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Abstract

Dengue fever has spread worldwide and affects millions of people every year in tropical and
subtropical regions of Africa, Asia, Europe and America. Since there is no effective vaccine
against the dengue virus, prevention of disease transmission depends entirely on regulating
the vector (Aedes aegypti) or interrupting human-vector contact. The aim of this study was
to assess the oviposition deterrent activity of essential oils of three cultivars of torch ginger
(Etlingera elatior, Zingiberaceae) against the dengue mosquito. Analysis of the oils by gas
chromatography (GC)—mass spectrometry revealed the presence of 43 constituents, of
which a-pinene, dodecanal and n-dodecanol were the major components in all cultivars.
Solutions containing 100 ppm of the oils exhibited oviposition deterrent activities against
gravid Ae. aegypti females. GC analysis with electroantennographic detection indicated
that the oil constituents n-decanol, 2-undecanone, undecanal, dodecanal, trans-caryophyl-
lene, (E)-B-farnesene, a-humulene, n-dodecanol, isodaucene and dodecanoic acid were
able to trigger antennal depolarization in Ae. aegypti females. Bioassays confirmed that
solutions containing 50 ppm of n-dodecanol or dodecanal exhibited oviposition deterrent
activities, while a solution containing the alcohol and aldehyde in admixture at concentra-
tions representative of the oil presented an activity similar to that of the 100 ppm oil solution.
Docking and molecular dynamics simulations verified that the interaction energies of the
long-chain oil components and Ae. aegypti odorant binding protein 1 were quite favorable,
indicating that the protein is a possible oviposition deterrent receptor in the antenna of Ae.

aegypti.
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Introduction

Dengue is a vector-borne disease that occasionally develops into the potentially fatal complica-
tion known as dengue hemorrhagic fever [1]. This viral disease affects millions of people every
year on all continents, but most especially in tropical and subtropical areas [2]. According to
the Brazilian Ministry of Health [3] there were 745,957 cases of dengue fever in Brazil between
Ist January and 18th April 2015, an incidence 234% higher than that reported for the same
period in 2014, and 229 hemorrhagic fever-related deaths were recorded. Based on these data,
dengue has attained epidemic status in Brazil according to the classification of the World
Health Organization [4].

The dengue virus is spread by the bite of an infective female Aedes aegypti mosquito, a
mode of transmission that is similar to that of Yellow fever and Chikungunya viruses [5]. Since
there is no effective vaccine against the dengue virus, prevention of disease transmission
depends entirely on regulating the vector or interrupting human-vector contact [2]. Various
methods are available for controlling Ae. aegypti, for example, the use of compounds that pre-
vent females from feeding, reproducing or ovipositing, or the application of agents that kill, or
inhibit the development of eggs or larvae [6,7].

The most effective compounds employed commonly in governmental programs aimed at
controlling mosquitoes are either synthetic insecticides, such as organophosphates (e.g. teme-
phos), or natural toxins (e.g. Bacillus thuringiensis israelensis toxin). However, a number of
studies have shown that continuous application of synthetic organic insecticides can give rise
to the development of resistant populations of Ae. aegypti [8-10]. Furthermore, the use of such
pesticides has been called into question because of their adverse effects on human health and
the environment [11-13]. These concerns have alerted the scientific community to the urgent
need of seeking alternative technologies for vector control.

One approach to reduce the number of mosquitoes and the level of viral transmission in an
urban environment involves the application of attractants for mass trapping or repellents [14].
This strategy works because mosquitoes use cues in order to locate mates, nectar sources, hosts
for blood feeding and sites for oviposition [15]. Moreover, adult Ae. aegypti females require at
least one blood meal for completion of the gonadotropic cycle, hence disease transmission
necessitates the fulfillment of one oviposition cycle before viral transfer can occur in a subse-
quent blood meal [16].

Current knowledge suggests that the localization of sites involves a behavioral response by
the female mosquito to one or more stimuli including visual cues, moisture, heat, carbon diox-
ide and other chemical emanations. However, it appears that the most important mechanism
by which mosquitoes locate their hosts centers on the detection of chemical signals [15]. In
human skin, for example, compounds such as L-lactic acid have been identified as chemical
attractants of Ae. aegypti females [17]. In addition, it has been shown that attractiveness is
enhanced by carbon dioxide and ammonia [18], both of which are found in human breath and
skin.

From a physiological perspective, the reception of chemical signals by insects is generally
restricted to olfactory structures, mainly the antennae and maxillary palps [19,20], and is assis-
ted by odorant-binding proteins (OBPs) [21]. These low-molecular weight proteins comprise
nanostructures that encapsulate hydrophobic ligands and carry the water-soluble OBP-semio-
chemical complexes through the sensillar lymph surrounding the odorant receptors [19]. Cur-
rently, 114 genes coding for OBPs were already identified in Ae. aegypti [22]; four antennae-
specific OBPs were isolated of which OBP1 is the major one and the only with the 3D structure
available [20,21]. A more complete understanding of these systems may help in the search for
active substances, and a number of approaches, including molecular field analysis, molecular
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docking and evaluation of system dynamics, have been employed in order to address this issue
[23,24].

Numerous plant-derived substances have been screened in order to find natural compounds
that could be applied in the control of Ae. aegypti. Such studies have focused mainly on the
evaluation of larvicidal and insecticidal properties, but repellent, ovicidal, pupicidal and ovipo-
sition deterrent activities have also been assessed [6,25-28]. The aims of the present work were:
(i) to evaluate the potential deterrent effect of the essential oil of the ornamental flower torch
ginger (Etlingera elatior) against Ae. aegypti; (ii) to identify, through gas chromatographic
(GC) analysis with electroantennographic detection (EAD), the specific oil constituents
responsible for EAD activity; and (iii) to confirm the presence of receptors for these constitu-
ents on the antennae of female mosquitoes.

Materials and Methods
Chemicals

All chemicals and solvents used in the study were of Analytical Grade or of higher purity.
Dodecanal and n-dodecanol were purchased from Sigma-Aldrich (Gillingham, UK) and were
used as received.

Maintenance of Ae. aegypti

A colony of Ae. aegypti was maintained in the laboratory at 28 + 1°C under a relative humidity
of 70 + 5% and a photoperiod of 14L:10D. Adult mosquitoes were maintained on a 10%
sucrose solution, while females were also blood fed on pigeons (1h) four days after emergence.
The sucrose solution was taken off the cage a day prior to the blood feeding. This assay was pre-
viously authorized by the Ethical Committee of the Federal University of Pernambuco.

Plant material

Fresh inflorescences of red torch, pink torch and porcelain cultivars of E. elatior (Jack) R M.
Smith (Zingiberaceae) were obtained from a commercial grower (Florix Flora Tropical, Recife,
PE, Brazil) in April 2012. The plant material was authenticated by Jefferson Rodrigues Maciel
(Jardim Botanico do Recife, Recife, PE, Brazil), and a voucher specimen was deposited in the
herbarium of the Jardim Botanico do Recife with identification number J.R. MACIEL 1654.

Preparation of essential oil

Floral bracts (ca. 500 g of each cultivar) were comminuted in a blender and hydrodistilled for 3
h in a Clevenger-type apparatus. The essential oil layer was separated, dried over anhydrous
sodium sulfate and stored in a hermetically sealed amber-glass vial at -5°C until required for
assay. The yield of oil was reported as the quotient of the mass of oil collected and the fresh
weight of plant material extracted [29].

Analysis of essential oil by gas chromatography-mass spectrometry
(GC-MS)

Essential oil constituents were identified by GC-MS analysis performed on an Agilent Technol-
ogies (Palo Alto, CA, USA) 5975C Series GC/MSD quadrupole instrument equipped with an
Agilent J&W non-polar DB-5 fused silica capillary column (30 m x 0.25 mm i.d.; film thickness
0.25 pm). The analytical conditions were: sample (1 pL) injected in split mode (50:1) with
injector temperature at 250°C; oven temperature held initially at 40°C for 2 min, then increased
to 230°C at 4°C/min and held at 230°C for 5 min; helium carrier gas flow maintained at 1 mL/
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min at a constant pressure of 7.0 psi; mass selective detector source and quadrupole tempera-
tures set to 230°C and 150°C, respectively; MS obtained at 70 eV and recorded in the range 35-
350 m/z at 1.0 scan/s.

Individual components of the essential oil were tentatively identified by comparison of
retention indices, obtained by co-injection of sample with Cy—Cj, linear hydrocarbons and cal-
culated according to the Van den Dool and Kratz equation [30],[29] with those reported in the
literature. The MS data acquired for each component were matched with those stored in the
mass spectral library of the GC-MS system (MassFinder 4, NIST08 and Wiley Registry™ 9th
Edition) and with published spectra [31] in order to confirm identity.

Electrophysiological analysis

Electrophysiological analyses were performed with the aim of detecting constituents of the
essential oil of E. elatior with the potential to be perceived by Ae. aegypti females. The instru-
mentation comprised a Thermo Scientific (Milan, Italy) Trace™ Ultra GC equipped with a
flame ionization detector (FID), a Syntech (Kirchzarten, Germany) EAD with heated transfer
line and two-channel universal serial bus acquisition controller, and a VICI Metronics
(Poulsbo, WA, USA) VB-5-ValcoBond™ capillary column (30 m x 0.25 mm i.d.; 0.25 um film
thickness) [32]. The column outlet was coupled to two lengths of deactivated capillary (40 cm x
0.25 mm i.d.) via an SGE Analytical Science (Trajan, Melbourne, VIC, Australia) splitter tee.
One capillary led to the FID while the other was routed outside the GC oven and into a glass
tube where the effluent was mixed with a clean and humidified airflow and directed over the
head preparation. The flow of helium carrier gas through the column was maintained at 1 mL/
min by electronic control and nitrogen make-up gas was added immediately before the splitter.
The injector temperature was set at 200°C, and an aliquot (0.5 pl) of a headspace sample of
essential oil was injected in splitless mode with the oven temperature of 60°C. After 1 min, the
injector split valve was opened and the oven temperature was increased to 200°C at 7°C/min
and held at 200°C for 5 min.

Ten female mosquitoes (10 to 20 days old) were used in the analyses three days after a blood
meal. The head of each individual was excised from the thorax with a scalpel and the tips of the
antennae were cut. The base of the head and the tip of both antennae were then mounted
between two glass capillary electrodes filled with insect ringer solution (8.0 g/L sodium chlo-
ride, 0.4 g/L potassium chloride, 0.4 g/L calcium chloride), and two silver wire electrodes were
inserted into each capillary, thereby closing the electrical circuit with the head preparation. An
essential oil constituent was considered EAD-active when it elicited a depolarization response
in at least four individual head preparations.

Oviposition deterrent activity assay

In order to evaluate the oviposition deterrent activity of the essential oils, female Ae. aegypti
mosquitoes were subjected to standard choice assays. Test solutions containing 100 ppm of
essential oil or 50 ppm of n-dodecanol or dodecanal were prepared by dissolving 0.02 g of oil
or 0.01 g of the standard compound in six drops of Tween™ 80 and diluting to a final volume
of 200 mL with water. Test solutions were diluted further with water where necessary. Negative
control solutions were prepared in the same manner but without oil or standard compound.
Two disposable cups were placed at diagonally opposite corners of a cage measuring 33 x 21 x
30 cm, with one cup containing 25 mL of test solution and the other 25 mL of negative control
solution. For paired assays, one cup contained 100 ppm of oil solution and the other a mixture
of the two standard compounds in amounts equivalent to those present in the oil solution, i.e.
n-dodecanol (25 ppm) and dodecanal (50 ppm) Filter papers were placed on the internal
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surface of each cup in order to provide support for oviposition. Ten gravid insects were trans-
ferred to the cage, which was then maintained at 28 + 1°C and 70 + 5% relative humidity for 16
h in the dark. Oviposition response was determined at the end of the assay period by counting
the numbers of eggs laid on each of the filter papers. Each assay was replicated eight times and
the mean values obtained for each of the test samples were compared using Student’s t-test at
an alpha level of 0.05 [33].

Molecular docking and dynamics of constituents of E. elatior oil to Ae.
aegypti OBP 1

Molecular formulae and initial structural coordinates of the long chain components present in
the essential oils of E. elatior were obtained with the aid of BIOVIA Draw software (Biovia, San
Diego, CA, USA; http://accelrys.com/products/informatics/cheminformatics/draw/) and
VEGA ZZ molecular modeling toolkit (http://nova.disfarm.unimi.it/cms/index.php?Software_
projects:VEGA_ZZ) [34]. Tripos mol2 format (http://www.tripos.com/data/support/mol2.pdf)
files with coordinates were submitted to the antechamber module [35] of the AMBER package
[36] in order to estimate AM1-BCC charges [37] and assign general AMBER force field
(GAFF) atom types [38], each of which were subsequently inspected individually. Structures
were energy minimized in a periodical TIP3 water box with edges at least 12 A from any non-
water atoms using the sander module of the AMBER package [36]. Docking was performed
using the Autodock Vina program (http://vina.scripps.edu/index.html) [39] in which the Ae.
aegypti odorant binding protein 1 [20] (AaegOBP1, PDB ID: 3K1E) was the receptor,
immersed in a box with dimensions 120 x 120 x 120 A. Sites for molecular interaction were
searched throughout the whole protein surface in blind docking mode with search exhaustive-
ness set to 128. Molecular dynamics simulations were applied to the five best poses for each
ligand in order to estimate binding energy. In these calculations, the GAFF force field [38] was
applied to the ligands, the Amber ff99SB protein force field [40] was applied to the protein
receptor and the TIP3 model was used for water molecules [41]. Initially, each docked complex
was immersed in a water box with edges at least 8 A from any non-water atoms and sufficient
counter-ions were put in place of solvent molecules in order to neutralize the total charge of
the system. Subsequently, the following steps were carried out: i) minimization of system
energy, with strong restraints on the receptor + ligand positions, until convergence; ii) minimi-
zation of complete system until convergence; iii) heating of system from 0 to 300 K over 50 ps
with weak restraints on the receptor + ligand positions; iv) short dynamics for 50 ps with weak
restraints on the receptor + ligand positions; and v) exploration dynamics for 500 ps. In all
cases, a cut-off of 12 A was applied to all non-bonded interactions. One thousand snapshots of
each trajectory were taken at equal intervals and one hundered of them were subjected to MM/
GBSA methodology [42] in order to estimate the binding free energy AG.

Results and Discussion

The yields of essential oils obtained by hydrodistillation of inflorescences of red torch, pink
torch and porcelain cultivars of E. elatior were 0.094, 0.052 and 0.049% (w/w), respectively.
Similar oil yields have been reported previously from inflorescences of E. elatior [43] and from
inflorescences of another member of the Zingiberaceae, namely Alpinia purpurata [44]. Forty-
three components were identified in E. elatior oil by GC-MS analysis (Table 1), of which fifteen
were present in the oils of all three cultivars, three were detected only in the red torch cultivar,
eleven in the pink torch cultivar and two in the porcelain cultivar.

The volatiles of the inflorescences of E. elatior were rich in long chain alcohols and alde-
hydes and contained a range of mono- and sesquiterpenes. Qualitatively, the oils of the three
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Table 1. Relative proportions of the constituents of essential oils obtained from red torch, pink torch and porcelain cultivars of E. elatior.

No. Compound? Retention indices Content (% of total oil)
Determined® Literature® Red torch Pink torch Porcelain

1 a-Pinene 932 939 7.83 22.98 2.55
2 Camphene 948 954 0.05 0.19 -
3 Thuja-2,4(10)-diene 954 960 0.04 0.16 -
4 B-Pinene 976 979 0.55 2.56 0.20
5 B-Myrcene 991 990 0.29 1.50 -
6 p-Cymene 1025 1026 0.04 0.14 -
7 Limonene 1028 1029 0.38 0.96 0.09
8 B-(2)-Ocimene 1038 1037 0.06 0.25 0.06
9 B-~(E)-Ocimene 1049 1050 0.06 0.29 0.07
10 y-Terpinene 1058 1059 - 0.03 -
11 a-Terpineol 1190 1188 - 0.09 0.06
12 Terpinolene 1088 1088 0.03 0.16 -
13 Pinene oxide 1099 1099 0.03 0.03 -
14 a-Campholenal 1126 1126 - 0.05 -
15 Undecane 1102 1100 0.03 - -
16 Decanal 1206 1201 0.98 1.44 2.99
17 n-Decanol 1272 1269 0.17 0.52 0.65
18 2-Undecanone 1294 1294 0.08 0.18 0.35
19 Methyl myrtenate 1298 1294 - 0.04 -
20 Undecanal 1307 1306 0.11 0.15 0.12
21 n-Undecanol 1373 1370 0.02 0.05 -
22 9-Decenyl acetate 1399 1399 0.03 - -
23 trans-Sobrerol 1377 1374 - 0.07 -
24 B-Elemene 1393 1390 - 0.08 =
25 Dodecanal 1410 1408 49.37 25.70 57.73
26 trans-Caryophyllene 1422 1419 0.42 0.56 2.40
27 (E)-B-Farnesene 1459 1456 - 4.40 0.45
28 a-Humulene 1460 1454 1.99 - -
29 n-Dodecanol 1476 1470 31.53 24.05 24.58
30 B-Selinene 1491 1490 - 0.25 0.21
31 a-Zingiberene 1499 1493 - 1.06 -
32 2-Tridecanone 1499 1495 - - 0.23
33 Isodaucene 1503 1500 0.18 0.38 -
34 a-Farnesene 1503 1505 0.65 - 0.16
35 B-Bisabolene 1512 1505 - 0.08 -
36 Y-(2)-Bisabolene 1520 1515 - 0.07 -
37 5-Cadinene 1528 1523 - 0.06 -
38 Dodecanoic acid 1565 1566 0.09 0.66 1.24
39 B-Caryophyllene epoxide 1586 1583 - - 0.20
40 Dodecyl acetate 1609 1607 3.15 4.86 2.86
41 Citronellyl angelate 1660 1657 - 0.17 -
42 n-Tetradecanol 1676 1672 1.50 3.61 1.53
43 n-Heptadecane 1699 1700 - 0.08 -

Alcohols 33.22 (4)° 28.23 (4) 26.76 (3)

Aldehydes 50.46 (4) 27.29 (3) 60.84 (3)

Esters 3.18 (2) 4.86 (1) 2.86 (1)

(Continued)
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Table 1. (Continued)

No. Compound?

Fatty acids
Hydrocarbons
Ketones
Monoterpenes

Oxygenated monoterpenes

Sesquiterpenes

Oxygenated sesquiterpenes

Total

- Not detected.

Retention indices Content (% of total oil)

Determined® Literature® Red torch Pink torch Porcelain
0.09 (1) 0.66 (1) 1.24 (1)
0.03 (1) 0.08 (1) -
0.08 (1) 0.18 (1) 0.58 (2)
9.25 (8) 28.92 (9) 3.03 (6)
0.11 (3) 0.58 (7) -
3.24 (4) 6.94 (9) 3.22 (4)

- 0.17 (1) 0.20 (1)
99.66 97.91 98.73

& Constituents listed in order of elution from a non-polar DB-5 column
b Retention indices calculated from retention times in relation to those of a series of Co-C3o n-alkanes on a 30 m DB-5 capillary column

© Values taken from Adams®°

9 Values in parenthesis indicate the number of compounds in the class.

doi:10.1371/journal.pone.0150008.t001

cultivars were not substantially different, but there were significant variations in the relative
proportions of the constituents even though dodecanal, n-dodecanol and o-pinene were the
major components in all cases. The overall oil composition shown in Table 1 is in accordance
with that described by Zoghbi and Andrade [45] for this species, although these authors did
not specify the cultivar employed and the specimens were collected in the northern region of
Brazil. In contrast, Jaafar et al. [46] reported that 1,1-dodecanediol diacetate, cyclododecane
and o-pinene were the major constituents of E. elatior collected in Penang, Malaysia. This dif-
ference could be related to dissimilar edaphic conditions or to variations in the populations
studied. Relationships between such conditions and oil yield or composition have been
described for the essential oils of various species including Salvia officinalis [47], Cymbopogon
winterianus [48] and Coriandrum sativum [49]. We have reported previously that the orna-
mental flowers of two cultivars of the Zingiberaceous species A. purpurata also presented dif-
ferences in their essential oils [44].

As shown in Fig 1, the essential oils of E. elatior cultivars showed oviposition deterrent
effects at 100 ppm (P < 0.05) against Ae. aegypti in that the numbers of eggs laid in cups con-
taining oil solutions were significantly lower (30% or less) than those oviposited in control
cups. The choice of oviposition site by a gravid female mosquito is determined by several fac-
tors. Potential sites are initially identified on the basis of visual and olfactory cues [16], follow-
ing which short-range cues become increasingly important in subsequent selection. Such cues
include temperature and chemical signals received by contact chemoreceptors distributed
along the body of the mosquito [16]. Electrophysiological studies on Ae. aegypti have revealed
that, while the blood meal is being digested, neurons susceptible to host-produced cues, such as
lactic acid, become less sensitive, while neurons susceptible to oviposition site attractants, such
as methyl butyrate, become more sensitive [50]. Accordingly, when oviposition deterrents are
detected, few, if any, eggs are laid at that site [16]. In the present study, eggs laid in cups con-
taining oil solution were placed preferentially on the outside of the support, thereby signifying
the reluctance of females to lay eggs adjacent to the solution or the source of volatiles.

Few reports are available concerning the effectiveness of essential oils, or their individual
components, as mosquito oviposition deterrents [27,51-54]. However, the oviposition
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Fig 1. Mean percentages (* SE) of eggs laid by Ae. aegypti females in choice assays. Cups filled with a solution of an essential oil from a cultivar of E.
elatior (100 ppm) or with control solution. Each assay involved 10 gravid insects and was replicated at least 6 times. n = total number of eggs laid.

doi:10.1371/journal.pone.0150008.g001

activities of the oils of E. elatior against Ae. aegypti established in the present study are similar
to those previously reported for two Zingiberaceous species, namely A. purpurata [44] and A.
galanga [55]. Regarding the activities of individual constituents of the oil, it is important to
note that the process of isolation and purification of specific components can be time consum-
ing and expensive by virtue of the complex nature of the oil and the low concentrations of
many of the constituents. For this reason, the development of techniques that would allow
active components to be identified without prior isolation is of considerable importance [56].

In the present study, we have integrated for the first time the technique of GC-EAD with
bioassays in order to identify the individual compounds within a complex oil that are responsi-
ble for oviposition deterrent effects against Ae. aegypti. The essential oil from the red torch cul-
tivar of E. elatior was selected for GC-EAD analysis since it presented the highest oviposition
deterrent activity. Ten components of the oil triggered antennal depolarization in Ae. aegypti
females, and these were identified as n-decanol, 2-undecanone, undecanal, dodecanal, trans-
caryophyllene, (E)-B-Farnesene, a-humulene, n-dodecanol, isodaucene and dodecanoic acid
(Fig 2). However, dodecanal and n-dodecanol elicited the most pronounced antennal depolari-
zation and, since these two compounds accounted for almost 80% of the total oil content, they
were submitted to bioassay in order to test their significance as oviposition deterrents.

Choice assays performed with solutions containing commercial standards of dodecanal and
n-dodecanol clearly showed that both compounds possessed oviposition deterrent activity (Fig
3). Thus, in comparison with the controls, gravid females laid fewer eggs in cups containing
50 ppm dodecanal (28.5% of total laid) or 50 ppm n-dodecanol (23.9% of total laid). However,
in order to confirm the role of these components in the overall deterrent activity of the essential
oil, paired tests were performed in which one cup was filled with a solution containing
100 ppm of oil while the second held a mixed solution containing dodecanal (50 ppm) and n-
dodecanol (25 ppm), such concentrations representing their respective proportions in the oil
of red torch cultivar. No significant differences were observed between the numbers of eggs
laid in the cups containing the oil and the standard compounds in admixture (Fig 3). These
findings provide strong evidence that the two components of the essential oil are mainly
responsible for its oviposition deterrent activity.
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Fig 2. FID and EAD chromatograms of essential oil of E. elatior recorded concomitantly during GC separation. The EAD-active peaks 17, 18, 20, 25—

29, 33 and 38 were identified as n-decanol, 2-undecanone, undecanal, n-dodecanal, trans-caryophyllene, (E)-3-Farnesene, a-humulene, n-dodecanol,
isodaucene and dodecanoic acid, respectively (see Table 1).

doi:10.1371/journal.pone.0150008.g002
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Fig 3. Mean percentages (* SE) of eggs laid by Ae. aegypti females in choice assays. The cups contained: upper plot—a solution of dodecanal

(50 ppm) and control solution; middle plot—a solution of n-dodecanol (50 ppm) and control solution; lower plot—a solution containing essential oil of red
torch cultivar (100 ppm) and a solution containing dodecanal (50 ppm) and n-dodecanol (25 ppm) in admixture. Each assay involved 10 gravid insects and
was replicated at least 6 times. nt = total number of eggs laid.

doi:10.1371/journal.pone.0150008.9003
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Fig 4. The best docked poses for the long chain ligands to Ae. aegypti OBP 1. (a) view of the whole protein structure; (b) view of the binding site
magnified from (a).

doi:10.1371/journal.pone.0150008.9004

Previous studies involving the GC-EAD technique, but without associated bioassays, have
demonstrated that a range of compounds are capable of eliciting responses in the antennae of
mosquitoes. Thus, Campbell et al. [56] reported that a number of mono- and sesquiterpenes,
including trans-caryophyllene, o-terpineol, B-pinene, germacrene-D, limonene and o-zingiber-
ene, present in essential oils were able to stimulate the antennae of Ae. aegypti. Additionally,
the sesquiterpenes o-curcumene, B-sesquiphellandrene, zingiberene and p-bisabolene from the
essential oil of ginger (Zingiber officinale, Zingiberaceae) [57], trans-caryophyllene from Oci-
mum forskolei [58] and limonene from Panicum maximum [59] reportedly stimulate the
antennae of Ae. aegypti females. Long chain compounds present in the oil of E. elatior, particu-
larly the aldehydes undecanal and dodecanal that have also been found in human odor exhala-
tion [15,60], have been reported to stimulate the antenna of other mosquito species including
Culex quinquefasciatus [61]. Although their capacities to repel or deter oviposition have not
been determined, earlier studies have shown that unsaturated fatty acids [62] and aliphatic car-
boxylic acids [63] exhibit deterrent activity against C. quinquefasciatus, whereas tetradecanoic
acid is repellent to both Ae. aegypti and C. quinquefasciatus [64].

Although only dodecanal and n-dodecanol were assayed for oviposition deterrent activity in
the present study, other long chain oxygenated compounds, such as dodecanoic acid, undeca-
nal, 2-undecanone and n-decanol, elicited responses in the antennae of Ae. aegypti females.
Such responses may well be due to OBPs present in the sensillar of the antennae, a possibility
supported by the computational models studied in this work.

A number of three dimensional structures of OBPs bound to long chain compounds have
already been determined including PDB ID: 3K1E [20], 30GN [65], 3R10 [66] and 3V2L [67].
The blind docking calculations relating to the binding of dodecanal, #-dodecanol, dodecanoic
acid, undecanal, 2-undecanone and n-decanol to Ae. aegypti OBP 1 performed in the present
study showed the clear preference of these ligands for the long tunnel present in the protein
structure. Fig 4A and 4B show only the first best (for clarity) docked pose for these ligands, but
all five best-scored poses for each of the ligands occupied this tunnel. Molecular dynamics sim-
ulations indicated the permanence of the ligands in this site, and mean AG values (calculated
according to MM/GBSA methodology) of -2463, -2430, -2431, -2437, -2459 and -2469 kcal/
mol for the ligands in the order listed above were quite favorable for binding. These results
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suggest that OBP 1 may be one of the receptors in the antennae of Ae. aegypti that binds these
volatiles when the female is at the stage of oviposition site selection.

Conclusions

The essential oils of three cultivars of E. elatior exhibited oviposition deterrent activity against
Ae. aegypti females. Although ten components of the complex oil elicited responses in female
antennae, the major constituents, namely dodecanal and n-dodecanol, produced the most pro-
nounced responses. Commercial standards of the long chain aldehyde and alcohol were them-
selves active in oviposition deterrent bioassays, and a mixture containing these compounds in
proportions equivalent to those found in the essential oil was found to be as active as the oil
itself. Docking and molecular dynamics calculations showed that these compounds bind to
OBP 1 and may play an important role in oviposition site-seeking behavior, thus indicating
that the protein is a possible oviposition deterrent receptor in the antenna of Ae. aegypti.

Acknowledgments

We thank the botanic Jefferson Rodrigues Maciel for collecting and identifying a sample of the
flowers.

Author Contributions

Conceived and designed the experiments: PCBS JI PMP DMAFN. Performed the experiments:
PCBS KAD GKNS RCSS JI. Analyzed the data: PCBS GKNS JI PMP. Wrote the paper: PCBS
GKNS JI PMP DMAEN. Conceived, designed, performed and analyzed the computational
data: JI.

References

1. Consoli RAGB, Oliveira RL. Principais Mosquitos de Importancia Sanitaria no Brasil [Internet]. 1° ed.
Rio de Janeiro: Editora FIOCRUZ; 1994. Available from: hitp:/static.scielo.org/scielobooks/th/pdf/
consoli-9788575412909.pdf

2. World Health Organization. Dengue guidelines for diagnosis, treatment, prevention and control: new
edition [Internet]. WHO/HTM/NTD/DEN/2009.1. World Health Organization; 2009 [cited 2014 Jan 27].
Available from: http://whglibdoc.who.int/publications/2009/9789241547871_eng.pdf?ua=1

3. Saude M da. Monitoramento dos casos de dengue e febre de chikungunya até a Semana Epidemiold-
gica 15, 2015. Bol. Epidemioldgico [Internet]. 46th ed. Brasilia; 2015. p. 7. Available from: http://
portalsaude.saude.gov.br/images/pdf/2015/maio/04/2015-016—-Boletim-Dengue-SE15-2015.pdf

4. Carvalho E. Brasil tem 745,9 mil casos de dengue até 18 de abril, segundo ministério. G1.com [Inter-
net]. Sdo Paulo; 2015; Available from: http://g1.globo.com/bemestar/dengue/noticia/2015/05/brasil-
tem-7459-mil-casos-de-dengue-no-pais-ate-18-de-abril.html

5. Rezza G. Emerging Infectious Diseases [Internet]. Emerg. Infect. Dis. Elsevier; 2014 [cited 2014 Nov
11]. Available from: http://www.sciencedirect.com/science/article/pii/B9780124169753000121

6. Navarro DMAF, Bezerra-Silva PC, Silva MFR, Napoledo TH, Paiva PMG. Larvicidal Activity of Plant
and Algae Extracts, Essential Oils and Isolated Chemical Constituents against Aedes aegypti. Nat.
Prod. J. 2013; 3:1-24.

7. Ponhlit AM, Rezende AR, Lopes Baldin EL, Lopes NP, Neto VF de A. Plant extracts, isolated phyto-
chemicals, and plant-derived agents which are lethal to arthropod vectors of human tropical diseases—
a review. Planta Med. [Internet]. 2011 [cited 2014 Dec 11]; 77:618-30. Available from: http://www.ncbi.
nim.nih.gov/pubmed/21432748 doi: 10.1055/s-0030-1270949 PMID: 21432748

8. Cadavid-Restrepo G, Sahaza J, Orduz S. Treatment of an Aedes aegypti colony with the Cry11Aa
toxin for 54 generations results in the development of resistance. Mem. Inst. Oswaldo Cruz [Internet].
Fundac&o Oswaldo Cruz; 2012 [cited 2014 Jan 27]; 107:74-9. Available from: http://www.scielo.br/
scielo.php?script=sci_arttext&pid=S0074-02762012000100010&Ing=en&nrm=iso&ting=en

9. Garcia GP, Flores AE, Fernandez-Salas |, Saavedra-Rodriguez K, Reyes-Solis G, Lozano-Fuentes S,
et al. Recent rapid rise of a permethrin knock down resistance allele in Aedes aegypti in México.

PLOS ONE | DOI:10.1371/journal.pone.0150008 February 29, 2016 11/15


http://static.scielo.org/scielobooks/th/pdf/consoli-9788575412909.pdf
http://static.scielo.org/scielobooks/th/pdf/consoli-9788575412909.pdf
http://whqlibdoc.who.int/publications/2009/9789241547871_eng.pdf?ua=1
http://portalsaude.saude.gov.br/images/pdf/2015/maio/04/2015-016&mdash;-Boletim-Dengue-SE15-2015.pdf
http://portalsaude.saude.gov.br/images/pdf/2015/maio/04/2015-016&mdash;-Boletim-Dengue-SE15-2015.pdf
http://G1.com
http://g1.globo.com/bemestar/dengue/noticia/2015/05/brasil-tem-7459-mil-casos-de-dengue-no-pais-ate-18-de-abril.html
http://g1.globo.com/bemestar/dengue/noticia/2015/05/brasil-tem-7459-mil-casos-de-dengue-no-pais-ate-18-de-abril.html
http://www.sciencedirect.com/science/article/pii/B9780124169753000121
http://www.ncbi.nlm.nih.gov/pubmed/21432748
http://www.ncbi.nlm.nih.gov/pubmed/21432748
http://dx.doi.org/10.1055/s-0030-1270949
http://www.ncbi.nlm.nih.gov/pubmed/21432748
http://www.scielo.br/scielo.php?script=sci_arttext&amp;pid=S0074-02762012000100010&amp;lng=en&amp;nrm=iso&amp;tlng=en
http://www.scielo.br/scielo.php?script=sci_arttext&amp;pid=S0074-02762012000100010&amp;lng=en&amp;nrm=iso&amp;tlng=en

@ PLOS | one

Oviposition Deterrents against Aedes aegypti

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Kittayapong P, editor. Negl PLoS. Trop. Dis. [Internet]. Public Library of Science; 2009 [cited 2014 Jan
27]; 3:e531. Available from: http://dx.plos.org/10.1371/journal.pntd.0000531

Melo-Santos MA V, Varjal-Melo JJM, Araujo AP, Gomes TCS, Paiva MHS, Regis LN, et al. Resistance
to the organophosphate temephos: Mechanisms, evolution and reversion in an Aedes aegypti labora-

tory strain from Brazil. Acta Trop. [Internet]. 2010; 113:180-9. Available from: http://www.sciencedirect.
com/science/article/pii/S0001706X09003350 doi: 10.1016/j.actatropica.2009.10.015 PMID: 19879849

Arias-Estévez M, Lépez-Periago E, Martinez-Carballo E, Simal-Gandara J, Mejuto J-C, Garcia-Rio L.
The mobility and degradation of pesticides in soils and the pollution of groundwater resources. Agric.
Ecosyst. Environ. [Internet]. 2008 [cited 2014 Jul 16]; 123:247-60. Available from: http://www.
sciencedirect.com/science/article/pii/S0167880907001934

Milam CD, Farris JL, Wilhide JD. Evaluating mosquito control pesticides for effect on target and nontar-
get organisms. Arch. Environ. Contam. Toxicol. [Internet]. 2000 [cited 2014 Sep 23]; 39:324-8. Avail-
able from: http://www.ncbi.nIm.nih.gov/pubmed/10948282 PMID: 10948282

van der Werf HMG. Assessing the impact of pesticides on the environment. Agric. Ecosyst. Environ.
[Internet]. 1996 [cited 2014 Sep 23]; 60:81-96. Available from: http://www.sciencedirect.com/science/
article/pii/S0167880996010961

Kline DL. Traps and Trapping Techniques for Adult Mosquito Control. J. Am. Mosg. Control Assoc.
[Internet]. The American Mosquito Control Association; 2006 [cited 2014 Sep 23]; 22:490-6. Available
from: http://dx.doi.org/10.2987/8756-971X(2006)22[490: TATTFA]2.0.CO;2 PMID: 17067051

Bernier UR, Kline DL, Barnard DR, Schreck CE, Yost RA. Analysis of human skin emanations by gas
chromatography/mass spectrometry. 2. Identification of volatile compounds that are candidate attrac-
tants for the yellow fever mosquito (Aedes aegypti). Anal. Chem. [Internet]. 2000 [cited 2014 Sep 23];
72:747-56. Available from: http://www.ncbi.nIm.nih.gov/pubmed/10701259 PMID: 10701259

Bentley MD, Day JF. Chemical ecology and behavioral aspects of mosquito oviposition. Annu. Rev.
Entomol. [Internet]. 1989; 34:401-21. Available from: http://www.ncbi.nIim.nih.gov/pubmed/2564759
PMID: 2564759

Acree F, Turner RB, Gouck HK, Beroza M, Smith N. L-Lactic Acid: A Mosquito Attractant Isolated from
Humans. Science. [Internet]. 1968 [cited 2014 Sep 23]; 161:1346—7. Available from: http://www.
sciencemag.org/content/161/3848/1346.short PMID: 5673445

Geier M, Bosch OJ, Boeckh J. Ammonia as an attractive component of host odour for the yellow fever
mosquito, Aedes aegypti. Chem. Senses [Internet]. 1999 [cited 2014 Sep 23]; 24:647-53. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/10587497 PMID: 10587497

Leal WS. Insect Pheromone Biochemistry and Molecular Biology [Internet]. Insect Pheromone Bio-
chem. Mol. Biol. Elsevier; 2003 [cited 2014 Oct 1]. Available from: http://www.sciencedirect.com/
science/article/pii/B9780121071516500177

Leite NR, Krogh R, Xu W, Ishida Y, lulek J, Leal WS, et al. Structure of an odorant-binding protein from
the mosquito Aedes aegypti suggests a binding pocket covered by a pH-sensitive “Lid”. oliveira pedro
lagerblad, editor. PLoS One [Internet]. Public Library of Science; 2009 [cited 2014 Aug 14]; 4:e8006.
Available from: hitp://dx.plos.org/10.1371/journal.pone.0008006 doi: 10.1371/journal.pone.0008006
PMID: 19956631

Ishida Y, Chen AM, Tsuruda JM, Cornel AJ, Debboun M, Leal WS. Intriguing olfactory proteins from the
yellow fever mosquito, Aedes aegypti. Naturwissenschaften [Internet]. 2004 [cited 2014 Oct 1];
91:426-31. Available from: http://www.ncbi.nIm.nih.gov/pubmed/15338030 PMID: 15338030

Manoharan M, Ng Fuk Chong M, Vaitinadapoulé A, Frumence E, Sowdhamini R, Offmann B. Compara-
tive genomics of odorant binding proteins in Anopheles gambiae, Aedes aegypti, and Culex quinque-
fasciatus. Genome Biol. Evol. [Internet]. 2013 [cited 2016 Jan 28]; 5:163-80. Available from: http://gbe.
oxfordjournals.org/content/5/1/163.full doi: 10.1093/gbe/evs131 PMID: 23292137

Gopal JV, Kannabiran K. Studies on interaction of insect repellent compounds with odorant binding
receptor proteins by in silico molecular docking approach. Interdiscip. Sci. [Internet]. 2013 [cited 2014
Dec 12]; 5:280-5. Available from: http://www.ncbi.nim.nih.gov/pubmed/24402821 doi: 10.1007/
$12539-013-0152-2 PMID: 24402821

Oliferenko P V, Oliferenko AA, Poda Gl, Osolodkin DI, Pillai GG, Bernier UR, et al. Promising Aedes
aegypti repellent chemotypes identified through integrated QSAR, virtual screening, synthesis, and bio-
assay. Oliveira PL, editor. PLoS One [Internet]. Public Library of Science; 2013 [cited 2014 Dec 2]; 8:
€64547. Available from: http://dx.plos.org/10.1371/journal.pone.0064547 doi: 10.1371/journal.pone.
0064547 PMID: 24039693

Bakkali F, Idaomar M. Biological effects of essential oils—A review. Food Chem. Toxicol. [Internet].
2008; 46:446—75. Available from: http://www.sciencedirect.com/science/article/B6 T6P-4PSK90K-3/2/
62dcd64718e83e54364ee2ef5311ebbc PMID: 17996351

PLOS ONE | DOI:10.1371/journal.pone.0150008 February 29, 2016 12/15


http://dx.plos.org/10.1371/journal.pntd.0000531
http://www.sciencedirect.com/science/article/pii/S0001706X09003350
http://www.sciencedirect.com/science/article/pii/S0001706X09003350
http://dx.doi.org/10.1016/j.actatropica.2009.10.015
http://www.ncbi.nlm.nih.gov/pubmed/19879849
http://www.sciencedirect.com/science/article/pii/S0167880907001934
http://www.sciencedirect.com/science/article/pii/S0167880907001934
http://www.ncbi.nlm.nih.gov/pubmed/10948282
http://www.ncbi.nlm.nih.gov/pubmed/10948282
http://www.sciencedirect.com/science/article/pii/S0167880996010961
http://www.sciencedirect.com/science/article/pii/S0167880996010961
http://dx.doi.org/10.2987/8756-971X(2006)22[490:TATTFA]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/17067051
http://www.ncbi.nlm.nih.gov/pubmed/10701259
http://www.ncbi.nlm.nih.gov/pubmed/10701259
http://www.ncbi.nlm.nih.gov/pubmed/2564759
http://www.ncbi.nlm.nih.gov/pubmed/2564759
http://www.sciencemag.org/content/161/3848/1346.short
http://www.sciencemag.org/content/161/3848/1346.short
http://www.ncbi.nlm.nih.gov/pubmed/5673445
http://www.ncbi.nlm.nih.gov/pubmed/10587497
http://www.ncbi.nlm.nih.gov/pubmed/10587497
http://www.sciencedirect.com/science/article/pii/B9780121071516500177
http://www.sciencedirect.com/science/article/pii/B9780121071516500177
http://dx.plos.org/10.1371/journal.pone.0008006
http://dx.doi.org/10.1371/journal.pone.0008006
http://www.ncbi.nlm.nih.gov/pubmed/19956631
http://www.ncbi.nlm.nih.gov/pubmed/15338030
http://www.ncbi.nlm.nih.gov/pubmed/15338030
http://gbe.oxfordjournals.org/content/5/1/163.full
http://gbe.oxfordjournals.org/content/5/1/163.full
http://dx.doi.org/10.1093/gbe/evs131
http://www.ncbi.nlm.nih.gov/pubmed/23292137
http://www.ncbi.nlm.nih.gov/pubmed/24402821
http://dx.doi.org/10.1007/s12539-013-0152-2
http://dx.doi.org/10.1007/s12539-013-0152-2
http://www.ncbi.nlm.nih.gov/pubmed/24402821
http://dx.plos.org/10.1371/journal.pone.0064547
http://dx.doi.org/10.1371/journal.pone.0064547
http://dx.doi.org/10.1371/journal.pone.0064547
http://www.ncbi.nlm.nih.gov/pubmed/24039693
http://www.sciencedirect.com/science/article/B6T6P-4PSK90K-3/2/62dcd64718e83e54364ee2ef5311ebbc
http://www.sciencedirect.com/science/article/B6T6P-4PSK90K-3/2/62dcd64718e83e54364ee2ef5311ebbc
http://www.ncbi.nlm.nih.gov/pubmed/17996351

@ PLOS | one

Oviposition Deterrents against Aedes aegypti

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Dias CN, Moraes DFC. Essential oils and their compounds as Aedes aegypti L. (Diptera: Culicidae) lar-
vicides: review. Parasitol. Res. [Internet]. 2014 [cited 2014 Jul 25]; 113:565-92. Available from: hitp:/
www.ncbi.nim.nih.gov/pubmed/24265058 doi: 10.1007/s00436-013-3687-6 PMID: 24265058

Nerio LS, Olivero-Verbel J, Stashenko E. Repellent activity of essential oils: a review. Bioresour. Tech-
nol. [Internet]. Elsevier Ltd; 2010 [cited 2014 Jul 16]; 101:372—8. Available from: http://www.ncbi.nim.
nih.gov/pubmed/19729299 doi: 10.1016/j.biortech.2009.07.048 PMID: 19729299

Prajapati V, Tripathi AK, Aggarwal KK, Khanuja SPS. Insecticidal, repellent and oviposition-deterrent
activity of selected essential oils against Anopheles stephensi, Aedes aegypti and Culex quinquefas-
ciatus. Bioresour. Technol. 2005; 96:1749-57. PMID: 16051081

Autran ES, Neves IA, da Silva CSB, Santos GKN, da Camara CAG, Navarro DMAF. Chemical compo-
sition, oviposition deterrent and larvicidal activities against Aedes aegypti of essential oils from Piper
marginatum Jacq. (Piperaceae). Bioresour. Technol. [Internet]. Elsevier Ltd; 2009 [cited 2013 May 27];
100:2284-8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19070480 doi: 10.1016/j.biortech.
2008.10.055 PMID: 19070480

van Den Dool H, Dec Kratz P. A generalization of the retention index system including linear tempera-
ture programmed gas—Iiquid partition chromatography. J. Chromatogr. A [Internet]. 1963; 11:463-71.
Available from: http://www.sciencedirect.com/science/article/pii/S002196730180947X

Adams RP. Identification of Essential Oil Components by Gas Chromatography/Mass Spectrometry.
4th ed. Carol Stream, IL: Allured Publishing Corporation; 2009.

Milet-Pinheiro P, Navarro DMA, De Aquino NC, Ferreira LL, Tavares RF, da Silva R de CC, et al. Identi-
fication of male-borne attractants in Anastrepha fraterculus (Diptera: Tephritidae). Chemoecology
[Internet]. 2014 [cited 2015 Apr 16]; Available from: http://link.springer.com/10.1007/s00049-014-0180-
3

Navarro DMAF, de Oliveira PES, Potting RPJ, Brito AC, Fital SJF, Sant’Ana AEG. The potential attrac-
tant or repellent effects of different water types on oviposition in Aedes aegypti L. (Dipt., Culicidae). J.
Appl. Entomol. [Internet]. 2003 [cited 2013 May 27]; 127:46-50. Available from: http://www.blackwell-
synergy.com/links/doi/10.1046/j.1439-0418.2003.00690.x

Pedretti A, Villa L, Vistoli G. VEGA—-An open platform to develop chemo-bio-informatics applications,
using plug-in architecture and script programming. J. Comput. Aided. Mol. Des. [Internet]. 2004 [cited
2014 Aug 17]; 18:167—73. Available from: http:/link.springer.com/10.1023/B:JCAM.0000035186.
90683.f2 PMID: 15368917

Wang J, Wang W, Kollman PA, Case DA. Automatic atom type and bond type perception in molecular
mechanical calculations. J. Mol. Graph. Model. [Internet]. 2006 [cited 2014 Jul 9]; 25:247—60. Available
from: http://www.sciencedirect.com/science/article/pii/S1093326305001737 PMID: 16458552

Case DA, Babin V, Berryman JT, Betz RM, Cai Q, Cerutti DS, et al. AMBER 14 [Internet]. San Fran-
cisco: University of California; 2012. Available from: http://ambermd.org/

Jakalian A, Bush BL, Jack DB, Bayly Cl. Fast, efficient generation of high-quality atomic charges. AM1-
BCC model: I. Method. J. Comput. Chem. [Internet]. 2000 [cited 2014 Aug 17]; 21:132—-46. Available
from: http://doi.wiley.com/10.1002/(SICI)1096-987X(20000130)21:2<132::AID-JCC5>3.0.CO;2-P

Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and testing of a general amber
force field. J. Comput. Chem. [Internet]. 2004 [cited 2014 Jul 11]; 25:1157-74. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/15116359 PMID: 15116359

Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of docking with a new scoring
function, efficient optimization, and multithreading. J. Comput. Chem. [Internet]. 2010 [cited 2014 Jul
11]; 31:455-61. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=
3041641&tool=pmcentrez&rendertype=abstract doi: 10.1002/jcc.21334 PMID: 19499576

Hornak V, Abel R, Okur A, Strockbine B, Roitberg A, Simmerling C. Comparison of multiple Amber
force fields and development of improved protein backbone parameters. Proteins [Internet]. 2006 [cited
2014 Jul 10]; 65:712-25. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16981200 PMID:
16981200

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of simple potential
functions for simulating liquid water. J. Chem. Phys. [Internet]. AIP Publishing; 1983 [cited 2014 Jul 9];
79:926. Available from: http:/scitation.aip.org/content/aip/journal/jcp/79/2/10.1063/1.445869

Kollman PA, Massova |, Reyes C, Kuhn B, Huo S, Chong L, et al. Calculating Structures and Free Ener-
gies of Complex Molecules: Combining Molecular Mechanics and Continuum Models. Acc. Chem.

Res. [Internet]. American Chemical Society; 2000 [cited 2014 Jul 17]; 33:889-97. Available from: http://
dx.doi.org/10.1021/ar000033j PMID: 11123888

Abdelmageed AHA, Faridah QZ, Amalina AN, Yaacob M. The influence of organ and post-harvest dry-
ing period on yield and chemical composition of the essential oils of Etlingera elatior (Zingiberaceae). J.
Med. Plants Res. 2011; 5:3432-9.

PLOS ONE | DOI:10.1371/journal.pone.0150008 February 29, 2016 13/15


http://www.ncbi.nlm.nih.gov/pubmed/24265058
http://www.ncbi.nlm.nih.gov/pubmed/24265058
http://dx.doi.org/10.1007/s00436-013-3687-6
http://www.ncbi.nlm.nih.gov/pubmed/24265058
http://www.ncbi.nlm.nih.gov/pubmed/19729299
http://www.ncbi.nlm.nih.gov/pubmed/19729299
http://dx.doi.org/10.1016/j.biortech.2009.07.048
http://www.ncbi.nlm.nih.gov/pubmed/19729299
http://www.ncbi.nlm.nih.gov/pubmed/16051081
http://www.ncbi.nlm.nih.gov/pubmed/19070480
http://dx.doi.org/10.1016/j.biortech.2008.10.055
http://dx.doi.org/10.1016/j.biortech.2008.10.055
http://www.ncbi.nlm.nih.gov/pubmed/19070480
http://www.sciencedirect.com/science/article/pii/S002196730180947X
http://link.springer.com/10.1007/s00049-014-0180-3
http://link.springer.com/10.1007/s00049-014-0180-3
http://www.blackwell-synergy.com/links/doi/10.1046/j.1439-0418.2003.00690.x
http://www.blackwell-synergy.com/links/doi/10.1046/j.1439-0418.2003.00690.x
http://link.springer.com/10.1023/B:JCAM.0000035186.90683.f2
http://link.springer.com/10.1023/B:JCAM.0000035186.90683.f2
http://www.ncbi.nlm.nih.gov/pubmed/15368917
http://www.sciencedirect.com/science/article/pii/S1093326305001737
http://www.ncbi.nlm.nih.gov/pubmed/16458552
http://ambermd.org/
http://doi.wiley.com/10.1002/(SICI)1096-987X(20000130)21:2&lt;132::AID-JCC5&gt;3.0.CO;2-P
http://www.ncbi.nlm.nih.gov/pubmed/15116359
http://www.ncbi.nlm.nih.gov/pubmed/15116359
http://www.ncbi.nlm.nih.gov/pubmed/15116359
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3041641&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3041641&amp;tool=pmcentrez&amp;rendertype=abstract
http://dx.doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
http://www.ncbi.nlm.nih.gov/pubmed/16981200
http://www.ncbi.nlm.nih.gov/pubmed/16981200
http://scitation.aip.org/content/aip/journal/jcp/79/2/10.1063/1.445869
http://dx.doi.org/10.1021/ar000033j
http://dx.doi.org/10.1021/ar000033j
http://www.ncbi.nlm.nih.gov/pubmed/11123888

@ PLOS | one

Oviposition Deterrents against Aedes aegypti

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Santos GKN, Dutra KA, Barros RA, da Camara CAG, Lira DD, Gusmao NB, et al. Essential oils from
Alpinia purpurata (Zingiberaceae): Chemical composition, oviposition deterrence, larvicidal and anti-
bacterial activity. Ind. Crops Prod. [Internet]. 2012; 40:254—60. Available from: http://www.
sciencedirect.com/science/article/pii/S0926669012001707

Zoghbi MDGB, Andrade EHA. Volatiles of the Etlingera elatior (Jack) R. M. Sm. and Zingiber spectabile
Griff.: Two Zingiberaceae cultivated in the Amazon. J. Essent. Oil Res. 2005; 17:209—-11.

Jaafar FM, Osman CP, Ismail NH, Awang K. Analysis of essential oils of leaves, stems, flowers and rhi-
zomes of Etlingera elatior (Jack) R.M. Malaysian J. Anal. Sci. 2007; 10:269-73.

Putievsky E, Ravid U, Dudai N. The influence of Season and Harvest Frequency on Essential Oil and
Herbal Yields from a Pure Clone of Sage (Salvia officinalis) Grown Under Cultivated Conditions. J. Nat.
Prod. [Internet]. American Chemical Society; 1986 [cited 2014 Dec 12]; 49:326-9. Available from:
http://dx.doi.org/10.1021/np50044a023

Blank AF, Costa AG, Arrigoni-Blank M de F, Cavalcanti SCH, Alves PB, Innecco R, et al. Influence of
season, harvest time and drying on Java citronella (Cymbopogon winterianus Jowitt) volatile oil. Rev.
Bras. Farmacogn. [Internet]. Sociedade Brasileira de Farmacognosia; 2007 [cited 2014 Dec 12];
17:557-64. Available from: http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0102-
695X2007000400014&Ing=en&nrm=iso&ting=en

Gil A, de la Fuente EB, Lenardis AE, Lépez Pereira M, Suarez SA, Bandoni A, et al. Coriander Essential
Oil Composition from Two Genotypes Grown in Different Environmental Conditions. J. Agric. Food
Chem. [Internet]. American Chemical Society; 2002 [cited 2014 Dec 12]; 50:2870-7. Available from:
http://dx.doi.org/10.1021/jf011128i PMID: 11982413

Davis EE, Takahashi FT. Humoral alteration of chemoreceptor sensitivity in the mosquito. Proc. sev-
enth Int. Symp. Olfaction Tast. fourth Congr. Eur. Chemorecept. Res. Organ. 1980;139-42.

Choochote W, Chaithong U, Kamsuk K, Jitpakdi a, Tippawangkosol P, Tuetun B, et al. Repellent activ-
ity of selected essential oils against Aedes aegypti. Fitoterapia [Internet]. 2007 [cited 2013 May 27];
78:359-64. Available from: http://www.ncbi.nIm.nih.gov/pubmed/17512681 PMID: 17512681

Tripathi AK, Upadhyay S, Bhuiyan M, Bhattacharya PR. A review on prospects of essential oils as bio-
pesticide in insect-pest management. J. Pharmacogn. Phyther. 2009; 1:52—-63.

Tawatsin A, Wratten SD, Scott RR, Thavara U, Echadamrongsin Y. Repellency of volatile oils from
plants against three mosquito vectors. J. Vector Ecol. [Internet]. 2001 [cited 2013 May 27]; 26:76-82.
Available from: http://www.sove.org/Society_for_Vector_Ecology/Journal/Entries/2001/6/1_Volume_
26,_Number_1_files/tawatsin.pdf PMID: 11469188

Aguiar RWS, dos Santos SF, da Silva Morgado F, Ascencio SD, de Mendonca Lopes M, Viana KF,

et al. Insecticidal and repellent activity of Siparuna guianensis Aubl. (Negramina) against Aedes aegypti
and Culex quinquefasciatus. PLoS One [Internet]. Public Library of Science; 2015 [cited 2015 Nov 4];
10:e0116765. Available from: http://journals.plos.org/plosone/article?id=10.1371/journal.pone.
0116765 doi: 10.1371/journal.pone.0116765 PMID: 25646797

Tawatsin A, Asavadachanukorn P, Thavara U, Wongsinkongman P, Bansidhi J, Boonruad T, et al.
Repellency of essential oils extracted from plants in Thailand against four mosquito vectors (Diptera:
Culicidae) and oviposition deterrent effects against Aedes aegypti. Southeast Asian J. Trop. Med. Pub-
lic Health [Internet]. 2006 [cited 2013 May 27]; 37:915-31. Available from: http://imsear.hellis.org/
handle/123456789/36058

Campbell C, Gries R, Gries G. Forty-two compounds in eleven essential oils elicit antennal responses
from Aedes aegypti. Entomol. Exp. Appl. [Internet]. 2011 [cited 2013 May 27]; 138:21-32. Available
from: http://doi.wiley.com/10.1111/j.1570-7458.2010.01072.x

Campbell CJ. Analyses of essential and edible oils, and constituents therein, as candidate repellents
for the yellow fever mosquito Aedes aegypti L. (Diptera: Culicidae). Simon Fraser University; 2009.

Dekker T, Ignell R, Ghebru M, Glinwood R, Hopkins R. Identification of mosquito repellent odours from
Ocimum forskolei. Parasit. Vectors [Internet]. BioMed Central; 2011; 4:1—7. Available from: http://dx.
doi.org/10.1186/1756-3305-4-183 doi: 10.1186/1756-3305-4-1 PMID: 21205315

Sant'Ana AL. Avaliagao, extracao, identificacéo e estudos eletrofisiolégicos dos volateis presentes em
infusdes de Panicum maximum que estimulam e/ou atraem fémeas de Aedes (Stegomyia) aegypti Lin-
naeus, 1762 (Diptera: Culicidae) para oviposicado. Universidade Federal de Minas Gerais; 2003.

Dormont L, Bessiére J- M, Cohuet A. Human skin volatiles: a review. J. Chem. Ecol. [Internet]. 2013
[cited 2014 Sep 30]; 39:569-78. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23615881 doi:
10.1007/s10886-013-0286-z PMID: 23615881

Cooperband MF, McElfresh JS, Millar JG, Cardé RT. Attraction of female Culex quinquefasciatus Say
(Diptera: Culicidae) to odors from chicken feces. J. Insect Physiol. [Internet]. 2008; 54:1184-92. Avail-
able from: http://www.sciencedirect.com/science/article/pii/S0022191008001121 doi: 10.1016/.
jinsphys.2008.05.003 PMID: 18634791

PLOS ONE | DOI:10.1371/journal.pone.0150008 February 29, 2016 14/15


http://www.sciencedirect.com/science/article/pii/S0926669012001707
http://www.sciencedirect.com/science/article/pii/S0926669012001707
http://dx.doi.org/10.1021/np50044a023
http://www.scielo.br/scielo.php?script=sci_arttext&amp;pid=S0102-695X2007000400014&amp;lng=en&amp;nrm=iso&amp;tlng=en
http://www.scielo.br/scielo.php?script=sci_arttext&amp;pid=S0102-695X2007000400014&amp;lng=en&amp;nrm=iso&amp;tlng=en
http://dx.doi.org/10.1021/jf011128i
http://www.ncbi.nlm.nih.gov/pubmed/11982413
http://www.ncbi.nlm.nih.gov/pubmed/17512681
http://www.ncbi.nlm.nih.gov/pubmed/17512681
http://www.sove.org/Society_for_Vector_Ecology/Journal/Entries/2001/6/1_Volume_26,_Number_1_files/tawatsin.pdf
http://www.sove.org/Society_for_Vector_Ecology/Journal/Entries/2001/6/1_Volume_26,_Number_1_files/tawatsin.pdf
http://www.ncbi.nlm.nih.gov/pubmed/11469188
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0116765
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0116765
http://dx.doi.org/10.1371/journal.pone.0116765
http://www.ncbi.nlm.nih.gov/pubmed/25646797
http://imsear.hellis.org/handle/123456789/36058
http://imsear.hellis.org/handle/123456789/36058
http://doi.wiley.com/10.1111/j.1570-7458
http://dx.doi.org/10.1186/1756-3305-4-183
http://dx.doi.org/10.1186/1756-3305-4-183
http://dx.doi.org/10.1186/1756-3305-4-1
http://www.ncbi.nlm.nih.gov/pubmed/21205315
http://www.ncbi.nlm.nih.gov/pubmed/23615881
http://dx.doi.org/10.1007/s10886-013-0286-z
http://www.ncbi.nlm.nih.gov/pubmed/23615881
http://www.sciencedirect.com/science/article/pii/S0022191008001121
http://dx.doi.org/10.1016/j.jinsphys.2008.05.003
http://dx.doi.org/10.1016/j.jinsphys.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/18634791

@ PLOS | one

Oviposition Deterrents against Aedes aegypti

62.

63.

64.

65.

66.

67.

Hwang Y-S, Schultz GW, Mulla MS. Structure-activity relationship of unsaturated fatty acids as mos-
quito ovipositional repellents. J. Chem. Ecol. [Internet]. Kluwer Academic Publishers-Plenum Publish-
ers; 1984; 10:145-51. Available from: doi: http://dx.doi.org/10.1007/BF00987651 PMID: 24318236

Hwang Y-S, Kramer WL, Mulla MS. Oiposition attractants and repellents of mosquitoes. J. Chem. Ecol.
1980; 6:71-80.

Sivakumar R, Jebanesan a, Govindarajan M, Rajasekar P. Larvicidal and repellent activity of tetradeca-
noic acid against Aedes aegypti (Linn.) and Culex quinquefasciatus (Say.) (Diptera:Culicidae). Asian
Pac. J. Trop. Med. [Internet]. Hainan Medical College; 2011 [cited 2014 Aug 12]; 4:706—10. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/21967693 doi: 10.1016/S1995-7645(11)60178-8 PMID:
21967693

Mao Y, Xu X, Xu W, Ishida Y, Leal WS, Ames JB, et al. Crystal and solution structures of an odorant-
binding protein from the southern house mosquito complexed with an oviposition pheromone. Proc.
Natl. Acad. Sci. U. S. A. [Internet]. 2010 [cited 2014 Aug 17]; 107:19102-7. Available from: http://www.
pnas.org/content/early/2010/10/12/1012274107 doi: 10.1073/pnas.1012274107 PMID: 20956299

Lagarde A, Spinelli S, Tegoni M, He X, Field L, Zhou J-J, et al. The crystal structure of odorant binding
protein 7 from Anopheles gambiae exhibits an outstanding adaptability of its binding site. J. Mol. Biol.
[Internet]. 2011 [cited 2014 Aug 17]; 414:401-12. Available from: http://www.sciencedirect.com/
science/article/pii/lS0022283611011296 doi: 10.1016/j.jmb.2011.10.005 PMID: 22019737

Ziemba BP, Murphy EJ, Edlin HT, Jones DNM. A novel mechanism of ligand binding and release in the
odorant binding protein 20 from the malaria mosquito Anopheles gambiae. Protein Sci. [Internet]. 2013
[cited 2014 Jul 29]; 22:11-21. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=3575856&tool=pmcentrez&rendertype=abstract doi: 10.1002/pro.2179 PMID: 23081820

PLOS ONE | DOI:10.1371/journal.pone.0150008 February 29, 2016 15/15


http://dx.doi.org/10.1007/BF00987651
http://www.ncbi.nlm.nih.gov/pubmed/24318236
http://www.ncbi.nlm.nih.gov/pubmed/21967693
http://dx.doi.org/10.1016/S1995-7645(11)60178-8
http://www.ncbi.nlm.nih.gov/pubmed/21967693
http://www.pnas.org/content/early/2010/10/12/1012274107
http://www.pnas.org/content/early/2010/10/12/1012274107
http://dx.doi.org/10.1073/pnas.1012274107
http://www.ncbi.nlm.nih.gov/pubmed/20956299
http://www.sciencedirect.com/science/article/pii/S0022283611011296
http://www.sciencedirect.com/science/article/pii/S0022283611011296
http://dx.doi.org/10.1016/j.jmb.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22019737
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3575856&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3575856&amp;tool=pmcentrez&amp;rendertype=abstract
http://dx.doi.org/10.1002/pro.2179
http://www.ncbi.nlm.nih.gov/pubmed/23081820

