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Abstract

Background: Natural insecticides against the vector mosquito Aedes aegypti have been the object of research due to their
high level of eco-safety. The water-soluble Moringa oleifera lectin (WSMol) is a larvicidal agent against A. aegypti. This work
reports the effects of WSMoL on oviposition and egg hatching of A. aegypti.

Methodology/Principal Findings: WSMoL crude preparations (seed extract and 0-60 protein fraction), at 0.1 mg/mL
protein concentration, did not affect oviposition, while A. aegypti gravid females laid their eggs preferentially (73%) in
vessels containing isolated WSMoL (0.1 mg/mL), compared with vessels containing only distilled water (control). Volatile
compounds were not detected in WSMoL preparation. The hatchability of fresh eggs deposited in the solutions in the
oviposition assay was evaluated. The numbers of hatched larvae in seed extract, 0-60 protein fraction and WSMoL were
45+8.7 %, 2011 % and 55=£7.5 %, respectively, significantly (p<<0.05) lower than in controls containing only distilled water
(75-95%). Embryos were visualized inside fresh control eggs, but not within eggs that were laid and maintained in WSMoL
solution. Ovicidal activity was also assessed using stored A. aegypti eggs. The protein concentrations able to reduce the
hatching rate by 50% (EC50) were 0.32, 0.16 and 0.1 mg/mL for seed extract, 0-60 protein fraction and WSMol, respectively.
The absence of hatching of stored eggs treated with WSMoL at 0.3 mg/mL (EC99) after transfer to medium without lectin
indicates that embryos within the eggs were killed by WSMoL. The reduction in hatching rate of A. aegypti was not linked to
decrease in bacteria population.

Conclusions/Significance: WSMolL acted both as a chemical stimulant cue for ovipositing females and ovicidal agent at a
given concentration. The oviposition-stimulant and ovicidal activities, combined with the previously reported larvicidal
activity, make WSMolL a very interesting candidate in integrated A. aegypti control.
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Introduction lead to mosquito resistance, compromising the effectiveness of
control strategies [6]. It was also demonstrated that the presence
of residual herbicides in ecosystems can reduce the sensitiveness
of mosquito larvae to insecticides [7]. Due to their biodegrad-

Aedes aegypti Linnaeus is a domestic, daytime mosquito that
breeds preferably in water storage containers, discarded plastic
vials, and automobile tyres [1]. This mosquito has great
importance in tropical and subtropical countries, since it is the
vector of yellow and dengue fevers. Currently, dengue is the
vector-borne disease that spreads most rapidly worldwide, with
over two-fifths of the world’s population at risk of infection [2,3].
The absence of an effective vaccine makes the control of vector
population the only way to minimize dengue spreading.

ability, insecticides extracted from plants have been considered
environmentally friendly substitutes for synthetic insecticides [8].

Plant extracts, secondary metabolites, essential oils and lectins
(carbohydrate-binding and hemagglutinating proteins) have been
shown to exert deleterious effect on A. aegypti, delaying develop-
ment, impairing growth and digestive enzyme activities, reducing
egg hatching and larval survival, as well as deterring feeding and
oviposition activities [9-15]. The deleterious effects of lectins on
insects have been associated with interaction of lectin with N-
acetylglucosamine residues of chitin, a structural component in

Worldwide, synthetic chemicals, mainly pyrethroids, carba-
mates and organophosphates are used to control adults, larvae,
pupaec and eggs of A. aegypti. These compounds pose high
environmental risks, due to adverse effects on human and non-
target organisms [4,5]. In addition, their widespread usage has
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insects being found in peritrophic matrices, epidermal cuticles and
tracheas [16].

Oviposition behavior of mosquitoes is a useful tool in
determining female preference for oviposition sites. The accep-
tance or rejection by gravid females of a site for oviposition can be
related to chemosensory cues (semiochemicals) which the insects
detect through specialized cuticular structures, sensilla and
chemosensory neurons in antennae, mouthparts, wing margins
and legs [17]. Olfactory sensilla detect airborne volatiles, while
gustatory sensilla respond to the treatment with chemicals of low-
volatility [17].

Oviposition repellents have been the object of research designed
to discover ways to eliminate oviposition sites and ward off 4.
aegypti gravid females from human hosts. Monoterpenes and
sesquiterpenes present in essential oils act as repellant to females
[18,19]. Compounds that elicit increased A. aegypti oviposition
have also been searched, an attractive property that may be used
in ovitraps in combination with larvicidal agents [20]. Secondary
metabolites produced by fungus Trichoderma viride and infusions
obtained by fermentation of organic materials (e.g. sod, hay, grass,
leaves, senescent bamboo and pelletized plant-based animal feeds)
were shown to act as oviposition stimulants to gravid Aedes and
Culex mosquitoes [21-24].

A. aegypti eggs are the main dispersion form of mosquito. Eggs
resist dry conditions and manage to survive for many months or
years in adverse environments [25]. They also afford these insects
to rapidly reconstitute populations, even if the other stages have
been eliminated by control measures. Thus, it is important to
search for insecticides that act also against this developmental
stage of the mosquito. Different plant species have been
investigated for ovicidal activity on A. aegypti. Organic solvent
extracts, as well as essential oils have been found to impair egg
hatching [14,26,27].

Moringa oleifera Lamarck is a tree widely cultivated throughout
the tropics and subtropics. In developing countries, its seeds are
used to treat water for human consumption. Its seeds also
contain a water-soluble lectin (WSMoL), which showed similarity
with  M02.1 and MO02.2 (identification number gi|127215)
proteins [9]. Using cell-free plasmid DNA and Salmonella
tphimurium assays, a study on genotoxicity of WSMoL demon-
strated that the lectin was non-mutagenic, indicating its safety for
use in water treatment [28]. This lectin also acted as coagulant
and antibacterial against Staphylococcus aureus, and effectively
reduced lake water bacteria growth [29]. WSMoL exerted
larvicidal activity (LCs9 of 0.197 mg/mL) against 4. aegypti
fourth-stage larvae. The larvae treated with WSMoL lost the
underlying epithelium, and showed increased gut lumen and
hypertrophic segments [9]. Due to the high solubility in water
and larvicidal activity against A. aegypts, WSMoL. may become a
potential candidate in 4. aegypti control.

This work evaluated the effects of crude preparations (seed
extract and 0-60 protein fraction) containing WSMoL and
isolated lectin on 4. aegypti oviposition. The hatchability of the
freshly laid eggs obtained from the oviposition assay as well as of
stored eggs was assessed. The presence of volatiles in WSMoL
solution and the possibility that the effect of WSMoL on hatching
involved embryo death and reduction of bacteria population in
incubation medium were investigated. In addition, fresh and
stored eggs from control and WSMoL treatments were examined
on a stereomicroscope.
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Methods

Breeding and rearing of A. aegypti in laboratory

The mosquitoes and eggs used were obtained from the colony
(Rockfeller strain) maintained at the Laboratirio de Ecologia Quimica
of the Unwersidade Federal de Pernambuco (Recife, Brazil) since 2003.
The insectary room was kept at 27+1°C, 78%2% relative
humidity and 14:10 (light/dark) photoperiod. The larvae were
reared in plastic bowls containing water and cat food (Whiskas®).
Adult mosquitoes were reared in cages (30x30x30 cm) covered
with a fine mesh cloth and fed a 10% glucose solution. Females
took blood meal from chicken blood acquired from local farms
and dispensed from a common artificial feeder. The eggs laid by
females were collected and used to restart the cycle for maintaining
the colony or used to assess ovicidal activity.

Crude preparations of WSMoL

M. olefera (Family Moringaceae) has the vernacular names
“moringa” in Portuguese, “arbol del ben” in Spanish, and
horseradish tree or drumstick in English. Seeds were collected
from 10-15-year-old trees in Recife City, State of Pernambuco,
northeastern Brazil, and stored at —20°C. Voucher specimen
(number 73,345) is archived at the herbarium Dardano de
Andrade Lima (Instituto Agronémico de Pernambuco, Recife,
Brazil).

Crude preparations of WSMoL. were obtained according to
Coelho et al. [9]. Seeds were milled to a fine powder and
homogenized (10 g) with distilled water (100 mL) using a magnetic
stirrer for 16 h at 4°C. After filtration through gauze and
centrifugation (9,000 g, 15 min, 4°C), the clear supernatant (seed
extract) was submitted to protein precipitation using ammonium
sulphate at saturation of 60% according to Green and Hughes
[30]. The 0-60 precipitate collected after centrifugation (9,000 g,
15 min, 4°C) was dialyzed (3.5 kDa cut-off membrane) against
distilled water (4 h) for use in bioassays and additionally with
0.15 M NaCl (4 h) for use in chromatography step. The dialysed
fraction corresponded to the 0-60 protein fraction. The presence
of residual ammonium sulphate in the 0-60 protein fraction was
evaluated adding 50 pL of this sample to 0.5 mL of a 10 mg/mL
barium chloride solution acidified to pH 4.0 with 1.0 M HCI. The
formation of precipitates indicates that there is ammonium
sulphate in sample [31].

Isolation of WSMoL

WSMoL was isolated according to the procedure described by
Coelho et al. [9]. The 0-60 protein fraction was loaded (40 mg of
proteins) onto a chitin column (7.5x1.5 cm) equilibrated (0.3 mL/
min flow rate) with 0.15 M NaCl, a salt concentration which does
not interfere on A. aegypti oviposition [32]. After washing with the
equilibrating solution, WSMoL was recovered by elution with
1.0 M acetic acid and dialysed (3.5 kDa cut-off membrane) against
distilled water (4 h) at 4°C for eluent elimination. The presence of
residual sodium chloride in WSMoL was evaluated according to
the classic Mohr’s method for determination of chloride by
precipitation titration with silver nitrate. The detection limit of the
method was 5x10™* M.

Protein and carbohydrate contents

The protein concentration was determined according to Lowry
et al. [33] using bovine serum albumin (31.25-500 pg/mlL) as
standard. Carbohydrate concentration was determined according
to Dubois et al. [34] using mannose (10-500 pg/mL) as standard.
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Hemagglutinating activity

Hemagglutinating activity of seed extract, 0-60 protein fraction
and erythrocytes treated with glutaraldehyde [36]. One hemag-
glutination unit (titer) was defined as the reciprocal of the highest
dilution of the sample promoting full agglutination of erythrocytes
[11]. Specific hemagglutinating activity (unit WSMoL was assessed
aiming to quantify and monitor lectin activity. The assay was
performed in microtiter plates (Kartell S.P.A., Italy) according to
Paiva and Coelho [35] using suspension (2.5% v/v) of rabbit /mg)
was defined as the ratio between the titer and protein concentra-
tion.

Oviposition assay

Oviposition assay was performed according to Navarro et al.
[32]. Oviposition assays were carried out using A. aegypti gravid
females 3 days after blood meal. Twenty-five females were placed
in a bioassay cage (33x21x30 cm) containing two glass vessels
(10 cm diameter), each containing 50 mL of distilled water and
placed at diagonally opposite corners of the cage. Aliquot (1 mlL,
5.1 mg/mL of protein) of seed extract, 0-60 protein fraction or
WSMoL was added to a vessel, resulting in a final protein
concentration of 0.1 mg/mL. The same volume of distilled water
was added to the control vessel. A disk shaped piece of filter paper
(18 cm in diameter) folded into a cone was placed covering the
inside of each vessel, to provide a support for oviposition (Figure 1).
The females were maintained at 2720.5°C with 73£0.4% relative
humidity for 14 h in the dark. After this period, eggs in oviposition
paper sheets were manually counted using a stereomicroscope
(Leica M80). The oviposition response was expressed as follows: %
oviposition = 100X [(number of eggs in sample vessel) / (number
of eggs in sample and control vessels)]. For each treatment (seed
extract, 0-60 protein fraction or WSMoL), three independent
experiments were performed in quintuplicate, on different dates.

Volatiles analysis by headspace analysis

WSMoL preparation was enclosed within a glass vessel from
which the air was drawn for 30 min by a battery-operated
membrane pump (ASF Thomas) at a constant flow rate of
200 mL/min through sorbent traps containing a mixture of 0.05 g

of Tenax TA (80/100 mesh, Macherey-Nagel 706318) and 0.05 g
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of Carbopack X (20/40 mesh, Supleco 1-0435). Blanks corre-
sponded to the air drawn from empty vessel. The traps were eluted
with 150 uL acetone, which was kept under —24°C. refrigeration
until analysis.

The presence of trapped volatiles was analyzed by combined
gas-chromatography-mass spectrometry (GC-MS) on a Thermo
Finnigan Voyager Mass Spectrometer coupled with a Thermo
Trace GC 2000 (Thermo Fisher Scientific) equipped with a CP-
Wax 52CB column (Varian; 30 mx0.25 mmx0.25 pm). The
sample eluted from traps (1.0 pL) was injected in the column in
splitless mode, and the temperature of the inlet was 250°C. GC
oven temperature was set at 60°C for 3 min, increased by 2.5°C/
min to 240°C, and then held steady for 10 min. Helium carrier gas
flow was maintained at a constant pressure of 100 kPa. The MS
interface was 200°C, and mass spectra were taken at 70 eV in EI
mode) with a scanning speed of 0.5 scan/s from m/z 20-350.

Hatchability of fresh eggs laid on seed extract, 0-60

protein fraction and WSMolL

Aiming to determine if M. oleifera seed preparations affect
hatchability, fifty fresh eggs from each vessel from oviposition
assays (including controls) were selected considering their integrity
using a stereomicroscope and placed again in the same solutions
where they were deposited. The number of hatched larvae present
in solution was determined after 144 h of incubation at 28°C. For
each treatment (seed extract, 060 protein fraction or WSMoL),
three independent experiments were performed in quintuplicate
on different dates.

Ovicidal assay using stored eggs

Ovicidal assay was performed according to Prajapati et al. [37].
A. aegypti eggs stored for 3 months at 28°C were selected
considering their integrity using a stereomicroscope. Seed extract
was diluted in filtered tap water to provide test solutions with
protein concentrations of 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and
1.0 mg/mL. The same procedure was performed to provide test
solutions of 0-60 protein fraction (0.1, 0.2, 0.3, 0.4, 0.5, and
0.6 mg/mL of protein) and purified WSMoL (0.03, 0.05, 0.08,
0.1, 0.13, and 0.15 mg/mL). The final volume of each ovicidal
assay was 20 mL of test solution and contained 50-60 eggs.

Figure 1. Top view of glass vessels used in oviposition assay. A filter paper cone was placed covering the inner of each vessel to provide a
support for oviposition. Next, the vessels were filled with distilled water (A, control) or WSMoL at 0.1 mg/mL in distilled water (B).

doi:10.1371/journal.pone.0044840.g001
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Controls contained distilled water, in a volume equivalent to that
of sample used to achieve each concentration, completed to 20 mL
with filtered tap water. The number of hatched larvae was
determined after 72 h of incubation at 28°C. Three independent
experiments were run in triplicate.

Aiming to evaluate whether WSMoL inhibits hatching and/or
kills embryos, stored eggs submerged for 72 h in a 0.3 mg/mL
lectin solution were rinsed with distilled water and transferred to
another vessel filled with filtered tap water. The hatching of larvae
was assessed after 24 and 48 h.

Evaluation of bacteria population in ovicidal assays
medium

Fresh and stored eggs were incubated with WSMoL at 0.1 and
0.3 mg/mL, respectively. After 144 (fresh eggs) or 72 h (stored
eggs), the media (50 pL) from treatments or controls were smeared
on petri dishes containing nutrient agar. The plates were
incubated at 37°C for 16 h. After, the number of bacterial colony
forming units (CFU) was determined.

Visualization of embryos in fresh and stored eggs from
ovicidal assays

Fresh and stored eggs were incubated with WSMoL at 0.1 and
0.3 mg/mlL, respectively. After 144 h (fresh) or 72 h (stored), the
eggs were placed in solution of 5% sodium hypochlorite until all
the chorion had dissolved, leaving the vitelline membrane intact
[38]. The eggs were then rinsed with distilled water to prevent
complete dissolution by sodium hypoclorite and visualized in a
Leica KL300 stereomicroscope (Leica Microsystems, Wetzlar,
Germany). Fresh eggs incubated with water and stored eggs not
incubated with any solution were also observed.

Statistical analysis

Standard deviations (s.d.) were calculated using GraphPad
Prism version 4.0 for Windows (GraphPad Software, San Diego,
California, USA) and data were expressed as a mean of replicates
* s.d. Significant differences between treatment groups were
analysed by Student’s t-test (significance at p<<0.05) using Origin
6.0 program. The effective concentrations required to reduce the
hatching of A. aegypti eggs by 50% and 99% (EC5o and ECgg) in
72 h were calculated by probit analysis with a reliability interval of
95% (degrees of freedom of 5, 4 and 4 for tests with seed extract,
0-60 protein fraction and WSMol, respectively) using the
computer software IBM SPSS Statistics (IBM Corporation, New
York, USA).

Results

In seed extract, protein concentration was 4.1 mg/mL and
specific hemagglutinating activity was 15. In 0-60 protein fraction,
protein concentration was 21.0 mg/mL and specific hemaggluti-
nating activity was 97. No precipitate formation was observed after
addition of 0-60 protein fraction to acidified barium chloride
solution, revealing that no residual ammonium sulphate remained
in the sample. WSMoL was isolated by chitin chromatography
and was the most hemagglutinating preparation (specific hemag-
glutinating activity of 2,915). The results from Mohr’s method did
not reveal the presence of chloride ions in solution, indicating
absence of residual sodium chloride content. Carbohydrate
contents in seed extract, 0—60 protein fraction were 0.2 and
0.008 mg/mlL, respectively and no detected in WSMoL.

The effects of M. oleifera seed preparations on A. aegypli
oviposition are shown in Fig. 2A. The difference between the
amount of eggs deposited in seed extract and control vessels was
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not significant (p>0.05), showing that this preparation was not
able to attract or repel A. aegypti females. Similarly to the results
found for seed extract, A. aggypti gravid females did not show
(p>0.05) preference or rejection for vessels containing the 0-60
protein fraction. The number of eggs laid in vessels containing
WSMoL was significantly (p<<0.05) higher than that laid in control
vessels, showing that the lectin exerts an oviposition-stimulant
activity.

Volatile compounds were not detected in WSMoL preparation
by dynamic headspace analysis since chromatograms from GC-
MS did not reveal the presence of any such compound.

The effect of M. oleifera preparations on A. aegypti eggs from
oviposition assay (fresh eggs) was evaluated aiming at determining
if the hatchability of eggs laid on lectin solution would be affected.
Fig. 2B shows that hatching rates of fresh eggs from seed extract,
0-60 protein fraction and WSMoL assays at concentration of
0.1 mg/mL were 45%, 20% and 55%, respectively. Significant
reductions (p<<0.03) in hatching rate of fresh eggs were observed
after 144-h incubation with seed extract, 0-60 protein fraction and
WSMoL in comparison with their respective controls.

The hatching rate of stored eggs was also reduced after
treatment with seed extract, 0-60 protein fraction and WSMoL in
a dose-dependent manner (Fig. 3). The values of ECj5( are shown
in Table 1. When eggs submerged for 72 h in WSMoL at EC99
(0.3 mg/mL) were transferred to medium containing only tap
water, the hatching rate was zero after 24 and 48 h. The absence
of dead larvae in WSMoL solutions at 0.03, 0.05, 0.08, 0.1, 0.13,
0.15 mg/mL and no hatching of eggs treated with WSMoL at
ECqgg reflect the ovicidal, not the larvicidal activity of lectin.

The numbers of CFU from ovicidal assays using fresh and
stored eggs incubated with WSMoL. were 1.4x103%28 and
1.3x103%=73 CFU/mL, respectively. Media from controls of
assays with fresh and stored eggs presented 1.5x103*135 and
1.3x103%£94 CFU/mL, respectively.

The visualization on stereomicroscope of fresh eggs deposited in
distilled water (control) or WSMoL (0.1 mg/mL) and maintained
for 72 h in these same solutions revealed the presence of embryo
head inside eggs from control treatment (Figure 4A), but the
embryo could not be visualized through the vitelline membrane in
eggs from WSMoL treatment (Figure 4B). Embryos were
visualized in stored eggs incubated with WSMoL for 72 h and
from control (Figure 4C and 4D).

Discussion

The results obtained for WSMoL isolation were similar to those
obtained by the protocol previously described by Coelho et al. [9].
The lower values of specific hemagglutinating activity in seed
extract and 0-60 protein fraction, in comparison with isolated
lectin, indicate the lowest concentration of WSMol.. The
measurement of the biological activity of a protein is essential to
assure that it is active before determination of a biological activity.
In lectinology, the hemagglutinating assay is the classic tool to
assess the carbohydrate-binding property of a lectin, making sure
that it 1s active. Increased specific hemagglutinating activity reveals
lectin concentration and purification [39].

Ammonium sulphate precipitation is a rapid and inexpensive
method broadly used to concentrate proteins. This salt does not
affect structure and function, and can be easily removed from the
protein solution by exhaustive dialysis [9-11,30,34,40]. The
absence of precipitate species after treatment of 0-60 protein
fraction with acidified barium chloride solution proved the
absence of residual ammonium sulphate in this preparation.
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Figure 2. Effect of M. oleifera seed preparations (0.1 mg/mL of protein) on oviposition and egg hatching of Aedes aegypti. (A) Mean of
eggs laid by A. aegypti gravid females in distilled water and M. oleifera seed preparations. The oviposition response was evaluated by double-choice
bioassays. Three distinct assays (“control vs. seed extract”, “control vs. 0-60 protein fraction” and “control vs. WSMoL") were performed separately,
each one with its respective control. The oviposition response was expressed as: % oviposition =100x [(number of eggs in sample vessel) / (number

of eggs in sample and control vessels)]. (B) Hatching rate (%) of eggs laid by gravid females during the oviposition assays in distilled water and M.

oleifera seed preparations. (*) indicates significant differences (p<<0.05) between control and test groups.

doi:10.1371/journal.pone.0044840.9002

The results from oviposition assays revealed that WSMoL at
0.1 mg/mL with specific hemagglutinating of 2,915 acted as a
chemical cue for A. aegypti gravid females, eliciting increased
oviposition response. The absence of oviposition-stimulant activity
in seed extract and 0-60 protein fraction was probably due to the
lowest specific hemagglutinating activity of these preparations. To
the best of our knowledge, there are no reports of oviposition
deterrent, attractive or stimulant response from mosquitoes
induced by plant lectins. The 0.1 mg/mL (or 100 ppm) concen-
tration was selected, since this value is often used in oviposition
bioassays [18,41,42].

Prabhu et al. [43] reported that methanolic extract from A.
oletfera seeds (0.5, 1.0 and 2.0 mg/cm?2) repelled Anopheles stephensi.
The authors observed a decrease in number of bites in arms of
human volunteers treated with the extract. The fact that the seed
extract used here did not exert repellent activity reveals that
repellent compounds were not extracted in water or that, if present
at all, concentrations were below the detection threshold by
females.

Oviposition-stimulant activity of WSMoL can be due to
gustatory stimuli, since non-volatile chemicals such as proteins
are perceived by gustatory system of insects [44]. The stimulus in
oviposition can be unchained by WSMoL adsorption onto
gustatory sensillas of A. aegypti female, as reported in a study on
the detection of sex pheromones and protein kairomones by
Glossina spp. and Duadromus pulchellus, respectively [45,46]. Volatile
compounds were not detected by dynamic headspace analysis in
WSMoL preparation indicating that, if present, they occurred in
trace amounts. Olfactory stimuli by volatile compounds were
described for selection of oviposition sites by Culex quinquefasciatus,
A. aegypti and Aedes triseriatus [47].

WSMoL from chitin column was dialysed against distilled water
aiming to eliminate acetic acid used in elution as well as residues of
0.15 M NaCl (0.85%) used in washing steps of chromatography.
TianFu et al. [48] reported that acetic acid (0.001 mg/L) acted as
an oviposition attractant to Aedes albopictus gravid females. In the
present study, GC-MS analysis did not identify acetic acid in
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WSMoL. Thus, the effect of lectin preparation was not due to
contamination by this compound. Chloride ions were not detected
by Mohr’s method in WSMoL,, indicating that the oviposition-
stimulant effect of lectin cannot be linked to salt contamination.
Also, Navarro et al. [32] demonstrated that NaCl at 0 to 5%
concentrations did not interfere on 4. aggypts oviposition.

Frings and Hamrum [49] reported that sugars can be detected
through contact receptors present in labella of 4. aegypti mosquito.
Thus, M. oleifera preparations were evaluated for presence of these
compounds. The results reveal that carbohydrates from M. oleifera
seed preparations were not attractive components, since WSMoL,
which showed the highest oviposition rate, was free of carbohy-
drates. WSMoL can be included in the group of non-volatile
proteins with oviposition-stimulant activity on A. aegypti.

Since the embryogenesis of A. aegypti eggs is completed between
77-96 h and acquisition of egg resistance occurs 48 h after post-
oviposition [25,50] the effect on hatchability of eggs from
oviposition assay was assessed. The hatching rates were deter-
mined after 144 h to guarantee that the eggs had a reasonable
time to complete embryonic development. The results showed that
besides stimulating oviposition by females, WSMoL at 0.1 mg/mL
was also able to impair hatching, an advantage if it will be used in
ovitraps.

The effect of WSMoL preparations on stored eggs was also
evaluated during an incubation period of 72 h. Incubation periods
between 72 and 120 h have been used to assess ovicidal activity on
eggs which have already completed their embryogenesis [51-56].
The detection of lowest EC5q value for WSMoL suggests that the
lectin is an active principle in seed extract and 0-60 protein
fraction against stored eggs, although a proportional correlation
between increase in specific hemagglutinating activity and ovicidal
effect (decrease in ECsg) was not observed. The absence of
hatching of stored eggs treated with WSMoL at 0.3 mg/mL
(ECgg) after transfer to medium without lectin indicates that
embryos within the eggs were killed by WSMoL. The absence of
contaminant traces of acetic acid, sodium chloride and ammonium
sulphate in 0-60 protein fraction and WSMoL assure that the
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Figure 3. Percentage of unhatched stored eggs after incuba-
tion with seed extract (A), 0-60 protein fraction (B) and WSMoL
(C) for 72 h.

doi:10.1371/journal.pone.0044840.9g003

adverse effects of these preparations on hatching rates were not
due to residues of these chemicals.

It has been reported that the presence of bacteria is a hatching-
stimulant factor for A. aegypti eggs and in the absence of bacteria
the hatchability is lower than 5% [57]. Since it is known that
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Table 1. Ovicidal activity on A. aegypti stored eggs of M.
oleifera seed extract, 0-60 protein fraction and WSMolL.

Sample ECso (mg/mL) ? ECoo

Seed extract 0.32 [0.25-0.37] 1.18 [1.05-1.38]
0-60 protein fraction 0.16 [0.1-0.22] 1.14 [0.96-1.44]
WSMoL 0.10 [0.09-0.12] 0.30 [0.25-0.38]

“Effective concentrations of proteins required to reduce in 50% (ECso) and 99%
(ECq) the hatching of A. aegypti eggs in 72 h calculated by probit analysis with
a reliability interval of 95%. Values in square brackets represent the lower and
upper endpoints for reliability interval.
doi:10.1371/journal.pone.0044840.t001

WSMoL exerts antibacterial effect [29], it was evaluated whether
the lower hatching rate could have been also a consequence of
reduction in bacteria population. The numbers of CFU/mL in
media from ovicidal assays using WSMoL was not lower than that
detected in media from control assays. This result reveals that, in
this case, lower hatching rates in WSMoL treatment were not
linked to decrease in bacterial population. So, it is possible to
conclude that impairment of egg hatching by WSMoL was due to
embryo death.

It was also evaluated if the sensitiveness of freshly laid eggs to M.
oletfera preparations was different from that of stored eggs.
According to probit analysis of results from ovicidal assays using
stored eggs, the egg hatching rates after treatment with seed
extract, 0-60 protein fraction and WSMoL at concentration of
0.1 mg/mL would be 65%, 54% and 50%, respectively.
Comparison of data from ovicidal assays using fresh and stored
eggs and protein concentration of 0.1 mg/mL reveals that stored
eggs were less sensitive to seed extract and 0-60 protein fraction,
while WSMoL reduced similarly the hatching rates of fresh and
stored eggs. These findings indicate the presence of other ovicidal
agents in seed extract and 0-60 protein fraction that were
eliminated in the WSMoL isolation procedure. Ferreira et al. [58]
did not detect ovicidal activity from aqueous extract from dehulled
M. olafera seeds (5.2 mg/mL) using stored eggs. The authors
attributed this fact to the high resistance of eggs. Differently,
WSMoL showed similar ovicidal activity against fresh and stored
eggs, indicating that the completion of embryogenesis and egg
maturation processes was not accompanied by reduction in
sensitiveness to lectin. This is an interesting and advantageous
property concerning A. aegypti control strategies targeting the eggs,
the most resistant stage of mosquito life cycle.

The EC5p of WSMoL on stored eggs was lower than values
determined for essential oils from Juniperus macropoda, Zingiber
officinale and Pimpinella anisum, whose EC5o ranged from 0.15 to
0.18 mg/mL and leaf extracts of Eclipta alba, whose ECs5, ranged
from 0.10 to 0.20 mg/mL [27,37]. The ovicidal activity of
WSMoL was compared with those from essential oils and plant
extracts because there are no previous reports on ovicidal activity
of lectins on insects.

Ovicidal compounds are able to interrupt embryo development,
impair the survival of larva inside the egg or block egg hatching
[27]. Fresh eggs from control treatment showed embryogenesis in
progress while impairment of embryo development was detected
in fresh eggs treated with WSMoL, reflecting the ovicidal activity.

Chitin is present in oocytes, eggshell and eggs of A. aegypti and
this polysaccharide has an important role in egg viability [50]. The
ovicidal activity of WSMoL may be linked to binding of lectin to
chitin present in eggshells, blocking the hatching process by
promoting disruption of this structure. Also, the fact that stored
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Figure 4. Visualization of A. aegyptifresh and stored eggs exposed or not to WSMoL in stereomicroscope (x80) after clearing of the
heavily pigmented chorion with 5% sodium hypochlorite. (A) Fresh egg laid and maintained in distilled water (control). (B) Fresh egg laid and
maintained in WSMolL (0.1 mg/mL). (C) Stored egg which was not treated with any solution. (D) Stored egg that did not hatch after incubation with

WSMolL at ECgg (0.3 mg/mL) for 72 h. (h) head; (a) abdomen.
doi:10.1371/journal.pone.0044840.9g004

eggs transferred to water after incubation with WSMoL for 72 h
did not hatch reveals that embryos, observed inside eggs using a
stereomicroscope, are dead. It is possible that WSMoL gets inside
the egg, interfering in embryo development through the same
mechanisms which kill A. aegypti larvae.

The previously described larvicidal activity of WSMoL,
combined with its oviposition-stimulant and ovicidal activities
described here make this lectin a very interesting candidate for use
in integrated mosquito control programs. The WSMoL concen-
tration in which oviposition-stimulant (0.1 mg/mL) and ovicidal
(EC5p of 0.1 mg/mL) activities were detected was lower than that
in which the lectin promotes larvicidal activity (LC5 of 0.197 mg/
mL). This finding is interesting, because if WSMoL is applied in an
A. aegypti breeding site aiming at killing the larvae, it will also
attract gravid females and will impair the hatching of new eggs laid
by females.

In summary, WSMoL is a sustainable and environmentally
friendly alternative for A. aegypti control, since one same
concentration of WSMoL acts as a chemical stimulant cue for
ovipositing females and ovicidal agent at the same time. Further
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