho” are used extensively in
traditional medicine in Argentina Andean communities for the treatment of injuries and
bruises, and a good disinfectant of wounds, repellent of insects, for roof construction in
rural areas and as a vegetable fuel for cooking food. [15,16].

On the other hand, poly(ε-caprolactone) (PCL) is a well-known aliphatic biocompatible
polyester with a glass transition temperature at −60 ◦C and melting temperature between
59–64 ◦C. Its semicrystalline structure and hydrophobic character allow PCL to exhibit
a long degradation time under humidity or physiological conditions of around 2 years.
This is an attractive property for long-term applications in bioactive agent delivery [17–20].
There are reports from Peres et al. in which they propose the encapsulation of essential oil
of fruit and leaves of Xylopia aromatica in PCL nanoparticles [21]. The nanoencapsulation
of these bioactive compounds promotes their protection from environmental degradation
and prolongs their biological activity. De Ávila et al. reported the preparation of PCL
microparticles with encapsulated citronella oil through an emulsion technique followed by
solvent evaporation [22]. Akolade et al. reported the microencapsulation of eucalyptol in
poly(ethylene glycol) and PCL using particles from gas-saturated solutions [23]. Unalan
et al. reported the fabrication and characterization of various concentrations of peppermint
essential oil (PEP) loaded on PCL electrospun fiber mats for wound healing applications,
where PEP was intended to impart antibacterial activity to the fibers [24].
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This study investigated for the first time the potential repellent activity of Zuccagnia
punctata essential oil and its incorporation in PCL matrices for increasing the duration of
the repellent activity.

2. Results and Discussion

2.1. Essential Oil Composition, Yield, and Spectroscopy Characterization

The essential oil yield was 0.25% (v/wt.); δ25: 0.96 g/mL. Regarding the chemical pro-
file, a total of 25 compounds amounting 99.5% of the oil were identified according [25–27].
The main constituents are showed in Table 1 and include (−)-5,6-dehydrocamphor (62.4%),
alpha-pinene (9.1%), thuja-2,4(10)-diene (4.6%), terpinen-4-ol (4.4%), verbenone (3.1%) and
dihydroeugenol (4.5%). The monoterpenes represented the main portion of the oil account-
ing for 89.2% with a high percentage of oxygenated monoterpenes (69.9%). Hydrocarbon
sesquiterpenes accounted for 4.7 %. Among them, the most abundant was epi-beta-santalene
(2.1%). Epi-alpha-cadinol was the oxygenated sesquiterpenoid detected (0.7%).

Table 1. Chemical composition of the Zuccagnia punctata essential oil.

Peak Component RI Area (%) Identification Method

1 Alpha-thujene 928 t 1
2 Alpha-pinene 936 9.1 1, 2
3 Alpha-fenchene 950 0.3 1
4 Camphene 951 t 1, 2
5 Thuja-2,4(10)-diene 956 4.6 1
6 Myrcene 990 t 1, 2
7 Alpha-terpinene 1016 0.6 1
8 p-cymene 1025 t 1, 2
9 Limonene 1030 0.8 1, 2
10 Gamma-terpinene 1059 1.6 1
11 p-cymenene 1091 2.3 1
12 (−)-5,6-dehydrocamphor 1097 62.4 1
13 Terpinen-4-ol 1178 4.4 1, 2
14 Verbenone 1206 3.1 1
15 (E)-Cinnamyl alcohol 1304 0.4 1
16 Piperitenone 1343 t 1, 2
17 Eugenol (dihydro) 1369 4.5 1
18 (E)- caryophyllene 1419 0.8 1
19 Epi-beta-santalene 1447 2.1 1
20 Delta-amorphene 1512 0.6 1
21 (Z)-gamma-bisabolene 1515 0.1 1
22 Beta-curcumene 1516 0.2 1
23 Delta-cadinene 1523 0.4 1
24 (E)-gamma-bisabolene 1531 0.5 1
25 Epi-alpha-cadinol 1640 0.7 1

Monoterpene
hydrocarbons 19.3

Oxygenated
monoterpenes 69.9

Phenylpropanoids 4.9
Sesquiterpenes
hydrocarbons 4.7

Oxygenated
sesquiterpenes 0.7

Total 99.5

Constituents listed in order of increasing retention indices (RI). Unidentified compo-
nents less than 0.1% are not reported. Temperature-programmed RI referred to n-alkanes,
determined on a HP-5MS capillary column. Percentage values less than 0.1% are denoted
as t (traces). Method of identification of minor constituents: 1corresponds to comparison of
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GC-MS data and RI with those of the volatile oil ADAMS, Wiley and NBS computer mass
libraries, 2corresponds to comparison of GC-MS data and RI with those of authentic samples.

The chemical composition as well as the antifungal activity of the Zuccagnia punctata
essential oil collected in the province of San Juan have been previously reported [27],
standing out the presence of (−)-5,6-dehydrocamphor (56.5%), linalool (14.5%) and cis-
linalool oxide THF (3.4%). The chemical composition of the essential oil reported here
shows also that the main component is (−)-5,6-dehydrocamphor (62.4%), with some
differences in minor components. The chemical composition is genetically determined
(intrinsic factors) and on the other hand, environmental conditions (extrinsic factors) may
be responsible for significant variations in the chemical composition of plants [28]. Essential
oils can qualitatively and quantitatively change their chemical composition due to climatic
factors, the composition of the soil, the plant organ, age, seasonality, and the phase of the
circadian cycle [29–31].

2.2. Morphological Characterization

The Figure 1 shows a disc of 10 mm cut from the ZEOP matrix and the SEM image
of ZEOP 1% sample. ZEOP matrices were homogeneous and opaque with thickness of
800 ± 140 μm, as measured with a low force caliper. The SEM micrograph exhibited
a characteristic morphology of PCL matrices prepared by solvent casting. The surface
porosity could favor the evaporation of essential oils from the polymer matrix regions with
dispersed oil.

 

Figure 1. Morphological characterization, (A) Optical image of ZEOP 1% disc 10 mm, (B) SEM
micrograph of ZEOP 1% (1000×).

2.3. Thermal Properties and Crystallinity

The Figure 2 shows the DSC thermograms. PCL pellets exhibited a characteristic
thermogram with a melting temperature of 65.6 ◦C and crystallinity of 59.3%. PCL matrices
showed a decrease in the melting point (Tm = 62 ◦C) and slight increase in crystallinity
(63.8%) which can be attributed to the matrix formation during solvent casting. The
incorporation of ZEO led to a decrease in Tm values with the increase in the oil content
(ZEOP 0.5%, 61.4 ◦C and ZEOP 1%, 59.0 ◦C). This phenomenon agrees with the decrease in
the crystallinity degree (ZEOP 0.5%, 61%, and ZEOP 1%, 59.6%), and it could be ascribed
to the incorporation of oil, which makes difficult the crystallization process during the
solvent evaporation. The ZEO thermogram did not show thermal events in the explored
temperature by subheadings. It should provide a concise and precise description of the
experimental results, their interpretation, as well as the experimental conclusions that can
be drawn.
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Figure 2. Differential scanning calorimetry thermograms corresponding to PCL, PCL matrix (PCLm),
ZEO, ZEOP 0.5 % and ZEOP 1% formulations.

TGA curves of ZEO are shown in Figure 3. The results indicated that the thermal be-
havior of Zuccagnia punctata is simple and present only one thermal process. A continuous
weight loss starting at 62.6 ◦C and continued until 358.2 ◦C. These values indicate that ZEO
decomposition with temperature begins above room temperature, and therefore it is stable
at the temperature of use of ZEOP matrices.

Figure 3. Thermal stability of ZEO: thermogravimetric and first-derivative of TGA curves.

2.4. ZEO Loading Capacity and Encapsulation Efficiency

Table 2 shows the ZEO content in ZEOP matrices per mass unit of sample (Mc), loading
capacity (LC), and encapsulation efficiency (EE). LC values of ZEOP 0.5% (0.48%), and
ZEOP 1% (0.97%) matrices showed that ZEO content were slightly lower than the amount
present in the polymeric solution. On the other hand, EE values showed encapsulation
of ZEO above 98%. These values were consistent with those reported by Peres et al. [21]
for PCL nanoparticles containing the essential oils of Xylopia (95%), and higher than the
obtained values for PCL microparticles loaded eucalyptol (77 %) [23] and PCL fibers with
peppermint oil (37 %) [24]. These results indicate that PCL is a suitable polymer for ZEO
encapsulation.
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Table 2. ZEO content incorporated in ZEOP matrices per mass unit of sample (Mc), loading capacity
(LC), and encapsulation efficiency (EE).

Sample
Mc (±s.d.)
(mg/g)

LC (±s.d.)
(%)

EE (±s.d.)
(%)

ZEOP 0.5% 4.87 ± 0.30 0.48 ± 0.08 98.45 ± 0.03
ZEOP 1% 9.75 ± 0.20 0.97 ± 0.10 98.51 ± 0.02

2.5. Repellent Activity against Triatoma Infestans Nymphs

The results of the assay of repellency of the ZEO and ZEOP are shown in Tables 3 and 4.

Table 3. Repellent activity of ZEO, and ZEOP against T. infestans nymphs fifth instars (mean ± SD, n = 5) at 0.5% (wt./wt.).

Repellency (%) at 0.5 % (wt./wt.)

Treatments

Time (h) ZEO ZEOP Control 3) DEET 4)

1 97.0 ± 2.0 33.0 ± 11.1 −12.0 ± 5.4 100.0 ± 0.0
24 92.0 ± 10.4 60.0± 24.0 −20.0 ± 32.0 100.0 ± 0.0
72 76.0 ± 5.3 60.0 ± 24.0 −100.0 ± 0.0 100.0 ± 0.0
Average repellency 1) 88.3 ± 5.0 a 51.0 ± 8.1 a −44.0 ± 17.8 b 100.0 ± 0.0 a

Class 2) V III - V

96 33.0 ± 23.1 a 73.0 ± 12.1 a −100.0 ± 0.0 b 100.0 ± 0.0 a

Class 2) II IV - V
1) Average value of repellency in the three times. 2) Repellence class according to scale: Class 0 (0.01 to 0.01%), Class I (0.1 to 20%), Class II
(20.1 to 40%), Class III (40.1 to 60%), Class IV (60.1 to 80%), and Class V (80.1 to 100). a,b indicate significant difference at the 0.05 level
according to Tukey test. 3) Blank control acetone. 4) Positive control DEET at 0.5% (wt./v).

Table 4. Repellent activity of ZEO, and ZEOP against T. infestans nymphs fifth instars, the vector of Chagas disease
(mean ± SD, n = 5) at 1.0% (wt./wt.).

Repellency (%) at 1 % (wt./wt.)

Treatments

Time (h) ZEO ZEOP Control 3) DEET 4)

1 100.0 ± 0.0 46.6 ± 11.1 −12.0 ± 34.4 100.0 ± 0.0
24 93.0 ± 11.5 60.0 ± 6.0 −28.0 ± 32.0 100.0 ± 0.0
72 73.3 ± 23.1 66.0 ± 23.0 −100.0 ± 0.0 100.0 ± 0.0
Average repellency 1) 88.8 ± 5.0 a 55.5 ± 7.0 a −46.7 ± 17.8 b 100.0 ± 0.0 c

Class 2) V III - V

96 40.0 ± 13.1 66.6 ± 6.7 a −100.0 ± 0.0 b 100.0 ± 0.0
Class 2) II IV V

1) Average value of repellency in the three times. 2) Repellence class according to scale: Class 0 (0.01 to 0.01%), Class I (0.1 to 20%), Class II
(20.1 to 40%), Class III (40.1 to 60%), Class IV (60.1 to 80%), and Class V (80.1 to 100%). a,b,c indicate significant difference at the 0.05 level
according to Tukey test. 3) Blank control acetone. 4) Positive control DEET at 0.5% (wt./v).

The ZEO showed excellent repellent properties on T. infestans between 1 and 72 h, for
the two concentrations of the oil tested (Tables 3 and 4). The percentage of repellence did
not change significantly with time (no effect within subjects, p > 0.05), and no significant
relationship was observed between time points and oil treatment (p > 0.05). The essential
oil was Class V, which is the one with the highest repellency according to the methodol-
ogy used; the mean values obtained were 88.3 and 88.8%, for concentrations of 0.5 and
1% (wt./wt.), respectively. For both concentrations, the repellent activity decays between
72 and 96 h until a Class II repellent activity. This short-term action regarding the duration
of the effect may be what limits the use of insect repellent products based on essential oils,
according to previous reports, it may be related to the rapid volatilization and short time of
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action [32]. On the other hand, significant differences in average percentage of repellence
were observed between the ZEO treatment and blank control (effects between subjects,
p < 0.05).

In a previous report, the chemical composition, anti-insect, and antimicrobial activity
of Baccharis darwinii essential oil from Argentina, Patagonia were reported. The major com-
ponents with recognized anti-insect and antimicrobial activity were identified, including
limonene (47.1%), thymol (8.1%) and, 4-terpinelol (6.4%). The in vitro evaluation of the
anti-insect properties showed promising insecticidal activity against Ceratitis capitata (LD50
19.9–31.0 g/fly for males and females respectively at 72 h) and repellent activity against
T. infestans (average repellence 92%, Class V) [33]. The potential of the Andean medicinal
flora of Argentina as a source of essential oils with repellent activity has been reported in
the last decade, together with the chemical profile of volatile compounds [12–14].

Regarding ZEOP, the repellent activity showed a low activity during the first 24 h (Class III)
and it was growing until 96 h (Class IV) to both concentrations assayed (Tables 3 and 4). On the
other hand, significant differences in average percentage of repellence were observed between
the ZEOP treatment and blank control (effects between subjects, p < 0.05).

Nanoproducts developed using natural products have been highlighted as ecologi-
cally and economically sustainable alternatives for effective control of crop pest and other
vectors of human incidence such as mosquitoes and triatomines. The strong activity of
limonene and β-pinene against Tribolium castaneum has been informed; however, the high
volatility and hydrophobicity hinder the use of these monoterpenes as a large-scale pest
control agent [34].Recently, has been reported the nano-emulsification of monoterpenes and
essential oil allowed their incorporation into an aqueous matrix without losing its repellent
activities [34], which gives support to the results reported here.The controlled release
systems for repellents comprise polymer micro/nanocapsules, micro/solid lipid nanopar-
ticles, nanoemulsions/microemulsions, liposomes/niosomes, nanostructured hydrogels
and cyclodextrins [35]. There are many formulations based on micro and nanocapsules
containing DEET and essential oils to increase repellent action time duration and decrease
permeation and consequently, systemic toxicity [36]. Limonene essential oil successfully
encapsulated in microcapsules of chitosan showed a slow and prolonged liberation profile
by volatilization [36]. The ZEOP has also shown a slow and prolonged release during 96 h.

The oil from Z. punctata, one of the endemic resinous species in Argentina that is
extensively used in the traditional medicine of Argentina and Andean people for var-
ious purposes, has shown significant potential as a biorepellent against the vector of
Chagas disease. Repellent activity is prolonged significantly if the oil is supported in a
polymeric system.

3. Materials and Methods

3.1. Chemicals

All solvents used were of analytical grade. Chloroform was purchased from Fisher
(Walham, MA, USA); acetone and methanol (MeOH) grade UHPLC from J.T. Baker (Phillips-
burg, NJ, USA) and dichloromethane (DCM) from Aldrich Chemical Co. (St. Louis, MO,
USA). Poly(ε-caprolactone) (PCL, Mw 80000 g/mol) and N,N-diethyl-3-methylbenzamide
(DEET) were purchased from Aldrich Chemical Co. (USA). Ultra-pure water (<5 μg/L)
was obtained from a purification system Arium 61316-RO plus Arium 611 UV (Sartorius,
Göttingen, Germany).

3.2. Plant Material

The aerial parts of Zuccagnia punctata Cav. (Fabaceae, Caesalpinoideae) were collected
in January 2018, on Iglesia district, province of San Juan (Argentina) at an altitude of 1800 m
above sea level. The species has been previously identified by Dr Gloria Barboza, IMBIV
(Instituto Multidisciplinario de Biología Vegetal, Facultad de Ciencias Exactas, Físicas y
Naturales, Universidad Nacional de Córdoba, Argentina). A voucher specimen has been
previously deposited at the herbarium of the Botanic Museum of Córdoba (CORD 1125).
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3.3. Essential Oil Extraction and Chemical Analysis

Fresh aerial parts (500 g) were subjected to hydrodistillation for 2 h using a Clevenger
type apparatus. The yields were averaged over two experiments and calculated according
to dry weight of plant material. Essential oils (ZEO) were stored at −1 ◦C in airtight
micro-tubes prior to chemical analysis. Qualitative data were determined by GC–FID
and GC-MS. Gas chromatography-mass spectrometry analyses were carried out on a
Hewlett-Packard 5890 II gas chromatograph coupled to a Hewlett-Packard 5989 B mass
spectrometer, using a methyl silicone HP-5MS (crosslinked 5% PH ME Siloxane) capillary
column (30 m × 0.25 mm), film thickness 0.25 μm. Samples were analyzed using the
following GC-MS conditions: oven temperature program: 50–250 ◦C at 3 ◦C/min, carrier
gas: helium, 1.5 mL/min; injection temperature: 250 ◦C, FID detector temperature: 300 ◦C;
split mode ratio of 1:60. Additional parameters in the mass spectrometer unit: ion source
temperature of 250 ◦C; ionizing voltage of 70 eV; scan range from m/z 35 to m/z 300. The
identification of components was performed with the use of the volatile oil ADAMS library
together with retention indices of reference compounds and built-in Wiley and NBS peak
matching library search systems. Quantitative percentage composition was determined
from the GC peak areas without correction factors [25–27].

3.4. Preparation of Zuccagnia punctata Essential Oil Loaded Polymeric Systems

PCL solutions of 10 wt./v % were prepared by dissolving PCL pellets in a 5 mL of
DCM:MeOH solvent mixture (50:50 by volume) under magnetic stirring. For the prepa-
ration of polymeric matrices of PCL containing Zuccagnia punctata essential oil (ZEOP),
0.5 and 1 % wt./wt. of ZEO with respect to PCL were added to the solution. The selected
solvent mixture allowed the complete dissolution of ZEO and PCL.

ZEOP were prepared by solution casting onto a Petri dish (4.6 mm in diameter) and
dried in a fume hood at room temperature for 24 h. Samples were subsequently vacuum
dried to remove residual solvent. Disc samples of 10 mm were cut and stored at room
temperature under vacuum until use.

3.5. PCL, ZEO, and ZEOP Matrices Characterization

The morphology of matrices was examined by scanning electron microscopy (SEM,
JEOL JSM6460 LV, Peabody, MA, USA) operated at 15 kV. Samples were sputter-coated with
gold during 15 min in a chamber evacuated to 500 mTorr (Sputter coater, Desk II, Denton
Vacuum, Moorestown, NJ, USA). Thermal properties of PCL pellets, ZEO, ZEOP and PCL
matrices were determined by differential scanning calorimetry (DSC, TA instrument, Model
Q-2000, New Castle, DE, USA). Scans were carried out at a heating rate of 10 ◦C/min. Glass
transition temperature was taken as the onset of the transition. The degree of crystallinity
of PCL (Xc) was calculated as:

Xc (%) = (ΔHm experimental/ΔHmtheoretical) × 100 (1)

where the theoretical melting heat (ΔHm) for pure high molecular weight PCL was taken
as 148.05 J/g [37]. Thermogravimetric Analysis (TGA) was conducted to study the thermal
stability of ZEO. TGA data were obtained using a thermogravimetric analyzer (TA instru-
ment, Model Q-500, New Castle, DE, USA). A sample of 5–10 mg was accurately weighed
in an aluminum pan and the measurement was conducted at heating rate of 10 ◦C/min
under nitrogen purging.

Zuccagnia punctata essential oil content was determined by ultraviolet-visible spec-
troscopy using an Agilent 8453 spectrometer (Santa Clara, CA, USA) equipped with a diode
array system. A predetermined amount of sample was dissolved in DCM:MeOH (1:1 by
volume), and quantification was carried out observing the absorption band at λ = 280 nm.
At least three measurements were performed.
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The loading capacity (LC) was calculated from the ratio between the ZEO mass in the
sample (mZ) and the polymer mass (mP) in ZEOP matrix.

LC (%) = (mZ)/(mP) × 100 (2)

The encapsulation efficiency (EE) was calculated as:

EE (%) = (mZf/mPCLf)/(mZi/mPCLi) × 100 (3)

where mZfis the mass of ZEO encapsulated, mZi the initial mass of ZEO, and mPCLf and
mPCLi correspond to the final and initial mass of PCL, respectively.

3.6. Repellent Activity against Triatoma infestans Nymphs Fifth Instars

The bioassays were carried out according to [13,14]. Triatoma infestans nymphs fifth
instar were provided by Servicio Nacional de Chagas (Córdoba, Argentina) and were used
one day after receipt.

Filter paper discs (9 cm in diameter) divided by halves were used. One half was
treated with 0.5 mL of acetone solutions of the essential oils (0.5% and 1% wt./wt.) while
the other half remained untreated. As control, circular white filter papers divided in two
halves, one treated with 0.5 mL of acetone and the other untreated, were used. After
solvent evaporation, filter paper discs were placed covering the floor of a Petri dish. Five
starved nymphs of T. infestans (fifth instar) were released in the center of each Petri dish
and maintained under controlled conditions of temperature 24 ± 2 ◦C, 50 ± 5% RH and
photoperiod of 16 h L/8h D. Experiments were performed by quintuplicate. The same
procedure was carried out with the polymer discs containing the essential oil at the same
concentrations (0.5% and 1% wt./wt.). Insect distribution was recorded at 1, 24, 72, and
96 h of treatment. N,N-diethyl-3-methylbenzamide (DEET) was used as positive control at
0.5% (wt./v) and acetone as blank control.

Data were transformed into repellency percentage (RP %) as:

RP % = (Nc − 50) × 2 (4)

Nc corresponds to the percentage of nymphs in the blank half.
Positive values show repellence while negative values show attraction. Mean values

were categorized according to the following scale: Class 0 (>0.01 to <0.1), I (0.1 to 20),
II (20.1 to 40); III (40.1 to 60); IV (60.1 to 80), V (80.1 to 100) according to Talukder et al. [38].
Data were analyzed by repeated measures ANOVA to determine the overall significance
of the repellence means between the time points and the effect of oil treatment as a factor
between subjects. Data were analyzed with the statistical software SPSS 15.0 (SPSS Inc.).

4. Conclusions

Essential oil from Zuccagnia punctata Cav. (Caesalpinieae) growing in the province of San
Juan, located in the center-west of the Argentine, may be a potential alternative repellent to
T. infestans (Klug) (Hemiptera, Reduviidae), the vector of Chagas disease. This oil biorepellent
constitutes a rich source of sustainable, bioactive, and biodegradable compounds, especially a
high content of oxygenated monoterpenes, such as (−)-5,6-dehydrocamphor.

Polymeric matrices of PCL loaded with different amounts of Zuccagnia punctata were
prepared and characterized. Essential oil content on polymeric matrices showed encap-
sulation efficiencies higher than 98%, and it is thermally stable. The essential oils from
the Andean flora have shown an excellent repellent activity, highlighting the repellent
activity of the essential oil of the medicinal species Zuccagnia punctata. The effectiveness
of ZEO was extended by its incorporation in polymeric systems and could have a poten-
tial home or peridomiciliary use, which might help prevent, or at least reduce, Chagas’
disease transmission.
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Abstract: Most insecticides commonly used in storage facilities are synthetic, an issue that generates
concerns about food safety and public health. Therefore, the development of eco-friendly pest
management tools is urgently needed. In the present study, a 6% (w/w) Hazomalania voyronii essential
oil-based nanoemulsion (HvNE) was developed and evaluated for managing Tribolium confusum,
T. castaneum, and Tenebrio molitor, as an eco-friendly wheat protectant. Larval and adult mortality
was evaluated after 4, 8, and 16 h, and 1, 2, 3, 4, 5, 6, and 7 days, testing two HvNE concentrations
(500 ppm and 1000 ppm). T. confusum and T. castaneum adults and T. molitor larvae were tolerant
to both concentrations of the HvNE, reaching 13.0%, 18.7%, and 10.3% mortality, respectively, at
1000 ppm after 7 days of exposure. However, testing HvNE at 1000 ppm, the mortality of T. confusum
and T. castaneum larvae and T. molitor adults 7 days post-exposure reached 92.1%, 97.4%, and 100.0%,
respectively. Overall, the HvNE can be considered as an effective adulticide or larvicide, depending
on the target species. Our results highlight the potential of H. voyronii essential oil for developing
green nanoinsecticides to be used in real-world conditions against key stored-product pests.

Keywords: botanical-based insecticide; cereals; green grain protectant; essential oil nanoformulation;
stored-product beetles; Tenebrionidae

1. Introduction

The confused flour beetle, Tribolium confusum (Jacquelin du Val) (Coleoptera: Tenebri-
onidae), is a cosmopolitan secondary stored-product pest of high economic importance [1].
It has been reported to infest 119 different commodities [2]. The contamination of infested
stored products by body fragments and toxins (e.g., methyl-1,4-benzoquinone, ethyl-1,4-
benzoquinone, methoxybenzoquinone) may have a negative impact on consumers [3,4].
Due to its ability to infest processed commodities, it is usually found in mills, bakeries,

Molecules 2021, 26, 1812. https://doi.org/10.3390/molecules26061812 https://www.mdpi.com/journal/molecules
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pet shops, and storage units [2]. Recently, Kavallieratos et al. [5] reported that the larval
and pupal development period is a complex phenomenon depending on the geographical
origin of T. confusum and the type of infested commodity.

The red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), is a
key secondary pest of stored products that is globally distributed [1]. It has been reported
to infest 246 different commodities, an issue that makes it one of the most polyphagous
stored-product insect pests [2]. It can be routinely found in mills, storage units, pet stores,
and retail stores [2]. As in the case of T. confusum, T. castaneum produces quinones that cause
skin irritation [6]. Skourti et al. [7,8] recently outlined that different levels of temperature
and different types of commodities, chiefly alter the immature developmental period.

The yellow mealworm beetle, Tenebrio molitor L. (Coleoptera: Tenebrionidae), is one of
the biggest stored-product insects. It is categorized as a secondary pest and a scavenger [1].
It infests fewer commodities (i.e., at least 46) compared to the other two species [2]. Tenebrio
molitor can be easily found in flour mills, storage units, and food shops [2]. Apart from
being a pest of stored products, it is reared as pet food for birds, fish, and reptiles [1,9,10],
and–more recently–widely considered as a promising food for humans, while it degrades
polystyrene and plastic waste [11]. Tenebrio molitor contaminates the commodities with
quinones, but it is not as severe as the contamination by the species belonging to the
Tribolium genus [10]. Anyway, it can cause allergic reactions in humans [6]. It can complete
the biological cycle in only 30 days, while as an adult, it can survive up to two years [1,3].

It is well known that tenebrionids can develop resistance to several insecticides [12–14].
Therefore, new insecticidal formulations are necessary to be developed [15–18]. Among
natural products with efficacy against stored-product insects, essential oils (EOs) and their
main constituents have been revealed to be promising [18–20]. However, in real-world
conditions, EOs need to be encapsulated in micro- and nanoformulations to enhance
their persistence and physio-chemical stability while maintaining their biological prop-
erties [21,22]. Nanoemulsions (NEs) can be considered one of the most promising ways
for the encapsulation and formulation of EOs. Nanoemulsions are kinetically stable oil
droplets in water systems with a surfactant-to-oil ratio (SOR) ranging from 1 to 2 [23], and
a droplet diameter <100 nm. Thanks to the reduced size of the droplets of the internal
phase and the consequent increment of the surface area, NEs allow a better interaction of
the encapsulated compounds into the target site [23] by overcoming the EO’s poor physic-
ochemical stability and solubility issues [24]. This strategy can boost the applicability of
EOs as natural insecticides [25–29].

Therefore, EO-based NEs are alternative solutions for pest management for a wide
spectrum of insects of public health importance, and crop pests as well. For example,
Ghosh et al. [30] treated 3rd instar larvae of Aedes aegypti L. (Diptera: Culicidae) with
different NE concentrations from Ocimum basilicum L. (Lamiaceae) EO. Larval mortality
was completely suppressed even after 15 min of exposure at 200 mL of 10-fold diluted
NE. Duarte et al. [31] tested the larvicidal efficacy of 5% (w/w) NE of Rosmarinus officinalis
L. (Lamiaceae) EO against the 4th instar larvae of Ae. aegypti. Mortality levels reached
80% after 24 h and 90% after 48 h at 250 ppm. Recently, Benelli et al. [27] proposed a 6%
(w/w) NE of Carlina acaulis L. (Compositae) root EO against the European grapevine moth,
Lobesia botrana (Denis and Schiffermüller) (Lepidoptera: Tortricidae), reaching 50% and
90% mortality of 1st instar larvae with 9.04 and 17.70 μL/mL, respectively. In a further
recent study, Pavela et al. [32] evaluated NEs based on C. acaulis EO and found that less
than 1200 μL/L caused 90% mortality to 3rd instar larvae of Culex quinquefasciatus Say
(Diptera: Culicidae).

However, there is little published research on the utilization of NEs based on EOs as
grain protectants [16,33]. For instance, Hashem et al. [19] used an NE of Pimpinella anisum
L. (Apiaceae) EO for the management T. castaneum adults, over a wide spectrum of NE
concentrations, on cracked wheat kernels. Nevertheless, there are no data on the efficacy of
Hazomalania voyronii (Jum.) Capuron (Hernandiaceae) EO-based NE against T. confusum,
T. castaneum, and T. molitor. However, the bioactivity of the pure EO of H. voyronii has
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been recently studied [20], showing that the raw H. voyronii EO exerted a rather limited
toxicity as a grain protectant against important stored-product beetles. Even on selected
species and instars (e.g., Trogoderma granarium Everts (Coleoptera: Dermestidae) adults),
mortality rates reached about 79% after 7 days of exposure at 1000 ppm. In this framework,
one may hypothesize that a way to boost the efficacy of this EO may be to develop highly
stable EO-based nanoformulations [23]. As a model EO prototype, here we used the one
obtained from H. voyronii, a traditional Malagasy plant (e.g., it is used to heal wounds, the
drinkable bark decoction of stems is used for the treatment of malaria) with documented
insecticidal efficacy [34]. Perilla aldehyde, the major compound of the H. voyronii EO, is
used as a flavouring component to baked foods, sweets, meat products, dressing for salads,
sauces, salted vegetables, and beverages [35]. Furthermore, perilla aldehyde is a “generally
recognized as safe” (GRAS) substance [36].

To validate the hypothesis formulated above, the objective of the present study was
the development of a 6% (w/w) H. voyronii EO-based NE for the effective and eco-friendly
management of larvae and adults of three major stored-product beetles (i.e., T. confusum,
T. castaneum, and T. molitor). To assess the applied potential to protect stored grains, the
effectiveness of this NE as a grain protectant was investigated in small environments
mimicking real wheat storage conditions.

2. Results

2.1. Development and Characterization of H. voyronii EO-Based NE

After a preliminary screening, the quantitative composition of the H. voyronii NE was
selected as follows: 6% (w/w) of the EO phase was emulsified in the aqueous medium
containing 4% (w/w) of surfactant (Polysorbate 80). A high-energy method (i.e., high
pressure homogenization) was employed at the pressure of 130 MPa to obtain H. voyronii
EO-based NE characterized by oil droplets with a size in the nanometric range. From
DLS analysis, in fact, the sample showed a monomodal size distribution with a mean
diameter (Z-average) of 53.54 ± 0.20 nm and a polydispersity index of 0.340 ± 0.013 after
preparation (Figure 1). The absence of oil droplets with a diameter above 1 μm confirms
the formation of a true NE. Indeed, the sample appeared homogenous upon observation
by optical microscope.

Figure 1. Size distribution (d.nm) of the prepared Hazomalania voyronii-based nanoemulsion (6%
w/w) as obtained from dynamic light scattering.

2.2. Insecticidal Efficacy

When the insecticidal efficacy of the 6% (w/w) H. voyronii NE was evaluated, between
exposure intervals, all main effects were significant, while the associate interaction was not
significant (Table 1). Within exposure intervals, the main effect as well as the interaction
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exposure x insect species-stage were significant, while the interactions exposure x NE
concentration and exposure x NE concentration x insect species-stage were not significant
(Table 1).

Table 1. Evaluation of the insecticidal activity of a 6% (w/w) Hazomalania voyronii essential oil
nanoemulsion: MANOVA parameters about the main effects and associated interactions leading to
the observed mortality rates on Tribolium castaneum, Tribolium confusum, and Tenebrio molitor adults
and larvae, between and within exposure intervals (error df = 96).

Between Exposure Intervals df F p

Intercept 1 892.5 <0.01
Nanoemulsion concentration 1 8.4 <0.01

Insect species-stage 5 67.0 <0.01
Nanoemulsion concentration x insect species-stage 5 0.3 0.89

Within exposure intervals df F P
Exposure 9 85.0 <0.01

Exposure x nanoemulsion concentration 9 0.9 0.51
Exposure x insect species-stage 45 6.1 <0.01

Exposure x nanoemulsion concentration x insect species-stage 45 1.1 0.40

Concerning T. castaneum adults, the mortality caused by H. voyronii EO-based NE was
0.0% until the 1st day post-treatment, then reached 2.2% after 2 days of exposure for both
tested NE concentrations (Table 2). The mortality remained low and did not exceed 12.5%
and 18.7% at 500 ppm and 1000 ppm, respectively, after 7 days of exposure. Although the
mortality of T. castaneum larvae did not exceed 10% at 500 ppm and 12.6% at 1000 ppm
16 h post-exposure, it reached 84.1% at 500 ppm and 97.4% at 1000 ppm, after 7 days
of exposure.

Regarding T. confusum adults, the mortality remained at low levels (Table 3). After 4
days of exposure at 500 ppm, the mortality was 3.3%, and after 7 days it reached 10.3%.
The mortality at 1000 ppm was not significantly higher than the one at 500 ppm, after 2
and 7 days of exposure reaching 3.3% and 13.0%, respectively. As far as T. confusum larval
mortality is concerned, 5 days of exposure to the two NE concentrations led to significantly
higher mortality at 1000 ppm than 500 ppm (i.e., 45.0% and 26.4%, respectively). The H.
voyronii NE killed 59.3% of larvae at 500 ppm, and 92.1% of larvae at 1000 ppm, 7 days
post-exposure.

Mortality of T. molitor adults was <90% after the 7th day of exposure (94.8%) at
500 ppm, while at 1000 ppm after the 6th day of exposure it was 93.5% (Table 4). Complete
mortality of this life stage was achieved testing 1000 ppm of H. voyronii NE after 7 days
post-exposure. No mortality of T. molitor larvae was noted testing 500 ppm and 1000 ppm,
2 days and 1 day post-exposure, respectively. At the end of the experimental period, the
overall larval mortality did not exceed 5.8% at 500 ppm, and 10.3% at 1000 ppm.
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3. Discussion

Our results indicate that the NE-based on H. voyronii EO (6% w/w) is effective against
T. castaneum, T. confusum, and T. molitor. This nanosystem led to high mortality levels on
different life stages of the tested species, even at 500 ppm. Concerning T. molitor adults,
the mortality reached 100% at 1000 ppm, and 94.8% at 500 ppm, after 7 days of exposure.
The mortality of larvae was very low, even at the highest tested concentration (1000 ppm),
reaching 10.3% after 7 days of exposure. Earlier research has revealed that the adult
stage is the most susceptible life stage of T. molitor. For example, Kavallieratos et al. [37]
found that when 0.504 ppm deltamethrin, 5 ppm pirimiphos-methyl, 1000 ppm silicoSec
(which is a diatomaceous earth (DE)), and 1 ppm spinosad were applied on stored wheat
as grain protectants, high adult mortality rates were achieved (92.2%, 100%, 100%, and
94,4%, respectively), while they caused moderate larval mortality (10.0%, 71.1%, 43.3%,
and 28.9%, respectively). Apart from the wheat, barley and maize have also been tested
on the same formulations as grain protectants, and the results followed the same pattern,
with larvae being more tolerant than adults. In addition, testing the efficacy of 5 ppm
pirimiphos-methyl on barley in a wide range of temperature and relative humidity levels,
a greater mortality of T. molitor adults was found, if compared to the larvae [38].

In an earlier study, the raw EO of H. voyronii showed relevant efficacy on T. granarium
adults, but not on the larvae [20]. The raw EO caused 78.9% adult mortality at 1000 ppm,
but only 15.6% at 500 ppm after 7 days of exposure. Larvae were more tolerant and the
mortality rates at 500 ppm and 1000 ppm after 7 days of exposure did not exceed 4.4% and
15.6%, respectively. Although the raw H. voyronii EO does not allow an adequate control of
T. molitor and T. granarium larvae, the suppression of the adult stage of both pests is a very
important finding, as adults are the vehicle of reproduction [20].

In contrast, the results of the present study outlined that the adults of T. castaneum and
T. confusum remained practically unaffected by being exposed to the H. voyronii EO-based
NE, given that the highest adult mortality was 18.7% for T. castaneum at 1000 ppm and
13.0% at 1000 ppm for T. confusum, while the larvae had a mortality of 97.4% for T. castaneum
at 1000 ppm and 92.1% at 1000 ppm for T. confusum after 7 days of exposure. Previous
research on T. castaneum has reported that the adults are tolerant to several insecticides.
Fumigation studies on the species of four EOs extracted from the plants Lantana camara L.
(Verbenaceae), Cymbopogon nardus (L.) Rendle (Poaceae), Cinnamomum zeylanicum Blume
(Lauraceae), and Trachyspermum ammi (L.) Sprague (Apiaceae) showed that for all the tested
EOs and exposure times, T. castaneum adults needed relatively high EO volumes (e.g., 14.56,
37.52, 4.40, and 14.86 μL, respectively, for each EO after 72 h of exposure) than the larvae
(e.g., 5.00, 4.13, 2.48, and 2.73 μL, respectively, for each EO after 72 h of exposure) [39].
When the d-strain of T. castaneum was treated with 1 mg/L and the r-strain with 2 mg/L
phosphine (PH3), after 4 h of treatment, adults have been found more tolerant than the
larvae. For both d- and r-strains of T. castaneum, after 24 h of exposure to <10 mg/L
carbonyl sulphide (COS), the larvae were less tolerant than adults [40]. Earlier, Arthur [41]
reported that larvae were less tolerant than the adults. Regarding contact toxicity, Deb
and Kumar [42] reported that the Artemisia annua L. (Asteraceae) EO had greater larvicidal
than adulticidal efficacy against T. castaneum. Mujeeb and Shakoori [43] suggested the
larval stage as the preferable life stage to apply pirimiphos-methyl, outlining that this is the
most susceptible stage. Adults of T. confusum were also more tolerant than the larvae. The
natural insecticide silicoSec attained 100% larval mortality after 7 days of exposure, but
when tested on adults it did not exceed 85% after 14 days of exposure [44]. Spinetoram and
spinosad [45] had high larval mortality reaching 98.9% in a mixture of the two insecticides
after 14 days on treated wheat kernels, while the adult mortality reached 67.8% for the same
mixture after 14 days on treated wheat kernels. Similarly, studying the effectiveness of
eight pyrrole derivatives, a better larvicide than adulticide action has been detected [46–48].

EO constituents have a wide spectrum of effectiveness on adults and larvae that
could be partially explained by their different mode of actions [49]. For instance, perilla
aldehyde, the main component of H. voyronii EO, showed insecticidal and inhibitory effects
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on the enzyme acetylcholinesterase (AChE) in Drosophila suzukii (Matsumura) (Diptera:
Drosophilidae) [50], and it has been argued that its insecticidal activity could be related
to the presence of exocyclic and endocyclic double bonds in the chemical structure [51].
Furthermore, 1,8-cineole and limonene, the other two main constituents of the H. voyronii
EO, showed insecticidal efficacy against a wide spectrum of insects, including mosquitoes
(e.g., Culex pipiens L. (Diptera: Culicidae), Cx. quinquefasciatus, Ae. aegypti, Ae. albopictus
(Skuse) (Diptera: Culicidae)), houseflies (Musca domestica L. (Diptera: Muscidae)), and
stored-product beetles (Sitophilus granarius (L.) (Coleoptera: Curculinonidae)) [52–55].

The significant toxicity of the EO-based NE developed here against T. castaneum and
T. confusum larvae is important, since targeting the adults is crucial to achieve a major
reduction of the overall population. Storage units can host several species in different
developmental stages existing simultaneously [56–59]. Therefore, insecticides based on
natural products such as EO-based NEs, which can manage a broad spectrum of stored-
product insects, are highly desirable [16,33]. Our results showed that the H. voyronii
EO-based NE is toxic against three tenebrionid species. Similarly, Hashem et al. [19]
tested four different concentrations of a P. anisum EO-based NE against T. castaneum adults,
showing that 7.5% and 10% v/v killed 51.2% and 74.3% of the exposed individuals, in
comparison to the control after 9 days of exposure, respectively; 12 days post-exposure, the
overall mortality rates reached 54.7% at 7.5% v/v and 81.3% at 10% v/v.

Our findings indicate that among the different species tested here, all belonging to the
Tenebrionidae family, there is a wide variability of the performance of H. voyronii EO-based
NE as a grain protectant. However, the level of efficacy depends on the life stage of the
target species. A crucial factor for elevated effectiveness of insecticides is the timing of their
application [7,60]. Therefore, the knowledge of the species and the life stage that infests
grain commodities could maximize the management strategy if the H. voyronii EO-based
NE is selected as a component of a management strategy against T. castaneum, T. confusum,
and T. molitor.

4. Materials and Methods

4.1. Essential Oil

The dry bark of H. voyronii was obtained from trees growing in Kirindy Forest, Mada-
gascar (coordinates: S 20◦28′15.002”; E 44◦17′56.06”; 62 m a.s.l.) in February, 2018. Then, it
was subjected to hydrodistillation for 3 h using a Clevenger-type apparatus. The chemical
composition was recently reported in our recent study by Benelli et al. [34]. The major
components were oxygenated monoterpenes, namely perilla aldehyde (43%), 1,8-cineole
(33.2%), and limonene (13%).

4.2. Insects

Tribolium confusum and T. castaneum were cultured on wheat flour and 5% brewer’s
yeast, and T. molitor on a combination of oat bran and potato slices for additional mois-
ture [61], at 30 ◦C, 65% relative humidity, and continuous darkness [37,62,63]. The founding
colonies were acquired from storage facilities in Greece. The two Tribolium species were
maintained in the Laboratory of Agricultural Zoology and Entomology, Agricultural Uni-
versity of Athens, since 2003, and T. molitor since 2014. For the tests, unsexed adults <2
weeks old, and larvae that were 3rd–4th instar old (for T. confusum and T. castaneum) and
10–14 mm long (for T. molitor) were used [37,62].

4.3. Commodity

Hard wheat, Triticum durum Desf. (var. Claudio) (Poales: Poaceae) clean and free of
infestations and pesticides was used in the experiments. Prior to the bioassays, moisture
content of the wheat kernels was 12.4%, calibrated by a moisture meter (mini GAC plus,
Dickey-John Europe S.A.S., Colombes, France).
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4.4. Development and Characterization of H. voyronii EO-Based Nanoemulsion

Hazomalania voyronii EO NE was obtained through a high-energy method, by using a
high-pressure homogenizer according to the procedure reported by Cappellani et al. [64].
A 6% (w/w) of EO was added dropwise to 4% (w/w) Polysorbate 80 (Sigma-Aldrich)
aqueous solution under high-speed stirring (Ultraturrax T25 basic, IKAfi Werke GmbH
& Co.KG, Staufen, Germany) for 5 min at 9500 rpm. The obtained emulsion was then
homogenized with a French Pressure Cell Press (American Instrument Company, Aminco,
MY, USA) for four cycles at a pressure of 130 MPa. Visual inspection of the formulation
was performed by using a polarizing optical microscope (MT9000, Meiji Techno Co. Ltd.,
Chikumazawa, Miyoshi machi, Iruma-gun Saitama, Japan) equipped with a 3-megapixel
CMOS camera (Invenio 3S, DeltaPix, Smørum, Denmark) to assess NEs formation. Dynamic
light scattering (DLS) analyses were then carried out to determine lipophilic internal phase
droplets size using a Zetasizer Nano S (Malvern Instruments, Worcestershire, UK) equipped
with backscattered light detector working at 173◦. A sample of 1 mL was analysed at
25 ◦C, following a temperature equilibration time of 180 s. The analyses were performed
in triplicate.

4.5. Insecticidal Assays

The NE based on H. voyronii EO (6% w/w) was tested at the concentrations of
500 μL/kg wheat (=500 ppm) and 1000 μL/kg wheat (=1000 ppm). The test concentrations
were selected based on preliminary tests on the three tenebrionid species. Test solutions
were prepared in water at the final volume of 750 μL, and sprays were performed on
plates, where 0.25 kg wheat lots were laid out [20]. Additional lots of 0.25 kg wheat treated
with (i) water and (ii) carrier control (4% w/w surfactant dispersed in water) served as
controls. The spraying of the wheat lots was conducted by an AG-4 airbrush (Mecafer S.A.,
Valence, France) on different trays. Controls were sprayed using different AG-4 airbrushes.
Then treated lots were transferred to 1-L glass containers and were shaken for 10 min to
equally distribute the NE on the total quantity of wheat. The same procedure was followed
for controls. From each treated lot or controls, three samples of 10 g each were obtained
with different scoops. A Precisa XB3200D compact balance (Alpha Analytical Instruments,
Gerakas, Greece) was used to weigh the samples on a filter paper that was unique for each
sample. Then, samples were placed in glass vials (7.5 cm × 12.5 cm diameter and height).
The caps of the vials had a 1.5 cm diameter circular opening in the middle, covered with
gauze, to sufficiently aerate the content of the vials. The upper inner necks of the vials
were covered by polytetrafluoroethylene (60 wt % dispersion in water) (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany), to assure that the beetles would remain in the
vials. Thereafter, 10 larvae or adults of each tenebrionid species were separately transferred
into the vials. The containers remained in incubators set to 30 ◦C and 65% RH for the
whole experimental period. Mortality rates’ evaluation was accomplished by an Olympus
stereomicroscope (SZX9, Bacacos S.A., Athens, Greece) at 57x total magnification after 4,
8, and 16 h and 1, 2, 3, 4, 5, 6, and 7 days of exposure, by gently nudging each individual
insect using a fine brush (Cotman 111 No 000, Winsor and Newton, London, UK) to detect
any movement. For each concentration of the NE and control, different brushes were used.
The above procedure was repeated three times with new insects, wheat, and vials.

4.6. Data Analysis

Control mortality on wheat treated with water was low (<5%) for all insect species and
life stages tested, therefore no correction was necessary. In contrast, the control mortality
on wheat treated with the carrier control 4% w/wsurfactant dispersed in water, was >5%
for all tested species and life stages, ranging up to 17.8%. Therefore, mortality values
were corrected by the Abbott formula (i.e., (1 − insect population in treated unit after
treatment/insect population in control unit after treatment) × 100) [65]. Before conducting
analysis, the mortality data were log(x + 1) transformed to normalize variance [66,67]. Sta-
tistical analyses were conducted by following the repeated-measures model [68]. Exposure
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interval was the repeated factor, and mortality was the response variable. The main effects
were the concentration and insect species/developmental stage. The associated interactions
of the main effects were considered in the analysis. All analyses were conducted using
JMP v.14 software [69]. Means were separated using the Tukey–Kramer (HSD) test at 0.05
of significance [70]. The two-tailed t-test at n-2 df and 0.05 significance [71] was used
to compare the two tested concentrations of H. voyronii EO-based NE at each species or
life stage.

5. Conclusions

To eco-friendly manage several important insect pests of stored products, a combi-
nation of the H. voyronii EO-based NE with other natural insecticides (e.g., DEs) could
potentially provide an enhanced level of protection for stored durable commodities against
multi species infections. For example, the use of DE or natural zeolite as grain protectants
caused 100% mortality on T. castaneum adults after 14 or 21 days of exposure, respec-
tively [72]. A combination of H. voyronii EO-based NE with DE or natural zeolite could
enhance the likelihood of the management of T. castaneum, T. confusum, and T. molitor,
regardless of their being adults or larvae, an issue that merits further investigation. Fur-
thermore, Athanassiou et al. [73] found that the mortality of S. oryzae was significantly
higher when silica gel was combined with the EO of Juniperus oxycedrus L. ssp. oxycedrus
(Pinales: Cupressaceae) compared to the silica gel alone. In this scenario, additional experi-
mental efforts are necessary to shed light on the impact of H. voyronii EO-based NE as a
multi-species killing agent.
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Abstract: Some plant species are less susceptible to herbivore infestation than others. The reason for
this is often unknown in detail but is very likely due to an efficient composition of secondary plant
metabolites. Strikingly, carnivorous plants of the genus Nepenthes show extremely less herbivory
both in the field and in green house. In order to identify the basis for the efficient defense against
herbivorous insects in Nepenthes, we performed bioassays using larvae of the generalist lepidopteran
herbivore, Spodoptera littoralis. Larvae fed with different tissues from Nepenthes x ventrata grew
significantly less when feeding on a diet containing leaf tissue compared with pitcher-trap tissue. As
dominating metabolite in Nepenthes tissues, we identified a naphthoquinone, plumbagin (5-hydroxy-
2-methyl-1,4-naphthoquinone). When plumbagin was added at different concentrations to the diet
of S. littoralis larvae, an EC50 value for larval growth inhibition was determined with 226.5 μg g−1

diet. To further determine the concentration causing higher larval mortality, sweet potato leaf discs
were covered with increasing plumbagin concentrations in no-choice-assays; a higher mortality
of the larvae was found beyond 60 μg plumbagin per leaf, corresponding to 750 μg g−1. Plant-
derived insecticides have long been proposed as alternatives for pest management; plumbagin and
derivatives might be such promising environmentally friendly candidates.

Keywords: naphthoquinones; plumbagin; Spodoptera littoralis; insect growth inhibition; carnivorous
plants; Nepenthes

1. Introduction

Nepenthes is a tropical plant genus occurring mainly in Southeast Asia. Plants of
this genus are carnivorous. They attract, catch, and digest insect prey in order to get
additional nutrients, primarily, nitrogen and phosphate [1,2]. Therefore, Nepenthes species
developed a pitfall trap (Figure 1), called pitcher, where insect prey falls inside due to a
slippery surface and drown in a digestive fluid [1,2]. As in many other carnivorous plants,
also the genus Nepenthes harbors a large chemical diversity; currently, several secondary
metabolites are isolated for pharmaceutical, biotechnological, and ethnobotanical use [3,4].
Especially, Nepenthes species are well known in traditional medicine. Multiple reports
are in the literature describing curative effects of Nepenthes extracts on diseases, e.g., on
hypertension, cough, fever, urinary system infections [5], malaria [6,7], pain, asthma [7],
Staphylococcus infection [8], celiac disease [9], and oral cancer cells [10].

However, up to now, most of the chemical analysis in Nepenthes has been done for
the digestive pitcher fluid. Here, metabolites with antimicrobial properties have been
found, e.g., naphthoquinones (NQ; droserone, 5–O–methyl droserone in N. khasiana [11];
plumbagin, 7-methyl-juglone in N. ventricosa [12]). Thus, it is hypothesized that such com-
pounds mediate protection against microbes and preserve prey during digestion [11–14].
NQ derivatives are also described for tissues of various Nepenthes species including the
pitchers [12,15–17]. In particular, plumbagin is of broad pharmaceutical interest because
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it is a candidate that may be used in therapies against various cancers or chronic dis-
eases [18–21]. In addition to NQ, carotenoids, flavonoids, sterols, and triterpenes are
described for Nepenthes leaves [1,22,23]. Recently, an untargeted metabolomics approach
was performed in N. x ventrata comparing secondary metabolites of leaves and pitcher
tissue before and after prey catches [24]. In that study, about 2000 compounds (MS/MS
events) were detected in the two tissues showing enormous metabolome diversity, which
was even higher in leaves. Strikingly, the tissue specificity of chemical compounds could
significantly discriminate pitchers from leaves. Besides many yet unknown compounds,
the common constituents were phenolics, flavonoids, and NQ [24]. These data suggest
that the metabolite composition of the tissues can point to their function. In addition, the
metabolite composition may represent mechanisms that promote the evolution of plant
carnivory as well as enable the plants to cope with environmental challenges [14].

 
Figure 1. Nepenthes x ventrata. A natural hybrid of N. ventricosa and N. alata. Copyright © A. Rahman-Soad.

(A)biotic challenges include the attack of herbivorous insects. Interestingly, there are
only a very few observations and studies published concerning the attack of insects on
tissues of carnivorous pitcher plants. Recently, lepidopteran herbivory was described for
some species of the new world pitcher plant Sarracenia [25,26]. There is only one inves-
tigation showing that N. bicalcarata plants are attacked by an insect, the weevil Alcidodes
spec. [27]. Another study shows that in N. gracilis red pitchers experience less herbivory
than green ones [28]. To the best of our knowledge, no other studies have been published
yet that focus on herbivore damage in Nepenthes. Obviously, the carnivorous syndrome
obtained much more attention. However, herbivory on Nepenthes tissue is obviously rare.
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The reason for this is not known but it is unlikely that all herbivores are caught and di-
gested. Instead, Nepenthes very likely has an efficient setting of defensive chemistry, which
is not unusual in many plants [29]. In order to address this hypothesis and gain more
insight in the ecological relevance of Nepenthes metabolites, we performed bioassays to
study the effect of tissue of N. x ventrata, a robust natural hybrid of N. alata and N. ventri-
cosa, on the feeding behavior and larval development of the generalist insect herbivore
Spodoptera littoralis.

2. Results and Discussion

2.1. Effect of Nepenthes x ventrata Tissue on Insect Larvae Growth

The observation that Nepenthes plants are rarely infested by insect herbivores forced
us to study this phenomenon. Therefore, freshly harvested tissues from N. x ventrata leaves
and pitchers were added to an artificial diet and fed to larvae of the generalist herbivore
Spodoptera littoralis. As can be seen in Figure 2A, starting at day 4 to 5, the presence of leaf
but not pitcher tissue significantly affected the performance of the larvae, which gained
less weight. At this point, it might be worth to mention that recently in N. x ventrata [24]
and before in N. khasiana [15], the concentration of a NQ, very likely plumbagin, was
determined to be significantly higher in leaves compared with pitchers, which may explain
the result found in Figure 2A. We also could support these results by comparing plumbagin
content in pitcher vs. leaf; by quantitative NMR analysis, we found a 5.2-fold higher
plumbagin concentration in leaf compared with pitcher tissue (650 and 125 μg g−1 FW,
respectively). Although significant, the growth inhibition effect was not very pronounced.
Thus, the feeding experiment was repeated with dried leaf tissue in order to add more
plant material to the diet, knowing that the water content of N. x ventrata tissue is about
90% [24]. Here, the effect of the plant tissue was more distinct (Figure 2B). Both quantities
of leaf tissue, 10% and 15% (w/w), showed clear impairment on the growth and weight
of the feeding S. littoralis larvae already at day 2. Starting from day 3 on, there was also a
significant difference between the larvae feeding on either 10% or 15% of Nepenthes tissue
that was included in the diet (Figure 2B).

Figure 2. Performance of Spodoptera littoralis larvae feeding on artificial diet containing (A) fresh leaf powder of Nepenthes
x ventrata leaf and pitcher (30% (w/w)) or (B) dried N. x ventrata leaf powder (10 and 15% (w/w)) Larvae were weighed
every day for 7 days. Mean (± SE) labelled with different letters indicate significant difference (p < 0.05); two-way ANOVA,
Šidák’s multiple comparisons test; n = 15.

2.2. Plumbagin in Nepenthes x ventrata Tissue

In many carnivorous plants belonging to the order Nepenthales [14], a sensu stricto
sister group to Caryophyllales [30] and including the plant families Droseraceae and
Nepenthaceae, the presence of NQ has been described [31]. This includes species such as
Aldrovanda vesiculosus, Dionaea muscipula, Drosophyllum lusitanicum, as well as the genera
Drosera and Nepenthes [31]. Among their secondary compounds, in particular, plumbagin
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is slightly volatile; thus, its presence in plant tissue is often indicated by spontaneous
sublimation, thereby staining the tissue surface or plastic material used for storage. We
observed this effect with both leaf and pitcher tissue (Figure 3) stored in plastic vials. In
order to proof its identity, a part of the compound was removed from the wall of the plastic
vial by extraction with dichloromethane.

Figure 3. (A) Tissues of dry Nepenthes x ventrata leaf and pitcher stored for 6 months in a plastic tube. Sublimed compounds
cover the dry material with a yellowish color (left) in comparison with freshly cut tissue (right). (B) Plastic tubes that stored
the different tissue types for 6 months. New tubes do not show any color.

After evaporation of the solvent, the residue was used for NMR analysis. In parallel,
leaf extracts from N. x ventrata were analyzed by 1H-NMR as well (Figure 4). When
compared with a reference, it could be confirmed that the sublimed volatile compound was
indeed plumbagin, and this compound could also be proven in leaf material (Figure 4).

Figure 4. Cont.
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Figure 4. 1H-NMR spectra in DMSO-d6. (A) Plumbagin (see insert) extracted from Nepenthes x
ventrata leaves and (B) a plumbagin reference. (C) Details of 1H NMR spectra of a plumbagin
reference and (D) the volatile exudate emitted by N. x ventrata pitcher material. Asterisks (*) indicate
the presence of 4-tert-butylcatechol, a polymerization inhibitor probably extracted from the plastic
material, and hashes (#) account for an unidentified impurity. The intensity of the aromatic range in
(C) was increased as indicated by the factor.

These results raised the question of the function of plumbagin and other NQ in car-
nivorous plants and in Nepenthes. In general, NQ are highly bioactive compounds. Besides
pharmacological properties against malaria, various cancers, inflammation, and much
more [6,19,32–34], they have allelopathic effects as shown for the walnut trees (Juglans spp.)
releasing the phytotoxin juglone (5-hydroxy-1,4-naphthalenedione) [35,36]. Many defense-
related properties are associated with NQ, among them are activities against numerous
microbes including human- and phytopathogenic parasites, bacteria, and fungi [31–33].
That means, the NQ might protect the plants from pathogen infection. In addition, for
N. khasiana, it could be shown that droserone and its derivative 5–O–droserone provided
antimicrobial protection in the pitcher fluid of [11,37]. Buch and coworkers identified
plumbagin and 7-methyl-juglone in the pitcher fluid of N. ventricosa [12]. These results
suggest a role for NQ in the pitcher fluid in order to control the microbiome in the digestive
fluid, together with, e.g., pathogenesis-related proteins such as PR-1 [13,37].

2.3. Growth-Inhibiting and Larvicidal Activities of Plumbagin

Besides the hypothesis that NQ are involved in defense against microbial infection,
there are several studies showing that these compounds can also affect insects [31–33,38–43].
We, therefore, performed feeding experiments with plumbagin-supplemented artificial
diet and measured the weight of S. littoralis larvae every day. Knowing that the amount of
plumbagin in Nepenthes leaves is about 0.05% of fresh weight [15], we covered a concentra-
tion range between 100 and 900 μg g−1, representing 0.01–0.09% fresh mass, respectively.
As shown in Figure 5, with increasing plumbagin concentrations, the larvae gained less
weight. Based on these data the EC50 value was calculated indicating the plumbagin
concentration necessary for 50% growth inhibition (weight gain), which was determined
as 226.5 μg g−1 diet. For some lepidopteran species such as Spodoptera litura, Achaea janata,
and Trichoplusia ni, it already has been shown that plumbagin affects the feeding behav-
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ior [38–41]. However, in those experiments, the focus of the analysis was on the level of
feeding-avoidance rather than on the larval growth.

Figure 5. (A) Performance of Spodoptera littoralis larvae feeding on artificial diet containing various concentrations of
plumbagin. Larvae were weighed every day for 7 days. Mean (±SE), n = 15. (B) Determination of EC50 value based on the
data obtained in (A). EC50 was calculated with 226.5 and 1.2 μmol g−1 diet, respectively.

In contrast to most other bioassays that analyzed the antifeeding activity of plumbagin,
here, the compound of interest was included in the food, not painted on leaves of various
plant species. Nevertheless, in order to determine the mortality rate of larvae feeding on
plumbagin, we also carried out an experiment using the approach with plumbagin-painted
leaves. Therefore, a sweet potato cultivar (Tainong 66) that is known to be susceptible to
herbivores and does not induce strong defense response upon attack was selected [44].
In first experiments, we observed that S. littoralis larvae even preferred cannibalism than
feeding on those leaves. As a consequence, only individualized larvae were used. Up to
a plumbagin concentration of 60 μg−1 leaf (13.3 μg cm−2, 750 μg g−1 leaf) no larvicidal
effect was determined for the period analyzed (Figure 6A). With 90 μg−1 leaf (20 μg cm−2;
1.125 mg g−1 leaf) dead larvae could be found at the end of day 4 and the survival rate
drop to 50% at the end of day 5. At 120 μg−1 leaf (26.7 μg cm−2; 1.5 mg g−1 leaf), dead
larvae were detected at day 3 and until the end of day 7, all larvae have died (Figure 6A).
For T. ni feeding on plumbagin-covered cabbage leaves, an antifeeding effect was also
determined in the low microgram per square centimeter range [41]. It also can be seen that
the larvae avoided feeding on the leaves covered with high concentrations of plumbagin
(Figure 6B,C). With respect to the results shown in Figure 5, it seems that larval growth is
heavily affected at higher plumbagin concentrations of around 700 μg plumbagin g−1 diet.
However, the larvae were affected in growth but still survived at all concentrations tested
(up to 900 μg g−1). The plumbagin concentrations used in the no-choice assay also showed
no mortality up to 750 μg g−1 leaf tissue. Only at the used concentration of 1.125 μg g−1

leaf, we found the first larvae dying. This suggests that there might be a threshold of
about 1 mg g−1 food before the S. littoralis larvae begin to die. The experiment is somehow
comparable with a recent study by Hu and colleagues [42]. They investigated the mortality
of Pieris rapae and Helicoverpa armigera feeding on cabbage leaves dipped into solutions
with different concentrations of plumbagin and juglone, respectively. For plumbagin,
IC50 values of 11 μg mL−1 (P. rapae) and 30 μg mL−1 (H. armigera) were calculated [42].
However, these data are hard to rank as it is not known how much of the compounds of
interest was finally on or in the leaf disc. Nevertheless, for all the latter assays, it is difficult
to discriminate whether the larvae really die either because of the ingested compounds or
of hunger as they consequently avoid feeding. Other studies used topical assays where
the compound was added directly onto the insect’s (e.g., S. litura, A. janata, and Musa
domestica) body to investigate the toxicity of compounds [38,43]. This approach is worth to
carry out but not qualified for studies on activities of compounds that are incorporated
during herbivory.
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Figure 6. (A) Survival rate of Spodoptera littoralis larvae feeding on Ipomoea batatas (sweet potato) leaf discs painted with
various concentrations of plumbagin (n = 6). (B) Representative leaf discs at the end of the feeding period of day three. Leaf
disks were renewed every day. (C) Leaf areas consumed by S. littoralis larvae (indicated in green) at day 3 depending on the
applied plumbagin concentration.

However, the mode of action of NQ is not completely known. In general, NQ are redox-
active compounds that can generate oxidative stress [33]; moreover, there are hints for
specific inhibition of enzymes and, hence, processes involved in insect development mainly
the molting process in insects, e.g., the enzymes phenoloxidase [30], chitin synthetase [45],
or ecdysone 20-monooxygenase [46]. The interaction with molting hormone pools is
discussed as well [47]. Another study showed that in Anopheles stephensi, the level of
certain enzymes such as esterases and SOD was decreased significantly in the presence
of plumbagin, which also was active as repellent against A. stephensi at a concentration
of 100 μg mL−1. Further histological investigations showed that muscles, midgut, and
hindgut were the most affected tissues [48]. However, most studies suggest that, most likely,
the insecticidal activity of plumbagin is based on the inhibition of ecdysis. This also includes
a certain specificity against insects compared with neurotoxic insecticidal compounds.

Botanical or plant-derived insecticides have long been touted as environmentally
friendly alternatives to synthetic insecticides for pest and disease management [3]; NQ
combine the advantage of both low toxicity, compared with conventional pesticides, and
restricted environmental contamination and, thus, might be promising candidates for an
ecological agriculture.

3. Materials and Methods

3.1. Insects and Plants

Spodoptera littoralis Boisd. (Lepidoptera: Noctuidae) were hatched from eggs kindly
provided by Syngenta Crop Protection (Stein, Switzerland) and reared on artificial diet
(500 g hackled beans, 9 g ascorbic acid, 9 g 4-ethylbenzoic acid, 9 g vitamin E Mazola
oil mixture (7.1%), 4 mL formaldehyde, 1.2 L water, 1 g-sitosterol, 1 g leucine, 10 g AIN-
76 vitamin mixture, and 200 mL (7.5%) agar-water solution) at 23–25 ◦C with a 14 h
photoperiod. Sweet potato (Ipomoea batatas Lam. cv Tainong 66) scions were grown as
described [40] under a 16/8 h light/dark regime at 28/25 ◦C, respectively, and 70% relative
humidity. Nepenthes x ventrata (N. alata x N. ventricosa hybrid) plants were grown at
21–23 ◦C, 50–60% relative humidity, and a 16/8 h light/dark photoperiod. Pitcher and
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the associated leaf tissues were harvested at the time when the pitchers were just opened,
directly frozen in liquid nitrogen and ground with mortar and pestle. Material was used
directly (fresh) or freeze-dried before use.

3.2. Feeding Assays

For feeding assays, second to third instar larvae of S. littoralis were used. Ground fresh
or dried plant material (leaves and pitcher) from N. x ventrata was added to the artificial diet
with the indicated quantities (w/w). Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone,
C11H8O3; Fischer Scientific, Schwerte, Germany) was dissolved in acetone and added to the
diet. Controls were prepared in the same way without plumbagin. At all the time, it was
made sure that acetone was evaporated. For these feeding assays, 15 independent repeats
were done. No-choice leaf disks feeding assays according to [34] were further performed
on sweet potato. Therefore, leaf discs of 24 mm in diameter were punched out with a cork
borer put directly on wet filter paper in a petri dish (5.5 cm diameter). Plumbagin was
solved as described before and diluted to the required concentration with 2.5% (w/v) PEG
2000 (Sigma-Aldrich, Taufkirchen, Germany). That solution was added onto the surface of
the discs at the concentrations indicated. For the no-choice assays, 6 independent repeats
were performed.

Every day fresh diet or leaf discs were provided. All assays were performed with
individual larvae to avoid cannibalism. Larvae were reared for the indicated periods on
the particular diets and weighed at the given time.

3.3. Isolation of Plumbagin from Nepenthes x ventrata Leaves

Freshly harvested N. x ventrata leaves (7.3 g) were immediately frozen in liquid N2
and freeze-dried. Dried tissue was ground and extracted with 100 mL dichloromethane
(DCM) for 15 min by stirring in Erlenmeyer flasks. After precipitation for 20 min, the clear
supernatant (50 mL) was collected and another 50 mL DCM was added to the remaining
material for re-extraction, which was repeated six times. Collected supernatants were
filtered, combined, and DCM was removed using a rotary evaporator. The dried extract
(9.3 mg) was dissolved in 2 mL DCM transferred into a HPLC vial and dried again under
N2 stream. For the whole procedure, only glassware was used. The NQ in the extract was
identified by means of NMR spectroscopy by comparing spectral data with those of an
authentic standard (plumbagin).

N. x ventrata leaf material was kept in 50 mL polypropylene tubes at room temperature
over 6 months during which the NQ sublimed (Figure 4), leaving a yellowish stained plastic
material. Absorbed compounds were extracted from closed tubes with DCM (10 mL) for
3 days at room temperature. The extract was transferred into a glass vial and evaporated
using N2 gas. The residue was reconstituted with DMSO-d6 and subjected to NMR analysis.

Identity of the sublimed and extracted plumbagin was confirmed by 1H-NMR spec-
troscopy. NMR spectra were measured on a Bruker Avance III HD spectrometer (Bruker
BioSpin GmbH, Rheinstetten, Germany) equipped with a cryoplatform and a TCI 1.7 mm
Micro-CryoProbe. Spectra were referenced to the residual solvent signal for DMSO-d6 at
δH 2.50. Spectrometer control and data processing was accomplished using Bruker TopSpin
3.6.1, and standard pulse programs as implemented in Bruker TopSpin 3.6.1 were used.

For a quantitative comparison of 1H NMR spectra of extracts of N. x ventrata leaf and
pitcher tissue, the spectral intensity was adjusted to equal solvent signal areas. The areas
of signals accounting for plumbagin (range: δH 8.00–7.00) were determined and used for
calculation based on the respective areas of a plumbagin standard. For preparation of the
experiment, 729 mg (FW) of each tissue was ground in liquid N2 and extracted with 20 mL
of dichloromethane in closed vessels at room temperature with shaking. Extracts were
filtered through Chromabond PTS phase separation cartridges (Macherey-Nagel, Düren,
Germany) and the flow-through was evaporated with N2 gas at room temperature within
30 min. Afterwards, the residue was reconstituted with 1.2 mL DMSO-d6 and subjected to
1H-NMR spectroscopy.
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3.4. Statistical Analysis

Statistical calculations were performed using GraphPad Prism version 9.0.0 in all cases.
Details are indicated in the particular figure legends. For EC50 analysis, the total response
was normalized to run between 0% and 100% using control data. For growth experiments,
larvae were picked randomly from a large population and all experiments were conducted
out under highly standardized conditions to avoid investigator-included bias.

4. Conclusions

Naphthoquinones are known metabolites in several plant species. Among these are
various carnivorous plants including the pitcher plant Nepenthes. Plumbagin is a prominent
NQ in Nepenthes x ventrata and it was detected by 1H-NMR in tissues in different concen-
trations (100 and 650 μg g−1 fresh weight in pitcher and leaf, respectively). Plumbagin
has known antimicrobial activities and is of pharmaceutical interest. Now, in different
feeding assays with Spodoptera littoralis larvae the anti-feeding, growth-inhibiting and
larvicidal activity of plumbagin or plumbagin-containing tissues was demonstrated at nat-
urally occurring concentrations. Plumbagin as well as other NQ might become alternative
compounds as natural insecticides in agriculture.
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Abstract: Mosquito-borne infectious diseases are a persistent problem in tropical regions of the
world, including Southeast Asia. Vector control has relied principally on synthetic insecticides,
but these have detrimental environmental effects and there is an increasing demand for plant-based
agents to control insect pests. Invasive weedy plant species may be able to serve as readily
available sources of essential oils, some of which may be useful as larvicidal agents for control
of mosquito populations. We hypothesize that members of the genus Conyza (Asteraceae) may
produce essential oils that may have mosquito larvicidal properties. The essential oils from the
aerial parts of Conyza bonariensis, C. canadensis, and C. sumatrensis were obtained by hydrodistillation,
analyzed by gas chromatography–mass spectrometry, and screened for mosquito larvicidal activity
against Aedes aegypti, Ae. albopictus and Culex quinquefasciatus. The essential oils of C. canadensis
and C. sumatrensis, both rich in limonene (41.5% and 25.5%, respectively), showed notable larvicidal
activities against Ae. aegypti (24-h LC50 = 9.80 and 21.7 μg/mL, respectively) and Ae. albopictus (24-h
LC50 = 18.0 and 19.1 μg/mL, respectively). These two Conyza species may, therefore, serve as sources
for alternative, environmentally-benign larvicidal control agents.

Keywords: Erigeron; Conyza bonariensis; Conyza canadensis; Conyza sumatrensis; mosquito; vector control
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1. Introduction

Mosquito-borne infectious diseases have been a continuous health problem in Southeast Asia,
including Vietnam. Dengue fever and dengue hemorrhagic fever are particularly problematic and
chikungunya fever is an emerging threat in the country [1,2]. Aedes aegypti (L.) (Diptera: Culicidae),
the yellow fever mosquito, is a recognized vector of dengue fever virus, chikungunya fever virus,
Zika virus, and yellow fever virus [3]. Aedes albopictus (Skuse) (Diptera: Culicidae), the Asian tiger
mosquito, is a key vector of several pathogenic viruses, including yellow fever virus [4], dengue
fever virus [5], chikungunya virus [6], and possibly Zika virus [7]. Culex quinquefasciatus Say (Diptera:
Culicidae), the southern house mosquito, is a vector of lymphatic filariasis [8] as well as several
arboviruses such as West Nile virus and St. Louis encephalitis virus [9] and possibly Zika virus [10].

Several members of the genus Conyza Less. (Asteraceae) have been introduced throughout the
tropics and subtropics where they have become invasive weeds [11–13]. Conyza bonariensis (L.)
Cronquist (syn. Erigeron bonariensis L.), flaxleaf fleabane, probably originated in South America [14],
but has been introduced throughout Asia, Africa, Mexico and the southern United States, Europe,
and Oceania [13,15]. Conyza canadensis (L.) Cronquist (syn. Erigeron canadensis L.), Canada fleabane,
is native to North America, but is also now naturalized throughout Europe, Asia, and Oceania [13].
Conyza sumatrensis (Retz.) E. Walker (syn. Erigeron sumatrensis Retz.) is probably native to South America,
but this species has also been naturalized in tropical and subtropical regions [16].

Non-native invasive plant species are generally detrimental to the local environments where they
have been introduced. They can outcompete native plant species and reduce biodiversity [17], they can
alter ecosystem functions [18], and can have substantial economic impacts [19]. Control methods for
invasive plants have generally included application of herbicides, physical cutting, or burning [20].
However, harvesting invasive species for beneficial uses as a method for control of invasive species
may provide economic incentives to offset eradication costs [21]. For example, Melaleuca quinquinervia
trees in south Florida have been cut and chipped for landscape mulch and boiler fuel [22]; it has
been suggested that mechanical harvesting of invasive cattail (Typha spp.), common reed (Phragmites
australis), and reed canary grass (Phalaris arundinacea) from coastal wetlands of Lake Ontario can be
used as an agricultural nutrient source or as a biofuel [23]. The leaf essential oil of Solidago canadensis,
an invasive plant in Europe, has been evaluated as a potential insecticide and demonstrated moderate
larvicidal activity against Cx. quinquefasciatus [24].

The use of synthetic pesticides for mosquito control has had detrimental effects on the
environment [25,26]. They tend to be persistent, toxic to non-target organisms, and insecticide
resistance has been steadily increasing in mosquito species [27]. Essential oils have been suggested as
viable, environmentally benign, and renewable alternatives to synthetic pesticides [28–32]. We have
recently studied several introduced invasive plant species in Vietnam for potential use as mosquito
vector control agents [33–35], and as part of our ongoing efforts in identifying readily-available
essential oils for mosquito control, we have examined three Conyza species for larvicidal activity
against Aedes aegypti, Aedes albopictus, and Culex quinquefasciatus, with the aim of identifying new
mosquito-control essential oils and the components responsible for the activity.

2. Results and Discussion

2.1. Essential Oil Compositions

The essential oils from the aerial parts of C. bonariensis, C. canadensis, and C. sumatrensis were
obtained by hydrodistillation in 1.10%, 1.37%, and 1.21% yield. The chemical compositions of the Conyza
essential oils, determined using gas chromatography–mass spectrometry, are summarized in Table 1.
Conyza bonariensis essential oil was dominated by sesquiterpenoids, especially allo-aromadendrene
(41.2%), β-caryophyllene (13.3%), and caryophyllene oxide (12.2%). Concentrations of monoterpenoids
(1.8%) and diterpenoids (trace) were relatively small. The essential oils of C. canadensis and C. sumatrensis,
on the other hand, were rich in limonene (41.5% and 25.5%, respectively). The aerial parts essential
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oil of C. sumatrensis also had a large concentration of (Z)-lachnophyllum ester (20.7%). There is wide
variation in the essential oil compositions of Conyza species, both between species and within the
same species (see Table 2). This is not surprising given the very different geographical locations of the
collection sites for these samples.

Table 1. Chemical compositions of the aerial parts essential oils of Conyza bonariensis, Conyza canadensis,
and Conyza sumatrensis collected in Vietnam.

RIcalc
a RIdb

b Compound
Relative Content %

C. bonariensis C. canadensis C. sumatrensis

931 932 α-Pinene 0.5 0.5 0.2
948 950 Camphene tr c — —
967 972 (3Z)-Octen-2-ol — — tr
971 972 Sabinene tr 0.1 0.1
976 978 β-Pinene 0.8 8.8 3.0
982 984 6-Methylhept-5-en-2-one — — tr
987 989 Myrcene tr 1.2 1.0

1023 1025 p-Cymene tr 0.3 0.1
1028 1030 Limonene 0.2 41.5 25.5
1030 1031 β-Phellandrene — tr —
1034 1034 (Z)-β-Ocimene — — tr
1044 1045 (E)-β-Ocimene — tr 1.9
1049 1051 2,3,6-Trimethylhepta-1,5-diene — tr —
1056 1057 γ-Terpinene — tr —
1088 1091 p-Cymenene — 0.1 —
1090 1091 Rosefuran — — 0.1
1093 1097 α-Pinene oxide — — 0.2
1097 1098 Perillene — 0.1 —
1098 1101 Linalool 0.2 — —
1101 1101 6-Methyl-3,5-heptadien-2-one — — 0.1
1103 1104 Nonanal tr — —
1112 1113 4,8-Dimethylnona-1,3,7-triene — — 0.2
1118 1119 endo-Fenchol tr — —
1120 1121 trans-p-Mentha-2,8-dien-1-ol — 0.9 0.2
1124 1131 Cyclooctanone — 0.8 —
1129 1130 4-Acetyl-1-methylcyclohexene — 0.1 —
1131 1132 cis-Limonene oxide — 0.6 0.2
1134 1137 cis-p-Mentha-2,8-dien-1-ol — 1.2 0.3
1135 1137 trans-Limonene oxide — 0.6 —
1137 1137 Nopinone — 0.4 —
1137 1139 (E)-Myroxide — — 0.1
1139 1141 trans-Pinocarveol tr 1.6 0.1
1150 1152 Citronellal — 0.1 —
1160 1164 Pinocarvone — 0.8 tr
1170 1170 Borneol tr — —
1177 1179 2-Isopropenyl-5-methylhex-4-enal — 0.3 —
1182 1184 p-Methylacetophenone — 0.3 —
1185 1185 Cryptone — 0.4 —
1185 1187 trans-p-Mentha-1(7),8-dien-2-ol — 0.2 —
1189 1190 Methyl salicylate tr — —
1193 1195 α-Terpineol 0.1 — 0.1
1193 1196 Myrtenal — 1.4 —
1194 1195 Myrtenol — 1.2 —
1196 1197 Methyl chavicol (=Estragol) — 0.2 —
1198 1201 cis-Piperitol — 0.8 0.1
1206 1207 Oct-3E-enyl acetate — — 0.1
1217 1218 trans-Carveol — 3.8 0.2
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Table 1. Cont.

RIcalc
a RIdb

b Compound
Relative Content %

C. bonariensis C. canadensis C. sumatrensis

1227 1228 cis-p-Mentha-1(7),8-dien-2-ol — 0.1 —
1230 1232 cis-Carveol — 1.1 0.1
1242 1242 Carvone — 3.8 0.2
1247 1249 Linalyl acetate tr — —
1266 1270 iso-Piperitenone — 0.6 —
1273 1277 Perilla aldehyde — 0.5 —
1287 1287 Limonene dioxide — 0.7 —
1296 1299 Perilla alcohol — 0.4 —
1303 — Unidentified d — 1.1 —
1316 1324 Limonene hydroperoxide — 1.1 —
1343 1346 Limonene-1,2-diol — 2.6 —
1344 1349 7-epi-Silphiperfol-5-ene — — 0.3
1345 1349 α-Cubebene 0.2 — —
1355 1340 p-Mentha-6,8-diene-2-hydroperoxide — 1.2 —
1367 1371 α-Ylangene tr — —
1374 1375 α-Copaene 4.5 — 0.1
1376 1380 Daucene — — 0.4
1377 1374 Isoledene — — 0.3
1379 1382 Modheph-2-ene — — 0.4
1381 1382 β-Bourbonene tr — —
1385 1387 β-Cubebene 0.4 — 0.1
1386 1385 α-Isocomene — — 0.1
1387 1390 β-Elemene 0.3 — 0.4
1392 1394 Sativene — — 0.1
1398 1405 (Z)-Caryophyllene 0.2 — —
1404 1406 α-Gurjunene 0.1 — —
1408 1411 β-Isocomene — — 0.1
1418 1417 (E)-Caryophyllene 13.3 — 5.5
1427 1430 β-Copaene 0.2 — 0.2
1430 1433 trans-α-Bergamotene — — 1.1
1432 1440 6,9-Guaiadiene — — 0.2
1433 1436 α-Guaiene 1.8 — —
1436 1438 Aromadendrene 0.2 — 0.1
1445 1449 (E)-Lachnophyllum acid — — 0.2
1451 1452 (E)-β-Farnesene — — 6.7
1453 1454 α-Humulene 5.4 0.3 0.7
1457 1463 cis-Cadina-1(6),4-diene — — 0.4
1460 1458 allo-Aromadendrene 41.2 — —
1469 — Unidentified e — — 1.3
1472 1472 trans-Cadina-1(6),4-diene 0.5 — 0.2
1476 1479 α-Amorphene 0.1 — —
1478 1483 Germacrene D 0.3 — 2.1
1481 1483 trans-β-Bergamotene — — 0.2
1486 1489 β-Selinene 0.5 — —
1488 1491 Viridiflorene 0.2 — —
1492 1497 Bicyclogermacrene — — 0.3
1493 1497 α-Selinene 0.3 — —
1495 1497 α-Muurolene 0.4 — 0.1
1498 1505 α-Bulnesene 1.8 — —
1501 1505 (E,E)-α-Farnesene — — 0.1
1504 1514 (Z)-Lachnophyllum acid — 0.2 0.8
1507 1510 (E)-Lachnophyllum ester — — 0.4
1510 1512 γ-Cadinene 0.4 — 0.1
1515 1515 (Z)-Lachnophyllum ester — 5.5 20.7
1515 1518 δ-Cadinene 0.6 — —
1518 1519 trans-Calamenene 0.3 — —
1521 1523 β-Sesquiphellandrene — — 0.3
1531 1532 Tridec-11-yn-1-ol — — 0.3
1533 1538 α-Cadinene 0.1 — —
1538 1541 α-Calacorene 0.1 — —
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Table 1. Cont.

RIcalc
a RIdb

b Compound
Relative Content %

C. bonariensis C. canadensis C. sumatrensis

1556 1557 Germacrene B — — 0.1
1558 1560 (E)-Nerolidol — 0.2 1.8
1559 1564 β-Calacorene 0.1 — —
1565 1566 1,5-Epoxysalvial-4(14)-ene — — 0.2
1566 1568 Dendrolasin — — 0.1
1567 1567 Palustrol 0.1 — —
1574 1576 Spathulenol 1.3 — 5.2
1580 1577 Caryophyllene oxide 12.2 1.1 5.8
1582 1590 Globulol 0.4 — 0.5
1589 1593 Salvial-4(14)-en-1-one — 0.1 0.2
1590 1594 Viridiflorol 0.8 — 0.3
1593 1599 Cubeban-11-ol 0.2 — —
1599 1601 Carotol — — 1.1
1601 1605 Ledol 0.6 — —
1606 1611 Humulene epoxide II 2.2 2.9 0.4
1624 1628 1-epi-Cubenol 0.2 — —
1629 1629 iso-Spathulenol — — 0.6
1633 1635 Caryophylla-4(12),8(13)-dien-5β-ol 0.2 — —
1635 1632 Muurola-4,10(14)-dien-1β-ol — — 0.7
1638 1643 τ-Cadinol 0.2 — 0.4
1640 1644 τ-Muurolol 0.1 — 0.3
1643 1643 α-Muurolol 0.2 — —
1643 1644 allo-Aromadendrene epoxide — 0.3 —
1652 1655 α-Cadinol 0.6 0.3 0.4
1655 1655 Eudesma-4(15),7-dien-1α-ol — — 0.1
1661 1664 cis-Calamenen-10-ol 0.1 — —
1666 1666 14-Hydroxy-9-epi-(E)-caryophyllene 0.1 — —
1669 1677 Cadalene 0.1 — —
1686 1685 Eudesma-4(15),7-dien-1β-ol — 0.4 0.1
1698 1704 cis-Thujopsenol 0.1 — —
1717 — Unidentified f — 1.0 —
1738 1740 8α,11-Elemodiol 0.1 — —
1751 1748 Khusimol 1.5 — —
1790 1792 14-Hydroxy-δ-cadinene — — 0.2
1800 — Unidentified g 1.1 — —
1833 1836 Neophytadiene — — 0.2
1857 1860 Platambin 0.1 0.5 0.1
1882 1884 Corymbolone 0.2 — —
2103 2102 Phytol tr — 0.1

Monoterpene hydrocarbons 1.5 52.7 31.8
Oxygenated monoterpenoids 0.3 26.4 1.9
Sesquiterpene hydrocarbons 73.7 0.3 20.7
Oxygenated sesquiterpenoids 21.3 5.7 18.5
Diterpenoids trace — 0.4
Others trace 7.2 22.9
Total Identified 96.8 92.3 96.1

a RIcalc = Retention Index calculated with respect to a homologous series of n-alkanes on a ZB-5 column. b RIdb =
Retention Index from the databases [36–39]. c tr = trace (< 0.05%). d MS(EI): 150(3%), 135(51%), 121(29%), 119(38%),
109(42%), 107(66%), 93(97%), 91(89%), 81(50%), 79(100%), 69(82%), 67(37%), 55(65%), 53(40%), 43(75%), 41(85%).
e MS(EI): 204(25%), 189(3%), 161(100%), 147(9%), 133(28%), 120(48%), 119(25%), 105(51%), 91(47%), 69(20%), 57(19%),
55(21%), 41(20%). f MS(EI): 175(3%), 135(11%), 111(48%), 93(20%), 83(19%), 67(19%), 55(26%), 43(100%), 41(20%).
g MS(EI): 218(29%), 203(28%), 189(100%), 175(46%), 147(34%), 133(61%), 119(38%), 105(70%), 91(90%), 79(42%),
67(43%), 55(34%), 41(52%).
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2.2. Mosquito Larvicidal Activity

The mosquito larvicidal activities of the Conyza essential oils are summarized in Table 3.
The essential oil of C. canadensis showed the best larvicidal activity against both Ae. aegypti
(24-h LC50 = 9.80 μg/mL) and Ae. albopictus (24-h LC50 = 18.0 μg/mL) and good larvicidal activity
against Cx. quinquefasciatus (24-h LC50 = 39.4 μg/mL). Conyza sumatrensis essential oil also showed
good larvicidal activity against the three mosquito species (24-h LC50 = 21.7, 19.1, and 26.7 μg/mL,
respectively, for Ae. aegypti, Ae. albopictus, and Cx. quinquefasciatus). Conyza bonariensis essential
oil was less active (24-h LC50 = 69.7, 81.1 and 130.0 μg/mL against Ae. aegypti, Ae. albopictus,
and Cx. quinquefasciatus, respectively).

The larvicidal activities of Conyza essential oils roughly coincides with the concentration of
limonene in the samples (41.5%, 25.5%, and 0.2%, respectively, for C. canadensis, C. sumatrensis,
and C. bonariensis), and this relationship is borne out in a principle component analysis based on the
major essential oil components (limonene, allo-aromadendrene, (Z)-lachnophyllum ester, caryophyllene
oxide, β-caryophyllene, β-pinene, (E)-β-farnesene, spathulenol, and α-humulene, along with the 24-h
larvicidal activities) (Figure 1). Limonene has shown excellent larvicidal activities against Ae. aegypti
(24-h LC50 = 17.7 μg/mL) and Cx. quinquefasciatus (24-h LC50 = 31.6 μg/mL) (Table 3) as well as
Ae. albopictus (LC50 10.8-41.8 μg/mL) [34]. Consistent with these results, Zeng and co-workers found
the larvicidal activity of C. canadensis from China (14.8% limonene) to be 56.9 μg/mL and 32.1 μg/mL
against Ae. albopictus and Cx. quinquefasciatus, respectively [54]. These workers also appreciated the
remarkable larvicidal activity and noted that C. canadensis essential oil has a potential for further
development. Furthermore, Citrus peel oils, rich in limonene, have also shown remarkable larvicidal
activities against Ae. albopictus [61] and Cx. quinquefasciatus [62].

Table 3. Mosquito larvicidal activity and insecticidal activity of Conyza essential oils.

24 h
Essential Oil or
Major Compound

LC50 (95% Limits), μg/mL LC90 (95% Limits), μg/mL χ2 p Slope

Aedes aegypti
C. bonariensis 69.71 (64.82–75.36) 88.61 (82.13–97.54) 9.39 0.009 9.45
C. canadensis 9.801 (8.730–10.986) 23.27 (19.93–28.36) 8.70 0.069 12.18
C. sumatrensis 21.74 (20.16–23.36) 31.02 (28.29–35.50) 0.131 0.988 7.98
β-Pinene 23.63 (22.16-25.33) 32.12 (29.47-36.00) 0.225 0.994 7.69
Limonene 17.66 (16.45–18.97) 23.62 (22.03–25.73) 0.784 0.941 10.68
(E)-Caryophyllene 70.80 (65.49–76.69 107.2 (98.4–118.6) 4.08 0.395 12.75
α-Humulene 53.05 (48.69–58.08) 82.78 (75.81–91.87) 15.9 0.003 12.79
Caryophyllene oxide 136.6 (129.2–143.9) 180.2 (171.4–191.2) 30.1 0.000 12.37
Permethrin control 0.000643 (0.000551–0.00753) 0.00246 (0.00192–0.00344) 12.5 0.006 11.57

Aedes albopictus a

C. bonariensis 81.13 (74.61–87.97) 127.1 (117.5–139.9) 0.395 0.821 11.44
C. canadensis 18.04 (16.71–19.52) 26.20 (24.22–28.82) 1.46 0.834 11.30
C. sumatrensis 19.13 (17.73–20.66) 27.49 (25.41–30.38) 3.19 0.364 9.97
Permethrin control 0.0024 (0.0021–0.0026) 0.0042 (0.0038–0.0049) 4.64 0.031 8.45

Culex quinquefasciatus
C. bonariensis 130.0 (122.5–138.8) 178.4 (165.6–197.2) 0.675 0.713 8.97
C. canadensis 39.37 (36.83–42.00) 52.29 (49.04–56.56) 0.493 0.974 10.49
C. sumatrensis 26.74 (24.80–29.20) 36.83 (33.56–41.92) 8.97 0.030 7.96
β-Pinene 30.46 (28.21–33.21) 41.58 (38.10–46.58) 0.399 0.983 9.38
Limonene 31.63 (29.37–34.50) 41.51 (38.03–46.78) 0.874 0.928 8.23
(E)-Caryophyllene 165.4 (157.5–174.0) 220.6 (207.8–238.5) 10.0 0.040 9.91
α-Humulene 108.3 (101.4–115.5) 158.2 (148.5–170.5) 1.0 0.910 13.32
Caryophyllene oxide 98.52 (90.70–108.68) 144.5 (129.6–165.7) 1.60 0.809 9.20
Permethrin control 0.0165 (0.0149–0.0181) 0.0305 (0.0266–0.0367) 5.24 0.073 10.12

Diplonychus rusticus a

C. canadensis 135.7 (129.3–142.8) 182.5 (172.6–195.5) 7.78 0.051 12.35
C. sumatrensis 111.0 (106.1–116.7) 137.0 (129.5–147.6) 16.1 0.001 9.85
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Table 3. Cont.

48 h
Essential Oil or
Major Compound

LC50 (95% Limits), μg/mL LC90 (95% Limits), μg/mL χ2 p Slope

Aedes aegypti
C. bonariensis 63.85 (59.07–70.75) 81.84 (74.16–94.79) 3.43 0.180 6.89
C. canadensis 7.091 (6.099–8.141) 22.46 (18.63–28.59) 5.98 0.201 11.63
C. sumatrensis 22.52 (21.18–23.87) 29.00 (27.23–31.68) 0.0488 0.997 10.12
β-Pinene 22.91 (21.29–24.85) 31.37 (29.03–35.03) 0.323 0.988 9.08
Limonene 17.43 (16.24–18.74) 23.17 (21.58–25.28) 0.664 0.956 10.48
(E)-Caryophyllene 65.92 (60.45–72.08) 106.4 (98.4–116.7) 14.2 0.007 13.10
α-Humulene 46.25 (42.27–50.94) 74.14 (67.47–82.99) 19.2 0.001 12.21
Caryophyllene oxide 120.2 (112.7–127.5) 165.4 (156.4–176.6) 19.8 0.001 12.34
Permethrin control 0.000575 (0.000483–0.00688) 0.00281 (0.00208–0.00423) 5.29 0.152 10.93

Aedes albopictus a

C. bonariensis 69.42 (63.20–75.93) 113.2 (103.8–125.8) 3.10 0.212 10.72
C. canadensis 15.12 (13.93–16.47) 22.67 (20.84–25.09) 7.23 0.124 12.22
C. sumatrensis 18.43 (17.05–19.93) 26.76 (24.71–29.58) 4.25 0.236 8.44

Culex quinquefasciatus
C. bonariensis 108.1 (101.4–115.1) 152.1 (142.4–165.1) 2.32 0.313 10.84
C. canadensis 29.81 (27.33–32.68) 47.06 (43.03–52.39) 14.5 0.006 12.17
C. sumatrensis 22.95 (21.22-25.08) 33.06 (30.07-37.60) 2.38 0.498 9.37
β-Pinene 28.36 (26.20–31.19) 39.01 (35.41–44.50) 2.41 0.661 8.39
Limonene 29.15 (26.89–31.98) 40.83 (37.19–46.07) 7.05 0.133 9.50
(E)-Caryophyllene 138.5 (129.3–148.5) 215.3 (200.1–234.9) 13.5 0.009 13.11
α-Humulene 87.81 (81.14–94.89) 140.0 (130.0–152.7) 9.80 0.044 13.50
Caryophyllene oxide 95.19 (86.69–106.26) 141.0 (127.6–160.8) 4.01 0.405 10.12

Diplonychus rusticus a

C. canadensis 124.0 (118.0–130.4) 165.0 (156.1–176.6) 1.17 0.760 12.17
C. sumatrensis 107.8 (103.1–113.4) 133.6 (126.1–144.4) 8.07 0.045 9.37

a Aedes albopictus and Diplonychus rusticus were obtained from the wild; the limited numbers of organisms available
precluded screening of individual components on these two insect species.

Other components in the Conyza essential oils likely contribute to the mosquito larvicidal
effects. Conyza bonariensis was rich in (E)-caryophyllene (13.3%) and caryophyllene oxide (12.2%),
but both of these compounds have been found to have weak larvicidal activities against Ae. aegypti
(24-h LC50 = 70.8 and 137 μg/mL, respectively (Table 3). On the other hand, β-pinene, a major
component of C. canadensis essential oil (8.8%), has shown larvicidal activity against Ae. aegypti
(24-h LC50 = 23.6 μg/mL), Cx. quinquefasciatus (24-h LC50 = 30.5 μg/mL) (Table 3), and Ae. albopictus [61].
In addition, synergy between essential oil components may also be important [63,64]. Scalerandi and
coworkers have found that the housefly (Musca domestica) metabolizes the major components in an
essential oil, but leaves the minor components to act as toxicants [65].

In order to assess the potential detrimental impact of the Conyza essential oils on beneficial aquatic
species, the insecticidal activity was assessed against the water bug, Diplonychus rusticus, an insect
predator of mosquito larvae [66]. Both C. canadensis and C. sumatrensis essential oils were substantially
less toxic to D. rusticus than they were to the mosquito larvae.
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Figure 1. Principal component biplot of PC1 and PC2 scores and loadings demonstrating the
relationships between Conyza essential oil major components and larvicidal activities.

3. Materials and Methods

3.1. Chemicals

Chemicals used for this study, dimethylsulfoxide (DMSO), β-pinene, limonene, (E)-caryophyllene,
α-humulene, caryophyllene oxide, dichloromethane, and permethrin, were obtained from
Sigma-Aldrich (St. Louis, MO, USA) and used as received without further purification.

3.2. Plant Material

The three Conyza species were collected from Bach Ma National Park, Thue Thien Hue province
(16◦ 11′ 34” N, 107◦ 51′ 12” E) in April 2020. The plants were identified by Dr. Do Ngoc Dai and Dr. Le
Thi Huong. Voucher specimens, LTH129 (Conyza canadensis), LTH130 (Conyza sumatrensis), and LTH131
(Conyza bonariensis) have been deposited in the Pedagogical Institute of Science, Vinh University. Four-kg
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samples of fresh aerial parts (leaves, stems, and flowers) of each of the plants were shredded and
hydrodistilled for 4 h using a Clevenger-type apparatus.

3.3. Gas Chromatography–Mass Spectrometry

The Conyza essential oils were analyzed by GC-MS as previously described [67]: Shimadzu
GCMS-QP2010 Ultra, electron impact (EI) mode, electron energy = 70 eV, scan range = 40–400 atomic
mass units, scan rate = 3.0 scans/s, ZB-5 fused silica capillary column (30 m × 0.25 mm, 0.25 μm
film thickness), He carrier gas, 552 kPa column head pressure, and 1.37 mL/min flow rate. Injector
temperature was 250 ◦C and the ion source temperature was 200 ◦C. The GC oven temperature program
was programmed for 50 ◦C initial temperature, temperature increased at a rate of 2 ◦C/min to 260 ◦C.
A 5% w/v solution of the sample in CH2Cl2 was prepared and 0.1 μL was injected with a splitting
mode (30:1). Identification of the oil components was based on their retention indices determined by
reference to a homologous series of n-alkanes, and by comparison of their mass spectral fragmentation
patterns with those reported in the databases [36–39].

3.4. Mosquito Larvicidal Assay

Mosquito larvicidal activity was carried out on Ae. aegypti, Ae. albopictus, and Cx. quinquefasciatus
as previously described [67]: For the assay, 1% stock solutions of each essential oil in dimethylsulfoxide
(DMSO) were prepared, and aliquots of the stock solutions were placed in 500-mL beakers and added
to water that contained 20 larvae (fourth instar). With each experiment, a set of controls using DMSO
was also run for comparison. Mortality was recorded after 24 h and again after 48 h of exposure during
which no nutritional supplement was added. The experiments were carried out 25 ± 2◦C. Each test was
conducted with four replicates with three concentrations (50, 25, and 12.5, μg/mL for C. canadensis and
C. sumatrensis; 150, 100, and 50 μg/mL for C. bonariensis). Permethrin was used as a positive control.

3.5. Non-Target Insecticidal Assay

The Diplonychus rusticus adults were collected in the field and maintained in glass tanks
(60 cm long × 50 cm wide) containing water at 25 ◦C with a water depth of 20 cm. The essential
oils were tested at concentrations of 200, 150, 100, 75, 50, and 25 μg/mL. Four replicates were performed
for each concentration. Twenty D. rusticus adults were introduced into each solution. The non-target
organism was observed for mortality after 24 h and 48 h exposure.

3.6. Data Analysis

The mortalities were recorded 24 h and 48 h after treatment. The data obtained were subjected to
log-probit analysis [68] to obtain LC50 values, LC90 values, 95% confidence limits, and chi square values
using Minitab® 18 (Minitab Inc., State College, PA, USA). For the principal component analysis (PCA),
the 9 major components (limonene, allo-aromadendrene, (Z)-lachnophyllum ester, caryophyllene oxide,
(E)-caryophyllene, β-pinene, (E)-β-farnesene, spathulenol, and α-humulene), and the 24-h larvicidal
activities against Ae. aegypti, Ae. albopictus, and Cx. quinquefasciatus were taken as variables using a
Pearson correlation matrix using XLSTAT Premium, version 2018.5 (Addinsoft, Paris, France). A total
of 33 data (11 variables × 3 samples) were used for the PCA.

4. Conclusions

Invasive plant species are generally considered to be ecologically and detrimental with potential
economic impacts, and the control or eradication of invasive plant species can be prohibitively costly.
However, identification of beneficial uses of invasive plants could be economically advantageous and
aid in the control of the species. Conyza spp., as well as Erechtites spp. [34], Crassocephalum crepidioides [35],
and Severinia monophylla [33], are invasive weeds in Vietnam, and essential oils from these plants have
demonstrated promising mosquito larvicidal activities. The plant materials are readily available and
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harvesting of these weeds may provide economically valuable “cash crops” as well as serve as a means
for ecological remediation. Note that C. bonariensis [69], C. canadensis [70], and C. sumatrensis [71] have
all shown resistance to the commonly used herbicide glyphosate, so herbicidal control of these weeds
is impractical as well as environmentally detrimental. Further research on potential formulations
(e.g., nanoemulsions or essential oil-loaded nanoparticles) [72] for field use of these promising essential
oils is warranted.
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Abstract: The larvicidal potential of crude leaf extracts of Rhizophora mucronata, the red mangrove,
using diverse solvent extracts of the plant against the early fourth instar larvae of Anopheles stephensi,
Culex quinquefasciatus and Aedes aegypti mosquito vectors was analyzed. The acetone extract
of R. mucronata showed the greatest efficacy: for Cx. quinquefasciatus (LC50 = 0.13 mg/mL;
LC90 = 2.84 mg/mL), An. stephensi (LC50 = 0.34 mg/mL; LC90 = 6.03 mg/mL), and Ae. aegypti
(LC50 = 0.11 mg/mL; LC90 = 1.35 mg/mL). The acetone extract was further fractionated into
four fractions and tested for its larvicidal activity. Fraction 3 showed stronger larvicidal activity
against all the three mosquito larvae. Chemical characterization of the acetone extract displayed
the existence of several identifiable compounds like phytol, 3,7,11,15-tetramethyl-2-hexadecen-1-ol,
1-hexyl-2-nitrocyclohexane, eicosanoic acid etc. Enzyme assay displayed that R. mucronata active
F3-fractions exert divergent effects on all three mosquitos’ biochemical defensive mechanisms.
The plant fractions displayed significant repellent activity against all the three mosquito vectors up
to the maximum repellent time of 210 min. Thus, the bioactive molecules in the acetone extract of
R. murconata leaves showed significant larvicidal and enzyme inhibitory activity and displayed novel
eco-friendly tool for mosquito control.

Keywords: mangrove; larvicidal activity; enzyme inhibition; Rhizophora mucronata; repellent; mosquitoes
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1. Introduction

Mosquitoes are central to the spreading of many infections including dengue fever, malaria,
yellow fever and lymphatic filariasis, especially in areas with ecosystems that favor their breeding [1].
Mosquitoes are the primary arthropod vectors of different blood borne illness that cause millions of
mortalities per year in humans [2]. Mosquitoes can also cause allergic reactions in human beings such
as angioedema [3]. In India alone, there were 1.5 million cases and more than 1500 deaths caused due
to malaria cases in the past decades due to mosquito vectors [4].

Malaria is chiefly spread by six mosquito species in India, with Anopheles stephensi the most
prevalent in urban society [5]. Aedes aegypti are the major vectors for dengue and dengue hemorrhagic
fever, which are prevalent in Africa, the Americas and India [6]. Culex quinquefasciatus, which often
breeds in contaminated water, is the major domestic mosquito in many tropical countries and a
significant lymphatic filariasis vector, with lymphatic filariasis being the highest growing vector
borne illness in the tropical countries affecting more than 146 million people [7]. Larval mosquitoes
are particularly striking targets for major insecticides since their breeding site is located in water,
an accessible habitat [4]. Among the approaches to reduce mosquito populations and entomological
inoculation rates, larvicidal represent an attractive tool to be developed for mosquito control [8,9].

Phytochemicals with higher mosquitocidal actions are now recognized as effective natural
pesticides due to their exceptional larvicidal, repellent, pupicidal, and adulticidal actions [7].
Mangrove plants are generally suggested as an alternative source of bioactive ingredients,
because they are thought to contain bioactive substances that are considered safe and environmentally
friendly to both humans and animals [10]. The red mangrove plant, Rhizophora mucronata Lam.
(Malpighiales: Rhizophoraceae) is indigenous to East Africa, India, Indonesia, wet tropical regions of
Australia and other prominent countries of Asia [11]. The major advantage of choosing this plant is it can
be collected easily and cost effective for preparing mosquitocides as compared to commercial pesticides,
is easily degradable and, most importantly, has active blends of bio-active chemicals with diverse
pharmacological activity. The chief tactic of the present research is to target the developmental stages,
especially the Laval stage, of blood sucking pests which keen to block the adult emergence and blocks
spreading dreadful diseases. Furthermore, an aim is to detect the repellent activity of the bio-active
fractions of R. mucronata since any green based pesticides delivering higher repellent activity has higher
commercial value in the market for developing better insecticides. It is crucial to investigate the toxic
range of any botanical extracts or its derivatives, just as estimated for commercial pesticides, to provide
safer dealings to non-targets, especially humans [3]. Thus, the present research was to investigate the
chemical composition of leaf extracts of the mangrove R. mucronata and larvicidal, enzyme inhibitory
activity and repellent against the major medically challenging pest larvae of An. stephensi, Ae. aegypti,
and Cx. quinquefasciatus.

2. Results and Discussion

2.1. Larvicidal Activity of R. mucronata Crude Extract

Extracts isolated from the plant leaves and flowers deliver novel visions into bio-rational
mosquitocidal development. Previous research displayed that botanicals are a dynamic resource
with significant biological activities, such as antiviral, antifungal, phytotoxic and, most importantly,
larvicidal actions [2,3,12]. An increment number of plant molecules were stated in the previous
research, suggesting that there is the atmosphere possible to provide a fertile source of compounds for
medicinal or therapeutic use. The synthetic chemical usage has been an essential agent for arthropod
management, but they deliver harmful outcomes, including higher tenacity in the surrounding,
non-target impact to other well beings, polluting the natural sources, insecticide residues being found
on food, the development of insecticide resistance by the targeted pests and impact on non-targets [13].
The aquatic regions are a unique reservoir of bio-active compounds, most of them delivers inimitable
structures [13]. Plant-derived chemicals are likely to be part of the future arsenal of mosquito control
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programs, as they can act as common toxins, reproduction and growth inhibitors or as active repellents
and also oviposition deterrent [3]. Investigating the natural botanicals and their active deliverables
against the mosquito larvae may ultimately prime to their practicing green based pesticides [14].
Larval management using bio-active compounds is a major vector for the effective management of
blood sucking arthropods. Plants are considered to be a viable and preferred substitute to commercial
larvicides for managing mosquitoes at the community level [7,14]. For these reasons, we decided to
explore our local environment for possible sources of botanic larvicides that might provide effective
and safe alternatives to synthetic anti-mosquito products. Here, the larvicidal action of mangrove leaf
extracts was determined against three important mosquito vectors. Ethyl acetate, acetone, benzene and
methanol leaf extracts of R. mucronata (Figure S1) were assayed against the fourth instars. Among them,
acetone extracts against Cx. quinquefasciatus (LC50 = 0.129; LC90 = 2.8417 mg/mL), An. stephensi
(LC50 = 0.378; LC90 = 6.035 mg/mL), and Ae. aegypti (LC50 = 0.113; LC90 = 1.334 mg/mL) produced the
highest larval mortality (Table 1). Similarly, the lethal dosage (1.5 mg) of crude volatile oil derived
from the Piper betle leaf exhibited a significant mortality rate against the dengue vector with more than
94% of larval mortality and the LC50 was observed at 0.63 mg/L [15].

2.2. Mortality Bioassays of Acetone Extract Fractions

The efficacy of plant extracts varies from species to species and plant parts [16]. The variability in
toxic concentrations of the various plant extracts, i.e., to achieve mosquitocidal activity, may be due
to differences in concentration levels between the insecticidal components of each plant; moreover,
the effect of each plant extract will vary with the time of collection and season [13]. It has been
reported [15] that the seed methanol extract of Clitoria ternatea was effective against An. stephensi,
Ae. aegypti, and Cx. quinquefasciatus larvae with LC50 values of 65.2, 154.5, and 54.4 ppm, respectively.
In our study, the acetone extracts of R. mucronata leaves were fractioned and four different fractions were
collected. These four fractions were tested for larvicidal activity against three important mosquitoes in
public health terms (Table 2). When testing Fraction 3, we observed the greatest larvicidal activity against
Ae. aegypti (LC50 = 0.1037; LC90 = 1.0025 mg/mL), An. stephensi (LC50 = 0.1480; LC90 = 4.6480 mg/mL)
and Cx. quinquefasciatus (LC50 = 0.174348; LC90 = 16.73929 mg/mL), respectively. Earlier studies reported
that methanolic extracts of plants are larvicidal against An. stephensi and Cx. quinquefasciatus [16,17].
Kamaraj and colleagues reported the highest larval mortality in leaf petroleum ether and flower
methanol extracts of Cryptocoryne auriculata, flower methanol extracts of Leucas aspera, leaf and seed
methanol extracts of Solanum torvum, and leaf hexane extracts of Vitex negundo against An. subpictus
larvae (LC50 = 44.21, 44.69, 53.16, 41.07, 35.32, 28.90 and 44.40 ppm; LC90 = 187.31, 188.29, 233.18, 142.66,
151.60, 121.05 and 192.11 ppm, respectively) and Cx. tritaeniorhynchus larvae (LC50 = 69.83, 51.29, 81.24,
71.79, 44.42, 84.47 and 65.35 ppm; LC90 = 335.26, 245.63, 300.45, 361.83, 185.09, 351.41 and 302.42 ppm,
respectively). Ansari and colleagues examined the larvicidal activity of Pinus longifolia oil against three
vector mosquitoes, namely, Aedes aegypti (LC50 = 82.1 ppm), Cx. quinquefasciatus (LC50 = 85.7 ppm)
and An. stephensi (LC50 = 112.6 ppm).

2.3. Chemical Characterization of R. mucronata Extract

GC-MS analysis of acetone solvent extracts of R. mucronata leaves (Figure 1) showed
13 peaks representing 13 compounds. The 13 compounds were characterized and identified
as shown in Table 3. phytol, 3,7,11,15-tetramethyl-2-hexadecen-1-ol, 1-hexyl-2-nitrocyclohexane,
eicosanoic acid, estra-1,3,5(10)-trien-17, betaol, sulfurous acid, octadecyl 2-propyl ester, 2-heptadecenal,
1-hexyl-2-nitrocyclohexane, 17-pentatriacontene, tritetracontane, urs-12-en-28-ol and squalene.
The peak area percentage was prominent in Eicosanoic Acid (38.24%) with retention time at 19.205.
Since the Peak area percentage was prominent in Eicosanoic Acid and this might have played a key role
in mosquitocidal activity against all the three arthropod vectors. Preliminary phytochemical screening
of whole plant extracts revealed the presence of phenol, flavonoids, alkaloids, saponins, tannins,
glycosides, amino acids, quinones and carbohydrates in the plant extracts (Table 4).
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Table 4. Phytochemical constituent’s analysis of different solvent extracts of R. murconata. Where +
indicates presence, - indicates absence.

S. No. Phytochemical Test Petroleum Benzene Ethyl Acetate Extract Acetone Extract Methanol Extract

1 Phenols + + + +

2 Flavonoids + + + +

3 Alkaloids - + + +

4 Saponins + + + +

5 Tannins + + + +

6 Glycosides + + + +

7 Proteins - - - -

8 Amino Acid - + + -

9 Quinones + + + +

10 Carbohydrates - - - +

 
Figure 1. Chemical composition of GC-MS analysis using acetone leaf extract of R. murconata.

Plant-based compounds are known to be eco-friendly and can be used in mosquito larval control
safely. Furthermore, these natural products are readily biodegradable and safe to other organisms [18].
The potent larvicidal activity of R. murconata could be attributed to the presence of tannins, phenols,
flavonoids, saponins, glycosides and quinones (Figure 2). The isolation of these compounds, as defined
here, could provide the basis for developing natural mosquitocidal products as a substitute for synthetic
insecticides- or for developing mosquito repellents. The fractions obtained from the Adhatoda vasica were
an effective larvicidal agent against the Cx. quinquefasciatus and Ae. aegypti larvae [19]. It was highly
toxic to mosquito larvae and also inhibited the development of pupae. The high rate of larval mortality
of mosquitoes observed at higher concentrations (250 ppm of A. vasica) within a 24 h exposure indicates
the high toxicity of the product. The plants tested in the present study are reported to be eco-friendly
and toxic to agriculturally important insect pest [20]. For example, essential oils from Citronella and
Eucalyptus are often used in repellents sold under several brand names [21]. Recent studies have
indicated that phytol, a precursor of synthetic vitamin E and vitamin K (which was identified in our
analysis as well), exhibits antioxidant and antinociceptive effects and was cytotoxic against the MCF−7
breast cancer cell line [22].

The FT-IR spectrum analysis of acetone solvent extract of R. mucronata (Figure 3) showed 13
peaks indicating the presence of functional groups. The functional groups of the detected peak
values were identified (Table 5). Alkane, Amine amd Alkyl were invariably present in acetone
extracts. The column separation was eluted the different fractions of R. mucronata. Besides the
active fraction of F3 was compared with a standard of squalene. The retention time of fraction
F3 got eluted in 4.8 min at 220 nm and it was comparable to the standard peak of squalene
(Figure 4). Correspondingly, Octacosane, derived from Couroupita guianensis, showed the highest
percentage, at 31.86% peak area in the active fraction F6 and was previously shown to have toxicity
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to early third instars of Cx. quinquefasciatus (Say.) [23]. Octacosane was also shown to be present
in the unsaponifiable phase of common chicory, Cichorium intybus L. at 1.34% peak area, exhibiting
larvicidal activity against Anopheles pharoensis (Theobald) with LC50 value of 13.62 mg/kg_1 [23].
Spirostan-3,15-diol,3-(4-methylbenzenesulfo-nate) at 5.20% of peak area, was isolated by Soule et
al. [24] as a spirostane glycoside from the Solanum laxum (Steud.) aerial parts were reported to have
toxicity against the aphid, Schizaphisgra minum (Rondani) [25]. FractionF6 also contains hexacosane
at 17.54% peak area. Hexacosane, in the leaf oil of Solanum sarrachoides (Sendt.), exhibits oviposition
deterrence against red spidermites, (Tetranychus evansi) [26,27]. The sensitivity of adults of Ae. aegypti
has been shown as resulting from the presence of 1,8-cineole, α-pinene and p-cymene and is correlated
to the amount of 1,8-cineole in the tested extract [28]. The insecticidal activity of the essential oil of
Eucalyptus tereticornis observed in the current work, might be explained by the presence of one of its
major components (p-cymene) but also by a minor compound (1,8-cineole) in our extracts, which both
have demonstrated insecticidal activity against An. gambiae [27].

Figure 2. Phytochemical analysis of R. murconata using different solvent extracts. (A) Phenol;
(B) flavonoids; (C) alkaloids; (D) saponins; (E) tannins; (F) glycosides; (G) protein; (H) amino acids;
(I) quinones; (J) carbohydrates.

Figure 3. FT-IR spectrum analysis of acetone extract of R. murconata.

2.4. Enzyme Assay

The active acetone extract F3-fractions of R. murconata inhibitedα-carboxylesterase activity of fourth
instar larvae tested at 24 h. The activity decreased in dose dependent manner across Cx. quinquefasciatus
(Figure 5A, F4,20 = 41.62; p < 0.0001), Ae. aegypti (Figure 5B, F4,20 = 32.12; p < 0.0001) and An. stephensi
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(Figure 5C, F4,20 = 27.22; p < 0.0001), respectively. Similarly, β carboxylesterase activity decreased
significantly to the sub-lethal dosages of F3-fractions against all the three mosquito vectors. However,
the reduction rate was prominent in Cx. quinquefasciatus (Figure 5D, F4,20 = 27.22; p < 0.0001) as
compared to Ae. aegypti (Figure 5E) and An. stephensi (Figure 5F). Likewise, the level of SOD activity
was also declined at the maximum sub-lethal dosages of all the three mosquito vectors (Figure 5G–I).
However, the reduction rate was minimal at the dosage of 0.6 mg/mL in Cx. quinquefasciatus (F4,20 = 13.11;
p < 0.0001), Ae. aegypti (F4,20 = 15.11; p < 0.0001) and An. stephensi (F4,20 = 17.26; p < 0.0001), respectively.
It has been well known that many bio-insecticides affects the insect metabolism by inhibiting or
stimulating the activity of digestive enzymes. Generally, SOD (superdioxide) expressed in several
regions especially in anal gills of mosquitoes to catalyzes the superoxide radical dismutation into
hydrogen peroxide [28].

Table 5. FT-IR analysis of peak values of R. mucronata acetone extract.

S.No. Peak (Wave Number cm−1) Intensity Bond Functional Group Assignment

1 3411.62 39.09 N-H Stretch Amine

2 2926.40 23.06 C-H Stretch Alkyl

3 2855.38 36.55 C-H Stretch Alkyl

4 1710.59 42.02 C=O Stretch Aldehyde

5 1610.19 50.93 C=O Stretch Amide

6 1516.62 59.60 C=C Bending Aromatic

7 1458.22 49.94 C-H Bending Alkane

8 1371.66 53.83 C-H Bending Alkane

9 1266.13 47.76 C-N Stretch Amine

10 1168.88 49.26 C-N Stretch Amine

11 1115.63 53.74 C-N Stretch Amine

12 830.48 80.77 C-H Bending Aromatic

13 721.46 85.12 C-Cl Stretch Alkyl Halide

Figure 4. HPLC chromatogram analysis for acetone extract active F3-fractions of R. murconata.
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Figure 5. (A–C) α- carboxylestrase (D–F) β carboxylestrase (G–I) SOD activity (J–L) Glutathione
S-transferase (M–O) CYP450 enzyme activity of Cx. quinquefasciatus, Ae. aegypti, An. stephensi fourth
instar larvae after treatment with active acetone extract F3- fractions of R. murconata. Mean (± SEM)
followed by the same letter in the above bars indicate no significant difference (p < 0.05) in a Tukey’s test.

In contrast to the above enzyme levels, GST and CYP450 enzyme regulations upregulated
significantly in dose dependent manner. The enzyme ratio increased significantly initially in the
lower doses (0.06 mg/mL) and relics constant at the higher sub-lethal dosages across all the mosquito
vectors. Besides, the GST (Figure 5J–L) and CYP450 (Figure 5M–O) enzyme regulations uplifted
significantly in Cx. quinquefasciatus (F4,20 = 11.21; p < 0.0001) as compared to Ae. aegypti (F4,20 = 16.71;
p < 0.0001) and An. stephensi (F4,20 = 14.55; p < 0.0001). Our enzyme analysis data was interpreted to
display that R. mucronata active F3-fractions exert divergent effects on all three mosquitos’ biochemical
defensive mechanisms.

In addition to their potential for mosquito control, the R. mucronata extracts may exhibit enzyme
inhibitory activity at currently unknown bioactivities and further studies are required to investigate
the possibility of the herein identified constituents of R. mucronata extracts for the development of
environmentally-friendly applications. Indeed, phytochemicals from plant sources may also act as
insect growth regulators, repellents, ovipositor attractants, among others [26,27].

2.5. Repellent Activity

The active fractions of R. mucronata showed significant repellent activity against Cx. quinquefasciatus
(96.4%-F4,20 = 24.22, p ≤ 0.0001), A. aegypti (94.32%-F4,20 = 18.82, p ≤ 0.0001) and An. stephensi
(97.2%-F4,20 = 21.88, p ≤ 0.0001), respectively, at the maximum repellent dosage of 0.1 (mg/mL) at the
maximum repellent time of 210 min (Figure 6. Similarly, the sub-lethal dosage (100 ppm) of crude
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seed extracts of Terminalia chebula Retz. displayed significant protection time at the maximum time of
210 min [29].
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Figure 6. Repellency of acetone extract F3- fractions of R. murconata against Cx. Quinquefasciatus (A),
Ae. Aegypti (B), and An. Stephensi (C). Mean (± SEM) followed by the same letter in the above bars
indicate no significant difference (p < 0.05) in a Tukey’s test.

3. Materials and Methods

3.1. Plant Harvesting

The fresh leaves of R. mucronata were harvested from the region of Pichavaram, Rameshwaram
(Latitude: 13.129991; Longitude: 79◦18′46.54” E), Tamil Nadu, India, with taxonomy confirmed by
an expert (Prof. Kathiresan, Department of Marine Biology, Annamalai University, Tamil Nadu)
(Figure S1). The specimen voucher was preserved in the herbarium (Ref. No. BC¬/2016/Rm- 07) for
further assays.

3.2. Crude Extract Preparation

Collected fresh leaves were air dried under shadow at room temperature for 7–10 days. The leaves
(250 g) were dried and mechanically powdered using a mixer and crushed (Mixer Grinders Stylo 750)
to well particle size. Leaf powdered extracts of R. mucronata (250 g) was prepared by using soxhlet
device utilizing diverse solvents including acetone, ethyl acetate, petroleum benzene, and methanol.
Further the solvents were evaporated by using rotary evaporator and the remaining were preserved
under 4 ◦C for further assays. The total yields were observed 2.15, 1.76, 1.95 and 2.02 g, respectively.

3.3. Mosquitoes

Ae. aegypti, An. stephensi, and Cx. quinquefasciatus larvae were collected from the local areas
of Pallipalayam (Latitude: 11.3450◦ N; Longitude: 77.7309◦ E), Tiruchengode, Tamil Nadu, India.
Furthermore, the culture were maintained in the laboratory were kept in sterile vessels filled with water,
maintained at 28 ± 2 ◦C and 75%–80% relative humidity (RH) under a fixed photoperiod (14:10 L/D).
The emerged adult mosquitoes were maintained under the same conditions as the larvae.
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3.4. Larval Mortality Assay

Larval bioassays were executed on the fourth instars of Cx. quinquefasciatus, An. stephensi and
Ae. aegypti with diversified dosages (0.5, 0.10, 0.15, 0.20 and 0.25 mg/mL) of R. mucronata leaf extracts.
Minimal of 20 larvae/each concentration were utilized for all the assays, and the procedure were
three times replicated. The lethal dosage (LC50 and LC90) was calculated based on Probit analysis [30].
Twenty larvae of fourth instars were presented to a 200 mL glass jar supplemented with discriminating
dosage of leaf extracts along with 50 mg/L of yeast extract. A group of control was also kept alone treated
with methanol. Three times were replicated along with control in each replication. Mortality percentage
in the treatments was corrected whenever required using Abbott formula [31].

3.5. Preparation of Whole-Body Homogenates for Enzyme Assay

The control and plant extract exposed fourth instar larvae were rinsed with sterile distilled
water, and the adhering water was distant by using blotting tissue paper from the surface. The larval
homogenized were distinct using a handy homogenizer in Eppendorf tubes containing ice-cold sodium
phosphate buffer (500 μL−20 mM, pH 7.0). Homogenates were further spin for 20 min at 8000× g
at 4 ◦C) and the supernatants separated were utilized for enzyme experiments. The homogenates
separated were reserved at −4 ◦C for further experiments.

3.6. Carboxyl Esterase Assays

The α- and β- carboxylesterase activity was estimated using the larval extracts in phosphate
potassium buffer (0.2 M; pH = 7.1) were set to (20 μL; 84 μg protein). Further, it was assorted with
500 μL buffer (0.3 mMα- or β-naphthyl acetate in 0.1 M phosphate potassium at pH 7.2 containing 1%
acetone). Enzyme activity of one unit was definite as the enzyme amount essential to generate 1 μmol
of α- or β-naphthol/minute.

3.7. Superoxide Dismutase Activity

The Superoxide Dismutase (SOD) assays were carried out by using the Superoxide dismutase
determination kit (Sigma-Aldrich, Bangalore, India). Activity of SOD per 1 unit was resolute as the
required enzyme to slab the increment absorbance by 50% at 440 nm.

3.8. Glutathione-S-Transferase Activity

A total of 250 μL of fourth instars were homogenized in sodium phosphate solution (50 mM;
pH = 7.2) and spin at 10,000× g at 4 ◦C for 20 min. The Glutathione-S-Transferase (GST) assay Kit
(Sigma-Aldrich, Catalog 0410, Bangalore, India) was utilized to investigate the conjugation of the
thiol group of glutathione to the 1-chloro-2,4-dinotrobenzene (CDNB) substrate. Further assays were
performed based on the standard protocol prescribed in the Kit. The GST activity was stated as
μmol/mg protein/min substrate conjugated.

3.9. Cytochrome P450 Activity

Fourth instar visible to bioactive fractions3 were rinsed in sterile water and separated.
Further the larvae were kept in 40 mM sodium phosphate solution with maintained pH: 7.2 and
cooled earlier separation. The abdominal segments, heads, and digestive tissues were extracted.
For determining the enzyme activity, carcasses were taken. The enzymes were measured by using
ethoxycoumarin-O-deethylase existing in the body walls and it was stated as mol 7-OH/mg larvae/min.

3.10. Phytochemical Analysis

Chemical testing for the presence of carbohydrates, alkaloids, saponins, phenolics, tannins,
terpenes and flavonoids was evaluated in the mangrove extracts and the most active extract using the
standard procedure of Harborne [32].
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3.10.1. Phenols: Ferric Chloride Test

Extracts were treated with 3–4 drops of ferric chloride solution. Formation of bluish black color
indicates the presence of phenols.

3.10.2. Flavonoids Test

Ammonia solution (5 mL) was added to a portion of the crude extract followed by addition of
concentrated H2SO4. Formation of a yellow coloration in the extract indicates the presence of flavonoids.
The yellow coloration disappears after some time.

3.10.3. Alkaloids: Wagner Reagent

Extracts were dissolved individually in dilute Hydrochloric acid and filtered. Filtrates were treated
with Wagner’s reagent (1.27 g Iodine in 2 g of Potassium Iodide). The formation of a brown/reddish
precipitate indicates the presence of alkaloids.

3.10.4. Saponin

Half mg of the extract was shaken with 2 mL of distilled water. If foam produced persists for ten
min, it indicates the presence of saponins.

3.10.5. Tannin Test: Gelatin Test

To the extract, 1% gelatin solution containing sodium chloride was added. Formation of white
precipitate indicates the presence of tannins.

3.10.6. Glycosides Test

Minimum quantities of the extracts were hydrolyzed with hydrochloric acid for a few minutes on
a water bath and the hydrolysate was subjected to the following tests.

The extracts were treated with chloroform and evaporate it to dryness. Separately, 0.4 mL of
glacial acetic acid containing a trace amount of ferric chloride was added and transferred to a small test
tube added with carefully 0.5 mL of concentrated sulfuric acid by the side of the test tube; blue color
appeared in the acetic acid layer, indicating the presence of glycosides.

3.10.7. Ninhydrin Test

To the extract, 0.25% w/v Ninhydrin reagent was added and boiled for few minutes. Formation of
blue or blue to violet indicates the presence of amino acid.

3.10.8. Benedict Test

Two mL of crude extracts were dissolved individually in 5 mL distilled water and filtered.
Filtrates were treated with Benedict’s reagent and heated gently. Orange-red precipitate indicates the
presence of reducing sugars.

3.10.9. Starch Test

To 5 mL of the extract, a few drops of iodine was added. The presence of starch was indicated by
the formation of blue color.

3.10.10. Flavonoids Test

Ammonia solution (5 mL) was added to a portion of the crude extract followed by addition
of concentrated H2SO4. Formation of a yellow coloration in the extract indicates the presence of
flavonoids. The yellow coloration disappears after some time.
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3.11. Repellent Assay

The active fractions F3 derived from R. mucronata extracts evaluated for its repellency against all
the three mosquito vectors with sub-lethal dosages (0.06, 0.08, 0.09 and 0.1 mg/mL). Further repellent
assay experiments were adapted from our previous research protocol Thanigaivel et al. [29].

3.12. GC–MS Analysis and Compound Identification

Among the different extracts (acetone, petroleum benzene, ethyl acetate and methanol) which
were tested for their larvicidal toxic, and based on our preliminary tests, the highest toxicity was
observed in acetone extracts of R. mucronata. Therefore, the acetone extract was used for further
experiments. The isolated R. mucronata acetone extract was dissolved in (1:1) ratio with ethyl alcohol.
From this, 2 μL of crude solution was dissolved in HPLC-grade methanol and subjected to GC
and MS JEOL GC (Agilent Technologies 6890N, PerkinElmer, Bangalore, India) mate equipped with
secondary electron multiplier. The downstream procedure of chemical characterization was carried
out by our previous methodology (Agilent Technologies 6890N, PerkinElmer, Bangalore, India) [29].
The molecular weight, molecular formula and structure of the compounds of tested materials were
ascertained by interpretation on mass spectrum of GC-MS using the database of the National Institute
Standard and Technology (NIST).

3.13. FT-IR Analysis

Dried acetone extract was used for FT-IR analysis according to the combined methods reported
in [33,34]. A total of 2 mg sample were mixed with 100 mg KBr (FT-IR grade) and then compressed to
prepare a translucent sample disc (3 mm diameter), which was immediately kept in the sample holder.
The sample was scanned and the FT-IR spectra recorded in the absorption range of 400 and 4000
cm−1. FT-IR analysis was performed using a Perkin-Elmer spectrophotometer (Perkin-Elmer FT-IR,
Spectrum 2 Singapore, L160000A) to detect characteristic peaks, types of chemical bonds, and probable
functional groups present in the sample. FT-IR peak values were recorded and the analysis was
repeated twice for spectrum confirmation.

3.14. High Performance Liquid Chromatography (HPLC) Analysis

The HPLC (Flexar HPL, Perkin Elmer, Chennai, India) analysis was carried out with a C18 column
(220 nm) (250 × 4.6 mm). Acetonitrile and water were used as mobile phase at flow rate of 1 mL/min.
Peaks obtained were detected at 220 nm. Fraction F3 was analyzed and compared with a purchased
standard of squalene (Sigma-Aldrich, Analytical Standard). The yield of the collected fraction dry
weight is 0.57 mg.

3.15. Statistical Analysis

Average larval mortality data were analyzed by probit analysis to calculate the LC50, LC90, and other
statistics with 95% confidence intervals of upper confidence limit (UCL) and lower confidence limit
(LCL) standards and the chi-squared test. SPSS 14.0 (IBM Inc., Chicago, IL, USA) was used to analyze
the data.

4. Conclusions

As an endnote, the phyto-chemical characterization of acetone extracts of R. mucronata through
GC-MS analysis displayed 13 major phyto-chemicals and the individual bio-active fractions were
purified and characterized through HPLC and FT-IR assays which signified that active fraction-F3 was
prominent as compared to other fractions and the larvicidal activity of active fraction F3 delivers that
they are lethal against larvae of all three mosquito vectors. Moreover, the enzyme assays signify that
the acetone extract F3-fractions significantly drifted the enzyme pattern in all five major digestive and
detoxifying enzymes. Furthermore, the sub-lethal dosage of active fraction F3 also showed significant
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repellent activity in a dose dependent manner across all the three arthropod vectors. From this
research, it is suggested that the mangrove leaf extract of R. murconata contains several bioactive
molecules that might be useful as eco-friendly larvicides and repellent for managing blood sucking
pests of medical importance. Further functional and mechanistic studies on how these compounds
exert larvicidal activity may pave the way for environmentally safe botanical insecticides to control
mosquito populations.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/17/3844/s1,
Figure S1: Rhizophora mucronata (A) whole plant and (B) stem and leaf.
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Abstract: Withania coagulans contains a complex mixture of various bioactive compounds. In order
to reduce the complexity of the plant extract to purify its phytochemical biomolecules, a novel
fractionation strategy using different solvent combination ratios was applied to isolate twelve
bioactive fractions. These fractions were tested for activity in the biogenic synthesis of cobalt
oxide nanoparticles, biofilm and antifungal activities. The results revealed that plant extract with
bioactive fractions in 30% ratio for all solvent combinations showed more potent bioreducing power,
according to the observed color changes and the appearance of representative absorption peaks
at 500–510 nm in the UV-visible spectra which confirm the synthesis of cobalt oxide nanoparticles
(Co3O4 NPs). XRD diffraction was used to define the crystal structure, size and phase composition of
the products. The fractions obtained using 90% methanol/hexane and 30% methanol/hexane showed
more effectiveness against biofilm formation by Pseudomonas aeruginosa and Staphylococcus aureus so
these fractions could potentially be used to treat bacterial infections. The 90% hexane/H2O fraction
showed excellent antifungal activity against Aspergillus niger and Candida albicans, while the 70%
methanol/hexane fraction showed good antifungal activity for C. albicans, so these fractions are
potentially useful for the treatment of various fungal infections. On the whole it was concluded that
fractionation based on effective combinations of methanol/hexane was useful to investigate and study
bioactive compounds, and the active compounds from these fractions may be further purified and
tested in various clinical trials.

Keywords: fractionation; reducing activity; biomolecules; antibiofilm; microbial infection

1. Introduction

Adverse increases in the rates of microbial, fungal and viral infections worldwide prompted
by compromised and human immunity are due in part to the indiscriminate use of antibiotics that
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enhances resistance in microbial communities against the corresponding antigens [1]. The generation
of biofilms by microbes, which root in a self-produced matrix on living and non-living surfaces [2],
is a peculiar behavior of microbes in inducing and producing resistance. Biofilm affinity is associated
to a firm attachment of the microbe and biofilm-forming microbes have a great tendency to stick
permanently to the large variety of surfaces [3]. These tiny creatures’ biofilms are protected by a layer
of exopolysaccharides, which can be up to 1000 times more resistant to antimicrobials, which has
increased exponentially the rate of chronic infections caused by increased resistance against the host
immune system and antibiotics [4,5]. Among such microbes is Candida albicans, a well-known resistant
nosocomial bacterium primarily known for being the main cause of infectious diseases [6] such as oral
thrush [7], vaginitis [8] organ transplant recipients [9] and forms of cancer in HIV/AIDS patients. Besides
resistance, the limited availability of commercial drugs effective against bacteria and the resulting
toxicity has increased the global rate and effects of infections in people. This severe problem has
driven the interest of researchers in developing less toxic, herbal bioactive compounds that could work
against such strains of microbes. Similarly, the commonly known resistant fungus, Aspergillus species,
responsible for pulmonary diseases, has also acquired resistance to many common drugs [10]. In order to
overcome these biofilm-producers alternative treatments include the use of antibiofilm agents produced
by medicinal plants as this mode of action reduces the resistance susceptibility [11]. Plants, being an
enriched source of naturally occurring biologically active components, play a vital role in the prevention
and treatment of diseases by boosting immunity and reducing toxicity [12,13]. Ancient plants like
W. coagulans contain many useful bioactive molecules such as withanolide, withaferin, withacoagin [14],
etc., that have been used to synthesize therapeutic drugs for the prevention and treatment of various
diseases due to their reduced side effects [15,16]. W. coagulans belongs to the Solanaceae, a family of
common traditional therapeutic plants with wide range of pharmacological applications [17], including
antimicrobial, anti-inflammatory [18], antitumor [19], antihyperglycemic [20], cardiovascular, and
immunosuppressive properties [21]. The constituents of W. coagulans include free amino acids, essential
oils, steroidal lactones and esterases, widely used for their pharmacological activities [22]. A few
studies have also recommended the use of withanolide, withaferin and other biological entities found
in W. coagulans for their bioreducing potential in the synthesis of nanoparticles [23,24], and studies
have reported the eco-friendly and less toxic preparation of nanoparticles and pharmacological studies
using W. coagulans components [25].

So far, all these biological activities were tested using crude extracts containing complex mixtures
of active biomolecules and the solvents-based screening, fractionation and functionalization of bioactive
compounds has not been previously reported. The development of antibiofilm strategies is a major
interest and also the basis of an important field of investigation that is the development of premium,
environmentally friendly antibiofilm biomolecules. The present work was focused on investigate the
functional role of fractions obtained using methanol and hexane with water and mixtures of methanol
and hexane to purified active biomolecules from W. coagulans extract. For this purpose, W. coagulans
fractions were extracted with mixtures containing different ratios of methanol and n-hexane and water
and methanol and n-hexane mixtures in order to evaluate the bioactivities such as bioreducing potential
for the synthesis of cobalt nanoparticles, and antioxidant, anti-biofilm and antifungal activities.

2. Results

The increasing resistance of microbes against antibiotics calls for the urgent discovery of unique
biomolecules from extracts of plants like W. coagulans that are of potential interest for their antibiofilm
and antifungal activity and as bioreducing agents for the synthesis of cobalt oxide nanoparticles (Co3O4

NPs). The species W. coagulans is highly acclaimed in the Indian ayurvedic system of medicine, where
it is known for its medicinal significance in promoting physical and mental health [26,27]. Its active
components include alkaloids, steroidal compounds, lactones, withaferin a [28], withanoloids [29],
withanone [30], etc. that act as anti-inflammatory, anticancer, chemoprotective, hepatoprotective,
immune modulatory, antifungal, antibacterial, hypocholestroemic, and radical scavenging agents [31].

110



Molecules 2020, 25, 3478

The complex bioactive extract of W. coagulans contains potent and functional molecules that must be
fractionated to simplify the complexity and provide separate bioactive molecules that can exhibit their
functionalities efficiently. Different fractions of plant extract obtained using different solvents and
mixtures of solvents were used to resolve the complexity of the biological entities of W. coagulans used
as bioreducing, antibacterial, antifungal agents [32]. This fractionation route provided a means to
separate, simplify and unveil the hidden active molecules in the complex. Initially using a W. coagulans
extract, 12 different methanol, hexane and their mixture fractions in ratios of 30%, 50%, 70%, 90%
were made (Figure S1) and their bio-reducing, antibiofilm and antifungal potential in vitro evaluated
(Figure 1).

 
Figure 1. Schematic illustration of W. coagulans biomolecules and their applications.

2.1. Green Synthesis of Co3O4 NPs

Pink coloured cobalt chloride solution was mixed individually with all 12 different solvent-based
plant extract fractions that turned to a dark brown color upon addition and continuous magnetic
stirring at 90 ◦C for five h. As the chemical reaction proceeded the color changed from dark brown to
light brown indicating the synthesis of Co3O4 NPs (Figure S2).

2.1.1. Characterization of Green Synthesized Co3O4 NPs

Monitoring the reduction potential of synthesized Co3O4 NPs by UV spectroscopy using the
Withania-based fractions showed different peaks within the 500–510 nm range for different solvent
fractions [33]. The methanol and water ratio results conclusively indicated that 30% methanol/H2O (3:1)
showed the highest peak, indicating that the 30% fraction was a more active bioreducing fraction than
50% methanol/H2O (5:5), 70% methanol/H2O (7:3), or 90% methanol/H2O (9:1), as they all showed less
bioreducing activity [34,35] (Figure 2a). Among the next four fractions based on hexane and water ratio
30% hexane/H2O (3:1) and 90% hexane/H2O (9:1) showed almost same highest peak which indicated
that these fractions have more bioreducing potential than 50% hexane/H2O (5:5) and 70% hexane/H2O
(7:3). Furthermore 70% hexane/H2O showed a much lower peak with no bio-reducing potential [36,37]
(Figure 2b). Similarly, the four methanol/hexane-based fractions with different ratios (30%, 50%, 70%,
90%) were evaluated next for bioreducing potential and was indicated that 30% fraction mixture of
methanol/hexane (3:1) showed a much sharper peak indicating better bioreducing potential than 50%,
70%, 90% methanol/hexane fraction mixtures [23,38] (Figure 2c).
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Figure 2. Bioreducing potential of W. coagulans based on: (a) methanol (b) hexane (c) methanol/hexane
(mixture) fractions for Co3O4 NPs synthesis.

For optimizing the results a comparative analysis was done between 30% fraction of methanol/H2O,
30% hexane/H2O and 30% methanol/hexane and the results demonstrated that out of all mixtures the
30% methanol/hexane (3:7) fraction mixture showed a much sharper peak. meaning it had a higher
bioreducing ability than 30% methanol/H2O and 30% hexane/H2O fraction, as seen in Figure 3a.

Figure 3. Bioreducing potential of Withania coagulans based on methanol, hexane and methanol/hexane
(mixtures) using (a) 30% fraction, (b) 50% fraction, (c) 70% fraction, (d) 90% fraction.

Among the 50% fractions, 50% methanol/hexane (5:5) fraction mixture showed higher peaks
corresponding to a higher bioreducing potential than 50% methanol/H2O and 50% hexane/H2O,
but 50% hexane/H2O and 50% methanol/H2O showed almost the same peak and almost the same
bioreducing potential (Figure 3b).
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Next, among the different 70% fractions of W. coagulans, the 70% methanol/hexane (7:3) mixture
fraction showed a high peak with higher bioreducing potential than 70% methanol/H2O and 70%
hexane/H2O. Here 70% methanol/H2O showed a much sharper peak (indicating better bioreducing
potential) than the 70% hexane/H2O fraction, as illustrated in Figure 3c. Finally, out of all the 90%
fractions of W. coagulans, 90% methanol/hexane (9:1) fraction mixture showed the highest peak indicating
a higher bioreducing potential than 90% methanol/H2O and 90% hexane/H2O. Here different results
were observed because 90% hexane/H2O shows a much sharper peak than 70% methanol/H2O meaning
that 70% hexane/H2O fraction has higher bioreducing ability than 70% methanol/H2O (Figure 3d).

2.1.2. XRD Analysis of Co3O4 NPs

XRD diffraction was used to define the crystal structure and phase composition of the produced
NPs. The XRD patterns of the samples obtained with different solvent fraction ratios are presented in
Figure 4a–c. The observable diffraction pattern of materials obtained using methanol (fraction (a)),
hexane (fraction (b)) and methanol/hexane (fraction (c)) were well-matched with Co3O4. The diffraction
patterns of the methanol fraction were thus consistent with JCPDS Card No. 01-080-1534, hexane
fraction (b) with JCPDS Card No. 01-074-1657, and methanol/hexane fraction (c) with JCPDS Card No.
01-076-1802, respectively. The peaks and related planes are indicated in Figure 4. The XRD results
show that none of the samples have any characteristic peaks due to impurities, which shows that the
grown samples have outstanding crystalline nature. The lattice parameters (a) and unit cell volume (v)
of the samples were calculated using the following formula:

1
d2 =

h2 + k2 + l2

a2 (1)

v = a3 (2)

 

Figure 4. XRD analysis of Co3O4 nanoparticles based on solvent fractions: (a) methanol fraction
(b) hexane fraction, (c) methanol/hexane fraction.
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Where (hkl) are the miller index, ‘d’ is d-spacing, and ‘a’ is lattice constant. The calculated values
are listed in Table 1. The average crystallite size (D) of all synthesized samples was determined by
using the well-known Debye–Scherer Formula [39,40]:

D =
Kλ
β cosθ

(3)

Table 1. Structural parameters of grown samples.

Samples a(Å) b(Å) c(Å) d-Spacing Volume (Å3)
Crystallite
Size (nm)

Dislocation Density
δ (nm)−2 × 10−4

A 8.04702 - - 1.8365 521.0805 50 4.000
B 8.07016 - - 1.9657 525.5884 59 2.870
C 8.06895 - - 1.8362 525.3527 49 4.160

In these equations K is the shape factor having value (0.94), λ is the wavelength of X-ray (1.5406 Å),
β is the full width at half maxima. From the results, it can be concluded that the crystallite size follows
the trend b (59 nm) > a (50 nm) > c (49 nm) (Table 1). The dislocation density (δ) and d-spacing can be
calculated by:

δ = 1/D2 (4)

2dsin θ = n λ (5)

where ‘λ’ is the wavelength of X-rays in Å, ‘θ’ is the diffraction angle (Bragg angle) in degrees, n is the
order of diffraction which is the spacing between adjacent crystal planes. The calculated values are
listed in Table 1. The results show that d-spacing varies directly with crystallite size while dislocation
density varies as square inverse of crystallite size.

Furthermore, compound microscopy results (Figure 5a–c) show that changing the nature of the
solvent influenced on the shape of Co3O4 NPs. Figure 5a shows bead-shaped Co3O4 NPs obtained
using methanol solvent extract as reducing agent [41] while in Figure 5b the shape of Co3O4 NPs
obtained with hexane was different because of the different biomolecules present as compared to
methanol solvent [42]. In the case of a mixed ratio of methanol and hexane solvents (Figure 5c),
the Co3O4 NPs were cube-shaped, most probably because of the action of different active biomolecules
in this fraction when they reduce the cobalt nanoparticles [27,43].

Figure 5. Variation in Co3O4 nanoparticle shape based on solvent fractions: (a) methanol fraction
(b) hexane fraction, (c) methanol/hexane fraction.

From the above results, we can conclude that the active biomolecules exhibiting reducing potential
found in the methanol/hexane fraction were proven to have the best bioreducing potential in the
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synthesis of Co3O4 NPs. Among the different fractional concentrations of similar solvents 30%
fraction showed the best bioreducing efficiency. This means that when preparing fractions with these
three solvents, and running a separate solvent fraction-based reaction, the 30% fraction will provide
more significant results as previously reported [44,45]. It shows a well-defined sharp peak for every
solvent containing a 30% solvent faction. The exposed binding sites for the binding of cobalt precursors
and saturating the metal by biochemical agents in order to provide stability was done by solvent-based
fractionation of Withania extract as reported earlier [46].

The scheme (Figure 1) shows a double dip strategy where the nature and concentration of a
solvent reduce the complexity, provide active sites and finally highlight the functional activity of the
biomolecules. This solvent fractionation actually works similarly to an enzyme substrate reaction,
as active sites are provided as product gets generated. Here the fractionation helps expose and
present the active sites by reducing the complexity and generating Co3O4 NPs. In the next level of
optimization, the concentration was kept constant and the solvent was altered. The results showed
that the mixture of methanol/hexane was a hybrid solvent that reinforced the characteristic properties
of each solvents. Conclusively in order to optimize our study, mixtures of methanol/hexane, at all
concentrations provide the best reduction capacity. Thus, to reduce complexity, unlocking the bioactive
molecules in methanol/hexane mixtures of 30% fraction should provide an excellent lead for identifying
compounds good at reducing cobalt to Co3O4 NPs.

2.2. Biofilm Activity of Prepared W. coagulans Fractions

Bioactive fractions from W. coagulans (12 different fractions) were evaluated for antibiofilm activity
against the drug sensitive strains Pseudomonas aeruginosa and Staphylococcus aureus in 96 well micro-titer
plates. The purpose was to evaluate the potential of the 12 different fractions to inhibit the growth of a
preformed biofilm already established in the wells of the micro-titer plate [47]. In anti-biofilm assay
biofilm was induced to grow on 96 well micro-titer plates by adding 100 μL nutrient broth, 100 μL plant
extract and 20,100 μL bacterial culture in each well and incubating for 24 h at 37 ◦C then staining the
next day with crystal violet (dye) give a dark blue color to the well where biofilm formation took place
(Figure S3). Crystal violet is a dye that binds non-specifically to negatively charged surface molecules
such as the polysaccharide matrix of biofilms and stains them with a blue color so it is generally used
to estimate biofilm biomass [48], so a reduction in blue color indicates biofilm inhibition by different
tested plant fractions.

2.3. Antibiotic Selectivity

First an effective positive control for P. aeruginosa and S. aureus (drug sensitive strains) was
established by treating with four different antibiotics (clindamycin, moxifloxacin, penicillin and
ciprofloxacin). The results showed that moxifloxacin and ciprofloxacin were more active drugs against
the P. aeruginosa strain as indicated by a larger zone of inhibition shown by the drugs (Figure 6a,b)
but ciprofloxacin was a more effective antibiotic against S. aureus as shown by its larger inhibition
zone (Figure 6c). Thus, the strong antibiotic ciprofloxacin was selected to test the W. coagulans-based
12 different fractions of methanol and hexane and their mixtures to evaluate the biofilm inhibition
potential against P. aeruginosa and S. aureus at concentrations of 5 mg/mL and 100 mg/mL.
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Figure 6. Antibiotic selectivity of (a) clindamycin, moxifloxacin (b) penicillin, ciprofloxacin against
P. aeruginosa (c) penicillin, ciprofloxacin (d) clindamycin, moxifloxacin against S. aureus.

2.3.1. Biofilm Inhibition Potential of W. coagulans Fraction against P. aeruginosa

Ciprofloxacin, being a positive control against P. aeruginosa, shows a reduction of dark blue color
of the dye (crystal violet) in the first well and solvent blank without bacterial strain marked as first
negative control that does not contain bacteria so no biofilm formation occurred there, thus no crystal
violet dye staining was observed (Figure S3), leaving a colorless well indicating the absence of bio-film
formation. As a second negative control a well was loaded with 55 mg/mL of P. aeruginosa without
the plant extract and blue colored biofilm was observed. Color reduction of the dark blue dye in the
micro-titer plate well gave a rapid qualitative analysis of biofilm inhibition potential by the crystal
violet staining technique that was measured as a percentage inhibition of biofilm formation. With the
positive control, ciprofloxacin, the percentage inhibition against P. aeruginosa was found to be 50%,
and it was 0.7% with the negative control.

After running the successful controls, the Withania-derived solvent-based fractions were assessed.
For 30% methanol (Meth.I) the inhibition was 0.6%, for 50% methanol (Meth.II) it was 0.5%, for 70%
methanol (Meth.III) it was 29% and for 90% methanol (Meth.IV) the inhibition reached 50%. Hexane
was next and 30% hexane (Hex.I) exhibited 29% inhibition, 50% hexane (Hex.II) showed 30% inhibition,
70% hexane (Hex.III) showed 31% and 90% hexane (Hex.IV) gave about 24% inhibition.

The third series includes mixtures of methanol and hexane, among which 30% methanol-hexane
(M−HI) showed 49% inhibition, 50% methanol-hexane (M−HII) 43%, 70% methanol-hexane (M−HIII)
42% and 90% methanol-hexane (M−HIV) showed only 20% inhibition of biofilm formation. Overall
Meth.IV exhibited a 100% percentage inhibition of biofilm production with respect to control. On average
Meth. inhibited 40%, Hex. inhibited 57% and methanol-hexane mixture inhibited 77% with respect
to control. Hence the solvent mixture super-combination showed superior results on average at all
concentrations by decoding the complexity with the hybrid mixture of solvents. Biofilm formation
by dye degradation and calculated inhibitions are shown in Figure 7a. These results are relevant to
previous work done using plant extracts against the biofilm activity [49].
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Figure 7. Biofilm activity of W. coagulans 12 fraction against P. aeruginosa with concentration (a) 5 mg/mL
(b) 10 mg/mL.

Similarly, when using the 10 mg/mL extract against P. aeruginosa where the positive control showed
26% inhibition of biofilm and 0.7% of inhibition for the negative control, 0.5% > 35% > 0.6%> 1.5%
inhibition was seen for Meth.I >Meth.II >Meth.III >Meth. IV. Moving to the next solvent fraction
Hex.I > Hex.II > Hex.III > Hex.IV (11% > 0.3%> 49%> 48%) and lastly, for the mixture fraction
M−HI >M−HII >M−HIII >M−HIV (98% >33% > 22%) as depicted in Figure 6b along with biofilm
formation (Figure S4). The best fractions M−HI, Hex.III, Hex.IV, Meth.II and M−HII provided an
outstanding inhibition representing 277%, 88%, 85%, 34% and 26% more than the control. As a result,
Meth provided 36% inhibition with respect to control, Hex exhibited 4% more inhibition with respect
to control whereas the excelling M−H mixture exhibited 68% more inhibition with respect to the
control on average. Some fractions had previously shown significant inhibition with 5 mg/mL Withania
solution against P. aeruginosa [50] but changing the concentration to 100 mg/mL the bio-film percentage
inhibition increased even above the control level, showing higher antibacterial activity as shown in
Figure 7b.

2.3.2. Biofilm Inhibition Potential of W. coagulans Fractions against S. aureus

The activity of concentrations of each fraction up to 10 mg/mL against S. aureus was observed.
Biofilm formation against S. aureus strain was done with ciprofloxacin as positive control which was
found to be active against the drug sensitive S. aureus strain as shown by the white colour of wells.
A negative control was also added (Figure S5).

The controls gave 55% and 0.4% inhibition, respectively. For the other 12 fractions a concentration of
55 g/mL was used that provided no significant or results as shown in Figure 8a where the positive control
inhibition was 55% and that of the negative control was 0.4%. Meth.I >Meth.II >Meth.III >Meth.IV

values were 1.2% > 1.8% > 1.9% > 48%. For hexane, i.e., Hex.I >Hex.II >Hex.III >Hex.IV the inhibition
was 3.1% > 36% > 2.1% > 3.2% and for mixtures M−HI > M−HII > M−HIII > M−HIV, percentage
inhibitions of 0.8% > 20% > 17.5% > 12.5% were exhibited which were quite insignificant against such
a resistant strain and at a such minute concentration.

Next the change in concentration up to 10 mg/mL against S. aureus showed significant
results, whereby the positive control showed 40% inhibition and the negative one showed 0%
inhibition. In the first fraction series Meth.I > Meth.II > Meth.III > Meth.IV the inhibition
was 71% > 65% > 28% > 24%. For hexane fractions, i.e., Hex.I > Hex.II > Hex.III > Hex.IV the
results showed 3.5% > 20% > 19% > 3.7% inhibition and the percentage inhibition was calculated
as 2.7% > 62%> 72% > 72% for M−HI >M−HII >M−HIII >M−HIV as shown in Figure 8b. Compared
to the control M−HIII >M−HIV >Meth.I >Meth.II >M−HII exhibited 80% > 80% > 78% > 62% > 55%
more biofilm formation indicating an outstanding result at the particular dilutions that revealed the
presence of antibacterial biomolecules in such fractions. On average Meth. showed 18% more inhibition,
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Hex. showed only 28% inhibition with respect to control and M−H was superior, exhibiting more film
formation with 30% inhibition. The present observations regarding bacterial biofilm formation match
the work rewported by previous researchers [51].

Figure 8. Biofilm activity of W. coagulans 12 fraction against S. aureus with concentration (a) 5 mg/mL
(b) 10 mg/mL.

2.4. Antifungal Activity of Prepared W. coagulans Fractions

2.4.1. Antifungal Activity of Prepared W. coagulans against A. Niger

The antifungal activity was evaluated using all 12 different fractions extracts of methanol and
hexane and their mixtures using plant extract of W. coagulans against A. niger and C. albicans by the
disc method [52]. The active biomolecules were resolved into simple W. coagulans plant molecules that
exhibited antifungal activity. The active principal molecules were measure and made visible by the
zone of inhibition produced by the fraction molecules against the specific strains (Figure 9a–h).

 

Figure 9. Antifungal activity of 12 W. coagulans fractions against A. niger measured by zone of inhibition:
(a) Positive control; (b) negative control; (c) methanol fractions; (d) hexane fraction 30%, 50%; (e) hexane
fraction 70%, 90%; (f) methanol/hexane fraction 30%, 50% (g); methanol/hexane fraction 70%, 90% (h).

The tested fractions provided significant results as follows: amphotericin B at concentration
(10 mg/mL) was used as standard for both fungus strains that were pathogenic [53]. The positive
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control shows good antifungal activity against A. niger as indicated by the large clear inhibition
zone (20 mm) whereas the negative control exhibited no clear zone of inhibition as shown in
Figure 9b,c. The tested concentrations beginning with Meth.I >Meth.II >Meth.III >Meth.IV exhibited
10 mm > 16 mm > 10 mm > 6 mm inhibition, with an average of 50% antifungal activity compared
to the control (Figure 9d). Next is the hexane fractions, Hex.I > Hex.II > Hex.III > Hex.IV showing
10 mm >14 mm >18 mm > 24 mm zone of inhibition with 83% agreement with the control (Figure 9e,f).
Finally M−HI >M−HII >M−HIII >M−HIV where the zone of inhibition provided 62% similar result on
average with control and 12 mm > 10 mm > 14 mm > 14 mm inhibition zones, respectively (Figure 9g,h).
Surprisingly Hex.IV showed 20% more antifungal activity than the control against A. niger.

2.4.2. Antifungal Activity of Prepared W. coagulans against C. albicans

C. albicans showed a 20 mm zone of inhibition with the positive control amphotericin B, an effective
drug against this strain (Figure 10a–h). The negative control provided no zone of inhibition indicating
no antifungal activity (Figure 10c). On further treatment the 12 fractions provided significant results,
where Meth. provided 6% antifungal activity, Hex. 70% activity and M−H 83% activity with respect to
the control.

 

Figure 10. Antifungal activity of 12 W. coagulans fractions against C. albicans (zone of inhibition):
(a) Positive control (b) negative control (c) methanol fractions (d) hexane fraction 30%, 50% (e) hexane
fraction 70%, 90% (f) methanol/hexane fraction 30%, 50% (g) methanol/hexane fraction 70%, 90% (h).

Individually Meth.I >Meth.II >Meth.III >Meth.IV provided 4 mm > 1 mm > 0 mm > 0 mm of
inhibition zone (Figure 10d), Hex.I > Hex.II > Hex.III > Hex.IV had 10 mm > 12mm > 10 mm > 24 mm
inhibition (Figure 10e,f). Finally 16 mm > 14 mm > 24 mm > 12 mm zones of inhibition were measured
for M−HI >M−HII >M−HIII >M−HIV fractions (Figure 10g,h). With C. albicans Hex.IV and M−HIII

exhibited 20% more antifungal activity that the control.
The antibacterial and antifungal activity using W. coagulans was proven to be significant because of

the biomolecules initially present in complex form that were resolved into simple and more functionally
active groups by the solvent-based fractionation method. Owing to such a strategy and the significant
activity this set of optimizations can be incorporated in the medicinal field in order to combat bacterial
and fungal infections. Plant extracts have shown a variety of potentials such as reducing, antioxidant,
synthetic, and medicinal activities due to the presence of numerous bio-molecules that exist in different
parts of the plant. Depending upon the nature each show different extents of variation in their
capabilities due to the presence of some additional biomolecules and the varying concentrations of
those biomolecules. Considering Withani, it is truly rich in phenols, flavonoids, alkaloids, steroids and
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other complex structures that provide reducing, antibacterial and antifungal activities. The results of
this work show that the separation of these components using different solvents such as water, hexane,
methanol, acetone, etc., enhanced the activities by aiding in resolving the complexity, dissolving
components of different nature according to their solubility in different solvents, combining the
biomolecules for effective interaction and thus showing their potentials at their maximum level.
Similarly, Withania had shown antibacterial activity against Salmonella typhi, Klebsiella pneumonia,
S. aureus with percentage antibacterial activities as 43%, 0%, 73% respectively. Withania-decorated
iron rods enhanced the activity up to 30% for S. aureus and P. aeruginosa, whereas Withania showed
less inhibition against a Brucella strain. Multiple examples have shown that the bacterial inhibition of
crude extracts was not so high as that achieved by using solvent- based fractionation methods that
enhance the values and activity to a significant level. Antifungal activity was exhibited against various
strains such as A. flavus, A. niger, Penicillium and Alternaria alternate, where a significant 6–10 mm zone
was measured. Thus, the addition of solvents, mixtures of solvents, and the concentration help in
simplifying the complex structure of the plant extracts that displayed much higher activities, including
bioreduction, antibacterial and antifungal properties.

3. Materials and Methods

3.1. Plant Material

Plant of W. coagulans was obtained from a local market in Bahawalpur, Pakistan in September 2018.
Fresh plant was washed three time with distilled H2O and kept in the shade until it was completely
dried, then it was crushed into powder form for further use.

3.2. Preparation of Plant Extract

Whole plant was dried and crushed using a pestle and mortar to obtain a fine powder, then 10 g
of extract powder was dipped in different concentrations of methanol and hexane to make 12 different
fractions with ratios of 90%, 70%, 50%, 30% (final volume 200 mL). After overnight incubation the
extracts were filtered and the filtrates were dried in an incubator at 37 ◦C. These powder extracts then
used to check the bioreducing, antifungal and biofilm activities.

3.3. Synthesis of Cobalt Oxide Nanoparticles

For the synthesis of cobalt oxide nanoparticles, a 0.5 M solution of cobalt chloride was prepared
Flasks containing 40 mL cobalt chloride solution and 10 mL plant extract (90%, 70%, 50%, 30%) were
prepared, put on a magnetic stirrer (150 rpm) and kept there for 4 h at 90 ◦C as a reaction occurred
indicated by a change in color confirming the synthesis of nanoparticles. After this the mixture was
centrifuged at 6000 rpm for 10 min., the pellet was separated and dried for characterization.

3.4. UV-Vis Spectroscopy

All 12 fractions were subjected to UV-Vis spectroscopy (Instrument model VT05404-0998, Biotek,
Winooski, VT, USA) at predetermined time intervals to confirm the formation of cobalt nanoparticles
and the wavelength was noted. Peaks between 550–510 nm give a positive indication of nanoparticle
synthesis. Also, the color changes of reaction mixtures were used as evidence of cobalt oxide
nanoparticle formation

3.5. Morphology Analysis of via Compound Microscope

The dried form of the cobalt oxide nanoparticles was uniformly distributed in Petri plates with
relevant solvent and allowed to dry. Later compound microscopy (model IM-850, IRMECO GmbH,
Hamburg, Germany) was used to observe the morphological variations in all three fractions.
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3.6. Biofilm Assay of W. coagulans Fraction

Biofilm assays were performed by a crystal violet staining assay. The effect of extracts on biofilm
formation was evaluated in 96-well polystyrene plates. Firstly, the 96-well micro-titer plates were
washed with sterile distilled water, air dried and then oven-dried at 60 ◦C for 45 min. Briefly, nutrient
broth, standard drug (ciprofloxacin) and bacterial culture were used as positive control while nutrient
broth, distilled water and bacterial culture were used as negative control. Nutrient broth, plant
fractions and bacterial culture were added to each micro-plate and incubated at 37 ◦C for 24 h. After
that staining with 0.1% crystal violet was performed and the OD was recorded at 630 nm using an
ELISA reader (model IM-850, IRMECO GmbH, Hamburg, Germany) and % inhibition was calculated
by following formula:

% inhibition = (A0 − A1)/A0 × 100 (6)

where A0 is absorbance of negative control and A1 is the absorbance of the plant fractions

3.7. Antifungal Activity of W. coagulans Fraction

Fresh plant was washed two times with distilled water and allowed to dry at room temperature
for 3 to 4 days. The dried material was ground and extracted separately by making different methanol
and hexane fractions. The extracts were filtered and the filtrate was dried. All extracts fractions were
stored at 4 ◦C and used for the bioassays. The plant extracts were tested against two important fungal
pathogens, C. albicans and A. niger, obtained from the laboratory of the Department of Biochemistry
and Biotechnology (Islamia University Bahawalpur). All cultures were maintained on SDA agar at
37 ◦C. Overnight cultures on SGA slants at 37 ◦C were used to prepare the fungal inoculum to be used
in the antimicrobial assays. The antifungal activity of W. coagulans methanolic and hexane extracts
was measured according to the disc diffusion method. Sterile blank discs of 6 mm diameter were
soaked with the prepared W. coagulans extracts to give a final concentration of 10 mg/mL, respectively.
The discs were then placed firmly on a SDA surface which has been previously seeded with C. albicans
strain suspension. The same steps were repeated for the A. niger strain. All plates were incubated
overnight at 37 ◦C. Throughout this experiment, a blank disc impregnated with sterile distilled water
represented as negative control while a disc soaked with 100 μL of amphotericin B was the positive
control. The susceptibility of each Candida spp. was determined by the diameter of the growth inhibited
zone surrounding the disc.

4. Conclusions

Twelve different W. coagulans-based fractions prepared using combinations of different solvents
(methanol, hexane) and their mixture were used to study the effect of different solvent combinations
on various biological activities. Plant fractions of different concentration (30%, 50%, 70%, 90%) were
used. These fraction were used to investigate the bioreducing potential of the plant extracts containing
complex biomolecule mixtures, it was found that collectively 30% fraction of methanol. hexane,
and mixture of methanol-hexane provided the highest reducing potential for the synthesis of cobalt
oxide nanoparticles. Results also showed that 90% methanol/hexane and 30% methanol/hexane were
more active against biofilm formation of P. aeruginosa and S. aureus so these fractions could be used for
treatment of various drug resistance-related bacterial infections. A 90% fraction of hexane/H2O showed
excellent antifungal activity against P. niger and C. albicans, while 70% methanol/hexane show good
antifungal activity for C. albicans, so these fractions are potentially useful for the treatment of various
fungal infections. This solvent-based fractionation method provides a direct means to reduce the
complexity of the W. coagulans extracts and reveal the strong bioreducing, antifungal and antibiofilm
activities and optimize the particular activity for practical applications. This provides a cost-effective,
ecofriendly, non-toxic and effective source for medicinal and synthetic applications.
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Supplementary Materials: The following are available online, Figure S1 Screening strategy for exploring bioactive
fraction of W. coagulans; Table S1 Different solvent fractionation of Withania coagulans.
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Abstract: Substances that alter insect behavior have attracted a lot of attention as potential crop
protection agents. Naringenin (5,7,4′-trihydroxyflavanone) is a naturally occurring bioactive flavanone.
We evaluated the influence of naringenin on aphid activities during individual phases of probing
and feeding and the effect of structural modifications of naringenin on its activity towards aphids.
We monitored the probing behavior of Myzus persicae (Sulz.) (Hemiptera: Aphididae) using the
Electrical Penetration Graph (EPG) technique. The chemical modifications were the substitution of
hydrogen atoms with methyl, ethyl or pentyl groups and the replacement of the carbonyl group in
naringenin and its derivatives with an oxime moiety. Depending on the substituents, the activity of
naringenin-derived compounds varied in potency and mode of action. Naringenin was an attractant
of moderate activity, which enhanced sap ingestion. The naringenin derivative with two methyl
groups—7,4′-di-O-methylnaringenin—was a deterrent, which hindered aphid probing in non-phloem
tissues. Naringenin oxime derivatives with methyl substituents—7,4′-di-O-methylnaringenin oxime,
7-O-methylnaringenin oxime, and 5,7,4′-tri-O-methylnaringenin oxime—and the derivative with a
pentyl substituent—7-O-pentylnaringenin oxime—were strong attractants which stimulated aphid
probing in non-phloem tissues and the ingestion of phloem sap.

Keywords: electrical penetration graph; peach potato aphid; antifeedants; attractants; structure-
activity relationships

1. Introduction

Naringenin (5,7,4′-trihydroxyflavanone) is a natural flavonoid, most common in Citrus
fruits, known to have bioactive effects on human health, such as antidiabetic, antidepressant,
immunomodulatory, antitumor, anti-inflammatory, DNA protective, and antioxidant effects [1,2].
Various effects of naringenin on insect development and behavior were also reported; naringenin
inhibited the feeding of adult Japanese beetles Popillia japonica (Newman) (Coleoptera: Scarabaeidae) [3],
caused a reduction in larval growth and development in the common cutworm Spodoptera litura
(Fabricius) (Lepidoptera: Noctuidae) [4], stimulated oviposition in the spotted pink ladybeetle
Coleomegilla maculata De Geer (Coleoptera: Coccinellidae) [5], and impaired the learning abilities of the
honey bee Apis mellifera L. (Hymenoptera: Apidae) [6].
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Aphids (Hemiptera: Aphididae) are responsible for at least 2% of losses caused by insect feeding
in the world’s crops [7]. In addition to the removal of assimilates from plant phloem transporting
vessels, aphids transfer viral diseases from infected to healthy plants. The extremely polyphagous
peach potato aphid Myzus persicae (Sulz.) can transmit over 100 plant viruses among plants within
over 40 families [8]. To our knowledge, there exists only one published study that reports the effect of
naringenin on aphids. Goławska et al. [9] showed that the addition of naringenin into a sucrose–agarose
diet caused an increase in the duration of the pre-reproductive period and mortality, as well as a
decrease in fecundity and the intrinsic rate of natural increase in the pea aphid Acyrthosiphon pisum
(Harris). In the same study, the authors demonstrated that high concentrations of naringenin inhibited
the passive ingestion (analogous to passive ingestion of phloem sap on plants and represented by
EPG waveform g-E2) of the naringenin-supplemented sucrose–agarose diet, but stimulated the active
ingestion (analogous to active ingestion of xylem sap on plants and represented by EPG waveform
g-G) of the diet [9].

Nowadays, aphid control relies mainly on neurotoxic insecticides. However, several aphid species,
especially M. persicae, evolved diverse mechanisms of resistance to various insecticides [10,11]. At the
same time, a global trend for the reduction in insecticide use is observed in response to environmental
issues. In recent years, serious restrictions in neonicotinoid use have been established in the European
Union [12]. Therefore, there is a growing demand for the replacement of traditional insecticides, at least
in part, by natural product-based insect control agents. Specifically, behavior modifying substances
(repellents, antifeedants, attractants, etc.), which may cause the withdrawal of the herbivore from
the plant or other substrates, are searched for [13–15]. The exogenous application of xenobiotics
may alter aphid response to otherwise acceptable host plants, which has been shown in studies on
aphid antifeedants involving different chemical groups, including terpenoids, quassinoids, flavonoids,
and cyanogenic glycosides [9,16–20]. At the same time, aphids may be attracted to other areas, such as
trap crops or barrier crops, in ‘push–pull’ strategies [21–23]. Unfortunately, the application of natural
compounds for the protection of plants is limited. The main constraints are the low content in natural
sources and usually complicated structures, which make their synthesis complex and expensive.
Therefore, the synthesis of natural compound analogues is one of the most promising ways leading
to their practical use in insect pest population control [24]. Structural transformations of the natural
molecule usually change the mode of action and potency of its activity [25,26]. The possibility of
reducing aphid infestation of crop plants by naringenin and its analogues application has never
been explored.

The aim of the present study was to assess the influence of naringenin on aphid activities
during individual phases of probing and feeding and evaluate the effect of structural modifications
of naringenin on its activity towards aphids. The chemical modifications were the substitution of
hydrogen atoms with methyl, ethyl or pentyl groups and the replacement of the carbonyl group in
naringenin and its derivatives with an oxime moiety. We monitored aphid probing with the Electrical
Penetration Graph (EPG) technique, which visualizes the movements of aphid mouthparts within
individual plant tissues. The values of parameters derived from EPG recordings are reliable and
accurate indicators of aphid behavioral responses to alteration in plant suitability due to exogenous
application of xenobiotics [19–24].

2. Results

The typical behavior of M. persicae on control untreated plants consisted of non-probing (11%
time of the 8 h experiment), probing in non-phloem tissues (34%), and probing in phloem tissues
(55%). Sap ingestion occupied 95% of the phloem phase. Aphid probing activities were divided into
19.8 (±10.0) probes on average, and these probes were approximately 0.6 (±0.6) hours long. Nearly 10%
of these probes contained a phloem phase (Table 1). M. persicae needed approximately 2.0 (±1.3) hours
to reach phloem vessels and commence sap ingestion. In that time, 25% were non-probing activities.
Probing activities in non-phloem tissues before the first phloem phase were divided into 12.7 (±8.8)
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events (probes) (Table 2). The phloem phase in M. persicae consisted of 4.4 (±2.8) separate periods and
almost all of these phloem phases included sap ingestion. Of these sap ingestion periods, 60% were
longer than 10 min and were 2.1 (±2.2) hours long on average. The first contact with sieve elements
(the first phloem phase) was 1.7 (±2.4) hours long (Table 3).

M. persicae probing behavior on plants treated with naringenin and its derivatives (2–17)
(Figures 1 and 2) was significantly different from the aphid behavior on the control plants. Non-probing
activities were significantly reduced on plants treated with (8) and (17). The total duration of the
non-phloem phase was significantly longer on (2)- and (12)-treated plants, and the phloem phase
was significantly shorter on (2)-treated plants than on the control plants. The total duration of sap
ingestion was longer on (13)-treated plants than on the control. The number of probes was lower,
and the probes were longer on (3)-, (4)-, (8)-, (13)-, (15)-, and (16)-treated plants (Table 1). During
the pre-phloem phase, i.e., the period before the first phloem phase occurred, the total duration of
non-probing was longer on (7)-treated plants but shorter on (3)-, (8)-, and (13)-treated plants than on
the control. The duration of probing in non-phloem tissues, the total time to the first phloem phase
and the first phloem sap ingestion phase from the onset of probing were shorter on (13)-treated plants
than on the control. The total number of probes and the number of short probes before the first phloem
phase were lower on (3)-, (4)-, (8)-, (13)-, (15)-, and (16)-treated plants (Table 2). The number of phloem
phases and the number of sap ingestion phases were lower on naringenin, (3)-, (7)-, (8)-, (10)-, (15)-,
and (17)-treated plants than on the control. On these plants, the first phloem phases were significantly
longer than on the control plants. The mean duration of phloem sap ingestion phase was longer on
naringenin-, (8)-, and (17)-treated plants than on the control (Table 3).

The comparison within the group of aphids on treated plants showed that the highest number of
probes occurred in aphids on (7)-treated plants (16.7 ± 9.7 probes) in contrast to aphids on (3)- and
(16)-treated plants (4.4 ± 4.2 and 5.2 ± 7.3 probes, respectively), the durations of periods before the first
phloem phase and phloem sap ingestion phase were longest in aphids on (7)-treated plants (2.8±1.4 h)
in contrast to aphids on (13)-treated plants (1.0 ± 0.8 h) (Tables 1 and 2). The mean duration of the
phloem phase was the shortest in aphids on (2)-treated plants (1.1 ± 2.0 h) in contrast to aphids on
(15)-treated plants (5.0 ± 2.7 h) (Table 3).

Figure 1. Naringenin and its derivatives. Naringenin: R1=H, R2=H, R3=H (1); 5,7,4′-tri-O-methylnaringenin:
R1=CH3, R2=CH3, R3=CH3 (2); 5,7,4′-tri-O-ethylnaringenin: R1=CH3CH2, R2=CH3CH2, R3=CH3CH2

(3); 7-O-ethylnaringenin: R1=CH3CH2, R2=H, R3=H (4); 7-O-pentylnaringenin: R1=CH3(CH2)4,
R2=H, R3=H (5); 7,4′-di-O-ethylnaringenin: R1=CH3CH2, R2=H, R3=CH3CH2 (6); 7,4′-di-O-
methylnaringenin: R1=CH3, R2=H, R3=CH3 (7); 7-O-methylnaringenin: R1=CH3, R2=H, R3=H (8).
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Figure 2. Naringenin oxime and its derivatives. Naringenin oxime: R1=H, R2=H, R3=H (9);
5,7,4′-tri-O-methylnaringenin oxime: R1=CH3, R2=CH3, R3=CH3 (10); 5,7,4′-tri-O-ethylnaringenin
oxime: R1=CH3CH2, R2=CH3CH2, R3=CH3CH2 (11); 7-O-ethylnaringenin oxime: R1=CH3CH2, R2=H,
R3=H (12); 7-O-pentylnaringenin oxime: R1=CH3(CH2)4, R2=H, R3=H (13); 7,4′-di-O-ethylnaringenin
oxime: R1=CH3CH2, R2=H, R3=CH3CH2 (14); 7,4′-di-O-methylnaringenin oxime: R1=CH3, R2=H,
R3=CH3 (15); 7-O-methylnaringenin oxime: R1=CH3, R2=H, R3=H (16); 7,4′-di-O-pentylnaringenin
oxime: R1=CH3(CH2)4, R2=H, R3=CH3(CH2)4 (17).

3. Discussion

The pre-phloem and phloem phases of aphid probing in plant tissues are two crucial steps in the
chemosensory-based host plant selection and host plant acceptance processes. Allelochemicals are the
main cues used by aphids for host plant selection during either the pathway or phloem phase [16].
The long duration of probing time in non-phloem tissues as compared to total penetration time,
the relatively long time to the 1st phloem phase within a probe, and a failure in finding sieve elements
may be interpreted as pre-ingestive effects of antifeedants that restrain aphid probing at the level of
non-phloem tissues [27]. In contrast, the reduction in the number of probes and the elongation of
these probes indicates the attractant character of chemical factors. The long total and mean durations
of phloem sap ingestion may point to the ingestive mode of feeding stimulatory activity [28,29].
The interpretation of aphid behavior in response to the chemical properties of plant tissues is based
on studies on plant resistance mechanisms. Aphids feeding on susceptible plant genotypes have a
significantly greater duration of sieve element phase than when feeding on resistant genotypes and the
time taken to reach the first sieve element phase in resistant genotypes is significantly greater than in
susceptible genotypes [30–33].

Based on the comparison of the EPG-monitored M. persicae behavior on naringenin and naringenin
derivatives-treated plants to control and the overall trends for each compound, it is possible to group
the studied compounds according to their potential to modify aphid probing activities: (i) strong
attractants (8), (13), (15), and (16), which stimulated aphid activities in the non-phloem as well as
in the phloem tissues. In comparison to control untreated plants, on treated plants, aphids rarely
withdraw stylets from plant tissues (8, 13, 15, 16) and the non-probing time was significantly reduced
(8, 13), which caused a significant reduction in time to reach phloem vessels from the onset of
probing (13), the individual phloem sap ingestion periods were long and rarely interrupted (8, 15, 16),
and the total duration of sap ingestion was longer (13); (ii) moderate attractants naringenin, (3), (10),
and (17)—naringenin, (10), and (17) had no effect on aphid behavior during the pre-phloem phase
but encouraged sap ingestion, and (3) caused a slight reduction in the number of phloem phases as
well as the number of probes and a decrease in the duration of non-probing before the phloem phase;
(iii) weak attractant (4) caused a slight reduction in the number and a slight increase in the duration of
probes; (iv) weak deterrent (7) caused aphid restlessness by hindering pre-phloem pathway activities,
which was manifested in the frequent withdrawals of stylets from plant tissues, an increased time of
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non-probing, and, in consequence, a delay in reaching phloem vessels; (v) inactive compounds (2), (5),
(6), (9), (11), (12), (14). In comparison to control, aphid behavior was not altered on plants treated with
these compounds.

The biological activity of a given compound is species-specific and depends on its structural
characteristics. Variations, such as incorporation of functional groups, epoxidation, or lactonization,
can produce radical changes in activity [29]. In our previous studies, we determined that chemical
modifications of naturally occurring terpenoids, e.g., incorporation of functional groups, epoxidation or
lactonization, evoked significant changes in their activity profiles. We have established that the potency
and persistence of behavioral effects on aphid probing of piperitone-, β-damascone-, xanthohumol-,
isoxanthohumol-, and cis-jasmone-derived compounds depended on their substituents. Certain
modifications caused shifts from attractant to deterrent properties, or vice versa [24–26,29]. In the
present study, we also revealed specific structure–activity relationships. Naringenin appeared to be
an attractant of moderate activity. Three ethyl groups incorporated at positions 5,7, and 4’ in (3) did
not significantly alter the naringenin activity. The compound with one methyl group in the position
7 (4) was a weak attractant. However, the compound with two methyl groups in the positions 7
and 4’ (7) was a weak deterrent. The incorporation of three methyl groups at positions 5,7, and 4’
(2), two ethyl groups at positions 7, and 4’ (6), or one pentyl group at position 7 (5) caused a loss
of naringenin activity towards M. persicae. Naringenin oxime (9) was inactive towards M. persicae.
However, the substitution of hydrogen atoms with methyl, ethyl or pentyl groups, in addition to oxime
moiety, caused a significant rise in the activity of some of the derived compounds. All naringenin
oxime (9) derivatives with methyl substituents at positions 7 (15), 7 and 4’ (16), and 5,7,4’ (10) and the
derivative with a pentyl substituent at position 7 (13) appeared strong attractants. Pentyl groups at
positions 7 and 4’ made the compound (17) a weak attractant. The ethyl group substituents did not
improve the activity of naringenin oxime (9); all derivatives with one (12), two (14), or three (11) ethyl
substituents remained inactive towards M. persicae.

The results of the experiments in the present work illustrate two major aspects of the biological
activity of naringenin and its derivatives that depend on their substituents: (1) the variation in the
potency of the behavioral effect and (2) a switch from attractant to deterrent properties. In summary,
the most effective transformations of the naringenin molecule were the substitutions of hydrogen
atom(s) in hydroxyl group(s) with methyl or pentyl group(s) in combination with the replacement
of the carbonyl group with an oxime moiety. The behavioral effects of these transformations were
manifested mainly in the stimulation of probing in non-phloem tissues as well as the ingestion of
phloem sap.

The results of the present study could be applied towards modifying aphid attraction or
deterrence to plants in the field using genetic modification or topical application of naringenin
or naringenin-derived analogues [1,34]. This is especially important in the context of virus
transmission. Aphids may acquire and inoculate viruses during various stages of plant penetration
with sucking–piercing mouthparts. During brief intracellular probes in the epidermis and parenchyma
(mesophyll in leaves) that precede feeding in phloem vessels, aphids may transmit nonpersistent
and semi-persistent viruses. When aphid stylets reach sieve elements, persistent viruses may be
transmitted [35–38]. It is crucial then, to deter aphid probing or at least prevent feeding, to protect plants
from pathogen infection and limit the virus spread within the field crops. Besides the direct negative
effect on aphid feeding, a deterrent that impedes activities during pre-phloem and phloem stylet
penetration should also prevent the transmission of non-persistent and persistent viruses, respectively.
Considering the activities of naringenin and its derivatives revealed here, the strong attractants (8), (10),
(13), (15), and (16) have the highest potential for practical applications in ‘push–pull’ strategies. As the
probing and feeding stimulants, they can be applied topically to any species of barrier plant to pull
M. persicae out of the protected crop. By making barrier plants more attractive to aphids, virus spread
within the crop may be reduced [22]. In addition, the weak deterrent (7) that makes aphids restless can
be applied on the crop plant to push M. persicae out of the crop plant stand.

134



Molecules 2020, 25, 3185

4. Materials and Methods

4.1. Naringenin and Naringenin Derivatives

Naringenin (5,7,4′-trihydroxyflavanone) was purchased from SIGMA (W530098). The naringenin
derivatives (2–17) were prepared as described previously by Kozłowska et al. [39]. Briefly, mono-
and di-O-alkyl compounds (4–8) were obtained by stirring anhydrous potassium carbonate and
significant excess of appropriate alkyl iodide in the solution of naringenin in anhydrous acetone at
room temperature for 24–96 h. After solvent evaporation and washing with a saturated brine,
the products were extracted with diethyl ether, dried, concentrated and separated by column
chromatography. Tri-O-alkyl derivatives of naringenin (2, 3) were obtained similarly to the method
mentioned above, but dimethylformamide was used instead of acetone; after stirring for 7–24 h at
room temperature, the reaction mixtures were neutralized with 1 M HCl and extracted with methylene
chloride. The reaction yields were in the range of 20–72%.

Syntheses of oximes (9–17) were performed by stirring the O-alkyl derivatives of naringenin
(1.0 eq.) (2–8), hydroxylamine hydrochloride (1.5 eq.), and anhydrous sodium acetate (1.5 eq.) in
anhydrous ethanol at 40–50 ◦C. The reaction mixtures were poured into ice water. The precipitated
crystals were collected, dried in a vacuum, and purified by column chromatography. The reaction
yields were in the range of 81–99%.

The purity of obtained compounds was monitored using thin layer chromatography, high-
performance liquid chromatography and proton nuclear magnetic resonance.

4.2. Aphid and Plant Cultures

Laboratory culture of the peach potato aphid Myzus persicae (Sulz.), kept as a multiclonal
colony (i.e., deriving from different parthenogenetically reproducing females), was maintained on
Brassica rapa L. ssp. pekinensis L. in the laboratory at 21 ◦C, 65% r.h., and L16:8D photoperiod. M. persicae
had originally been collected in the greenhouse and kept on B. rapa ssp. pekinensis in the laboratory
since 2000. The plants for the EPG experiments were B. rapa ssp. pekinensis and were grown under
similar laboratory conditions as aphid cultures, at 21 ◦C, 65% r.h., and L16:8D photoperiod. Plants were
grown in plastic pots (0.33 L) filled with fine garden soil commonly used for greenhouse experiments.
Plants were watered regularly, and no additional nutrients were supplied.

4.3. Preparation and Application of Compounds

To mimic the natural environment under laboratory conditions, naringenin and its analogues
were offered to aphids by application through their host plants. Preparation and application of the
compounds followed the procedure described by Polonsky et al. [40], later modified by Gabryś et al. [26].
Briefly, each compound was dissolved in 70% ethanol to obtain a 0.1% solution [40]. All compounds
were applied on the adaxial and abaxial leaf surfaces by immersing one leaf of the experimental plant
in the ethanolic solution of a given compound for 30 s. Leaves of similar size of the control plants were
immersed in 70% ethanol that was used as a solvent for the studied compounds. There was no effect of
ethanol application on aphid probing behavior and plant condition [41]. Treated and control leaves
were allowed to dry for 1 h before the start of the experiment to permit the evaporation of the solvent.

4.4. Aphid Probing Behavior

Myzus persicae probing behavior was monitored by using the Electrical Penetration Graph (EPG)
technique. The EPG technique provides a unique opportunity to reveal aphid mouthparts stylets
activities in plant tissues [41–43]. The parameters describing aphid behavior during probing and
feeding, such as total time of probing, duration and frequency of sap ingestion periods, number of
probes, etc., are good indicators of plant suitability or interference of probing by chemical or physical
factors in individual plant tissues [16–20]. In this experimental setup, aphid and plant are made parts
of an electric circuit, which is completed when the aphid inserts its stylets into the plant. Weak voltage
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is supplied in the circuit, and all changing electric properties are recorded as EPG waveforms that have
been correlated with aphid activities and stylet position in plant tissues [42,43].

In the present study, one- to seven day old adult apterous females of M. persicae and three week
old plants with four to five fully developed leaves were used for all experiments according to the
standard procedure applied in similar studies [17–20,24–27]. Aphids were attached to a golden wire
electrode with conductive silver paint and starved for 1 h prior to the experiment. Probing behavior of
apterous M. persicae was monitored for 8 h continuously with a Giga-8 DC EPG with 1 GΩ of input
resistance (EPG Systems, Wageningen, The Netherlands) and Stylet+ software (www.epgsystems.eu).
Each aphid was given access to a freshly prepared leaf of an unused plant, which means that each
plant and each aphid were used only once. One aphid–plant combination was considered a replication.
Two rounds of 8 replications (n = 16) were carried out for each studied substance and control. Giga-8
DC EPG allows the recording of 8 samples simultaneously. Incomplete EPG recordings, i.e., those that
were prematurely ended due to the aphid falling off the plant or other incidents, were discarded from
analysis. All experiments were carried out under the same conditions of temperature, relative humidity,
and photoperiod, as described for the rearing of plants and aphids. The bioassays started at 10–11 a.m.
MEST (Middle European Summer Time).

The following aphid behaviors related to mouthparts positions in or out of the plant tissues
were distinguished: non-probing, which represents aphid stylets outside the plant tissues, pathway
phase ‘C’, which represents the movement of aphid stylets within the epidermis and mesophyll; phase
‘F’, which represents unidentified (‘derailed’) stylet movements within apoplast; xylem phase ‘G’,
which represents active xylem sap uptake; phloem phase consisting of watery salivation E1 and passive
ingestion of phloem sap ‘E2’. ‘F’ and ‘G’ occurred sporadically irrespective of a treatment, therefore,
these activities were analyzed together with phase ‘C’ and referred to as the ‘non-phloem’ phase
of probing.

4.5. Statistical Analysis

The EPG parameters describing aphid probing behavior were calculated manually and individually
for every aphid and the means and standard deviations were subsequently calculated using the EPG
analysis Excel worksheet created for this study. Two comparative analyses were carried out. First,
aphid behavior on control plants was compared to aphid behavior on naringenin- and naringenin
derivatives-treated plants individually for each compound/treatment. This comparison (Mann–Whitney
U-test) was performed and the results were interpreted to reveal the mode of action of a given compound
(deterrent, attractant, neutral), which allowed grouping of the studied compounds according to their
similarity in the effect they had on aphid behavior. A second comparison was carried out to determine
the effect of structural modifications in the naringenin molecule on the aphid behavior modifying
activity. For this purpose, aphid behavior on only the treated plants was compared. Due to failure to
meet the assumptions of analysis of variance, the obtained data were analyzed by the Kruskal–Wallis
test and post hoc multiple comparisons of mean ranks for all groups (Dunn’s test). The Kruskal–Wallis
test is a non-parametric alternative to the one-factor ANOVA test for independent measures and it is
commonly used to analyze data deriving from EPG recordings of aphid probing [32]. The mean and
SD values given in Tables 1–3 are a representation of non-Gaussian data, but the statistical analysis was
done by non-parametric tests, in which all individual data were included. All statistical calculations
were performed using StatSoft, Inc. (2014) STATISTICA (data analysis software system, version 12,
www.statsoft.com).
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18. Wróblewska-Kurdyk, A.; Dancewicz, K.; Gliszczyńska, A.; Gabryś, B. New insight into the behaviour
modifying activity of two natural sesquiterpenoids farnesol and nerolidol towards Myzus persicae (Sulzer)
(Homoptera: Aphididae). Bull. Entomol. Res. 2020, 110, 249–258. [CrossRef]
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Abstract: Brevicoryne brassicae is a problematic pest in cabbage and other field crops. Synthetic
pesticides are used to control this pest, but they are injurious for human health and the environment.
The present study aimed to purify and identify the active compounds from Citrullus colocynthis leaves
with an appraisal of their efficacy against B. brassicae. Separation and purification were performed via
different chromatographic techniques. Molecular analysis and chemical structures were recognized
by mass spectrum (MS) and nuclear magnetic resonance (NMR), respectively. Moreover, in vitro and
in vivo aphicidal activity was assessed using various concentrations, i.e., 6.25, 12.5, 25 and 50 μg/mL
at 12, 24, 48 and 72 h exposure. The outcome shows that mass spectrum analyses of the purified
compounds suggested the molecular formulae are C30H50O and C29H50O, C29H48O. The compounds
were characterized as fernenol and a mixture of spinasterol, 22,23-dihydrospinasterol by 1H-NMR
and 13C-NMR spectrum analysis. The toxicity results showed that the mixture of spinasterol and
22,23-dihydrospinasterol showed LC50 values of 32.36, 44.49 and 37.50 μg/mL by contact, residual
and greenhouse assay at 72 h exposure, respectively. In contrast, fernenol recorded LC50 values as
47.99, 57.46 and 58.67 μg/mL, respectively. On the other hand, spinasterol, 22,23-dihydrospinasterol
showed the highest mortality, i.e., 66.67%, 53.33% and 60% while, 30%, 23.33% and 25% mortality was
recorded by fernenol after 72 h at 50 μg/mL by contact, residual and greenhouse assay, respectively.
This study suggests that spinasterol, 22,23-dihydrospinasterol are more effective against B. brassicae
which may be introduced as an effective and suitable substitute of synthetic chemical pesticides.

Keywords: Citrullus colocynthis; spinasterol, 22,23-dihydrospinasterol; fernenol; insecticidal
activity; LC50

1. Introduction

The cabbage aphid, Brevicoryne brassicae L. belongs to (Hemiptera: Aphididae) is one of the key
pest of vegetables and crops, commonly distributed in warm and moderate areas of the world [1,2].
Due to the heavy infestation of B. brassicae on cabbage, yield losses can be increased up to 70% and
under-promising circumstances, it can cause complete loss of leafy vegetables of brassica [3,4]. Being an
injurious pest, it negatively affects cabbage production by developing sooty mold on plants surface [2,5].
Continued feeding of this pest caused yellowing, wilting and stunting of plant growth, ultimately
cause plant death and lead to economic losses [6]. Moreover, most of the species of aphid have gained
resistance against many synthetic aphicidal agents [7].
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Although synthetic chemicals are widely used to manage this pest but, intensive and continuous
use of these chemicals has resulted in the development of pest resistance, resurgence to these chemicals
and may also leave hazardous effects on humans and the environment [8]. In contrast, botanical
insecticides are relatively safe to some extent and are effective substitutes of these chemicals which
play a fundamental role in the field of biopesticides. However, plant derivatives play a vital role in
their biologic tasks [9]. Numerous findings have specified that phenols, terpenoids and nitrogen-based
constituents are imperative phytoalexins which afford a protective system to plants being attacked by
other injurious insect-pests [9,10].

Citrullus colocynthis is an important plant from the pharmacological and pesticidal viewpoint. It
belongs to the Cucurbitaceae family, mostly grows in desert areas and has attracted the consideration of
researchers as a natural botanic pesticide. The insecticidal potential of this desert plant has been assessed
against various insect species [11]. Citrullus colocynthis exerts carcinogenic, antidiabetic, antibacterial,
antioxidant properties, and possesses toxic properties against several harmful insects [12–15].
Numerous active chemical compounds have been reported from C. colocynthis, including bitter
materials (colocynthetin and colocynthin), various cucurbitacins such as A, B, C, D and E [16], other
cucurbitacins like E, I, J, K and L [17], cucurbitacins glycosides [18,19], the cucurbitacins glucosides I
and L [19], flavone glycosides and flavonoids [19,20]. However, the cucurbitacins tetracyclic triterpens
possess extensive biologic activities. Numerous biologic compounds belong to this group being
examined because of their cytotoxic, hepatoprotective, cardiovascular, antioxidant action of B and I
cucurbitacins [21].

Song et al. [22] isolated two cucurbitacins from the ethyl acetate extract of C. colocynthis fruit, but
these were not evaluated against insects. Similarly, Ding et al. [23] identified a mixture of spinasterol,
22,23-dihydrospinasterol from the roots of Bermeuxia thibetica, but its bioactivity was also not evaluated.
However, Sinha et al. [24] reported that spinasterol, 22,23-dihydrospinasterol exhibited by Melothria
maderaspatana showed biologic activities. It has been reported that Artemisia extracts contain valuable
phytochemicals, possess insecticidal activity which were mainly attributed to the presence of fernenol
and other phytoconstituents [25]. Furthermore, constituents of Artemisia vulgaris like psilostachy C,
Maackiain, psilostachyin A and fernenol possess medicinal as well as antibacterial activities and also
used by farmers for the preservation of crops and stored grains products [26].

Although some studies have been conducted on isolation and identification of various compounds
including spinasterol, 22,23-dihydrospinasterol and fernenol from natural plant resources, their use
as insecticidal purposes especially against B. brassicae has not been evaluated so far. Therefore, the
present novel study was conducted in a comprehensive way for the isolation, characterization and
evaluation of biochemical compounds from C. colocynthis leaves against B. brassicae.

2. Results

2.1. Preliminary Toxicity Evaluations

Interestingly, all solvents extract caused significant mortality of B. brassicae. However, maximum
mortality (85%) was recorded at 96 h post exposure by methanol extract, followed by ethanol and
chloroform extract (80%) and (76.67%), respectively. In contrast, at 72 h exposure, maximum mortality
afforded by methanol extract was 66.67%, followed by chloroform and ethanol extract (58.33%) and
(53.33%), respectively. However, minimum mortality was recorded via distilled water extract which
was 35% and 18.33% at 96 and 72 h exposure, respectively. The results also revealed that mortality is
dependent upon concentration and prolonged time exposure (Figure 1).
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Figure 1. Mortality of Brevicoryne brassicae by Citrullus colocynthis leaves extracts. Values are represented
as mean ± standard deviation followed by different superscripts (a, b, c, d, e, f, ab, bc, cd) were not
significantly different according to Duncan multiple range test (DMRT) at p > 0.05. E. Acetate (ethyl
acetate); D. Water (distilled water); CK (check in distilled water); Time (h).

2.2. Extraction, Separation and Purification of Extract

Powdered leaves of C. colocynthis were extracted with different polarity based solvents.
Fractionation of the extract was performed by chromatographic techniques. Collected fractions
followed by separation by silica gel column were concentrated and weighed following their Thin
Layer Chromatography (TLC) analysis (Table 1). Out of 8 of the obtained fractions, D2 fraction was
further purified by repeated column chromatography on silica gel column, Sephadex gel column and
preparative TLC and finally two compounds referred to as D2 (N) and D3A bearing weight 35 mg and
21 mg, respectively were purified.

Table 1. Obtained fractions by silica gel column.

Eluted Fractions Collected Fractions Weight (g)

1–10 A 0.293
11–13 B 0.355
14–23 C 0.796
24–27 D 0.662
28–30 E 0.710
31–34 F 0.270
35–40 G 0.447
41–43 H 0.428
44–49 I 2.841

2.3. Mass Spectrum and Elemental Analysis

The C, H and N elemental analysis is helpful for the calculation of empirical formula. The mass
spectrometer examination recorded the molecular ion peak (M) at m/z 426, 414 and 412. These data
suggested the expected molecular formula as C30H50O (Figure 2) and a mixture of C29H50O, C29H48O
(Figure 3) for D3A and D2 (N), respectively. However, D2 (N) was a mixture of two compounds
referred to as D2 (N1) and D2 (N2) and the ratio of these two compounds was recorded as 5:4 from the
mass spectrum and nuclear magnetic resonance analysis.
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Figure 2. (a–e) The full mass spectrum for the purified compound, D3A from Citrullus colocynthis leaves.

  
(a) (b) 

 

 

(c)  

Figure 3. (a–c) The full mass spectrum for the purified compound, D2 (N) from Citrullus
colocynthis leaves.
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2.4. NMR Analysis (1H-NMR and 13C-NMR)

The chemical structures of the purified compounds D2 (N) and D3A were characterized by nuclear
magnetic resonance (NMR), Bruker BioSpin, Billerica MA for 1D (1H-NMR, 13C-NMR), mass spectrum
and elemental analysis. All NMR experiments were carried out at room temperature.

In the 1H-NMR and 13C-NMR spectrum of the compound D2 (N 1) 1H-NMR (600 MHz, CDCl3) δ
5.16 (m, 1H, H-7), 3.60 (m, 1H, H-3) allylic protons, 0.93 (d, J = 7.0 Hz, 3H, -CH3), 0.85 (t, J = 6.8 Hz,
3H, -CH3), 0.82 (d, J = 6.9 Hz, 3H, -CH3), 0.81 (d, J = 6.9 Hz, 3H, -CH3), 0.80 (s, 3H, -CH3), 0.55 (s,
3H, -CH3) (Figure 4a). 13C-NMR (151 MHz, CDCl3) δ 11.8, 12.0, 13.0, 18.8, 19.0, 19.7, 21.5, 22.9, 23.0,
26.1, 27.9, 29.1, 29.6, 31.4, 33.8, 34.1, 36.5, 37.1,37.9, 39.5, 40.2, 43.3, 45.8, 49.4, 55.0, 56.0, 71.0, 117.3,
139.5, (Spinasterol, C29H50O; 414.0 g/mol) (Figure 4b). However, 1H-NMR and 13C-NMR spectra of the
compound D2 (N 2) 1H-NMR (600 MHz, CDCl3) δ 5.16 (overlap, 1H H-7), 5.16 (overlap, 1H, H-22),
5.03 (dd, J = 15.1, 8.8 Hz, 1H, H-23), 3.60 (m, 1H, H-3), ) the allylic protons, 1.03 (d, J = 7.0 Hz, 3H,
-CH3), 0.85 (t, J = 6.8 Hz, 3H, -CH3), 0.82 (d, J = 6.9 Hz, 3H, -CH3), 0.81 (d, J = 6.9 Hz, 3H, -CH3), 0.80 (s,
3H, -CH3), 0.54 (s, 3H, -CH3) (Figure 4). 13C-NMR (151 MHz, CDCl3) δ 11.9, 12.2, 13.0, 18.9, 21.0, 21.3,
21.5, 22.9, 25.3, 28.4, 29.6, 31.4, 31.8, 34.1, 37.1, 37.9, 39.4, 40.2, 40.8, 43.2, 49.4, 51.2, 55.0, 55.8, 71.0, 117.4,
129.4, 138.1, 139.5, (22,23-dihydrospinasterol, C29H48O; 412.0 g/mol) (Figure 4b).

In the 1H-NMR and 13C-NMR spectra of the compound D3A, 1H-NMR (600MHz, CDCL3) δ 5.30
(s, 1H, C=CH), 3.26–3.17 (m, 1H, -OH), the allylic protons, 1.07 (s, 3H, -CH3), 0.96 (s, 3H, -CH3), 0.89 (d,
J = 6.4 Hz, 3H, -CH3), 0.87 (s, 3H, -CH3), 0.84–0.80 (m, 6H, two -CH3), 0.76 (s, 3H, -CH3), 0.73 (s, 3H,
-CH3), 0.73–2.03 (m, 48H, including 8 CH3) (Figure 4c). 13C-NMR (151 MHz, CDCL3) δ: 13.90, 15.77,
17.87, 19.07, 20.05, 22.04, 22.98, 25.13, 27.37, 28.13, 28.06, 29.20, 29.63, 30.69, 36.07, 36.65, 37.57, 37.70,
39.19, 39.27, 39.90, 40.96, 42.85, 44.20, 50.29, 51.88, 59.58, 79.07, 116.11, 150.98, (Fernenol; C30H50O;
426.7 g/mol) (Figure 4d).

 
a 

Figure 4. Cont.
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Figure 4. (a). 1H-NMR spectrum of the compound D2 (N); (b). 13C-NMR spectrum of compound D2
(N); (c). 1H-NMR spectrum of the compound D3A; (d). 13C-NMR spectrum of the compound D3A.
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2.5. Structures Elucidation of the Compounds

Chemical structures of the identified fractions of D3A and D2 (N) were characterized by 1H-NMR
and 13C-NMR spectroscopy and their molecular formulae were predicted by the mass spectrum. D3A
compound was identified as fernenol (Figure 5). Another purified compound was a little bit impure
and due to this impurity, the 1H-NMR spectrum was overlapped and hence, mixture of two compounds
was identified as Spinasterol and 22, 23-dihydrospinasterol from the fraction D2 (N) with ratio 5:4 in
the mixture (Figure 6a,b).

 

Figure 5. Chemical structure of compound; Fernenol from D3A.

  

(a) (b) 

Figure 6. Chemical structures of compound; (a). Spinasterol; (b) 22, 23-dihydrospinasterol from D2 (N).

2.6. Bioassay Study

Toxicity of the identified compounds was evaluated extensively against B. brassicae by contact,
residual and greenhouse assay and data were collected after a specific period of time exposure.

2.6.1. In Vitro Contact Toxicity

The mortality data described in Table 2 exposed the contact efficacy of the spinasterol,
22,23-dihydrospinasterol and fernenol against B. brassicae. It was observed that the percent mortality
rate of aphids was directly associated with the concentration and period of exposure. Results indicated
that extreme mortality recorded was 66.67% and 56.66% at 72 and 48 h exposure, respectively by
spinasterol, 22,23-dihydrospinasterol at 50 μg/mL. In contrast, moderate mortality was recorded by
fernenol which was 30.00% and 21.67% at 72 and 48 h exposure, respectively, at the same concentration.

2.6.2. In Vitro Residual Toxicity

The mortality data described in Table 3 exposed the residual efficacy of spinasterol,
22,23-dihydrospinasterol and fernenol against B. brassicae. Results demonstrated that highest
mortality (53.33%) was observed at exposure of 72 h followed by (43.33%) at 48 h by spinasterol,
22,23-dihydrospinasterol at the concentration of 50 μg/mL. On the other hand, fernenol afforded lower
mortality, i.e., (23.33%) and (16.67%) at the same exposure time and concentration, respectively.

2.6.3. In Vivo Assay

The mortality data presented in Table 4 revealed the insecticidal activity of the purified compounds
against B. brassicae under greenhouse conditions. Results showed that mortality rate of aphids under
greenhouse conditions was 60.00% at 72 h exposure via spinasterol, 22,23-dihydrospinasterol at
50 μg/mL. In contrast, mortality recorded by fernenol was 25.00% at 50 μg/mL concentration and
72 h exposure.
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Probit analysis exposed the LC50, slope value, Chi-square and fiducial limits at 95% confidence
interval. Lowest LC50 values recorded by spinasterol, 22,23-dihydrospinasterol were 32.36 and
44.79 μg/mL after 72 h and 48 h of exposure period, respectively via contact assay. In contrast, at the
same exposure period, LC50 values by residual assay were 44.57 and 58.38 μg/mL, respectively. On
the other hand, LC50 values recorded by greenhouse assay were 37.50 and 48.90 μg/mL at 72 and
48 h exposure, respectively (Table 5). Similarly, LC50 values recorded via fernenol were 47.99 and
63.08 μg/mL; 57.46 and 104.46 μg/mL; 58.67 and 76.52 μg/mL at 72 and 48 h by contact, residual and
greenhouse assay, respectively (Table 6).

Table 5. Probit analysis of the effects of spinasterol, 22,23-dihydrospinasterol on Brevicoryne brassicae.

Bioassay Time (h) LC50 (μg/mL)
95% F.L

Slope ± SE χ(2)

Lower Upper

Contact

12 87.07 52.59 437.6 2.039 ± 0.60 1.75
24 61.04 41.42 151.1 2.089 ± 0.52 1.06
48 44.79 32.68 82.15 2.478 ± 0.72 0.31
72 32.36 23.66 48.39 2.322 ± 0.54 0.12

Residual

12 143.5 69.10 1634 1.272 ± 1.01 0.77
24 104.1 57.74 1003 1.927 ± 0.62 1.24
48 58.38 39.46 143.7 1.981 ± 0.49 0.49
72 44.57 30.99 90.95 2.078 ± 0.59 0.42

G. house

12 133.4 65.40 6044 1.870 ± 0.68 0.33
24 83.23 50.25 387.1 1.920 ± 0.55 1.09
48 48.90 36.29 86.10 2.462 ± 0.54 0.78
72 37.50 27.86 57.92 2.502 ± 0.63 0.71

F.L; Fiducial limits. χ(2); Chi-square.

Table 6. Probit analysis of the effects of fernenol on Brevicoryne brassicae.

Bioassay Time (h) LC50 (μg/mL)
95% F.L

Slope ± SE χ(2)

Lower Upper

Contact

12 345.2 89.21 1145 1.89 ± 0.73 1.62
24 135.0 61.44 6531 0.91 ± 1.42 1.65
48 63.08 40.63 296.3 1.47 ± 1.02 0.39
72 47.99 32.59 94.62 1.27 ± 1.11 0.66

Residual

12 775.9 79.10 1634 1.43 ± 1.19 0.82
24 109.7 60.35 1456 2.05 ± 0.69 0.24
48 104.4 57.08 1031 1.82 ± 0.58 0.71
72 57.46 44.78 221.1 3.12 ± 1.19 0.24

G. house

12 345.2 98.43 1316 1.61 ± 0.94 0.61
24 158.0 67.56 2353 1.52 ± 0.57 0.99
48 76.72 49.39 1781 2.33 ± 0.95 2.39
72 58.67 38.68 282.9 2.13 ± 0.89 0.22

F.L; Fiducial limits. χ(2); Chi-square.

3. Discussion

Because of the problems associated with the use of chemical pesticides for pest administration, the
introduction of natural products particularly from plants source is pressing. Essential oils or extracts
of plant origin are commonly used for plant protection measures because of their effectiveness against
different life stages of insect pests. However, screening of suitable candidate plants for isolation,
purification and identification of active ingredients is very crucial [27]. This technique was adopted to
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obtain active compounds from C. colocynthis leaves. Additionally, different techniques are used in the
extraction, separation and purification of bioactive compounds from natural plant resources.

In our results for the preliminary toxicity evaluations of the solvents extract showed significant
mortality of B. brassicae. Among the solvents extracts, methanol extract afforded high mortality which
is in accordance with [28–30] who reported maximum mortality of Aphis craccivora by methanolic
extract of C. colocynthis followed by ethyl acetate and petroleum ether extract. However, the activity
of the crude extract can be attributed to the existence of specific chemical compounds of the plants
like fatty acids (linoleic and oleic acid) glycosides (flavonoids, phenols, saponins), terpenoids and
alkaloids, etc. [31]. Recently, Ahmed et al. [32] reported that solvents (methanol, ethanol, ethyl acetate,
chloroform, acetone and hexane) extract of C. colocynthis leaves exhibited important phytochemicals
such as alkaloids, glycosides, steroids, saponins, phenol, tannins and flavonoids along with potential
antioxidant activities however, acetone and ethanol extract displayed as potent antioxidants. Further,
these solvents extract also exhibited pronounced insecticidal activities [33]. Butanol fraction of the
methanol extract from the C. colocynthis plant possessed insecticidal properties because of the presence
of flavone glucosides and two cucurbitacins glucosides [19] Moreover, Yoshikawa et al. [34] described
that alcoholic extract obtained from C. colocynthis fruits contains various compounds comprising
cucurbitacins E 2-O-a-d-glucopyranoside, colocynthosides A and B, aglycon and cucurbitacins E.
Among the isolated two triterpens glycosides and four cucurbitacins from C. colocynthis leaves, one
was found effective against colon cancer cells HT29 and Caco-2 [35]. Plants possess a wide range
of biologic compounds involved in their mechanism of chemical defense. These natural products
contain significant prospective against variety of insects [36,37]. Activity of some of the natural
compounds was evaluated against Blattellea germanica which showed LC50 values as 0.07 mg cm−1,
0.06 mg cm−1 and 0.07 mg cm−1 via camphor, pulegone and verbenone, respectively [38]. Similarly,
eugenol, isoeugenol, carvecol, thymol and p-cymene had shown anti-adulticidal activity at 1 mg
adult−1 against B. germanica [39].

As different techniques are employed in the extraction, separation, purification and
identification of bioactive compounds thus, following these techniques, two compounds were
identified as; a mixture of spinasterol and 22,23-dihydrospinasterol and other pure compound
fernenol (d:c-friedo-b’:a’-neogammacer-9(11)-en-3alpha-olfern-9(11)-en-3alpha-o). Spinasterol is
contained by Cucurbitaceae, Stegnospermaceae, Phytolaccaceae and Polygalaceae. In a study
Meneses-Sagrero et al. [40] identified spinasterol form the methanol extract of Stegnosperma halimifolium
(B.) and evaluated against cancer cell line. It was reported that spinasterol exhibited potential
activity as antiproliferative against two cell lines of cervical cancer such as HeLa and RAW 264.7.
Studies have also demonstrated that spinasterol exhibited different biologic activities including
antidepressant [41], anti-ulcerogenic [42], anti-inflammatory [43], and antiproliferative activities [44].
Spinasterol, 22,23-dihydrospinasterol possess pharmacological and cytotoxic exertions likewise, it was
isolated from Bougainvillea spectabillis and exhibited strong inhibition of xanthine oxidase being IC50 of
39.21 μM [45].

Fernenol belongs to the class of organic compounds known as triterpenoids containing six
isoprene units. Xian-xue W et al. [46] isolated this compound from the whole plant extract of
Arenaria polytrichoides, however, its activity was not evaluated against pests. Similarly, Li et al. [47]
isolated three terpenoids including fernenol from Ainsliaea yunnanensis showed cytotoxic effects on
human acute monocytic Leukemia cell line with IC50 being 1.73 μM. Some studies revealed that fernenol
play an important role in the inhibition of mycelial development of Colletotrichum gloeosporioides being
47.5 mg mL−1 EC50, and also significantly effective against anthracnose of mango when used at 100 mg
L−1 and 200 mg L−1 concentration [48].

Our results demonstrated that spinasterol, 22,23-dihydrospinasterol exhibited aphicidal activity
which caused significant mortality of this pest via different bioassays whereas, fernenol exhibited
moderate aphicidal activity. Similar findings on extraction, purification and activity of purified
compound 2-O-β-d-glucapyranosylcucurbitacin E was evaluated by Torkey et al. [49] against Aphis
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craccivora showed significant mortality with LC50 being 11,003 ppm. Moreover, aphicidal activity
of Eupatorium adenophorum isolated compound 9-oxo-10, 11-dehydroageraphorone was evaluated
against Pseudoregma bambucicola displayed 73.33% mortality at 2 mg mL−1 with 6 h exposure. Similarly,
Nong et al. [50] recorded complete control of this pest at the same concentration after 30 days in a
field experiment.

Thus, this unique and innovative research was performed first time for isolation, purification and
characterization of bioactive compounds from C. colocynthis leaves and to investigate their insecticidal
potential against cabbage aphid B. brassicae, which is an injurious pest of cabbage and other crops. It is
worth mention that these compounds were isolated and evaluated from C. colocynthis for the first time
against this pest.

4. Material and Methods

4.1. Collection of Plants and Aphids

C. colocynthis (Colocynth), locally recognized as Tumba, was the study plant. Leaves were collected
from natural habitat of desert one climate of District Bahawalnagar, Pakistan with latitudinal and
longitudinal gradients (29◦59′34′’N, 73◦15′13′’E) from March to April 2018. This area contains dry
climate with an average precipitation of 204 mm annually and temperature ranges from 12.7–45 ◦C.
The samples were authenticated at Entomological Research Institute Faisalabad, Pakistan.

Cabbage aphids were collected from wild cabbage plants from the surrounding field area of
Shenyang Agricultural University, Shenyang China. During the collection of aphids it was insured
that no pesticides was applied on the plants. The population of the aphids was maintained on cabbage
plants grown in the greenhouse at 20 ± 5 ◦C and 45% ± 5% relative humidity (RH), along with a
photoperiod of 16:8 (light: dark).

4.2. Extraction of Plant Material

Extraction was performed thrice at room temperature for three days by using the cold
extraction/solvent extraction method. Different organic solvents were used for extraction purposes
bearing varying polarity. Then, filter the contents and volume was reduced by concentrating the
filtered material through the rotary evaporator (Model R-210, Buchi Switzerland, Flawil, Switzerland).
Next, the filtrate was allowed to dry for 12 h in a fume hood at 28 ◦C and then, the dry extract was
preserved in glass bottles at 4 ◦C for further experimentation.

4.3. Sample Preparations and Preliminary Toxicity Evaluations

Each of the extract obtained by using different solvents was evaluated against B. brassicae at
50 μg/mL concentration at an exposure of 6, 12, 24, 48, 72 and 96 h. For toxicity tests, dried extracts
were dissolved in acetone (1 mL for each solvent extract) and mixed with 1% Tween-20 (prepared in
distilled water) for preparing concentration. For control treatment, check (CK) was also prepared in
1% Tween-20 including acetone but excluding extract to prepare a 50 μg/mL concentration. Thus, to
obtain homogenous mixture for separation and purification purposes, a 2-g sample from each solvent
extract was taken in porcelain dish (14 g in total), dissolved in appropriate amount of dichloromethane
and then added equal quantity of silica gel into it. The resulting mixture was left for overnight in a
fume hood at 28 ◦C to evaporate the solvent and on drying; the residue was ground to fine powder by
mortar and pestle and stored in glass stopper vials at 4 ◦C for further use.

4.4. Separation and Purification of Extract

The prepared sample was separated and purified by column chromatographic techniques. The
dried sample was chromatographed on silica gel column (200–300 mesh). Gradient eluent of 300 mL
each of the eluted fraction was collected using a gradient ratio of petroleum ether and ethyl acetate.
The mobile phases used for silica gel column were PE:EA of 100:0, 100:2, 100:4, 100:8, 100:16, 100:32,
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100:64, 100:100 and at the end methanol was used and finally, total 49 fractions were collected. Lastly,
eight sub-fractions (A-H) were obtained followed by the mixing of the same polarity fractions. The
mobile phases used for gel column Sephadex, LH-20 (40–120 μm) were methanol and dichloromethane
with 1:1 ratio. For further purification preparative TLC plates were used and target compounds were
scrapped, dissolved in ethyl acetate and concentrated on a rotary evaporator (Buchi Switzerland R-210,
Flawil, Switzerland) for obtaining pure compounds with weight calculation.

4.5. Mass Spectrum and Elemental Analysis

Mass spectrum data were calculated on the Triple Quad GC-MS 7000C and Triple Quad LC/MS
6440 mass Spectrometer (Agilent Technologies, Santa Clara, CA, USA). Vario EL III element analyzer
was used for elemental analysis (Elementar Analyssensysteme GmbH, Frankfurt, Germany).

4.6. Nuclear Magnetic Resonance (NMR) 1H-NMR and 13C-NMR Spectrum

To determine 1H-NMR spectra, Deuterated chloroform (CDCL3) was used as a solvent while for
an internal standard, tetramethylsilane (TMS) was used. 1H-NMR spectra were evaluated on 300 MHz
and 600 MHz spectrometer whereas, 13C-NMR spectra were assessed on a 151-MHz spectrometer
(Bruker, Karlsruhe, Germany). Chemical shift values were recorded in parts per million (δ, ppm). The
coupling constants value (J) was described in Hz. The splitting patterns of proton signals were also
designated as follows: singlet (s), doublet (d), a doublet of doublets (dd), a doublet of the doublet of
doublets (ddd), triplet (t), the quartet (q) and the multiplet (m)

4.7. Bioassay Study

Activity of the compound against B. brassicae was evaluated In vitro and In vivo. For In vitro
assay, contact and residual toxicity methods were adopted while; In vivo experiment was conducted
under greenhouse condition of Shenyang Agricultural University. Serial concentrations such as 6.25,
12.50, 25 and 50 μg/mL were prepared in Tween-20 (1%) solutions and replicated thrice.

4.7.1. In Vitro Contact Toxicity

For contact assay, 10 adult wingless aphids were dipped in respective concentrations for 5 s
and released on freshly cut cabbage leaves placed in glass petri dishes. Check (CK) was prepared in
1% Tween-20 solution, but without adding a purified compound. All of the prepared petri dishes
including control were placed in an incubator at 20 ± 5 ◦C, 65% RH for three days along with 16:8
(light: dark) photoperiod.

4.7.2. In Vitro Residual Toxicity

Fresh cabbage leaves were cut off and dipped for 10 s in respective concentration and dried in air
for half an hour. Next, 10 adult wingless aphids were released on these leaves contained in glass petri
dishes. Check (CK) was prepared in 1% Tween-20 solution, but without adding purified compound.
All of the prepared petri dishes including check were placed in an incubator at 20 ± 5 ◦C, 65% RH for
three days along with 16:8 (light: dark) photoperiod.

4.7.3. In Vivo Toxicity

Cabbage plants were grown and maintained in the greenhouse for the rearing of aphids and
bioassay study. Prior to experiment, plants were sprayed with water to remove impurities and left
for half an hour to dry in the open environment. Then, 10 wingless adult aphids were released on
cabbage plants at 6–8 true leaf stage. After one hour of releasing aphids, plants were sprayed with
respective concentrations (1–2 showers) with hand pump/sprayer. A control treatment was sprayed
with distilled water solution in 1% Tween-20. Treated plants along with control were left for three days
in greenhouse conditions.
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4.8. Data Collection and Statistical Analysis

Data on mortality at a specific time period of 12, 24, 48 and 72 h were recorded regularly by
examination under the microscope. Those individuals who presented no response on probing by
needle were recorded as dead.

Analysis of the mortality data were performed by using analysis of variance (ANOVA). The
mean mortality difference among treatments was intended at p = 0.05 by Duncan multiple range test
DMRT with IBM-SPSS statistics 25.0 version software. Probit analysis was performed using EPA Probit
analysis program version 1.5.

5. Conclusions

The present investigations indicated that C. colocynthis possess potential botanical agents.
Results also demonstrated that B. brassicae showed reasonable sensitivity to isolated spinasterol,
22,23-dihydrospinasterol via all bioassay. In contrast, fernenol displayed moderate toxicity against
this pest. Additionally, the contact bioassay produced higher mortality than the residual bioassay.
Therefore, these chemical compounds may be introduced as alternatives to synthetic chemical
insecticides. However, additional research is necessary for the purification and characterization of
more bioactive constituents and their appraisals against B. brassicae and other field crops insect pests.
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Abstract: Date palm dust mites are important pests severely infesting valuable nutritious fruits (dates)
of date palm. In search of an alternative to acaricides, joint action of Metarhizium anisopliae EBCL
02049 spores and 1-Chlorooctadecane was evaluated as a potential candidate for the management
of Oligonychus afrasiaticus through natural products. In this regard, in vitro tests were performed
to evaluate the interaction of M. anisopliae spores with multiple doses of 1-Chlorooctadecane (0.8,
1.6, 2.4, 3.2, and 4.0 mg/mL). Compatibility bioassay results evidenced from vegetative growth
(77.7–84.40 mm), sporulation (5.50–7.30 × 106 spores/mL), and germination (96.70–98.20%), revealed
that all the tested doses are compatible (biological index > 82) with the spores of M. anisopliae.
The impact of combined treatment of spores with 1-Chlorooctadecane in different proportions
(Scheme I, II, III, and IV) compared to their sole application against O. afrasiaticus was evaluated
by concentration–mortality response bioassays. Results showed that all the combined treatments
revealed high mortality compared to the sole application, which showed relatively slow mortality
response over time. Toxicity recorded from Scheme IV combinations (80% 1-Chlorooctadecane: 20%
Spores), exhibited strong synergistic interaction (joint toxicity = 713). Furthermore, potent interactions
have overcome the host antioxidant defense at the final stage of infection by tremendously reducing
catalase, and superoxide dismutase activities. These experiments demonstrated fungal–toxin joint
synergistic interaction as a promising date palm dust mite management option.

Keywords: antioxidants; compatibility; date palm dust mites; host defense; Oligonychus afrasiaticus;
Metarhizium anisopliae; natural acaricide; synergism; 1-Chlorooctadecane

1. Introduction

Date palm (Phoenix dactylifera L.) is one of the oldest domesticated fruit trees with unique nutritional
characteristics and great socioeconomic importance for the Middle East and North African countries.
This cash crop, in addition to commercial and nutritional values, can successfully be grown in the
deserts because of minimum water requirement and highly tolerance to salinity and harsh weather
conditions [1]. In the Kingdom of Saudi Arabia, date palms are grown on vast areas of land, accounting
for about 25% of the World’s date palms (30 million). According to an estimate, approximately 450
different cultivars out of 2000 are grown here in Saudi Arabia [2].
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The economic importance of date palms is mainly because of valuable nutritious fruit (dates),
which contains carbohydrates, dietary fibers, fat, lipids, minerals and protein [3]. Saudi Arabia stands
second (1,302,859 tons), after the major producer Egypt (1,562,171 tons), in the world in the production
of dates [4]. However, the annual yield of dates in Saudi Arabia compared to the other countries is still
low might because of pest infestations. Date palm dust mites, O. afrasiaticus (Acari: Tetranychidae)
is considered a major pest of date palms in Saudi Arabia. The weather conditions prevailing in the
Kingdom and neighboring countries including Qatar, Sultanate of Oman, United Arab Emirates,
Yemen, Libya, Iraq, and Egypt greatly favor O. afrasiaticus growth and development.

The infestation of O. afrasiaticus mainly depends on the moisture contents of the dates. The
attack of mites starts at the Kimri stage (greenish), during this stage these greenish dates tremendously
increase in sugar contents and moisture level that ultimately led to an increase in size and weight. At
this stage, mites start spinning the web around the bunches of dates. Dust particles and exuviae from
different stages are trapped into these webs resulting in the dusty appearance of bunches. Under these
conditions, mites grow rapidly and multiply logarithmically [5].

Currently, management of date palm dust mites heavily relied on the use of acaricides. The
use of synthetic pesticides to manage mites on dates may cause serious health hazards because
the fruit contains pesticide residues. Furthermore, the use of pesticides is discouraged because of
(1) environmental pollution, (2) applicator safety issues, (3) detrimental effects on non-target animals and
(4) decrease in biodiversity. These shortcomings prompted the policymakers and researchers to focus
on the use of alternative environmentally friendly management strategies to manage target pest species.
Among alternative methods, plant-based pesticides and naturally occurring bio-control agents attained
considerable importance because of their high degree of host specificity and high searching ability,
respectively. The use of biopesticides to manage other mite species have been described in numerous
investigations [6–12]. The spores of the strain of M. anisopliae selected for the current study had shown
virulence against various pest species including Ocinara varians Walker [13], Coptotermes formosanus
Shiraki [14,15], and O. afrasiaticus (McGregor) [16]. On the other hand, plant secondary metabolite,
1-Chlorooctadecane selected for the current study is a promising pest management candidate known
to extract from numerous plant species including Albertisia papuana Becc [17], Syzygium cumini (L.) [18],
Arisaema amurense Maxim [19], and fungus, Trichoderma harzianum [20]. 1-Chlorooctadecane (CH3

(CH2) 16CH2 Cl) was screened from our preliminary study on the chemical fractionation of Cucumis
sativus that showed toxicity against date palm dust mites. The successful implementation of these
agents can yield numerous benefits such as no side effects, cost-effectiveness, reduced reliance on
conventional pesticides, minimum environmental disturbance and self-perpetuation. However, few
studies have explored the potential of biopesticides to manage O. afrasiaticus populations [16,21–23].
The current study is primarily aimed to fully exploit for the first time the biocontrol potential of
plant secondary metabolite, 1-Chlorooctadecane and pathogenic fungus, M. anisopliae EBCL 02049
by a series of experimentation including compatibility assays, concentration–mortality response
bioassays, physiological enzymatic regulations, and joint toxicity index analysis in order to facilitate a
knowledge-based eco-friendly date palm dust mites management approach.

2. Results

2.1. Compatibility Bioassays

The spores of M. anisopliae EBCL 02049 were found to be compatible because they
showed a very high value of biological index (BI > 82), against all the tested concentrations
of 1-Chlorooctadecane. However, we found concentration-dependent inversely proportional
relationship between concentrations of 1-Chlorooctadecane and BI. All the tested concentrations
of 1-Chlorooctadecane revealed significant differences in the vegetative growth (F = 3.32; df = 5, 54;
p = 0.011), and sporulation (F = 3.00; df = 5, 54; p = 0.019) of M. anisopliae EBCL 02049. We recorded
a similar concentration-dependent response. The lower concentrations failed to inhibit the fungal
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growth resulting in significantly wider vegetative mycelial growth and high sporulation of M. anisopliae
EBCL 02049 (Table 1). On the other hand, spores germination of M. anisopliae EBCL 02049 against
all the tested concentrations revealed non-significant interaction (F = 0.93; df = 5, 54; p = 0.468), and
resulting very high percent germination (> 96%).

Table 1. Compatibility of 1-Chlorooctadecane with the spores of M. anisopliae.

Treatments
Vegetative

Growth (mm) 1
Germination

(%) 1
Sporulation

(×106 Spores/mL) 1
Biological

Index
Classification 2

Control 85.70 ± 2.25a 98.70 ± 0.79a 7.80 ± 0.63a - -
0.8 mg/mL 84.40 ± 2.28ab 98.20 ± 0.99a 7.30 ± 0.60ab 96.48 Compatible
1.6 mg/mL 84.20 ± 21.69ab 97.90 ± 1.03a 6.40 ± 0.54abc 91.38 Compatible
2.4 mg/mL 79.30 ± 1.82bc 97.30 ± 0.71a 6.20 ± 0.61bc 87.53 Compatible
3.2 mg/mL 78.10 ± 2.11c 96.70 ± 0.93a 5.60 ± 0.40c 83.50 Compatible
4.0 mg/mL 77.70 ± 1.54c 97.20 ± 0.81a 5.50 ± 0.34c 82.78 Compatible

1 Numerical values (means ± SE) are the means of ten replicates. Different lower-case letter(s) superscript followed
by means ± SE within a column are significantly different (Fisher’s LSD test; α = 0.05). 2 Biological index-based
classification criterion: BI more than 66 classified as Compatible, BI between 42 to 66 classified as Moderately toxic;
BI less than or equal to 42 classified as Toxic interaction.

2.2. Screening Biossays

Date palm dust mites exposed with different concentrations of 1-Chlorooctadecane, and
M. anisopliae EBCL 02049 spores alone or in different proportions revealed concentration-dependent
mortality response (Figure 1). The sole application of M. anisopliae EBCL 02049 spore suspensions at
different concentrations exhibited the lowest mortality response resulting the greater value for LC50

(21.66 mg/mL). However, all the tested concentrations of the spores (F = 920.10; df = 4, 48; p < 0.0001),
at different time intervals (F = 194.27; df = 2, 48; < 0.0001), and their interaction (F = 121.91; df = 8, 48;
< 0.0001), revealed significant differences in the mortality of date palm dust mites (Figure 1b). On the
other hand, sole application of 1-Chlorooctadecane has shown comparatively lower value for LC50

(3.42 mg/mL). The mortality response of date palm dust mites recorded at different time intervals
(F = 138.93; df = 2, 48; < 0.0001), after different concentrations of 1-Chlorooctadecane (F = 1181.20;
df = 4, 48; p < 0.0001), and their interaction (F = 140.63; df = 8, 48; < 0.0001) exhibited significant
differences (Figure 1a).

Different bioassay schemes designed to screen the most potent interaction revealed variable
interaction response in terms of the mortality of second nymphal stage of date palm dust
mites. The combination of 1-Chlorooctadecane with spores mentioned in Table 2 as Scheme I
(20% 1-Chlorooctadecane: 80% Spores) led to an antagonistic interaction by revealing the least joint
toxicity (joint toxicity = 47). However, mortality response of date palm dust mites exposed to different
concentrations of these combinations (F = 819.31; df = 4, 48; p < 0.0001), recorded at different time
intervals (F = 179.31; df = 2, 48; < 0.0001), and their interaction (F = 75.94; df = 8, 48; < 0.0001)
revealed significant differences (Figure 1I). However, the combination Scheme II in which different
concentrations were prepared to finalize the final concentrations with combination strength of 40%
1-Chlorooctadecane: 60% Spores led to a synergistic interaction (joint toxicity = 112). The mortality
responses of date palm dust mites displayed in the Figure 1II revealed significant differences at different
concentrations (F = 439.53; df = 4, 48; p < 0.0001), time intervals (F = 265.19; df = 2, 48; < 0.0001), and
their interaction (F = 26.81; df = 8, 48; < 0.0001).

The combined application of 1-Chlorooctadecane and spores (Scheme III: 60% 1-Chlorooctadecane:
40% Spores) imparted significant differences in the mortality of date palm dust mites against different
concentrations (F = 1345.03; df = 4, 48; p < 0.0001), time intervals (F = 365.97; df = 2, 48; < 0.0001),
and their interaction (F = 77.38; df = 8, 48; < 0.0001) as shown in Figure 1III. On the other hand, joint
toxicity recorded as a result of Scheme III combinations exhibited bit higher value (joint toxicity =
289) as shown in Table 2. Similarly, strong synergistic interaction (joint toxicity = 713) was recorded
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from the Scheme IV bioassays in which different concentrations were prepared to finalize the final
concentrations with combination strength of 80% 1-Chlorooctadecane: 20% Spores (Table 2). The
mortality response of date palm dust mites exposed to different concentrations of these combinations
(F = 1275.55; df = 4, 48; p < 0.0001), recorded at different time intervals (F = 394.27; df = 2, 48; < 0.0001),
and their interaction (F = 112.46; df = 8, 48; < 0.0001), revealed significant differences (Figure 1IV).

 

Figure 1. Impact of various concentrations of (a) 1-Chlorooctadecane; (b) suspensions of M. anisopliae;
and their various interactions (I) 20% 1-Chlorooctadecane: 80% Spores; (II) 40% 1-Chlorooctadecane:
80% Spores; (III) 60% 1-Chlorooctadecane: 40% Spores; (IV) 80% 1-Chlorooctadecane: 20% Spores;
on the mortality of second nymphal stage date palm dust mites. The comparisons of mortalities of
O. afrasiaticus among different treatments were evaluated by repeated measures ANOVA (Fisher’s LSD
test; α = 0.05).
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2.3. Host Antioxidant Defense Response

The exposure of different treatments sole or in different combination schemes produced various
levels of catalase (CAT), and superoxide dismutase (SOD) activities relative to control treatment. The
relative CAT activities of O. afrasiaticus analyzed after 24 h post-exposure revealed significant differences
among different treatments (F = 256.60; df = 5, 120; p < 0.0001), concentrations (F = 228.63; df = 4, 120;
p < 0.0001), and their interaction (F = 2.35; df = 20, 120; p = 0.0031). Overall, the most potent treatment
especially the treatments from the higher concentrations of Scheme IV (80% 1-Chlorooctadecane:
20% Spores) tremendously induced the enzymatic activities of CAT, and remained statistically at the
highest level. On the other hand, the lowest concentration of 1-Chlorooctadecane (0.8 mg/mL) after
24 h of post-exposure induced the lowest CAT activities among date palm dust mites (Table 3). In
contrast, 0.16 mg/mL of 1-Chlorooctadecane + 3.2 mg/mL of spores induced the lowest CAT activities
among date palm dust mites exposed for 72 h. However, all the treatments (F = 208.53; df = 5, 120;
p < 0.0001), with different concentrations (F = 464.81; df = 4, 120; p < 0.0001), and their interaction
(F = 103.21; df = 20, 120; p < 0.0001), revealed significant differences in the relative CAT activities
from 72 h post-exposure date palm dust mites (Table 3). In addition, similar to 24 h post-exposure,
date palm dust mites exposed for 72 h also tremendously induced CAT activities in response to the
most potent treatment (3.20 mg/mL 1-Chlorooctadecane + 4.0 mg/mL spores). Unlike to relative CAT
activities recorded 72 h post-exposure, the most potent treatments including the highest concentrations
of Scheme IV (80% 1-Chlorooctadecane: 20% Spores) failed to induce the enzymatic activities of CAT
after 120 h post-exposure, and remained statistically at the lowest level (Table 3). At this time interval,
M. anisopliae EBCL 02049 spores at a concentration of 8 mg/mL induced the highest level of relative
CAT activities of infected date palm dust mites, and remained statistically at the highest level. Overall,
relative CAT activities recorded after 120 h showed significant differences against different treatments
(F = 3621.36; df = 5, 120; p < 0.0001), concentrations (F = 1536.63; df = 4, 120; p < 0.0001), and their
interaction (F = 105.06; df = 20, 120; p < 0.0001).

Relative enzymatic activities of SOD recorded from date palm dust mites after 24 h of exposure
against different treatments (F = 331.28; df = 5, 120; p < 0.0001), concentrations (F = 398.14; df = 4, 120;
p < 0.0001), and their interaction (F = 5.44; df = 20, 120; p < 0.0001), revealed significant differences
(Table 4). The infection of the least potent treatment (4 mg/mL spores of M. anisopliae EBCL02049)
failed to induce SOD activities and remained at the lowest level. On the other hand, 3.20 mg/mL
1-Chlorooctadecane + 4.0 mg/mL spores triggered the SOD activities. This trend continues to increase
until 72 h post-exposure, and resulted the highest relative SOD activities from this potent treatment.
Furthermore, significant differences in relative SOD activities calculated against different treatments
(F = 340.46; df = 5, 120; p < 0.0001), concentrations (F = 759.10; df = 4, 120; p < 0.0001), and their
interaction (F = 164.03; df = 20, 120; p < 0.0001), were recorded in this study.
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Overall, the synergistic interaction combinations at their highest concentrations comparatively
showed higher relative SOD activities compared with antagonistic interaction combinations (Table 4).
On the contrary, relative SOD activities tend to decline after 120 h post-exposure among synergistic
interactions compared with antagonistic interaction (Table 4). However, date palm dust mites showed
significant differences among relative SOD activities in response to different treatments (F = 2230.32;
df = 5, 120; p < 0.0001), concentrations (F = 1658.66; df = 4, 120; p < 0.0001), and their interaction
(F = 71.62; df = 20, 120; p < 0.0001).

3. Discussion

Plant secondary metabolite 1-Chlorooctadecane improved the efficiency of M. anisopliae EBCL
02049 against date palm dust mites by reducing the killing time and increasing killing capacity.
However, the extent of pathogenicity that was calculated through joint toxicity varied with the
combining proportion of spores with 1-Chlorooctadecane. The simultaneous pairing of M. anisopliae
EBCL 02049 spores with 1-Chlorooctadecane in a compatible manner as depicted from the biological
index in the current study is ideally an interesting alternative approach against such pests, which are
difficult to manage with a sole application of fungal spores.

The mortality data of the date palm dust mites in the present study indicated that the sole
application of M. anisopliae EBCL 02049 produced relatively slow mortality and failed to kill all the
tested populations. Slow mortality response of date palm dust mites is in line with what was previously
reported against this strain of M. anisopliae EBCL 02049 [16]. These findings were further strengthened
from previous studies on the virulence of entomopathogenic fungi against date palm dust mites [23,24].
The results of these studies revealed 100% mortality after 15-days post-exposure with M anisopliae.
Such a long time to impart mortality by the entomopathogenic fungi reported previously [16,24,25],
and shown in the current study in the form of low mortality even at the highest concentration (20 mg
spores/mL) is demanding an alternative approach to overcome the difficulties in the way of eco-friendly
pest management tactics.

Generally, a mixture of plant secondary metabolite with mycopathogen provides eco-friendly
stable pest management system compared to environment-deteriorating chemical pesticides. However,
the first step to develop a compatible mixture mainly depends on the interaction of these products
that might lead to compatible or toxic interaction. The in vitro tests to evaluate the interaction of
M. anisopliae EBCL 02049 spores with 1-Chlorooctadecane showed encouraging results in laboratory
assays. Different concentrations of 1-Chlorooctadecane had little or no effect on the vegetative growth,
germination, and sporulation of M. anisopliae EBCL 02049. These minor impacts of 1-Chlorooctadecane
on growth parameters, which are mainly responsible for the propagation of fungus [26], lead to the
value of the biological index under the range of compatible interaction. These compatible interactions
at all tested doses of 1-Chlorooctadecane enabled us to support the choice for their simultaneous
use in different proportions against date palm dust mites. The search on such a pairing remained a
novel option against numerous pest species in order to circumvent slow and low mortality criticism of
mycopathogen [23,26–30].

It is well-known that both the fungi and plant secondary metabolites demonstrated an entirely
different mode of actions to overcome the target host defense mechanisms to cause mortality. Fungal
infection evades the host defense mechanism by triggering complex biochemical interactions in the
form of series of events through cuticle adhesion, penetration, proliferation, and toxin production,
which ultimately lead to the host mortality [29,31–33]. On the other hand, plant secondary metabolites
are known antagonists that act by interfering with the signaling of the nervous and cellular systems
to overcome the target host defense mechanism [34–38]. Therefore, the combined application is
considered as a promising approach due to the differences in their mechanism of actions. Consequently,
the mixture of fungal spores and toxin in a compatible manner were evaluated to develop synergistic
interaction against various pest species [23,26,28,39,40]. The mixture of M. anisopliae EBCL 02049
and 1-Chlorooctadecane evaluated in the current study showed substantial synergistic interaction,
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which varies with their proportions. The cumulative corrected mortality of date palm dust mites
infected with all the mixtures except 0.64 mg/mL 1-Chlorooctadecane + 0.8 mg/mL spores enlisted in
Scheme IV (80% 1-Chlorooctadecane: 20% Spores) was more than 95%. Furthermore, LC50 results (1.47
mg/mL) upon exposure with the range of mixtures from Scheme IV showed that these combinations
more quickly killed the date palm dust mites compared to M. anisopliae EBCL 02049 spores and
1-Chlorooctadecane alone. These findings are in line with the previous study on the synergistic
interaction of Beauveria bassiana spores with Phytol [23]. However, current results are more promising
compared to a previous study (Joint toxicity = 691), due to comparatively high toxicity (joint toxicity =
713). Furthermore, the findings of Zou et al., [40] on the joint action of fungal spores and toxin also
strengthened our findings, which demonstrated that the synergistic interaction led to a quick mortality
response of the combined treatment compared to their sole application. Similarly, the combined
treatment enhanced the treatment effect revealed by Hernández et al., [28] against Tetranychus urticae
further strengthened our findings. Their findings suggested that the compatibility of azadiractin with
fungal spores against Tetranychus urticae revealed an additive effect, which contributes to improving
their control by enhancing the treatment effect in the form of very high mortality. The outcome as
a result of this study in the form of synergistic interaction undoubtedly will be useful for targeted
management of date palm dust mites using natural products.

The application of the mixture of M. anisopliae EBCL 02049 spores and 1-Chlorooctadecane gave a
varying antagonistic interaction especially from the bioassays of Scheme I (20% 1-Chlorooctadecane:
80% Spores). There might be a number of explanations for this interaction. Akbar et al., [41], illustrated
in their findings that putative antifungal activity of the toxin might contribute towards antagonistic
interaction. The studies conducted against T. urticae population to find a compatible interaction of
fungal spores and toxin revealed that adjustment of toxin concentration is very important to avoid
antagonistic interaction [28]. These findings are in line with our results and enabled us to suggest that
treatment efficacy should be regulated through optimization of pest management products to develop
pest management synergistic interaction.

The antioxidant defense mechanism of the target host is promptly activated to remove the
reactive oxygen species produced during stressful situations. The response of antioxidant enzymes
calculated from the activities of SOD, and CAT, have shown treatment-specific and time-specific
different patterns. The enzymatic activities of the front-line antioxidant enzyme, SOD against oxidative
stress revealed distinct patterns at all the tested time intervals. The most potent treatment established
in the current study significantly induced SOD activities until 72 h post-exposure. However, the lateral
stage nutrient-deficient date palm dust mites failed to induce relative SOD activities and remained
significantly at the lowest level. The induction of SOD activities under stressful situations has already
been reported from several mite species. For instance, SOD activities in Tetranychus cinnabarinus fed on
transgenic cassava lines resistant to this mite species were significantly induced compared with control
mites [42]. The recent findings on the antioxidant response of date palm dust mites upon exposure with
fungal infections with variable virulence range strengthened our findings by revealing similar patterns
of SOD activities from potent treatments as depicted in the current study [24]. The initial increase
in SOD activities established here and elsewhere mainly aimed to minimize the cellular damage by
regulating the traffic of ROS generated as a result of oxidative stress by converting ROS into H2O2.
In the meanwhile, CAT is activated as described too in the current study, which detoxifies hydrogen
peroxide by transforming into oxygen and water [43]. The least potent treatment in this study revealed
high CAT activities over time for the safe removal of ROS corroborates with Hussain et al., [16]. On the
other hand, enhanced CAT activities from the most potent treatment at the initial and middle staged
infection, while negligible CAT activities from the late-staged nutrient-deficient infected mites are in
agreement with previous studies conducted on different mite species on the exploration of antioxidant
defense mechanism [16,23,24,42]. Such a pattern of defense enzymes may suggest that toxicity of the
treatments regulates the host antioxidant enzyme activities.
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4. Materials and Methods

4.1. Date Palm Dust Mites

Populations of O. afrasiaticus for laboratory experimentation were directly collected from NCPD
(National Center for Palms & Dates), Al-Ahsa, Kingdom of Saudi Arabia. These populations were kept
at 25 ± 1 ◦C; 62.5 ± 12.5% RH, as mentioned in the previous study [24].

4.2. M. anisopliae

The strain EBCL 02049 of M. anisopliae isolated from Coptotermes formosanus Shiraki during
2002 from Jiangxi, China was grown on potato dextrose agar for twenty-four days under controlled
conditions (25± 0.5 ◦C; 70± 5% RH). This particular strain was selected because their spores suspension
has shown virulence against Ocinara varians Walker [13,44], Coptotermes formosanus Shiraki [14,15], and
O. afrasiaticus (McGregor) [16]. The spore suspensions of required concentrations were prepared using
0.05% Tween 80 (Sigma–Aldrich, London, UK) by Neubauer hemocytometer (Wertheim, Germany).

4.3. 1-Chlorooctadecane

1-Chlorooctadecane (CH3 (CH2) 16CH2 Cl) was screened from our preliminary study (data not
shown) on the chemical fractionation of Cucumis sativus that showed toxicity against date palm dust
mites (data not shown). The identified fraction, 1-Chlorooctadecane, selected for the current study
was purchased from Sigma–Aldrich in pure form (Cat # 238368; CAS Number 3386-33-2) to perform
compatibility, toxicity, and synergistic studies. The stock solution of the 1-Chlorooctadecane was
prepared by dissolving in ethanol.

4.4. Compatibility of M. anisopliae Spores with 1-Chlorooctadecane

The potato dextrose agar plates (90-mm × 15 mm) with different concentrations (0.80, 1.60, 2.40,
3.20, and 4.00 mg/mL) of 1-Chlorooctadecane were prepared as described in detail by a previous
study [45] Ten microliter spores suspension of M. anisopliae EBCL 02049 at a single concentration
(1 × 106 spores/mL) were pipetted in the center of each PDA-plate. The plates after inoculation were
sealed with parafilm. All the plates were incubated in complete darkness at 25 ± 0.5 ◦C; 70 ± 5% RH.
The values of three parameters including sporulation (spores/mL), germination (%), and vegetative
growth (mm), were recorded in order to calculate biological index (BI) [23]. Ten replicates were
prepared likewise separately for each parameter using ten PDA-plates.

In the case of percent germination, petri plates were incubated for 12 h post-inoculation. Percent
germination (GR) of M. anisopliae EBCL 02049 spores was calculated by counting a hundred spores
under seven different fields of vision. On the other hand, vegetative growth (VG) and sporulation
(SP) was determined after 12-days post-inoculation. Seven perpendicular radial growths (mm) of
each fungal culture were measured with the help of a transparent ruler for vegetative growth (VG)
determination. Furthermore, a 15 mm diameter sporulating culture of M. anisopliae EBCL 02049 was
taken using 15 mm sterilized cork borer in order to calculate sporulation with the help of Neubauer
hemocytometer using 0.05% Tween 80 solution, under a compound microscope. All the parameters
including sporulation, percent germination, and vegetative growth were separately analyzed by
One-way Analysis of Variance, and their means by Fisher’s LSD test (α = 0.05).

The BI was calculated by adding the values of above-mentioned parameters into the standard
formula (BI = [47 × VG + 43 × SP + 10 × GR]/100). As per standard criterion, BI > 66 ranked as
Compatible interaction, while BI < 42 ranked as a toxic interaction. The BI between 42 to 66 is ranked
as Moderately Toxic interaction [46].
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4.5. Laboratory Evaluation of M. anisopliae Spores with 1-Chlorooctadecane in Different Proportions against
Date Palm Dust Mites

Concentration–mortality response bioassays were performed in order to find the most potent
fungal–toxin interaction. The treatments with different proportions used for leaf-dip bioassays are
mentioned in Table 5. Each treatment (50 mL) sole or in different combinations mentioned in Scheme
I, II, III, and IV was prepared separately in a sterilized glass beaker. Pesticide-free leaf-discs of date
palm (7.5 cm length × 4 cm width) were dipped with the help of a forceps. After air drying, fifty
deutonymphs (second nymphal stage) date palm dust mites were transferred with the help of a camel
hair brush on these exposed leaf-discs surrounded with wet cotton in a petri dish (150 mm × 20 mm).
Control leaf-discs were dipped in their respective solvent. In case of sole application of spores, 0.05%
tween 80 was used as control treatment, while control treatment for 1-Chlorooctadecane was prepared
using ethanol with strength used to prepare stock solution of 1-Chlorooctdecane. Control treatment
for mixtures was separately prepared using Tween 80 and ethanol with their respective strengths to
dissolve them. All the experimental units were maintained at 28.0 ± 0.5 ◦C with a photoperiod of
16:8 h (L:D). Five replicates were prepared likewise. Mortality data were recorded daily for 10 days
post-exposure. Dead mites were transferred into the petri dishes lined with dampened sterile filter
paper. Mycosis of the inoculating fungal isolate was confirmed by microscopic examination of the
corpses. The Abbott formula was applied in order to correct the treatment mortality data from their
respective control mortality data [47]. While each treatment mortality data were used to calculate
LC50 (Lethal Concentration to impart 50% mortality of date palm dust mites) by Probit analysis [48].
Furthermore, mortality data after angular transformation were analyzed by Repeated Measures
ANOVA, and means by Fisher’s LSD test [49]. Interaction of different proportions with multiple
concentrations as mentioned in Table 5 was designed mainly to calculate joint toxicity as described by
Sun et al. [50].

Table 5. Various bioassay schemes evaluated against date palm dust mites.

1-Chlorooctadecane
(mg/mL)

Interaction Schemes

M.
anisopliae
(mg/mL)

Scheme I Scheme II Scheme III Scheme IV

1-Chlorooctadecane
(20%): Spores (80%)

1-Chlorooctadecane
(40%): Spores (60%)

1-Chlorooctadecane
(60%): Spores (40%)

1-Chlorooctadecane
(80%): Spores (20%)

Toxin
mg/mL

Spores
mg/mL

Toxin
mg/mL

Spores
mg/mL

Toxin
mg/mL

Spores
mg/mL

Toxin
mg/mL

Spores
mg/mL

0.8 0.16 3.2 0.32 2.4 0.48 1.6 0.64 0.8 4
1.6 0.32 6.4 0.64 4.8 0.96 3.2 1.28 1.6 8
2.4 0.48 9.6 0.96 7.2 1.44 4.8 1.92 2.4 12
3.2 0.64 12.8 1.28 9.6 1.92 6.4 2.56 3.2 16
4 0.8 16 1.6 12 2.4 8 3.2 4 20

4.6. Exploration of Host Antioxidant Defense Response

Second nymphal stage date palm dust mites infected separately with different treatments
mentioned in Table 5 were allowed to feed on date palm leaf-discs at 28.0 ± 0.5 ◦C with a photoperiod
of 16:8 h (L:D). Five replicates were prepared. Samples of live date palm dust mites were taken after
24 h, 72 h, and 120 h in order to calculate CAT and SOD activities. Each sample was individually
homogenized in ice-cold potassium phosphate buffer saline. The tissues were crushed by a glass
homogenizer. All the samples were centrifuged (12,000× g) for 15 min. The supernatants were served
as enzyme source and taken for protein quantification by a standard method [51]. The enzymatic
responses of CAT (Cat # CAT100-1KT, Sigma–Aldrich, London, UK), and SOD (Cat # 19160-1KT-F,
Sigma–Aldrich, London, UK), upon exposure with different treatments were calculated using the
standard protocols provided by the manufacturer of above-mentioned kits. The enzymatic activities
in each treatment were expressed in percentages, which are relative to the enzymatic activities data
obtained from their respective control treatments. Two-factor factorial analysis was used to analyze
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each treatment relative to control treatment enzymatic activities of date palm dust mites, and their
significant differences among different treatments by Fisher’s LSD test [52].

5. Conclusions

In conclusion, bioassay results of the present study demonstrated that M. anisopliae EBCL 02049
was found to be compatible with all tested concentrations of 1-Chlorooctadecane by showing a
very high value of biological index (BI > 82). Our results demonstrated that combined application
of M. anisopliae spores with 1-Chlorooctadecane resulted in enhanced treatment efficacy against
second nymphal stage of date palm dust mites. However, we found that higher proportion of
1-Chlorooctadecane (80%) and lower proportion of M. anisopliae spores (20%) greatly improved the
synergism (joint toxicity = 713). Furthermore, their synergism led to the most potent interaction,
which reduced the time and concentration to cause high mortality among date palm dust mites by
altering their antioxidant defense mechanism. Hence, the joint action of M. anisopliae spores and
1-Chlorooctadecae could be a promising component of integrated management of date palm dust mites.
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Abstract: The present investigation was focused on the study of the chemical composition variability
and biological activities of the essential oils from Clinopodium nepeta subsp. nepeta and subsp.
glandulosum. Essential oils extraction was performed using hydrodistillation and the separation of
the constituents was carried out by gas chromatography coupled with mass spectrometry (GC-MS).
Antifungal activities were tested against Aspergillus flavus, Aspergillus terreus, Microsporum canis,
Microsporum gypseum, Trichophyton mentagrophytes, and Candida albicans. Toxicity and repellency were
evaluated against the stored product pests Tribolium confusum and Sitophilus zeamais. Both essential
oils were characterized by a high content of oxygenated monoterpenes. Piperitone ranks first in the
subspecies nepeta and piperitenone oxide is the dominant constituent in the subspecies glandulosum.
All tested samples displayed noteworthy antifungal properties, with the highest activity observed
for the essential oil of C. nepeta subsp. glandulosum, collected in Béni-M’tir, against T. mentagrophytes
(MIC = 40 μg/mL). The essential oil samples of C. nepeta subsp. glandulosum were strongly repellent to
the insect species (PR> 80%, after 2h) and highly toxic to S. zeamais reaching 97.5%–100% mortality after
24 h of exposure. In conclusion, this study showed considerable intra-specific changes in the quality
of C. nepeta essential oils, which is reflected in different rates of antifungal and insecticidal activity.

Keywords: Lamiaceae; Clinopodium nepeta subsp. nepeta; Clinopodium nepeta subsp. glandulosum;
essential oils; chemical variability; biological activities

1. Introduction

All across the globe, environmental problems such as soil and water pollution and food
contamination are continuously increasing, inducing many disasters and human tragedies.
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The excessive and indiscriminate use of available pesticides to control the losses of stored crops
and to reduce insect-borne diseases as malaria, filaria and trypanosomiasis induced disturbances
in ecosystem functioning [1,2]. Moreover, synthetic fungicides and fungal-drugs utilization to treat
environmental and animal molds are not in a lesser class, when we talk about the negative effects
and the appearance of fungicide-resistant pathogens [3,4]. Therefore, there is an increasing concern to
search for new highly selective and eco-friendly alternatives of beneficial pest control materials to feed
the growing human population in a healthy environment. Medicinal plants produce an arsenal of
chemical compounds that alleviate various illnesses and rebalance human health. Much attention has
been focused on the study of plant extracts and essential oils due to their pivotal role as a source of
phototherapeutics widely used to fight infectious diseases [5,6]. Natural insecticides, fungicides and
herbicides with promising effects have the properties to supplant or replace synthetic organic pesticides
and therefore to avoid environmental contamination. Hence, various applications of essential oils acting
as safe fungicidal agents against a large number of molds and as environmentally friendly insecticides
have been reported [7,8]. It is noteworthy that the biosynthesis and accumulation of phytochemicals
by medicinal herbs are influenced by environmental circumstances including temperature, climate,
light and the region altitude [9]. According to the harvesting time and the environment in which
they are found, the same plant species or subspecies may present different chemical compositions of
essential oils [10]. Importantly, the nature of the produced secondary metabolites and essential oils
influences the mechanisms of actions and determines the medicinal and economic utility of various
plants. In this context, differences in essential oils productivity, including an increase or decrease in
the yields, and variation of the chemical composition depending on harvesting phase (vegetative,
pre-flowering, flowering and fruiting), as well as the plant geographical origin have been previously
investigated [11,12].

The genus Clinopodium (Lamiaceae family) consists of 135 perennial herbs, most of them being
rich sources of essential oils, distributed widely in Southern Europe, western Asia and all around
the Mediterranean area [13]. Many preclinical studies have demonstrated the inhibitory effects of
Clinopodium essential oils towards various bacterial and fungal strains. Their insecticidal properties
have also been reported [14–17]. Among various Clinopodium species, Clinopodium nepeta L. Kuntze
(Syn. Calamintha nepeta L. Kuntze) is apolymorphic and a fragrant plant that has been used traditionally
around the world as an important antispasmodic, diaphoretic, stimulant, and tonic medicinal herb; it is
also considered as a mint-like spice and is used in various culinary recipes [18,19]. A literature survey of
the chemical investigation of essential oils produced by C. nepeta revealed the high content in oxygenated
monoterpenes. Most of the phytochemical and biological studies on C. nepeta did not concern the level
of subspecies [20]. However, some authors take this parameter into consideration during analysis.
As a consequence, the presence of remarkable variations among the major constituents of various
subspecies was distinguished [21]. Their biological features have also been well-confirmed [22,23].
Thus, antimicrobial, anti-Candida, antioxidant and insecticidal activities of C. nepeta subsp. glandulosum
(Req.) Govaerts essential oils from Montenegro, Turkey, Italy, and Croatia have been reported [24–28].

Since antiquity, the essential oils from C. nepeta subsp. nepeta leaves have been used as a fragrance
and insect repellent [29]. The essential oils from the subspecies collected in Portugal, Serbia and Italy
have been characterized for antifungal, antiproliferative, antioxidant, and antimicrobial effects [30–33].
In Tunisia only two subspecies, namely C. nepeta subsp. nepeta and C. n. subsp. glandulosum have been
reported up to now; they have a very attractive smell and are often visited by insect pollinators. As far
as we know, nothing is reported on the chemical profile and biological efficacy of their essential oils.

The aim of this paper was to compare the phytochemical profile and to test the biological efficiency
of the essential oils extracted from C. nepeta subsp. nepeta and C. nepeta subsp. glandulosum growing in
different localities in North and North-western Tunisia (Table 1). A comprehensive evaluation of the
antifungal and insecticidal activities was investigated considering the chemical variability depending
on the subspecies and the geographical origin. The main objective of this study was to search for

174



Molecules 2020, 25, 2137

environmentally friendly insecticides and antifungals that are readily biodegradable, with minimal
toxic effects on health and environment and which can be marketed at premium prices.

Table 1. Locality/Harvesting place, harvesting period and voucher specimen reference of both
Clinopodium nepeta subspecies.

Taxon
Species

Abbreviation
Harvesting

Place
Harvesting

Period (2016)
Voucher Specimen

Clinopodium nepeta (L.)
Kuntze subsp. nepeta CNN Béni-M’tir October

[LAM./Cal.n.n./
Kroumiria/BM.13/

27102016]
Clinopodium nepeta subsp.

glandulosum (Req.)
Govaerts

CNG1 Béni-M’tir October
[LAM./Cal.n.g./

Kroumiria/BM.25/
27102016]

Clinopodium nepeta subsp.
glandulosum (Req.)

Govaerts
CNG2 Bizerte July

[LAM./Cal.n.g./
NE/Bizerta. 03/

10082016]

2. Results

2.1. Chemical Profiles of Essential Oils

The hydrodistillation of dry plant materials yielded 1.21%, 0.93% and 0.84% of essential oils,
for Clinopodium nepeta subsp. nepeta (CNN), Clinopodium nepeta subsp. glandulosum from Béni-M’tir
(CNG1), and Clinopodium nepeta subsp. glandulosum from Bizerta (CNG2), respectively. The percent
occurrence of the oil phytochemicals, elucidated through GC-MS, is summarized in Table 2.

Table 2. Chemical profiles of essential oils obtained from Clinopodium nepeta subspecies harvested from
different localities.

No. RI Calc RI LIT Compounds Content (%)

CNN CNG1 CNG2

1 932 932 α-Pinene 0.23 0.2 0.1
2 975 974 β-Pinene 0.3 0.3 0.1
3 991 988 Myrcene - 0.1 tr
4 995 994 3-Octanol 0.6 0.7 0.7
5 1000 1000 Decane tr -
6 1024 1024 o-Cymene tr
7 1024 1022 p-Cymene - 0.3 -
8 1028 1024 Limonene 1.9 4.2 1.4
9 1030 1026 1,8-cineole 0.4 0.2 0.1
10 1058 1054 γ-Terpinene tr 0.2 tr
11 1066 1070 cis-4-Thujanol - 0.1 -
12 1100 1095 Linalool 0.7 0.6 0.5
13 1120 1119 trans-p-Mentha-2,8-dien-1-ol - 0.1 tr
14 1164 1165 Borneol - 0.3 0.4
15 1176 1174 Terpinen-4-ol - 1.1 0.1
16 1184 1179 p-Cymen-8-ol - 0.6 0.2
17 1189 1186 α-Terpineol 0.4 0.4 0.4
18 1197 1196 Methyl chavicol - 0.3 -
19 1211 1220 4,7-dimethylbenzofuran - 0.2 tr
20 1215 1221 8,9-Dehydrothymol - 0.3 0.4
21 1239 1238 Cumin aldehyde - 2.0 0.1
22 1243 1239 Carvone - 0.2 tr
23 1253 1249 Piperitone - - 19.5
24 1255 1253 Piperitone oxide 51.7 23.5 16.3
25 1268 1274 Pseudodiosphenol - - 0.2
26 1271 1277 a p-Mentha-1,8-dien-3-one - 0.5 0.6
27 1286 1287 Bornyl acetate 0.3 0.3 0.2
28 1289 1298 p-Mentha-1,4-dien-7-al - 1.0 0.2
29 1292 1289 Thymol 3.6 1.6 4.0
30 1299 1305 Diosphenol 0.6 - 1.1
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Table 2. Cont.

No. RI Calc RI LIT Compounds Content (%)

CNN CNG1 CNG2

31 1302 1308 6-Hydroxycarvotanacetone 0.7 5.1 1.2
32 1340 1340 Piperitenone 0.2 0.4 0.5
33 1366 1366 Piperitenone oxide 23.4 39.3 27.8
34 1376 1374 α-Copaene - 0.6 0.3
35 1385 1387 β-Bourbonene - 0.4 0.2
36 1400 1400 Tetradecane 0.2 0.9 1.8
37 1419 1417 (E)-Caryophyllene 0.3 1.4 0.6
38 1454 1452 α-Humulene tr 0.1 tr
39 1458 1454 (E)-β-Farnesene - 0.1 tr
40 1481 1484 Germacrene D - 0.3 tr
41 1524 1522 δ-Cadinene - 0.2 tr
42 1578 1577 Spathulenol tr - 0.2
43 1583 1582 Caryophyllene oxide 2.0 2.7 2.3
44 1600 1600 Hexadecane - tr -
45 1613 1608 Humulene epoxide II tr 0.2 0.2
46 1689 1687 Eudesma-4(15),7-dien-1β-ol - 0.3 0.2
47 1848 1844 Phytone tr - tr
Oxygenated monoterpenes 82.0 77.6 73.4
Monoterpene hydrocarbons 2.5 5.3 2.3
Oxygenated sesquiterpenes 2.1 3.1 2.8
Sesquiterpene hydrocarbons 0.4 3.1 1.2

Others 1.0 2.1 2.7
Total identified components 88.0 91.2 82.4

RI Calc: linear retention index calculated against homologue series of C8–C30 alkanes. RI LIT: RI taken from Adams
(2007) or NIST 17 (2017). Tr: Traces, % < 0.1. a RI value taken from [34].

As shown, 24, 40 and 42 components were identified and quantified in CNN, CNG1 and CNG2

essential oils accounting for 88.0%, 91.2% and 82.4% of the total compositions, respectively. Oxygenated
monoterpenes constituted the main groups in CNN (82.0%), CNG1 (77.6%) and CNG2 (73.4%) essential
oils of the selected Lamiaceae plants. It is worth noting that piperitone oxide and piperitenone oxide
were identified as the most abundant components in the volatile oils of CNN (51.7% and 23.4%), CNG1

(23.5% and 39.3%) and CNG2 (16.3% and 27.8%). While the oxygenated monoterpene piperitone was
found in high levels (19.5%) only in CNG2 (Table 2).

2.2. In Vitro Antifungal Activity of Essential Oils

The anti-fungal activity of the selected essential oils was screened against potentially pathogenic
fungi in humans and animals, namely A. flavus, A. terreus, C. albicans, M. canis, M. gypseum, and
T. mentagrophytes, as shown in Table 3.

Table 3. Antifungal properties of essential oils produced by hydrodistillation of Clinopodium nepeta
subsp. nepeta and C. nepeta subsp. glandulosum (MIC, mg·mL−1).

Fungal Strains Essential Oils

CNN CNG1 CNG2

Aspergillus flavus 2 2 >2
Aspergillus terreus 0.4 0.4 0.4
Candida albicans 0.2 0.2 0.4

Microsporum canis 0.4 0.4 0.4
Microsporum gypseum 0.2 0.4 0.4

Trichophyton mentagrophytes 0.2 0.04 0.4

In general terms, the tested fungal isolates showed a variable degree of sensitivity patterns to the
selected essential oils. The Minimal Inhibitory Concentrations (MIC) ranged from 0.04 to 2 mg·mL−1.
It was found that A. terreus and M. canis molds were moderately sensitive to all tested samples exhibiting
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a MIC value of 0.4 mg·mL−1. It is relevant to note that the CNG1 essential oil was considerably able to
inhibit the fungal growth rate of T. mentagrophytes dermatophyte (MIC = 0.04 mg·mL−1).

Moreover, the results showed that the CNN essential oil was a little bit more effective on M. gypseum
when compared to CNG1 and CNG2 samples (MIC equal to 0.2 vs. 0.4 mg·mL−1, respectively). On the
other hand, CNG2 essential oil was less effective on the yeast C. albicans, with a MIC value of
0.4 mg·mL−1.

2.3. Insecticidal Activity of the Test Oils

The repellent properties of the three C. nepeta essential oils against T. confusum and S. zeamais
adults were tested using the McDonald method. Table 4 gives the average repellency values of the
essential oils tested at 2% concentration and for different exposure times.

Table 4. Repellency and toxicity of Tribolium confusum and Sitophilus zeamais exposed to the C. nepeta
subspecies essential oils (2% and 5% concentrations for repellency and mortality tests, respectively) [A].

Essential Oils
Plant Source

Exposure
Duration (min)

Repellency (%) Mortality (%)

T. confusum S. zeamais T. confusum S. zeamais

CNN

15 52.5 ± 9.57 a 22.5 ± 9.57 a

30 52.5 ± 5.00 a 40 ± 8.16 a

60 55 ± 5.77 a 57.5 ± 9.57 a 35 ± 5.00 b 32.5 ± 5.00 a

120 57.5 ± 18.92 a 57.5 ± 9.57 a

CNG1

15 82.5 ± 9.57 b 60 ± 11.54 b

30 85 ± 10.00 b 62.5 ± 9.57 b 17.5 ± 8.00 a 100 ± 0.00 b

60 92.5 ± 5.00 b 92.5 ± 9.57 b

120 95 ± 5.77 b 92.5 ± 5.00 b

CNG2

15 80 ± 18.25 b 87.5 ± 18.92 b

30 80 ± 8.16 b 87.5 ± 5.00 c 17.5 ± 5.00 a 97.5 ± 5.00 b

60 82.5 ± 9.57 b 90 ± 0.00 b

120 87.5 ± 5.00 b 92.5 ± 9.57 b

[A] Data are mean ± SE (n = 4). Means with same alphabetic letters are not significantly different at p < 0.01 using
Tukey’s HSD test between essential oil plant sources for the same exposure duration and same insect species.

We noticed that the repellent activity increased with a prolonged exposure time and varied
depending on the tested sample. Thus, both populations of Clinopodium nepeta subsp. glandulosum
(CNG1 and CNG2) had a prominent repellency effect against both insects (PR > 80%, after 2 h), while
C. nepeta subsp. nepeta displayed a significantly low activity (PR < 60%, after 2 h), (Fdf2,11 = 11.3;
p = 0.003 for T. confusum and Fdf2,11 = 23.5; p < 0.00 for S. zeamais).

Data presented in Table 4 showed that the tested oils exhibited, at 5% concentration, various
degrees of toxicity against T. confusum and S. zeamais after 24 h exposure.

Using topical application bioassay, CNG1 and CNG2 essential oils were highly toxic to S. zeamais,
inducing a mortality rate ranging from 97.5% for CNG2 to 100% for CNG1, respectively. However,
they were weakly toxic to T. confusum (17.5% for both essential oils) (Fdf2,11 = 8.16; p = 0.009).

On the other hand, the CNN essential oil induced moderate toxicity towards both adult species,
with mortality rate values of 35% and 32.5% on T. confusum and S. zeamais, respectively (Fdf2,11 = 351.5;
p < 0.001).

3. Discussion

The main purpose of this study was to investigate for the first time the phytochemical variability
in Tunisian C. nepeta essential oils taking into consideration the subspecies nepeta and glandulosum
and their environmental origin (Béni-M’tir and Bizerta), and consequently its effect on the biological
properties. As shown in Table 1, C. nepeta subsp. nepeta and subsp. glandulosum essential oils
were mostly characterized by high contents of piperitone oxide and piperitenone oxide. Though
the type oil resemblance between the subspecies, some quantitative and qualitative differences have
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been highlighted. Importantly, piperitone oxide which ranks first in CNN essential oil (51.7%), was
identified as the second most abundant phytochemical (23.5%) in CNG1 after piperitenone oxide (39.3%).
Nonetheless, the monoterpene piperitone ranks second in frequency in CNG2 population (19.5%)
and was totally absent in the remaining analyzed samples. Some reports stated a strong relationship
between the variability of C. nepeta essential oil chemical compositions and the geographical origin,
environmental conditions and the vegetative state of the plants [31,35,36].

Thus, the observed variability in essential oil compositions is probably due to the various intrinsic
genetic factors between the subspecies and different environmental aspects such as altitude and climate
for both glandulosum subspecies collected in Bizerta and Béni-M’tir [37].

The literature data emphasized a great intraspecific variability of the natural volatile constituents
of C. nepeta subsp. nepeta and subsp. glandulosum [30,32]. However, according to some authors,
the chemical composition is independent of the subspecies nepeta or glandulosum as both constitute
common sources of terpenoids and may produce the same major volatiles with the C-3 oxygenated
p-menthane skeleton [33,38]. Others demonstrated a taxonomic understanding of the subspecies [39].

Some interesting observations were made on the diversity of the secondary metabolism of C.
nepeta essential oils. Almost three types of volatile oils can be distinguished with some exceptions [40].
The first and most popular one consists mainly of pulegone associated with other cyclohexanones as
menthone and piperitenone, along with piperitone oxide and piperitenoneoxide. The second kind
of essential oil obtained from Clinopodium taxa is characterized by the predominance of piperitenone
and/or of piperitone oxides, with the last one correlated with the presence of iso-pulegone and
1,8-cineole [32].

Thus, it is interesting to note that the essential oils of C. nepeta subsp. nepeta and subsp. glandulosum
growing in Tunisia belong to the second type reported in literature as they were rich in piperitone
oxide and piperitenone oxide. The compositions of the studied samples are almost similar to those of
C. nepeta collected in Corsica [21].

Due to their safety characteristics and various aromatherapeutic effects, essential oils have got a
lot of attention in several fields of modern chemistry to treat patients and as environmentally friendly
preservatives. In this regard, we evaluated the antifungal activities of the aforementioned essential
oils, taking into consideration the effect of the chemical polymorphism on the pharmacological effects
of essential oils.

Using the micro-dilution assay, the screening revealed that the antifungal effectiveness of all tested
oils differs depending on the chemical composition as well as the dissimilarity of target fungus.

The most important effect was recorded by CNG1 essential oil on T. mentagrophytes
(MIC = 0.04 mg/mL). In contrast, the CNG2 oil was less effective on this dermatophyte
(MIC = 0.4 mg/mL), along with A. flavus (MIC > 2 mg/mL) and C. albicans (MIC = 0.4 mg/mL).

The differences may be related to the diversity of their chemical composition and the good
antifungal effect of CNG1 essential oil against T. mentagrophytes may be due to the high amount of
piperitenone oxide and piperitone oxide. Moreover, we suggest that the lower action of CNG2 oil
against the same dermatophyte is due to the antagonist effect of piperitone quantified at a percentage
of 19.5% in this volatile oil.

In the present study, A. flavus was the most resistant for all tested oils. Similarly and accordingly
with previous reports, this mold presented the highest MIC value for C. nepeta subsp. nepeta essential
oil from Portugal (MIC = 10 μL·mL−1) [31].

Moreover, CNN essential oil appeared to be the most effective on the dermatophyte M. gypseum
showing the presence of compounds with known antifungal activity as the highly detected piperitone
oxide (51.7%).

Similarly, previous studies confirmed the high antifungal activity of C. nepeta subsp. nepeta
essential oil, especially against Aspergillus and dermatophyte molds [31]. After screening, the Italian
C. nepeta volatile oil gave significant MIC values (0.32–1.25 μL·mL−1) in comparison with the less
effective oils extracted in Portugal.
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Herbivorous insects constitute the most exciting targets that facilitate chemical communication
and adaptation to the environment. Repellents are substances with an offensive smell or taste, produced
to fight off arthropod insect and to prevent attack from phytophagous. The uses of aromatic herbs and
essential oils as insect repellents, has a long history in the herbal folklore [41].

This study represents the first report on the insecticidal efficacy of C. nepeta subspecies against
T. confusum and S. zeamais.

The results showed that the repellent action was dependent upon the subspecies nepeta or
glandulosum, while no significant differences were detected between the ability of both samples of
glandulosum subspecies collected in Bizerta and Béni-M’tir regions to repel or kill the insects. Using
the McDonald method, both essential oils at a concentration of 2% showed almost the same repellent
activity against T. confusum and S. zeamais adults after 2 h of exposure. The percentages of repellency
were 95 and 87.5% for CNG1 and CNG2, respectively, on T. confusum and 92.5% for both essential
oils on S. zeamais. These oils fall under repellency class V (Highly Repulsive) according to Jilani and
Su. [42]. However, 57.5% repellency of C. nepeta subsp. nepeta essential oil was observed against both
adult insects, thus the volatile oil falls under class III repellency (Moderately Repulsive).

Our results are in line with the repellent efficacy of C. nepeta essential oil towards Aedes aegypti
mosquito. For instance, the essential oil gave promising scores for both space repellent properties and
olfactory studies carried out on human volunteers [43].

Using the topical application bioassay, the application of these essential oils, at a concentration of
5%, resulted in mortality of T. confusum and S. zeamais within 24 h of exposure.

CNN essential oil was moderately toxic against both T. confusum and S. zeamais, whereas CNG1

and CNG2 essential oils were extremely toxic against S. zeamais. The mortality rate was 100 and
97.5%, respectively, after 24 h of exposure. For T. confusum, the mortality rate caused by glandulosum
subspecies was 17.5%. Thus, the CNG1 and CNG2 essential oils presented a weaker activity against
T. castaneum compared to the oil from the Montenegro accession of C. nepeta subsp. glandulosum, which
showed mortality rates of 56.7 and 96.7% after 24 and 96 h of treatment, respectively. [27].

Previous literature data attributed the insecticidal properties of many essential oils to
monoterpenoids, mainly the oxygenated ones, which are typically volatile compounds that can
penetrate rapidly into the insects and interfere with their physiological functions [41,44].

Actually, the antifungal, repellent and insecticidal assays put in evidence that CNG1 essential oil
was the most active one. This oil was characterized by the highest percentages of piperitenone oxide
(39.3 vs. 23.4 and 27.8% of CNN and CNG2, respectively). This monoterpenoid, endowed with an
epoxide group, is typical of several Mentha L. essential oils, for instance M. longifolia L., M. suaveolens
Ehrh. and M. microphylla K. Koch, which have demonstrated significant toxicity against stored product
insects and fungal species [45–47]. Its biological power is given by the epoxide ring, which is interacting
with proteins, neurotransmitters and nucleic acids [48]. Furthermore, piperitone oxide has been
reported as a toxic repellent and reproduction retardant secondary metabolite towards the malarial
vector Anopheles stephensi [49] as well as an effective antimicrobial agent [45]. In the present study,
the C. nepeta subspecies oils showed differences in the activity against T. confusum and S. zeamais. Thus,
repellent and toxic effects of the tested essential oils depend on the chemical composition variability as
well as the insect susceptibility.

4. Materials and Methods

4.1. Plant Material and Essential Oils Distillation

The aerial parts of well-selected individuals from two native C. nepeta subspecies, i.e., subsp. nepeta
and subsp. glandulosum, were harvested during the flowering stages from different regions/localities in
North and North-Western of Tunisia (Table 1). Botanical identification of uninfected plant materials
was authenticated by Dr. Ridha El Mokni, affiliated to the Department of Pharmaceutical Sciences “A”,
Laboratory of Botany, Cryptogamy and Plant Biology, Faculty of Pharmacy of Monastir, Tunisia, where
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the voucher specimens have been preserved (Table 1). A quantity of 100 g of each sample was subjected
to hydrodistillation in a glass Clevenger-type apparatus for 3 h. The oily fraction obtained on top of
the aqueous phase at the end of each extraction was separated, dried over anhydrous sodium sulfate,
filtered, and stored in the refrigerator until further analysis. The extraction yields were estimated on a
dry weight basis (w/w).

4.2. Gas Chromatography–Mass Spectrometry (GC–MS)

Analyses of essential oil chemical compositions were performed using an Agilent 7890B gas
chromatograph equipped with an auto sampler (PAL RSI 85) and coupled to a 5977B single quadrupole
mass analyzer (Santa Clara, Californy, USA). Injection of 1 μL of the diluted sample (1:2000 dilution) in
n-hexane (Carlo Erba, Milan, Italy) in the front inlet set at 280 ◦C was performed in split mode (1:100)
with a split flow of 120 mL/min using an Agilent 5190-3983 liner (800 μL). Separation was performed
using a 30 m × 0.25 mm i.d. × 0.25 μm film thickness, 5% phenylmethylpolysiloxane, HP-5MS capillary
column (Agilent, Folsom, CA, USA) and helium (99.99%) was the carrier gas flown at 1.2 mL/min.
The following oven temperature program was used: 60 ◦C for 5 min, then 4 ◦C/min up to 160 ◦C, then
11 ◦C/min up to 280 ◦C with a hold time of 15 min, and finally 15 ◦C/min until 300 ◦C for a total run time
of 57.74 min. MSD transfer line temperature was set at 300 ◦C. Analysis was made in electron impact
(EI) mode (internal ionization source; 70 eV) with a scan range from 29 to 400 m/z, after a solvent delay
of 2.5 min. The compounds were identified by two approaches: (i) correspondence of retention indices
(RIs) reported in libraries [50] (NIST 17, 2017; FFNSC 2, 2012) with the ones calculated using a mixture
of n-alkanes (C8–C30, Supelco, Bellefonte, CA, USA); (ii) comparison of the obtained mass spectra with
those stored in libraries (WILEY275, ADAMS, NIST 17 and FFNSC 2); (iii) co-injection with available
analytical standards. The chromatograms have been integrated and the relative abundance (%) of
each compound was obtained (% = 100 × peakarea/totalpeakarea). The repeatability is expressed by
coefficient of variation (CV)% obtained performing the GC/MS analyses in triplicate of the different
samples. The coefficient of variation obtained ranged from 0.3% to 5.8%. The inter-day repeatability of
the GC/MS method was determined by 3-day replicate analyses of volatiles, evaluated on the same
aliquot of sample stored in the refrigerator, CV% ranged from 0.1% to 3.9%, accounting for very high
constant results.

4.3. Antifungal Activity

4.3.1. Fungal Isolates

The antifungal effectiveness of C. nepeta subspecies essential oils was tested against the animal
source dermatophytes: Microsporum canis, Microsporum gypseum and Trichophyton mentagrophytes,
the environmental origin molds: Aspergillus flavus, Aspergillus terreus and the yeast Candida albicans.

4.3.2. Microdilution Test

The antifungal susceptibility tests were carried out using a microdilution assay, according to the
Clinical and Laboratory Standards Institute (CLSI) M38A2 recommendations for molds [51], and those
of CLSI M27A3 for yeasts [52]. Essential oils were assayed at different concentrations (2, 1.8, 1.6, 1.4,
1.2, 1, 0.8, 0.6, 0.4, 0.2, 0.08, 0.06, 0.04, and 0.02 mg/mL). All procedures were performed in triplicate.

4.4. Insecticidal Activity

4.4.1. Tested Insects and Rearing Conditions

Tribolium confusum and Sitophilus zeamais were taken from the Laboratory of Entomology, Regional
Research Center on Horticulture and Organic Agriculture, Chott-Mariem (CRRHAB), Tunisia. Insect
adults were cultured in a growth cabinet set at the following rearing conditions: 28 ± 1 ◦C, 60% relative
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humidity (RI), 16 h light and 8 h dark photoperiod, without exposure to any insecticidal contamination.
The food media used were wheat flour for T. confusum and whole maize grains for S. zeamais.

4.4.2. Repellent Activity

The repellency test against T. confusum and S. zeamais beetle adults was assessed following
McDonald et al. [53] method. Briefly, 200 μL of each essential oil solution, adjusted at a concentration of
2.0%, were applied to a half Whatman filter paper (No.1) disc of 9 cm diameter. The other half, used as
a control, was steeped with 200 μL of pure acetone. After air-drying for 10 min, treated and untreated
halves were attached together. Then, 20 adult insects of both species were released separately at the
center of the filter paper disc then placed into Petri dishes. After 15, 30, 60, and 120 min from the
beginning of the assay the numbers of insects present on the control (Nc) and on the treated (Nt) areas
were registered. Each experiment was performed in four repetitions. The repellency percentage values
(PR) were computed as follows:

PR = [(Nc−Nt)/(Nc + Nt)] × 100

The resulting values were used for the classification of essential oils in different repellency classes
suggested by Jilani and Su [42].

4.4.3. Contact Toxicity: Topical Application Bioassay

C. nepeta subspecies essential oils were tested against T. confusum and S. zeamais following the
method of Liu and Ho [54]. Aliquots of 1 μL from each sample at 5% concentration (10 μL of each
EO dissolved in acetone) were topically applied on the thorax of insect adults using a micropipette.
Insect controls were treated only with acetone. After evaporating the solvent, groups of 10 adults were
introduced on glass Petri dishes (9 cm diameter). Four repetitions were carried out for each experiment.
Petri dishes were kept under the same rearing conditions described above and insects mortality was
recorded after 24 h of treatment (until the number of dead insects stabilized). Insects that did not record
any movements were considered as dead. Abbott’s formula [55] was used to correct the mortality rate:

%Mc = [(M0−Mt)/(100−Mt)] × 100

where Mc: Corrected mortality rate; and M0 and Mt: Mortality rate of treated and control
insects, respectively.

4.4.4. Data Analysis

Statistical analyses were performed using ANOVA followed by Tukey’HSD test. SPSS 20 software
was used to perform all tests.

5. Conclusions

The obtained results showed that Clinopodium nepeta subsp. nepeta and C. nepeta subsp. glandulosum
essential oils presented chemical variability depending on the subspecies and the geographical
location of plant materials. The monoterpenoid-rich essential oils demonstrated high antifungal
activities against dermatophytes, molds and yeasts with different efficiencies. Given the pronounced
repellent and toxic effects towards T. confusum and S. zeamais, C. nepeta subsp. glandulosum oils
may be considered as promising candidates to control those insect pests during storage. To better
understand the pharmacological effects of the analyzed samples, further investigation on the effective
major compounds will be carried out. Added to that, an exploration of the synergistic interactions,
the antagonist effects and the environmental safety is imperative before suggesting them as fungal
drugs or safe alternatives to grain protectants.
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35. Ćavar, S.; Vidic, D.; Maksimović, M. Volatile constituents, phenolic compounds, and antioxidant activity of
Calamintha glandulosa (Req.) Bentham. J. Sci. Food Agric. 2013, 93, 1758–1764. [CrossRef]

36. Ristorcelli, D.; Tomi, F.; Casanova, J. Essential oils of Calamintha nepeta subsp. nepeta and subsp. glandulosa
from Corsica (France). J. Essent. Oil Res. 1996, 8, 363–366. [CrossRef]
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Abstract: Members of the genus Cinnamomum (Lauraceae) have aromatic volatiles in their leaves and
bark and some species are commercially important herbs and spices. In this work, the essential oils
from five species of Cinnamomum (C. damhaensis, C. longipetiolatum, C. ovatum, C. polyadelphum and
C. tonkinense) growing wild in north central Vietnam were obtained by hydrodistillation, analyzed by
gas chromatography and screened for antimicrobial and mosquito larvicidal activity. The leaf essential
oil of C. tonkinense, rich in β-phellandrene (23.1%) and linalool (32.2%), showed excellent antimicrobial
activity (MIC of 32 μg/mL against Enterococcus faecalis and Candida albicans) and larvicidal activity
(24 h LC50 of 17.4 μg/mL on Aedes aegypti and 14.1 μg/mL against Culex quinquefasciatus). Cinnamomum
polyadelphum leaf essential oil also showed notable antimicrobial activity against Gram-positive
bacteria and mosquito larvicidal activity, attributable to relatively high concentrations of neral (11.7%)
and geranial (16.6%). Thus, members of the genus Cinnamomum from Vietnam have shown promise
as antimicrobial agents and as potential vector control agents for mosquitoes.

Keywords: Lauraceae; Aedes aegypti; Aedes albopictus; Culex quinquefasciatus; antibacterial; antifungal

1. Introduction

The Lauraceae is a large family of tropical and subtropical trees and shrubs [1]. In this family,
the genus Cinnamomum is comprised of around 250 species with concentrations in east and southeast
Asia [1]. Vietnam is home to 45 species of Cinnamomum [2,3], many of which are used in traditional
medicine, for essential oils, as well as for timber [4,5].

We are in the midst of a post-antibiotic era. Numerous pathogenic microorganisms have developed
resistance to commonly used antibiotic agents [6,7]. For example, Klebsiella pneumoniae [8], Pseudomonas
aeruginosa [9] and Staphylococcus aureus [10], three organisms that are major causes of nosocomial
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infections, have developed extremely drug resistant (XDR) strains. Likewise, antibiotic resistance is
increasing in fungi such as Candida ssp. and Aspergillus spp. [11]. Essential oils have shown promise as
complementary or adjuvant therapies for combating antimicrobial resistance [12–19].

Mosquitoes have been and continue to be the deadliest animals on earth. Aedes aegypti (L.)
(Diptera: Culicidae) and Ae. albopictus (Skuse) are vectors for the arboviral diseases dengue, Zika,
chikungunya and yellow fever and Ae. aegypti is also a vector for the emerging Rift Valley fever
virus [20]. Culex quinquefasciatus (Say) is a vector of West Nile virus, Saint Louis encephalitis virus and
lymphatic filariasis [21]. Culex quinquefasciatus may also serve as a vector in emerging viral diseases
such as Zika virus [22], Sindbis virus [23] and Usutu virus [24]. Unfortunately, insecticidal resistance of
these mosquito species is increasing leading to failure of vector control programs in many locations [25].
Furthermore, populations of Ae. aegypti [26], Ae. albopictus [27] and Cx. quinquefasciatus [28] are
showing widespread resistance to commonly used larvicidal agents. It has been suggested that essential
oils may serve as alternative and more ecologically benign mosquito larvicidal agents [29–31].

Because of the biological activities and traditional uses of members of the Cinnamomum genus, we
hypothesize that Cinnamomum species from Vietnam may also exhibit potentially useful biological
activities. As part of our ongoing investigations into the essential oils of Vietnamese Cinnamomum [32–34],
we have obtained, analyzed and carried out antimicrobial and larvicidal screening of Cinnamomum
ovatum C.K. Allen (syn. Cinnamomum rigidissimum H.T. Chang), Cinnamomum tonkinense (Lecomte)
A. Chev. (syn. Cinnamomum albiflorum var. tonkinense Lecomte), Cinnamomum damhaensis Kosterm.,
Cinnamomum longipetiolatum H.W. Li and Cinnamomum polyadelphum (Lour.) Kosterm. (syn. Laurus
polyadelpha Lour., Cinnamomum litseafolium Lecomte, Cinnamomum litseafolium var. denticupulatum Liou,
Cinnamomum saigonicum Farw, Camphorina saigonica Farw).

2. Results

2.1. Essential Oil Collection and Analysis

Plant materials were collected from mature Cinnamomum trees from different locations in north
central Vietnam. The collection details and essential oil yields of the Cinnamomum species are
summarized in Table 1. The essential oils were analyzed by gas-chromatography–mass spectrometry
(GC-MS) and gas chromatography–flame ionization detector (GC–FID). The chemical compositions of
the Cinnamomum species are presented in Table 2.

Table 1. Collection details for Cinnamomum species from north central Vietnam.

Cinnamomum
Species

Vietnamese
Name

Voucher
Numbers

Part
Yield,
% v/w

Collection
Month/Year

Collection Location

Cinnamomum
ovatum Re trứng DND-762 Leaf

Stems
0.60
0.21 April/2019

Chau Hoan Commune, Pù Huống
Nature Reserve

19◦28′12”N, 104◦56′45”E, elev. 374 m

Cinnamomum
tonkinense

Re xanh, Re bắc,
Quế bắc

DND-768 Leaf 0.33 April/2019
Chau Hoan Commune, Pù Huống

Nature Reserve
19◦28′12”N, 104◦56′45”E, elev. 374 m

Cinnamomum
damhaensis Re đầm hà DND-786 Leaf 0.30 July/2019

Huong Phu Commune, Nam Đông
District, Bach Ma National Park

16◦12′47”N, 107◦43′33”E, elev. 101 m

Cinnamomum
longipetiolatum Re cuống dài DND-800 Leaf 1.35 August/2019

Nam Nhong Commune, Que Phong
District, Pù Hoạt Nature Reserve

19◦30′24”N, 104◦42′52”E, elev. 667 m

Cinnamomum
polyadelphum

Quế bời lời, Miếng
sành, Tà Dúi, Ô
dược, Đam dao,

Hậu phát

DND-813 Leaf 1.20 August/2019
Nam Nhong Commune, Que Phong

District, Pù Hoạt Nature Reserve
19◦30′24”N, 104◦42′52”E, elev. 667 m
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Table 2. Chemical compositions (%) of Cinnamomum essential oils from north central Vietnam.

No Compounds RIa RIb C. ov.c C. ov.c C. to.d C. da.e C. lo.f C. po.g

Leaf Stem Leaf Leaf Leaf Leaf

1 α-Thujene 930 924 - - 0.4 - - 0.3
2 α-Pinene 939 932 2.1 1.6 4 0.3 2.9 4.3
3 α-Fenchene 953 945 - - - 0.1 - 0.2
4 Camphene 955 946 0.7 0.6 0.4 0.2 0.3 1.9
5 Sabinene 978 969 - - 3.4 0.7 0.5 0.4
6 β-Pinene 984 974 0.9 0.6 2.1 0.2 1.7 2.4
7 Myrcene 992 988 0.2 0.1 3.1 0.1 0.2 2.1
8 Dehydroxy-trans-linalool oxide 995 991 - - - - 0.7 -
9 Dehydroxy-cis-linalool oxide 1008 1006 - - - - 0.6 -
10 α-Phellandrene 1010 1002 1.3 0.3 4.8 - - 0.2
11 α-Terpinene 1022 1014 - - 0.4 - 0.2
12 p-Cymene 1030 1020 0.7 0.4 0.5 0.7 0.2 0.7
13 Limonene 1035 1024 0.9 0.8 3.4 0.2 0.3 5.4
14 β-Phellandrene 1036 1025 - - 23.1 - - -
15 1,8-Cineole 1038 1026 0.2 0.6 9.8 1 2.5 0.8
16 (E)-β-Ocimene 1049 1044 0.3 0.2 0.3 - 0.8 -
17 γ-Terpinene 1063 1054 - - 0.5 - 0.3 -
18 Terpinolene 1094 1086 0.2 0.1 0.2 - - -
19 Rosefuran 1098 1091 - - - - - 0.1
20 Perillene 1104 1102 - - - - - 0.2
21 Linalool 1105 1095 5.9 8.3 32.2 44.8 75.7 3.2
22 Hotrienol 1107 1104 - - - - 3.2 -
23 Isocitral 1147 1140 - - - - - 0.2
24 Camphor 1156 1141 - - - - - 32.2
25 Nerol oxide 1158 1154 - - - - 0.2 -
26 Isoneral 1166 1162 - - - - - 0.6
27 cis-Linalool oxide (pyranoid) 1174 1170 - - - - 3.2 -
28 trans-Linalool oxide (pyranoid) 1177 1173 - - - - 2.7 -
29 Borneol 1178 1165 - - 0.2 - - 1.6
30 Isogeranial 1184 1180 - - - - - 0.9
31 Terpinen-4-ol 1187 1174 - - 0.7 0.4 0.5 0.4
32 α-Terpineol 1200 1186 - - 1.7 0.2 0.6 0.6
33 Decanal 1208 1201 - - 0.2 - - 0.2
34 Citronellol 1228 1223 - - - - - 0.4
35 Nerol 1231 1227 - - - - - 0.8
36 Cuminal 1238 1238 - - - 0.1 - -
37 Neral 1245 1235 - - - - - 11.7
38 Geraniol 1255 1249 - - - - 0.2 1.9
39 Geranial 1274 1264 - - - - - 16.6
40 (E)-Cinnamaldehyde 1278 1267 - - - - - 0.2
41 Bornyl acetate 1294 1287 0.5 0.5 0.1 - - 0.1
42 Safrole 1299 1285 - 0.2 - - - -
43 δ-Elemene 1348 1335 - - 0.2 - - -
44 Eugenol 1367 1356 70.5 71.2 0.2 - - 0.4
45 α-Ylangene 1385 1373 0.4 0.3 - - - -
46 α-Copaene 1389 1374 - - 0.4 - - 0.1
47 β-Elemene 1403 1389 - - 0.3 0.7 - -
48 Methyl eugenol 1409 1403 - 0.3 - 0.1 - 0.3
49 β-Caryophyllene 1437 1417 1.9 1 1.8 0.2 - 1.3
50 trans-α-Bergamotene 1445 1432 0.2 0.2 0.1 - - -
51 allo-Aromadendrene 1457 1458 0.1 - - 0.3 - -
52 α-Humulene 1471 1452 0.3 - 0.6 - - 0.2
53 α-Amorphene 1483 1483 - - - 0.3 - -
54 β-Selinene 1489 1489 - - - 19.1 - -
55 trans-β-Bergamotene 1496 1480 - 0.1 - - - -
56 α-Selinene 1498 1498 - - - 0.5 - -
57 Germacrene D 1498 1484 0.3 0.1 2.7 - - -
58 Bicyclogermacrene 1513 1500 0.7 0.6 1 - 0.2 0.2
59 β-Bisabolene 1517 1505 - 0.2 - - - -
60 Eugenyl acetate 1533 1521 9.5 9.3 0.1 - - -
61 δ-Cadinene 1537 1522 0.2 0.3 0.2 - - 0.1
62 (E)-α-Bisabolene 1551 1544 - 0.3 - - - -
63 (E)-Nerolidol 1570 1561 - - 0.3 0.9 - -
64 Germacrene B 1577 1559 - - 0.2 - - -
65 Spathulenol 1598 1577 - 0.6 - 0.4 1.1 0.8
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Table 2. Cont.

No Compounds RIa RIb C. ov.c C. ov.c C. to.d C. da.e C. lo.f C. po.g

Leaf Stem Leaf Leaf Leaf Leaf

66 Caryophyllene oxide 1605 1582 - 0.5 0.2 1.1 0.5 0.9
67 Intermedeol isomer 1616 - - - - 5.8 - -
68 Selin-11-en-4-one 1626 1626 - - - 1.5 - -
69 Selina-3,11-dien-6α-ol 1644 1642 - - - 0.6 - -
70 α-Cadinol 1652 1652 - - - 0.5 - -
71 Selin-11-en-4α-ol 1660 1658 - - - 7.3 - -
72 Germacra-4(15),5,10(14)-trien-1α-ol 1685 1685 - - - 1 - -
73 Aromadendrane-4,10-diol 1717 - - - - 0.5 - -
74 Oplopanone 1735 1739 - - - 0.3 - -
75 α-Cyperone 1747 - - - - 4 - -
76 Cyclocolorenone 1763 1759 - - - 0.1 - -

Monoterpene hydrocarbons 7.3 4.7 46.6 2.5 7.4 17.9
Oxygenated monoterpenoids 6.6 9.4 44.7 46.5 90.1 72.3
Sesquiterpene hydrocarbons 4.1 3.1 7.5 21.1 0.2 1.9

Oxygenated sesquiterpenoids 0 1.1 0.5 24 1.6 1.7
Phenylpropanoids 80 81 0.3 0.1 0 0.9

Others 0 0 0.2 0 0 0.2
Total identified 98 99.3 99.8 94.2 99.3 94.9

a RI = Retention Index determined on an HP-5ms column. b RI from the databases. c C. ov. = Cinnamomum ovatum.
d C. to. = Cinnamomum tonkinense. e C. da. = Cinnamomum damhaensis. f C. lo. = Cinnamomum longipetiolatum.
g C. po. = Cinnamomum polyadelphum.

2.2. Antimicrobial Screening

The Cinnamomum essential oils were screened for antimicrobial activity against Gram-positive
(Enterococcus faecalis, Staphylococcus aureus, Bacillus cereus) and Gram-negative (Escherichia coli,
Pseudomonas aeruginosa, Salmonella enterica) bacteria and a yeast (Candida albicans). Minimum inhibitory
concentrations and IC50 values were determined using the microbroth dilution assay (Table 3).

Table 3. Antimicrobial activities of Cinnamomum essential oils from north central Vietnam.

Gram-Positive Gram-Negative Yeast

Sample
Enterococcus

faecalis
Staphylococcus

aureus
Bacillus
cereus

Escherichia
coli

Pseudomonas
aeruginosa

Salmonella
enterica

Candida
albicans

MIC (μg/mLa)
C. ovatum leaf 64 64 128 64 128 64 64

C. ovatum stem 64 64 64 64 16 64 32
C. tonkinense 32 128 128 - - - 32
C. damhaensis - - - - - - -

C. longipetiolatum 64 128 128 256 256 128 256
C. polyadelphum 32 64 64 - - 128 256
Streptomycin 32 128 64 32 128 64 -

Nistatin - - - - - - 8
Cyclohexamide - - - - - - 32

IC50 (μg/mLa)
C. ovatum leaf 32.33 32.33 65.45 32.56 65.44 33.22 33.22

C. ovatum stem 32.44 32.78 33.56 32.56 8.77 31.22 15.67
C. tonkinense 5.67 37.78 56.67 - - - 15.67
C. damhaensis - - - - - - -

C. longipetiolatum 17.88 36.78 56.79 100.34 105.67 56.78 112.45
C. polyadelphum 10.67 24.78 30.24 - - 57.45 123.45

a Micrograms of essential oil per milliliter of test solution.

2.3. Larvicidal Screening

The Cinnamomum essential oils were screened for mosquito larvicidal activity against Aedes aegypti,
Aedes albopictus and Culex quinquefasciatus. The 24 h and 48 h LC50 and LC90 values are summarized in
Tables 4 and 5.
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Table 4. Twenty-four-hour mosquito larvicidal activities (μg/mL) of Cinnamomum essential oils from
north central Vietnam.

Sample LC50 (95% Confidence Limits) LC90 (95% Confidence Limits) χ2 p

Aedes aegypti
C. ovatum leaf EO 24.12 (20.92–27.45) 50.61 (45.02–58.65) 48.86 0.000

C. ovatum stem EO 52.51 (48.77–57.69) 71.23 (64.50–82.64) 0.4722 0.790
C. tonkinensis leaf EO 17.44 (15.53–19.58) 31.40 (27.93–36.64) 0.1354 0.987
C. damhaensis leaf EO 21.43 (18.66–24.15) 38.98 (34.75–45.58) 0.5494 0.760

C. longepetiolatum leaf EO 64.20 (55.67–73.61) 127.9 (111.0–156.5) 8.805 0.003
C. polyadelphum leaf EO 23.41 (21.37–25.78) 36.69 (33.27–41.52) 8.277 0.041

Aedes albopictus
C. ovatum leaf EO n.t. n.t. — —

C. ovatum stem EO 61.45 (55.66–68.20) 103.3 (93.3–117.1) 34.38 0.000
C. tonkinensis leaf EO 42.89 (39.73–46.59) 61.65 (56.52–69.09) 2.595 0.273
C. damhaensis leaf EO 43.91 (41.25–46.46) 56.16 (52.95–60.79) 0.04480 0.978

C. longepetiolatum leaf EO n.t. n.t. — —
C. polyadelphum leaf EO 20.66 (18.02–23.28) 37.21 (33.04–43.97) 2.577 0.276

Culex quinquefasciatus
C. ovatum leaf EO 34.19 (31.18–37.65) 56.01 (50.85–63.12) 10.73 0.013

C. ovatum stem EO 28.79 (22.07–34.79) 78.3 (67.72–94.57 8.295 0.016
C. tonkinensis leaf EO 14.05 (12.28–15.75) 25.70 (23.06–29.59) 16.31 0.001
C. damhaensis leaf EO 46.74 (41.58–52.63) 86.80 (77.37–100.39) 13.53 0.001

C. longepetiolatum leaf EO 126.8 (108.3–151.4) 293.9 (248.2–368.9) 21.47 0.000
C. polyadelphum leaf EO 18.33 (13.26–22.87) 58.95 (50.62–72.05) 5.639 0.131

Table 5. Forty-eight-hour mosquito larvicidal activities (μg/mL) of Cinnamomum essential oils from
north central Vietnam.

Sample LC50 (95% Confidence Limits) LC90 (95% Confidence Limits) χ2 p

Aedes aegypti
C. ovatum leaf EO 13.76 (11.42–15.95) 30.17 (26.76–35.17) 46.16 0.000

C. ovatum stem EO 46.74 (43.17–51.21) 67.53 (61.30–77.07) 2.744 0.254
C. tonkinensis leaf EO 15.83 (13.76–17.99) 31.17 (27.53–36.80) 2.196 0.533
C. damhaensis leaf EO 17.36 (13.67–20.36) 37.53 (32.94–45.22) 5.494 0.064

C. longepetiolatum leaf EO 39.50 (29.92–47.24) 95.24 (83.27–114.77) 2.513 0.113
C. polyadelphum leaf EO 17.30 (15.44–19.41) 30.80 (27.43–35.89) 3.650 0.302

Aedes albopictus
C. ovatum leaf EO n.t. n.t. — —

C. ovatum stem EO 50.18 (45.07–56.12) 87.98 (78.88–100.81) 35.66 0.000
C. tonkinensis leaf EO 42.74 (39.48–46.59) 62.40 (57.00–70.25) 4.098 0.129
C. damhaensis leaf EO 39.85 (37.05–42.91) 56.02 (51.91–61.70) 0.06006 0.970

C. longepetiolatum leaf EO n.t. n.t. — —
C. polyadelphum leaf EO 20.79 (17.84–23.61) 39.45 (34.97–46.59) 6.980 0.031

Culex quinquefasciatus
C. ovatum leaf EO 30.48 (27.00–34.48) 59.19 (52.54–68.81) 1.181 0.757

C. ovatum stem EO 20.54 (11.92–27.10) 72.40 (62.01–89.54) 5.799 0.055
C. tonkinensis leaf EO 8.721 (6.874–10.253) 18.81 (16.70–22.01) 26.83 0.000
C. damhaensis leaf EO 18.63 (9.90–25.06) 67.93 (58.16–84.15) 6.243 0.001

C. longepetiolatum leaf EO 76.88 (52.08–101.93) 314.5 (249.3–447.0) 47.36 0.000
C. polyadelphum leaf EO 11.03 (4.50–15.93) 52.40 (44.35–65.76) 10.30 0.016

3. Discussion

3.1. Cinnamomum ovatum

The leaf and stem bark essential oils of C. ovatum demonstrated broad antimicrobial activity against
the organisms tested with MIC values ranging from 16 to 128 μg/mL (Table 3). The major components
of the leaf and stem essential oils were eugenol (70.5% and 71.2%, respectively), eugenyl acetate (9.5%
and 9.3%, respectively) and linalool (5.9% and 8.3%, respectively) (Table 2). The high concentration
of eugenol in these two essential oils is likely responsible for the observed antimicrobial effects.
Eugenol has shown broad spectrum antibacterial [35,36] and antifungal [37–39] activities. Likewise,
the mosquito larvicidal activity of C. ovatum leaf essential oil is likely due to eugenol; that compound
has shown larvicidal activity against Ae. aegypti [40], Ae. albopictus [41] and Cx. quinquefasciatus [42].
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Cinnamomum cambodianum leaf [34] and stem bark [33] essential oils from Vietnam have also shown
high concentrations of linalool (27.0% and 33.1%, respectively).

3.2. Cinnamomum tonkinense

Cinnamomum tonkinense leaf essential oil showed excellent antimicrobial activity against E. faecalis
and C. albicans with MIC of 32 μg/mL and good activity against B. cereus and S. aureus (Table 3).
The essential oil is rich in monoterpenes, α-pinene (4.0%), sabinene (3.4%), α-phellandrene (4.8%),
β-phellandrene (23.1%), 1,8-cineole (9.8%), linalool (32.2%) (Table 2). Both α-pinene and linalool
have shown antibacterial activity against E. faecalis [35] and S. aureus [43]; α-pinene and 1,8-cineole
have shown antifungal activity against C. albicans [43]. Sabinene, on the other hand, has shown
little [44] or no [45] antimicrobial activity. Likewise, α-phellandrene has shown no activity against
C. albicans [46]. The leaf essential oils of C. cordatum and C. scortechini from Pahang, Malaysia, both rich
in β-phellandrene (9.0% and 17.3%, respectively) and linalool (17.3% and 16.4%, respectively), have
shown antifungal activities against several fungal strains [47].

The leaf essential oil of C. tonkinense is one of the most larvicidal in this study (Tables 4 and 5).
The major components in the essential oil likely account for the observed larvicidal activity. α-Pinene,
has been shown to be larvicidal against Ae. aegypti, Ae. albopictus and Cx. quinquefasciatus [48]; sabinene
and linalool have both demonstrated larvicidal against Ae. aegypti and Cx. quinquefasciatus [49];
and α-phellandrene has shown activity against Ae. aegypti and Ae. albopictus [50] as well as Culex
pipiens molestus [51]. The leaf essential oil of C. scortechinii, rich in β-phellandrene (17.3%) and linalool
(16.4%), had shown excellent larvicidal activity against Ae. aegypti and Ae. albopictus (LC50 = 21.5 and
16.7 μg/mL, respectively) [52].

3.3. Cinnamomum damhaensis

The major components of C. damhaensis leaf essential oil were linalool (44.8%) and β-selinene
(19.1%) (Table 2). The essential oil also showed pronounced larvicidal activity against Ae. aegypti and
Cx. quinquefasciatus with 48 h LC50 values of 17.4 and 18.6 μg/mL, respectively (Table 5), which can
be attributed to the high concentration of linalool (see above). Note that Piper gaudichaudianum and
Piper humaytanum leaf essential oils, rich in β-selinene (10.5% and 15.8%, respectively), but devoid of
linalool, showed only marginal larvicidal activity against Ae. aegypti [53].

3.4. Cinnamomum longipetiolatum

The leaf essential oil of C. longipetiolatum was dominated by linalool (75.7%, Table 2), which
likely accounts for the observed antimicrobial (Table 3) activity; linalool has shown broad antibacterial
and antifungal activity [35,54]. Although linalool has shown larvicidal activity against Ae. aegypti
(LC50 = 38.6 μg/mL) and Cx. quinquefasciatus (LC50 = 42.3 μg/mL) [49], the larvicidal activity of
C. longipetiolatum leaf oil was less (24 h LC50 = 64.2 and 126.8 μg/mL against Ae. aegypti and
Cx. quinquefasciatus, respectively, Table 4).

3.5. Cinnamomum polyadelphum

The leaf essential oil of C. polyadelphum showed good activity against the Gram-positive organisms
tested with MIC values of 32, 64 and 64 μg/mL on E. faecalis, S. aureus and B. cereus, respectively (Table 3).
The essential oil also showed notable larvicidal activity against all three mosquito species with 48-h
LC50 values of 17.3, 20.8 and 11.0 μg/mL against Ae. aegypti, Ae. albopictus and Cx. quinquefasciatus,
respectively (Table 5). The major components in C. polyadelphum leaf essential oil were camphor
(32.2%), neral (11.7%) and geranial (16.6%) (Table 2). The antimicrobial properties of camphor are
relatively marginal [55,56]. Citral (mixture of neral and geranial), on the other hand, has shown
greater antimicrobial activity on Gram-positive bacteria [57–59] and fungi [60,61]. Likewise, citral has
exhibited mosquito larvicidal activity against Ae. albopictus [62] but camphor is inactive against larvae
of Ae. aegypti, Ae. albopictus [52,62] or Cx. pipiens [63].
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4. Materials and Methods

4.1. Plant Material

Leaves or stem bark of the Cinnamomum species were collected from locations in north central
Vietnam (see Table 1). Plants were identified by Do N. Dai and voucher specimens (Table 1) have been
deposited in the plant specimen room, Faculty Agriculture, Forestry and Fishery, Nghe An, College of
Economics. The fresh plant materials (2.0 kg each) were shredded and hydrodistilled using a Clevenger
apparatus for 4 h to give the essential oils. The essential oil yields are summarized in Table 1.

4.2. Gas Chromatographic Analysis

Gas chromatography (GC) analysis was performed on an Agilent Technologies (Santa Clara, CA,
USA) HP 7890A Plus Gas chromatograph equipped with a flame ionization detector (FID) and fitted
with HP-5ms column (30 m × 0.25 mm, film thickness 0.25 μm, Agilent Technologies). The analytical
conditions were—carrier gas H2 (1 mL/min), injector temperature (PTV) 250 ◦C, detector temperature
260 ◦C, column temperature programmed from 60 ◦C (2 min hold) to 220 ◦C (10 min hold) at 4 ◦C/min.
Samples were injected by splitting and the split ratio was 10:1. The volume injected was 1.0 μL. Inlet
pressure was 6.1 kPa.

An Agilent Technologies (Santa Clara, California, USA) HP 7890A Plus Chromatograph fitted
with a fused silica capillary HP-5ms (30 m × 0.25 mm, film thickness 0.25 μm) and interfaced with a
mass spectrometer (HP 5973 MSD) was used for the GC-MS analysis, under the same conditions as
those used for GC-FID analysis. The conditions were the same as described above with He (1 mL/min)
as carrier gas. The MS conditions were as follows—ionization voltage 70 eV; emission current 40 mA;
acquisitions scan mass range of 35–350 amu at a sampling rate of 1.0 scan/s.

The identification of constituents was performed on the basis of retention indices (RI) determined
with reference to a homologous series of n-alkanes, under identical experimental conditions, co-injection
with standards (Sigma-Aldrich, St. Louis, MO, USA) or known essential oil constituents, MS library
search (NIST 08 and Wiley 9th Version) and by comparing with MS literature data [64]. The relative
amounts of individual components were calculated based on the GC peak area (FID response) without
using correction factors.

4.3. Antimicrobial Screening

The antimicrobial activity of the essential oils was evaluated using three strains of Gram-positive
test bacteria, Enterococcus faecalis (ATCC299212), Staphylococcus aureus (ATCC25923), Bacillus cereus
(ATCC14579), three strains of Gram-negative test bacteria, Escherichia coli (ATCC 25922), Pseudomonas
aeruginosa (ATCC27853), Salmonella enterica (ATCC13076) and one strain of yeast, Candida albicans
(ATCC 10231).

Minimum inhibitory concentration (MIC) and median inhibitory concentration (IC50) values were
measured by the microdilution broth susceptibility assay [65]. Stock solutions of the oil were prepared
in dimethylsulfoxide. Dilution series were prepared from 16,384 to 2 μg/mL (214, 213, 212, 211, 210, 29, 27,
25, 23 and 21 μg/mL) in sterile distilled water in micro-test tubes from where they were transferred to
96-well microtiter plates. Bacteria grown in double-strength Mueller-Hinton broth or double-strength
tryptic soy broth and fungi grown in double-strength Sabouraud dextrose broth were standardized
to 5 × 105 and 1 × 103 CFU/mL, respectively. The last row, containing only the serial dilutions of
sample without microorganisms, was used as a positive (no growth) control. Sterile distilled water
and medium served as a negative (no antimicrobial agent) control. Streptomycin was used as the
antibacterial standard, nystatin and cycloheximide were used as antifungal standards. After incubation
at 37 ◦C for 24 h, the MIC values were determined to be the well with the lowest concentration of
agents completely inhibiting the growth of microorganisms. The IC50 values were determined by
the percentage of microorganisms that inhibited growth based on the turbidity measurement data
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of EPOCH2C spectrophotometer (BioTeK Instruments, Inc Highland Park Winooski, VT, USA) and
Rawdata computer software (Brussels, Belgium) according to the following equations:

%inhibition =
ODcontrol(−) −ODtest agent

ODcontrol (−) −ODcontrol(+)
(1)

IC50 = Highconc − (Highinh% − 50%) × (Highconc − Lowconc)

(Highinh% − Lowinh%)
(2)

where OD is the optical density, control(–) are the cells with medium but without antimicrobial agent,
test agent corresponds to a known concentration of antimicrobial agent, control(+) is the culture
medium without cells, Highconc/Lowconc is the concentration of test agent at high concentration/low
concentration and Highinh%/Lowinh% is the % inhibition at high concentration/% inhibition at low
concentration). Each of the antimicrobial screens were carried out in triplicate.

4.4. Larvicidal Screening

Eggs of Aedes aegypti were purchased from Institute of Biotechnology, Vietnam Academy of Science
and Technology and maintained at the Laboratory of Department of Pharmacy of Duy Tan University,
Da Nang, Vietnam. Adults of Culex quinquefasciatus and Aedes albopictus collected in Hoa Khanh Nam
ward, Lien Chieu district, Da Nang city (16◦03′14.9”N, 108◦09′31.2”E) and were identified by National
institute of Malariology, Parasitology and Entomology, Ho Chi Minh City. Adult mosquitoes were
maintained in entomological cages (40 × 40 × 40 cm) and fed a 10% sucrose solution and were allowed
to blood feed on 1-week-old chicks and mice, respectively. Egg hatchings were induced with tap
water. Larvae were reared in plastic trays (24 × 35 × 5 cm). The larvae were fed on Koi fish food.
All developmental stages were maintained at 25 ± 2 ◦C, 65–75% relative humidity and a 12:12 h
light:dark cycle at the Laboratory of the Faculty of Environmental and Chemical Engineering of Duy
Tan University, Da Nang, Vietnam.

Larvicidal activities of the Cinnamomum essential oils were evaluated according to the protocol Liu
and co-workers [66] with slight modifications. For the assay, 150 mL of water that contained 20 larvae
(fourth instar) was placed in 250-mL beakers and aliquots of the Cinnamomum essential oils dissolved
in EtOH (1% stock solution) were then added. With each experiment, a set of controls using EtOH
only (negative control) and permethrin (positive control) were also run for comparison. Mortality was
recorded after 24 h and again after 48 h of exposure during which no nutritional supplement was
added. The experiments were carried out at 25 ± 2 ◦C. Each test was conducted with four replicates
with five concentrations (100, 50, 25, 12.5 and 6 μg/mL). The data obtained were subjected to log-probit
analysis [67] to obtain LC50 values, LC90 values and 95% confidence limits using Minitab® 19 (Minitab,
LLC, State College, PA, USA).

5. Conclusions

The essential oils of five species of Cinnamomum were collected from north central Vietnam and
screened for antimicrobial and mosquito larvicidal activities. According to Duarte and co-workers [68],
essential oils with MIC values between 50 and 500 μg/mL can be considered to have strong antimicrobial
activity. Similarly, Dias and Moraes have concluded that essential oils with LC50 < 100 μg/mL are
considered to be active [69]. Therefore, all of the Cinnamomum essential oils in this study can be
considered to be active and show promise as antimicrobial agents and as alternative insecticidal agents
against mosquito larvae.
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Abstract: Pests and diseases are responsible for most of the losses related to agricultural crops, either
in the field or in storage. Moreover, due to indiscriminate use of synthetic pesticides over the years,
several issues have come along, such as pest resistance and contamination of important planet sources,
such as water, air and soil. Therefore, in order to improve efficiency of crop production and reduce
food crisis in a sustainable manner, while preserving consumer’s health, plant-derived pesticides may
be a green alternative to synthetic ones. They are cheap, biodegradable, ecofriendly and act by several
mechanisms of action in a more specific way, suggesting that they are less of a hazard to humans
and the environment. Natural plant products with bioactivity toward insects include several classes
of molecules, for example: terpenes, flavonoids, alkaloids, polyphenols, cyanogenic glucosides,
quinones, amides, aldehydes, thiophenes, amino acids, saccharides and polyketides (which is not an
exhaustive list of insecticidal substances). In general, those compounds have important ecological
activities in nature, such as: antifeedant, attractant, nematicide, fungicide, repellent, insecticide,
insect growth regulator and allelopathic agents, acting as a promising source for novel pest control
agents or biopesticides. However, several factors appear to limit their commercialization. In this
critical review, a compilation of plant-derived metabolites, along with their corresponding toxicology
and mechanisms of action, will be approached, as well as the different strategies developed in order
to meet the required commercial standards through more efficient methods.

Keywords: biopesticides; bio-based pesticides; chemical ecology; pest control; natural products

1. Introduction

Pesticides may be defined as any compound or mixture of components intended for
preventing, destroying, repelling or mitigating any pest [1]. Additionally, herbicides or
weed-killers may also be considered as pesticides, and are used to kill unwanted plants
in order to leave the desired crop relatively unharmed and well provided with nutrients,
leading to a more profitable harvest [2].

Nevertheless, the world food production is constantly affected by insects and pests
during crop growth, harvest and storage. As a matter of fact, there is an estimated loss of
18–20% regarding the annual crop production worldwide, reaching a value of more than
USD 470 billion [3]. Furthermore, insects and pests not only represent a menace to our
homes, gardens and reservoirs of water, but also, they transmit a number of diseases by
acting as hosts to some disease-causing parasites. Therefore, the mitigation or control of
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pests’ activities may lead to a substantial reduction of the world food crisis as well as the
improvement of human and animal health [2].

The great demand for food has led to the intensification of agricultural technology
in order to achieve maximum productivity per hectare, through expansion of irrigation
facilities, introduction of high-yielding varieties and application of increased amounts of
agrochemicals, mostly synthetic [1] (for example, the 1,1,1-trichloro-2,2-bis(4-chlorophenyl)-
ethane (DDT) used from 1939 to 1962 [4] and the polychlorinatedbiphenyls (PCBs) used
from 1926 to 1970 [5]). In spite of various technological achievements over the years,
serious problems have come along, especially due to the indiscriminate use of synthetic
pesticides. As they remain in our planet for an extremely long period, its long persistence
in our biosphere allows insects to develop resistance against them; they are also known to
contaminate indispensable resources, such as water, air and soil. This is illustrated by the
problem of chlordecone (CLD), a pesticide widely used from 1972 to 1993 in the French West
Indies (FWI) [6] which is often called as the “monster of the Antilles” because of the extent
of soil and biomass contamination. Chemically, CLD is an organochlorine ketone, with
high steric hindrance and high hydrophobicity, which allows it to adsorb strongly into soils
rich in organic matter. At the same time, it is non-volatile and has a low biodegradability. It
has also been demonstrated that CLD is a particularly persistent molecule, which remains
almost perennial in soils, and the phenomenon of bioaccumulation in living organisms has
been observed. Despite the ban on its use in the early 1990s, this molecule is still present
today in the waters and soils of the French West Indies [7]. Extremely few pesticides used
in the post-DDT era have long half-lives in the environment and none bioaccumulate in the
way that the organochlorines did. Moreover, most of the synthetic pesticides act against
non-target organisms (mammals, fish and plant species), becoming a potential health
hazard to consumers. Furthermore, they are too expensive for the farmers in developing
countries [8–11].

This problematic is illustrated as well by the neonicotinoid insecticides (such as
imidacloprid, clothianidin, thiamethoxam, acetamiprid and thiacloprid). This more recent
class of molecules is active against several pests (targeting the acetylcholine receptors) and
can be applied to different cultures (such as tobacco, cotton, peach and tomato) [12].

The use of neonicotinoid insecticides was allowed in Europe in 2005 until 2013 (see
Regulation (EU) No 485/2013) when the employ was restricted to protect wildlife, such as
pollinators (honeybees), mammals, birds, fish, amphibians and reptiles, and the effects on
vertebrates—mammals, birds, fish, amphibians and reptiles [13].

This awareness regarding pest problems and the environment has led to the search
for powerful and eco-friendly pesticides that degrade after some time, avoiding pest
resistance, which is also pest-specific, non-phytotoxic, nontoxic to mammals and relatively
less expensive in order to obtain a sustainable crop production [14,15]. In addition to
the awareness achieved in the various countries (such as China, United States, Brazil or
Turkey) [16,17] and also in European Union (EU), the legislation has become increasingly
stringent and binding with the consequences of a green choice in the use of pesticides and
approbation of plant derivatives allowed in the biological control regulation (for example:
clove (Syzygium aromaticum [L.] Merr. and L.M. Perry [Myrtaceae]) essential oil in the EU,
the derived terpenes from Chenopodium ambrosioides L. (Amaranthaceae) in US, Ginkgo
(Ginko biloba L. [Ginkgoaceae]) fruit extract and Psoralea corylifolia L. (Leguminosae) seed
extract in China or the extract of Tephrosia candida DC. (Fabaceae) in Brazil).

In this context, biopesticides may meet those required standards and become the key
to solve pest problems and promote sustainable production, once they are cheap, target-
specific, less hazardous to human health, bio-degradable and therefore environmentally
friendly. Biopesticides are pest management agents based on biochemicals derived from
living microorganisms, insects and plants. [2,18,19]. In this review, we will focus on
biopesticides from plant origin.

Among the plant-derived pesticides, there are the insecticides (constituents that kill
insects in any stage of development: adults, ova and larvae), which act by several different
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mechanisms affecting one or more biological systems, including nervous, respiratory and
endocrine systems, as well as water balance. Additionally, insecticides can also be classified
depending on the mode of its entry into the insect, namely: stomach poisons, contact
poisons and fumigants [11]. A compilation of natural insecticides with their corresponding
toxicity and mechanisms of action may be found in Table 1.

2. Plant Derived Insecticides That Affect the Nervous System

The majority of insecticides, whether biological or synthetic, fit in this category, acting
on several targets, such as: voltage-gated sodium channels, voltage-gated calcium channels,
acetylcholinesterase enzyme (AChE), nicotinic acetylcholine receptors, GABA receptors
and octopamine receptors.

2.1. Voltage-Gated Sodium Channels

Pyrethrum, an oleoresin extracted from the dried flowers of the pyrethrum daisy,
Tanacetum cinerariifolium (Trevir.) Sch. Bip. (Asteraceae), contains two major compounds,
namely Pyrethryns I and II (cyclopropylmonoterpene esters) [20] that act as a modulator on
voltage-gated sodium channels, which are essential for proper electrical signaling in the ner-
vous system, causing a delay in sodium channel closing, resulting in over neuroexcitation,
leading to loss of control of the coordinated movement, paralysis and death. This mode
of actions is highly similar to other synthetic insecticides (such as synthetic pyrethryns).
However, natural pyrethrins used to be more target-specific than synthetic ones [21]. It is
defined as a contact and stomach poison that provides an immediate knockdown when
applied, which has also demonstrated low toxicity to mammals and a particularly short
residual activity, once it is rapidly degraded by sunlight, air and moisture; therefore, fre-
quent application may be required [22]. Pyrethrins may be used against a wide range of
insects and mites, including spider mites, flies, fleas and beetles [23,24]. Its activity may be
enhanced by incorporating piperonylbutoxide (PBO) as a synergist [2].

Other natural products with a similar mechanism of action have already been reported,
such as decalesides I and II, firstly isolated from the roots of Decalepis hamiltonii Wight
and Arn. (Apocynaceae). They are classified as trisaccharides, and are toxic to a variety
of insects by contact exposure, not orally, but through contact to the gustatory receptors
located in the tarsi of the insect [25].

Sabadilla, an insecticidal preparation from pulverized seeds of Schoenocaulon officinale
(Schltdl. and Cham.) A. Gray ex Benth. (Melanthiaceae), has been used by native people
from south and central America for many years. Its alkaloid preparation contains mainly
two major alkaloids: cevadine and veratridine at a proportion of 2:1, which have a mode of
action similar to pyrethrins, although the binding site seems to be different [26]. Sabadilla is
one of the least toxic plant extracts with pesticide activity, considered a contact and stomach
poison with minimal residual activity. However, its major alkaloids, when isolated, are
much more toxic to humans, and affect mostly stinks, squash bugs, thrips, leafhoppers
and caterpillars [11,27].

2.2. Voltage-Gated Calcium Channels

Ryanodine, an active component found in the roots and woody stems of Ryania speciosa
Vahl (Salicaceae), native to Trinidad, activates the calcium channels from the sarcoplasmic
reticulum of skeletal muscle cells. Once activated, the calcium channels release an excess of
calcium ions into actin and myosin protein filaments, leading to skeletal muscle contraction
and paralysis [28]. Ryanodine is a “fast act” poison, promoting its insecticidal activity
either by contact or stomach, with a low mammalian toxicity and a long residual activity,
providing up to two weeks of control after the first application. Ryania crude extracts
insecticidal activity is synergized by piperonylbutoxide (PBO), and is reported to be most
effective in hot waters, working efficiently against caterpillars, worms, potato beetles, lace
bugs, aphids and squash bugs. [11,29]. Ryania is almost no longer used in the United States.
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2.3. Acetylcholinesterase Enzyme (AChE)

Acetylcholinesterase (AChE), an enzyme that hydrolyzes the neurotransmitter acetyl-
choline, plays an important role regulating the transmission of the cholinergic nervous
impulse, and may also be a target for biopesticides. Coumaran (2,3-dihydrobenzofuran), an
active ingredient found in Lantana camara L. (Verbenaceae), inhibits this enzyme, building
up the concentration levels of acetylcholine in the synapse cleft, causing an excessive
neuroexcitation due to the prolonged biding of the neurotransmitter to its postsynap-
tic receptor, leading to restlessness, hyperexcitability, tremors, convulsion, paralysis and
death [30]. It presents low toxicity to mammals and works rapidly against houseflies and
grain storage pests, in spite of its short residual activity. Regarding its mechanism of action,
coumaran may also be compared to the monoterpene 1,8-cineole [31] or other synthetic
pesticides such as organophosphates and carbamates [32]. Moreover, Khorshid, et al. [33]
have presented the inhibitory activity of methanolic extract from Cassia fistula L. (Fabaceae)
roots and proposed the indole alkaloids as new potential active agents. However, it should
be noted that many essential oils and terpenes therefrom have demonstrated anti-AChE
activity in vitro, but their contribution to insect mortality is questionable [34].

2.4. Nicotinic Acetylcholine Receptors

In relation to nicotinic acetylcholine receptors, they are present in the insect nervous
system, either on pre or postsynaptic nerve terminal, as well as the cell bodies of the inter
neurons, motor neurons and sensory neurons [35]. Nicotine, an alkaloid firstly isolated from
Nicotiana tabacum L. (Solanaceae), can mimic acetylcholine by acting as an agonist of the
acetylcholine receptor, leading to an influx of sodium ion and generation of action potential.
Under normal conditions, the synaptic action of acetylcholine is terminated by AChE.
However, since nicotine cannot be hydrolyzed by AChE, the persistent activation caused
by the nicotine leads to an overstimulation of the cholinergic transmission, resulting in
convulsion, paralysis and finally death [35]. Nicotine is an extremely fast nerve toxin, most
effective towards soft-bodied insects and mites. However, is the most toxic of all botanicals
and extremely harmful to humans [2]. Alternatively, there is another class of insecticides
inspired on nicotine chemical structure, called neonicotinoids, which may be represented
by imidacloprid, acetamiprid and thiamethoxam. Similarly to nicotine, neonicotinoids
interact with nicotinic acetylcholine receptors. However, they are more specific, being
much more toxic to invertebrates such as insects than to mammals. Additionally, they have
higher water solubility, which permits its application to soils and therefore, its absorption
by plants, promoting a more efficient defense [36]. They may act as a contact or ingestion
poison, leading to the cessation of feeding within several hours of contact followed by
death shortly after [37].

2.5. GABA-Gated Chloride Channels

GABA-gated chloride channels are potential targets for insecticides. Once they are
blocked by its antagonists (such as the α-Thujone (isolated from Artemesia absinthium L.
(Asteraceae)) or the picrotoxine (Anamirta cocculus (L.) Wight and Arn (Menispermaceae)),
neuronal inhibition is reduced, leading to hyper-excitation of the central nervous system
(CNS), convulsion and death. Previous research have reported the monoterpene thujone as
a neurotoxin, since it acts on GABAA receptors as an allosteric reversible modulator, and as
a competitive inhibitor of [3H]Ethynylbicycloorthobenzoate ([3H]EBOB binding) [38]. Ad-
ditionally, the GABA receptor may be inhibited by the monoterpenoids carvacrol, pulegone
and thymol through [3H]TBOB binding [39]. Similarly, the silphinene-type sesquiterpenes,
plant-derived natural compounds, antagonize the action of aminobutyricacid (GABA),
by stabilizing non-conducting conformations of the chloride channel [24,38]. As GABA
is an endogenous ligand related to stimulate feeding and evoke taste cell responses on
most herbivorous insects, the chemicals that antagonize GABA receptors may also be
considered as antifeedant or deterrent compounds, affecting mostly aphids, lepidopterans
and beetles [40,41].
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2.6. Octopamine Receptors

Octopamine is a multi-functional endogenous amine that acts as a neurotransmit-
ter, neurohormone and neuromodulator on invertebrates [42]. Its receptors are widely
distributed in the central and peripheral nervous systems of insects, comprising the oc-
topaminergic system, constituting of several subtypes of octopamine receptors, which are
coupled to different second messenger systems, therefore playing a key role in mediating
physiological functions and behavioral aspects [43–45]. For instance, octopamine1 receptor
modulates myogenic rhythm of contraction in locust extensor-tibiae through changes in
intracellular calcium concentrations, whereas octopamine2A and octopamine2B receptors
mediate their effects through the activation of adenylatecyclase. Moreover, octopamine3
receptors mediate changes in cyclic adenosine monophosphate (CAMP) levels in the locust
central nervous system [46].

The rapid action of monoterpenes against some pests suggests a neurotoxic mode of
action. This hypothesis was confirmed by Reynoso, et al. [47], who have demonstrated re-
pellent and insecticidal activity of eugenol against the blood-sucking bug Triatoma infestans
(Klug; Reduviidae) through activation of the octopamine receptor.

Previous studies have reported the presence of octopamine receptors in a large variety
of insects, including, firefly, flies, nymphs, cockroaches and lepidopterans [46–48]. As these
receptors do not conform to the receptor categories that have been recognized in vertebrates,
agonists of octopamine receptors may be a valuable candidate for a commercial pesticide,
once they are target-specific, less toxic to mammals and have a different mechanism of
action when compared to the majority of pesticides currently in the market [47].

3. Plant Derived Insecticides That Affect Respiratory or Energy System

Cellular respiration is a process that converts nutrient compounds into energy or
adenosine triphosphate (ATP) at a molecular level. More specifically, this process is
performed by the electron transport chain of the mitochondria, which comprises several
important enzymes that are potential targets for insecticides. Rotenone is the most common
natural product among rotenoids, a type of isoflavonoid and is usually found in species
from Derris and Lonchocarpus (in Fabaceae) and Rhododendron (in Ericaceae), spread
throughout East Indies, Malaya and South America [20].

Rotenone is defined as a complex I inhibitor of the mitochondrial respiratory chain,
which works both as contact and stomach poison. It blocks the nicotinamide adenine
dinucleotide (NADH) dehydrogenase, stopping the flow of electrons from NADH to
coenzyme Q, therefore, preventing ATP formation from NADH, but maintaining ATP
formation through flavine adenine dinucleotide (FADH2); therefore, it is one of the slowest
acting botanical insecticide, and yet readily degradable by air and sunlight, taking several
days to kill insects, affecting primarily nerve and muscle cells, leading to cessation of
feeding, followed by death, from several hours to a few days after exposure. Moreover,
this bio-based pesticide is constantly applied to protect lettuce and tomato crops as it
has a broad spectrum of activity against mite pests, including leaf-feeding beetles, lice,
caterpillars, mosquitoes, ticks, fire ants and fleas. Furthermore, its effects are substantially
synergized by PBO or pyrodone (MGK 264).

Rotenone is highly toxic to mammals and fish [24,49]. Its activity and persistence
are comparable to dichlorodiphenyltrichloroethane (DDT) [2]; moreover, previous studies
have correlated a possible link between its exposure and Parkinson’s Disease (PD) [50].
However, in spite of its high toxicity, rotenoids may be a potential source of novel com-
plex I inhibitors, acting as a prototype for the development of safer and more efficient
pesticide derivatives [51].

Acetogenins (annonins, asimicin, squamocin, annonacins) obtained from
Annona squamosa L. (Annonaceae) are well known for their pest control properties. A
botanical formulation based on annonins wherein asimicin is the major pesticidal com-
pound has been patented [52].
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4. Plant Derived Insecticides That Affect the Endocrine System

Chemical constituents that interfere with the endocrine system of insects are classi-
fied as insect growth regulators (IGR). They may act either as juvenile insect hormone
mimics or inhibitors, as well as chitin synthesis inhibitors (CSI). Normally, the juvenile
hormones are produced by insects in order to keep its immature state. When a sufficient
growth has been reached, the production of the hormone stops, triggering the molt to the
adult stage [53]. Triterpenes from Catharanthus roseus (L.) G. Don (Apocynaceae), such
as α-amyrin acetate and oleanolic acid, have demonstrated interesting growth regulator
activity [54]. Acyclic sesquiterpenes such as davanone, ipomearone and the juvenile hor-
mone from silkworm are perfect examples of natural products with IGR activity as well.
Therefore, the constant application of IGR towards the crops will maintain the insects in its
larvae state, preventing a successful molting and resulting in an efficient pest control [55].
On the other hand, it has been reported the antijuvenile hormone activity of two chromenes
found in Ageratum conyzoides L. (Asteraceae), precocene I and II promotes a precocious
metarmophosis of the larvae and production of sterile, moribund and dwarfish adults after
exposure [56]. Although, resistance to azadirachtin has been demonstrated [57], indicating
that insects can develop resistance to natural hormones or hormone-related compounds;
however, this class of compounds remains a natural potential for commercial bio-based
pesticides [55]. Additionally, complex polyphenolic fractions also present a wide range of
insecticidal activities, interfering with the fecundity and inducing the disruption of the
oogenesis [58,59] (WO 94/13141).

Moreover, previous researches have reported a natural insecticide of broad-spectrum
activity, which has low mammalian toxicity and is the least toxic among botanical insecti-
cides. It is called azadirachtin, a complex tetranortriterpenoid limonoid, majorly found in
the seeds of Azadirachta indica A. Juss. (Meliaceae), a plant species commonly known as
the Neem tree which originated from Burma, but is currently grown in more arid, trop-
ical and subtropical zones of Southeast Asia, Africa, Americas and Australia [24,26,60].
Azadirachtin is considered a contact poison of systemic activity, which may be categorized
in two ways: direct effects towards cells and tissues, or indirect effects, represented by
endocrine system interference. It is a powerful compound that acts mainly as a feeding
deterrent and insect growth regulator, comprising a wide variety of insect taxa including
Lepidoptera, Diptera, Hemiptera, Orthoptera, Hymenoptera [60]. As for its growth regula-
tory effects, azadirachtin affects the neurosecretory system of the brain insect, blocking the
release of morphogenetic peptide hormones (e.g., prothoracicotropic hormone (PTTH) and
allatostatins). These hormones control the function of the prothoracic glands and the cor-
pora allata, respectively. Therefore, as the moulting hormone (which controls new cuticle
formation and ecdyses) and the juvenile hormone (JH) (which controls the juvenile stage
at each moult) are regulated by prothoracic glands and the corpora allata, any disruption
on this biochemical cascade may lead to moult disruption, moulting defects or sterility.
The effects on feeding, developmental and reproductive disruption are caused by effects
of the molecule directly on somatic and reproductive tissues and indirectly through the
disruption of endocrine processes [60].

Neem-based non-commercial products are normally found as neem oil, obtained
from the cold pressing of its seeds, in order to control phytopathogens (including in-
sects). The other product is a medium-polarity extract containing azadirachtin (0.2–0.6% of
seed/weight) [2], whereas the actual commercial product is a 1 to 4.5% azadirachtin solu-
tion [61]. Despite its 20 h half-life, it ensures a reasonable persistence in field applications
due to its systemic action [2].

In relation to CSIs, they inhibit the production of chitin, a β-(1,4)-linked homopolymer
of N-acetyl-D-glucosamine, one of the most important structural components of nearly all
fungi cell walls, and also a major component of the insect exoskeleton, which provides phys-
ical protection and osmoregulation. As chitin is absent on plant and mammalian species,
while it is abundant in arthropods and most fungi, chitin biosynthesis has become an
important target for developing more specific insecticides and antifungal agents. Previous
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research has reported chitin synthase inhibition activity of 2-benzoyloxycinnamaldehyde
(2-BCA), a natural product isolated from the roots of Pleuropterus ciliinervis Nakai (Polyg-
onaceae), which is a plant species traditionally used in Chinese folk medicine to treat
inflammation and several types of infection [62].

5. Plant Derived Insecticides That Affect the Water Balance

Insects have a thin layer of wax covering their body, which provides the ecological
function of preventing water loss from the cuticular surface. For instance, vegetable crude
oils of rice bran, cotton seed and palm kernel, as well as saponins (natural soaps) may act
by disrupting this protective waxy covering, affecting the water balance of insects through
a rapid water loss from the cuticle, therefore leading to death by desiccation. Interestingly,
the action of soaps affects the wax covering of insects [63]. The action of soaps on the
wax covering of insects is influenced by the temperature [64]. Additionally, the crude oils
may also act by interfering with insect respiration by plugging the orifices called spiracles,
resulting in death by asphyxiation, controlling several types of insects such as whiteflies,
mites, caterpillars, leafhoppers and beetles [1].

6. Other Classes of Pesticides

The botanical pesticide agents may also be categorized into repellents, attractants,
antifeedants or deterrents, molluscisides, fungicides, phytotoxins (herbicides) and pho-
totoxins [15]. These classes are less common in plant sources than the insecticides [65].
Sometimes, a given compound may act as an insecticide and/or as a repellent. The major
difference between those two is that the repellent does not kill insects, but only keeps them
away by releasing pungent vapors or exhibiting a slight toxic effect [66].

7. Repellents

There are several essential oils which are majorly constituted of monoterpenes and
are considered extremely effective repellents, including lemongrass (Cymbopogon flexuosus
(Nees) Will. Watson (Poaceae)), eucalyptus (Eucalyptus globulus Labill. (Myrtaceae)),
rosemary (Rosmarinus officinalis L. (Lamiaceae)), vetiver (Vetiveria zizanioides (L.) Nash
(Poaceae)), clove (Eugenia caryophyllus (Spreng.) Bullock and S.G. Harrison (Myrtaceae))
and thyme (Thymus vulgaris L. (Lamiaceae)) [67]. Catnip oil, for example, extracted from
Nepeta cataria L. (Lamiaceae), is considered a highly effective repellent of mosquitoes, bees
and other flying insects. As a matter of fact, this oil repels Aedes aegypti L. (Culicidae)
ten times more than DEET, which is probably related to its most effective constituent,
nepetalactone, a monoterpene lactone [68], which is also reported as a repellent for lady
beetles, cockroaches, flies and termites [69,70]. The anthraquinone tectoquinone was also
described as a repellent against termites [71,72], and alstonine alkaloid has a repellent and
larvicidal activity against Anopheles gambiae Giles (Culicidae) [73].

8. Attractants

In relation to attractants, they are considered semio-chemicals or communication
compounds, released by plants in order to attract insects or to attract natural predators of
the insects that feed on the plant [74]. Miller [75] have related the release of (−) and (+)
limonene from white pine (Pinus strobus L. (Pinaceae)) to the attraction of the white pine
cone beetle, Conophthorus coniperda Schwarz (Curculionidae), as well as the attraction of the
predator beetle, Enoclerus nigripes Say (Cleridae), through the release of (−)-α-pinene, as
well as the sesquiterpene caryophyllene [76].

9. Antifeedants or Deterrents

Previous studies have correlated antifeedant activity to a chemoreception mecha-
nism, consisting in the blockage of receptors that normally respond to phagostimulants
or through stimulation of deterrent cells (primary antifeedancy). According to Qiao
et al., [77] azadirachtin reduces the cholinergic transmission of neurons related to the
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suboesophageal ganglion (SOG) of Drosophyla melanogaster Meigen (Drosophylinae), which
are strongly related to feeding behavior. Additionally, food consumption may also be
reduced due to its toxic effects after the first intake (secondary antifeedancy), promot-
ing astringency, bitter taste or anti-digestive activity to certain herbivores [78,79]. For
instance, Okwute and Nduji [80] have reported that schimperii, a gallotannin isolated
from Anogeissus schimperi (Hochst. ex Hutch and Dalziel) (Combretaceae) was responsi-
ble for conferring this unattractive taste to herbivores. Similar effects were reported to,
isoflavonoids [81], acetogenines [82,83] or cyanogenic glycosides, such as linamarin [84].

Moreover, Lajide, Escoubas and Mizutani [66] have reported feed deterrent activ-
ity of ent-kaurane diterpenoids isolated from Xylopia aethiopica (Dunal) A. Rich. (An-
nonaceae), among which, (−)-kau-16-en-19-oic acid has demonstrated the strongest an-
tifeedant activity. According to Okwute [2], 15-epi-4E-jatrogrossidentadione, a diterpene
from Jatropha podagrica L. (Euphorbiaceae) have also demonstrated its antifeedant activ-
ity towards Chilo partellus Swinhoe (Crambidae). Moreover, silphinene sesquiterpenes
(Senecio palmensis C. Sm. (Asteraceae)) and thymol (Thymus vulgaris L. (Lamiaceae)) have
been described as model of insect antifeedants [40].

However, as demonstrated by Huang et al., in spite of numerous natural plant natural
products acting as antifeedants, no commercial product based on this mode of action have
been produced. Insect habituation to feeding deterrents considerably limits their utility in
crop protection [85].

10. Phytotoxines or Herbicides

Regarding phytotoxins, they may be defined as natural herbicides that are naturally
released by plant species in order to interfere with the growth or germination of specific
targets around them, such as weeds, leaving the emitting plant with more chances to
survive. In nature, such action is called allelopathy, and the compounds that promote
this action are defined as allelopathic agents [86–88]. Clay, et al. [89] have reported a
study regarding herbicidal activity of citronella oil against different weed species: the
oil at a dose of 504 kg a.i. ha-1 largely killed the foliage of the weed species within one
application. However, most species have regrown substantially after two months, except
for Senecio jacobaea L. (Asteraceae), which was the most susceptible one. According to
Ismail, et al. [76], its herbicidal activity occurs through inhibition of photosynthesis. Be-
sides essential oils herbicidal activity, Ismail, Hamrouni, Hanana and Jamoussi [90] have
also reported plant-derived isolated compounds, such as eugenol and 1,8-cineole, with
herbicidal activity promoted through inhibition of DNA synthesis and mitosis. Further-
more, several classes of secondary metabolites have been already described as phytotoxins,
including naphtoquinones, such as juglone [91,92], amino acids such as m-tyrosin e [93]
and L-tryptophane [94], terpenoids as 5,6-dihydroxycadinan-3-ene-2,7-dione [2,95] and
citronnellol [90], catechins [2,96], polyphenols [97] and alkylamides [98].

11. Phototoxins

There is a class of phytochemicals called phototoxins or light-activated compounds
that instead of losing their efficiency due to sunlight degradation, they are actually in-
creased or activated by two different mechanisms. In the first mechanism (less common),
molecular oxygen from the phototoxin absorbs the energy from the light, generating acti-
vated species of oxygen which ultimately damage important biomolecules [99]. The other
mechanism of action is photogenotoxic, where phytochemicals cause damage to DNA,
triggered by sunlight activation, regardless of the presence of oxygen in the phototoxin.
In actuality, thephototoxin on its ground state, absorbs the photon, reaching its excited
state, which interacts with ground state O2 located in the tissue of its target, generating
singlet oxygen and enabling insecticidal activity. This peculiar mode of action of photoxins
is so different from conventional synthetic pesticides that cross resistence among them
is unlikely [100,101].

204



Molecules 2021, 26, 4835

Light-activated phototoxins may be exemplified by several classes such as quinones,
furanocoumarins, substituted acetylenes and thiophenes. For instance, Marchant and
Cooper [102] have reported several phototoxins, such as 3-methyl-3-phenyl-1,4-pentadiyne,
an oil constituent from Artemisia monosperma Delile (Asteraceae), which under sunlight-
induced conditions exerts an activity similar to DDT against the housefly Musca domestica L.
(Muscidae) and cotton leaf worm Spodoptera littoralis Boisduval (Noctuidae) larvae. They
have also discovered that an acetylenic epoxide from Artemisia pontica L. (Asteraceae),
called ponticaepoxide, exhibits an LC50 of 1.47 ppm against mosquito larvae when sub-
mitted to UV light. Additionally, Nivsarkar, et al. [103] have also found that the major
compound from the roots of Tagetes minuta L. (Asteraceae), a thiophene called terthio-
phene or α-terthienyl (αT), is highly toxic against several organisms when co-submitted
to near UV light radiation, such as nematodes, red flower beetles (Tribolium casteneum
Herbst (Neoptera)), blood-feeding insects such as Manduca sexta L. (Sphingidae) and
mosquito larvae (dipteres): Aedes aegypti L. (Culicidae), Aedes atropalpus Coquillett (Culici-
dae), Aedes intrudens Dyar (Culicidae) and yet, to our knowledge no commercial product
has been generated. Plant-based natural product chemical structures with their correspond-
ing pesticide activity and targets may be found in Table 2.

12. Discussion

Since ancient times, efforts to protect the agricultural harvest against pests have
been reported. The use of inorganic compounds to control pests was reported between
500 B.C and the 19th century. They included products based on sulphur, lead, arsenic and
mercury [2]. On the other hand, plant biodiversity has proved to be an endless source of
biologically active ingredients, used for traditional crop and storage protection. Egyptian
and Indian farmers used to mix the stored grain with fire ash [104]. The ancient Romans
used false hellebore (Veratrum viride Aiton (Melanthiaceae)) as a rodenticide. Moreover,
pyrethrum (extract from Tanacetum cinerariifolium (Trevir.) Sch.Bip (Asteraceae)) was used as
an insecticide in Persia and Dalmatia, whereas the Chinese have discovered the insecticidal
properties of Derris spp. (Fabaceae) [105].

Previous studies have already reported more than 2500 plant species belonging to
235 families, which have demonstrated their biological activity against several types
of pests [1]. However, in spite of the remarkable potential as natural sources for com-
mercial botanical pesticide development, not many have been found on the market,
remaining in use only for small organic crops and commonly classified as so-called
farming products [106].

Plant-derived pesticides can be processed in various ways: as crude plant material
in the form of dust or powder; as extracts or as pure plant natural products, formulated
into solutions or suspensions [2]. Several different classes of natural compounds that
promote pesticide activity have already been reported, namely: fatty acids, glycolipids, aro-
matic phenols, aldehydes, ketones, alcohols, terpenoids, flavonoids, alkaloids, limonoids,
naphtoquinones, saccharides, polyolesthers, saponins and sapogenins [20,107–110]. How-
ever, several factors appear to limit the commercialization of botanical pesticides, such
as: problems in large scale production, non-availability of raw materials, poor shelf life,
diminished residual toxicity under field conditions, limitations regarding standardization
and refinement of the final product. Additionally, as the phytochemical profile of plant
species may vary according to its genome/transcriptome/proteome/metabolome, and this
variation depends on several edaphic-climatic factors (i.e., temperature, relative humidity,
level of sunlight radiation, altitude, photoperiod and type of soil) as well as ecologic inter-
actions, (i.e., herbivory or mutualism), manufacturers must take additional care in order
to maintain efficiency and ensure that their products will perform consistently (standard-
ization). Finally, even if all these issues are addressed, regulatory approval remains as the
major barrier. A serious drawback to commercialization of botanicals is the high cost of
processing plant materials to meet the standards of pesticide regulatory authorities [111].
Marrone [112] provided an overview of the current state of biopesticides and offered some
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ideas for improving their adoption, including conducting on-farm demonstrations and
more education and training on how the products work and how to incorporate them
into integrated pest management. In many jurisdictions, no distinction is made between
synthetic pesticides and biopesticides. Simply because a compound is a natural product, it
does not mean that it is safe, since most of the toxic poisons are natural products or inspired
by them. Furthermore, if biopesticides are used indiscriminately, as wells as the synthetics,
they may also lead to the development of pest resistance [113].

In this context, only a few new sources of botanicals have reached commercial status
in the past twenty years. Thus, the major commercial botanic pesticides currently in use
include: pyrethrin, rotenone, azadirachtin and essential oils in general [111], along with
three other products, commercialized in a more limited way: ryania, nicotine and sabadilla
or veratrine alkaloids [20].

Therefore, the best strategy for a botanical pesticide to meet all the standards required
and reach commercial status in a more efficient and pragmatic way is by performing
bioassay-guided fractionation in a high scale [82,109,114]. In other words, the bioassays
assessment of several plant extracts and its fractions, obtained whether by sophisticated or
unsophisticated purification procedures, may lead to the discovery of the most effective
compound or mixture of compounds correlated to the pesticide activity of each corre-
sponding species. The isolated compound may act as a lead compound or prototype
for the synthesis or semi synthesis of pesticide derivatives, which, by structure–activity
relationship (SAR) techniques may result in more effective and safer products. However,
sometimes, when the compound is presented on its isolated form, it may promote no activ-
ity at all, proving that extracts or fractions from a certain plant species are more effective
than its isolated compounds, due to synergic effect of compound mixture, which may also
lead to the manufacture of potential raw material for commercial biopesticides [114,115].
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13. Conclusions

Despite several factors that appear to limit botanical pesticide commercialization, such
as problems in large scale production, non-availability of raw materials, poor shelf life,
diminished residual toxicity under field conditions and lack of extract standardization,
a multidisciplinary approach, comprising bioassay-guided fractionation, combined with
structure-activity relationship (SAR) and analytical techniques, has revealed to be an
extremely efficient strategy in order to develop bio-based pesticides that meet all the
commercial standards required. In summary, plant-derived pesticides have indicated their
potential as a great alternative for pest management, once they become cheap, target-
specific, less hazardous to human health, biodegradable and ecofriendly; therefore, they
may improve crop efficiency and reduce food crisis while maintaining sustainability.
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Abstract: Nowadays, we are tackling various issues related to the overuse of synthetic insecticides.
Growing concerns about biodiversity, animal and human welfare, and food security are pushing
agriculture toward a more sustainable approach, and research is moving in this direction, looking for
environmentally friendly alternatives to be adopted in Integrated Pest Management (IPM) protocols.
In this regard, inert dusts, especially diatomaceous earths (DEs), hold a significant promise to prevent
and control a wide range of arthropod pests. DEs are a type of naturally occurring soft siliceous
sedimentary rock, consisting of the fossilized exoskeleton of unicellular algae, which are called
diatoms. Mainly adopted for the control of stored product pests, DEs have found also their use against
some household insects living in a dry environment, such as bed bugs, or insects of agricultural
interest. In this article, we reported a comprehensive review of the use of DEs against different
arthropod pest taxa, such as Acarina, Blattodea, Coleoptera, Diptera, Hemiptera, Hymenoptera,
Ixodida, Lepidoptera, when applied either alone or in combination with other techniques. The
mechanisms of action of DEs, their real-world applications, and challenges related to their adoption
in IPM programs are critically reported.

Keywords: urban pests; agricultural pests; aphids; cockroaches; kissing bugs; insect vectors; green
insecticides; mosquitoes; moth pests; non-target toxicity; stored product pests; termites

1. Introduction

Among different types of inert materials currently adopted in pest control, diatoma-
ceous earths (DEs) hold a prominent position, as they are apparently the most often tested
material for this purpose. A search in Journal of Stored Products Research for published
papers between January 2019 and January 2021 revealed the publication of 13 papers with
“diatomaceous earth” on their title, emphasizing the utilization of DEs in stored product
protection. DEs are not only used for the management of insects and other arthropods,
but they also have multiple uses including the control of different pathogens, such as
fungi and bacteria [1–4]. Other types of inert dusts, such as zeolites [5] or kaolin [6], have
been also investigated for pest control. This work will be focused solely on the use of
DEs in crop protection but also in post-harvest and urban pest control, highlighting their
wide applicability.

In a recent review paper, Athanassiou et al. [7] categorized the materials that can
be used in pest control and fall into the category of “nano” under the general term of
nanoparticles. Although there are cases where DE particles can touch the “nano” scale, DEs
are generally classified in the “micro” category and can be considered as “microparticles”
in contrast with nanoparticles.

DEs are the fossilized remains of phytoplankton, which are diatoms that occurred
mostly during the Miocene and Eocene periods [1]. Diatoms are unicellular eukaryotic
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algae that are characterized by an external skeleton (frustule) rich in silicon dioxide whose
fossilized remains constitute DEs [1,2,8]. These diatoms are abundant either in fresh-water
or marine environments, but they are also present in terrestrial ecosystems.

The present review provides a focus on the utilization of DEs to manage different
arthropod pest categories when applied either alone or in combination with other techniques.

2. Which Is the Mode of Action of DEs?

There are different theories about the insecticidal effect of DEs [2]. It is generally
considered that DE particles attach to the insects’ cuticle, causing death through desicca-
tion [1,2,9], although the abrasion is also a complementary action, i.e., through cuticular
micro-wounds [2]. The shape of DEs may be a critical factor in this sense, as round-shaped
diatom may lead to more rapid water absorption, while sharp-shaped DE acts more as an
abrasive factor [1,2,9,10]. Nevertheless, the shape of the diatom, and probably its action
(i.e., sorption vs. abrasion) can be chanced through different processing techniques [11].

3. Why Use DEs for Arthropod Pest Control?

Thanks to their characteristics, the use of DEs is advantageous for several types
of applications [2,8]. First, DEs are natural substances, and given their low toxicity to
mammals and the environment, the registration process is greatly simplified. In addition,
being inert materials, DEs have no interaction with the commodity and can be easily
removed through standard processing, such as sieving [1,10,12–14], while their presence
in the final product, such as flour or semolina, does not alter baking or pasta-making
properties [1,12]. For more than two decades, DEs have been used as feed additives and in
veterinary pest control [1]. Moreover, DEs are easily accessible [8,15]. The natural deposits
from where DEs are extracted are found almost everywhere. Following their extraction,
these powders are sieved to obtain a homogeneous mixture of particle sizes and dried at
approximately 2–6% moisture content [1,11,15]. Finally, due to their mechanism of action,
no physiological pest resistance is expected to occur, while tolerance may be exhibited
through reduced contact with the DE particles [16–18].

4. Any Dark Facets for DEs Use in Pest Control?

In general, to be effective, DEs must be applied at elevated concentrations, which are
much higher than those of conventional insecticides and often exceed 1000 ppm [2,8,19,20].
In this way, they create a “dusty” appearance on the products and might cause health
problems to workers, such as respiratory disorders [1,2,8,10]. In addition, their application
on stored products results in the reduction of the test weight (weight to volume ratio),
which is a critical characteristic in the international grain market [1,12].

In this scenario, we focused on current knowledge and challenges on the use of DEs in
stored products as well as for managing arthropod pests of agricultural importance, urban
pests, and vectors of public health relevance. The potential impact of DEs on non-target
species is also discussed.

5. DEs to Control Stored Product Pests

Currently, most studies assessing the toxicity of DEs on arthropods of economic impor-
tance are focused on stored product pests. Storing durable commodities is significant since
it ensures stable food and feed production all year long and on a global scale. However, the
storage environment, which may range from warehouses to retail shelves, is also a pros-
perous place for a range of insects to thrive [21]. Insect infestations have multiple effects
on stored food, feed commodities, and seeds. Beyond the direct damage caused by food
consumption, insects also pose a quarantine threat. Insect fragments within durable edible
products provoke allergic reactions, alter the organoleptic characteristics, and potentially
carry disease-causing pathogens [22]. Therefore, even a small percentage of damage may
result in profound monetary losses. Despite the technological advantages over the years,
most segments of the food industry are very susceptible to insect infestations, especially
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when it comes to stored grains [23]. On the other hand, pest management currently depends
mostly on chemical methods, but such approaches must be at least improved by adopting
more sustainable and eco-friendly treatments for raw and processed commodities [24].
Herein, we analyze the various factors routing the efficacy of DEs against stored product
pests and their real-world use, even in combination with fungal and plant-borne pesticides.

5.1. Biotic and Abiotic Factors That Influence the Efficacy of DEs

Given their high absorptive power, the efficacy of DEs is highly determined by the
levels of relative humidity (R.H.)/moisture content (m.c.). Hence, in humid conditions,
some types of DEs may not be as effective as in dry conditions. For instance, Vayias and
Athanassiou [25] tested larvae of the confused flour beetle, Tribolium confusum Jacquelin
du Val (Coleoptera: Tenebrionidae) for their susceptibility to DEs, and they found that
the efficacy of commercial DEs was reduced as the R.H. level rose from 55% to 65%.
This is particularly important for grain protection, as R.H. levels between 55% and 75%
correspond with an equivalent of 10.5% to 14% m.c., which are realistic ranges for long-term
storage [26,27]. However, there are studies where the efficacy of DEs was not much affected
by the increased R.H., suggesting that certain DE types do not interact much with moisture.
A slurry formulation of DE, i.e., a mixture of DEs and water, may not be as effective as
dust (powder) formulations [28]. However, a slurry formulation can be more practical in
terms of direct application in the commodity with the same technology as traditional grain
protectants [28,29].

The temperature might act indirectly on the efficacy of DEs, since at a higher tempera-
ture, the water loss occurs faster. In addition, insect mobility is increased at elevated tem-
peratures, causing an increase in the contact with the DE particles. Athanassiou et al. [20]
tested a commercially available DE on wheat for the control of adults of T. confusum and the
rice weevil, Sitophilus oryzae (L.) (Coleoptera: Curculionidae), and noticed that there was a
positive correlation between the mortality rates and the temperature. Indeed, by increasing
the temperature by 10 ◦C, Athanassiou et al. [20] reported that the mortality rates were
raised from approximately 45% at 22 ◦C to 100% at 32 ◦C. Other studies show similar
results for a wide range of species [2,25,30,31], but some reports show that the increase in
temperature decreases mortality [30,32]. The type of commodity on which DEs are applied
is another critical aspect that should be considered. In the case of stored grain protection,
not all grains are equal in terms of their response to DEs, suggesting that there are specific
interactions with the external parts of the grains mass that may partially inactivate the DE
particles. In a series of studies [13,14,19] it was shown that DEs are less effective on maize
than on small grains, such as wheat, rice, and barley. Kavallieratos et al. [13] used sieves
to remove two different DEs from eight grains, and the percentage of DEs removed was
always higher on maize and minimal on wheat or barley. In addition, DE adherence was
much lower in peeled barley than in non-peeled barley, which is a clear indication that the
shape of the external kernel part is critical in maintaining the DE particles [13]. Still, these
adherence differences among the different grains did not correlate with adult mortality in
the lesser grain borer, Rhyzopertha dominica (F.) (Coleoptera: Bostrychidae) [13,14].

Different target species have different levels of susceptibility to DEs. It is generally
expected that soft-bodied insects are more vulnerable to DEs, as their cuticula can be
easily damaged, causing rapid desiccation [29]. However, this is not always true. For
instance, stored product mites, such as Astigmata, are extremely vulnerable to DEs, which
is considered as a direct consequence of their sensitivity to water loss and their thin
cuticles [29,33]. Nevertheless, another category of soft-bodied stored product pests, psocids
(Psocoptera), are extremely tolerant to DEs [34]. Psocids have a certain mechanism that
can moderate water loss and absorb moisture from the air to compensate losses [35,36].
Larvae are considered more susceptible to DEs than adults [29]. For instance, Vayias and
Athanassiou [25] found that T. confusum larvae were more susceptible to DE than adults,
with early-stage larvae being the most vulnerable larval instar. However, this is not true
for the yellow mealworm, Tenebrio molitor L. (Coleoptera: Tenebrionidae), where adults are
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susceptible to DEs, but larvae remain unaffected due to the occurrence of a mechanism that
moderates water loss [37]. The adults of the red flour beetle, Tribolium castaneum (Herbst)
(Coleoptera: Tenebrionidae) and T. confusum, are being considered as the least susceptible
beetle species to DEs, with the latter slightly more tolerant [19,25,29,38,39]. On the other
hand, adults of the rusty grain beetle, Cryptolestes ferrugineus (Stephens) (Coleoptera:
Laemophloeidae), are very susceptible to DEs, as they are flat-bodied, and water loss can
rapidly occur [1,9,30]. Still, there are dissimilar and not directly comparable results for
different species of stored products [15,29,30], but some general conclusions can be drawn
based on the above observations. Apart from body size, shape, and characteristics, insect
mobility is a critical parameter, as slow-moving insects may have a lower DE particle
uptake. This is considered a key feature for the reduced susceptibility of R. dominica to
DEs [1,30], although some reports show that this species is particularly susceptible to
different DEs [13,14].

Some additional parameters that influence the efficacy of DEs have to do with their
physicochemical characteristics. For instance, it has been shown that particle size is an
important parameter, and the smaller the particles, the highest the DE efficacy against
insects [1,8,9,11]. Vayias et al. [9] have shown that DEs with particles that were smaller
than 45 μm were more effective than DEs with larger particles against R. dominica, S. oryzae,
and C. ferrugineus. Nonetheless, Baliota and Athanassiou [11] have shown that it is the
particle shape, rather than the size, that had a certain effect on the insecticidal value of DEs,
and that smaller particles do not necessarily mean higher efficacy. Moreover, very small
particles may not be desirable for safety issues [2].

Several physicochemical characteristics can be further utilized toward the prediction
of the expected insecticidal value of DEs. Korunić [10] summarized these characteristics in
standardized testing, which can be carried out for rapid screening of DE samples, without
the need to conduct bioassays with insects, which is a time-consuming procedure. The
silicon dioxide content and pH are important factors, while clay and other impurities
are not desirable [10]. Even more important parameters are the tapped density, the bulk
density reduction, and the adherence to grain kernels [1,10]. Diatom species, origin, and
other characteristics may be less important [1,2,9,11,15,40].

5.2. Combinations with Contact Synthetic Insecticides

One of the possible solutions to the implications caused by the high doses of DEs
is the combination of DEs with other substances thanks to the adsorptive nature of the
DE particles. Indeed, the utilization of DEs as a carrier is a promising solution not only
for the application of insecticides in reduced concentrations but also to combine at least
two different modes of action, i.e., desiccation through the inert dusts and an additional
action depending on the type of chemical (e.g., neurotoxic, etc.). Several studies have
indicated a significant potential and even synergism of combinations of commercial DE
formulations with residual insecticides. Wakil et al. [41] reported high mortality rates
of R. dominica in wheat, rice, and maize treated with a combination of thiamethoxam
and a commercial DE formulation, SilicoSec® (Biofa GmbH, Munsingen, Germany), in
relatively low doses (0.25, 0.5, and 0.75 ppm for thiamethoxam and 100 ppm for SilicoSec®).
The combination of 150 ppm of Protect-It® (Hedley Technologies Inc., Mississauga, ON,
Canada) with 1.25, 2.5, or 5.0 ppm of imidacloprid resulted in higher mortality rates of
different stored product insects than applications of these insecticides alone at almost all
exposure intervals and commodities tested [42]. Ceruti and Lazzari [43] used 500 and
1000 ppm of Keepdry® (Irrigação Dias Cruz ME, Brazil) in combination with 0.5 or 1.0 g
a.i./t of deltamethrin powder, which may represent an efficient control measure against the
maize weevil Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae) in stored corn,
highlighting the potentials of having reduced residues of deltamethrin, as compared with
using this active ingredient alone. Arthur [44] stated that an insecticide formulation (F2)
containing 0.03% deltamethrin, 0.37% piperonyl butoxide, 0.95% chlorpyriphos-methyl,
10% mineral oil, and 88% Protect-It® was extremely effective in wheat, maize, and paddy
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rice at the rate of 100 ppm against S. oryzae, S. zeamais, R. dominica and T. castaneum.
Awais et al. [45,46] tested three different doses of the DE formulation Concern (Wood
StreamTM Corporation, Lititz, PA, USA) combined with the Insect Growth Regulators
(IGRs) lufenuron and tebufenozide against T. castaneum and the khapra beetle, Trogoderma
granarium Everts (Coleoptera: Dermestidae) respectively, with the overall conclusions to
specify that the combined use of DEs and IGRs is highly operative and beneficial for stored
product insect control. A combination of the IGR S-methoprene and Protect-It® could
also be a promising mixture as reported by Arthur [47]. In that study, the mixture had an
additive effect and reduced the concentrations of both components required to suppress
the progeny of R. dominica compared to the application of each insecticide alone [47]. In
addition, SilicoSec® (25 ppm) and beta-cyfluthrin (0.125 or 0.25 ppm) acted synergistically
for the control of T. castaneum and, especially, S. oryzae [48]. The long-term protection of a
given insecticide is one of the key elements in stored-grain pest management, aiming to
prevent new infestations and control the reproduction of the already existing individuals.
Mixtures with DEs have the potential to enhance the residual efficacy of an insecticide.
Wakil et al. [49] reported an increased mortality of adults of R. dominica over 9 months
of wheat storage with applications of 200 ppm of SilicoSec® and 0.5 ppm thiamethoxam
in comparison with the residual efficacy of thiamethoxam alone, which was decreased
significantly 2 months after its application. Korunić et al. [50] applied a formulation
containing a low quantity of DE and small amounts of deltamethrin and reported a high
residual efficacy against S. oryzae, R. dominica, and T. castaneum even 12 months after the
treatment. Wakil and Schmitt [51] also found that applications with 150 ppm of DEBBM (DE
+ bitterbarkomycin) plus 5.0 ppm imidacloprid were more effective than single insecticidal
treatments for a period of five months, against all tested species on stored wheat.

5.3. Combination with Fungal Agents

Recently, extensive research focused on the adoption of entomopathogenic fungus
species as an alternative approach to control insect pests of stored grain [52–57]. Fungal
species such as Beauveria bassiana (Balsamo) Vuillemin (Ascomycota: Hypocreales), which
is probably the most examined entomopathogenic fungus for stored product insects [58–64]
has a complex interaction with cuticular lipids [65]. Results exalted the suitability of fungi
as stored-product protectants but also pointed out their need for peculiar humid conditions
to achieve satisfactory conidial adherence, germination, and penetration through the
cuticle [66–68]. Increased humidity in stored commodities should be avoided [29], and
hence, the fungal strains should be effective at drier conditions. Since DEs best perform
under low humidity levels [2,25], the combination of fungi with DEs is very promising.
The synergistic effect between DEs and entomopathogenic fungi expands the area for
fungal spore penetration, increasing insect mycosis [40,62,69–73]. In addition, Batta [71]
reported that the utilization of two different formulations of DE dusts, i.e., The Fossil
Shield 90.0® (The Fossil Shield Co., Eiterfeld, Germany) and SilicoSec® (Agrinova GmbH,
Obrigheim/Muhlheim, Germany), had a negligible effect on the viability of conidia of two
fungal species. Dal Bello et al. [74] indicated the DE–fungal combinations to overcome
some of the constraints in the use of fungi as biocontrol agents.

Applications of mixtures with these two ecologically compatible agents is a very
appealing approach to IPM and can grant a more consistent management of multiple pest
species under a wider range of environmental conditions.

The study of Athanassiou and Steenberg [70] demonstrated the potentials of these
two agents together. The authors tested the insecticidal effect of B. bassiana combined with
relatively low doses of Insecto® (Insecto Natural Products Inc., Costa Mesa, CA, USA),
SilicoSec®, and PyriSec® (Biofa Gmbh, Germany), reporting a high level of control against
the granary weevil Sitophilus granarius (L.) (Coleoptera: Curculionidae) under a broad
range of temperatures and relative humidity levels [70]. In another published work by
Wakil et al. [73], the application of 15 and 30 ppm of DEBBM combined with three doses of
B. bassiana considerably increased adult mortality of R. dominica, especially at increasing
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temperatures and longer exposure intervals compared with DEBBM and B. bassiana alone.
The synergistic interaction between Protect-It® and B. bassiana against several major stored-
product insect species was also proved in laboratory bioassays [65,75]. Shafighi et al. [76]
mentioned the high “speed of kill” of the combination of low doses of SilicoSec® when
combined with entomopathogenic fungi against T. castaneum. Rizwan et al. [77] reported
that the combination of the commercial DE formulation Diafil 610 (Celite Corporation,
Lompoc, CA, USA) with B. bassiana had a suppressive effect on progeny (F1) production
of the same beetle species. In field trials conducted on small farms, the treatment with
mixtures of DE and B. bassiana outperformed the analogous combinations with imidacloprid
after six months of storage [51].

Metarhizium anisopliae (Metschnikoff) Sorokin (Deuteromycotina: Hyphomycetes)
and Paecilomyces fumosoroseus (=Isaria fumosorosea) (Wise) Brown & Smith (Ascomycota:
Hypocreales) have also become a test subject for their insecticidal efficacy when combined
with DEs, with reports to be in accordance with their potentials as control agents against
several insect species, providing also long-term protection when applied in a variety of
stored grains [40,61,76,78,79]. The virulence of P. fumosorosea integrated with DEBBM was
shown to be an effective control measure for R. dominica in stored wheat [80]. Nomuraea
rileyi (Farl.) Samson (Ascomycota: Hypocreales) and Lecanicillium lecanii (Zimm.) Zare
& W.Gams (Ascomycota: Hypocreales) along with natural or modified DE formulations
have been reported to show insecticidal, repellent, and ovicidal effects against Bruchidius
incarnatus (Boheman) (Coleoptera: Chrysomelidae) and R. dominica under a variety of
temperature and relative humidity conditions [81].

5.4. Combination with Botanicals

Plant extracts, essential oils, and other plant-based products are all ingredients with the
potential to control stored-product insects [82,83]. However, their utilization is sometimes
challenging due to their instability and high recommended doses. Combining them with
DEs may enhance their properties, pursuing better insecticidal performances at lower
doses and under a wide range of conditions. Several studies have been conducted toward
this direction, using compounds from several sources. Bitterbarkomycin (BBM), a plant
extract from the roots of Celastrus angulatus Max (Celastraceae), is known for its strong
insecticidal and antifeedant activity against several insect species; low doses of DEBBM led
to high mortality rates of S. oryzae, S. zeamais, T. castaneum, R. dominica, and C. ferrugineus
in stored wheat [28,34]. Two DE formulations enhanced with abamectin, a macrocyclic
lactone produced either directly by the actinomycete Streptomyces avermitilis or generated
through semisynthetic modifications [84], were found to have high insecticidal properties
against stored-product insects at rates as low as 75–125 ppm [28].

Constraints of the use of essential oils, such as their poor penetration, strong odor,
lack of persistence, and high concentration requirements could be reduced if combined
with DEs. Yang et al. [85] tested a combination of essential oil derived from Allium sativum
L. (Amaryllidaceae) with 250 ppm of a DE formulation, reporting a strong synergistic
effect and high initial efficacy against S. oryzae. Ziaee et al. [86] examined the synergis-
tic/antagonistic interaction between Carum copticum (L.) (Apiaceae) essential oil with
natural DE formulations of Iranian deposits against T. confusum and S. granarius, reporting
the potentials of the combination for use in IPM programs. The same authors also stated
that the essential oil increased the DE efficacy by increasing insect’s locomotion activity
through the particles and, at the same time, DEs reduced the oil concentration for the
satisfactory protection of stored products. A new insecticide formulation using Celatom
MN 23 (Celatom Diatomaceous Earth Functional Additives Technical Data Sheet, EP Min-
erals, Reno, NV, USA) enhanced with essential oil extracted from Anethum graveolens L.
(Apiaceae) has been also examined by Korunić and Fields [87] and found to be effective in
controlling four stored-product beetle species at lower doses and with far fewer negative
effects on bulk density than using the DE alone. On the contrary, Campolo et al. [88]
reported an antagonistic effect of Citrus sinensis (L.) Osbeck (Rutaceae) peel essential oil

236



Molecules 2021, 26, 7487

when admixed with the DE formulation Protector (Intrachem Bio, Grassobbio, Lombardy,
Italy). Paponja et al. [89] developed an enhanced DE formulation admixing SilicoSec®

with several botanicals (essential oil lavender, corn oil, and bay leaves dust) and silica gel,
reporting higher mortality of all three insect species tested. Successful formulations of DEs
and botanicals for the control of storage pests may be expected soon, but further testing is
required to determine the duration of efficacy, cost of formulations, testing for their effect
on non-target organisms, human safety, and effects on end-use quality.

6. DEs and Their Application in Urban, Agricultural, and Medical Environments

In the following paragraphs, we reviewed the studies that have investigated the effi-
cacy of DEs against urban, medical, and agricultural pests [90–92]. Against these important
pest groups, the insecticidal activity of DEs has been examined both when applied alone or
in combination with entomopathogenic fungi or botanicals [42,93], following the same ap-
proach shown in the above-reported paragraphs dealing with stored product pest control.
As a general trend, it has been noted that the biological activity of DEs increased when
combined with entomopathogenic fungi [42,94].

6.1. DEs to Control Urban Pests

Insects and mites have successfully adapted over the years to the urban environment
thanks to their ability to utilize food resources and harborages with humans [91]. These
arthropod species can also transmit pathogenic organisms to food, as well as damages to
house structures [91,95–97]. The control of arthropod vectors and pests, including urban
ones, is challenging because of their strong reproductive ability, adaptability, and growing
resistance to insecticides [98]. In addition, the adoption of insecticides in indoor areas is
hazardous for human health [91]. Recently, several studies investigated the adoption of DE
as an alternative to insecticides, highlighting their efficacy on different urban pests through
different application scenarios [91,96,99–103] (Table 1).

The efficacy of DEs has been widely investigated on cockroaches, which are a world-
wide public health pest that causes water and food contamination through transmitting
pathogens mechanically, such as different forms of gastroenteritis [91,96]. A study com-
pared the mortality of adult males and nymphs of the German cockroach, Blattella germanica
L. (Blattodea: Ectiobidae), when DEs are applied as dry formulations or with the addition
of water [96]. Mixing DE with water reduced the DE effectiveness, and the LC50 value was
found to be 10 times lower if compared with dry DEs [96]. Similar results have been also
found in stored product pests treated with dry DEs or with DEs formulated in water [30].
Overall, the bioactivity of DEs is inversely proportional to the water content and relative
humidity [1]. To overcome the limitations related to high relative humidity conditions,
mixing DEs with highly hydrophobic silanes may be a solution [99]. As reported by
Faulde et al. [99], when DEs are mixed with hydrophobic silanes, a complete control of B.
germanica could be achieved under humid conditions (R.H. > 80%) within 11 days [99]. In
this work, it has been reported that the highest mortality rate of B. germanica (100% after
110 h) was achieved with the commercial DE Fossil-Shield® 90.0 S White, whose hydropho-
bicity increased by 3% Aerosil® with 1,1,1-trimethyl-N-trimethyl silane [99]. The same
modified DEs led to the complete eradication of American cockroach, Periplaneta americana
L. (Blattodea: Blattidae), and the silverfish, Lepisma saccharina L. (Thysanura: Lepismatidae),
within 10 days, but the complete population suppression was not achieved in the case of the
oriental cockroach, Blatta orientalis L. (Blattodea: Blattidae) [100]. These results highlight
that cockroach susceptibility to DEs not only varies according to its formulations and their
modifications, but it is also species-dependent [99,100]. Overall, hydrophobized DEs are
more effective on certain cockroach species because of the higher absorption capacity of
their cuticular waxes and the subsequent death by desiccation [99].
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Thanks to their properties, DEs may act as physical barriers for arthropod pest intru-
sions and can be used to forecast the occurrence of subterranean termites that threaten
housing construction and forest trees [101]. A study conducted by Gao et al. [101] showed
that Reticulitermes chinensis Snyder (Rhinotermitidae: Blattodea) adult workers were not
able to penetrate a 3 mm layer of dry DEs, suppressing their tunneling behavior, and
died as a consequence of their movement. As reported by Ahmed et al. [103], mixing
the soil with biofertilizers and DE increased the mortality and reduced the gallery length
of another subterranean termite species, Coptotermes heimi (Wasmann) (Rhinotermitidae:
Blattodea). On the other hand, DEs cannot be used as a barrier to prevent penetration of
the soil surface by Coptotermes formosanus Shiraki (Rhinotermitidae: Blattodea), who was
fully able to penetrate a DEs layer in laboratory bioassays [104]. Interestingly, although
highly effective for the control of subterranean termites and cockroaches, DEs do not
seem to be the most efficient inert dusts to control the pharaoh ant, Monomorium pharaonis
(L.) (Hymenoptera: Formicidae)—a notorious domestic pest, for which the adoption of
chemical-based insecticides is not recommended, particularly when ants infest crowded
buildings such as hospitals [105]. Van Den Noortgate et al. [106] highlighted that the
efficacy of DEs was lower if compared with various porous powders. For instance, zeolites
ordered mesoporous silica material, and carbon black performed better than the DE bench-
mark material, especially the activated carbon powder (ACP) whose survival median time
was almost four times shorter than that of the DEs (LTDE: 95 min; LTACP: 25 min) [106].
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6.2. DEs to Control Arthropod Pests and Vectors of Medical and Veterinary Importance

In recent years, several studies have investigated the use of DEs for managing pest
and vector species of medical and veterinary importance [90,108–112] (Table 2). Many
arthropods can play a pivotal role in the transmission of pathogens and eventually cause
diseases in a wide range of vertebrates, including humans, livestock, pets, and wildlife [97].
Herein, we focus on some studies carried out to prove the efficacy of DEs alone or in
combination with entomopathogenic fungi against arthropod pests and vectors of public
health importance [90,108–112]. Many studies have investigated the adoption of DE
to control bed bugs, Cimex lectularius L. (Hemiptera: Cimicidae), which are obligatory
hematophagous insects that feed commonly on humans [95,97]. Apart from blood sucking,
bed bugs are responsible for a range of emotional problems, anxiety, and sleeplessness [90].
As for other urban pests, there is no longer an absolute method to control/eradicate bed
bugs, and the management relies either on the use of chemicals, such as pyrethroids, or
on non-chemical tools, such as steam [95]. Given their low impact on mammals, DEs
recently seem to be more of an option in bed bug control [90,113]. Several commercial
DEs are known to be effective in the control of bed bugs, such as Bed Bug Kill [113], DE
51 [108], Mother Earth® D [90,108,114], Alpine® [90,114], Pro-Active®, DX13TM-dust, and
aerosol [90]. As reported by Akhtar and Isman [90], who evaluated the efficacy of several
commercial DEs, their activity depends on the content of amorphous silicon dioxide and
the dimension of the particles, resulting in the higher effectiveness of one DE to another.
The efficacy of DEs may be increased by the addition of a dispersal agent, such as a
bed bug alarm pheromone, which enhances bed bug crawling activity, increases bed bug
locomotor activity, and thereby causes a higher contact with DE [115]. In addition, DE
can be horizontally transferred from a treated bed bug to an untreated one [108]. This
phenomenon is typical of gregarious insects and can facilitate the spread of DEs toward
spaces that are hard to reach, contributing to the management of public health pests [108].

DEs have a recent use in the control of kissing bugs, Triatoma infestans (Klug) (Hemiptera:
Reduviidae), which is a vector of Trypanosoma cruzi, causing Chagas’ disease [97]. To
date, several studies emphasize the efficacy of entomopathogenic fungi to control this
species [116,117], but low humidity seems to be a limiting factor for fungal infection [117].
In addition, entomopathogenic fungi do not induce quick and high mortality as synthetic
insecticides [117]. For these reasons, combining entomopathogenic fungi with oils and
DEs may be a solution. The combination of DE + oil eventually enhances the adhesion
and spread of particles (DE and conidia) on the lipophilic cuticle. In addition, the fungal
development may be favored by the higher moisture provided by the abrasive action of DE
and the subsequent trapping of moisture, and lastly, the oil serves as a nutrient source for
the fungi [117]. The efficacy of the mixture is already well established, especially against
stored-product pests [116–120], as detailed above. In laboratory bioassay, the mixture of
B. bassiana and a commercial DE caused high mortality rates in all nymph instars and adults
of T. infestans, ranging from 82% to 100% [120], but the same mixture elicited only 52.4% of
T. infestans death in a field test in Northern Argentina [116]. Another study highlighted
that the efficacy of the commercial DE KeepDry® toward T. infestans nymphs is highly
increased when combined with vegetable oil and M. anisopliae (IP 46), even at a R.H. level
of 75% [117]. The same combination was also effective in the control of the yellow fever
mosquito, Aedes aegypti (L.) (Diptera: Culicidae), a vector or dengue, chikungunya, and
Zika virus in the tropical and subtropical regions [109]. Overall, the combination of DE,
entomopathogenic fungi, and a mineral/vegetable oil may represent a promising tool for
the development of effective management strategies against T. infestans and A. aegypti. The
combination of M. anisopliae (IP 119) with the commercial DE KeepDry® has been also
successfully evaluated toward the cattle tick, Rhipicephalus microplus (Canestrini) (Ixodida:
Ixodidae) [121]. The microsclerotia of M. anisopliae were incorporated in pellets containing
inorganic materials, such as vermiculite, DE, and SiO2 [121]. Overall, the pellets formu-
lated with M. anisopliae microsclerotia effectively suppressed R. microplus in laboratory
tests, demonstrating a promising pellet formulation for targeting the non-parasitic stage
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of this tick on the pasture [121]. Pellets can represent a possible upgrade of conventional
granules thanks to their properties: a higher dose uniformity, higher mechanical resistance,
narrower particle size distribution, and higher capacity of active incorporation [121]. The
combination of fungal spores of B. bassiana and commercial DE resulted in significantly
increased efficacy against blood-sucking poultry red mite Dermanyssus gallinae (De Geer)
(Mesostigmata: Dermanyssidae) [94], which is a worldwide hematophagous ectoparasite
in poultry farming [122] that is also responsible for the transmission of avian influenza
viruses and Salmonella enterica ssp. enterica (S.) ser. Enteritidis and other important en-
terobacteria [123,124]. Although DEs were highly effective in the control of D. gallinae,
Kilping and Steenberg [93] highlighted that four commercial DEs (SilicoSec®, Diamol®,
Protect-It®, and Fossil Shield 90.0®) elicited avoidance behavior and repellence of the mites
on the treated substrate. The authors noticed that the more effective the DE is, the greater
the repellent activity. Consequently, the repellent activity had an impact on the efficacy
of the inert dusts since mites will avoid treated surfaces. Furthermore, the dry conidia of
B. bassiana also elicited a repellent response to poultry red mites both when applied on its
own and when admixed with a low dose of the commercial DE Diamol [93].

In field bioassays, a liquid formulation of DEs elicited high mortality rates of the
poultry red mite population [108]. A gradual reduction of the mite population (34% on
day 7 to 53.5% on day 14; over 90% on days 21–28) was observed when the application of
DE was combined with the mechanical cleaning [108]. The cleaning physically removes
the mites and might also help the liquid formulation to stick better to surfaces than
when covered with dust [108]. Overall, the adoption of liquid DEs is advisable mainly
because product wastes are reduced, and an easier and safer application is provided [125].
Interestingly, DEs were found not to be as efficient as other products, such as kaolin and
sulfur, to control the northern fowl mite, Ornithonyssus sylvarium (Canestrini & Fanzago)
(Mesostigmata: Macronyssidae), which is another threat for hens [125,126]. Testing out the
liquid formulations of DE, Martin and Mullens [126] noticed that a significant reduction
of the northern fowl mite population occurred when DE was applied for two consecutive
weeks, and the highest reduction of mite population was achieved with high concentrations
of sulfur (≥5.3%). Although DE effectiveness was found to be lower, in general, their use
in dust boxes seems to enhance bird natural dustbathing behaviors, which translates into
an increase in animal welfare and a reduction in the use of pesticides [127].
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6.3. DEs to Control Crop Pests

Although DEs are not widely used by farmers to control arthropod pests, several
studies reported their efficacy to control pests of agricultural interest such as soft-bodied
insects, ants, and moths [42,131–134] (Table 3). It is generally advisable to use DE as an ad-
juvant rather than an active ingredient alone, considering the wide range of environmental
conditions during the application [135]. Indeed, studies about DE effectiveness toward
crop-damaging arthropods mainly focused on their use in combination with other products
such as essential oils or entomopathogenic fungi [42,92,132,136,137]. For instance, a study
conducted on the green peach aphid, Myzus persicae (Sulzer) (Hemiptera: Aphididae),
reported that a DE + the essential oil of Thymus capitatus (L.) (Lamiaceae) caused mortality
higher than 95% through in vitro bioassays [136]. The adoption of DE in solid form or
suspended in water with neem oil extracted from Azadirachta indica A. Juss. (Meliaceae),
also protects maize and tomato plants, causing a decrease in the number of larvae of the
southern armyworm, Spodoptera eridania Stoll (Lepidoptera: Noctuidae) and fall armyworm,
Spodoptera frugiperda Smith & Abbot (Lepidoptera: Noctuidae) [132]. In addition, Fossil
Shield®, already adopted to control the red poultry mite [130], was proved to increase
the efficacy of neem oil extract against cowpea aphid, Aphis craccivora Koch (Hemiptera:
Aphididae) on the yardlong beans, Vigna unguiculata subsp. sesquipedalis L. (Fabaceae) [138].
Evaluating side effects on the aphid predator Menochilus sexmaculatus F. (Coleoptera: Coc-
cinellidae), the toxicity of DE + neem oil was lower than that of the recommended chemical
insecticide [138]. The same mixture, i.e., Fossil Shield® + neem oil, was evaluated against
M. persicae (Sulzer) on globe artichoke Cynara cardunculus var. scolymus (L.) (Asteraceae)
with promising results. The aphid population was reduced by 97% the day after the sec-
ond spray [139]. Interestingly, the combination had a low impact on M. persicae common
predators Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae), Orius spp. (Hemiptera:
Antochoridae), Coccinella spp. (Coleoptera: Coccinellidae), and Scymnus spp. (Coleoptera:
Coccinellidae), while C. carnea and Orius spp. were found to be more susceptible than
the two coccinellids to that combination [139]. These results substantiated the findings by
Ulrichs et al. [138], outlining the lower susceptibility of coccinellid predators to neem oil
and DEs. In contact bioassays, DEs were also low risk toward predators of the spider mite,
Tetranychus urticae Koch (Trombidiformes: Tetranychidae), such as Phytoseiulus persimilis
Athias-Henriot (Mesostigmata: Phytoseiidae), Neoseiulus fallacis Garman (Mesostigmata:
Phytoseiidae), and Stethorus punctillum (Weise) (Coleoptera: Coccinellidae), when DEs
were tested in contact bioassay [140].

The synergistic interaction between DE and entomopathogenic fungi has been also
evaluated toward an extremely wide range of agricultural pests [42,92]. For instance,
a study on the western flower thrips, Franklinella occidentalis Pergande (Thysanoptera:
Thripidae) highlighted that combining the entomopathogenic fungi, Metarhizium flavoviride
(Gams and Rozsypal) (syn. Metarhizium anisopliae var. Acridum, pro parte) (Hyphomycetes:
Deuteromycotina), with a commercial DE resulted in higher mortality of the thrips com-
pared to the efficacies of each compound alone [92]. Synergistic interaction between DE and
entomopathogenic fungi has been also reported for T. infestans [117], the silverleaf whitefly
Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) [137], the cotton aphid, Aphis gossypii
Glover (Hemiptera: Aphididae) [42], the indianmeal moth, Plodia interpunctella (Hübner),
the almond moth, Ephestia cautella (Walker), and the Mediterranean flour moth, Ephestia
kuehniella Zeller (Lepidoptera: Pyralidae) [141]. The insecticidal activity of DEs + fungi was
evaluated toward the fire ant, Solenopsis invicta Buren (Hymenoptera: Formicidae) [131],
which is responsible for a decline in production through direct predation on different plant
parts (e.g. roots, fruits, flowers, stems), with reduction estimated to 15 to 33% in soybean,
20 to 35% in potato crops, or 50% in eggplant [141]. The effects of the combination of
DE + B. bassiana toward healthy fire ants do not greatly increase the effect of B. bassiana
alone, but testing DE alone in ants infected by Thelohania solenopsae (a common intracellular
pathogen of fire ants) led to high insecticidal activity of DE, suggesting the synergistic
interaction between T. solenopsae and DE [131].
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7. DEs in Real-Scale Pest Management

The gradual withdrawal of active ingredients from the chemical-based pest man-
agement and the necessity to place insect control under the principles of IPM [142] led
to the “re-evaluation” of inert dusts as a novel, effective, and sustainable management
of arthropod pests and vectors all over the world. This is the main reason behind the
recent popularity of DE formulations in pest management strategies [2], although com-
mercial products (“Naaki” in Germany and “Neosyl” in England) have been available for
stored-product protection since the 1930s [143]. In the following years, various enhanced
or modified DE formulations have been created and evaluated, under extensive laboratory
research, and some of them have reached the market as commercial formulations.

However, what are their potentials in praxis? Since several reports have questioned
the compatibility of DEs with modern pest management programs, in this chapter, factors
in terms of their potential impact in real scale applications (particularly as stored product
protectants), including their utilization to reduce the standard application doses of residual
insecticides and the role that DEs could have in resistance management will be discussed.
Additional data of other relatively promising substances will be evaluated, aiming to
expand the list of viable alternatives to hazardous chemicals that can be used as protectants
in the food industry and beyond.

Virtually all the “classic” papers on the insecticidal efficacy of DEs examine formu-
lations at a laboratory scale, with scarce data to be available in the literature regarding
applications in large-scale scenarios. DEs have been approved for arthropod pest con-
trol, and commercial formulations are currently available as effective grain protectants.
However, the grain industry is reluctant to use them for direct mixture with grains, as DE
particles can adversely affect some physical and mechanical properties of the treated grain,
obstructing their wider use as grain protectants. Indeed, for a satisfactory level of efficacy,
the commercially available DE formulations should be applied at doses between 400 and
1000 ppm, but even in this case, adverse effects cannot be avoided [2,30]. However, several
reports suggest that using DEs at concentrations lower than those indicated on the label
could cause a sufficient reduction in the bulk density (test weight) of the grain [1,10,12,15].
Bulk density refers to a grading factor extensively used by the industry to determine the
grain price, and its reduction through DE applications is of major importance. Korunić [10]
examined 42 DE dusts from around the world and found significant correlations between
DE insecticidal efficacy and adherence to kernels with bulk density reduction. In a later
report, Korunić et al. [144] stated that the insecticidal efficacy and bulk density reduction
could be linked by the capacity of a given DE to adhere to surfaces, which, eventually,
is positively correlated with the insecticidal value of a given DE. Furthermore, when the
DE particles are attached to the surface of the kernels, the spaces among the kernels in-
crease, affecting their flowability, especially in mechanized handling systems. Jackson
and Webley [145] found that when 0.5 g/kg of DE was applied on maize, the flow rate
was reduced by about 39%. Apart from the grain industry, the milling industry has also
expressed concerns about using DE formulations, as the presence of DE particles in the
grain can damage the milling machinery through abrasive action. To overcome these
limitations, new ways of DE applications have been proposed, intending to make the most
of their advantages.
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8. DE Applications for Structural Treatments

DEs leave no harmful residues in the surfaces applied and hence, applications could be
carried out in food and processing facilities. Korunić et al. [12] reported that the treatment of
hard wheat with either 50 or 300 ppm of Protect-It® had no significant effect on the milling,
analytical, rheological, or baking quality, and these doses did not affect the properties for
pasta production, while 100 to 900 ppm on barley showed no differences in malting quality
characteristics. Desmarchelier and Dines [151] reported that treatments with Dryacide® did
not affect flour quality, as determined by the volume of sponge cakes and the production
of carbon dioxide by fermenting dough. Aldryhim [152] found no evidence of an adverse
effect on wheat seed germination, wheat flour, and baking quality, using Dryacide®.

Another advantageous feature of DEs is their persistence and stability in a wide range
of temperatures [153,154], as compared with contact insecticides [155,156]. Arthur [39]
exposed adults of T. castaneum and T. confusum to filter papers containing 0.5 mg/cm2 of
Protect-It® and reported a positive effect of temperature and exposure interval on insect
mortality, along with a negative effect of humidity.

The utilization of DEs has been addressed as a good way to strengthen the effects
of heat treatments, as the exposed insects are expected to die earlier due to increased
desiccation. According to Fields et al. [157], the complete control of T. confusum in an
oat mill could be achieved after treatment at 41 ◦C for 13–22 h, when DEs are combined
with heat. In contrast, heat alone caused the same results after 32–38 h exposure at a
sufficiently higher temperature, 47 ◦C [157]. Additional data by Dowdy [158] and Dowdy
and Fields [159] indicated that DEs appear to be of value in areas where lethal temperatures
cannot be reached during heat treatment applications. Moreover, even after the treatments
combining heat with DEs, delayed mortality may occur after a while for the remaining
insects due to the residual toxicity of DEs [159].

Laboratory studies have been conducted to evaluate the insecticidal efficacy of differ-
ent DE formulations when applied directly in different types of surfaces, such as concrete,
ceramic, plywood, plastic, metal, etc. [39,160–164]. In general, lower doses are required
on some surfaces, such as metal and glass, compared with surfaces with a rougher con-
struction, such as wood and concrete [160,163–165]. Collins and Cook [162] reported that
5 g/m2 of SilicoSec® was just as effective as 20 g/m2 to achieve mortalities above 86% of
different stored product insect and mite species after one week of exposure to glass and
plastic surfaces. This observation is in accordance with the reports of Cook [166], Mewis
and Ulrichs [37], and Athanassiou et al. [15], indicating that there is a limitation in the
amount of DE particles the insects can pick up. In general, insects seem to pick up DE
particles more easily if the formulation is equally applied onto the surface (e.g., on a Petri
dish) and not adhered on the grain kernels [15]. In the latter case, DE particles are also
likely to lose effectiveness by lipid absorption from the external part of the kernel [2].

Cleaning and sanitation before DE structural treatments is a key element in pest man-
agement practices since the presence of food may increase insect survival rates [159,167].
Arthur [39] using 0.5 mg/cm2 of Protect-It® in plastic surface against T. castaneum and T.
confusum emphasized the importance to eliminate the presence of food materials within
the storage environment to maximize the effectiveness of the treatments. Dowdy [158]
also addressed the impact of food in the effectiveness of treatments combining heat with
some commercial DEs: Insecto®, Protect-It®, Concern®, and Natural Guard® (VPG Co-op
Gardening Group, Inc., Bonham, TX, USA). Access to food significantly decreased insect
mortality, providing an average between 21 and 88% of individuals fed and not fed re-
spectively, 7 d after the treatment. Similar results have been published using other inert
dust formulations, as food may provide water and nutrition that can lead to increased and
prolonged insect survival, which may allow the continuance of the infestation for a certain
period and the concomitant progeny production [168–170].

Although most laboratory studies tended to prefer dry DE applications over the use of
slurry solutions [15,28,153,161,171], the reverse is probably more desirable in commercial
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practice. Slurries may be used easier in their application by the personnel, as there is a need
to avoid exposure to the very dusty atmospheres created by dry-blown methods [153,165].

9. Other Relative Promising Substances

A plethora of other inert dusts has been also tested for their toxicity against arthropod
species, with special reference to stored product pests. In general, inert dusts/materials
can be categorized according to their chemical composition or level of activity in four
wide groups: (a) clays, sand, kaolin, paddy husk ash, wood, and volcanic ash, (b) katel-
sous (rock phosphate and ground sulfur), lime (calcium hydroxide), limestone (calcium
carbonate), and salt (sodium chloride), (c) synthetic silica aerogels produced by drying
aqueous solutions of sodium silicate and (d) dusts containing natural silica, including
DEs [1,2,172,173]. Zeolites (alkali metal aluminum silicates) have been also included in
this group by Subramanyam and Roesli [2], since these substances have similar physical
properties with DEs. In addition, Golob [173] divided the DE formulations into two groups,
addressing the modified DE formulations that contain over 98% silicon dioxide (compared
to the 90% silicon dioxide of the natural dusts) as the fifth group of inert dusts.

Zeolites are among the most promising alternatives to DEs, and their potentials in
food and agriculture are well described by Eroglu et al. [5]. Nevertheless, regarding stored
product protection, there are disproportionally few data as compared with DEs, although
the interest for zeolites in stored product protection has been increased [174–178]. Zeolites’
particle size effect, adherence to kernels, and influence on the test weight of grains have
been examined by Rumbos et al. [177], showing similar trends with DEs. The results of
these studies encourage further research to evaluate the use of zeolites as grain protectants
but also to surface treatments or “crack and crevice” applications. Attempts have been also
made to evaluate the insecticidal efficacy of other inert dusts, to use them in modern pest
management at the post-harvest stages of durable agricultural commodities [2]. Even some
of the currently existing DEs cannot be considered as pure DE formulations, as they contain
additional inert materials that have a certain insecticidal action and can be drastically
modified to obtain increased efficacy [11].

10. Conclusions and Future Challenges

The need to gradually withdraw from the chemical-based pesticide policies to more
sustainable and ecological approaches is, at the present, one of the most challenging aspects
of pest management. The current decrease in the registered pesticides will undoubtedly
continue, increasing simultaneously the need to develop novel, effective but also ecologi-
cally compatible substances. On the other hand, the introduction of a new pesticide is a
costly and long process, making the total overdrawn from the traditional protectants an
unrealistic scenario. Thus, inert dusts such as DEs might have an important role to play
in future pest management strategies, ensuring an abundant supply of safe and healthy
food and feed. DEs hold great potential as carriers of common insecticides, minimizing
the required application doses of the latter. In addition to synergistic effects, combined
applications may also alleviate the negative effects of the substances and can be more
compatible with the desired criteria for food safety and protection of human health and
the environment. However, the introduction of other agents must be always appraised
under the prism of the potential negative effects they may hold, such as for instance the
adoption of entomopathogenic fungus agents [179]. Nevertheless, the application of in-
secticides and acaricides with a different mode of action may be a solution for the control
of resistant arthropod populations, which is a hot topic in modern Integrated Pest Man-
agement [180–182]. Although there are plenty of data for their insecticidal and acaricidal
properties, little progress has been made regarding the optimal processing of DE dusts
used as insecticides and acaricides. Today, most commercial DE formulations are prepared
through a basic process of quarrying, drying, and milling the mined heterogeneous rocks.
This simplistic treatment leads eventually to formulations with great variability in their
physicochemical characteristics, influencing simultaneously their insecticidal/acaricidal
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properties but also some properties of the commodity itself. Therefore, more specific
methods of processing must be found to standardize the production of dusts bearing the
most desirable features for increased insecticidal efficacy.

Application methods and systems of DEs are also an issue of major importance,
requiring additional investigation. Even with the current DE formulations, different
application techniques, such as using slurries or treating only partial layers of the food,
should be explored. Thus, research should be conducted under a range of food-handling
establishments to design effective protocols for pest management but also to determine
the effects of sanitation on the performance of DE dusts. Such real-scale applications may
highlight the potential of DEs and explore ways of integrating DE applications within the
total pest/vector management program in food industry, agricultural and urban settings.

The data from laboratory studies underline the insecticidal and acaricidal value of
DEs under a wide range of arthropods. Further analysis must be conducted toward
this direction not only to identify all the target species but also to investigate the overall
outcome of DEs in non-target species. Indeed, by examining the current literature, we
observed that non-target effects of DE have been evaluated only on a limited number
of natural enemies of crop pests, with special reference to aphidophagous coccinellids,
lacewings, anthochorids, and Phytoseiidae mites, showing limited consequences for these
important biocontrol agents. In this promising scenario, further research should be devoted
in understanding the potential non-target effects of DE-based formulations.

Author Contributions: Conceptualization, G.B. and C.G.A.; Literature collection and analysis, V.Z.,
G.V.B., G.B., A.C. and C.G.A.; writing—original draft preparation, V.Z. and G.V.B.; writing—review
and editing, V.Z., G.V.B., G.B., A.C. and C.G.A.; visualization, G.B., A.C., C.G.A.; supervision, G.B.,
A.C., C.G.A. All authors have read and agreed to the published version of the manuscript.

Funding: Valeria Zeni is partially funded by PRIMA iGUESSmed Project. This article has been
co-financed by the European Regional Development Fund of the European Union and Greek national
funds through the Operational Program Competitiveness, Entrepreneurship, and Innovation, under
the call RESEARCH-CREATE-INNOVATE (project code: T2EΔK-03532).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: We are grateful to Carey Yuan for her kind assistance during the preparation of
this Invited Review for Molecules.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References
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