Journal of Insect Science, (2019) 19(3): 16; 1-15
doi: 10.1093/jisesa/iez054
Research

Screening Aedes aegypti (Diptera: Culicidae) Populations
From Pernambuco, Brazil for Resistance to Temephos,
Diflubenzuron, and Cypermethrin and Characterization of
Potential Resistance Mechanisms

Ana Paula de Aratijo," Marcelo Henrique Santos Paiva,"?’ Amanda Maria Cabral,’

Anténio Emanuel Holanda Dias Cavalcanti,’ Luiz Fernando Freitas Pessoa,’

Diego Felipe Araujo Diniz," Elisama Helvecio," Ellyda Vanessa Gomes da Silva,’

Norma Machado da Silva,® Daniela Bandeira Anastacio,* Claudenice Pontes,*

Vania Nunes,®> Maria de Fatima Marinho de Souza,® Ferando Jorge Rodrigues Magalhaes,®
Maria Alice Varjal de Melo Santos,' and Constancia Flavia Junqueira Ayres'

lInstituto Aggeu Magalhaes/FIOCRUZ, Departamento de Entomologia. Av. Moraes Rego, s/n Cidade Universitaria, Recife,
Pernambuco, Brazil, 2Universidade Federal de Pernambuco, Centro Académico do Agreste, Niicleo de Ciéncias da Vida, Caruaru,
Pernambuco, Brazil, *Departamento de Biologia Celular, Embriologia e Genética — BEG, Universidade Federal de Santa Catarina,
SC, Brasil. Campus Universitario Reitor Jodo David Ferreira Lima, Bairro Trindade, Floriandpolis, Santa Catarina, Brazil, *State
of Pernambuco Department of Health, Arbovirus Surveillance Manager Recife, Pernambuco, Brazil, *Secretaria Municipal de
Satde do Recife, Recife, Pernambuco, Brazil, ®Secretaria de Satide do Distrito de Fernando de Noronha, Fernando de Noronha,
Pernambuco, Brazil, and "Corresponding author, e-mail: marceloh@cpgam.fiocruz.br

Subject Editor: Daniel Swale

Received 11 February 2019; Editorial decision 8 May 2019

Abstract

Resistance to chemical insecticides detected in Aedes aegypti (L.) mosquitoes has been a problem for the National
Dengue Control Program (PNCD) over the last years. In order to provide deeper knowledge of resistance to
xenobiotics, our study evaluated the susceptibility profile of temephos, diflubenzuron, and cypermethrin insecticides
in natural mosquito populations from the Pernambuco State, associating these results with the local historical use
of such compounds. Furthermore, mechanisms that may be associated with this particular type of resistance were
characterized. Bioassays with multiple temephos and diflubenzuron concentrations were performed to detect and
quantify resistance. For cypermethrin, diagnostic dose assays were performed. Biochemical tests were carried out to
quantify the activity of detoxification enzymes. In addition, a screening of mutations presentin the voltage-gated sodium
channel gene (Na,) was performed in samples previously submitted to bioassays with cypermethrin.The populations
under study were resistant to temephos and showed a positive correlation between insecticide consumption and the
resistance ratio (RR) to the compound. For diflubenzuron, the biological activity ratio (BAR) ranged from 1.3 to 4.7
times, when compared to the susceptible strain. All populations showed resistance to cypermethrin. Altered enzymatic
profiles of alpha, p-nitrophenyl acetate (PNPA) esterases and glutathione-S-transferases were recorded in most of
these samples. Molecular analysis demonstrated that Arcoverde was the only population that presented the mutated
form 1016lle/lle. These findings show that the situation is critical vis-a-vis the effectiveness of mosquito control using
chemical insecticides, since resistance to temephos and cypermethrin is widespread in Ae. aegyptifrom Pernambuco.
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Aedes aegypti (Linnaeus) (Diptera: Culicidae) is a vector re-
sponsible for the transmission of dengue (DENV) (Flaviviridae:
Flavivirus), chikungunya (CHIKV) (Togaviridae: Alphavirus),
and Zika (ZIKV) (Flaviviridae: Flavivirus) viruses in Brazil. The
transmission of CHIKV in the country was initially detected in
the city of Oiapoque (Amapd) in September 2014, and later in

the Federal District and the states of Bahia, Mato Grosso do Sul,
Roraima, and Goids (Honorio et al. 2015). The first confirmed
case of ZIKV transmission in Brazil occurred early in 2015 in
Bahia and Sdo Paulo, and then in Rio Grande do Norte, Alagoas,
Maranhdo, Paraiba, Para, Rio de Janeiro, and Pernambuco
(Vasconcelos 20135).

© The Author(s) 2019. Published by Oxford University Press on behalf of Entomological Society of America.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:marceloh@cpqam.fiocruz.br?subject=

Journal of Insect Science, 2019, Vol. 19, No. 3

In Brazil, up to October 2018, there were 220,921 probable cases
of dengue, with an incidence of 106.4 cases/100,000 inhabitants. The
Northeast region had the second highest number of probable cases
(62,936 cases, 28.5%). This same region also presented the highest
incidence of probable cases of chikungunya fever, with 10,797
cases/100,000 inhabitants (Brasil 2018). When data obtained from
2018 is compared to the previous year, there was a decrease in the
number of cases, but the wide distribution of vector species in loca-
tions with favorable environmental conditions, the broad circulation
of infected individuals and the susceptibility of human populations
are also relevant to the increase in the number of cases of these dis-
eases and may contribute to the outbreak of epidemics (Brasil 2014,
Brasil 2016). Dengue is preventable with a vaccine, available only in
the private sector and capable of protecting about 60% of immun-
ized individuals. There are no vaccines or specific treatments avail-
able for Zika and chikungunya. Vector control is, therefore, the main
strategy for minimizing the incidence of these three arboviruses.

One of the main vector control strategies of Brazil’s National
Dengue Control Program (PNCD) is the use of chemical insecti-
cides. For 14 consecutive years, breeding sites of Ae. aegypti were
treated, at least once every 3 mo/yr, with the organophosphate in-
secticide temephos for the control of larvae. Pyrethroid adulticides
were applied in the surroundings of the foci, every 15 d at strategic
points, such as cemeteries, recycling stations, and at other sites in the
eminence of outbreaks (Braga et al. 2004, Araujo et al. 2013). The
same groups of chemical insecticides were used uninterrupted for
prolonged periods, leading to the emergence of Ae. aegypti resistance
and consequently, failure to control the population. Several studies
in Brazil have reported a diagnosis of resistance regarding some of
these compounds (Macoris et al. 1999, Lima et al. 2003, Macoris
et al. 2003, da-Cunha et al. 2005b).

The widespread resistance to temephos observed in Brazil led to
the substitution of this compound by the biological larvicide Bacillus
thuringiensis israelensis (Bti) (Barjac) (Bacillales: Bacillaceae) in the
2001/2002 biennium in some Brazilian locations (Fontoura et al.
2012, Araujo et al. 2013). In 2009, both larvicides were replaced
by insect growth regulators (IGRs) such as the insect chitin syn-
thesis inhibitors (CSI) diflubenzuron and novaluron (Fontoura et al.
2012, Araujo et al. 2013, Chediak et al. 2016), which were used
until 2013 when were replaced by the juvenile hormone analog
(JH) pyripxoxyfen (Bellinato et al. 2016). IGRs act by interfering
with physiological processes such as insect molting and metamor-
phosis, characterizing a mechanism of action different from conven-
tional chemical insecticides (Cohen 1987). However, comprehensive
studies of the susceptibility profile of Brazilian populations of Ae.
aegypti to these compounds were not performed prior to their field
application. There is thus no baseline for the natural mortality re-
sponses of these populations to pyriproxyfen. Consequently, there is
also no information to use to establish criteria for monitoring sus-
ceptibility or resistance specific to growth regulators or for the detec-
tion of cross-resistance responses with other insecticides.

On the other hand, a study demonstrated that Bti is effective
against Brazilian populations of Ae. aegypti, even when some of
them are highly resistant (RR > 100 times), indicating a lack of a
cross-resistance responses to temephos, which therefore makes Bti
a safe biolarvicide for the management of resistant populations
(Araujo et al. 2013).

The detection and quantification of resistance to chemical in-
secticides through in vivo assays continues to be the most widely
used way of assisting decision-making regarding the use of a com-
pound in the field. Resistance management must be based on moni-
toring the susceptibility of field populations in order to prevent the

selection of individuals who carry genes that confer resistance on
the target populations and may be able to effect timely rotation of
the products used in the control programs. These assays qualify and
quantify the resistance and, in combination with other biochem-
ical and molecular assays, provide information on the mechanisms
potentially involved in this resistance (Brogdon 1989, Scott 1995).
Biochemical evaluations are performed to clarify which enzymes are
potentially involved in the metabolism of these insecticides and the
molecular tools aid diagnosis of resistance by detecting alleles that
influence the response of mosquito populations to the compounds
used in the controls (Brogdon 1989, Shah 2002).

An applied example of the molecular tool for the diagnosis of
resistance is the detection of mutations in the voltage-dependent so-
dium channel (Na, ) gene, the target site of organochlorine insecticides
and pyrethroids (Soderlund and Knipple 2003, Soderlund 2010). The
structure of the sodium channel protein is organized into four hom-
ologous domains (I-IV), each containing six hydrophobic segments
(S1-S6) and one P-loop between the S5 and S6 segments (Narahashi
1992, Catterall et al. 2003, Goldin 2003, Martins and Valle 2012).
One of the mutations involved in insect resistance to pyrethroids is the
Ile1014Phe mutation, located in the IIS6 region of the sodium channel
(Bass et al. 2007). This mutation was the first to be associated with the
phenotype known as knockdown resistance (Kdr), initially described
for Musca domestica (Linnaeus) (Diptera: Muscidae) (Ingles et al.
1996). From this finding, the Ile1014Phe mutation in the Na, gene
was also identified in Culex pipiens (Linnaeus) (Diptera: Culicidae)
(Martinez-Torres et al. 1999), Anopbheles gambiae (Giles) (Diptera:
Culicidae) (Martinez-Torres et al. 1998), and Culex quinquefasciatus
(Say) (Diptera: Culicidae) (Xu et al. 2005). However, it has not yet been
described in Ae. aegypti. For this species there are other substitutions
in regions IS5, Gly923Val, and Leu982Trp (Brengues et al. 2003);
11S6, 1le1011Met, and Val1016Gly (Brengues et al. 2003, Rajatileka
et al. 2008); Ile1011Val and Val1016lle (Saavedra-Rodriguez et al.
2007); and I11S6, Phe1534Cys (Kawada et al. 2009, Harris et al. 2010,
Yanola et al. 2011, Linss et al. 2014). In Brazil, the main mutations
already described in Ae. aegypti related resistance are Ile1011Met and
Val1016lle (Martins et al. 2009a,b; Lima et al. 2011; Dolabella et al.
2016; Macoris et al. 2018). However, more recently, other mutations
or a combination of them have been described in Brazil (Haddi et al.
2017, Brito et al. 2018).

Although data on resistance can be found in the literature, there
are no records in scientific publications about the amount of insecti-
cide applied in each Brazilian locality and what is the correlation
between consumption of this insecticide and the resistance level es-
tablished. Generally, the use of these insecticides varies according to
the number of houses and the number and volume of treated con-
tainers characterized as Ae. aegypti breeding sites.

The present study aimed to fully evaluate the insecticide suscep-
tibility status of Ae. aegypti from the State of Pernambuco in Brazil
and its relationship with the use of these compounds. Possible mech-
anisms associated with the resistance phenotype were also investi-
gated in order to provide information useful for the management of
resistance to these compounds and their effective and rational use
in the field. The study is a broader evaluation than that previously
undertaken by Aratjo et al. (2013).

Methods
Ae. aegypti Field Populations

The study was carried out with Ae. aegypti populations from 16 muni-
cipalities located in the five meso-regions of the State of Pernambuco
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Fig. 1. Schematic map from Brazil (A), highlighting mosquito collection sites from the Archipelago of Fernando de Noronha (B) and Pernambuco’s Meso regions.

(Fig. 1): Recife, Olinda, and Ipojuca (Metropolitan Region); Gloria de
Goitd (Zona da Mata); Agrestina, Santa Cruz do Capibaribe, Itaiba,
and Caruaru (Agreste); Cedro, Salgueiro, Afogados da Ingazeira, Sao
José do Egito, Araripina, Serra Talhada, Arcoverde, and Petrolina
(Sertdo); as well as Fernando de Noronha Island (State District).

Results regarding the use of temephos and biochemical assays
in Ae. aegypti populations from Recife, Gloria do Goitd, Agrestina,
Santa Cruz do Capibaribe, Afogados da Ingazeira, Sdo José do Egito,
Cedro, Salgueiro, Araripina, and Fernando de Noronha are pub-
lished in Araujo et al. (2013). These data is also available in the Supp
Material (online only).

Collection of Aedes Eggs

Samples of Aedes spp. were collected from 2009 to 2012 using ovi-
position traps (OVT), according to the methodology recommended
by the MoReNAa Network (Brasil 2008). The number of ovitraps
installed in each municipality was established according to the
number of houses, with: 100 OVT (<50,000 properties); 150 OVT
(50,000 < 200,000 properties); 200 OVT (200,000 < 500,000 prop-
erties); and 300 OVT (500,000 properties). These traps were uni-
formly distributed in the territorial area of the municipalities, and
eggs were collected at the same time, according to a schedule es-
tablished locally. All egg samples were sent to the Culicidae Vector
Control Referral Service (SRCCV), at the Aggeu Magalhaes Institute/
Oswaldo Cruz Foundation (IAM, FIOCRUZ), for the establishment
of field populations in the laboratory.

Establishment of Field Populations in the

Laboratory

First, the target species were identified and screened, and the popu-
lations established in the laboratory using the methodology recom-
mended by the MoReNAa network (Lima et al. 2003). Parental
generation was established with at least 700 individuals, males and
females, at a ratio of 1:2. When the number of adults was >500 or
<700, the F, generation was established and the tests were carried
out with the F,, to guarantee the number of mosquitoes required
to perform all the tests. In the tests, larvae and adult females of at

least one of the first three generations (F, F, and F)) of field-derived
populations were used. All populations were kept under standard
rearing conditions (photoperiod 12:12,24 = 2°C, 60 = 20%). Adults
were fed a 10% sugar solution, and bloodmeal (Gallus sp.) was
given twice a week to stimulate egg production. The Rockefeller
strain of Ae. aegypti, which was kept in the IAM laboratory for more
than 8 yr, was used as a reference for susceptibility and control in the
various chemical and biochemical tests.

Larval Bioassays

Third stage larvae (L,) were screened for susceptibility to the or-
ganophosphate temephos (Sigma/USA, lots 6333X and SZE9105X,
standard containing 97.5 and 95.6% active principle, respectively)
and diflubenzuron (Sigma/USA, standard containing 99.5% ac-
tive principle, lot SZE7200X), a benzoylphenyl urea-based CSI.
Homogeneous groups of larvae were exposed to different concentra-
tions of temephos (0.014 mg/liter to 3.6 mg/liter) over a 24-h period
for the verification of insecticide mortality rates and definition of
lethal concentrations (LC). In each bioassay, three biological repli-
cates were treated with each concentration and three were treated
with solvent alone (control), each triplicate containing 20 L, larvae,
in accordance with the WHO protocol (WHO 1981).

For diflubenzuron, larvae were submitted to increasing concentra-
tions of the product, ranging from 0.2 to 6 g/liter, to confirm the adult
inhibition rate (emergency inhibition [EI]). The EI was the percentage
of larvae and pupae that failed metamorphose before reaching adult-
hood due to inhibition of chitin synthesis by the product.

For each concentration, eight biological replicates were used with
10 L, larvae and eight control replicates. Readings were taken on al-
ternate days until full emergence of the adults in the control vessels.
The bioassays were repeated three times on alternate days in accord-
ance with the previously described protocols (Martins et al. 2008,
Fontoura et al. 2012).

Bioassay of Adults
The susceptibility of adult forms was tested in 16 populations of Ae.
aegypti, using cypermethrin, an adulticide belonging to the class of
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pyrethroids, according to the methodology described by da Cunha
et al. (2005). The assay was performed using bottles treated with
a single concentration of cypermethrin, 8 g/bottle (Sigma/USA con-
taining 98 % active principle, lot 127K1099), considered capable of
differentiating susceptible and resistant individuals. Groups of 15
to 25 females from each population were exposed in three bottles
impregnated with the insecticide and in a bottle impregnated with
acetone (control). The knockdown effect was recorded every 15 min
for 120 consecutive minutes, or until all mosquitoes were almost
immobile (not able to fly). Mosquitoes were then transferred to con-
tainers free of the insecticide where they were kept for 24 h to deter-
mine the final mortality rate. The knockdown effect is considered to
be a common phenomenon induced by exposure to pyrethroids and
characterized by a state of temporary immobility.

Susceptibility assays were repeated at three different times as
recommended by a previously described protocol (Brogdon and
McAllister 1998). Populations whose mortality rates were <80%
were classified as resistant, 298% susceptible, >80% and <98%,
with change in susceptibility (Davidson and Zahar 1973).

History of Insecticide Use in Municipalities

A documentary analysis based on the information system of the
yellow fever and dengue program (Sistema de Informagio da Febre
Amarela e Dengue [SISFAD]) was performed, with the consent
of the State Health Department, to evaluate the historical use of
temephos in the municipalities. In this analysis, the populations
evaluated were divided into three groups, according to the field
collection period (2010, 2011, and 2012). The quantity of product
used in each of the municipalities, as well as the number of proper-
ties and containers treated, was calculated using 2007 as a starting
point.

Biochemical Tests

Investigation of the mechanisms underlying metabolic resistance to
insecticides was performed through the assessment of glutathione-
S-transferase (GSTs), esterase and cytochrome P450 mixed-
function oxidase (MFO) enzyme activity. Approximately 100 adult
females of the parental generation (F, to F,) were characterized in
each of the investigated localities. Females were anesthetized by
cooling and frozen at -70°C in groups of 40 to 50, 24 h after
emergence and without blood supply. Homogenates from each fe-
male were distributed in 96-well microplates, each containing spe-
cific substrates for each enzyme. These plates were then read in a
microplate spectrophotometer (ELX808/Biosystem Model), using
different filters (340, 405, 570, 620, and 650 nm). Enzyme activity
was evaluated using different substrates: o-naphthyl (Sigma/USA
#N8505), B-naphthyl (Sigma/USA #N6875) and p-nitrophenyl
acetate (Sigma #N8130), specific for a-esterase, B-esterase, and
PNPA esterase, respectively; the substrate 3,3%,5,5’-tetramethyl-
benzidine dihydrochloride (TMBZ, Sigma/USA #T8768) for
MFO activity; 1-chloro-2,4-dinitrobenzene (CDNB, Sigma/USA
#C-6396) and reduced glutathione (GSH, Sigma/USA #G6529)
for GST. For acetylcholinesterase (ACE), an enzyme involved in
the target-site mechanism of resistance to organophosphates com-
pounds, 5,5”-Dithiobis (2-nitrobenzoic acid) (Sigma/USA #D8130)
and acetylthiocholine iodide (Sigma/USA #A5751) substrates
were used. All these procedures were performed according to the
protocol established by the Ministry of Health (Brasil 2006). The
Rockefeller strain was used as a parameter and for internal quality
control of the biochemical assays.

Molecular Analysis

Females phenotyped as susceptible or resistant in the cypermethrin-
impregnated bottle assay were individually used for molecular assays
to detect the following Kdr mutations in the Na,, gene: Leu982Trp,
Ile1011Met, Leu1014Fen, Val1016lle, and Phe1534Cys. The ana-
lysis was performed with approximately 10 individuals from each
phenotyped group. After bioassays, mosquitoes were individually
placed in 1.5-ml microtubes and stored at -80°C. Subsequently, in-
dividual mosquitoes were submitted to genomic DNA extraction,
using a previously described protocol (Rudbeck and Dissing 1998).
Primers Na, 2021-Fw: (5GACAATGTGGATCGCTTCCCG-3) and
Na,2021-Rev: (5'-GCACGGACGCAATCTGGC-3’) were manually
designed based on the sodium channel sequence (AAEL006019 -
VectorBase), and their quality was analyzed using the online Oligo
- Analyzer software (http://www.idtdna.com/analyzer/applications/
oligoanalyzer/). These primers allowed the amplification of codons
982, 1011, 1014, and 1016, generating a 622 bp fragment. PCRs
were performed in a final volume of 25 ul containing: 0.4 mM of
each primer (forward and reverse), 2.5 mM of MgCl,, Master Mix
1X PCR (Promega/USA), and 20 ng of genomic DNA. PCR condi-
tions were as follows: § min at 94°C, followed by 30 cycles of 1 min
at 94°C, 1 min at 67°C and 1 min at 72°C, with a final extension
at 72°C for 10 min. PCR products were submitted to 1% agarose
gel electrophoresis, stained with ethidium bromide and visualized in
translucent UV. The amplified fragments were purified using a GFX
PCR DNA and Gel Band Purification Kit (Amersham Pharmacia
Biotech/England)
Subsequently, samples were sequenced using both Na, 2021 primers

according to the manufacturer’s protocol.

in an ABI 3100 capillary sequencer (Applied Biosystems/USA) on the
IAM technology platform. Sequences obtained were evaluated for
quality, edited, and aligned with the CodonCode Aligner program
(v. 3.7.1). The Phe1534Cys mutation was accessed via PCR primers
IP_F (5"-GGTGGAACTTCACCGACTTC-3’) and IIS6_R (5-GGA
CGCAATCTGGCTTGTTA-3), which amplified a 581 bp fragment,
in cycling conditions described in Kawada et al. (2009) and Yanola
et al. (2011).

Statistical Analysis

LC and EI values were estimated by Log-Probit linear regression,
using the SPSS 8.0 for Windows program. The resistance ratio (RR)
or biological activity ratio (BAR) of each population for temephos
and diflubenzuron, respectively, were calculated in relation to the
LC,, and EI ; obtained for Rockefeller. The resistance level of the
populations for temephos was classified as high resistance (RR >
10), moderate resistance (5 < RR < 10) and low resistance (3 < RR
<5), according to the classification criterion previously described
(Mazzarri and Georghiou 1995). For diflubenzuron, there is no es-
tablished criterion for the classification of resistance in the litera-
ture. The Pearson correlation was used to analyze the relationship
between the time of use of temephos and the consumption of this
insecticide in each municipality, as well as to confirm the existence of
a relationship between the RR found for temephos and the BAR for
diflubenzuron in the populations investigated. For enzymatic assays,
the Rockefeller 99th percentile was calculated for each enzyme. The
enzymatic profile of each field population was classified according to
the percentage of specimens that presented activity greater than the
Rockefeller 99th percentile. When the percentage of individuals was
less than 15%, the population was classified as unchanged, when
215%<50% altered and when >50% greatly altered (Montella
et al. 2007). For the molecular analysis, the association between the
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frequencies of Kdr mutation and cypermethrin resistance was as-
sessed using Fisher exact test (F).

Results

Larval Bioassays

Populations evaluated by the present study were resistant to
temephos and all presented high levels of resistance, especially
the Itaiba population, with RR above 100 and the Caruaru, Serra
Talhada, and Arcoverde populations with RR over 200 (Table 1).
The Ipojuca and Olinda populations presented similar RRs, over
10 and below 25. In the general evaluation of Pernambuco mu-
nicipalities, four populations presented RRs of over 100 up to as
high as 240, including all populations from the Agreste and Sertdo
(Table 1).

The diflubenzuron susceptibility profiles found for eight popu-
lations of Ae. aegypti from Pernambuco are described in Table 2.
There was also a strong positive correlation between higher RRs
for temephos and the higher BARs observed for diflubenzuron, con-
sidering the populations evaluated for both products (P = 0.017;
0 = 0.80).

Adult Bioassay and Cypermethrin

Susceptibility Status

Sixteen Ae. aegypti populations from Pernambuco were tested for
cypermethrin susceptibility. Results are presented in Table 3 and
demonstrate that all field populations are resistant to this insecticide.
The knockdown effect at the discriminatory dose was below 85% in

the first 15 min of exposure to the pyrethroid and this percentage
was the same after 24 h of evaluation (mortality rate). The lowest
percentages of mortality (<30%) were observed in the Arcoverde,
Petrolina, Itaiba, and Serra Talhada populations, municipalities rep-
resenting different meso-regions in Pernambuco.

Biochemical Tests

Of the panel of metabolic enzymes tested, $-esterase and MFO were
the only ones with unaltered activity in Ae. aegypti populations
from Pernambuco. In addition to these, the activity of ACE, an en-
zyme involved in the target-site mechanism, was also found to be
unaltered in such populations. GSTs were the most altered group,
with increased activity detected in all the populations evaluated;
the PNPA esterase was also classified as altered in all populations,
followed by a-esterases with activity modification in four popula-
tions (Table 4).

History of Temephos Use in Municipalities

A detailed description of the amount of temephos, number of
treated establishments and recipients, as well as the RR for each
municipality are presented in Table 5. These data were provided
by SISFAD and the records available date from the years 2007
to 2011. Consumption was calculated up to the year prior to
the field sample collection period. The results regarding the use
of temephos and RR showed a strong positive correlation, with
a P-value of 0.004 and p of 0.6504. The correlation between the
number of treated recipients and RR was also significant (P = 0.04;
p = 0.501).

Table 1. Lethal concentration for 95% of individuals (LC,) and RR for temephos, estimated for Aedes aegypti populations and Rockefeller

population (standard susceptibility strain)

Meso-Region Year of collection ~ Population Number of larvae  LC; (mg/liter) (95% CI)  Resistance ratio (RR,,)
Rockfeller Standard 1¢ 1,260 0.014 (0.014-0.016) 1.0
Rockfeller Standard 2° 1,440 0.009 (0.008-0.010) 1.0
Metropolitan 2012 Olinda” 1,200 0.162 (0.134-0.213) 18.0
2012 Ipojuca” 1,500 0.193 (0.154-0.265) 21.4
Agreste 2011 Ttaiba® 1,320 1.682 (1.215-2.632) 120.2
2012 Caruaru” 1,360 2.160 (1.944-2.477) 240.1
Sertdo 2012 S. Talhada® 1,320 2.803 (2.579-3.098) 200.2
2012 Arcoverde” 1,320 3.116 (2.848-3.477) 222.6
Sertio do Sao Francisco 2011 Petrolina® 1,760 0.545 (0.436-0.723) 38.9

“Populations of Aedes aegypti submitted to the activity of the 6333X batch, Standard 1.
YPopulations of Aedes aegypti submitted to the activity of the SZE9105X batch, Standard 2, for the lethal concentration (LC,;) and for the calculation of the

RR. RR,;, = LC,; population/LC,; Rockefeller.

Table 2. Adult emergence inhibition for 50% (El ;) and 95% (El,;) of individuals and BAR to diflubenzuron, estimated for Aedes aegypti

populations from Pernambuco, Brazil

Population Number of larvae EL,, (mg/liter) (50% CI) EL; (mg/liter) (95% CI) Biological activity ratio (BAR,,)
Rockefeller 2,000 0.456 (0.351-0.549) 1.560 (1.400-2.047) 1.00
Fernando de Noronha 480 1.212 (1.102-1.329) 2.640 (2.386-2.991) 1.69
Recife 1,600 1.612 (1.465-1.787) 3.687 (3.212-4.435) 2.37
Itaiba 1,520 1.511 (1.346-1.684) 3.399 (3.001-4.014) 2.18
Caruaru 1,200 3.761 (3.243-4.410) 7.293 (6.278-9.098) 4.67
Cedro 1,360 1.171 (0.981-1.538) 4.224 (3.376-6.138) 2.70
Salgueiro 1,600 0.605 (0.306-0.778) 2.094 (1.791-2.747) 1.34
Serra Talhada 1,440 2.839 (2.579-3.126) 7.013 (6.088-8.467) 4.49
Petrolina 1,520 1.746 (1.495-2.007) 4.845 (4.255-5.733) 3.10

BAR,; = EI, population/EI,; Rockefeller.
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Table 3. Knockdown effect, mortality rate, and susceptibility status of Aedes aegypti populations from Pernambuco-Brazil to the pyrethroid
cypermethrin (8 ng/bottle)

Knockdown effect (%)

Mortality rate (%) after
cypermethrin exposure

Exposure time

Recovery time

Meso-Region Population Generation Number of 15 min 30 min 120 min 24 h Susceptibility
females status
Rockefeller? 149 94.6 100 100 100 Susceptible
Arquipélago F. de Noronha F2 148 83.1 97.9 100 70.2 Resistant
Metropolitana Recife F1 160 14.0 52.5 93.7 32.5 Resistant
Ipojuca F1 134 5.20 35.8 91.0 58.2 Resistant
Olinda F1 145 6.90 32.4 93.8 35.2 Resistant
Mata G. de Goita F1 153 51.6 84.3 100 66.0 Resistant
Agreste Santa Cruz F1 139 64.7 88.5 100 58.9 Resistant
Agrestina F2 163 13.5 73.6 98.1 43.5 Resistant
Itaiba F1 153 1.96 18.9 85.6 27.4 Resistant
Caruaru F2 167 4.80 34.7 82.6 31.7 Resistant
Sertao Cedro F1 158 72.1 90.5 100 70.8 Resistant
Salgueiro F1 150 82.0 95.3 100 68.6 Resistant
A.da F1 152 54.6 83.5 96.7 36.8 Resistant
Ingazeira
S. J. do Egito F1 170 42.9 86.5 99.4 64.1 Resistant
S. Talhada F2 165 0.0 4.84 67.3 18.8 Resistant
Arcoverde F2 148 0.0 8.80 66.9 10.8 Resistant
Sertdo do Sao Petrolina F1 158 1.9 29.1 84.8 22.1 Resistant

Francisco

“Control strain.

Molecular Analysis

A 622 bp fragment of the Na, channel gene from over 300 Ae.
aegypti mosquitoes was analyzed. No polymorphism was detected
at the 982 and 1,014 sites. The Ile1011Met mutation was present in
all populations, but no mutant homozygote was observed in either
susceptible or resistant individuals. Although the 10111le allele fre-
quency was high in both susceptible and resistant individuals, a
higher frequency of the allele 1011Met was observed in resistant
individuals than in susceptible ones in several populations (Table 6).
All populations were found to be in Hardy—Weinberg (HW) disequi-
librium for the Ile1011Met locus, although only Salgueiro and Serra
Talhada exhibited significant deviation from HW equilibrium, due
to an excess of heterozygotes (P = 0.0465 and P = 0.0174, respect-
ively). For the Petrolina and Salgueiro populations, this mutation
was associated with resistance (P < 0.05) according to the Fisher test.
The Val1016Ile mutation was observed in the Fernando de Noronha,
Recife, Olinda, Itaiba, Caruaru, Arcoverde, and Petrolina popula-
tions, but only in heterozygote individuals. An excess of heterozy-
gotes was only observed in the Arcoverde population, where the
1016Ile allele was found in the highest frequency of all Pernambuco
populations. This was the only population that presented homo-
zygous individuals for the mutation Vall016lle (Table 7). It is
important to point out that we were not able to recover any sus-
ceptible individual from Arcoverde in the bioassays. The Fernando
de Noronha, Recife, Olinda, Itaiba, Caruaru, and Petrolina popu-
lations showed a heterozygote deficit and no association between
the presence of this mutation with resistance. Frequencies of the
different genotypes in Phe1534Cys mutation are shown in Table 8.
Results showed that the mutant allele 1534Cys is widespread in all
populations analyzed. Only heterozygous individuals were observed.
The 1534Cys allele frequency varied from 0.0 to 0.50 in resistant

individuals and from 0.05 to 0.72 in susceptible individuals. It was
not possible to associate the presence of this mutation with resist-
ance (P > 0.05) using the Fisher test.

Discussion

The present study assessed the susceptibility status of Ae. aegypti
populations from the state of Pernambuco with regard to various
chemical insecticides commonly used in the area. In Brazil, resist-
ance to temephos is widely disseminated and levels reported until
2012 are very heterogeneous. Even those considered high (>10
times) are lower than those observed in the populations evaluated
in the present study (Lima et al. 2003, Braga et al. 2004, Lima et al.
2006, Beserra et al. 2007, Montella et al. 2007, Melo-Santos et al.
2010, Lima et al. 2011, Fontoura et al. 2012, Macoris et al. 2014,
Bellinato et al. 2016). Resistance to this compound has been re-
ported in the state of Pernambuco even for nontarget species, such as
Cx. quinquefasciatus, the Bancroftian filariasis vector that inhabits
breeding sites other than Ae. aegypti (Amorim et al. 2013). In a pre-
vious study conducted by our group, of the 10 populations evaluated
in Pernambuco, only the Fernando de Noronha population was sus-
ceptible to the larvicide temephos. It is important to point out that
the use of chemical insecticides, in general, to control mosquitoes
is not allowed in this archipelago, according to the legislation for
Environmental Protection Areas (EPAs). The larval control of Ae.
aegypti in this locality has been conducted using the biolarvicide Bti,
since 2002. Of the other resistant populations, only mosquitoes de-
rived from the Recife population presented a moderate level of re-
sistance to temephos. This was to be expected since temephos was
replaced by Bti in this locality in 2002/2003. The others showed
higher levels, most of them with RR > 100 (Araujo et al. 2013).



Journal of Insect Science, 2019, Vol. 19, No. 3

anxodoid jo aouasaxd ay3 ur £31A130® Jo aey,

((VH) pasafe A[ySiy pue {(y) patdife () paiaifeun :(13[[9J920Y) [013U0d 03 patedwod LIANIL SWAZUI JO UOLBIYISSED),
"A[UNID] Y66 I[§2XD0Y 2y ueyd 1oy Arande yum uonendod oy jo arey,

‘suone[ndod a3 10 A[IUIN YI66,

*S[ENPIAIPUL P3ISIY JO JaqUInN,

*159] [ETWAYDOI] Y] Ul Pash UOTIBIAUAL),

n 0 LLLT 9Ll n 9 76°06 §S1 v (43 §T¢ 601 1 EUI[OI]
n 0 6L°81 LST n 0 LULS 651 v 3 €6’y (48} (£} OpIRA0ITY
n 0 6991 €Sl n 0 €9°¢¢ 61 v 9T ¥8°9 L1 14 EPEY[EL'S
n 0 §6°€T 08 n 1 €6'¥9 091 v 8¥ 18°L |99} e nienien
n 1 18°81 8T n € 6TTL Y01 v (44 6% 1488 1d eqrel]
n 0 1€91 L01 n 1 99°¢9 651 v 0T (433 vel 14 eanfodg
n 0 9€91 Lyl n 6 ¥6°L8 651 VH 69 018 €rl 14 EPUIO
- - 9T N - - 99 611 - - 69°¢ 911l BPRFNPOY
UOIIBIYISSE[D) 66d< 9, 66d  Synpe jo roqunyN  UONEOYISSED) 66d< 9, 664 SINpE jo JoquinN  uonedyisse)  66d< % 664 Snpejo pqunN U205

/3¢ %) 90V (urwymd Swyjowu) OJIN (urw/md Swysqey) YINJ-soseraIsy urens 12dA3ap oy
n 1 S6'1L 801 n 2t ¥6'¥S 149} VH €9 et (4} 14 euljonad
n 4 ¥9'v8 LST VH €s €0°08 §S1 v 8% 8C'C 68 (£} OPIA0ITY
n 6 €T¢E8 9S1 VH 0§ 20'98 34" VH 18 9T 8T 1d EPEY[EL 'S
n 9 €0'68 §81 VH 0§ L1'86 191 VH 86 00% 661 o nienren
n 0 £6°99 L1 v 81 8¢°19 811 v (43 9Tt 66 14 eqrel]
n € 18°8L 861 n L 86'7¢ L6l VH LL €T¢ 0ct 14 eonfody
n € 18°L8 601 n or L9°8¢ 6¥1 VH 68 0¥°¢ LST 14 EPUIO
- - 85°€L €I - - 0€'6¥ 0ct - - 1 €Cl AI[[PF3P0Y

uonedyisse))  g6d< 9, 66d synpe jo roqunyN  uonedyisse])  gad< 9 66d sinpe jo quinyN - uonedyisse))  ,66d< % ,66d SINpEJO qUINN  ,U0D

(urw/md Swi/jouru) aser01sa-¢ (urw/md Sw/jowu) 9se193$9-0 (urw/md Swyjowwa) 1§95 urens 11d43av oy

ulells 19]|949300Y 8Y) pue |izelg-0dnquieulad ul saiyjedidiunw wody suoneindod jo synpe 1dAbae sepay ul paAlasqo AlAIOe swAzul f a|qel



8 Journal of Insect Science, 2019, Vol. 19, No. 3

Table 5. History of temephos use for Aedes aegypti control by location, period, amount, number of treated locations, and recipients, and
the resistance status to the compound

Population Period of analysis  Temephos (Kg) ~ Number of treated Number of Log RR
establishments treated recipients Temephos
Fernando de Noronha 2007-2010 0 0 0 0 2.4
Recife 2007-2011 1.09 0 0 0.04 7.10
Ipojuca 2007-2011 3.087 85.222 138.801 3.49 21.4
Olinda 2007-2011 32.992 430.006 588.581 4.52 18.0
Gléria do Goita 2007-2010 4.157 64.056 152.853 3.62 72.0
Santa Cruz do Capibaribe 2007-2009 179.478 317.418 536.984 5.28 142.4
Agrestina 2007-2010 16.718 84.106 137.540 4.22 212.6
Itaiba 2007-2011 7.039 52.417 112.573 3.85 120.2
Caruaru 2007-2011 404.243 1.454.683 2.667.190 5.61 240.1
Cedro 2007-2009 1.713 41.791 114.300 3.23 132.7
Salgueiro 2007-2009 8.779 226.140 484.411 3.94 60.0
Afogados da Ingazeira 2007-2010 28.380 154.196 338.565 4.45 120.6
Sdo José do Egito 2007-2009 26.390 134.771 365.777 4.42 124.7
Serra Talhada 2007-2011 96.985 457.761 1.128.263 4.99 200.20
Arcoverde 2007-2011 91.632 324.487 659.327 4.96 222.6
Araripina 2007-2009 26.719 182.570 434.923 4.43 252.7
Petrolina 2007-2011 10.849 388.677 578.950 4.04 38.9

Table 6. Genotypic and allelic frequency of Aedes aegypti kdr mutation 1011 in pyrethroid susceptible and resistant individuals from mu-
nicipalities in Pernambuco-Brazil

Genotype Allele frequency

Populations Phenotype Ile/Ile Ile/Met Met/Met Total N S R
Fernando de Noronha S (0.60) (0.30) (0.0) 10 20 0.85 0.15
R (0.30) (0.70) (0.0) 10 0.65 0.35
Recife S (0.66) (0.34) (0.0) 9 18 0.84 0.16
R (0.44) (0.56) (0.0) 9 0.72 0.28
Ipojuca S (0.38) (0.62) (0.0) 9 17 0.69 0.31
R (0.66) (0.34) (0.0) 8 0.84 0.16

Olinda S (1.0) (0.0) (0.0) 9 18 1.0 0.0
R (0.88) (0.12) (0.0) 9 0.95 0.05
Gléria do Goita S (0.80) (0.20) (0.0) 10 20 0.90 0.10
R (0.50) (0.50) (0.0) 10 0.75 0.25
Santa Cruz do Capibaribe S (0.40) (0.60) (0.0) 10 17 0.70 0.30
R (0.57) (0.43) (0.0) 7 0.78 0.22
Agrestina S (0.10) (0.90) (0.0) 10 18 0.55 0.45
R (0.37) (0.63) (0.0) 8 0.68 0.32
Ttaiba S (0.60) (0.40) (0.0) 10 20 0.80 0.20
R (0.20) (0.80) (0.0) 10 0.60 0.40
Caruaru S (0.60) (0.40) (0.0) 10 20 0.80 0.20
R (0.70) (0.30) (0.0) 10 0.85 0.15
Cedro S (0.30) (0.70) (0.0) 10 20 0.65 0.35
R (0.40) (0.60) (0.0) 10 0.70 0.30
Salgueiro S (0.40) (0.60) (0.0) 10 20 0.70 0.30
R (0.0) (1.0) (0.0) 10 0.50 0.50
Afogados da Ingazeira S (0.70) (0.30) (0.0) 10 16 0.85 0.15
R (0.16) (0.84) (0.0) 6 0.60 0.40
Sdo José do Egito S (0.30) (0.70) (0.0) 10 20 0.65 0.35
R (0.20) (0.80) (0.0) 10 0.60 0.40
Serra Talhada S (0.20) (0.80) (0.0) 10 20 0.60 0.40
R (0.10) (0.90) (0.0) 10 0.55 0.45

Arcoverde S (1.0) (0.0) (0.0) 4 22 1.0 0.0
R (0.65) (0.35) (0.0) 20 0.82 0.18
Petrolina S (0.70) (0.30) (0.0) 10 20 0.85 0.15
R (0.10) (0.90) (0.0) 10 0.55 0.45

N, number of females; S, susceptible; R, resistant; Ile, isoleucine; Met, methionine.
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Table 7. Genotypic and allelic frequency of Aedes aegypti kdr mutation 1016 in pyrethroid susceptible and resistant individuals from mu-

nicipalities in Pernambuco-Brazil

Genotype Allele frequency
Populations Phenotype Val/Val Val/lle Ile/lle Total N S R
Fernando de Noronha Susceptible (1.0) (0.0) (0.0) 9 19 1.0 0.0
Resistant (0.90) (0.10) (0.0) 10 0.95 0.05
Recife Susceptible (0.67) (0.33) (0.0) 9 20 0.84 0.16
Resistant (1.0) (0.0) (0.0) 11 1.0 0.0
Ipojuca Susceptible (1.0) (0.0) (0.0) 8 18 1.0 0.0
Resistant (1.0) (0.0) (0.0) 10 1.0 0.0
Olinda Susceptible (0.88) (0.22) (0.0) 9 19 1.0 0.0
Resistant (0.70) (0.30) (0.0) 10 0.95 0.05
Gléria do Goita Susceptible (1.0) (0.0) (0.0) 9 19 1.0 0.0
Resistant (1.0) (0.0) (0.0) 10 1.0 0.0
Santa Cruz do Capibaribe Susceptible (1.0) (0.0) (0.0) 10 16 1.0 0.0
Resistant (1.0) (0.0) (0.0) 6 1.0 0.0
Agrestina Susceptible (1.0) (0.0) (0.0) 10 18 1.0 0.0
Resistant (1.0) (0.0) (0.0) 8 1.0 0.0
Itaiba Susceptible (1.0) (0.0) (0.0) 10 20 1.0 0.0
Resistant (0.80) (0.20) (0.0) 10 0.90 0.10
Caruaru Susceptible (0.80) (0.20) (0.0) 10 20 0.80 0.20
Resistant (0.70) (0.30) (0.0) 10 0.85 0.15
Cedro Susceptible (1.0) (0.0) (0.0) 10 20 1.0 0.0
Resistant (1.0) (0.0) (0.0) 10 1.0 0.0
Salgueiro Susceptible (1.0) (0.0) (0.0) 9 17 1.0 0.0
Resistant (1.0) (0.0) (0.0) 8 1.0 0.0
Afogados da Ingazeira Susceptible (1.0) (0.0) (0.0) 10 16 1.0 0.0
Resistant (1.0) (0.0) (0.0) 6 1.0 0.0
Sao José do Egito Susceptible (1.0) (0.0) (0.0) 10 20 1.0 0.0
Resistant (1.0) (0.0) (0.0) 10 1.0 0.0
Serra Talhada Susceptible (1.0) (0.0) (0.0) 10 20 1.0 0.0
Resistant (1.0) (0.0) (0.0) 10 1.0 0.0
Arcoverde Susceptible (0.50) (0.50) (0.0) 2 22 0.75 0.25
Resistant (0.50) (0.20) (0.30) 20 0.60 0.40
Petrolina Susceptible (0.70) (0.30) (0.0) 10 20 0.85 0.15
Resistant (0.60) (0.40) (0.0) 10 0.80 0.20

N, number of females; S, susceptible; R, resistant; Ile, isoleucine; Met, methionine.

The history of temephos use among Pernambuco populations of
Ae. aegypti confirmed that there are differences in the consumption
of the product in different municipalities. The quantity of product
used may vary according to the number of houses in each locality, the
number of breeding sites that need treatment, as well as the volume
of each breeding place. However, we did not have access to all this
information, nor to data on the quantity of these products used in
the years prior to 2007. The present study was able to confirm an
association between the consumption of product in each locality and
the level of resistance of the populations (P = 0.004; p = 0.6504).
The most significant changes in susceptibility were observed in loca-
tions with more than 14 yr of consecutive use of the product, taking
into account that this product has been routinely used since 1996.
Although we detected this correlation using the MoReNAa/PNCD
recommendations, the criterion for replacing temephos used until
20035 was restricted to a value of RR > 10 (Brasil 2009).

Melo-Santos et al. (2010) stated that alarming levels of resist-
ance could be a consequence of the structure of the PNCD, which
promoted heavy selection pressure for temephos resistance due to
the extensive and intensive use of this compound. It is therefore
important to remember that resistance to chemical insecticides
is a problem that has been affecting the dengue vector control
programs in the world and has been well documented for countries

in the Caribbean region since the late 1980s (Georghiou et al. 1987,
Rawlins and Ragoonansingh 1990, Rawlins 1998). Populations of
Ae. aegypti resistant to temephos have also been described in Brazil
(Araujo et al. 2013, Gambarra et al. 2013, Bellinato et al. 2016,
Chediak et al. 2016), Costa Rica (Bisset et al. 2013), Cuba (Bisset
et al. 2004), Bolivia (Biber et al. 2006), Colombia (Ocampo et al.
2011, Santacoloma et al. 2012, Grisales et al. 2013), Argentina
(Llinas et al. 2010), El Salvador (Lazcano et al. 2009), India (Tikar
et al. 2009, Shetty et al. 2013), Malaysia (Loke et al. 2010), Trinidad
(Polson et al. 2011), and Thailand (Komalamisra et al. 2011).
The dynamics of resistance may be linked to a number of factors,
including the methodology of exposure to the insecticide itself, the
preexisting level of sensitivity to the compound, the frequency of
the resistance gene(s), the presence of distinct mechanisms of resist-
ance, and the form of resistance inheritance in selected populations
(Hemingway et al. 2004).

The populations evaluated in the present study for susceptibility
to diflubenzuron showed different temephos RRs and different en-
zymatic activity profiles. The results obtained may contribute to the
establishment of a baseline dose-response, since the samples were
collected at the beginning of the use of this compound in the field
(year 2012). This and other studies (Bellinato et al. 2016, Garcia
et al. 2018) can be used to draw up resistance classification criteria
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Table 8. Genotypic and allelic frequency of Aedes aegypti kdr mutation 1534 in pyrethroid susceptible and resistant individuals from mu-

nicipalities in Pernambuco-Brazil

Genotype Allele frequency
Populations Phenotype Phe/Phe Phe/Cys Cys/Cys Total N S R
Fernando de Noronha S 9 (0.90) 0.10) 0 (0.0) 10 19 0.95 0.05
R 8 (0.88) 0.12) 0 (0.0) 9 0.94 0.06
Recife S 1(0.11) 0.89) 0 (0.0) 9 19 0.55 0.45
R 1(0.10) 0.90) 0(0.0) 10 0.55 0.45
Ipojuca S 0 (0.0) 10 (1.0) 0 (0.0) 10 20 0.50 0.50
R 0 (0.0) 10 (1.0) 0 (0.0) 10 0.50 0.50
Olinda S 2(0.22) 0.78) 0(0.0) 9 19 0.61 0.39
R 0 (0.0) 10 (1.0) 0 (0.0) 10 0.50 0.50
Gléria do Goita S 0 (0.0) 10 (1.0) 0 (0.0) 10 20 0.50 0.50
R 0 (0.0) 10 (1.0) 0(0.0) 10 0.50 0.50
Santa Cruz do Capibaribe S 3(0.30) 7 (0.70) 0 (0.0) 10 20 0.65 0.35
R 1(0.10) 9 (0.90) 0 (0.0) 10 0.55 0.45
Agrestina S 0 (0.0) 10 (1.0) 0(0.0) 10 20 0.50 0.50
R 0 (0.0) 10 (1.0) 0 (0.0) 10 0.50 0.50
Itaiba S 7 (0.70) 3(0.30) 0(0.0) 10 20 0.85 0.15
R 6 (0.60) 4 (0.40) 0(0.0) 10 0.80 0.20
Caruaru S 2 (0.20) 8 (0.80) 0 (0.0) 10 20 0.60 0.40
R 0(0.0) 10 (1.0) 0(0.0) 10 0.50 0.50
Cedro S 2 (0.20) 8 (0.80) 0(0.0) 10 19 0.60 0.40
R 1(0.11) 8 (0.89) 0 (0.0) 9 0.55 0.45
Salgueiro S 2(0.22) 7 (0.78) 0(0.0) 9 19 0.61 0.39
R 2 (0.20) 8 (0.80) 0(0.0) 10 0.60 0.40
Afogados da Ingazeira S 7 (0.70) 3(0.30) 0(0.0) 10 19 0.85 0.15
R 6 (0.67) 3(0.33) 0 (0.0) 9 0.83 0.17
Sdo José do Egito S 3(0.42) 4(0.58) 0 (0.0) 7 17 0.28 0.72
R 10 (1.0) 0 (0.0) 0 (0.0) 10 1.0 0.0
Serra Talhada S 5(0.50) 5(0.50) 0(0.0) 10 20 0.75 0.25
R 4(0.40) 6 (0.60) 0 (0.0) 10 0.70 0.30
Arcoverde S 20
R 6 (0.30) 14 (0.70) 0 (0.0 20 0.65 0.35
Petrolina S 4 (0.40) 6 (0.60) 0 (0.0) 10 20 0.70 0.30
R 4 (0.40) 6 (0.60) 0 (0.0 10 0.70 0.30

N, number of females; S, susceptible; R, resistant; Phe, Phenylalanine; Cys, Cysteine.

for this compound since temephos is currently the only criterion
used (Mazzari and Georghiou 1995). Furthermore, these data serve
as a basis for future monitoring in the locations where these insecti-
cides were used routinely.

A study conducted by Fontoura et al. (2012) with populations of
Ae. aegypti in Brazil showed that four populations with moderate to
high levels of resistance to temephos were considered susceptible to
novaluron, with RR ranging from 0.83 to 1.71. According to these
authors, there was no correlation between resistance to temephos
and novaluron. In a more recent study, carried out in Brazil in 12
municipalities, Ae. aegypti, which presented RR,; between 4.0 to
27.1 for temephos, was considered susceptible to diflubenzuron,
with an RR lower than 2.3 (Bellinato et al. 2016). Similar RRs have
been observed in other studies (Marcombe et al. 2011, Lau et al.
2015, Rocha et al. 2015, Garcia et al. 2018). In the present study,
RR,; ranged from 1.3 to 4.7. These variations can be considered
natural in the population, since the use of diflubenzuron was just
beginning and the amount used may not yet have generated heavy
selection pressure in the field populations.

We observed that there was a positive correlation between
temephos RR and the diflubenzuron BAR (P = 0.017; p = 0.80).
The use of one chemical compound may induce resistance to an-
other, if the same resistance mechanisms are involved, causing

cross-resistance. The populations from Caruaru and Serra Talhada
were the ones with the lowest susceptibility profiles to diflubenzuron
and these two populations present similar characteristics, such as
temephos RRs above 200, and the same enzymatic profile for GSTs
(highly altered), alpha esterases (much altered), and PNPA esterases
(altered). This suggests that these enzymes may be involved in resist-
ance to these compounds.

Although the Ministry of Health has recommended the use of
novaluron and diflubenzuron in the PNCD to replace temephos
and these products have also been cleared by the World Health
Organization for use in drinking water, it remains to be seen which
RRs present some evidence of resistance, since there is no fully com-
prehensive study in Brazil of the dose-response activity of these CSI
for Ae. aegypti populations. The same situation exists regarding
pyriproxyfen, which is currently recommended as a primary use
product. In addition to not knowing the actual effectiveness of
diflubenzuron/novaluron/pyriproxyfen when used in the long term,
no susceptibility monitoring of these compounds is routinely per-
formed in Brazil.

The tests showed that all the populations from Pernambuco are
resistant to cypermethrin, one of the adulticides used to control Ae.
aegypti in Brazil. The last record of the test (24 h), when the insect is
no longer in contact with the insecticide, was the reading chosen for
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the resistance diagnosis, due to the knockdown effect on mosquitoes,
which could be confused with mortality. After 30 min of exposure (a
lethal time for Rockefeller), only nine of the 16 populations would
be classified as resistant, and after 120 min only two would enter
this classification. Observing mortality only at these points in time
could lead to a misdiagnosis regarding the susceptibility profile of
these populations.

The monthly application of pyrethroid insecticides at strategic
points such as cemeteries, discarded tires, junkyards, and others, the
use in Ultra Low Volume (ULV) as a strategy for interruption of viral
transmission, and the free use of sprays by the human population
may have contributed to the selection of cypermethrin resistance.
This last factor may be related to the resistance to this compound
found in the Ae. aegypti population of Fernando de Noronha, since
the local people have access to chemical insecticides in the form of
sprays for domestic use. Other recent studies suggest that the use of
insecticide sprays has maintained selection pressure on the popula-
tions of Ae. aegypti in various Brazilian municipalities (Garcia et al.
2018, Macoris et al. 2018). It is also possible that resistant mosqui-
toes may enter the archipelago passively from other localities since
the island receives daily flights from Recife and Natal, seven shipping
routes dock there and this may give rise to the spread of the gene
among these populations.

Several factors, such as the use of pyrethroids in control programs
of other insect vectors and urban pests, as well as cross-resistance
with organochlorine DDT, which was used intensively in the 1960s
for control of Anopbheles gambiae, and eradication of Ae. aegypti,
may have contributed to the process of resistance selection in other
locations.

In view of the enzymatic changes observed, the high levels of
resistance found in these populations are probably related to the
mechanism of resistance involving metabolic detoxification. All
populations showed altered patterns of glutathione-S-transferases,
often related to pyrethroid resistance, which was confirmed in our
study for cypermethrin (Enayati et al. 2005). Other studies have also
shown that these enzymes are involved in the detoxification of or-
ganophosphates (Vontas et al. 2002) and in the metabolism of DDT
(Lumjuan et al. 2005). In Brazil, DDT was used in 1940 to control
Ae. aegypti during campaigns against yellow fever (Lowy 1998). The
use of pyrethroids for control of this species only occurred in 2001
and, in this same year, the MoReNAa Network already detected re-
sistance to this insecticide and changes in the metabolic activity of
GSTs (da-Cunha et al. 2005a). These changes can be attributed to
the maintenance of resistance alleles, which were selected through
the intensive use of DDT, as well as the migration of individuals from
other locations to Brazil (Montella et al. 2007).

In the present study, the o-esterases and PNPA esterases exhibited
more altered patterns in the majority of the populations evaluated.
a-esterases were unaltered only in Olinda, Ipojuca, and Petrolina,
and these populations presented the lowest RR for temephos. The
change in esterases is related to resistance to organophosphates
(Field et al. 1984, Mazzarri and Georghiou 1995, Rodriguez et al.
1999). According to Montella et al. (2007), the dynamics of PNPA-
esterase activity observed in several populations monitored by the
MoReNAa Network also diverged from the o-EST and $-EST stand-
ards, confirming the simultaneous presence of different esterases in-
volved in resistance in Brazilian populations of Ae. aegypti.

In a previous study conducted in Pernambuco evaluating the -
EST enzyme, only the Afogados da Ingazeira mosquito population
presented alterations in this enzyme group. The populations from
Salgueiro and Sdo José do Egito, although they did not present al-
terations in the o-EST and B-EST esterases, this population, like

most others, was also classified as highly resistant to temephos. Of
the 10 populations previously evaluated, four presented alterations
in MFO activity and high RR for temephos (Araujo et al. 2013).
These mixed-function oxidases are generalist enzymes that detoxify
all types of xenobiotics. A variety of studies have been unable to
find an association between MFO and organophosphate resistance
in Ae. aegypti populations (Rodriguez et al. 1999, Bisset et al. 2001,
Montella et al. 2007, Lima et al. 2011). However, Braga et al. (2005)
and Andrighetti et al. (2008) detected MFO alterations in Brazilian
populations resistant to temephos and cypermethrin (Braga et al.
2005, Andrighetti et al. 2008). According to these authors, changes
in these enzymes also suggest caution in the use of alternative insecti-
cides as IGRs because of the possible occurrence of cross-resistance.
In our research, no population presented alterations in MFO.

The evaluation of mutations related to target-site changes in
the sodium channel demonstrated that the Ile1011Met mutation is
widespread in all populations studied. However, only populations
from Petrolina and Salgueiro showed an association between this
mutation and resistance to cypermethrin (P < 0.05). It is still not
clear whether the replacement of an isoleucine by a methionine
or valine at site 1011 (domain IIS6) is related to resistance to pyr-
ethroids (Brengues et al. 2003, Martins et al. 2009b), which dem-
onstrates that other resistance mechanisms, such as the metabolic
mechanism, also investigated in the present study, may be involved.
Although the Val1016lle mutation was not present in all popula-
tions, it was present in homozygotes in the Arcoverde population,
where more females survived the adulticide test. It is important to
point out that a larger sample is required to evaluate the circulation
of the 1016lle allele in this particular population. This mutation has
been associated with resistance to pyrethroids in previous studies.
Du et al. (2013) demonstrated that its presence allows the binding
of both permethrin and deltamethrin in the sodium channel. These
mutations were described by Saavedra-Rodriguez et al. (2007) in
populations of Ae. aegypti from Latin America and, in Brazil, this
mutation has been described by Martins et al. (2009a), Lima et al.
(2011), Dolabella et al. (2016), and Macoris et al. (2018). Some of
these evaluations also demonstrated an association between these
mutations and resistance. In the present study, the Val1016lle and
Ile1011Met mutations were observed in individuals with both sus-
ceptible and resistant phenotypes, which made it difficult to asso-
ciate it with the resistance found in Pernambuco populations. It is
possible that co-dominance, which occurs when both alleles are ex-
pressed, may be involved in the phenotypes found. Ramphul et al.
(2009) demonstrated that populations of An. gambiae that had the
Leu1014Ser mutation were resistant to DDT. According to these au-
thors, the presence of this mutation is related to a co-dominant effect
in heterozygous individuals, which results in an intermediate pheno-
type. Besides this, analysis of a larger number of samples and of the
haplotype background may reveal more associations between these
mutations and the phenotype.

According to previous studies, Ae. aegypti does not present
amino acid substitutions at the classic kdr 1014 site, unlike many
other insects and mosquitoes of the genera Anopheles (Weetman
et al. 2010) and Culex (Chen et al. 2010). This is probably because
the Ae. aegypti sodium channel site 1014 is encoded by a CTA in-
stead of the ATT codon described in most other insects. For this
reason, two simultaneous nucleotide substitutions would be re-
quired to switch from Leucine (CTA) to Phenylalanine (TTT) or
Serine (TCA) (Saavedra-Rodriguez et al. 2007, Martins et al. 2009a).
The mutation at site 982, described for a population of Ae. aegypti
from Vietnam and associated with resistance to permethrin and
lambda cyhalothrin at this location (Brengues et al. 2003), was also
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not found in the populations investigated in the present study. In a
study by Ramphul et al. (2009), populations of Anopbheles gambiae
presented the Leu1014Ser mutation in association with DDT resist-
ance, and according to these authors, the presence of this mutation
is related to a co-dominant effect in heterozygous individuals, which
results in an intermediate phenotype. In the present study, mutations
were found in both phenotyped and susceptible as well as resistant
individuals (Val1016lle and Ile1011Met) was, which made it diffi-
cult to associate these mutations with the resistance found in the
populations evaluated (Ramphul et al. 2009). The presence of the
Phe1534Cys mutation was evaluated in the present study, and no
association was found with cypermethrin resistance (P > 0.05). The
presence of this mutation has already been described in Brazil (Linss
et al. 2014, Haddi et al. 2017, Garcia et al. 2018) and other research
highlights its importance in resistance to pyrethroids and DDT
(Harris et al. 2010, Yanola et al. 2011, Du et al. 2013). A hetero-
zygote deficit was observed in some of the populations investigated
here (Caruaru, Itaiba, Olinda, and Recife). Because these areas were
hotspots for pyrethroid compounds, used for public health and/or
agricultural purposes, our hypothesis is that the massive use of such
insecticides may lead to a selective benefit for homozygotic individ-
uals, since kdr is a recessive trait.

More recently in Brazil, a new mutation, V410L, has been de-
scribed that, alone or in combination with the F1534C mutation,
drastically reduces the sensitivity of sodium channels to type I and
type II pyrethroids in Ae. aegypti (Haddi et al. 2017). The presence
of these mutations may compromise the use of pyrethroids in vector
control, and continuous investigation is recommended regarding
their presence, as well as the calculation of their frequencies for the
monitoring of resistance (Soderlund and Knipple 2003, Saavedra-
Rodriguez et al. 2007, Martins et al. 2009a).

Conclusions

Due to the diversity of responses found for the populations evalu-
ated in this study, it is evident that each of them presents peculiar
characteristics related to a series of factors, both biological and op-
erational, that lead to selection pressure caused by the use of insecti-
cide, which does not occur in the same way in all localities. This
variety of responses is not always easy to interpret and shows how
different these populations are and how different the strategies used
to control them should be. A standard form of control for all these
populations is therefore unfeasible. Investment in the use of insecti-
cides by the PNCD, increasing both the cost and the impact of these
actions within the program is not evaluated. The wide genetic di-
versity that exists in the natural populations of Ae. aegypti in Brazil
(Bracco et al. 2007, Scarpassa et al. 2008), the wide range of genes
associated with the metabolism of toxic compounds present in the
genome of this species (Strode et al. 2008, Strode et al. 2012), and
the operational failures of the PNCD have enabled the mosquito to
respond rapidly to the products used, giving rise to the need to re-
place these products.

To continue the use of these compounds, we must constantly
monitor the susceptibility of Ae. aegypti to the insecticides used in
the PNCD, as well as the resistance-related mutations and the genes
expressed after exposure to the insecticidal compounds. In this way,
the effectiveness of these products can be evaluated and health man-
agers make more appropriate decision regarding their management.

Thus, in order to elaborate an innovative and effective program,
we believe that it is necessary to adopt measures that significantly re-
duce the use of chemical insecticides to control of Ae. aegypti. More
attention must be paid to changing the environmental conditions

that determine the persistence of Ae. aegypti breeding in urban areas,
especially when related to deficiencies in basic sanitation and water
supply. Moreover, effective community/social participation and the
use of integrated technologies to eliminate eggs, larvae, and adult
mosquitoes are necessary to guarantee the sustainability of control
programs.

Supplementary Data

Supplementary data are available at Journal of Insect Science online.
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