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ABSTRACT. The yellow fever mosquito Aedes (Stegomyia) aegypti is the 
main vector of dengue arbovirus and other arboviruses. Dengue prevention 
measures for the control of A. aegypti involve mainly the use of synthetic 
insecticides. The constant use of insecticides has caused resistance in 
this mosquito. Alternative studies on plant extracts and their products have 
been conducted with the aim of controlling the spread of the mosquito. 
Dillapiole is a compound found in essential oils of the plant Piper aduncum 
(Piperaceae) which has been effective as a biopesticide against A. aegypti. 
Isodillapiole is a semisynthetic substance obtained by the isomerization of 
dillapiole. In the present study, isodillapiole was evaluated for its potential to 
induce differential expression of insecticide resistance genes (GSTE7 and 
CYP6N12) in 3rd instar larvae of A. aegypti. These larvae were exposed to 
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this compound at two concentrations (20 and 40 µg/mL) for 4 h during four 
generations (G1, G2, G3, and G4). Quantitative RT-PCR was used to assess 
the expression of GSTE7 and CYP6N12 genes. GSTE7 and CYP6N12 
relative expression levels were higher at 20 than at 40 µg/mL and varied 
among generations. The decrease in GSTE7 and CYP6N12 expression 
levels at the highest isodillapiole concentration suggests that larvae may 
have suffered from metabolic stress, revealing a potential alternative 
product in the control of A. aegypti.

Key words: Aedes aegypti; Isodillapiole; qRT-PCR

INTRODUCTION

The yellow fever mosquito Aedes aegypti is one of the main vectors of dengue arboviruses, 
the Chikungunya virus and the Zika virus, among others. According to the World Health Organization 
(WHO), more than 50 million dengue cases are reported annually, especially in tropical and 
subtropical regions (Pinheiro and Chuit, 1998). In Brazil, the dengue virus was reintroduced in 1986 
and has become since then a public health problem (Barbosa et al., 2015). In 2013, the country 
recorded more than 1.46 million cases of dengue according to the Pan American Health Organization 
(2013). Synthetic insecticides and organophosphates, such as pyrethroids and temephos, have been 
broadly used against the vector, preventing the spread of the dengue virus and other arboviruses. 
However, the intensive use of insecticides has caused resistance of the mosquito A. aegypti to many 
insecticides (Hemingway et al., 2004; Ranson et al., 2010). Alternative methods using extracts of 
plants of the family Piperaceae have shown effective control of Aedes larvae in Argentina, Bolivia, 
Peru, and Brazil (Bergeron et al., 1996; Chantraine and Shultes, 1998; Pohlit et al., 2004; Costa et 
al., 2005; Morais et al., 2007; Govindarajan, 2010; Pinto et al., 2012).

Piper aduncum is an aromatic plant from the family Piperaceae, which is found in the Amazon. 
It has a high content of essential oils (2.5 to 4%) and is rich in dillapiole. Dillapiole is a phenyl ether that 
has already been successfully tested as a fungicide, molluscicide, acaricide, bactericide and, larvicide, 
with the advantage of being a biodegradable product (Silva, 2004). Rafael et al. (2008) found that 
dillapiole caused cytogenotoxic effects such as polynucleated cells, micronuclei and chromosomal 
breaks in neuroblasts and oocytes of larvae in four successive generations of A. aegypti. In addition, 
semisynthetic derivatives of dillapiole (1KL39-B and 1KL43-C) showed cytogenotoxicity in A. aegypti, 
evidenced by the increase in mean frequency of nuclear anomalies in neuroblasts and oocytes in four 
generations (Domingos et al., 2014). These authors found cumulative effect of anomalies, affecting 
the fertility of the adult form of this mosquito. Isodillapiole is a semisynthetic derivative of dillapiole 
obtained through the isomerization reaction (Figure 1). A study of this semisynthetic substance 
showed adulticidal activity against A. aegypti (Pinto et al., 2012).

Genes of the glutathione S-transferase (GST) family, including GSTE7, are associated 
with resistance to organochlorines (Lumjuan et al., 2011). GST genes belong to a superfamily of 
genes in prokaryotic and eukaryotic organisms and are involved in the detoxification of xenobiotics 
and endogenous compounds, intracellular transport, biosynthesis of hormones, and protection 
against oxidative stress (Enayati et al., 2005). Cytochrome P450 or monooxygenases (P450 or 
CYPs) are enzymes found in organisms from bacteria to mammals, and are responsible for the 
oxidative metabolism of endogenous and exogenous compounds (Scott and Wen, 2001). P450 is 
directly associated with resistance to pyrethroids in populations of A. aegypti (Bariami et al., 2012).
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Quantitative real-time PCR (qRT-PCR) has been a useful tool in evaluating expression 
levels of insecticide resistance genes. Several studies using qRT-PCR have shown that genes 
of the GST and CYP families of Anopheles gambiae, Culex quinquefasciatus, and A. albopictus 
are super expressed, especially when induced by xenobiotic compounds (Edi et al., 2014; Hao et 
al., 2014; Liu et al., 2014). The genes GSTE7 and CYP6N12 have been linked to resistance to 
synthetic insecticides, such as DDT, temephos and pyrethroids (Lumjuan et al., 2011; Strode et al., 
2012). In the present study, toxicological assays with 3rd instar larvae of A. aegypti from Central 
Amazonia were conducted using two concentrations of isodillapiole during four generations. To 
our knowledge, studies on the differential expression of insecticide resistance genes in A. aegypti 
using natural or semisynthetic compounds are scarce. Therefore, the relative expression levels of 
GSTE7 and CYP6N12 were quantified using qRT-PCR.

MATERIAL AND METHODS

Collection of mosquitoes and experimental strains

Larvae and pupae of A. aegypti were collected in the neighborhood of Cidade Nova 
(Manaus, Amazonas State, Brazil) (3°1'21.36''S and 59°58'5.32''W). Authorization for the use of 
animals in experiments was registered under the No. 2510890 (SISBIO, 2013). At the Laboratory 
of Cytogenetics, Genomics and Evolution of Mosquitoes (LCGEM) of the National Institute of 
Amazonian Research (INPA), mosquitoes were taxonomically identified with the keys of Consoli 
and Lourenço-de-Oliveira (1994). In the LCGEM insectarium, larvae and pupae were fed in plastic 
trays with commercial fish food (Tetra Cichlid). After the emergence of adult mosquitoes, males 
were fed with glucose solution (5%) and females with hamster blood. Individuals were reared 
in standard insectarium conditions (26°C, 70% relative humidity, and 14/10 h light-dark cycle), 
to obtain strains reared under the same environmental conditions. These were used to produce 
subsequent generations (G1, G2, G3, and G4) which were further tested in this study.

Toxicological assay

The toxicological assay using isodillapiole was performed with 3rd instar larvae of A. aegypti 
(N = 200). Larvae were distributed in disposable plastic cups each containing 20 or 40 µg/mL isodil-
lapiole diluted in 20 mL distilled water, during successive generations (G1, G2, G3, and G4). Control 
larvae were treated with 5% DMSO. G1 larvae were exposed to isodillapiole for 4 h, after with 20 
larvae were randomly collected from each bioassay cup, frozen in liquid nitrogen, and kept at -80°C 

Figure 1. Synthesis of isodillapiole by the isomerization reaction (Pinto et al., 2012).
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for later extraction of total RNA. The remaining larvae continued to develop resulting in generation G2. 
The same procedure as used in generation G1 was used for generations G2, G3, and G4.

Total RNA extraction and cDNA first strand synthesis

Total RNA of 3rd instar larvae of A. aegypti was extracted with RNeasy Plant Mini kit 
(São Paulo, SP, Brazil), according to the manufacturer instructions. Concentration and quality of 
total RNA were determined in, respectively, a NanoDrop 2000 spectrophotometer from Thermo 
Scientific (Wilmington, DE, USA) and on a 1% agarose gel. RNA was treated with DNAse, using 
the Ambion Turbo DNA-free kit from Invitrogen (Carlsbad, CA, USA), to avoid contamination 
with genomic DNA. Complementary DNA (cDNA) first strand synthesis was carried out with the 
GoScript™ Reverse Transcription System kit from Promega (Madison, WI, USA), following the 
manufacturer protocol. The cDNA yield was 3.75 µg/µL for all samples.

Real-time PCR 

The sequences of genes GSTE7 and CYP6N12 (IDs: AAEL007948 and AAEL009124, 
respectively), and RS7 (Telang et al., 2010) were obtained from GenBank. Primers for these genes 
were designed with the programs Gene Runner and Primer3 (Table 1). Quantitative RT-PCR was 
performed according to the protocol of Fast SYBR Green Master Mix (Applied Biosystems, Foster 
City, CA, USA), adapted for A. aegypti. Three reaction mixtures were made (in 1.5-mL microtubes), 
one for each primer set, containing 5 µL SYBR Green Master Mix, 2 µL Milli-Q water, 1 µL forward 
and reverse primers (2,0 µM), and 1 µL cDNA, with a total volume of 10 µL. Next, samples were 
distributed on MicroAmp Optical 96-well microplates (Applied Biosystems) with 3 biological and 3 
technical replicates, making a total of 9 plates. The injection of the samples in the plates was done 
using the Real-Time PCR System 7.500 (Applied Biosystems). Gene amplification conditions were 
as follows: initial denaturation at 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 60 s.

Primers Gene Accession No. Amplicon (bp)

Fw 5'-CGACAGCCATGCCATTCTCGTC-3' GSTE7 AAEL007948   92
Rv 5'-TGATGCGAGCTTGGATGACGG-3'   
Fw 5'-ACCGACGTGATTGGCACCTGTG-3' CYP6N12 AAEL009124 123
Rv 5'-TGCCTTCAGGAACCGCCCATTG-3'   
Fw 5'-TCAGTGTACAAGAAGCTGACCGGA-3' RS7 AAEL009496 118
Rv 5'-TTCCGCGCGCGCTCACTTATTAGATT-3'

Table 1. Sequences of oligonucleotides for real-time polymerase chain reaction (qRT-PCR).

Fw = forward primer; Rv = reverse primer.

Statistical analyses

The relative expression levels of GSTE7 and CYP6N12 were determined using the 
comparative CT (∆∆CT) method obtained with the formula 2-∆∆Ct, whereby Ct are the threshold 
values (Pfaffl, 2001). Relative expression levels were determined for each isodillapiole treatment 
(20 and 40 µg/mL) in each generation (G1, G2, G3, and G4) and technical triplicate, and compared 
with control samples. Quantitative RT-PCR results were normalized using the RS7 gene.

ANOVA and the Student’s t-test were used to determine the P value, whereby a P ≤ 0.05 
was considered significant. Statistical analysis were done with the software Statistica 12.
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RESULTS

First generation (G1) larvae of A. aegypti treated with 20 and 40 µg/mL isodillapiole during 
4 h showed no significant mortality, ensuring subsequent generations (G1, G2, G3 and G4). In the 
G2 generation, the relative expression of GSTE7 significantly increased (P < 0.05) in the 20 µg/mL 
isodillapiole treatment in relation to the control (Figure 2). The highest GSTE7 expression levels 
were observed in the G2 generation at the lowest isodillapiole concentration (20 µg/mL). However, 
in larvae treated with 40 µg/mL isodillapiole, gene expression levels in the different generations 
(G1, G2, G3, and G4) were significantly lower compared to the control.

Figure 2. Relative expression of the GSTE7 gene in 3rd instar larvae of A. aegypti treated with isodillapiole at 20 µg/
mL (T20) and 40 µg/mL (T40). Different generations are represented by G1, G2, G3, and G4. *Significant differences 
between control and treated samples (P ≤ 0.05); error bars are the standard deviation.

The expression of CYP6N12 in the different generations was significantly higher (P < 0.05) 
than in the controls in both treatments (20 and 40 µg/mL isodillapiole) (Figure 3). Gene expression 
levels were the highest in the G2 generation treated with low isodillapiole concentration. At 40 µg/
mL isodillapiole, a decrease in larval expression levels was observed when compared to the lower 
concentration. The relative expression levels of CYP6N12 increased with every new generation (G1 
= 3X, G2 = 9X; G3 = 19X, and G4 = 22X).

Figure 3. Relative expression of the CYP6N12 gene in 3rd instar larvae of A. aegypti treated with isodillapiole at 20 
µg/mL (T20) and 40 µg/mL (T40). Different generations are represented by G1, G2, G3, and G4. *Significant differences 
between control and treated samples (P ≤ 0.05); error bars are the standard deviation.
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DISCUSSION

The differential expression of various genes involved in the development of resistance 
to xenobiotics has been a useful tool in the search for alternatives for vector population control 
(Hemingway et al., 2004). The genes of the GST and P450 families are known to be related to the 
detoxification of xenobiotics in mosquitoes (Feyereisen, 2005; Zhu et al., 2008; Lumjuan et al., 2011).

Third instar larvae of A. aegypti exposed to two isodillapiole concentrations showed 
lower expression levels of GSTE7 and CYP6N12 at the higher isodillapiole concentration. The 
highest expression levels of both genes were observed in the G2 generation exposed to the lowest 
isodillapiole concentration. The expression of GST epsilon class genes has been associated with 
cases of A. aegypti resistance in the presence of the synthetic insecticide DDT (Lumjuan et al., 
2007). The resistance of A. aegypti is thought to be associated with CYP and GST activities in 
older generations (Rodriguez et al., 2002). This is not in line with our findings, which showed higher 
expression levels of GSTE7 in the G1 and G2 generations than in the G3 and G4 generations. At the 
highest isodillapiole concentration, expression levels of GSTE7 declined sharply compared to the 
control, suggesting that the toxicity of isodillapiole was higher at the highest concentration, causing 
a decrease in GSTE7 gene expression.

The analysis of CYP6N12 transcripts also revealed significantly higher expression levels 
at the lowest concentration of isodillapiole when compared to the control. Earlier studies have 
shown that the CYP6N12 gene shows higher expression levels after 6 h of exposure to sublethal 
concentrations of xenobiotic compounds such as copper sulfate, fluoranthene and permethrin 
(Poupardin et al., 2010). In addition, other genes of the CYP family have been associated with the 
metabolism of xenobiotic compounds (Poupardin et al., 2010). In the present study, isodillapiole 
increased gene expression levels within 4 h, also at sublethal concentrations. This demonstrates 
that this compound causes increases gene expression levels of CYP6N12 in a short time interval. 
Moreover, the expression levels of both genes (GSTE7 and CYP6N12) at sublethal concentrations 
of isodillapiole decreased after the G2 generation and stabilized in the G3 and G4 generations. 
Studies with 4th instar larvae of A. aegypti have demonstrated that the expression of insecticide 
resistance genes tends to decrease from generation to generation. This may be an evolutionary 
advantage to the insect, which is under selective pressure. Since the insecticide threat is reduced, 
gene expression levels decrease (Strode et al., 2012).

When the concentration of a particular xenobiotic compound is high, gene expression levels 
of the GST and CYP families tend to decrease. It was previously demonstrated that the exposure 
of A. aegypti larvae to high concentrations of toxic litter caused metabolic stress and significantly 
decreased the cytochrome P450 activity and the GST and CYP gene expression levels (David 
et al., 2006). This was also observed in A. aegypti exposed to isodillapiole, since the expression 
levels of GSTE7 and CYP6N12 were lower at a higher than at a lower isodillapiole concentration. 
The relationship between enzyme activity and gene expression levels of GSTs and CYPs was 
studied by Poupardin et al. (2008). These authors observed that the activity of GSTs and CYPs 
enzymes, and also the relative expression levels of GSTs and CYPs genes in larvae, increased 
after exposure to copper compounds, fluoranthene, and permithrin. In A. aegypti, isodillapiole 
at the highest concentration gradually increased expression levels of CYP6N12 over the four 
generations, suggesting that, from generation to generation, there was metabolic adaptation of A. 
aegypti larvae to this compound. Poupardin et al. (2012) observed that when 4th instar larvae of A. 
aegypti were exposed to lethal and sublethal concentrations of permithrin and fluoranthene, there 
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was an increase in expression levels of CYP family genes after ten generations, which increased 
the resistance of larvae to these compounds. The pre-exposure of A. aegypti larvae to xenobiotic 
compounds can stimulate the increase in expressions levels of CYP6N12 which was observed 
here with isodillapiole.

Other derivatives of dillapiole (ethyl ether dillapiole and butyl ether dillapiole) were seen 
to be effective in causing mortality in eggs and larvae of A. aegypti, besides causing chromosomal 
abnormalities, micronuclei formation and polynucleated cells (Domingos et al., 2014). In this 
species, the toxicity of isodillapiole caused changes in the relative expression levels of GSTE7 
and CYP6N12 genes. At the highest concentration, there was a significant decrease in GSTE7 
expression levels, while the opposite was seen for CYP6N12. These results corroborate other 
studies on mosquitoes using other xenobiotic compounds. Results of the present study, on the 
toxic effects of isodillapiole in A. aegypti, indicate the need for further research on genes of the 
CYP6 and GSTE classes. Such studies will give more insight on the resistance of A. aegypti to 
synthetic insecticides and help controlling this primary vector, involved in the spread of several 
arboviruses around the world.
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