Yohana et al. Malaria Journal (2022) 21:219

https:/doi.org/10.1186/512936-022-04220-8 Malaria Journa |

RESEARCH Open Access

: : . : ®
Anti-mosquito properties of Pelargonium i

roseum (Geraniaceae) and Juniperus virginiana
(Cupressaceae) essential oils against dominant
malaria vectors in Africa

Revocatus Yohana', Paulo S. Chisulumi', Winifrida Kidima', Azar Tahghighi? ®, Naseh Maleki-Ravasan
Eliningaya J. Kweka*"

¥ and

Abstract

Background: More than 90% of malaria cases occur in Africa where the disease is transmitted by Anopheles gambiae
and Anopheles arabiensis. This study evaluated the anti-mosquito properties of Juniperus virginiana (JVO) and Pelar-
gonium roseum (PRO) essential oils (EOs) against larvae and adults of An. gambiae sensu lato (s.1) from East Africa in
laboratory and semi-field conditions.

Methods: EOs was extracted from the aerial green parts of Asian herbs by hydrodistillation. Their constituents were
characterized by gas chromatography-mass spectrometry (GC-MS). Larvicidal activities of VO, PRO, and PRO compo-
nents [citronellol (CO), linalool (LO), and geraniol (GO)] were investigated against An. gambiae sensu stricto (s.s.). The
percentage of knockdown effects and mortality rates of all oils were also evaluated in the adults of susceptible An.
gambiae s.s. and permethrin-resistant An. arabiensis.

Results: GC-MS analyses identified major constituents of JVO (sabinene, dl-limonene, 3-myrcene, bornyl acetate, and
terpinen-4-ol) and PRO (citronellol, citronellyl formate, L-menthone, linalool, and geraniol). Oils showed higher larvi-
cidal activity in the laboratory than semi-field trials. The LCy, values for JVO/PRO were computed as 10.82-2.89/7.13—
0.9 ppm and 10.75-9.06/13.63-8.98 ppm in laboratory and semi-field environments, respectively at exposure time of
24-72 h.The percentage of knockdown effects of the oils were also greater in An. gambiae s.s. than in An. arabiensis.
Filter papers impregnated with JVO (100 ppm) and PRO (25 ppm) displayed 100% mortality rates for An. gambiae s.s.
and 3.75% and 90% mortality rates, for An. arabiensis populations, respectively. Each component of CO, LO, and GO
exhibited 98.13%, 97.81%, and 87.5%, respectively, and a mixture of the PRO components indicated 94.69% adult mor-
tality to permethrin-resistant An. arabiensis.

Conclusions: The findings of this study show that PRO and its main constituents, compared to JVO, have higher anti-
mosquito properties in terms of larvicidal, knockdown, and mortality when applied against susceptible laboratory and
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resistant wild populations of An. gambiae s.I. Consequently, these oils have the potential for the development of new,

efficient, safe, and affordable agents for mosquito control.
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Background

Malaria is a serious tropical and sometimes life-threaten-
ing disease caused by Plasmodium parasites and spread
by the infected bites of female mosquitoes (Diptera:
Culicidae). According to the latest reports, an estimated
229 million cases of malaria and 409,000 deaths were
recorded in 2019 worldwide [1]. Most malaria cases and
deaths occur in sub-Saharan Africa (93%), followed by
the WHO South-East Asia Region (3.4%) and the WHO
Eastern Mediterranean Region (2.1%) [1].

In Africa, malaria is transmitted by nine sibling spe-
cies of the Anopheles gambiae complex with diverse bio-
nomics, among which An. gambiae sensu stricto (s.s.) and
Anopheles arabiensis breed in freshwater. By virtue of the
anthropophilic and endophilic characteristics, An. gam-
biae s.s. feeds and rests indoors [2, 3]. However, due to
the application of chemical insecticides and repellents,
its natural ecological feeding and resting behaviour have
been shifted from indoors to outdoors [4, 5]. Anopheles
arabiensis, unlike An. gambiae s.s., has zoophilic ten-
dencies and feeds on a range of mammalian hosts [6].
In Tanzania, like other African countries, malaria trans-
mission is complicated owing to differences in vector
species composition. Anopheles gambiae s.s. and Anoph-
eles funestus are predominant vectors in humid coastal
regions, whereas An. arabiensis serves as the main vector
in arid interior regions [7, 8].

Targeting vector mosquitoes is a key tactic to com-
bat mosquito-borne diseases and to prevent pathogen
transmission [9]. Other strategies include larval source
management, larviciding, and controlling adult mosqui-
toes by insecticides and repellents [10, 11]. The chemical
insecticides used to control malaria-carrying mosquitoes
belong to four main classes: organochlorines, organo-
phosphates, carbamates, and pyrethroids [12]. A dozen of
insecticides in the aforementioned classes are suggested
for use in indoor residual spraying. However, only pyre-
throids are now recommended to be employed in insecti-
cide-treated bed nets [13].

Today, many commercial mosquitocides and repellents
are recommended for use on humans and animals [14].
Despite the effectiveness of chemical pesticides in vector
control, their prolonged and inappropriate application
have led to environmental hazards, mammalian toxic-
ity, and the emergence of resistant strains [15]. There-
fore, interest in research and development of botanical
pesticides has been intensified as they affect only target

organisms and mostly do not damage valuable natural
enemies, as well as provide residue-free nutrition and a
safe environment [16—18].

The plant-derived essential oils (EOs) show a broad
spectrum of activity against pest insects, including
insecticidal, repellent, oviposition-deterrent, antifeed-
ant, antivector, and growth regulatory activities [19,
20]. EOs, often called green pesticides, are volatile oils
extracted from plants by different methods, including
hydrodistillation. The components of the oils are sec-
ondary metabolites produced by aromatic plants [21].
These biopesticides have been regarded as an alternative
to synthetic insecticides in public health sections, food
industries, and agriculture and have been indicated to
cause decreased pest population, health promotion, and
increased food productions [21, 22]. They potently and
rapidly influence the target and are degraded swiftly in
the environment [23]. Therefore, it is reasonable to con-
sider that the effects of the mentioned biopesticides on
human health and environment are weaker than most
pesticides.

Pelargonium species (Geraniaceae) are evergreen per-
ennials genus of flowering plants with about 280 spe-
cies, commonly known as pelargoniums, storksbills,
or simply geraniums [24, 25]. They are resistant to heat
and drought and have a global distribution in tropical,
subtropical, and temperate climates [26]. Pelargonium
roseum (PRO), a Pelargonium species, is cultivated for
its beauty as an ornamental plant and also for its scent
as an important ingredient in perfume, food, and bever-
age industries [27]. In traditional medicine, Pelargonium
species have been applied to treat fevers, intestinal prob-
lems, wounds, respiratory ailments, kidney complaints,
gastroenteritis, hemorrhage, neuralgia, throat infections,
and other conditions [28, 29].

Junipers are coniferous trees and shrubs in the genus
Juniperus (Cupressaceae). This genus with about 70 spe-
cies is widely distributed throughout the northern hemi-
sphere and has a global distribution as indigenous and
nonindigenous plants [30]. Junipers are cultivated for
timber, culinary use, EOs, and ethnic and herbal use [31].
Different parts of Juniperus are employed as stimulant,
stomachic, carminative, antihelminthic, wound healing,
antiseptic, antifungal, antirheumatic, expectorant, insec-
ticide, and diuretic agents in traditional medicine [30, 32,
33]. Juniperus virginiana, commonly known as eastern
red cedar, can withstand a variety of extreme climates



Yohana et al. Malaria Journal (2022) 21:219

and conditions. It is acknowledged for its aromatic odour,
toxicity, and repellency to numerous species of insects,
clothes moths [34], flour beetles [35], cockroaches [36],
ants [37], and mosquitoes [38].

Previously, EOs and also the main constituents of the
geraniums and junipers have been shown to possess a
degree of anti-mosquito activities against the laboratory
strains of malaria vectors [38—42]. However, comparative
studies on their anti-mosquito activities against a sus-
ceptible laboratory strain and a wild pyrethroid-resistant
population of malaria vectors in An. gambiae complex
are missing. Therefore, the present study attempted to
evaluate the mosquitocidal activities of EOs from Juni-
perus virginiana (JVO), Pelargonium roseum (PRO), and
the main constituents of PRO against a laboratory colony
of An. gambiae s.s. and a wild resistant population of Axn.
arabiensis.

Methods

Plant materials and preparation of EOs

The aerial green parts of the Jumiperus virginiana
(Cupressaceae) and Pelargonium roseum (Geraniaceae)
were respectively collected from green areas in the Pro-
duction and Research Complex of the Institut Pasteur
of Iran (51° 3/ 44" N, 35° 45’ 49" E, and 1330 m above
sea level) and from a herb garden in Kashan (33.9850° N,
51.4100° E, and 900 m above sea level) during the sum-
mer 2019. The collected herbals were authenticated by
Prof. Valiollah Mozaffarian, Research Institute of For-
ests and Rangelands, Tehran, Iran. After collection, plant
samples were thoroughly washed twice with distilled
water. Then 200 g of each plant material was transferred
to a round bottom balloon (4000 mL) and dipped in 2000
mL of distilled water. The hydro-distillation process was
carried out to extract the essential oils (JVO and PRO)
using a Clevenger apparatus within a continuous extrac-
tion for 2 h [38]. The EOs were separated from water by
decantation, dried over anhydrous sodium sulfate and
stored in a dark glass vial at 4 °C until analysis.

Chemical analyses of EOs

Chemical constituents of the EOs were characterized by
gas chromatography-mass spectrometry (GC-MS) and
achieved on a GC (HP 6890, Agilent, USA) equipped
with a quadrupole mass spectrometer analyzer (HP
5973, Agilent). The MS was operated in an ionization
voltage of 70 eV and an interface temperature of 280 °C.
The MS ion source temperature and the MS quadrupole
temperature were kept at 230 °C and 150 °C, respec-
tively. Subsequently, 0.1 pL of the diluted sample was
injected by an autosampler using a 100:1 split ratio and
the inlet temperature of 280 °C. The sample was ana-
lysed on an open tubular capillary column (TRB-5MS,
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30 m, 250 pm, and 0.25 pm). Helium (99.9995% pure)
with a flow rate of 1 mL/min~! was the carrier gas. The
sample was evaluated under the following settings: ini-
tial oven temperature at 36 °C for 5 min, ramp-up at
4 °C min~! to 200 °C and continued for 8 min, then
increased to 280 °C with a ramp-up of 40 °C min~! for
10 min and overall run time of 66 min. ChemStation
software was applied to assess chromatographic analyt-
ical data. Compounds were determined by comparing
mass spectra with the Wiley7n.1. The Kovats retention
index was calculated using an alkane standard mix-
ture (C9-C24) based on the following formula: Kovats
retention index=100 x [n + (Tu-Tn)/(TN-Tn)], where
n=the number of carbons in the alkane prior com-
pound; Tu=the retention time of known compound;
Tn=the retention time of the prior alkane; TN =the
retention time of the next alkane.

The main chemical constituents of PRO, namely citron-
ellol (CO; cat no. 27,470), geraniol (GO; cat no. 163,333),
linalool (LO; cat no. L2602), L-menthone (MO; cat no.
W266701), were procured from Sigma-Aldrich Company
(Germany).

Test organisms

Two sibling species of An. gambiae complex were investi-
gated for the mosquitocidal properties of EOs in labora-
tory and semi-field conditions. The first species was An.
gambiae s.s., which has been maintained at the Tropi-
cal Pesticide Research Institute (TPRI) insectary since
1992 (An. Gambiae s.s. Kisumu strain). This sibling was
reared routinely according to the modified MR4 proto-
cols in the organized set up (28+2 °C, 78 2% relative
humidity, and 12:12 light/dark photoperiodicity) [42, 43].
Adult mosquitoes were maintained on 10% sugar solu-
tion soaked on cotton wools. Female mosquitoes received
blood meals from shaved rabbits to produce eggs every
3 days. The eggs were collected on a filter paper and left
in a desiccator for maturation (48 h). The eggs were then
floated in dechlorinated tap water for hatching. The lar-
vae were fed with TetraMin Tropical Flakes fish food and
maintained at the same conditions mentioned before.
Third/fourth instar larvae were used in larvicidal assays.
Larvae developed to pupal stage were collected using
droppers and kept in adult rearing cages to emerge adults
[43].

The second species, An. arabiensis, was collected from
Mabogini rice irrigation schemes or from cowsheds in
Lower Moshi, two malaria low-transmission area in the
Kilimanjaro Region of Tanzania, using torch and mouth
aspirator [44]. The gathered specimens were taken to the
field insectary at TPRI and left for 24 h; during this time,
they were provided with 10% glucose solution [44].
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Larvicidal bioassays on An. gambiae s.s. in laboratory
conditions

Prior to the onset of experiments, trial tests were
accomplished in accordance with previously published
results [38, 42], to identify the activity range of JVO,
PRO, and the PRO constituents. Thereafter, each oil
(1 ml) was added to ethanol 99% (9 ml) for the prepa-
ration of the stock solutions. The experiments were
set with seven consecutive concentrations of the oils
(2.5-160 ppm for JVO, 1.56-100 ppm for PRO, 1.56—
100 ppm for main constituents of PRO, and a mixture
of all components) by adding 1 mL of each concentra-
tion of the oils to a 250 mL glass beaker containing 99
mL of the dechlorinated water and 0.0007% Tween-80
[38]. The first control was normal tap water for breed-
ing mosquitoes, while the second control was 1% eth-
anol containing Tween-80. Each concentration and
control was repeated four times. Afterwards, 1 mL of
each concentration of the under test oils was added to
bowls to make up 100 mL of test solution. A minimum
of 20 third/fourth instar mosquito larvae collected by
a strainer with fine mesh was gently transferred to the
bowls. The bioassays were performed in a test room
(27+2 °C and 70+ 5% relative humidity). Larval mor-
tality was recorded at 24, 48, and 72 h post exposure.
Both dead and moribund larvae were recorded as dead.
The experimental design of the study is depicted in a
schematic diagram (Fig. 1).
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Larvicidal bioassays on An. gambiae s.s. in semi-field
conditions

An experiment according to the protocol of the World
Health Organization (WHO) [42], where seven con-
centrations for each JVO, PRO, and PRO constituents
within 24 to 72 h was accessed for their larvicidal efficacy
against An. gambiae s.s. vectors. The semi-field experi-
ments were conducted in a screen-walled greenhouse
according to Mdoe and others [45]. Bioassay was carried
out in ambient conditions (temperature of ~25-35 °C;
relative humidity of ~50-80%; 12:12 light/dark cycle).
The experiments had seven concentrations for each of
the test solution; each concentration had four replicates
including two controls, one with normal rearing water
and the other with 1% ethanol. Then 1 mL of each test
concentration was added to bowls containing 99 ml of
normal larval rearing water and 20 third/fourth instar
larvae. Mortality was recorded at 24, 48, and 72 h post
exposure. Both dead and moribund larvae were recorded
as dead.

Adulticidal bioassays on An. gambiae complexin
semi-field conditions

To evaluate the susceptibility of adult An. gambiae s.s.
and An. arabiensis mosquitoes, different concentrations
of the oils (100 ppm for JVO, LO, MO, and MIX, 50 ppm
for GO and CO, and 25 ppm for PRO) were dissolved in
acetone and applied on filter papers. The procedure was
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Fig. 1 The schematic diagram illustrating the experimental design of the study
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carried out in line with a previously published protocol
[46]. Briefly, by using a ruler, straight lines (with a two-
cm line spacing) were drawn on filter papers (Ahlstrom
Filter Paper, Grade 222, ca. number 2228 — 1416). The
studied oils were impregnated on papers along straight
lines using a micropipette in order that the oils spread
uniformly on the filter papers. The control papers were
impregnated with olive oil dissolved in acetone in the
same way as experimental papers. Thereafter, impreg-
nated papers were wrapped in an aluminum foil and
stored in a refrigerator, ready for the experimental use.
Each group of the oil impregnated papers was wrapped
separately to avoid cross-contaminations.

Susceptibility tests of the adults from laboratory colony
of An. gambiae s.s. and wild populations of An. arabiensis
to filter papers impregnated with EOs (JVO, PRO, and the
PRO constituents) were carried out according to WHO
protocols [47, 48]. Clean white papers were inserted into
six holding tubes and fastened with a steel spring wire
clip. Twenty active female mosquitoes were aspirated (in
batches) into six green dotted holding tubes, which were
adjusted at an upright position for one hour. After this
time, any damaged, dead, or knocked down mosquitoes
were then replaced with healthy ones. Thereafter, another
six tubes were prepared, four were separately marked
with a red dot (exposure tubes), while two with a yellow
dot (control tubes). Each of exposure tubes was covered
with a filter paper impregnated with JVO, PRO, and the
PRO constituents, whereas the remaining two tubes were
impregnated with olive oil. The WHO standard perme-
thrin (0.75%) impregnated papers were set as the positive
controls.

Mosquitoes were gently blown into the exposure and
control tubes, and then exposure tubes were detached
and set in upright position [47, 48]. The insects were then
kept in the tubes for 60 min, and their knock down rate
was recorded. After 1 h, for recovery, the mosquitoes
were transferred back to paper cups provided with 10%
sugar solution soaked in cotton wool. After a 24-h recov-
ery period, the number of dead mosquitoes were counted
and recorded [45, 47]. Susceptibility testing results of
EOs were interpreted based on WHO criteria [48]. Mos-
quitoes with the mortality rates of 98—100%, 90-97%, and
0-89% were classified as susceptible, tolerant and resist-
ant groups, respectively. The status of the second group
in terms of the existence of resistance was confirmed by
conducting additional tests, as well as by determining the
mortality rate of mosquitoes [48].

Data analysis

Mosquito larvae mortality data were subjected to Probit
analysis to determine lethal concentrations (LC, and
LCy) of the larvae. The data were corrected by Abbott’s
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formula if mortality in control bowls ranged between 5
and 20% [38]. Mosquito adult mortality data were com-
puted using one-way ANOVA analysis, followed by
Tukey’s test. The insecticides resistance status in the An.
arabiensis samples were determined based on the WHO
protocol for the detection of insecticides resistance [48].

Results

Yields and chemical composition of the EOs

The hydrodistillation of the JVO and PRO green parts
generated colorless and pale-yellow EOs of 0.75% and
0.38% (w/w) on fresh weight materials, respectively. The
GC-MS analysis revealed the presence of 12 and 10 con-
stituents in the JVO and PRO, corresponding to ~70%
and ~83% of their total oils, respectively (Table 1). Five
major components, comprising of sabinene (25.46%),
dl-limonene (16.36%), B-myrcene (6.0%), bornyl acetate
(5.18%), and terpinen-4-ol (4.90%), were identified with a
similarity of >95% and quantity of >4% for JVO (Table 1;
Fig. 2). Also, five foremost components, i.e. CO (46.86%),
citronellyl formate (15.78%), MO (6.57%), GO (4.34%),
and LO (3.01%), at the resemblance of >94% and quan-
tity of >4% were identified for PRO (Table 1; Fig. 2).

Larvicidal activities of the oils in the laboratory
and semi-field conditions

The trend in larvicidal activity (LCg,/LCy) of the JVO,
PRO, and the main constituents of PRO against the labo-
ratory colony of An. gambiae s.s. in both laboratory and
semi-field environments diminished with exposure time
from 24 to 72 h (Table 2; Fig. 3).

The LC;)/LCy, trends of JVO decreased with exposure
times of 24, 48, and 72 h with the values of >2.89/13.46
and >9.06/22.44 ppm in laboratory and semi-field set-
ups, respectively (Table 2). However, LCy, of semi-field
(22.95 ppm) at the exposure time of 72 h showed slight
increases (Table 2). The LC,,/LC,, was lower in the lab-
oratory compared to semi-field conditions throughout
the exposure times (Table 2). JVO displayed a significant
larvicidal activity against An. gambiae s.s. larvae with
the LC;, values of 10.82 and 10.75 ppm at an exposure
time of 24 h in laboratory and semi-field environments,
respectively (Table 2).

For PRO, the LC;, trend decreased with increasing
exposure times as 7.13-0.90 and 13.63-8.98 ppm for
both laboratory and semi-field set-ups, respectively, while
the LCy, trend reduced only in laboratory set-up with the
values of 27.59-10.37 ppm. In the semi-field set-up, this
trend enhanced from 43.06 ppm to 46.39 ppm with an
increase in exposure time at 24 and 48 h (Table 2). How-
ever, throughout the exposure time, the LC,,/LC,, was
lower in the laboratory set-ups relative to semi-field one
(Table 2).
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Table 1 Chemical compositions of Juniperus virginiana and Pelargonium roseum essential oils identified by GC-MS
Juniperus virginiana Pelargonium roseum
Peakno.  Compounds Kovats reten- Quality (%)  Amount (%) Peakno. Compounds Kovats Quality (%)  Amount (%)
tion index retention
index
2 1,3-bis(3-Phenoxy  0.66 90 418 2 a-Pinene 930.30 97 0.85
phenoxy) ben-
zene
4 a-Thujene 92341 93 0.77 3 Linalool 1099.11 97 3.01
5 (-)-a-Pinene 927.94 97 1.15 4 cis-Rose oxide 1109.51 94 2.81
6 Sabinene 969.30 97 25.46 5 trans-Rose oxide 112831 91 1.04
7 B-Myrcene 987.67 95 6.00 7 L-Menthone 1165.58 98 6.57
9 dl-Limonene 1020.02 929 16.36 9 Citronellol 1246.08 98 46.86
10 y-Terpinene 105342 97 113 M Geraniol 1264.34 94 4.34
16 Camphor 1134.72 98 1.22 12 Citronellyl for- 1280.52 91 15.78
mate
17 Terpinen-4-ol 1179.11 96 4.90 15 -Bourbonene 1373.89 96 1.78
19 Bornyl acetate 1279.82 98 5.18 21 cis-Calamenene 1509.36 97 0.28
20 &-Cadinene 1508.64 98 1.20 Total identified compounds =83.32%
22 Germacren D-4-ol  1557.60 98 1.56

Total identified compounds =69.11%

The main components with similarities > 94 and amounts > 3% are bolded

In case of the PRO components, the LC,/LC,, trends
decreased with increasing exposure times in labora-
tory conditions, with the range of 3.64—0.48/48.79-
15.12 ppm after 72 h, while these values fluctuated with
increasing times at the semi-field set-ups (Table 2). For
all the PRO constituents, except for MO, the LC,,/LCq,
values were lower in laboratory set-ups as compared
to those of semi-field ones (Table 2). The evaluation of
a mixture of the main PRO constituents (MIX) under
laboratory and semi-field conditions displayed a reduc-
tion in LC,, with increasing exposure time; in addition,
an intense decrease was observed in laboratory but not
semi-field conditions, with LC,, range of 84.72—0.17 and
97.53-34.10 ppm, respectively (Table 2). On the other
hand, the trend of LCy, showed a reduction in a time-
dependent manner, only for the laboratory conditions
with LCy, range of 1950.88-29.76 ppm. Under semi-
field conditions, LCy, increased at 48 h of exposure time
and finally decreased after 72 h (Table 2). Also, a sharp
decrease was found in laboratory set-ups when compared
to semi-field ones (Table 2).

PRO and its major constituents (GO, CO, LO, MO,
and MIX) indicated a significant larvicidal activity
against the laboratory colony of An. gambiae s.s. in
both laboratory and semi-field environments (Table 2).
The crude oils of PRO had the most significant larvi-
cidal activity relative to its respective constituents in
the laboratory and semi-field environments, with the
LC;, values of 7.13 ppm and 13.63 ppm at the exposure

time of 24 h, 1.26 ppm and 10.65 ppm at the exposure
time of 48 h, and 0.90 ppm and 8.98 ppm at the expo-
sure time of 72 h.

In the laboratory environment and at the exposure
time of 24 h, the most significant larvicidal activity
among the PRO major constituents was reported for
CO (12.44 ppm), followed by GO (13.43 ppm), MO
(39.52 ppm), MIX (84.72 ppm), and finally LO (127.02
ppm) (Table 2). At the exposure time of 48 h, significant
larvicidal activity was observed in MIX (4.91 ppm), fol-
lowed by GO (6.67 ppm), CO (6.98 ppm), MO (13.42
ppm), and LO (16.16 ppm). In contrast, at 72-h expo-
sure time, significant larvicidal activity was found in
MIX with LCy, value of 0.17 ppm, followed by LO (0.48
ppm), MO (1.01 ppm), CO (1.81 ppm), and GO (3.64
ppm).

In the semi-field environment, significant larvicidal
activity was first observed for GO with LC,, value
of 15.48 ppm after exposure time of 24 h and then
observed for CO (16.29 ppm), MO (32.12 ppm), LO
(87.43 ppm), and MIX (97.53 ppm). However, at the
exposure time of 48 h, CO had significant larvicidal
activity with LC, value of 15.28 ppm, followed by GO,
MO, LO, and MIX (16.60, 27.16, 64.44, and 65.01 ppm,
respectively). Considerable larvicidal activity, at the
exposure time of 72 h, was identified for CO (14.79
ppm), followed by GO (15.48 ppm), MO (16.44 ppm),
MIX (34.10 pm), and LO (41.69 ppm).
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Table 2 Toxicity of test compounds against the colony of An. gambiae s.s. in laboratory and semi-field conditions

48h

7.35(5.55-9.54)
21.52(15.48-37.17)
10.11 (8.08-12.72)
2244 (17.03-35.35)
1.26 (0.29-2.39)
13.33(7.80-37.03)

10.65 (5.03-23.61)
46.39 (21.56-432.92)
6.98 (4.89-9.67)
35.31(22.76-71.82)
15.28 (7.62-34.94)
71.03 (32.02-681.41)
6.76 (2.94-13.04)

44,09 (20.40-341.20)
16.60 (12.60-22.17)
57.18 (39.42-101.56)
16.16 (8.87-32.82)
482.79 (145.11-8638.88)
64.44 (37.47-167.69)
799.04 (262.91-9163.00)
1342 (440-48.54)
24841 (61.08-159509.43)
27.16(13.12-88.32)
14243 (54.61-4122.66)

72h

2.89 (1.36-4.33)
1346 (9.00-28.78)
9.06 (7.01-11.59)
22.95 (16.95-37.58)
0.90(0.12-1.92)
10.37 (5.94-29.17)
8.98 (4.93-16.23)
39.34 (20.50-180.23)
1.81(0.67-3.03)
15.12(9.18-38.20)
14.79 (7.62-31.96)
70.90 (32.60-571.30)
3.64 (2.11-5.37)
25.03 (15.41-58.48)
1548 (11.59-20.98)
59.76 (40.08-111.27)
0.48 (0.00-1.87)

48.79 (17.91-2121.94)
41.69 (24.57-98.25)
682.13 (220.69-8071.05)
1.01 (0.08-2.51)
33.16 (15.44-222.24)
16.44 (6.55-57.53)
127.80 (42.27-10660.87)

Compounds Environment  Lethal Exposure times (24-72 h)
LCs/LCqp (LCL-UCL) 95%
Cl (ppm)
24 h
WO LB Cs, 1082 (861-1368)
LCy 24.96 (18.80-39.64)
SF IC,  10.75(861-13.56)
LCy 23.87 (18.09-37.63)
PRO LB ICoy  7.13(5.25-9.56)
LCqo 27.59 (18.83-50.32)
SF LCs 13.63 (7.19-28.36)
LCqy 43.06 (22.39-278.05)
PRO constituents co LB LCsp 12.44 (9.49-16.49)
Co  4143(2891-7227)
SF LCsp 16.29 (8.67-34.31)
LCq 59.85 (29.79-406.81)
GO LB LCsp 1343 (10.00-18.24)
LCy 54.11 (36.05-102.03)
SF IC,  1548(11.59-2098)
lCq  59.76(40.08-111.27)
LO LB LGy 127.02 (43.87-136539.47)
LCqo 1451.18 (208.06-32552746815.41)
SF LCs 87.43 (49.95-249.19)
LCqy 887.87 (293.68-10638.56)
MO LB LCs 39.52(13.36-2934.82)
LCqy 183.90 (55.60-394844279.08)
SF LCsp 32.12(15.81-93.08)
LCy 99.89 (47.64-2206.37)
MIX LB LCsp 84.72 (42.27-377.75)
LCq 1950.88 (418.83-107720.76)
SF LGy 97.53 (52.31-339.62)

[Cop 123535 (350.49-24425.89)

491 (1.42-9.73)

268.76 (79.73-8325.05)
65.01 (34.05-233.02)
1485.44 (351.84-52350.81)

0.17 (0.00-1.14)

29.76 (10.44-3860.67)
34.10 (18.33-99.61)
1163.09 (268.38-50690.93)

LC 5, /LC 90 lethal concentration causing 50/90% mortality, 95% CI confidence interval with a 95%, probability ppm: parts per million, LB laboratory conditions,
SF semi-field conditions, JVO Juniperus virginiana, PRO Pelargonium roseum, GO Geraniol, CO Citronellol, LO Linalool, MO L-Menthone, MIX mixture of all four

ingredients

Adulticidal activities of the oils in the semi-field
conditions

The studied oils have displayed both knockdown and
killing activities. The knockdown effects of all tested
compounds for the laboratory colony of An. gambiae
s.s. after 60 min of exposure was 100%. The knockdown
effect was found to be 100% for field mosquitoes except
for MO and JVO, which both had<6% knockdown
effect in the same time. However, the mortality rate
effect of each EO tested was different. Following expo-
sure to JVO-treated papers, the wild population of An.
arabiensis exhibited the mean percentage mortality rate
of 3.75%, whereas this rate was 100% for the suscepti-
ble laboratory colony of An. gambiae s.s., at the concen-
tration of 100 ppm (Fig. 4). Nonetheless, in exposure
to PRO-treated papers and at the concentration of 25

ppm, the wild population of An. arabiensis and suscep-
tible laboratory colony of An. gambiae s.s. indicated the
mortality rates of 90%, and 100%, respectively (Fig. 4).

Following exposure to CO-treated and GO-treated
papers, 98.13% and 100% as well as 87.5% and 100% mean
percentage mortality rates were obtained for the wild
populations of An. arabiensis and laboratory strain of
An. gambiae, respectively, at the concentration of 50 ppm
(Fig. 4).

The wild population of An. arabiensis and suscepti-
ble laboratory colony of An. gambiae s.s. demonstrated
the mean mortality rate of 97.81% and 100% as well as
15% and 100% when exposed to LO-treated and MO-
treated papers, respectively, at the concentration of 100
ppm (Fig. 4). The exposure of the wild population of An.
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JVO: Juniperus virginiana oil

PRO: Pelargonium roseum oil
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MO: L-menthone

MIX: Mixture of the PRO constituents

Fig. 3 Probit regression line of larvae of Anopheles gambiae s.s. exposed to different concentrations of JVO, PRO, and the main components of PRO
essential oils in laboratory and semi-field environments at times of 24-72 h

arabiensis to the mixture of PRO constituent-treated  An. gambiae s.s. showed to be 100%, at the concentration

papers represented the mean percentage mortality rate

of 100 ppm (Fig. 4).

of 94.69%, but that of the susceptible laboratory strain of
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Fig. 4 Adult percentage mortality post exposure in different oils Juniperus virginiana, Pelargonium roseum, and the main constituents of P
roseum) for laboratory-reared and field populations of Anopheles gambiae complex. PER permethrin, JVO Juniperus virginiana, PRO Pelargonium
roseum, CO citronellol, GO geraniol, LO linalool, MO L-menthone MIX mixture of all four ingredients

Following exposure to permethrin-treated papers (pos-
itive control), the wild population of An. arabiensis and
laboratory colony of An. gambiae s.s. indicated the mor-
tality rates of 55.14% and 100%, respectively, at the simi-
lar concentration of 0.75% (Fig. 4). The mean percentage
mortality rates of the wild population of An. arabiensis
and laboratory colony of An. gambiae s.s. exposed to olive
oil-impregnated papers (negative control) were found to
be 1.01% and 0.12%, respectively (Fig. 4); thus, there were
no need for corrections via Abbott’s formula.

Discussion

In this study, the studied oils (JVO, PRO, and PRO main
components) showed anti-mosquito (larvicidal and adul-
ticidal) activities under different conditions. The larval
mortality rates were higher in laboratory environment
than semi-field conditions, as reported by other studies
[45, 46, 49, 50]. The trend of LC;, values of JVO larvicidal
activity raised with increasing exposure time, which is
in line with other investigations [51, 52]. In an Ethiopian
study, similar variations have been reported in LCj)/LCqy,
between the laboratory and semi-field environments [52].
This discrepancy in the results might be related to the
semi-field environment that can decompose EOs into less
or more toxic molecules [52]. The toxicity of PRO against
Anopheles larvae in this study is in accordance with

Tabari and others who evaluated the larvicidal proper-
ties of PRO and its major components against the larvae
of Culex pipiens [41]. However, contrary to the results of
this study, they found that combining all EO components
produced higher larval mortality than any of the compo-
nents alone [40]. This divergence between the results may
be due to the fact that only 83.32% of total PRO oils in
this study were identified or the anti-insect effects of only
four major constituents of the PRO, including CO, MO,
LO, and GO, were investigated. The diverse bioactivities
(e.g. the excito-repellency and larvicide) of PRO and its
main constituents against Anopheles stephensi have also
been assessed by various research groups [42, 53-55]. It
has been shown that the major components of PRO men-
tioned above are effective against two biotypes of An. ste-
phensi (mysorensis and intermediate) in different doses
[42]. It can be attributed to the lipophilic nature of EOs
and accordingly its quick penetration into the larval body
through the cuticle or ingestion [56]. The observations of
this study also confirmed the rapid mortality of the lar-
vae after exposure to the studied oils (unpublished data),
which may reveal a neurotoxic mode of action, as noticed
by other scientists, though calls for future detailed sur-
veys [56, 57].

The EOs showed higher knockdown and mortality
outcomes against the adults of An. gambiae s.s. than An.
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arabiensis. This finding could also be ascribed to the fact
that plant-based natural products are readily photo-bio-
degradable and lead to secondary metabolites that might
increase or decrease the compound toxicity. The JVO and
PRO presented much higher knockdown effect than the
WHO standard permethrin (0.75%) impregnated papers.
Comparable results have also been achieved by Tabari
and associates who explored moderate knockdown activ-
ity of CO, GO, and LO from PRO against Cx. pipiens
adults [40]. Conversely, the present study reported that
PRO and its constituents had high knockdown effects
against An. arabiensis. A similar knockdown effect was
also detected in a wild population of resistant An. ara-
biensis after exposure to the derived EOs of Schinus ter-
ebinthifolia [46]. However, its findings are different from
that of the present study because the current study had
presented the percentage of knockdown stage while the
previous reported as overall outcome. This disparity
could be due to difference in plant species from which
the EOs were extracted or due to the different concentra-
tion of EOs used in both studies [40, 46]. The anti-insect
mechanism of various toxins can be related to physiologi-
cal or behavioral functions of insects. Some oils can affect
the insect’s nervous system by antagonizing octopamine
receptors or by inhibiting acetylcholinesterase at various
stages of life history [58, 59]. In adult insects, volatile oils
can disrupt the behavioral functions of antennal sensilla
[60]. The effect of EOs against gut microbiota of insects
can be considered as a new anti-insect mechanism [42].
Antibacterial activity of PRO against the intestinal bac-
terial flora of An. stephensi strains was assessed, and the
result approved the importance of bacteria inhibition in
insect’s survival [42, 61].

The mortality rates of adults from the laboratory strain
of An. gambiae s.s. and wild populations of An. arabien-
sis exposed to JVO and PRO varied from 3.75 to 100%.
Among all tested oils, JVO displayed the lowest mosqui-
tocidal activity against the wild population of An. arabi-
ensis. Parallel findings were also reported by a previous
investigation that evaluated the toxicology of EOs from
Cupressus funebris, Juniperus communis, and Junipe-
rus chinensis (Cupressaceae) against Aedes aegypti [62].
On the other hand, the exposure of mosquitoes to PRO
resulted in mortality, ranging from 90 to 100% at the con-
centration of 25 ppm. This mosquitocidal activity of PRO
in this study is in conformity with the finding of a former
survey, which recorded the mortality rate of 46% against
adult Cx. pipiens at the concentration of 5 pg/l [41].
However, the adult mortality rate in the present study
was twice as high as that reported in the study of Tabari
[41]. Mosquito population in Lower Moshi is frequently
subjected to insecticides due to agricultural activities
[63, 64]; as a result, An. arabiensis may have developed
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knockdown resistance mutation against the insecti-
cides [65]. Such dissimilarity in mortality rates could be
explained by difference in mosquito and plant species
under study. The findings of this research are in accord
with those reported by Mbepera et al. on the resistance
of An. arabiensis to insecticides recommended by the
WHO for controlling malaria, including permethrin [63].

Of the constituents of PRO, CO showed the high-
est mosquitocidal activity against An. arabiensis with
the mean percentage mortality rate of 98.13%, followed
by LO and GO with 97.81% and 87.5% mortality rate,
respectively. The lowest mosquitocidal activity in this
species was detected in MO with the mean percentage
mortality rate of 15%. However, the mixture of four PRO
constituents demonstrated the mortality rate of 94.69%
against An. arabiensis.

PRO presented the mean percentage mortality rate of
90% at low concentration of 25 ppm, while the effective
components at concentration > 50 ppm showed the mor-
tality rates >87.5%. Increased activity of PRO at lower
concentration may be related to the synergistic effect of
CO, GO, and LO in crude oil and also other non-studied
constituents of PRO, such as citronellyl acetate, cis-rose
oxide, and B-bourbonene with the quantities of 15.78%,
2.81%, and 1.78%, respectively (Table 1). The mortality
rate of 94.6% of the mixture of PRO constituents at high
concentration of 100 ppm somehow confirmed the above
conclusion.

Following exposure to permethrin as a positive con-
trol, the wild An. arabiensis population demonstrated the
mean percentage mortality rate of 55.14%, but this rate
was 100% for the susceptible laboratory colony of An.
gambiae s.s. The mortality rates exhibited by the PRO
constituents against An. arabiensis were higher when
compared to the positive controls, except for MO (Fig. 4).
Similar low mortality has also been found against perme-
thrin in the wild populations of An. gambiae s.s. and An.
arabiensis [8, 66].

Both PRO and JVO were stable under the laboratory
and semi-field conditions where the anti-mosquito assays
of this study were performed; nonetheless, the effective-
ness of EOs could significantly be influenced by envi-
ronmental factors such as ambient temperature. This
key point has been addressed in the study of Pavela and
Sedlak [67]. They discovered that the lethal effects of
Thymus vulgaris EO against Spodoptera littoralis/Culex
quinquefasciatus larvae were considerably influenced
by temperature fluctuations [67]. Therefore, the effects
of temperature on the bioassay of oils against An. gam-
biae s.s., which are often distributed in tropical regions,
appeals for further investigation.

In the current study, the major components of two
EOs were found to be sabinene (25.46%), dl-limonene
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(16.36%), P-myrcene (6.00%), bornyl acetate (5.18%),
and terpinen-4-ol (4.90%) in JVO, while CO (46.86%),
citronellyl formate (15.78), MO (6.57%), LO (6.02%),
and GO (4.34%) were identified in PRO with a quality
of >94% and quantity of >4%. These observations were
in agreement with earlier studies showing that the same
compounds with varied quantities have anti-mosquito
activities against the various biological forms of An. ste-
phensi [68—70]. The acyclic monoterpenols, CO, GO, and
LO are the structural analogs of each other [71]. GO can
partly transform into LO by acid catalysis.

Metabolic biotransformation of GO into CO also
occurs in many plants via ionization-dependent reaction
or microbiological reduction [72, 73]. Lipophilic GO is
used in transdermal drug delivery systems as a penetra-
tion enhancer [74]. CO causes the disruption of mem-
brane integrity by inducing free radical generation [75]. In
a previous study, the best result was achieved for CO with
100% mortality against various biological forms of An. ste-
phensi larvae [42]. CO and GO have formerly suggested
high toxicity against Cx. pipiens and Pediculus humanus
capitis [41, 76], but LO indicated a weak toxicity against
these strains [40, 41, 76]. Likewise, PRO exhibited larvi-
cidal activities against Cx. quinquefasciatus [77], Cx. pipi-
ens [41], and Ae. aegypti [52, 78], as well as Anopheles spp.

In the present study, the best larvicidal activity in labo-
ratory conditions was related to PRO with LCg, value of
7.13 ppm after exposure time of 24 h. In the same con-
ditions (LB, 24 h), JVO displayed the best LCy, (24.96
ppm). In the semi-field conditions, JVO with LC,/LCy,
values of 10.75/23.87 ppm was also the best studied oil
after exposure time of 24 h. Surprisingly, the MIX and
LO showed weak results in laboratory conditions after
24 h (LCy;,=84.72, and 127.02 ppm, respectively), but
after exposure time of 72 h, it displayed the best results
(LC5y=0.17, and 0.48 ppm, respectively). The compari-
son of LC,,/LCy, presented 9.06/22.95 ppm in semi-field
conditions for JVO and 0.90/10.37 ppm in laboratory
conditions for PRO. These results confirm the potent
larvicidal activity of PRO and JVO and their appropriate
application in mosquito control programmes.

Before the development of synthetic insecticides,
integrative control with a strong focus on larvae sites
(mostly mechanical/physical control) were the most
common and efficient methods [79]. Botanicals used to
combat insects from a long time ago also gained high
popularity in the old communities [80]. The beginning
of the insecticide revolution of the 1940—1950s led to
the large-scale use of chemical insecticides that during
future years resulted in various health and environmen-
tal problems. Recently, the evaluation of the susceptibil-
ity and irritability level of insects to different insecticides
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confirmed the decreased efficiency of most of these
agents [66, 79, 81]. Scientific community and general
public now consider herbal formulations as the most
appropriate and safest option in killing and repelling
mosquitoes due to the problems of chemical pesticides.
Increasing demands for these natural products verify the
importance of the evaluation and development of new
botanical mosquitocides/repellents [82, 83].

Thanks to their chemical composition, JVO and PRO
possess numerous biological activities of great interest
in food and cosmetic industries, as well as in the human
health field. The oil extracted from JVO, with LD;, oral
(rat) >5000 mg/kg body weight and with LDy, der-
mal (rabbit) >5000 mg/kg body weight can be consid-
ered nontoxic [84]. Moreover, PRO has not shown any
toxic effect on rats with LD, >5000 mg/kg body weight
via oral gavages and on rabbits with LDs,>2000 mg/
kg body weight via topical application [85]. However,
the efficiency of these plant-based natural products
affirmed toxic effects on various arthropods (Additional
file 1: Table S1) [86-95].

As highly volatile compounds are found in JVO and
PRO, these oils are typically impossible to leave resi-
dues in food or the ecosystems. Consequently, the real
concept of green pesticides can easily be attributed to
these oils. However, the water solubility and spread-
ing capacity, as well as the persistence of the oils need
to be improved through nanoemulsion-based delivery
systems, as discussed in the literature [42]. Additional
assays are required to scrutinize the outcome of suble-
thal concentrations of the oils on life history parameters
of the non-target organisms and also the designation of
their LD;, values in warm-blooded vertebrates.

Conclusions

The present study confirms the anti-mosquito effects of
potential eco-friendly EOs on the dominant malaria vec-
tors in Africa for the first time. The findings of this study
reflect that the studied oils possess high anti-mosquito
properties in terms of larvicidal, knockdown, and mortal-
ity when used against the susceptible laboratory and resist-
ant wild populations of An. gambiae s.l. The rapid actions
of these oils against different life stages of the highly effi-
cient malaria vectors presumably disclose their neurotoxic
activity. As a result, these oils have the potential for the
development of new, efficient, safe, and affordable agents
for mosquito control in the field condition. However, fur-
ther investigations are necessary to improve their perfor-
mance, by the use of nanoformulations techniques that
produce high-penetrating and slow-releasing products or
by the combination of EOs with other mosquitocides.



Yohana et al. Malaria Journal (2022) 21:219

Abbreviations

CO: Citronellol; EOs: Essential oils; GO: Geraniol; Hrs: Hours; JVO: Juniperus vir-
giniana; LB: Laboratory condition; LC: Lethal concentration; LCL: Lower control
limit; LO: Linalool; MO: L-Menthone; ppm: Parts per million; PRO: Pelargonium
roseum; SF: Semi-field condition; TPRI: Tropical Pesticides Research Institute;
UCL: Upper control limit; WHO: World Health Organization.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512936-022-04220-8.

Additional file 1: Table S1. Various activities of Pelargonium roseum and
Juniperus virginiana essential oils against arthropods.

Acknowledgements

Authors would like to appreciate the service rendered by Mr. Adrian Mas-
sawe and Ibrahim Sungi from TPRI mosquito Insectary. Dr. Patrick Tungu

from National Institute for Medical Research, Amani Center, is appreciated
for his help in data analysis for susceptibility tests. TPRI is acknowledged for
allowing the study to be conducted in its premises, and University of Dar Es
Salaam is acknowledged for granting this study with ethical permission to be
conducted.

Author contributions

EJK: conceived and designed the study, analysed data and wrote, edited and
reviewed the manuscript. RY, PSC, and WK: coordinated experiments and
data collection, participated in manuscript editing and review. NMR and AT:
collected plant materials, prepared EOs, identified chemical constituents of
the oils, wrote the original draft, reviewed and edited the final manuscript. All
authors read and approved the final manuscript.

Funding
This study had no fund; it used available resources to be completed.

Data availability
The datasets supporting the conclusions of this article are included within the
article and its additional file.

Declarations

Ethics approval and consent to participate
The approval to conduct this study was approved by University of Dar Es
Salaam.

Consent for publication
Not applicable.

Competing interests
All authors declare that they have no competing interest.

Note
The main components with similarities > 94 and quantity > 3% are bolded.

Author details

'Department of Zoology and Wildlife Conservation, College of Natural

and Applied Sciences, University of Dar Es Salaam, Dar Es Salaam, Tanzania.
?Laboratory of Medicinal Chemistry, Department of Clinical Research, Pasteur
Institute of Iran, Tehran, Iran. 3Departmen‘[ of Parasitology, Pasteur Institute

of Iran, Tehran, Iran. “Department of Medical Parasitology and Entomology,
School of Medicine, Catholic University of Health Sciences, Mwanza, Tanzania.
*Tropical Pesticides Research Institute, Division of Livestock and Human
Disease Vector Control Mosquito Section, Arusha, Tanzania.

Received: 19 November 2021 Accepted: 13 June 2022
Published online: 14 July 2022

Page 13 of 15

References

1. WHO. World malaria report 2020: 20 years of global progress and chal-
lenges. Geneva: World Health Organization; 2020.

2. Sinka ME, Bangs MJ, Manguin S, Coetzee M, Mbogo CM, Hemingway J,
et al. The dominant Anopheles vectors of human malaria in Africa, Europe
and the Middle East: occurrence data, distribution maps and bionomic
précis. Parasit Vectors. 2010;3:117.

3. Wiebe A, Longbottom J, Gleave K, Shearer FM, Sinka ME, Massey NC, et al.
Geographical distributions of African malaria vector sibling species and
evidence for insecticide resistance. Malar J. 2017;161:85.

4. Russell TL, Govella NJ, Azizi S, Drakeley CJ, Kachur SP, Killeen GF. Increased
proportions of outdoor feeding among residual malaria vector popula-
tions following increased use of insecticide-treated nets in rural Tanzania.
Malar J. 2011;10:80.

5. Seyoum A, Sikaala CH, Chanda J, Chinula D, Ntamatungiro AJ, Hawela
M, et al. Human exposure to anopheline mosquitoes occurs primarily
indoors, even for users of insecticide-treated nets in Luangwa Valley,
South-east Zambia. Parasit Vectors. 2012;5:101.

6. Mahande A, Mosha F, Mahande J, Kweka E. Feeding and resting behav-
jour of malaria vector, Anopheles arabiensis with reference to zooprophy-
laxis. Malar J. 2007;6:100.

7. Kweka EJ, Nkya WM, Mahande AM, Assenga C, Mosha FW, Lyatuu EE, et al.
Mosquito abundance, bed net coverage and other factors associated
with variations in sporozoite infectivity rates in four villages of rural Tanza-
nia. Malar J. 2008;7:59.

8. Kweka EJ, Mazigo HD, Lyaruu LJ, Mausa EA, Venter N, Mahande AM, et al.
Anopheline mosquito species composition, kdr mutation frequency,
and parasite infectivity status in Northern Tanzania. J Med Entomol.
2020;57:933-8.

9. Niang EHA, Bassene H, Fenollar F, Mediannikov O. Biological control of
mosquito-borne diseases: the potential of Wolbachia-based interventions
in an IVM framework. J Trop Med. 2018;2018:1470459.

10. Derua YA, Kahindi SC, Mosha FW, Kweka EJ, Atieli HE, Wang X, et al. Micro-
bial larvicides for mosquito control: impact of long lasting formulations of
Bacillus thuringiensis var. israelensis and Bacillus sphaericus on non-target
organisms in western Kenya highlands. Ecol Evol. 2018;8:7563-73.

11. Derua YA, Kahindi SC, Mosha FW, Kweka EJ, Atieli HE, Zhou G, et al.
Susceptibility of Anopheles gambiae complex mosquitoes to microbial
larvicides in diverse ecological settings in western Kenya. Med Vet Ento-
mol. 2019;33:220-7.

12. Yewhalaw D, Kweka EJ. Insecticide resistance in East Africa—history,
distribution and drawbacks on malaria vectors and disease control. In:
Trdan S, editor. Insecticides resistance. IntechOnline; 2016. p. 189-215.

13. Okumu FO, Moore SJ. Combining indoor residual spraying and insecti-
cide-treated nets for malaria control in Africa: a review of possible out-
comes and an outline of suggestions for the future. Malar J. 2011;10:208.

14. Prato M, Khadjavi A, Mandili G, Minero VG, Giribaldi G. Insecticides as
strategic weapons for malaria vector control. In: Perveen FK, editor. Insec-
ticides: advances in integrated pest management. IntechOpen; 2012.

15. Soltani N, Bahrami A, Pech-Canul MI, Gonzélez LA. Review on the physico-
chemical treatments of rice husk for production of advanced materials.
Chem Eng J. 2015;264:899-935.

16. Hikal WM, Baeshen RS, Said-Al Ahl HAH. Botanical insecticide as simple
extractives for pest control. Cogent Biol. 2017;3:1404274.

17. Vivekanandhan P, Venkatesan R, Ramkumar G, Karthi S, Senthil-Nathan S,
Shivakumar M. Comparative analysis of major mosquito vectors response
to seed-derived essential oil and seed pod-derived extract from Acacia
nilotica. Int J Environ Res Public Health. 2018;152:388.

18. Vivekanandhan P, Usha-Raja-Nanthini A, Valli G, Subramanian Shivaku-
mar M. Comparative efficacy of Eucalyptus globulus (Labill) hydrodis-
tilled essential oil and temephos as mosquito larvicide. Nat Prod Res.
2020;34:2626-9.

19. Regnault-Roger C. Essential oils in insect control. Natural products. Berlin:
Springer-Verlag; 2013. p. 4087-102.

20. Ebadollahi A, Ziaee M, Palla F. Essential oils extracted from different
species of the Lamiaceae plant family as prospective bioagents against
several detrimental pests. Molecules. 2020;25:1556.


https://doi.org/10.1186/s12936-022-04220-8
https://doi.org/10.1186/s12936-022-04220-8

Yohana et al. Malaria Journal

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2022) 21:219

Mossa ATH. Green pesticides: essential oils as biopesticides in insect-pest
management. J Environ Sci Technol. 2016;95:354-78.

Isman MB. Commercial development of plant essential oils and their
constituents as active ingredients in bioinsecticides. Phytochem Rev.
2020;19:235-41.

El-Wakeil NE. Botanical pesticides and their mode of action. Gesunde
Pflanzen. 2013;65:4:125-49.

Albers F,Van der Walt JJA. Geraniaceae. In: Kubitzki K, editor. Flowering
plants eudicots: berberidopsidales, buxales, crossosomatales, fabales

pp, geraniales, gunnerales, myrtales pp, proteales, saxifragales, vitales,
zygophyllales, clusiaceae alliance, passifloraceae alliance, dilleniaceae,
huaceae, picramniaceae, sabiaceae. Berlin: Springer; 2007. p. 157-67.
WaghV, Datt B, Husain T. An assessment of diversity of genus Geranium
L.(Geraniaceae) in India with special emphasis on Indian Himalayan
Region. J Biodivers Manage Forestry. 2015;6:1000140.

Blerot B, Baudino S, Prunier C, Demarne F, Toulemonde B, Caissard JC.
Botany, agronomy and biotechnology of Pelargonium used for essential
oil production. Phytochem Rev. 2016;155:935-60.

Szutt A, Dothariczuk-Srédka A, Sporek M. Evaluation of chemical compo-
sition of essential oils derived from different Pelargonium species leave.
Ecol Chem Eng S. 2019,26:807-16.

Hutchings A. Zulu medicinal plants: an inventory. Scottsville. South Africa:
University of Natal press; 1996.

Van Wyk BE, Oudtshoorn By, Gericke N. Medicinal plants of South Africa.
Pretoria: Briza; 1997.

Tumen |, Stntar |, Eller FJ, Keles H, Akkol EK. Topical wound-healing effects
and phytochemical composition of heartwood essential oils of Juniperus
virginiana L., Juniperus occidentalis Hook, and Juniperus ashei J. Buchholz. J
Med Food. 2013;16:48-55.

Hazubska-Przybyt T. Propagation of juniper species by plant tissue cul-
ture: a mini-review. Forests. 2019;10 11:1028.

Ozttrk M, Timen |, Ugur A, Aydogmus-Ozturk F, Topcu G. Evalu-

ation of fruit extracts of six Turkish Juniperus species for their
antioxidant,anticholinesterase and antimicrobial activities. J Sci Food
Agric. 2011,91:867-76.

Al-Snafi AE. Glycyrrhiza glabra: a phytochemical and pharmacological
review. J Pharm. 2018;8:1-17.

Baker BP, Grant JA, Malakar-Kuenen R. Cedarwood oil profile. New York:
New York State Integrated Pest Management program; 2018. p. 6.

Teke MA, Mutlu C. Insecticidal and behavioral effects of some plant
essential oils against Sitophilus granarius L. and Tribolium castaneum
(Herbst). J Plant Dis Prot. 2021;128:109-19.

Appel A, MackT. Repellency of milled aromatic eastern red cedar to
domiciliary cockroaches (Dictyoptera: Blattellidae and Blattidae). J Econ
Entomol. 1989;82:152-5.

Thorvilson H, Rudd B. Are landscaping mulches repellent to red imported
fire ants Solenopsis invicta Buren (Hymenoptera: Formicidae)? Southwest
Entomol. 2001;26:195-203.

Tahghighi A, Maleki-Ravasan N, Dinparast Djadid N, Alipour H, Ahmad-
vand R, Karimian F, et al. GC-MS analysis and anti-mosquito activities

of Juniperus virginiana essential oil against Anopheles stephensi (Diptera:
Culicidae). Asian Pac J Trop Biomed. 2019,9:168-75.

Gnankiné O, Bassolé IHN. Essential oils as an alternative to pyrethroids'
resistance against Anopheles species complex giles (Diptera: Culicidae).
Molecules. 2017;22:1321.

Tabari MA, Youssefi MR, Maggi F, Benelli G. Toxic and repellent activity of
selected monoterpenoids (thymol, carvacrol and linalool) against the cas-
tor bean tick, Ixodes ricinus (Acari: Ixodidae). Vet Parasitol. 2017,245:86-91.
Tabari MA, Youssefi MR, Esfandiari A, Benelli G. Toxicity of B-citronellol,
geraniol and linalool from Pelargonium roseum essential oil against the
West Nile and filariasis vector Culex pipiens (Diptera: Culicidae). Res Vet Sci.
2017;114:36-40.

Dehghankar M, Maleki-Ravasan N, Tahghighi A, Karimian F, Karami M. Bio-
activities of rose-scented geranium nanoemulsions against the larvae of
Anopheles stephensi and their gut bacteria. PLoS One. 2021;16:20246470.
WHO. Guidelines for laboratory and field testing of mosquito larvicides.
World Health Organization; 2005.

WHO. Manual on practical entomology in malaria/prepared by the WHO
division of malaria and other parasitic diseases. Geneva: World Health
Organization; 1995.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 14 of 15

Mdoe FP, Cheng SS, Msangi S, Nkwengulila G, Chang ST, Kweka EJ. Activ-
ity of Cinnamomum osmophloeum leaf essential oil against Anopheles
gambiae s.s. Parasit Vectors. 2014;7:209.

Kweka EJ, Nyindo M, Mosha F, Silva AG. Insecticidal activity of the essen-
tial oil from fruits and seeds of Schinus terebinthifolia raddi against African
malaria vectors. Parasit Vectors. 2011;4:129.

Sandeu MM, Mulamba C, Weedall GD, Wondji CS. A differential expression
of pyrethroid resistance genes in the malaria vector Anopheles funestus
across Uganda is associated with patterns of gene flow. PLoS ONE.
2020;15:20240743.

WHO. Test procedures for insecticide resistance monitoring in malaria
vector mosquitoes. Geneva: World Helath Organisation; 2016.

Mdoe FP, Cheng SS, Lyaruu L, Nkwengulila G, Chang ST, Kweka EJ. Larvi-
cidal efficacy of Cryptomeria japonica leaf essential oils against Anopheles
gambiae. Parasit Vectors. 2014,7:426.

Mdoe FP, Nkwengulila G, Chobu M, Lyaruu L, Gyunda IL, Mbepera S,

et al. Larvicidal effect of disinfectant soap on Anopheles gambiae s.s
(Diptera: Culicidae) in laboratory and semifield environs. Parasit Vectors.
2014;7:211.

Amer A, Mehlhorn H. Larvicidal effects of various essential oils against
Aedes, Anopheles, and Culex larvae (Diptera, Culicidae). Parasitol Res.
2006;99:466-72.

Karunamoorthi K, Girmay A, Fekadu S. Larvicidal efficacy of Ethiopian
ethnomedicinal plant Juniperus procera essential oil against Afrotropical
malaria vector Anopheles arabiensis (Diptera: Culicidae). Asian Pac J Trop
Biomed. 2014;4(Suppl 1):99-106.

Alipour H, Mahdian SMA, Rami A, Abad MOK, Amin M, Dinparast N.
Excito-repellency effects of Pelargonium roseum wild (Geraniaceae) essen-
tial oil-treated bed nets on the malaria mosquito, Anopheles stephensi
Liston, 1901 (Diptera: Culicidae). J Entomol Zool Stud. 2015;3:87-91.
Murphy C, Demirci B, Tabanca N, Ali A, Becnel J, Sampson B, et al. Chemi-
cal composition of rose-scented Pelargonium essential oils and their
biting deterrence and insecticidal activity. Planta Med. 2012;78:88.
Baranitharan M, Dhanasekaran S, Murugan K, Kovendan K, Goku-
lakrishnan J. Chemical composition and laboratory investigation of
Melissa officinalis essential oil against human malarial vector mos-

quito, Anopheles stephensi L. (Diptera: Culicidae). J Coast Life Med.
2016;4:969-73.

Chaudhari AK, Singh VK, Kedia A, Das S, Dubey NK. Essential oils and
their bioactive compounds as eco-friendly novel green pesticides for
management of storage insect pests: prospects and retrospects. Environ
Sci Pollut Res. 2021;28:18918-40.

Priestley CM, Burgess IF, Williamson EM. Lethality of essential oil con-
stituents towards the human louse, Pediculus humanus, and its eggs.
Fitoterapia. 2006;77:303-9.

Jankowska M, Rogalska J, Wyszkowska J, Stankiewicz M. Molecular targets
for components of essential oils in the insect nervous system—a review.
Molecules. 2018;23:34.

Isman MB, Tak JH. Inhibition of acetylcholinesterase by essential oils and
monoterpenoids: a relevant mode of action for insecticidal essential oils?
Biopestic Int. 2017;13:71-8.

Prabakaran P, Sivasubramanian C, Veeramani R, Prabhu S. Review study
on larvicidal and mosquito repellent activity of volatile oils isolated from
medicinal plants. Int J Environ Agric Biotechnol. 2017;2:3132-8.

LalliY, Jacqueline Y. In vitro pharmacological properties and composition
of leaf essential oils and extracts of selected indigenous Pelargonium
(Geraniaceae) species. Johanesburg: Witswaterands; 2005.

Carroll JF, Tabanca N, Kramer M, Elejalde NM, Wedge DE, Bernier UR, et al.
Essential oils of Cupressus funebris, Juniperus communis, and J. chinensis
(Cupressaceae) as repellents against ticks (Acari: Ixodidae) and mosqui-
toes (Diptera: Culicidae) and as toxicants against mosquitoes. J Vector
Ecol. 2011;36:258-68.

Mbepera S, Nkwengulila G, Peter R, Mausa EA, Mahande AM, Coetzee M,
et al. The influence of age on insecticide susceptibility of Anopheles arabi-
ensis during dry and rainy seasons in rice irrigation schemes of Northern
Tanzania. Malar J. 2017;16:364.

Nnko EJ, Kihamia C, Tenu F, Premji Z, Kweka EJ. Insecticide use pattern
and phenotypic susceptibility of Anopheles gambiae sensu lato to com-
monly used insecticides in Lower Moshi, northern Tanzania. BMC Res
Notes. 2017;10:443.



Yohana et al. Malaria Journal (2022) 21:219

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Mahande AM, Dusfour I, Matias JR, Kweka EJ. Knockdown resistance, rdl
alleles, and the annual entomological inoculation rate of wild mosquito
populations from lower Moshi, northern Tanzania. J Glob Infect Dis.
2012;4:114-9.

Protopopoff N, Matowo J, Malima R, Kavishe R, Kaaya R, Wright A, et al.
High level of resistance in the mosquito Anopheles gambiae to pyrethroid
insecticides and reduced susceptibility to bendiocarb in north-western
Tanzania. Malar J. 2013;12:149.

Pavela R, Sedlak P. Post-application temperature as a factor influencing
the insecticidal activity of essential oil from Thymus vulgaris. Ind Crops
Prod. 2018;113:46-9.

Govindarajan M, Rajeswary M, Hoti SL, Benelli G. Larvicidal potential of
carvacrol and terpinen-4-ol from the essential oil of Origanum vulgare
(Lamiaceae) against Anopheles stephensi, Anopheles subpictus, Culex
quinquefasciatus and Culex tritaeniorhynchus (Diptera: Culicidae). Res Vet
Sci. 2016;104:77-82.

Senthilkumar A, Jayaraman M, Venkatesalu V. Chemical constituents and
larvicidal potential of Feronia limonia leaf essential oil against Anoph-
eles stephensi, Aedes aegypti and Culex quinquefasciatus. Parasitol Res.
2013;112:1337-42.

Vatandoost H, Nikpour F, Hanafi-Bojd AA, Abai MR, Khanavi M, Hajiiak-
hondi A, et al. Efficacy of extractions of Iranian native plants against
main malaria vector, Anopheles stephensi in Iran for making appropriate
formulation for disease control. J Arthropod Borne Dis. 2019;13:344-52.
Zifruddin AN, Mohamad-Khalid KA, Suhaimi SA, Mohamed-Hussein ZA,
Hassan M. Molecular characterization and enzyme inhibition studies

of NADP+- farnesol dehydrogenase from diamondback moth, Plutella
xylostella. Biosci Biotechnol Biochem. 2021,85:1628-38.

Chen W, Viljoen AM. Geraniol—a review of a commercially important
fragrance material. S Afr J Bot. 2010,76:643-51.

Zhao J, Li C, Zhang Y, ShenY, Hou J, Bao X. Dynamic control of ERG20
expression combined with minimized endogenous downstream
metabolism contributes to the improvement of geraniol production in
Saccharomyces cerevisiae. Microb Cell Fact. 2017;16:17.

Aqgil M, Ahad A, Sultana Y, Ali A. Status of terpenes as skin penetration
enhancers. Drug Discov Today. 2007;12:1061-7.

Lins L, Maso SD, Foncoux B, Kamili A, Laurin Y, Genva M, et al. Insights into
the relationships between herbicide activities, molecular structure and
membrane interaction of cinnamon and citronella essential oils compo-
nents. Int J Mol Sci. 2019,20:4007.

Gallardo A, Picollo MI, Gonzalez-Audino P, Mougabure-Cueto G. Insec-
ticidal activity of individual and mixed monoterpenoids of geranium
essential oil against Pediculus humanus capitis (Phthiraptera: Pediculidae).
J Med Entomol. 2012;49:332--5.

Benelli G, Pavela R, Canale A, Cianfaglione K, Ciaschetti G, Conti F, et al.
Acute larvicidal toxicity of five essential oils (Pinus nigra, Hyssopus
officinalis, Satureja montana, Aloysia citrodora and Pelargonium graveolens)
against the filariasis vector Culex quinquefasciatus: synergistic and antago-
nistic effects. Parasitol Int. 2017;,66:166-71.

Amer A, Mehlhorn H. Repellency effect of forty-one essential oils against
Aedes, Anopheles, and Culex mosquitoes. Parasitol Res. 2006,99:478-90.
Abbasi E, Vahedi M, Bagheri M, Gholizadeh S, Alipour H, Moemenbellah-
Fard MD. Monitoring of synthetic insecticides resistance and mechanisms
among malaria vector mosquitoes in Iran: a systematic review. Heliyon.
2022;8:208830.

Julien D, Stefan T, Melanie B, Wade HJ. Efficacy of homemade botanical
insecticides based on traditional knowledge. A review. Agron Sustain
Dev. 2019;39:37.

Riveron JM, Tchouakui M, Mugenzi L, Menze BD, Chiang MC, Wondji CS.
Insecticide resistance in malaria vectors: an update at a global scale. In:
Manguin S, Dev V, editors. Towards malaria elimination-a leap forward.
London: IntechOpen; 2018.

VeerV, Gopalakrishnan R. Herbal insecticides, repellents and biomedi-
cines: effectiveness and commercialization. New Delhi: Springer; 2016.
Maia MF, Moore SJ. Plant-based insect repellents: a review of their effi-
cacy, development and testing. Malar J. 2011;10(Suppl 1):11.

Eden botanicals. Cedarwood oil, Virginia. Material safety data sheet.
2015. https://www.edenbotanicals.com/product_documents/SDS/190_
Cedarwood_Virginia_SDS.pdf.

Now foods. Geranium oil. Material safety data sheet. 2015. https://www.
nowfoods.com/sites/default/files/7552-geranium-oil.pdf.

Page 15 of 15

86. Murcia-Meseguer A, Alves TJS, Budia F, Ortiz A, Medina P. Insecticidal
toxicity of thirteen commercial plant essential oils against Spodoptera
exigua (Lepidoptera: Noctuidae). Phytoparasitica. 2018;46:233-45.

87. Tabanca N, Wang M, Avonto C, Chittiboyina AG, Parcher JF, Carroll JF, et al.
Bioactivity-guided investigation of geranium essential oils as natural tick
repellents. J Agric Food Chem. 2013;6:4101-7.

88. Lim EG, Roh HS, Coudron TA, Park CG. Temperature-dependent fumigant
activity of essential oils against twospotted spider mite (Acari: Tetranychi-
dae). J Econ Entomol. 2011;104:414-9.

89. Pavela R, Vrchotova N, Triska J. Mosquitocidal activities of thyme oils
(Thymus vulgaris L) against Culex quinquefasciatus (Diptera: Culicidae).
Parasitol Res. 2009;105:1365-70.

90. Pirali-Kheirabadi K, Razzaghi-Abyaneh M, Halajian A. Acaricidal effect
of Pelargonium roseum and Eucalyptus globulus essential oils against
adult stage of Rhipicephalus (Boophilus) annulatus in vitro. Vet Parasitol.
2009;162:346-9.

91. ChoiWI, Lee EH, Choi BR, Park HM, Ahn YJ. Toxicity of plant essential oils
to Trialeurodes vaporariorum (Homoptera: Aleyrodidae). J Econ Entomol.
2003;96:1479-84.

92. Jaenson TG, Garboui S, Palsson K. Repellency of oils of lemon eucalyptus,
geranium, and lavender and the mosquito repellent MyggA natural to
Ixodes ricinus (Acari: Ixodidae) in the laboratory and field. J Med Entomol.
2006;43:731-6.

93. KlauckV, Pazinato R, Stefani LM, Santos RC, Vaucher RA, Baldissera MD,
et al. Insecticidal and repellent effects of tea tree and andiroba oils on
flies associated with livestock. Med Vet Entomol. 2014,28(Suppl 1):33-9.

94. Kim JR, Haribalan P, Son BK, Ahn YJ. Fumigant toxicity of plant essential
oils against Camptomyia corticalis (Diptera: Cecidomyiidae). J Econ Ento-
mol. 2012;105:1329-34.

95. Lee HS. Mosquito larvicidal activity of aromatic medicinal plant oils
against Aedes aegypti and Culex pipiens pallens. J Am Mosg Control Assoc.
2006;22:292-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://www.edenbotanicals.com/product_documents/SDS/190_Cedarwood_Virginia_SDS.pdf
https://www.edenbotanicals.com/product_documents/SDS/190_Cedarwood_Virginia_SDS.pdf
https://www.nowfoods.com/sites/default/files/7552-geranium-oil.pdf
https://www.nowfoods.com/sites/default/files/7552-geranium-oil.pdf

	Anti-mosquito properties of Pelargonium roseum (Geraniaceae) and Juniperus virginiana (Cupressaceae) essential oils against dominant malaria vectors in Africa
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Plant materials and preparation of EOs

	Chemical analyses of EOs
	Test organisms
	Larvicidal bioassays on An. gambiae s.s. in laboratory conditions
	Larvicidal bioassays on An. gambiae s.s. in semi-field conditions
	Adulticidal bioassays on An. gambiae complex in semi-field conditions
	Data analysis


	Results
	Yields and chemical composition of the EOs

	Larvicidal activities of the oils in the laboratory and semi-field conditions
	Adulticidal activities of the oils in the semi-field conditions
	Discussion
	Conclusions
	Acknowledgements
	References




