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Abstract: Repellents are effective personal protective means against outdoor biting mosquitoes.
Repellent formulations composed of EOs are finding increased popularity among consumers. In
this study, after an initial screening of 11 essential oils (EOs) at the concentration of 33 µg/cm2, five
of the most repellent EOs, Perovskia atriplicifolia, Citrus reticulata (fruit peels), C. reticulata (leaves),
Mentha longifolia, and Dysphania ambrosioides were further investigated for repellent activity against
Aedes aegypti mosquitoes in time span bioassays. When tested at the concentrations of 33 µg/cm2,
165 µg/cm2 and 330 µg/cm2, the EO of P. atriplicifolia showed the longest repellent effect up to 75,
90 and 135 min, respectively, which was followed by C. reticulata (peels) for 60, 90 and 120 min,
M. longifolia for 45, 60 and 90 min, and C. reticulata (leaves) for 30, 45 and 75 min. Notably, the EO
of P. atriplicifolia tested at the dose of 330 µg/cm2 showed complete protection for 60 min which
was similar to the commercial mosquito repellent DEET. Gas chromatographic-mass spectrometric
analyses of the EOs revealed camphor (19.7%), limonene (92.7%), sabinene (24.9%), carvone (82.6%),
and trans-ascaridole (38.8%) as the major constituents of P. atriplicifolia, C. reticulata (peels), C. reticulata
(leaves), M. longifolia, and D. ambrosioides, respectively. The results of the present study could help
develop plant-based commercial repellents to protect humans from dengue mosquitoes.

Keywords: mosquito repellent; gas chromatography-mass spectrometry; bioactive compounds;
Perovskia atriplicifolia; Citrus reticulata

1. Introduction

The yellow fever mosquito, Aedes aegypti L. (Diptera: Culicidae) is a vector of 54 differ-
ent viruses and 2 species of Plasmodium causing dengue fever, chikungunya, zika, mayaro,
yellow fever, and many other diseases [1]. The geographic distribution of Ae. aegypti is
increasing rapidly and according to one estimate, half of the world’s population lives in
areas where the environment has become suitable for yellow fever mosquitoes due to the
abrupt climatic changes [2].

N,N-diethyl-meta-toluamide (DEET) is considered a gold-standard mosquito repellent
for the protection of people against mosquito bites [3,4]. However, several studies have
reported its adverse effects such as skin reactions, encephalopathies etc. upon extended
usage [5–7]. Considering the toxic impact of DEET to humans, several plant species
have been explored with the aim of finding natural compounds that could be used as an
alternative to synthetic repellents. For example, Magnolia grandiflora [8], Mentha spicata [9],
Citrus aurantifolia [10], Cymbopogon citratus [11], C. nardus [12], Dianthus caryophyllum [13]
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M. piperita [14], Nepeta cataria [15], Ferronia elephantum [16] and Carpesium abrotanoides [17]
proved to be effective as repellents against Ae. aegypti. Moreover, the chemical constituents
of a few EOs, such as thymol, carvacrol and α-terpinene [18], β-caryophyllene oxide [19],
1,8-cineole [20] and trans-nerolidol [17] have also been reported for their repellent effects
against different mosquito species.

To find new plant-based sources of repellents for yellow fever mosquitoes, we have
searched for plant species which showed biological activities against other insect pests
but were not tested as repellents against Ae. aegypti. For example, Perovskia atriplicifolia
has been reported as an antifeedant against Tribolium castaneum (Coleoptera: Tenebrion-
idae) [21] while Eucalyptus camaldulensis acted against Helicoverpa armigera (Lepidoptera:
Noctuidae) [22]. Moreover, the fumigant toxicity of E. camaldulensis was also documented
against Callosobruchus maculatus (Coleoptera: Chrysomelidae), Sitophilus oryzae (Coleoptera:
Curculionidae) and T. castaneum [23]. The insecticidal and repellent activities of M. longifolia,
C. reticulata and Dysphania ambrosioides were observed against Tribolium confusum (Coleoptera:
Tenebrionidae), C. maculatus and Sitophilus zeamais (Coleoptera: Curculionidae) [24–26].
Therefore, we aimed to examine the repellent properties of EOs from P. atriplicifolia,
C. reticulata, D. ambrosioides, E. camaldulensis, C. citratus, M. longifolia, Salvia moorcroftiana
and Azadirachta indica plants against Ae. aegypti. Moreover, we identified the chemical
composition of EOs that showed the highest repellent properties.

2. Results
2.1. Yield of Essential Oils

The aerial parts of M. longifolia and P. atriplicifolia were the richest in EO and yielded
1.33% and 1.21%, respectively, while the lowest amount (0.04%) of EO was produced from
the bark of A. indica plants (Table 1).

Table 1. Description of plants used and percent yield of the essential oils extracted by steam distilla-
tion process.

Voucher Plant Name Abbreviation Family Growth Stage Plant Part
Used

Plant Collection Site

Yield %
Coordinates Elevation

(m)

CUHA-225 Dysphania ambrosioides
D. ambrosioides (I)

Amaranthaceae
Pre-flowering Aerial parts 34◦12′11.0” N

73◦15′07.8” E 1200 0.09

D. ambrosioides (II) Fruiting Aerial parts 34◦07′16.6” N
73◦19′54.73” E 1300 0.23

CUHA-223 Perovskia atriplicifolia P. atriplicifolia

Lamiaceae

Pre-flowering Aerial parts 32◦30′18.8” N
69◦45′00.3” E 1950 1.21

CUHA-048 Mentha longifolia M. longifolia Pre-flowering Aerial parts 34◦07′20.5” N
73◦19′58.3” E 1300 1.33

CUHA-176 Salvia moorcroftiana S. moorcroftiana Flowering Flowers 34◦12′39.1” N
73◦18′38.4” E 1680 0.06

CUHA-227 Azadirachta indica A. indica Meliaceae Flowering Bark 30◦16′06.6” N
71◦30′05.8” E 120 0.04

CUHA-226 Eucalyptus camaldulensis
E. camaldulensis (I)

Myrtaceae Flowering
Leaves 34◦11′56.7” N

73◦14′37.1” E 1200 0.51

E. camaldulensis (II) Flower buds 34◦11′56.7” N
73◦14′37.1” E 1200 0.32

CUHA-228 Cymbopogon citratus C. citratus Poaceae Pre-flowering Aerial parts 31◦28′19.0” N
73◦12′49.1” E 180 0.31

CUHA-224 Citrus reticulata
C. reticulata (I)

Rutaceae Mature fruit
stage

Leaves 30◦59′20.24” N
72◦53′21.84” E 170 0.15

C. reticulata (II) Fruit peels 30◦59′20.24” N
72◦53′21.84” E 170 0.29

2.2. Chemical Composition of Essential Oils

EOs of P. atriplicifolia (PA-EO), C. reticulata (II) fruit peels (CR-EO (II)), M. longifolia (ML-
EO), C. reticulata (I) leaves (CR-EO (I)), and D. ambrosioides aerial parts at a fruiting stage
(II) (DA-EO (II)) showed the highest repellent activity, therefore the chemical composition
was investigated by GC–MS (Table 2). The most abundant compounds in the PA-EO
were camphor (19.7%), eucalyptol (12.1%) and limonene (10.9%). The ML-EO was rich in
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carvone which constituted 82.6% of the EO. The major compounds of CR-EO (I) EO were
sabinene (24.9%), limonene (23.1%) and linalool (15.6%) whereas CR-EO (II) was dominated
by limonene that composes 92.7% of the EO. The main components in the EO extracted
from DA-EO (II) contained 28.2% α-terpinene, 15.8% p-cymene and 38.8% trans-ascaridole
(Table 2).

Table 2. Chemical composition of plant essential oils based on total ion chromatogram of GC-MS.

Compound Name RI ‡ PA ML CR (I) CR (II) DA (II) IM *

α-Thujene 924 0.5 0.4 MS, RI

α-Pinene 928 3.8 0.1 1.5 0.5 0.3 Std

Camphene 943 3.8 0.1 Std

Sabinene 969 0.3 24.9 1.6 MS, RI

β-Pinene 972 2.3 0.1 1.8 0.2 0.6 Std

6-Methyl-5-heptene-2-one 984 0.6 MS, RI

β-Myrcene 988 0.7 0.1 2.9 2.5 MS, RI

3-Octanol 993 0.2 MS, RI

α-Phellandrene 1002 0.1 0.1 MS, RI

3-Carene 1008 0.4 MS, RI

α-Terpinene 1015 0.3 1.1 0.1 28.2 MS, RI

p-Cymene 1023 2.0 0.6 15.8 MS, RI

Limonene 1028 10.9 3.9 23.1 92.7 0.2 Std

Eucalyptol 1031 12.1 1.9 0.8 Std

cis-β-Ocimene 1036 0.2 0.1 1.1 0.3 Std

trans-β-Ocimene 1047 0.1 4.9 Std

γ-Terpinene 1058 2.3 2.1 0.2 0.5 MS, RI

cis-Sabinene hydrate 1066 0.3 0.1 0.2 MS, RI

Terpinolene 1088 0.3 0.6 0.1 MS, RI

Dehydro-p-cymene 1091 0.3 MS, RI

trans-Sabinene hydrate 1098 0.2 MS, RI

Linalool 1100 0.3 0.2 15.6 0.2 Std

cis-p-Menth-2-ene-1-ol 1121 0.2 0.2 MS, RI

Phenylacetonitrile 1141 1.3 MS, RI

trans-p-Menth-2-ene-1-ol 1142 0.2 1.6 MS, RI

Camphor 1147 19.7 Std

β-Citronellal 1152 1.5 0.1 MS, RI

Borneol 1167 2.5 3.2 Std

4-Terpineol 1179 0.3 0.2 5.1 0.2 Std

α-Terpineol 1192 0.4 0.2 1.6 0.1 Std

1,6-Dihydrocarveol 1195 0.6 MS, RI

cis-Dihydrocarvone 1196 1.4 MS, RI

trans-Carveol 1219 0.3 MS, RI

cis-Geraniol 1228 0.4 MS, RI

cis-Carveol 1232 0.2 MS, RI

β-Citral 1241 1.7 MS, RI

Carvone 1247 82.6 Std

cis-Ascaridole 1247 6.3 MS, RI

trans-Geraniol 1254 0.2 MS, RI
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Table 2. Cont.

Compound Name RI ‡ PA ML CR (I) CR (II) DA (II) IM *

Piperitone 1256 0.2 1.5 MS, RI

cis-Carvenone oxide 1264 0.1 3.6 MS, RI

α-Citral 1270 2.2 MS, RI

trans-Carvone oxide 1278 0.2 MS, RI

Bornyl acetate 1288 4.2 Std

trans-Ascaridole 1312 38.8 MS, RI

α-Terpinyl acetate 1352 1.6 MS, RI

α-Copaene 1381 0.4 Std

α-Gurjunene 1416 0.2 MS, RI

trans-β-Caryophyllene 1427 5.5 1.0 1.4 0.2 MS, RI

trans-α-Bergamotene 1440 0.3 MS, RI

α-Humulene 1461 6.3 0.2 MS, RI

trans-β-Farnesene 1458 0.2 0.2 MS, RI

allo-Aromadendrene 1468 1.1 MS, RI

Germacrene D 1487 0.3 MS, RI

Viridiflorene 1502 2.2 MS, RI

trans-α-Farnesene 1509 0.2 MS, RI

β-Bisabolene 1513 0.2 MS, RI

cis-Lachnophyllum ester 1514 0.5 MS, RI

γ-Cadinene 1520 0.6 MS, RI

δ-Cadinene 1529 1.4 MS, RI

Caryophyllene oxide 1588 1.6 1.0 0.1 MS, RI

Ledol 1600 8.1 MS, RI

δ-Cadinol 1647 0.8 MS, RI

Monoterpenes 28.0 4.3 65.0 98.4 45.8

Oxygenated monoterpenes 41.6 91.3 29.0 0.6 52.7

Sesquiterpenes 17.7 1.6 1.9 0.6 0.0

Oxygenated sesquiterpenes 10.5 1.0 0.1

Others 0.2 2.4

Total Identified 97.8 98.4 98.2 99.5 98.6

PA = Perovskia atriplicifolia; ML = Mentha longifolia; CR(I) = Citrus reticulata (fruit peels); CR(II) = C. reticulata (leaves);
DA(II) = Dysphania ambrosioides (fruiting aerial parts). * In the identification method IM; MS = identification based
on mass spectrum comparison with NIST-2008 library, RI = identification based on comparison of retention index
with published data and Std = identification of compounds was made by comparing mass spectrum, retention
index with published data as well as through the injection of standard compounds. ‡ Compounds listed are
in order of elution from a DB-5 GC column. The retention index (RI) of a separated compound was calculated
relative to C9–C26 retention time on the same parameter used for EOs analysis. The data shown in the table is the
percentage compositions of different EOs where the values < 0.5% are approximate.

2.3. Repellency of Plant Essential Oils

In the screening bioassay, the numbers of female mosquito landings on the hand
treated with different EOs or DEET were significantly lower (p < 0.001) than the negative
control (solvent-treated hand). There were no mosquito landings on the hand treated with
DEET, PA-EO and CR-EO (II) (Table 3).
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Table 3. Mosquito landings on human hand treated with different essential oils, DEET and nega-
tive control.

Tested Substances Average Number of Landings
on Control (Negative)

Average Number of Landings
on the Test Substance p Value df, t

DEET 44.5 ± 1.76 0.00 ± 0.00 <0.001 4, 25.21
P. atriplicifolia 35.33 ± 2.10 0.00 ± 0.00 <0.001 4, 16.76

C. reticulata (II) 30.16 ± 1.13 0.00 ± 0.00 <0.001 4, 26.51
M. longifolia 34.0 ± 0.93 3.16 ± 0.30 <0.001 4, 29.47

C. reticulata (I) 35.00 ± 1.3 4.50 ± 0.22 <0.001 4, 23.28
D. ambrosioides (II) 28.66 ± 0.84 9.66 ± 0.33 <0.001 4, 19.67

S. moorcroftiana 37.16 ± 1.92 19.16 ± 0.60 <0.001 4, 10.63
D. ambrosioides (I) 38.00 ± 1.90 22.00 ± 1.18 <0.001 4, 12.92

E. camaldulensis (II) 37.00 ± 1.00 22.66 ± 0.84 <0.001 4, 67.99
E. camaldulensis (I) 40.83 ± 1.30 30.33 ± 1.08 <0.001 4, 8.53

A. indica 39.66 ± 2.52 34.16 ± 2.65 <0.001 4, 9.77
C. citratus 46.00 ± 1.00 42.5 ± 1.17 <0.001 4, 8.17

Out of eleven tested EOs, PA-EO and CA-EO (II) exhibited 100% of repellent effect
which was similar (p > 0.05) to that of the positive control (DEET). The ML-EO and CR-EO
(I) showed more than 85% of repellent effect whereas EO of C. citratus exhibited the lowest
repellent effect of about 10% against Ae. aegypti females (Figure 1).
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Figure 1. Screening of eleven plant essential oils as repellents against Ae. aegypti females at the tested
dose of 33 µg/cm2. Bars with different letters are significantly different (p < 0.05) from each other.
Error bars on each column present standard error where n = 5.

In the time span bioassay, the PA-EO and CR-EO (II) at a concentration of 33 µg/cm2

exhibited 100% of repellent effect against Ae. aegypti until 15 min after the treatment which
was similar (p > 0.05) to the repellent effect displayed by DEET (positive control). Both of
these EOs were active for 60 min. The DA-EO (II) showed the shortest repellent effect and
was active only up to 15 min of post-treatment (Figure 2).
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Figure 2. Time span mosquito repellency of different essential oils and DEET at the tested concen-
tration of 33 µg/cm2 against Ae. aegypti females. Different letters on the bars show a significant
difference (p < 0.05) among different test substances at a specific period. Error bars on each column
represent standard error where n = 5.

At the tested concentration of 165 µg/cm2, PA-EO showed repellent effect similar to
that of DEET (p > 0.05) for 30 min whereas C. reticulata CR-EO (II) showed repellent effect
of 100% for 15 min. However, both PA-EO and CR-EO (II) exhibited an active time span of
90 min. The ML-EO exhibited repellent effect of 100% only for a few minutes of application;
after that it decreased with time and showed repellent effect of about 12% after 60 min
post-treatment. The DA-EO (II) possessed the lowest repellent effect which lasted up to
30 min (Figure 3).
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At the tested concentration of 330 µg/cm2, PA-EO showed complete protection similar
to DEET (p > 0.05) for 60 min while CR-EO (II) exhibited complete protection for 30 min
(Figure 4). The ML-EO showed complete protection immediately after application and
the repellent effect lasted for 90 min. The highest time span of repellent effect, 135 min,
was observed for PA-EO followed by the 120 min lasting repellent effect of CR-EO (II).
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The shortest repellence period of 60 min was observed for DA-EO (II) when tested at the
highest dose of 330 µg/cm2 (Figure 4).
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Figure 4. Time span mosquito repellency of different essential oils and DEET at the tested dose of
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3. Discussion

Repellent formulations composed of EOs are finding increased popularity among
consumers and are generally considered environmentally safe compared to synthetic
repellents. Five out of 11 EOs, tested in the current study at 1% concentration, exhibited a
repellent effect of more than 60% against females of Ae. aegypti. The most active five EOs
were further studied to check their repelling longevity. In the time span bioassay, all five
EOs showed repellent effect of varying degrees and different active time spans when tested
at different concentrations. The PA-EO proved the most effective repellent among all plant
EOs at all tested concentrations. Moreover, the repelling effect of PA-EO was comparable
to DEET for an extended period of time.

To the best of our knowledge, the PA-EO has not been previously tested against any
mosquito species, however, a few studies reported the bioactivity of P. atriplicifolia EO
against other insect pests. For example, P. atriplicifolia along with gamma radiation showed
antifeedant [21] as well as insecticidal activity against the adults of T. castaneum [27]. There
are some studies reporting bioactivities of other plant species of the genus Perovskia towards
insects. For example, P. artemisioides showed repellent properties against Phthorimaea
operculella (Lepidoptera: Gelechiidae) [28] and acted as a toxic fumigant against S. oryzae
and T. castaneum [29].

In the current study, chemical analysis revealed that camphor, eucalyptol, limonene
and α-humulene were the most abundant compounds in the PA-EO. The higher proportion
of these compounds in PA-EO could be the reason for its prolonged repellent effect towards
Ae. aegypti. Previously, camphor and camphor containing a fraction of Artemisia vulgaris
were reported to repel Ae. aegypti females at 140 µg/cm2 concentration [30]. A study from
Sweden presented results similar to our findings, that camphor-rich Tanacetum vulgare
(Asterales: Asteraceae) EO showed 90% repellent activity against ticks [31]. Another
study reported camphor as a repellent and toxic fumigant against Solenopsis invicta [32].
Likewise, eucalyptol, the second most abundant compound of P. atriplicifolia, was reported
as a moderate antifeedant and oviposition deterrent against Ae. aegypti [20]. Moreover,
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eucalyptol was also found to be a toxic fumigant compound against An. sinensis [33]. In
another study, the EO of Nepeta parnassica (Lamiales: Lamiaceae), having eucalyptol as
the main constituent, displayed a good repellency against Ae. cretinus and Culex pipiens
(Diptera: Culicidae) for 3 h and 2 h, respectively [34].

The chemical profiles of EOs are influenced by many factors such as the time of sample
collection, the soil type and the climate. The chemical composition of PA-EO reported in
the current study is qualitatively different to that from a previous study from Pakistan [35]
whereas qualitatively similar but quantitatively different in a study reported from Iran [36].
The chemical composition of CR-EO II was different to that from a study conducted in India
that presented EO comprised of 50% limonene [37]. The composition of ML-EO was quite
different in a recent study from Pakistan [38] but similar to a study from Greece [39]. The
composition of C. reticulata leaves CR-EO (I) was different to CR-EO (II) studied here as well
as in a previous study that reported the chemical composition of C. reticulata leaves [40].
The harvesting stage of P. atriplicifolia reported in the current study and that of Dabiri and
Sefidkon [36] were similar, however, the climate, soil type, and other factors were different,
so a small difference in the chemical composition was found in both studies. The differences
between the EOs reported by Erdemgil et al. [35] and the current study could be due to
different climatic conditions and harvesting times. The variations found in the chemical
profiles of EOs might be due to the different geographical regions from where the plant
samples were collected as well as the physical condition of the samples.

We showed that CR-EO (II) was the second most effective repellent after P. atriplicifolia
against Ae. aegypti. At the highest tested concentration, CR-EO (II) was active for 120 min,
however, complete protection similar to DEET was observed only for a period of 30 min.
Previously, the EO extracted from the fruit peel of C. reticulata was reported as a repellent
against C. maculatus [24] and S. zeamais [41] while ethanol extracted from C. reticulata
showed repellent activity against S. oryzae [42]. Moreover, the larvicidal activity of C. reticulata
peels against Ae. aegypti is also documented [43]. In the current study, the most abundant
compound identified from CR-EO (II) was limonene (92.7%). A number of previous
studies showed the bioactivities of limonene against a number of organisms. For example,
Türkoğlu et al. reported that limonene applied to cotton fabric has been used to avoid
mosquito bites [44]. Moreover, limonene was documented as a repellent against Ae. aegypti
females [45]. In another study, the larvicidal activity of R-(+)-limonene was reported against
larvae of Ae. albopictus [46]. Therefore, the presence of limonene in the CR-EO (II) could
strongly contribute to the repellent activity against Ae. aegypti. However, the shorter
protection span exhibited by CR-EO could be due to the high volatility of limonene.

ML-EO showed repellent activity for periods ranging from 45 to 90 min and the most
abundant compound of this EO was carvone. The chemical composition and repellent effect
of ML-EO determined in current experiments are different to those reported in previous
studies carried out in Pakistan and Saudi Arabia. According to a study from Pakistan,
M. longifolia EO showed repellent effect for 90 min against Ae. aegypti at the concentration of
330 µg/cm2 while its major identified compound was piperitone oxide [47]. The study from
Saudi Arabia revealed that the M. longifolia EO was active against C. pipiens and showed
repellent effect for more than 43 min but at higher concentration of 1000 µg/cm2 [48] which
was about three times higher than that used in current study.

The CR-EO (I) showed moderate repellent activity that lasted for a shorter period of
time. Although limonene was present as the main compound in CR-EO (I), the repellent
activity of the sample was far lower than that of the same plant as CR-EO (II). This might be
due to the synergetic effect of other compounds as well as the lower proportion of limonene
in CR-EO (I). The DA-EO (II) exhibited the shortest protection period compared to the other
four most active EOs investigated in the current study. This oil did not show complete
protection immediately after application even at the highest tested concentration. Our
results are similar to the repellent activity of D. ambrosioides EO against Ae. aegypti which
was reported by a study from Argentina [49]. Interestingly, the main compounds in DA-EO
(II) harvested at the fruiting stage were trans-ascaridole, α-terpinene and p-cymene whereas
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α-terpinene (41.4%), germacrene D (16.2%) and p-cymene (14.7%) were identified as the
major compounds of DA-EO (I) extracted from same plant species harvested at vegetative
stage [50]. Thus, the difference in the bioactivity of DA-EOs (I) and (II) could be explained
by their major constituents.

In the current study, no skin irritation/allergic reaction was observed on the treated
area of any volunteer’s hand. Moreover, the EOs did not have an unpleasant smell. In our
previous study, skin irritation and an irritating odor of EOs were reported [51]. Therefore,
on the basis of the previous observation, skin sensitivity tests need to be performed before
recommending EOs for commercial use. Our study revealed that EOs extracted from the
aerial parts of P. atriplicifolia, M. longifolia and fruit peel of C. reticulata showed potential to
be used to formulate plant-based mosquito repellent against females of Ae. aegypti.

4. Materials and Methods
4.1. Insect Rearing

Larvae of Ae. aegypti were obtained from the Dengue Control Unit, Railway Hos-
pital, Multan and established in the laboratory under controlled conditions (25 ± 2 ◦C,
R.H 65 ± 5% and photoperiod 12L:12D) at the Department of Entomology, Faculty of Agri-
cultural Sciences & Technology, Bahauddin Zakariya University, Multan, Pakistan. Larvae
were placed in plastic containers filled with 1 L of tap water. A fish diet (crude protein,
28%, crude fat 3%, crude fiber 4% with 10% moisture) was used to feed the larvae. Pupae
were collected daily in plastic cups containing tap water and transferred to PLEXIGLAS®

cages (30 × 30 × 30 cm) for adult emergence. Cotton soaked with 10% sucrose solution
was placed in cages to feed the adults [19]. After 4–5 days, females were fed with blood
using the immobilized pigeon method. A butter paper was placed on the inner side of the
plastic jar filled with water and was kept in the adult cage as a substrate for oviposition.
After oviposition, the butter paper with eggs was placed in the larval container filled with
1 L of tap water for mosquito hatching [9].

4.2. Collection of Plants

Different parts of plant species Perovskia atriplicifolia, Citrus reticulata, Dysphania ambrosioides,
Eucalyptus camaldulensis, Cymbopogon citratus, Mentha longifolia, Salvia moorcroftiana and
Azadirachta indica were collected from different areas of Pakistan. The parts of plants
collected and their harvesting stage along with location coordinates and elevation are pre-
sented in Table 1. The identification of plant species was carried out by the plant taxonomist
and the voucher specimens were submitted to the herbarium of the Department of Envi-
ronmental Sciences, COMSATS University Islamabad, Abbottabad Campus, Abbottabad,
Pakistan. The fresh plant material was either subjected to EO extraction on the same day of
collection or stored in a freezer at −20 ◦C for 24–48 h until EO extraction.

4.3. Extraction of Essential Oils

The steam distillation method was used to extract the EO from the collected plant
material as described in our previous publications [9,52]. A stainless-steel vessel (Liaqat
Engineering Works, Faisalabad, Pakistan) was loaded with 2 kg of plant material and 2 L
of distilled water. Water accumulated at the bottom of the steel vessel and had no direct
contact with the plant material. The vessel was heated by an electric hot plate (Corning, NY,
USA). Volatile compounds released from the plant materials along with steam were cooled
down by using a condenser fitted on the head of the vessel and the distillate was collected
in a separating funnel for 3 h. The collected distillate was extracted through liquid-liquid
extraction using 210 mL (70 mL × 3) HPLC grade n-hexane (Daejung chemicals, Siheung,
South Korea). The pooled hexane layers were dried by adding the anhydrous MgSO4
(Daejung chemicals, Siheung-si, South Korea)and filtered. The rotary evaporator (Buchi
Labortechnik AG, Flawil, Switzerland) was used to evaporate the solvent at 25 ◦C under
a vacuum. The obtained EO was weighed and the percentage yield of extracted EO was
determined as described in our previous publication [53].
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4.4. Chemical Analysis

Analysis of volatile compounds was carried out by using a HP 6890N gas chro-
matograph (GC) coupled with a HP 5973 mass spectrometer (MS) (Agilent Technologies
Inc., Santa Clara, CA, USA). The GC was equipped with a DB-5 column (30 m length,
0.25 mm internal diameter, and 0.25 µm film coating comprised of 5% diphenyl and 95%
dimethylpolysiloxane (Agilent, Santa Clara, CA, USA). The GC injector temperature was set
at 235 ◦C while the GC oven temperature was maintained isothermally at 40 ◦C for 2 min,
then increased at the rate of 4 ◦C/min up to 240 ◦C, and afterwards was kept isothermal for
8 min. Helium was used as a mobile phase with a constant flow of 1 mL/min. A diluted
EO sample in n-hexane (Daejung chemicals, Siheung, South Korea) (500 ng/1 µL) was
injected in a splitless mode set for 30 s. Electron ionization was performed at 70 eV where
the ion source temperature was set constant at 180 ◦C. The mass spectra scan range was
30–400 amu. The total ion chromatogram peak area was used to find the percentage com-
position of each compound in an EO. EO components were identified by comparing their
mass spectra with those present in the NIST-2008 MS library. Retention indices of separated
compounds were determined relative to the retention times of a series of n-alkanes (C9–C24)
(Merck, Darmstadt, Germany) analyzed at the same GC–MS parameters used for the EOs.
Finally, the identified compounds were verified by injecting available standard compounds
at the same parameters which were used for EOs analysis [9,53].

4.5. Repellency Bioassay

A human bait technique was used during the scotophase to test the repellence potential
of EOs against Ae. aegypti females. Based on our previous experience, the 1%, 5%, and 10%
solutions (10 mg/mL, 50 mg/mL, and 100 mg/mL,) of each EO and DEET were prepared
using ethanol (Daejung chemicals, Siheung, South Korea) as a solvent. DEET (St. Louis,
MO, USA) was used as a positive control. Twenty mated and blood-starved 4–5 days old
female mosquitoes were released from the laboratory-reared colony in the experimental
cage (30 × 30 × 30 cm). The hands of each subject were washed with scent-free liquid soap
and allowed to dry for about 10 min before starting each test. Plastic gloves were used
to cover each subject’s hand except for the 30 cm2 circular area on the dorsal side of the
hand. An aliquot of 100 µL solution of test substance or pure solvent as a negative control
was evenly applied on the exposed area of the hand and dried in air for three minutes
before exposing the hand to mosquitoes. The hands of the subjects were exposed to the
Ae. aegypti females in the experimental cage and mosquito landings, i.e., contact of the
legs with the hand surface, were counted during the period of 5 min. The experiment was
repeated randomly five times for both the test sample and the negative control. The human
subjects (volunteers) were informed about the test procedure and consent was obtained
before conducting repellency bioassays. The repellency percentage has been calculated by
the formula presented by Azeem et al. [9]. Percentage repellency = [(Mc −Mt)/Mc] × 100
where Mc is the number of mosquito landings on the negative control (solvent) treated
hand and Mt is the number of mosquito landings on the test substance treated hand.

4.6. Time Span Repellency Bioassay

Plant EOs that showed more than 60% repellency were further investigated to de-
termine the maximum period of repellent activity. Time-span repellent bioassays were
performed by following the same protocol as mentioned above in the repellency bioassay,
except for the exposure of the same treated hand to the females of Ae. aegypti for 5 min
after each 15 min time interval until the number of landings on control and treatment were
the same. Time span bioassays were conducted by using test samples at the dosages of
33 µg/cm2, 165 µg/cm2 and 330 µg/cm2. The experiments were repeated five times and
different females were employed for each replicate [17].
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4.7. Statistical Analysis

Paired sample t-test was used to compare the number of landings of Ae. aegypti females
on negative control and sample-treated hands. Statistical difference between the repellence
of different EOs and DEET was analyzed by one-way ANOVA with post-hoc Bonferroni
test. All the statistical tests were performed on Statistics 8 software (version 8.1, Tallahassee,
FL, USA).

4.8. Ethical Approval

The Chairman of the Research Ethics and Biosafety Committee, Bahauddin Zakariya
University, Multan, Pakistan provided the ethical approval.

5. Conclusions

The EO of P. atriplicifolia showed the best repellent activity of the EOs tested in our
study. The complete protection by this EO from biting by females of Ae. aegypti lasted
for more than 60 min and did not significantly differ from that of the gold-standard
DEET. The EO of P. atriplicifolia could be further optimized, with the aim of developing an
environmentally friendly and sustainable mosquito repellent formulation as an alternative
to DEET.
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