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Abstract

BACKGROUND: The mosquito Aedes aegypti transmits a virus that causes diverse human diseases, and control of the vector is
an important strategy to avoid disease propagation. Plants in the family Annonaceae are recognised as sources of molecules
with uses in the medical and agriculture fields. Molecules of secondary metabolites of Annonaceae plants exhibit insecticidal
potential against insect pests and vectors, especially acetogenins, showing high toxicity at low doses, which has encouraged
research into producing new insecticide molecules. Herein, we identify an acetogenin from Annona mucosa seeds (chemical
analysis) and provide the results of toxicity tests against larvae of A. aegypti (target insect) and its predators Culex bigoti and
Toxorhynchites theobaldi (non-target insects) and cytotoxicity to human leukocytes.

RESULTS: We identified squamocin (C37H66O7), a fatty acid with a bis-tetrahydrofuran ring. In A. aegypti, this compound caused
behavioural disturbance before larval death and high mortality at low concentrations (LC50 = 0.01𝛍g mL−1 and LC90 = 0.11𝛍g
mL−1). However, in predators and human leukocytes, squamocin showed no toxicity effect, indicating the selectivity of this
molecule for non-target organisms.

CONCLUSION: We identified squamocin from A. mucosa seeds, which exhibited lethal action against A. aegypti and showed
selectivity for non-target insects and low cytotoxicity to human cells.
© 2016 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Acetogenins are secondary metabolites produced by members
of the family Annonaceae, derived from fatty acids, with carbon
atoms (35 to 39).1,2 These compounds are found in Annona spp.,3 –5

Asimina spp.,6,7 Disepalum spp.,8,9 Goniothalamus spp.,10,11 Uvaria
spp.12,13 and Xylopia spp.14 – 16

The acetogenins have insecticide, fungicide, herbicide, acaricide,
antitumour, anthelmintic, antibacterial, antiprotozoal and mollus-
cicide activities,17 – 20 and at least 44 acetogenins have insecti-
cide activity against larvae of Aedes aegypti (Diptera: Culicidae),
an important vector of yellow fever, dengue21,22 and chikengunya
fever.23

Acetogenins with two tetrahydrofuran rings have high insecti-
cide activity against A. aegypti,24,25 probably owing to their effect
as potential inhibitors of mitochondrial respiration, interfering
in ATP synthesis.20 Thus, acetogenins have been studied for the
control of A. aegypti. The control of this insect is critical in the
prevention of diseases given the increasing problems of resis-
tance to the larvicides used (e.g. pyrethroids), requiring the use of
new effective and ecologically safe molecules.26,27 In this context,
molecules of plant origin have been considered an an alternative
method for the control of insect vectors.28 Botanical insecticides
may have multiple sites of action and may reduce the potential for
insect resistance.29,30 Biopesticides may be used in association with
other conventional control practices,31,32 increasing the number of

agents with different modes of action and reducing the selection
of insect resistant populations.

In addition to artificial control, populations of A. aegypti are
affected naturally by the predators Culex bigoti Bellardi, 1862
(Diptera: Culicidae)33 and Toxorhynchites theobaldi (Dyar & Knab)
(Diptera: Culicidae).34,35 However, there are scant data on the
effect of acetogenins on non-target insects, which may provide
important information for the compatibility of alternative and
biological control methods36 contributing to the integrated pest
management of A. aegypti.
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We tested the toxicity of an acetogenin from Annona mucosa
(Annonaceae) seeds against A. aegypti, non-target predators
C. bigoti and T. theobaldi and human leukocytes, in order to con-
tribute to the future use of this molecule for safe control of insect
vectors.

2 EXPERIMENTAL
2.1 Plant material, isolation and identification of
acetogenin
Seeds of A. mucosa were collected from fruits in natural areas
in the municipality of Tangará da Serra (14∘ 39′ S, 57∘ 26′ W) in
the state of Mato Grosso, Brazil. Voucher specimens of the plants
collected were deposited in the herbarium of the Universidade do
Estado do Mato Grosso (Tangará da Serra) and were identified by
the number 964.

The seeds of A. mucosa were dried and ground in a laboratory
mill to a fine powder (mesh 2.5 mm). The dry powder (2.0 kg) was
extracted with methanol (3.0 L) at room temperature (25–27 ∘C)
for 3 days and filtered. The residue was extracted twice more
by a similar procedure. The solvent was removed by distillation
under low pressure in a rotatory evaporator. The concentrated
extract was further dried in a freeze drier, resulting in 152.50 g
(7.62%) of a crude methanol extract. The crude methanol extract
(149.0 g) was suspended in methanol and extracted with n-hexane
(4× 400 mL). Water was added to the methanol solution to pro-
duce a methanol–water (1:1 v/v) mixture. The solution was
partitioned at room temperature successively with chloroform
(400 mL× 4) and ethyl acetate (400 mL× 4), resulting in the frac-
tions hexane (56.6 g; 37.9%), chloroform (85.4 g; 57.3%), ethyl
acetate (3.9 g; 2.6%) and hydromethanol (0.35 g; 0.23%) after
removal of the solvents. The chloroform-soluble fraction (80.0 g)
was incorporated into silica gel (350.0 g) and extracted succes-
sively with hexane (1.0 L) (5.6 g, 7.0%), hexane–chloroform (1:1 v/v,
1.0 L) (25.0 g, 31.25%), chloroform (1.0 L) (31.0 g, 38.75%), ethyl
acetate (1.0 L) (12.0 g, 15.0%), ethyl acetate–methanol (9:1 v/v,
1.0 L) (2.5 g, 3.12%) and methanol (1.0 L) (2.1 g, 2.62%) frac-
tions. The hexane–chloroform-soluble fraction (20.0 g) and the
chloroform-soluble fraction (25.0 g) were compared by thin-layer
chromatography (TLC) and put together, and part of it (10.0 g)
was further purified by column chromatography over a C-18
column by eluting with increasingly polar hexane–ethyl acetate
solutions (120 mL each fraction) (7:3; 7:4; 7:5; 3:7 v/v) and with
ethyl acetate alone on medium-pressure liquid chromatography
apparatus (Shimadzu, Columbia, MD). The fractions eluted with
hexane–ethyl acetate 7:4 and 7:5 were combined (8.0 g) into
major fractions which were purified by column chromatography
over Sephadex LH-20 (three repetitions with 2.0 g each) by eluting
with 25 methanol fractions (15 mL each fraction) to 2.1 g of the
compound from fractions 9 to 15. Analytical TLC was carried
out on aluminium sheets precoated with 60 F254 silica gel, layer
thickness 0.2 mm (Merck, Darmstadt, Germany), eluted with chlo-
roform and visualised by a UV lamp (𝜆= 244 and 365 nm) and
after spraying with 3% ceric sulphate and heating at 100 ∘C for
3–5 min. The compound was identified on the basis of 1H and 13C
NMR spectra (Bruker Avance 400 MHz; Bruker, Coventry, UK), mass
spectrometry (Shimadzu), IR (PerkinElmer, São Paulo, Brazil) and
UV (Shimadzu) data (see supporting information Table S1).

2.2 Insects
A. aegypti larvae from the susceptible PPCampos strain (Campos
Goytacazes) were reared at 25± 2 ∘C, 54± 2% relative humidity

and a photophase of 12 h. The predators C. bigoti and T. theobaldi
were collected from Atlantic rainforest in Viçosa (20∘ 45′ S, 42∘
51′ W) in the state of Minas Gerais, Brazil, with oviposition traps
placed at ground level. The traps were made from plastic black
polystyrene containers containing 100 mL of dechlorinated water
and were visited every 15 days to verify the presence of larvae,
which were transferred to the laboratory. Insects without ampu-
tations or apparent defects were used in bioassays.

2.3 Toxicity tests against A. aegypti
For dose–response tests, an isolated compound of A. mucosa
seeds was presolubilised in 2% Tween-20 and dissolved in water,
resulting in a stock solution of 10 μg mL−1, and from this, increasing
concentrations were obtained from 0.001, 0.003, 0.005, 0.008,
0.01 and 0.03 μg mL−1. Twenty third-instar larvae were added
in 25 mL of each concentration in quadruplicate, following the
methodology of the World Health Organisation.46 Distilled water
and 2% Tween-20 were used as a negative control. Mortality was
assessed every 3 h of exposure to different concentrations of the
compound to define the lethal concentration (LC) and lethal time
(LT). In this bioassay, behavioural changes were also observed in
the treated larvae at 1 h intervals.

2.4 Toxicity tests against C. bigoti and T. theobaldi
Previous tests using LC90 for A. aegypti had no toxic effect against
the predators C. bigoti and T. theobaldi. Thus, to determine the tox-
icity of the compound against these predators, their larvae were
exposed to 50, 100, 200, 500 and 1000 μg mL−1 of the compound.
Assays for each predatory insect species were done in quadrupli-
cate with 15 third-instar larvae. The experimental design was com-
pletely randomised, and larval mortality was evaluated after 24,
48 and 72 h of exposure. The surviving larvae were observed until
adult emergence to evaluate possible morphological changes.

2.5 Cytotoxicity in human leukocytes
A suspension of normal human leukocytes was distributed in a
96-well plate with 90 μL per well and incubated at 37 ∘C together
with 10 μL of the A. mucosa compound. In this study the concen-
trations were 0.003, 0.006, 0.012, 0.025, 0.05, 0.1 and 0.2 μg mL−1

of the compound. The suspensions of leukocytes were incu-
bated for 48 h in triplicate. After the incubation period, 10 μL
of [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide]
(MTT) (5 mg mL−1) was added, and the cells were further incubated
for 4 h.37 Then, the medium was carefully removed, followed by
the addition of 100 μL of dimethyl sulphoxide for solubilisation of
the formazan crystals. The plates were shaken for 5 min, and the
absorbance corresponding to each sample was measured in an
ELISA (Enzyme-Linked Immunosorbent Assay) reader at 550 nm.37

The absorbance obtained from the cells treated with A. mucosa
compound was compared with the absorbance of control cells not
exposed to the compound. To verify a possible inactivation of the
A. mucosa compound by the serum in the cell culture medium, an
acute cytotoxicity assay was carried out at concentrations of 100,
10, 1, 0.1, 0.01 and 0.001 μg mL−1 for 6 h in medium without serum.

2.6 Statistical analysis
The dose–response curve was determined for A. aegypti, and
to estimate the lethal concentrations LC50 and LC90, data were
submitted to probit analysis.38 The absorbance data of leuko-
cytes were subjected to tests for normality (Shapiro–Wilk) and
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Figure 1. Chemical structure of squamocin isolated from A. mucosa seeds.
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Figure 2. Concentration–response curve of A. aegypti larvae treated with
squamocin from A. mucosa seeds.

homoscedasticity (Bartlett), followed by analysis of variance
(one-way ANOVA) and a post hoc F-test (P = 0.05), using R software
v.3.1.1 (R-Core Team, R Foundation for Statistical Computing,
Vienna, Austria, 2014).

3 RESULTS
The compound isolated from the A. mucosa seeds was the ace-
togenin squamocin (Fig. 1). This substance showed a consistent
peak (m/z 604, 586 and 568) to the formula C37H66O7 (molec-
ular weight 622) with characteristic signals in 𝛼,𝛽-unsaturated
𝛾-lactone (1755 cm−1) in the 1H and 13C NMR spectra. The pres-
ence of a bis-tetrahydrofuran ring with two hydroxyls (3585 and
3460 cm−1) on adjacent carbons was confirmed by correlation of
the hydrogen and carbon signals in the IR spectrum and the UV
maximum at 215 nm, with data in accordance with Fujimoto et al.39

(supporting information Table S1).
The toxic effect of squamocin on A. aegypti larvae was shown

in dose–response tests (𝜒2 = 71.22, df= 5, P < 0.001), where
lethal concentrations (IC 95%) were estimated after 3 h of
exposure, with LC50 = 0.01 μg mL−1 (0.01–0.02 μg mL−1) and
LC90 = 0.11 μg mL−1 (0.05–0.34 μg mL−1) (Fig. 2). The lethal time
(LT90) for 0.03 μg mL−1 of squamocin was 43.01 h, and at lower
concentration (0.001 μg mL−1) the estimated time was 285.45 h.
The LT50 was 17.13 h with 0.03 μg mL−1 of squamocin and 103.26 h
with 0.001 μg mL−1 of squamocin (Table 1).

At squamocin concentrations of 0.03 and 0.01 μg mL−1, 1 h after
the treatment the larvae showed erratic and violent twitching
movements. This behaviour pattern persisted for approximately
2 h, followed by gradual reduction in intensity and resting of the
larvae on the surface of the water. After 4 h, the A. aegypti larvae
showed a high level of lethargy. These behavioural patterns were

Table 1. Estimated lethal time (h) for 50% (LT50) and 90%
(LT90) and their 95% confidence intervals, in parentheses,
for A. aegypti larvae treated with different concentrations of
squamocin from A. mucosa seeds

Squamocin

(μg mL−1) LT50 LT90 𝜒2 P-value

0.03 17.13 (16.01–18.49) 43.01(36.73–53.11) 162.20 <0.05

0.01 21.24 (19.68–23. 27) 49.81(41.50–64.31) 125.75 <0.05

0.008 34. 04 (28.66–43.29) 89.35 (63.45–156.53) 63.27 <0.05

0.005 35.81 (30.23–49.27) 69.17 (50.02–129.76) 36.46 <0.05

0.003 40.24 (32.61–59.77) 92.62 61.73–202.55 37.25 <0.05

0.001 103.26 (46.58–259.27) 285.45 (80.99–309.90) 5.23 <0.05

Figure 3. Absorbance spectrum (mean± SD) for metabolic cell viabil-
ity of human leukocytes when treated with different concentrations of
squamocin.

similar in insects treated with 0.008, 0.005, 0.003 and 0.001 μg mL−1

of squamocin, although the time for onset of this behaviour
was concentration dependent – 5, 8, 10 and 18 h after exposure
respectively.

Squamocin caused no mortality for larvae of the predators
C. bigoti and T. theobaldi until 1000 μg mL−1 of squamocin, and
nor was any change found in their behaviour patterns. In tests to
evaluate the cytotoxicity of squamocin to human leukocytes, there
was no reduction in cell viability 48 h after exposure to all tested
concentrations of squamocin when compared with the control in
medium with serum (Fig. 3) and without serum (Fig. 4).

4 DISCUSSION
The squamocin from A. mucosa seeds has a larvicidal effect on A.
aegypti at low concentrations, which is similar to reports for other
acetogenins1,40,41 The toxic action of squamocin may be due to the
tetrahydrofuran (THF) rings, as suggested by Miyoshi et al.42 The
squamocin obtained here has two tetrahydrofuran rings, thus it
is a bis-THF, which has a high inhibitory effect on mitochondrial
NADH-ubiquinone oxidoreductase,43 probably owing to partial
competition with the ubiquinone analogue.42,44,45 In insects, the
action of acetogenins occurs in mitochondrial electron transport
systems.46 The changes in the behaviour pattern of A. aegypti
larvae exposed to squamocin may be due to suppression of ATP.
Acetogenins block ATP synthesis, which affects insect metabolism,
and in A. aegypti larvae exposed to squamocin the low rate of ATP
might result in ataxia and progressive paralysis.

wileyonlinelibrary.com/journal/ps © 2016 Society of Chemical Industry Pest Manag Sci 2017; 73: 636–640
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Figure 4. Absorbance spectrum (mean± SD) for metabolic cell viability of
human leukocytes when treated with acute doses of squamocin in medium
without serum. Vehicle= Tween-20 (0.02%).

An intriguing finding was that, until a concentration of
1000 μg mL−1, almost 10 000 times higher than the lethal concen-
tration for A. aegypti larvae, squamocin had no effect on C. bigoti
and T. theobaldi larvae, as there was no mortality or behavioural
changes in these predators. This shows that squamocin from A.
mucosa is selective, probably owing to the specificity of their
target site. This result shows that the use of this molecule is
advantageous in acting on the target insect while preserving its
natural enemies. In addition, squamocin has no cytotoxicity to
human leukocytes, suggesting that it may be non-toxic to mam-
mals. Generally, plant molecules have low toxicity to mammals,
and some molecules at the recommended doses are non-toxic
to human and other non-target organisms,47 like the squamocin
studied herein.

For squamocin from A. mucosa seeds, as well as other phyto-
chemicals, toxicity may be specific for the target species. The selec-
tivity of squamocin for non-target insects may be physiological
and is directly related to the high tolerance of these insects in rela-
tion to A. aegypti. This selectivity may be due to reduced intake
of the molecule across the insect integument or its degradation
by the detoxification system of C. bigoti, T. theobaldi and human
leukocytes. Similar results have been reported for Annona crassi-
flora extract, which is selective to the parasitoid Trissolcus urichi
(Hymenoptera: Platygastridae), a natural enemy of the soybean
stink bug Euschistus heros (Hemiptera: Pentatomidae) which is
affected by this phytochemical.48

Our findings show that squamocin may be a prototype derived
from natural products with the potential to control A. aegypti lar-
vae, as it is toxic to the target insect and selective for non-target
insects and humans, contributing to the establishment of alter-
native strategies for controlling insect vectors with substances of
botanical origin that have low environmental impact compared
with synthetic insecticides.
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