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Simple Summary: Mosquitoes are not only a nuisance, but most of them pose a threat to human
beings as they can transmit pathogens that are harmful and may turn fatal, such as dengue, chikun-
gunya, and Zika. This study was carried out to evaluate the larvicidal properties of the solvent
extracts from three aromatic plants, Curcuma longa (turmeric), Ocimum americanum (hoary basil), and
Petroselinum crispum (parsley)—against the mosquito vector of dengue, Aedes albopictus. Thereafter,
the phytochemical profiles and the cellular toxicity of the extracts were evaluated. The results indicate
that the hexane extracts of O. americanum and P. crispum had the greatest larvicidal activity. Among
these two, O. americanum was shown to be less toxic to African monkey kidney cells and possessed
an abundant amount of methyl eugenol, which is a phytochemical with known larvicidal activities.
Overall, our findings indicate that these aromatic plants, especially O. americanum, may prove to be
highly promising alternatives as bioinsecticides.

Abstract: Despite ongoing control efforts, the mosquito population and diseases vectored by them
continue to thrive worldwide, causing major health concerns. There has been growing interest in
the use of botanicals as alternatives to insecticides due to their widespread insecticidal properties,
biodegradability, and adaptability to ecological conditions. In this study, we investigated the lar-
vicidal activity and cytotoxicity effects of solvent extracts from three aromatic plants—Curcuma
longa (turmeric), Ocimum americanum (hoary basil), and Petroselinum crispum (parsley)—against
Aedes albopictus. Subsequently, we examined the phytochemical composition of the extracts through
gas chromatography–mass spectrometry (GC–MS) analysis. Results revealed that the hexane extracts
of O. americanum and P. crispum exhibited the greatest larvicidal activity with the lowest median
lethal concentration (LC50) values (<30 µg/mL) at 24 h post-treatment, with the former found to
be significantly less toxic towards African monkey kidney (Vero) cells. The GC–MS analysis of the
said extract indicated the presence of different classes of metabolites, including phenylpropanoids,
very long-chain alkanes, fatty acids and their derivatives, and terpenes, with the most abundant
component being methyl eugenol (55.28%), most of which, have been documented for their larvici-
dal activities. These findings provide valuable insights into the potential use and development of
bioinsecticides, particularly from O. americanum.

Keywords: Aedes albopictus; Curcuma longa; Ocimum americanum; Petroselinum crispum; Gas
chromatography–mass spectrometry; lethal concentration; Vero cell

1. Introduction

Dengue fever, Zika, and chikungunya are among the many mosquito-borne diseases
that continue to pose significant threats to public health, particularly in tropical and
subtropical regions. It was anticipated that close to half of the world’s population would
be at risk of arboviral infections by the year 2050 [1]. Among all these, dengue stands out
as the most rapidly spreading virus globally.
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According to the World Health Organization, in the year 2019, the largest number of
dengue cases were reported globally. All regions were affected, and dengue transmission
was recorded in Afghanistan for the first time. The American region reported 3.1 million
cases, with more than 25,000 cases classified as severe. High numbers of dengue cases
were reported in Bangladesh (101,000), Malaysia (131,000), the Philippines (420,000), and
Vietnam (320,000) in Asia [2,3]. Dengue infections have not only affected the well-being of
the people, causing hospitalizations and deaths, but they have also led to the stagnation of
the overall economy. As tropical regions are mostly comprised of developing countries, the
impact of dengue outbreaks on the socio-economic sector of these regions may disrupt the
already vulnerable societies, which will lead to them being less than able to cope with the
added financial strain [4].

The primary vectors that transmit these arboviral diseases are the Aedes (Stegomyia)
mosquitoes, primarily Ae. aegypti mosquitoes and, to a lesser extent, Ae. albopictus. In
Malaysia, Ae. aegypti is the primary vector for dengue and Zika. On the other hand, Ae.
albopictus, which serves as a secondary vector, plays an important role in the maintenance
of dengue and chikungunya viruses in places where Ae. aegypti is absent or not well estab-
lished. Their vectorial capacity is exemplified by their biting behavior as multiple feeders, in
which they can bite several people consecutively when their feeding is disturbed [5]. Both
of these Aedes species are prolific breeders in artificial as well as natural containers. As an
adaptation to urban domestic habitats, the Ae. aegypti have begun exploiting a wider range
of artificial containers such as vases, water tanks, and tires [6]. However, Ae. albopictus
continues to be the most successful invasive species due to its greater ecological plasticity
and stronger competitive aptitude. This mosquito species has already shown signs of
adaptation to colder climates, which may result in disease transmission in new areas [7–9].

Vector-based interventions are the primary methods of control for most mosquito-
borne diseases. Prior to the development of insecticides, these interventions mainly relied
on environmental management, which included the removal of mosquito breeding sites and
the installation of mosquito nets and screens in housing to prevent mosquito access through
doors and windows. Eventually, the discovery and subsequent utilization of various
synthetic insecticides took over as the main intervention strategy due to their rapid action
and high efficacy. The active ingredients in synthetic chemicals such as organochlorine and
organophosphate compounds are incorporated into bed nets, in indoor residual spraying,
and also in outdoor space spraying and fogging [10,11].

However, numerous complications emerged due to the extended and prolonged
usage of synthetic insecticides. Protopopoff et al. [12] reported that some mosquito species
naturally avoid contact with insecticides, and there is evidence of the emergence and spread
of resistance through metabolic detoxification. For instance, monooxygenases are often
associated with metabolic resistance to pyrethroids, such as permethrin, while resistance to
organophosphates and carbamates, such as bendiocarb, is incurred by the magnification of
carboxyl-cholinesterase activity [13]. Despite sustained efforts to control mosquitoes, the
spread of mosquito-borne diseases continues to threaten the health of billions of people
worldwide and hamper economic development [14]. Moreover, chemical control using
pyrethroids and organophosphates is often challenged by high costs, low community
adoption, and slow operational implementation [15,16]. The continuous application of
synthetic insecticides has also led to the biological magnification of toxic substances through
the food chain due to their slow degradation, with adverse effects on environmental quality
and non-target organisms, including humans [17].

As such, the application of eco-friendly alternatives through biological control meth-
ods has become the central focus of the control program in lieu of chemical insecticides.
One of the most effective approaches under the biological control program is to explore
floral biodiversity to source potential insecticides of botanical origin. Unlike conventional
insecticides, which are based on a single active ingredient, plant-derived insecticides are
mainly composed of botanical blends of various bioactive compounds. These may act con-
certedly on the vector’s behavioral and physiological processes, which will then leave very
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little room for the target vectors to develop resistance to such substances [18]. Moreover,
botanical insecticides are preferred alternatives due to their rapid degradation and low
toxicity [17]. The best approach to controlling mosquito populations is to target the aquatic
larvae before to mature into terrestrial adults.

Turmeric (Curcuma longa L.) is a traditional Chinese herb belonging to the Zingib-
eraceae family [17]. It is a fragrant, perennial rhizomatous herb with large and pointed
leaves [19]. The C. longa plant can grow up to 1 to 2 m in height with long, dotted leaves
and funnel-shaped flowers. The yellowish egg- or pear-shaped rhizomes, which are grown
underground, have a mild aroma with a sharp taste similar to ginger and are often used
as a condiment and as coloring agents in medicines and food [20]. The constituents of the
leaf, rhizome, and flowers of C. longa have been extensively studied [21–23]. The rhizome
essential oil has been reported to exhibit antimicrobial, anti-cancer, insecticidal, larvicidal,
repellent, and antioxidant activities [24–29].

Additionally, the leaf oil has also been reported to exhibit fumigant toxicity against
beetles generally found in stored products [30]. The C. longa plant contains tetrahydrocur-
cumin, an odorless and heat-resistant antioxidant compound, and numerous polyphenolic
compounds such as curcumin, eugenol, cinnamic acid, limonene, linalool, turmerone,
and vanillic acid [31]. Available scientific evidence suggests that the essential oil and
some constituents in the turmeric extracts were reportedly shown to possess potent lar-
vicidal properties against Aedes aegypti [32], Ae. albopictus [33], Anopheles gambiae [19],
An. stephensi [34], Culex quinquefasciatus [35], and Cx. pipiens pallens [17]. Nonetheless, the
toxicities of these phytochemicals may vary depending on the origins of the plants and
their target mosquito species [18,36].

Ocimum americanum L., also known as hoary basil, lime basil, or American basil, is a
medicinal and aromatic annual herb in the family Lamiaceae. It has a strong citrus smell,
and the plant can grow between 15 and 35 cm in height with elliptic, pointy leaves and
white or pale lilac flowers [37]. Unlike O. basilicum (Thai basil), which is a popular aromatic
herb incorporated in Thai and Vietnamese cuisines, O. americanum is not frequently used
as a culinary herb but rather as herbal medicine [38]. The seeds are considered diuretics
and can be used as a tonic. A decoction of the leaves of the plant can be taken for treating
coughs, constipation, stomachaches, and dysentery, as well as a mouthwash for relieving
toothache [38,39]. The plant has been shown to possess antimicrobial, antifungal, antiulcer,
insecticidal, and larvicidal activities as well as wound-healing effects [40–42].

Having about 150 members, Ocimum is considered the largest genus in the Lamiaceae
family and is known to possess a rich source of essential oils with various biological
activities [43]. O. americanum exhibits varying phytochemical compositions depending on
the solvent system used [38]. Inevitably, the choice of extraction method would highly
depend on the chemical nature of the bioactive compounds of interest [41]. The major
compounds found in the essential oil and various solvent extracts of O. americanum are
said to be eugenol, methyl chavicol, 1,8-cineole, citral, linalool, camphor, monoterpenoids,
flavonoids, polyphenols, and limonene [40,44–46]. The known insecticidal compounds
found in the volatile oils of some Ocimum spp. are methyl cinnamate, methyl chavicol,
and eugenol. Other chemicals that have been reported to have insect-repellent activity
are thymol, carvacrol, camphor, caryophyllene oxide, cineole, limonene, and myrcene.
However, the chemical components and essential oil levels of Ocimum may vary between
species and cultivars and under different growing conditions [47,48].

Unlike the more pronounced members of the Ocimum genus, for instance, O. basilicum,
O. sanctum, and O. tenuiflorum, which are immensely investigated for their mosquitocidal
and repellency properties, there is minimal research and evidence to reflect on the larvicidal
efficacy of the extracts and essential oils of O. americanum against mosquito vectors. Only
recently, Narayanan et al. [49] reported on the bioactive components of the aqueous ex-
tracts of O. americanum, which showed significant larvicidal properties against Ae. aegypti,
An. stephensi, and Cx. quinquefasciatus.
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Petroselinum crispum (Mill.) Fuss is a bright green, biennial herb belonging to the family
Apiaceae. It is commonly called parsley or garden parsley. The plant can grow up to 30 to
100 cm tall, with aromatic flat or curled leaves and small, yellow-green flowers [50]. Parsley
was appreciated for its medicinal properties long before it was accepted as a vegetable, a
garnish, and a seasoning and flavoring agent. It has been traditionally used for ailments and
complaints of the gastrointestinal tract as well as the kidney and lower urinary tract [51].
Parsley seeds have been claimed to be antimicrobial, antiseptic, and antispasmodic [52].
The leaves possess anticoagulant activity and are used as an antitussive and as a treatment
for dermatitis, poor vision performance, hemorrhoids, eczema, nosebleeds, amenorrhea,
hypertension, and hyperuricemia [53–56].

The seeds of P. crispum produce high amounts of essential oils. According to the
reports by Farzaei et al. [50] and Agyare et al. [57], the primary components and active
compounds that are reportedly found in the essential oils and solvent extracts of parsley
consist of myristicin, apiol, monoterpene hydrocarbons, eugenol, coumarins, phenolic
compounds, and flavonoids, particularly apigenin, apiin, and 6”-acetylapiin. In another
study, four compounds isolated and identified from the methanolic extract of P. crispum,
which were pabulenol, oxypeucedanin, oxypeucedanin hydrate, and N-(2-phenylethyl)
hexanamide, were shown to possess significant phototoxicity properties [58,59]. The
essential oil of P. crispum has long been considered a potential bioinsecticide due to the many
reported findings of its significant mosquitocidal, larvicidal, and repellency properties
against mosquito vectors, primarily the dengue vector Ae. aegypti [60–62] and other less
common species such as Cx. pipiens, Culiseta longiareolata [63], and Ochlerotatus caspius [64].

In Malaysia, these three aromatic herbs are commonly used not only in traditional
medicine but also as culinary herbs. Despite the known larvicidal potential of these plants
against many mosquito vectors, there is a lack of data on their mosquitocidal properties
against another equally important dengue vector, Ae. albopictus. Additionally, plants are a
rich, untapped pool of phytochemicals that may one day replace synthetic insecticides in
mosquito control programs. Although numerous studies have documented the efficacy of
plant extracts, most of these do not look into characterizing and determining the structures
of the active compounds that are responsible for their larvicidal activity. Hence, there is
a need for more isolation and purification work to discover the true potential of these
phytochemicals as botanical larvicides. Moreover, it is essential to assess the safety of
these plant extracts through cytotoxicity screenings before they are adopted in public
health interventions.

2. Materials and Methods
2.1. Plant Materials

Three aromatic plants, Curcuma longa L., Ocimum americanum L., and Petroselinum
crispum (Mill.) Fuss, were obtained from the wet markets in Kampar (Perak), Ipoh (Perak),
and Cameron Highlands (Pahang), respectively. All plant species were identified by
Dr. Hean Chooi Ong, a former professor and ethnobotanist affiliated with Universiti
Malaya, Malaysia, and cross-checked using the World Flora Online database [65]. Spec-
imen vouchers were prepared for O. americanum (UTAR/FSC/10/013) and P. crispum
(UTAR/FSC/10/024) and were deposited at the Faculty of Science, Universiti Tunku Abdul
Rahman (Kampar Campus), Malaysia.

2.2. Preparation of Plant Extracts

The fresh plant materials were cleaned thoroughly under running tap water to remove
dirt and soil. The rhizomes of C. longa (250.89 g), the leaves of O. americanum (786.72 g), and
the leaves and stems of P. crispum (603.09 g) were subjected to maceration sequentially using
solvents of increasing polarity, i.e., hexane, chloroform (Qrec, Chonburi, Thailand), ethyl ac-
etate, ethanol (Merck, Darmstadt, Germany), methanol (RCI Labscan, Bangkok, Thailand),
and distilled water [66]. The macerations were performed at room temperature and with an
agitation of 110 rpm for three cycles (one day/cycle). After filtration, the organic solvents
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were removed using a rotary evaporator, while the water extracts were lyophilized. All
dry extracts were kept at −20 ◦C pending bioassay. The percentage of yield (w/w) was
calculated using the following formula:

Percentage of yield = (Weight of dry extract)/(Weight of fresh plant material) × 100

2.3. Mosquito Sampling and Larvae Culturing

Sixty ovitraps were set up inside the university campus (Kampar Campus) between
October 2014 and January 2015 for mosquito egg collection. A hardboard paddle
(10.0 cm × 2.5 cm × 0.3 cm) was inserted diagonally into each ovitrap (Figure 1). The
ovitraps were hung on the trees approximately 1 m above the ground. The paddles were re-
placed, and the water was refilled three times a week. The egg-containing paddles were air-
dried for two days before being immersed in plastic containers (18.0 cm × 17.0 cm × 7.0 cm)
filled with dechlorinated tap water for egg hatching. The emerged larvae were fed with
ground cat food (Cuties Catz, Perfect Companion (M) Sdn. Bhd., Kuala Lumpur, Malaysia).
The third-instar larvae were then identified using a stereomicroscope based on their mor-
phology [67]. Only larvae of the species Ae. albopictus were used for larvicidal bioassays.
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2.4. Larvicidal Bioassay

The larvicidal bioassay was performed according to the World Health Organization
(WHO) guidelines [68] with slight modifications. Each extract was dissolved in a dimethyl
sulfoxide–ethanol mixture (3:2, v/v), sonicated for 1 min using an ultrasonic bath (S100H
Elmasonic, Germany), and filtered using 0.45 µm nylon syringe filters to produce a stock
solution of 60 mg/mL. Appropriate volumes of the stock solution were pipetted into
round plastic containers (9.2 × 6.0 cm) filled with tap water to produce five different
concentrations (50, 100, 200, 400, and 600 µg/mL) for the bioassay. The final volume for
each container was 150 mL. Later, 20 third-instar larvae were introduced into each container,
and larval mortality was observed and recorded at 2, 24, and 48 h post-treatment. The
dimethyl sulfoxide–ethanol mixture in the containers was maintained at ≤1% to avoid any
toxicity to the larvae. The larvae were considered dead if they did not move when prodded
with a needle in the siphon or cervical region. A 1% dimethyl sulfoxide–ethanol mixture
was used as a negative control, while temephos (Vector Control Research Unit, Universiti
Sains Malaysia, Penang, Malaysia) at 1 µg/mL was used as a positive control. The bioassay
was conducted in three replicates. The percentage of mortality was calculated using the
following formula:

Percentage of mortality = (Number of dead larvae)/(Total number of larvae) × 100



Insects 2023, 14, 512 6 of 18

2.5. Larvae Morphological Examination

The dead larvae treated with the hexane extracts of O. americanum and P. crispum at
600 µg/mL were examined for morphological abnormalities using a stereomicroscope.

2.6. Cytotoxic Activity

Healthy kidney epithelial cells derived from the African monkey (ATCC®CCL-81™)
were used to assess the cytotoxicity of plant extracts. The cells were grown in supple-
mented Dulbecco’s Modified Eagle Medium (DMEM) at 37 ◦C and 5% carbon dioxide. The
supplementation used was 10% fetal bovine serum, 10,000 U/mL of penicillin, 10 mg/mL
of streptomycin, and 3.7 mg/mL of sodium carbonate [69]. Cell count was enumerated
using a hemacytometer, and a cell concentration of 40,000 per well was seeded in a 96-well
microplate. Subsequently, 100 µL of plant extract (5, 10, 20, 40, 80, 160, 320, and 640 µg/mL)
was pipetted to the wells and incubated at 37 ◦C and 5% carbon dioxide for 72 h. Prior to
this, the plant extract was diluted twofold serially in DMEM with 1% fetal bovine serum.
Cell control and medium control were included in each microplate. After incubation, the
viability of cells was ascertained using the protocol of the neutral red uptake assay, as
described by Repetto et al. [70]. The absorbance value was measured at 540 nm using
a microplate reader (Tecan, Switzerland) and used to determine the percentage of cell
viability. A plot of the percentage of cell viability versus concentration was established for
each extract, and the median cytotoxic concentration (CC50) was interpolated from the plot
for the extract. The assessment was conducted in three replications.

2.7. Profiling of Metabolites Using Gas Chromatography–Mass Spectrometry (GC–MS)

The hexane extract of O. americanum was selected for metabolite profiling due to its
potency for larvicidal activity. The qualitative composition analysis of the extract was
performed using a gas chromatography–mass spectrometer (QP2010 Plus, Shimadzu Cor-
poration, Kyoto, Japan). The separation of components was achieved using a fused silica
capillary column (30.0 m × 0.25 mm × 0.25 µm) with 5% diphenyl-95% dimethylpolysilox-
ane (SLB-5ms, Supelco, Bellefonte, PA, USA). The column temperature was maintained at
50 ◦C for 3 min, ramped at a rate of 4 ◦C/minute to 300 ◦C, and held for 5 min. The total
analysis time for each sample was 70.50 min. The helium gas (mobile phase) flowed at a
linear velocity rate of 30 cm/minute. The extract was dissolved in acetone (HPLC grade,
Fisher Scientific Limited, Loughborough, UK) at 2 mg/mL and filtered using a 0.22 µm
nylon syringe filter prior to injection. The injector port temperature was set at 280 ◦C. The
injection volume was 1 µL, and a split ratio of 10.0 was used for the sample injection. For
the mass spectrometer settings, the ion source and interface temperatures were 200 ◦C and
300 ◦C, respectively. Electron impact ionization at 70 eV was used. The fragment ions of
each component were monitored for an m/z of 40–600. The spectra of each component
were compared with the spectra in the NIST 14 Mass Spectral Library and Search Software
(National Institute of Standards & Technology, Gaithersburg, MD, USA), and the identity of
the component with a matching quality >86% was reported. The analysis was performed
in duplicate.

2.8. Data Analysis

The larval mortality rate was expressed as the mean ± standard deviation of three replicates.
The data were subjected to Probit analysis to determine the median lethal concentration
(LC50), 95% lethal concentration (LC95), upper confidence limit, lower confidence limit, and
regression coefficient. The percentages of larval mortality and cell viability were tested
for significance using one-way analysis of variance (ANOVA), followed by the post-hoc
Duncan’s multiple range test. The statistical analysis was conducted using IBM SPSS
Statistics for Windows, Version 23.0 (IBM Corp., Armonk, NY, USA). The significance level
was set at α = 0.05.
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3. Results

In this study, each aromatic plant sample was extracted sequentially using six solvents
of increasing polarity, i.e., n-hexane (polarity index: 0.1), chloroform (4.1), ethyl acetate
(4.4), ethanol (4.3), methanol (5.1), and water (10.2) [71]. This allows the segregation of
plant secondary metabolites according to their polarity and facilitates the identification
of an extract with specific biological activity. As shown in Figure 2, the yields for most of
the extracts were less than 2% w/w except for the water extract of C. longa and the ethanol
extract of P. crispum, which generated a yield of 9.77% and 2.50% w/w, respectively. The
total yields for the extracts of C. longa, O. americanum, and P. crispum were 13.11%, 3.57%,
and 5.40% w/w, respectively.
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Figure 2. Yields of the extracts of aromatic plants obtained using sequential solvent extraction.

The 18 plant extracts were evaluated for larvicidal activity against third-instar larvae
of Ae. albopictus at concentrations ranging from 50 to 600 µg/mL and the mortality rate was
recorded at 2, 24, and 48 h post-treatment. The evaluation was performed in triplicate, with
20 larvae in each replicate. Since no mortality was observed in the negative control, Abbot’s
correction was not applied in calculating the percentage of larval mortality. All extracts
from the rhizomes of C. longa, except water extract, showed larvicidal activity at 24 h
post-treatment. The hexane extract was the only extract that could kill all larvae within 24 h
(100% mortality rate) when its concentration exceeded 200 µg/mL (Figure 3A). Although
the water extract displayed larvicidal activity only at 48 h post-treatment, the mortality
rate was less than 10%. Interestingly, the mortality rate for the methanol extract increased
from 11.7 ± 2.9% to 88.3 ± 12.6% and from 6.7 ± 11.5% to 93.3 ± 5.8% for 400 µg/mL and
600 µg/mL, respectively, after an additional 24 h of treatment. These results suggest that
the active larvicidal compounds may have a slow onset of action.

Among the three aromatic plants evaluated, O. americanum can be regarded as the
plant with the strongest larvicidal activity, in terms of potency and onset of action, against
the larvae of Ae. albopictus. In fact, the hexane extract of the leaves of O. americanum was the
only extract found to have larvicidal activity within 2 h of treatment in the present study.
It resulted in larval mortality rates of 10.0 ± 0.0% and 23.4 ± 7.6% at 400 and 600 µg/mL,
respectively. The larvicidal effect of O. americanum was mainly documented from the
hexane, chloroform, and ethyl acetate extracts, suggesting that the larvicidal compounds
are non-polar or intermediate polar (Figure 3B). After 24 h of treatment, the hexane extract
(≥50 µg/mL) produced a larval mortality rate of 100%. Consequently, further dilution
beyond 50 µg/mL was performed for the hexane extract to obtain the LC50 and LC95 values.
As shown in Table 1, the LC50 and LC95 values for the hexane extract at 24 h post-treatment
were 26.60 µg/mL and 51.39 µg/mL, respectively.
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Figure 3. Percentages of larval mortality of Aedes albopictus treated with various extracts of aromatic
plants, (A) Curcuma longa, (B) Ocimum americanum, and (C) Petroselinum crispum, for 24 and 48 h. The
percentages are expressed as the means ± standard deviations of three replicates. Abbreviations: HX:
hexane, CF: chloroform, EA: ethyl acetate, ETL: ethanol, MTL: methanol, and WT: water. Bars with
the same alphabet (a–f) denote no significant difference (p > 0.05) using the one-way ANOVA test.

As for P. crispum, only the hexane extract showed significant larvicidal activity. A
larval mortality rate of 100% was observed at 24 h when the hexane extract concentration
exceeded 50 µg/mL. The LC50 and LC95 values for this extract were 14.35 µg/mL and
83.66 µg/mL, respectively (Table 1). The three more polar extracts (ethanol, methanol, and
water) were devoid of larvicidal activity (Figure 3C).
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Table 1. Lethal concentrations and Probit analysis of larvicidal activities of aromatic plant extracts
against third-instar larvae of Aedes albopictus after 24 and 48 h post-treatment.

Extract Exposure Period (h)
LC50
(LCL-UCL)
(µg/mL)

LC95
(LCL-UCL)
(µg/mL)

Regression Coefficient
(±Standard Error) Chi-Square, X2 Degree of

Freedom, df p-Value

Curcuma longa
Hexane 24 74.89

(68.16–82.21)
129.90
(113.39–159.84) 6.878 ± 0.872 0.120 3 0.989

48 54.31
(46.24–61.19)

115.87
(97.29–157.62) 4.999 ± 0.820 0.185 3 0.980

Chloroform 48 483.23
(403.82–613.49)

2233.57
(1461.64–4464.62) 2.474 ± 0.319 3.796 3 0.284

Methanol 48 214.32
(189.82–240.98)

567.50
(475.36–720.79) 3.889 ± 0.360 1.879 3 0.598

Ocimum americanum
Hexane 24 26.60

(20.63–35.53)
51.39
(37.72–117.40) 5.751 ± 0.656 15.568 5 0.008

48 0.90 7.75 1.761 ± 1.475 0.753 5 0.980
Chloroform 24 143.04 650.19 2.501 ± 0.248 54.726 3 0.000

48 18.77
(1.87–32.55)

85.30
(63.62–156.43) 2.502 ± 0.813 0.817 3 0.845

Ethyl acetate 24 198.42
(39.59–1338.13)

808.17
(334.96–2.46 × 109) 2.697 ± 0.253 27.869 3 0.000

48 74.78
(56.10–92.78)

501.23
(365.13–813.97) 1.991 ± 0.247 3.646 3 0.302

Petroselinum crispum
Hexane 24 14.35

(0.54–28.62)
83.66
(57.86–163.92) 2.148 ± 0.736 3.110 3 0.375

LCL = Lower confidence limit; UCL = Upper confidence limit.

Unlike the normal untreated Ae. albopictus third-instar larva, which has a dark brown
midgut and a pair of transparent sausage-like anal papillae (Figure 4A), larvae treated with
the hexane extract of O. americanum had a whitish midgut with a shrunken and pigmented
cuticle of anal papillae (Figure 4B). Similar abnormalities were also seen in the larvae
treated with the hexane extract of P. crispum (Figure 4C).
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Figure 4. Morphological deformities of third-instar larvae of Aedes albopictus treated with aromatic
plant extracts (40× magnification). (A) Normal, untreated larva; (B) Larva treated with the hex-
ane extract of Ocimum americanum at 600 µg/mL; (C) Larva treated with the hexane extract of
Petroselinum crispum at 600 µg/mL. Deformities such as a whitish abdomen (arrow) and a shrunken
and pigmented cuticle of the anal papillae (arrowhead) were noticed in the larvae.

Generally, the chloroform and ethyl acetate extracts of the three aromatic plants
displayed higher toxicity towards Vero cells than the other four extracts, as shown in
Figure 5. Only the water extract of O. americanum was not toxic to the Vero cells at all
concentrations evaluated (p > 0.05). On the other hand, the ethyl acetate extract of C. longa
exhibited the lowest CC50 (12.7 ± 0.6 µg/mL) among the extracts, indicating high toxicity
toward the cells (Table 2). Notably, the methanol extract of C. longa also exerted strong
toxicity (CC50 = 23.3 ± 1.5 µg/mL) towards the Vero cells, unlike the methanol extracts
of the other two plants, which showed weak cytotoxicity with CC50 values higher than
640 µg/mL. This finding is also consistent with the significant larvicidal activity shown
by the same extract at the 48-h exposure period (Figure 3A) compared to that of the other
two plants.
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Figure 5. Viability of African monkey kidney epithelial (Vero) cells treated with various extracts from
the aromatic plants (A) Curcuma longa, (B) Ocimum americanum, and (C) Petroselinum crispum. Each
percentage is expressed as the mean ± standard deviation of three replicates. The x-axis is shown on
the log scale.
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For the two extracts with strong larvicidal activity in this study, the hexane extract of
O. americanum showed much lower toxicity (CC50: >640 µg/mL) against Vero cells than
the hexane extract of P. crispum (CC50: 159.3 µg/mL). Therefore, the hexane extract of
O. americanum was selected for further analysis using gas chromatography–mass spec-
trometry to obtain more information on the potential larvicidal components present in the
extract. The total ion chromatogram of the extract is shown in Figure 6. A total of 31 peaks
were detected from the extract, and 14 of them were successfully identified, representing
92.07% of the total peak area or 91.95% of the total peak height (Table 3). The major com-
ponent in the extract, based on the peak area, was methyl eugenol (55.28%), followed by
tetrapentacontane (10.77%), eugenol (7.77%), linolenic acid (4.62%), and hexatriacontane
(3.25%).

Table 2. Median cytotoxic concentrations of aromatic plant extracts were evaluated using African
monkey kidney epithelial (Vero) cells.

Extract Median Cytotoxic Concentration, CC50 (µg/mL)

Plant Curcuma longa Ocimum americanum Petroselinum crispum

Hexane 72.7 ± 6.7 b >640 159.3 ± 8.0 c

Chloroform 26.7 ± 1.5 a 509.1 ± 52.8 a 82.7 ± 8.1 a

Ethyl acetate 12.7 ± 0.6 a 430.7 ± 40.1 a 105.3 ± 4.5 b

Ethanol 400.7 ± 33.5 d >640 >640
Methanol 23.3 ± 1.5 a >640 >640

Water 124.0 ± 9.5 c - >640
The values are expressed as means ± standard deviations of triplicates. ‘-’ denotes no significant cytotoxicity even
at the highest concentration tested (640 µg/mL). Mean values with different superscript letters (a–d) denote that
the extracts are significantly different (p < 0.05) from each other by a one-way ANOVA or an independent-sample
T-test.
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Figure 6. The total ion chromatogram for the hexane extract of Ocimum americanum leaves using gas
chromatography–mass spectrometry.

Table 3. Metabolite profiling of the hexane extract of Ocimum americanum leaves using gas
chromatography–mass spectrometry.

Peak Retention Time (min) Peak Area (%) Peak Height (%) Compound Name Molecular Weight Chemical Formula Matching Quality (%)

1 13.700 0.79 1.00 D-Limonene 136 C10H16 93
2 19.764 0.18 0.22 Diketone alcohol 116 C6H12O2 89
3 25.521 7.77 8.43 Eugenol 164 C10H12O2 95
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Table 3. Cont.

Peak Retention Time (min) Peak Area (%) Peak Height (%) Compound Name Molecular Weight Chemical Formula Matching Quality (%)

4 26.789 1.04 1.25 β-Elemene 204 C15H24 93
5 27.059 55.28 56.44 Methyl eugenol 178 C11H14O2 94
6 27.845 0.14 0.19 - - - -
7 29.779 0.17 0.21 - - - -
8 31.279 0.20 0.25 - - - -
9 31.786 2.83 3.18 Elemol 222 C15H26O 93
10 32.900 0.59 0.65 - - - -
11 35.007 1.07 0.90 - - - -
12 42.804 2.61 2.43 Palmitic acid 256 C16H32O2 94
13 45.877 0.40 0.40 - - - -
14 46.013 1.32 1.58 Methyl linolenate 292 C19H32O2 93
15 46.803 0.42 0.40 cis, cis-Linoleic acid 280 C18H32O2 88
16 46.959 4.62 3.99 Linolenic acid 278 C18H30O2 95
17 47.523 0.29 0.45 Ethyl linolenate 306 C20H34O2 86
18 50.334 0.25 0.36 - - - -
19 52.463 0.14 0.20 - - - -
20 54.434 0.21 0.26 - - - -
21 56.334 0.15 0.21 - - - -
22 58.162 0.23 0.28 - - - -
23 60.187 0.90 1.08 Squalene 410 C30H50 89
24 61.628 0.89 1.03 - - - -
25 63.270 0.40 0.48 - - - -
26 64.866 3.25 3.49 Hexatriacontane 450 C36H74 94
27 66.443 0.62 0.68 - - - -
28 67.516 0.46 0.47 - - - -
29 68.221 10.77 8.01 Tetrapentacontane 758 C54H110 94
30 69.717 1.10 0.82 - - - -
31 70.269 0.91 0.66 - - - -

‘-’ denotes unable to be identified due to the matching quality <86%.

4. Discussion

Our findings on C. longa are consistent with the results reported in the literature. The es-
sential oils of the rhizome of C. longa possess larvicidal activities against the disease-carrying
mosquitoes Ae. aegypti [72,73], An. gambiae [19], An. stephensi, and Cx. quinquefasciatus [74].
The C. longa oil at 200 µg/mL could kill 84% of Ae. albopictus larvae within 24 h [32]. A
larvicidal compound named ar-turmerone has been isolated from the ethyl acetate and
ethanol extracts of the rhizome and is active against Ae. aegypti and Cx. pipiens [17,75].

To the best of our knowledge, this study is the first report of the larvicidal activity
of O. americanum against Ae. albopictus. Several studies have evaluated the essential oils
and solvent extracts derived from the leaves and/or stems of O. americanum for larvici-
dal activity against Ae. aegypti and reported LC50 values ranging from 15.03 µg/mL to
168 µg/mL for 24 h post-exposure [47,76–78]. Studies of the larvicidal activity of P. crispum
have been largely focused on the essential oils of the seeds and fruits. The essential oils are
active against the larvae of the mosquitoes Ae. aegypti [73], Cx. pipiens, Cs. longiareolata [63],
and Oc. caspius [64]. Our results indicated that the hexane extract of the aerial parts of
P. crispum could kill all Ae. albopictus larvae at 50 µg/mL after 48 h post-treatment. Based
on the criterion proposed by Pavela [79], both hexane extracts of O. americanum and
P. crispum have strong larvicidal activity, as their LC50 values for 24 h post-treatment were
<50 µg/mL.

The morphological changes on the midgut and anal papillae of Ae. albopictus larvae in
this study have also been observed when the larvae were exposed to the ethanol extract of
papaya seed and the chloroform extract of the seaweed Bryopsis pennata, respectively [80,81].
In contrast, deformed larvae of Ae. albopictus with a blackish midgut and an extended
cephalo–thoracic junction was found following treatment with the ethanolic leaf and fruit
extracts of Piper nigrum [82] and the hexane leaf extract of O. basilicum [83]. These suggest
that the midgut of mosquito larvae serves as a common target organ for the larvicidal effect
of plant extracts, and the toxicity effects depend on the plant species, which is consistent
with the findings reported by David et al. [84]. The morphological deformities are likely
caused by the interference of hormonal control or interruption of chitin synthesis by the
bioactive components in the extracts [85].

The cytotoxicity results of the present study were comparable to those of other pub-
lished studies. Grover et al. [86] reported that the CC50 values of the ethanol and hydroalco-
holic (methanol–water, 3:2 v/v) extracts for C. longa rhizomes were 525.0 and 16.8 µg/mL,
respectively. Berrington and Lall [87] extracted the aerial parts of P. crispum using acetone
solvent and obtained a CC50 value of 105 µg/mL against Vero cells. Although the cytotox-
icity of the methanol extract of O. americanum using the same Vero cell line was similar,
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the CC50 values obtained for the chloroform (509.1 µg/mL), ethyl acetate (430.7 µg/mL),
and ethanol (>640 µg/mL) extracts were much higher than those of our previous study,
which recorded 86.3, 60.8, and 226.3 µg/mL, respectively [66]. This could be attributed
to the source of origin of the O. americanum used in this study. The O. americanum in the
present study was sourced from the Ipoh area, while the sample used in the previous study
was obtained from the Kampar area. More studies are needed to confirm this observation.

Methyl eugenol and eugenol belong to the phenylpropanoids class of natural products,
which are synthesized from primary metabolites, phenylalanine or tyrosine amino acids,
via the shikimic acid pathway in plants [88]. They are common and major essential oil
constituents of many Ocimum species, such as O. basilicum, O. campechianum, O. gratissimum,
O. sanctum, and O. urticifolium [89,90]. Being the major component in the extract, methyl
eugenol is likely to account for the potent larvicidal activity observed in this study. Methyl
eugenol has been shown to have a biocidal effect against the mosquito larvae of Ae. aegypti,
Anopheles spp., Cx. pipiens pallens, and Ochlerotatus togoi [91,92], albeit its activity against
Ae. albopictus larvae is yet to be studied. On the other hand, eugenol has been reported to
have larvicidal activity against Ae. albopictus with LC50 values of 28.1–67.4 µg/mL [93–95].

The gas chromatography–mass spectrometry analysis revealed that the leaves of O.
americanum contained a substantial quantity of very long-chain hydrocarbons or alkanes,
which are tetrapentacontane (C54H110) and hexatriacontane (C36H74), with abundances
of 10.77% and 3.25%, respectively (Table 3). To the best of our knowledge, this is the
first report of the presence of these alkanes in Ocimum species. Very long-chain alkanes
are essential for the protection of plants from drought stress [96]. As the molecules only
contain carbon and hydrogen atoms, they barely serve as bioactive metabolites, and hence,
they may not account for the larvicidal activity of the extract.

The leaves of O. americanum also contained different types of fatty acids and their
methyl or ethyl derivatives, which are linolenic acid (C18:3n3), palmitic acid (C16:0),
linoleic acid (C18:2n6), methyl linolenate, and ethyl linolenate (Table 3). Similar fatty acids
have been detected in the ethyl acetate or methanol extract of the leaves or aerial parts of
O. americanum [41,97]. Among these components, the three fatty acids have been as-
sessed against larvae of Ae. albopictus, and their LC50 values after 24 h of exposure were
71.34 µg/mL for linolenic acid, 40.96–85.61 µg/mL for palmitic acid, and 7.19–68.92 µg/mL
for linoleic acid [98,99]. This indicates that the fatty acids could also contribute to the larvi-
cidal property of O. americanum leaves.

Several terpenes were found in the hexane extract of O. americanum leaves as well, in-
cluding elemol and β-elemene (sesquiterpenes), limonene (a monoterpene), and squalene
(a triterpene), depending on the number of isoprene units present in the molecules. The
two sesquiterpenes have been documented in the essential oils obtained from the leaves of
O. americanum [100]. The β-elemene isolated from the essential oil of Syzygium zeylanicum
is effective against Ae. albopictus larvae, with an LC50 value of 11.15 µg/mL after 24 h
post-treatment [101]. In contrast, elemol was regarded as inactive against the larvae of
Ae. aegypti and Ae. albopictus [102]. Despite being a minor compound with an abundance
of <1%, limonene is known to have larvicidal activities against many mosquito species, i.e.,
Ae. aegypti [103], Ae. albopictus, Cx. pipiens molestus [104], An. stephensi, Cx. quiquefasciatus [105],
An. funestus, and An. arabiensis [92]. Like limonene, squalene is only a minor compound
in the hexane extract of O. americanum leaves. Nonetheless, it is not surprising to find the
presence of squalene, as it is a metabolic intermediate of sterol biosynthesis in plants [106].
Squalene has been shown to have many biological properties, such as antioxidative, an-
tibacterial, antifungal, anticancer, anti-inflammatory, cardioprotective, etc., as reviewed
by Lozano-Grande et al. [106] and Lou-Bonafonte et al. [107]. However, further study is
required to ascertain whether squalene possesses any mosquito larvicidal activity.
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5. Conclusions

This present study showed that the rhizomes of C. longa, the leaves of O. americanum,
and the leaves and stems of P. crispum possessed larvicidal activity against the third-instar
larvae of Ae. albopictus. Among the aromatic plant extracts evaluated, the hexane extracts
of O. americanum and P. crispum displayed the strongest larvicidal activity with the lowest
LC50 values (<30 µg/mL) at 24 h post-treatment. Between these two hexane extracts,
O. americanum was found to be significantly less toxic toward Vero cells than P. crispum.
Gas chromatography–mass spectrometry analysis on the hexane extract of O. americanum
indicated the presence of different classes of metabolites, including phenylpropanoids, very
long-chain alkanes, fatty acids and their derivatives, and terpenes, with the most abundant
component being methyl eugenol (55.28%). Some of the major components and minor
components in the extract are known to be larvicidal compounds. Based on the findings
from this study, further toxicity assessments of the potential active components, such as
methyl eugenol, could be extended to aquatic organisms. This study also highlighted that
aromatic plants are rich sources of botanical insecticides, which may play an important
role in the ongoing efforts to reduce the mosquito population and the transmission of
mosquito-borne diseases to humans. Hence, there is a possibility of exploring the potential
of O. americanum leaves to be developed as a source of bioinsecticides.
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antibacterial activities of Petroselinum crispum essential oil. Genet. Mol. Res. 2016, 15, gmr.15038538. [CrossRef]

53. Moazedi, A.A.; Mirzaie, D.N.; Seyyednejad, S.M.; Zadkarami, M.R.; Amirzargar, A. Spasmolytic effect of Petroselinum crispum
(Parsley) on rat’s ileum at different calcium chloride concentrations. Pak. J. Biol. Sci. 2007, 10, 4036–4042. [CrossRef]

54. Behtash, N.; Kargarzadeh, F.; Shafaroudi, H. Analgesic effects of seed extract from Petroselinum crispum (Tagetes minuta) in animal
models. Toxicol. Lett. 2008, 180, S127–S128. [CrossRef]

55. Pápay, Z.E.; Kósa, A.; Boldizsár, I.; Ruszkai, A.; Balogh, E.; Klebovich, I.; Antal, I. Pharmaceutical and formulation aspects of
Petroselinum crispum extract. Acta Pharm. Hung. 2012, 82, 3–14. [PubMed]

56. Aljanaby, A.A.J.J. Antibacterial activity of an aqueous extract of Petroselinum crispum leaves against pathogenic bacteria isolated
from patients with burns infections in Al-Najaf Governorate, Iraq. Res. Chem. Intermed. 2013, 39, 3709–3714. [CrossRef]

57. Agyare, C.; Appiah, T.; Boakye, Y.D.; Apenteng, J.A. Petroselinum crispum: A review. In Medicinal Spices and Vegetables from Africa.
Therapeutic Potential against Metabolic, Inflammatory, Infectious and Systemic Diseases; Kuete, V., Ed.; Elsevier: London, UK, 2017;
pp. 527–547.

58. Zhang, H.; Chen, F.; Wang, X.; Yao, H.-Y. Evaluation of antioxidant activity of parsley (Petroselinum crispum) essential oil and
identification of its antioxidant constituents. Food Res. Int. 2006, 39, 833–839. [CrossRef]

59. Sbai, H.; Saad, I.; Ghezal, N.; Greca, M.D.; Haouala, R. Bioactive compounds isolated from Petroselinum crispum L. leaves using
bioguided fractionation. Ind. Crops Prod. 2016, 89, 207–214. [CrossRef]

60. Intirach, J.; Junkum, A.; Lumjuan, N.; Chaithong, U.; Somboon, P.; Jitpakdi, A.; Riyong, D.; Wannasan, A.; Champakaew, D.;
Muangmoon, R.; et al. Biochemical effects of Petroselinum crispum (Umbellifereae) essential oil on the pyrethroid resistant strains
of Aedes aegypti (Diptera: Culicidae). Insects 2019, 10, 1. [CrossRef] [PubMed]

61. Piplani, M.; Bhagwat, D.P.; Singhvi, G.; Sankaranarayanan, M.; Balana-Fouce, R.; Vats, T.; Chander, S. Plant-based larvicidal
agents: An overview from 2000 to 2018. Exp. Parasitol. 2019, 199, 92–103. [CrossRef]

62. Junkum, A.; Intirach, J.; Chansang, A.; Champakaew, D.; Chaithong, U.; Jitpakdi, A.; Riyong, D.; Somboon, P.; Pitasawat, B.
Enhancement of temephos and deltamethrin toxicity by Petroselinum crispum oil and its main constituents against Aedes aegypti
(Diptera: Culicidae). J. Med. Entomol. 2021, 58, 1298–1315. [CrossRef]

63. Seghier, H.; Tine-Djebbar, F.; Loucif-Ayad, W.; Soltani, N. Insecticidal activity of Petroselinum crispum essential oil on mosquitoes.
J. Entomol. Res. 2020, 44, 613–620. [CrossRef]

https://doi.org/10.31254/phyto.2021.10111
https://doi.org/10.1016/j.fsi.2016.07.008
https://doi.org/10.1016/j.foodres.2019.108610
https://doi.org/10.1186/s12906-017-1587-5
https://doi.org/10.1016/j.foodchem.2009.06.010
https://doi.org/10.1007/s42535-020-00152-3
https://doi.org/10.1016/S0944-7113(11)80031-0
https://doi.org/10.1300/J044v09n04_11
https://doi.org/10.1007/s13204-021-02087-w
https://doi.org/10.1016/S0254-6272(14)60018-2
https://doi.org/10.4238/gmr.15038538
https://doi.org/10.3923/pjbs.2007.4036.4042
https://doi.org/10.1016/j.toxlet.2008.06.743
https://www.ncbi.nlm.nih.gov/pubmed/22570982
https://doi.org/10.1007/s11164-012-0874-5
https://doi.org/10.1016/j.foodres.2006.03.007
https://doi.org/10.1016/j.indcrop.2016.05.020
https://doi.org/10.3390/insects10010001
https://www.ncbi.nlm.nih.gov/pubmed/30586929
https://doi.org/10.1016/j.exppara.2019.02.014
https://doi.org/10.1093/jme/tjab008
https://doi.org/10.5958/0974-4576.2020.00102.4


Insects 2023, 14, 512 17 of 18

64. Knio, K.M.; Usta, J.; Dagher, S.; Zournajian, H.; Kreydiyyeh, S. Larvicidal activity of essential oils extracted from commonly used
herbs in Lebanon against the seaside mosquito, Ochlerotatus caspius. Bioresour. Technol. 2008, 99, 763–768. [CrossRef]

65. World Flora Online Consortium. World Flora Online. 2021. Available online: http://www.worldfloraonline.org (accessed on
4 November 2021).

66. Chan, S.M.; Khoo, K.S.; Sekaran, S.D.; Sit, N.W. Mode-dependent antiviral activity of medicinal plant extracts against the
mosquito-borne chikungunya virus. Plants 2021, 10, 1658. [CrossRef]

67. Rueda, L.M. Pictorial keys for the identification of mosquitoes (Diptera: Culicidae) associated with dengue virus transmission.
Zootaxa 2004, 589, 1–60. [CrossRef]

68. World Health Organization. Guidelines for Laboratory and Field Testing of Mosquito Larvicides. 2005. Available online:
https://apps.who.int/iris/handle/10665/69101 (accessed on 19 August 2014).

69. Chan, S.M.; Khoo, K.S.; Sit, N.W. Interactions between plant extracts and cell viability indicators during cytotoxicity testing:
Implications for ethnopharmacological studies. Trop. J. Pharm. Res. 2015, 14, 1991–1998. [CrossRef]

70. Repetto, G.; del Peso, A.; Zurita, J.L. Neutral red uptake assay for the estimation of cell viability/ cytotoxicity. Nat. Protoc. 2008, 3,
1125–1131. [CrossRef] [PubMed]

71. Snyder, L.R. Classification of the solvent properties of common liquids. J. Chromatogr. 1978, 92, 223–234. [CrossRef]
72. Kalaivani, K.; Senthil-Nathan, S.; Murugesan, A.G. Biological activity of selected Lamiaceae and Zingiberaceae plant essential oils

against the dengue vector Aedes aegypti L. (Diptera: Culicidae). Parasitol. Res. 2012, 110, 1261–1268. [CrossRef] [PubMed]
73. Intirach, J.; Junkum, A.; Lumjuan, N.; Chaithong, U.; Jitpakdi, A.; Riyong, D.; Wannasan, A.; Champakaew, D.; Muangmoon, R.;

Chansang, A.; et al. Antimosquito property of Petroselinum crispum (Umbellifereae) against the pyrethroid resistant and susceptible
strains of Aedes aegypti (Diptera: Culicidae). Environ. Sci. Pollut. Res. 2016, 23, 23994–24008. [CrossRef]

74. Prajapati, V.; Tripathi, A.K.; Aggarwal, K.K.; Khanuja, S.P.S. Insecticidal, repellent and oviposition-deterrent activity of selected
essential oils against Anopheles stephensi, Aedes aegypti and Culex quinquefasciatus. Bioresour. Technol. 2005, 96, 1749–1757. [CrossRef]

75. Roth, G.N.; Chandra, A.; Nair, M.G. Novel bioactivities of Curcuma longa constituents. J. Nat. Prod. 1998, 61, 542–545. [CrossRef]
76. Cavalcanti, E.S.; Morais, S.M.; Lima, M.A.; Santana, E.W. Larvicidal activity of essential oils from Brazilian plants against Aedes

aegypti L. Mem. Inst. Oswaldo Cruz. 2004, 99, 541–544. [CrossRef]
77. Prabhavathi, O.; Yuvarajan, R.; Natarajan, D. Mosquitocidal properties of Ocimum canum Sims (Lamiaceae) leaf extracts against

dengue vector Aedes aegypti L. (Diptera: Culicidae). J. Entomol. Acarol. Res. 2016, 48, 345–354. [CrossRef]
78. Yaméogo, F.; Wangrawa, D.W.; Sombié, A.; Sanon, A.; Badolo, A. Insecticidal activity of essential oils from six aromatic plants

against Aedes aegypti, dengue vector from two localities of Ouagadougou, Burkina Faso. Arthropod-Plant Interact. 2021, 15, 627–634.
[CrossRef]

79. Pavela, R. Essential oils for the development of eco-friendly mosquito larvicides: A review. Ind. Crops Prod. 2015, 76, 174–187.
[CrossRef]

80. Yu, K.-X.; Wong, C.-L.; Ahmad, R.; Jantan, I. Mosquitocidal and oviposition repellent activities of the extracts of seaweed Bryopsis
pennata on Aedes aegypti and Aedes albopictus. Molecules 2015, 20, 14082–14102. [CrossRef]

81. Hussin, N.H.B.; Ismail, S.B.; Ke-Xin, Y. Larvicidal activity of ethanol extract of Carica papaya seed against Aedes albopictus (Skuse).
Int. J. Medical Toxicol. Leg. Med. 2020, 23, 125–128. [CrossRef]

82. Aziz, E.I.A.; Rahim, N.A.A.; Raduan, S.Z.; Safii, R. A preliminary study on larvicidal efficacy of Piper nigrum L. (Piperaceae)
extracts against dengue vector, Aedes albopictus (Diptera: Culicidae). Serangga 2021, 26, 80–94.

83. Chan, C.A.; Ho, L.Y.; Sit, N.W. Larvicidal activity and phytochemical profiling of sweet basil (Ocimum basilicum L.) leaf extract
against Asian Tiger mosquito (Aedes albopictus). Horticulturae 2022, 8, 443. [CrossRef]

84. David, J.P.; Rey, D.; Pautou, M.P.; Meyran, J.C. Differential toxicity of leaf litter to dipteran larvae of mosquito developmental
sites. J. Invertebr. Pathol. 2000, 75, 9–18. [CrossRef] [PubMed]

85. Soonwera, M.; Phasomkusolsil, S. Effect of Cymbopogon citratus (lemongrass) and Syzygium aromaticum (clove) oils on the
morphology and mortality of Aedes aegypti and Anopheles dirus larvae. Parasitol. Res. 2016, 115, 1691–1703. [CrossRef] [PubMed]

86. Grover, M.; Behl, T.; Sehgal, A.; Singh, S.; Sharma, N.; Virmani, T.; Rachamalla, M.; Farasani, A.; Chigurupati, S.;
Alsubayiel, A.M.; et al. In vitro phytochemical screening, cytotoxicity studies of Curcuma longa extracts with isolation
and characterisation of their isolated compounds. Molecules 2021, 26, 7509. [CrossRef]

87. Berrington, D.; Lall, N. Anticancer activity of certain herbs and spices on the cervical epithelial carcinoma (Hela) cell line. Evid.
Based Complement. Altern. Med. 2012, 2012, 564927. [CrossRef] [PubMed]

88. Kumar, S.; Sumner, B.W.; Sumner, L.W. Modern plant metabolomics for the discovery and characterization of natural products
and their biosynthetic genes. In Comprehensive Natural Products III Chemistry and Biology; Liu, H.W., Begley, T.P., Eds.; Elsevier Ltd.:
Amsterdam, The Netherlands, 2020; Volume 7, pp. 156–188.

89. Matasyoh, L.G.; Matasyoh, J.C.; Wachira, F.N.; Kinyua, M.G.; Thairu Muigai, A.W.; Mukiama, T.K. Antimicrobial activity of
essential oils of Ocimum gratissimum L. from different populations of Kenya. Afr. J. Tradit. Complement. Altern. Med. 2008, 5,
187–193. [CrossRef] [PubMed]

90. Pandey, A.K.; Singh, P.; Tripathi, N.N. Chemistry and bioactivities of essential oils of some Ocimum species: An overview. Asian
Pac. J. Trop. Biomed. 2014, 4, 682–694. [CrossRef]

https://doi.org/10.1016/j.biortech.2007.01.026
http://www.worldfloraonline.org
https://doi.org/10.3390/plants10081658
https://doi.org/10.11646/zootaxa.589.1.1
https://apps.who.int/iris/handle/10665/69101
https://doi.org/10.4314/tjpr.v14i11.6
https://doi.org/10.1038/nprot.2008.75
https://www.ncbi.nlm.nih.gov/pubmed/18600217
https://doi.org/10.1016/S0021-9673(00)85732-5
https://doi.org/10.1007/s00436-011-2623-x
https://www.ncbi.nlm.nih.gov/pubmed/21881945
https://doi.org/10.1007/s11356-016-7651-8
https://doi.org/10.1016/j.biortech.2005.01.007
https://doi.org/10.1021/np970459f
https://doi.org/10.1590/S0074-02762004000500015
https://doi.org/10.4081/jear.2016.4938
https://doi.org/10.1007/s11829-021-09842-4
https://doi.org/10.1016/j.indcrop.2015.06.050
https://doi.org/10.3390/molecules200814082
https://doi.org/10.5958/0974-4614.2020.00020.0
https://doi.org/10.3390/horticulturae8050443
https://doi.org/10.1006/jipa.1999.4886
https://www.ncbi.nlm.nih.gov/pubmed/10631052
https://doi.org/10.1007/s00436-016-4910-z
https://www.ncbi.nlm.nih.gov/pubmed/26796022
https://doi.org/10.3390/molecules26247509
https://doi.org/10.1155/2012/564927
https://www.ncbi.nlm.nih.gov/pubmed/22649474
https://doi.org/10.4314/ajtcam.v5i2.31272
https://www.ncbi.nlm.nih.gov/pubmed/20161936
https://doi.org/10.12980/APJTB.4.2014C77


Insects 2023, 14, 512 18 of 18

91. Perumalsamy, H.; Chang, K.S.; Park, C.; Ahn, Y.-J. Larvicidal activity of Asarum heterotropoides root constituents against insecticide-
susceptible and-resistant Culex pipiens pallens and Aedes aegypti and Ochlerotatus togoi. J. Agric. Food Chem. 2010, 58, 10001–10006.
[CrossRef] [PubMed]

92. Rants’o, T.A.; Koekemoer, L.L.; van Zyl, R.L. In vitro and in silico analysis of the Anopheles anticholinesterase activity of terpenoids.
Parasitol. Int. 2023, 93, 102713. [CrossRef] [PubMed]

93. Huang, Y.; Lin, M.; Jia, M.; Hu, J.; Zhu, L. Chemical composition and larvicidal activity against Aedes mosquitoes of essential oils
from Arisaema fargesii. Pest Manag. Sci. 2020, 76, 534–542. [CrossRef]

94. Cheng, S.-S.; Liu, J.-Y.; Huang, C.-G.; Hsui, Y.R.; Chen, W.-J.; Chang, S.-T. Insecticidal activities of leaf essential oils from
Cinnamomum osmophloeum against three mosquito species. Bioresour. Technol. 2009, 100, 457–464. [CrossRef]

95. Govindarajan, M.; Rajeswary, M.; Hoti, S.L.; Bhattacharyya, A.; Benelli, G. Eugenol, α-pinene and β-caryophyllene from
Plectranthus barbatus essential oil as eco-friendly larvicides against malaria, dengue and Japanese encephalitis mosquito vectors.
Parasitol. Res. 2016, 115, 807–815. [CrossRef]

96. Bourdenx, B.; Bernard, A.; Domergue, F.; Pascal, S.; Léger, A.; Roby, D.; Pervent, M.; Vile, D.; Haslam, R.P.; Napier, J.A.; et al.
Overexpression of Arabidopsis ECERIFERUM1 promotes wax very-long-chain alkane biosynthesis and influences plant response
to biotic and abiotic stresses. Plant Physiol. 2011, 156, 29–45. [CrossRef]

97. Farag, M.A.; Ezzat, S.M.; Salama, M.M.; Tadros, M.G. Anti-acetylcholinesterase potential and metabolome classification of
4 Ocimum species as determined via UPLC/qTOF/MS and chemometric tools. J. Pharm. Biomed. Anal. 2016, 125, 292–302.
[CrossRef]

98. Perumalsamy, H.; Jang, M.J.; Kim, J.-R.; Kadarkarai, M.; Ahn, Y.-J. Larvicidal activity and possible mode of action of four
flavonoids and two fatty acids identified in Millettia pinnata seed toward three mosquito species. Parasites Vectors 2015, 8, 237.
[CrossRef]

99. Wang, Z.-Q.; Perumalsamy, H.; Wang, M.; Shu, S.; Ahn, Y.-J. Larvicidal activity of Magnolia denudata seed hydrodistillate
constituents and related compounds and liquid formulations towards two susceptible and two wild mosquito species. Pest
Manag. Sci. 2016, 72, 897–906. [CrossRef]

100. Mohamed Abdoul-Latif, F.; Elmi, A.; Merito, A.; Nour, M.; Risler, A.; Ainane, A.; Bignon, J.; Ainane, T. Essential oils of Ocimum
basilicum L. and Ocimum americanum L. from Djibouti: Chemical composition, antimicrobial and cytotoxicity evaluations. Processes
2022, 10, 1785. [CrossRef]

101. Govindarajan, M.; Benelli, G. α-Humulene and β-elemene from Syzygium zeylanicum (Myrtaceae) essential oil: Highly effective
and eco-friendly larvicides against Anopheles subpictus, Aedes albopictus, and Culex tritaeniorhynchus (Diptera: Culicidae). Parasitol.
Res. 2016, 115, 2771–2778. [CrossRef]

102. Cheng, S.-S.; Chua, M.-T.; Chang, E.-H.; Huang, C.-G.; Chen, W.-J.; Chang, S.-T. Variations in insecticidal activity and chemical
compositions of leaf essential oils from Cryptomeria japonica at different ages. Bioresour. Technol. 2009, 100, 465–470. [CrossRef]

103. Pereira Filho, A.A.; Pessoa, G.C.D.; Yamaguchi, L.F.; Stanton, M.A.; Serravite, A.M.; Pereira, R.H.M.; Neves, W.S.; Kato, M.J.
Larvicidal activity of essential oils from Piper species against strains of Aedes aegypti (Diptera: Culicidae) resistant to pyrethroids.
Front. Plant Sci. 2021, 12, 685864. [CrossRef] [PubMed]

104. Theochari, I.; Giatropoulos, A.; Papadimitriou, V.; Karras, V.; Balatsos, G.; Papachristos, D.; Michaelakis, A. Physicochemical
characteristics of four limonene-based nanoemulsions and their larvicidal properties against two mosquito species, Aedes albopictus
and Culex pipiens molestus. Insects 2020, 11, 740. [CrossRef] [PubMed]

105. Sanei-Dehkordi, A.; Moemenbellah-Fard, M.D.; Saffari, M.; Zarenezhad, E.; Osanloo, M. Nanoliposomes containing limonene
and limonene-rich essential oils as novel larvicides against malaria and filariasis mosquito vectors. BMC Complement. Altern. Med.
2022, 22, 140. [CrossRef]

106. Lozano-Grande, M.A.; Gorinstein, S.; Espitia-Rangel, E.; Dávila-Ortiz, G.; Martínez-Ayala, A.L. Plant sources, extraction methods,
and uses of squalene. Int. J. Agron. 2018, 2018, 1829160. [CrossRef]

107. Lou-Bonafonte, J.M.; Martínez-Beamonte, R.; Sanclemente, T.; Surra, J.C.; Herrera-Marcos, L.V.; Sanchez-Marco, J.; Arnal, C.;
Osada, J. Current insights into the biological action of squalene. Mol. Nutr. Food Res. 2018, 62, 1800136. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/jf102193k
https://www.ncbi.nlm.nih.gov/pubmed/20806890
https://doi.org/10.1016/j.parint.2022.102713
https://www.ncbi.nlm.nih.gov/pubmed/36455706
https://doi.org/10.1002/ps.5542
https://doi.org/10.1016/j.biortech.2008.02.030
https://doi.org/10.1007/s00436-015-4809-0
https://doi.org/10.1104/pp.111.172320
https://doi.org/10.1016/j.jpba.2016.03.037
https://doi.org/10.1186/s13071-015-0848-8
https://doi.org/10.1002/ps.4064
https://doi.org/10.3390/pr10091785
https://doi.org/10.1007/s00436-016-5025-2
https://doi.org/10.1016/j.biortech.2007.11.060
https://doi.org/10.3389/fpls.2021.685864
https://www.ncbi.nlm.nih.gov/pubmed/34149785
https://doi.org/10.3390/insects11110740
https://www.ncbi.nlm.nih.gov/pubmed/33126682
https://doi.org/10.1186/s12906-022-03624-y
https://doi.org/10.1155/2018/1829160
https://doi.org/10.1002/mnfr.201800136
https://www.ncbi.nlm.nih.gov/pubmed/29883523

	Introduction 
	Materials and Methods 
	Plant Materials 
	Preparation of Plant Extracts 
	Mosquito Sampling and Larvae Culturing 
	Larvicidal Bioassay 
	Larvae Morphological Examination 
	Cytotoxic Activity 
	Profiling of Metabolites Using Gas Chromatography–Mass Spectrometry (GC–MS) 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

