EVALUATION OF IMPACT OF LONG-LASTING
INSECTICIDAL HOUSE SCREENING (LLIS) ON
PYRETHROID RESISTANT POPULATION OF THE
DENGUE VECTOR AEDES AEGYPTI IN MEXICO

Thesis submitted in accordance with the requirements of the

University of Liverpool for the degree of Doctor in Philosophy by

Azael Che Mendoza

October 2016



Table of contents

CONTENTS ..ottt cssreresssssseesesssseesesssssassesssssassssssssssessenes I
ABSTRACT ....oooiiiiiiiittiecictineecntnne e cnitreeeessesessssssessssssssessssssssessesssssnssses \%
DEDICATION ...coooiitiiiiiiniiiiiinieeiiinneeienneeeessssssesssssssesssssssssssssssssssssssssses VII
ACKNOWLEDGMENTS ......utiiiiiiiieiiiiieiniieecnireecennseeessssseessssssssessenns VIII
LIST OF ABBREVIATIONS .....ccooivitiiiiiiitiitiniiitecninreensneeeesssseesssssssessees X
CHAPTER 1: GENERAL INTRODUCTION ......ccetiiivmmriiiinnneeinnnnneeneeensnnens 1
CHAPTER 2: LITERATURE REVIEW .....ciiiiiiiiiiieennineeinnneeecennnneee 3
2.1 Classification and use of insecticides in vector control ................ooooie... 3
2.1.1.  Chemical groups and mode of action of insecticides ......................... 3
2.1.2.  Use of insecticides in vector coNtrol ...........ooiiiiiiiiiiiiiiiiiiiiinnn. 6
2.1.3.  Overview of dengue chemical control in Mexico ..............cooiiiiiin.. 7
2.2 Evolution Of £eSIStANCE .....viviieiiti ittt 11
2.2.1 Importance of insecticide resistance .............cooiviiiiiiii i, 11
2.22  Mechanism of insecticide reSIStANCe ........cevvuviiiiiiiiiiiiiiiiiiiie e 12
223  Insecticide resistance in MOSQUILOES .. ..uuiuiineiniinniiiieene e 13
224  Insecticide resistance mechanism in Aedes aegypti populations from
MEXICO 1ttt 18
2.3 Epidemiology of Dengue ..........ooiiiiiiiiiiiiiiiii 19
2.3.1 Dengue transmission in the Americas ............coociviiiiii .. 19
2.3.2  Dengue disease patterns in MexiCO ......o.iviiiiiiiiiiiiiiiiiiiniien.. 20
2.4 Aedes aegypti BIONOMICS ...t 23
241 Dengue transmission in the Americas ..o 23
242 Aedes aegypti in MEXICO ....ooiiiiiiiiii i 25
2.5 Chemical Control Strategies ...........ooviiiiiiiiiiiiiiiiiii 27
2.4.1  Traditional chemical methods for vector control ... 28
2.42  Vector control programme in Mexico .........oviiiiiiiiiiiiniiiinn.. 29
243  Insecticide-treated material (ITMS) ........ocoiiiiiiiiiiiiiii i, 30
244  Long-lasting insecticidal mosquito nets (LLINSs) for dengue control ....... 31
245  HOUSE SCIEENING ..vuuit ittt 32

CHAPTER 3: STUDIES ON THE SUSCEPTIBILITY STATUS AND
RESISTANCE MECHANISMS TO INSECTICIDES IN Aedes aegypti



POPULATIONS FROM ACAPULCO GUERRERO AND MERIDA

YUCATAN, MEXICO ...coiiiiiiiiiiiiiiiiiiiiiiiiiiiiiietieiieneiiienaeseensennenns
3.1 Context of the Study .......ooiiiiiii
3.2 Materials and methods ...
321 StUAY SIEES «.vniiiit i
3.22  Mosquito strains/samples collection ...........coeiiiiiiiiiiiiiiiiiininn
3.23  CDC bottles bIOASSAYS .....ouuiiiiiiiiiiiiii i
3.2.4  Biochemical assays .......c.coiiiiiiiiiiiiiiiiiiiiii
3.25  Molecular assays ......oo.iiiiiiiiiii
3.3 Data management and analysis ..o
3.4 Results ..o
3.4.1 CDC bottles bioassays ...........oooiiiiiiiiiiiiiiiii
3.42  Biochemical assays .........coouiiiiiiiiiiiiiiiii i
3.43  Molecular assays ........o.oiuiiiiiiiii
3.4.4  Spatial ANalysis ..o
3.5 DASCUSSION vttt
3.5.1 Suceptibility and resistance mechanism to Pyrethroids .....................
3.5.2  Suceptibility and resistance mechanism to Carbamates and

353
354

Organophosphates ...........oooiiiiiiiiiiiiii
Immediate knockdown (KD) and 24-h post recovery .....................
Spatially heterogeneous insecticide resistance patterns in Aedes aegypti

populations from Merida ...

CHAPTER 4: A FIELD TRIAL EVALUATING THE EFFICACY OF
INSECTICIDE-TREATED DOOR AND WINDOW SCREENS IN
COMBINATION WITH TARGETED CONTROL OF PRODUCTIVE
BREEDING-SITES, FOR CONTROL OF Aedes aegypti POPULATIONS

IN ACAPULCO, GUERRERO STATE, MEXICO ......ccccovvmiiiniiniiniininnnnnn

4.1 Contextof the Study ...

4.2 Materials and methods ...
421 Study SItE ...viii
422 Study design ..o
423 The INterVENtONS . ...uiiutttit ittt
424  Entomological surveillance ..............ooooii
42,5  Monitoring the durability of LLIS under operational conditions ...........

34
35
35
38
38
40
42
43
45
45
53
60
61
63
63

65
66

67



4.3 Datamanagementand analysis .............ooiiiiiiiiiiiiiiiii

43.1  Entomological Indicators ............oooiiiiiiiiiiiiiii
4.3.2  Statistic aNalysis .....oovuiiiiiii i
44 Ethical aSPects ......uiiiuiiiiiii i
45 Results ..o
451 Vector breeding and productive containers in the dry and wet season
2002

452 First intervention: insecticide-treated house screening (LLIS) ...............

453  Second intervention: TT of the most productive Aedes aegypti breeding

LB Lttt et

454  Temporal persistence of INtEIVENtioNS .......ovviiuiiniiiiiiiiiiiiiininn,
455  Bioefficay of LLIS under operational conditions ...........................
4.6 DASCUSSION L.ttt

CHAPTER 5: EFFICACY OF INSECTICIDE-TREATED SCREENING OF
HOUSES ON Aedes aegypti POPULATIONS FROM MERIDA YUCATAN,
MEXICO .uiiiiiiiiiiiiiiiiiiiiiiiii ittt ittt ttiitettitseetissaecesssscesnnnees

5.1 Contextof the Study ...
5.2 Material and methods ...
521 Study SIEE ..onneii it
522 Study design ...
523  The LLIS INtervention ......oouviiuiiiiiiiiiiiii e
5.2.4  Entomological surveillance ...
5.2.5  Monitoring the durability of LLLINs under operational conditions .........
5.3 Data management and analysis ...
5.3.1 Entomological indicators ..........oooiiiiiiiiiiiiii
53.2  Statistic analysis ....ooiuuiiiiiii
5.4 Ethical aspects ......ooiiiiiiiii
5.5 RESULES ot

5.5.1 Impact of insecticide-treated house screening (LLIS) on adult indoors ...

5.5.2  Impact of insecticide-treated house screening (LLIS) on immature

POPULALIONS ..uiiii it

5.5.3  Temporal persistence of INtErventions ..........o.evvuviiiiiiiiiiiiineannn
5.5.4  Bioefficay of LLIS under operational conditions ...........................
5.6 DiSCUSSION Lottt

81
82

84
87
89
91

97
97
98
98
99
99
100
100
101
101
102
102
102
102

104
104
107
110



CHAPTER 6: CHANGES IN Aedes aegypti INSECTICIDE RESISTANCE
PROFILES IN RESPONSE TO LLIS INTERVENTION IN ACAPULCO

GUERRERO AND MERIDA YUCATAN, MEXICO ......ccccuuveerunennnnnnnn 114
6.1 Context of the Study ... 114
0.2 Materials and methods ... 115
0.3 Data management and analysis ... 116
0.4 ReSULLS ..o 117
6.4.1  Monitoring the suceptibility to insecticides ...............oovieiiiiiin.. 117
6.4.2  Monitoring changes in the resistance-related enzymes activities ........... 123
6.4.3  Molecular aSsays ........uiiiiiiiiiii e 127
6.44  Impact of LLIS intervention on dengue Cases ...........ooeveiniiniinnnnnn 131
0.5 DISCUSSION Lot 132
CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS ............... 138
7.1 Long-lasting insecticide-treated house screening confers long-term house
protection against entry by Aedes aegypti mosquitoes .............oiiiiiiiin 138
7.2 LLIS and insecticide feSIStANCE ...o.vvuuiuiiniiiiiiiiiiit i 140
7.3 Final considerations ..........ooouiiiiiiiiiiii i 143
REFERENCES .....oiiiiiiiiiiiiiiiiiiiiiiiiiieiciiieee e neeeeae e e eeneaes 146
ANNEXES ...\ttt et ee e ra e et e e eeaeaans 183



Abstract

The public health importance of the endophilic mosquito Aedes aegypti has increased
dramatically in the recent decade, because it is the vector of current outbreaks of dengue,
chikungunya, Zika and Yellow fever viruses. The use of long-lasting insecticide nets fixed on
doors and windows (LLIS) is one innovative approach recently proposed for Aedes control and
under initial evaluation in different settings. Nevertheless, there is an urgent need to evaluate
the efficacy of this intervention in endemic areas of dengue, where insecticide resistance in the
mosquito populations has already developed after many years of selection pressure by the local
vector control programmes. The aim of this PhD was to evaluate the efficacy of LLIS and assess
the impact of insecticide resistance on this intervention.

In 2012, cluster randomised controlled trials were conducted in two Mexican cities -Acapulco
(Guerrero state) and Merida (Yucatan state). The study compared ten control and ten
intervention areas of 100 households each across both cities. Intervention clusters included
LLIS (Acapulco and Merida during the first year), followed by targeted treatment (T'T) in the
productive water container types (in Acapulco during the second year). Cross-sectional
entomologic surveys quantified mosquito infestations at baseline (pre-intervention) and in four
post-intervention samples surveys approximately at 6-monthly intervals corresponding to
dry/rainy seasons. Sequentially over two years from 2012-2014, WHO cone bioassays wete
performed in order to determine the insecticidal activity of LLIS under operational conditions,
susceptibility tests using CDC bottles, biochemical assays and genotyping for kdr were
performed on F1 adult mosquitoes emerged from eggs collected using ovitraps.

Overall, results showed significant reductions on adult vector densities in houses in the
treated clusters with LLIS after two years at Merida and Acapulco: ca. 50% on the presence
(OR=0.62, P<0.05) and abundance (IRR=<0.58, P<0.05) of indoor-resting adults. In Acapulco,
the combination of house screening with LLIS and TT of the most productive Ae. aegypti
breeding sites had a significant impact on dengue vector populations and sustained that impact
for up to 24 months. Based on the WHO efficacy criteria, the LLIS were efficient in killing
susceptible Ae. aegypti (most of them achieving 80% of mortality) when first installed, but their
activity rapidly declined. Much lower levels of mortality were achieved against the local and
resistant Aedes population (less than 40%). The Ae. aegypti local populations demonstrated high
levels of resistance to pyrethroids, mainly permethrin, some signs of decreased susceptibility for
organophosphates but susceptibility to carbamates. Biochemical analysis showed a significant
elevation of oxidases and GST enzyme activity and kdr-1016I and -1534C mutations were found

at high frequencies in the two study sites. There was no clear effect attributable to the instalment

\%



of LLIS on the mechanism of insecticide resistance (kdr frequencies and levels of enzyme
activity), but in terms of intensity of resistance, resistance seemed to be higher within the study
arms with LLIS after the intervention.

Although the efficacy of LLIS can be compromised by the degradation of the insecticide
and/or the resistance of Aedes populations to pytrethroid-based insecticides, the physical battier
would still work as a preventive measure, as demonstrated in this study. The positive
entomological impact observed in this study provides evidence of a sustained effect of LLIS on
Ae. aegypti, and encourages the development of cluster randomised trials evaluating the

epidemiological impact of this intervention.
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Chapter 1: General introduction

Dengue has re-emerged as a major international public health concern in the tropical and
subtropical regions. Currently dengue viruses (DENV) are endemic in at least 100 countries
with annual incidence ranging from 100-390 million of cases and an estimated 22,000
fatalities (Bhatt et al., 2013; Brady et al., 2012; WHO, 2012).

Contemporaneous routine vector control efforts targeting Aedes vectors (i.e. source
reduction, hand-applied larvicides to containers and Ultra-Low Volume [ULV] adulticiding),
have to date achieved only a limited and temporary impact in preventing disease because they
are poorly efficacious or are limited in their coverage (Bowman et al., 2016; Tun-Lin et al.,
2009). Improving urban Aedes control and achieving a measurable impact on DENV
transmission will require a re-formulation of current strategies and a stronger focus on both
lowering vector abundance and preventing human-vector contacts (Achee et al.,, 2015;
Morrison et al., 2008; WHO, 2012). In the absence of effective treatment or vaccines for
dengue (Sabchareon et al., 2012) and in the context of multiple co-circulating viruses
transmitted by Aedes mosquitoes, the development of preventive and long-lasting methods
for Aedes control has become a top global health priority.

Insecticide treated materials (ITMs), particularly bednets, are among the most effective
approaches for controlling mosquito-borne infections and reducing the global burden of
malaria (Lengeler 2004; Lindsay et al., 2002), lymphatic filariasis, and Japanese encephalitis
and other arboviruses (Ogoma et al., 2010; Wilson et al., 2014). The recent adaptation of
long-lasting insecticidal nets (LLIN) fitted as window curtains (ITC), has proven to reduce
Aedes aegypti abundance densities and theoretically reduce dengue transmission risk (Kroeger
et al., 2006; Lenhart et al., 2008 & 2013; Lorofio-Pino et al., 2013; Rizzo et al., 2012;
Vanlerberghe et al., 2011a). While screens can be easily introduced within DENV endemic
areas, recent studies have shown that, as found with bednets, they require proper handling
and use by local communities to be effective. An alternative innovation to curtains, is using
LLINS fitted to windows and doors, i.e. insecticide-treated house screening (LLIS). LLIS on
doors and windows are ‘user-friendly’, requiring little additional work or behavioral change
by householders.

On the other hand, insecticide resistance in mosquitoes, particularly to pyrethroid
insecticides (PYs), the major component of LLIS, is becoming increasingly widespread and
is a major concern for dengue-vector control programmes in many countries (WHO, 2012).

The impact of PY resistance on LLIS efficiency to control mosquitos is currently unclear. In



Mexico there is strong evidence of resistance to PY in multiple Ae. aegyp?i populations,
including in cities with high levels of DENYV transmission. Data on the actual impact of
resistance on current and future control activities, such as LLIS, and the development and
implementation of effective evidence-based resistance management strategies are important
priorities. Furthermore, there is an urgent need for evaluate LLIS efficacy in areas where
insecticide resistance is already developed in the local dengue vector population.

The aim of this PhD is to evaluate the field-efficacy of LLIS on windows and doors, and
assess the impact of insecticide resistance impact on this kind of intervention. The work was
performed in dengue endemic areas of two Mexican cities and comprised of the following
two main phases and objectives:

Phase 1. Studies on the susceptibility status and resistance mechanisms to insecticides in Ae.
aegypti populations:

a. To determine the susceptibility levels and resistance intensity of Ae. aegypti local
populations to the different insecticide chemical groups used by the Mexican vector
control program with the CDC-bottle method: Pyrethroids (Permethrin, Alpha-
cypermethrin), Carbamates (Propoxur), and Organophosphates (Chlorpyriphos).

b. To use biochemical assays to determine the mechanisms involved in the resistance
of Ae. aegypti populations in the study sites.

c. To identify the principal polymorphisms associated with insecticide resistance in the
voltage-gated sodium channel gene domain II and III of segment 6 (kdr mutations).

Phase 2. Impact of insecticide resistance on vector control strategies (e.g. LLIS) for Ae.
aegypti.

a. To evaluate the field-efficacy of an intervention based on LLIS on Ae aegpti
populations at baseline and 6, 12, 18 and 24 months post implementation.

b. To determine the efficacy of LLIS in laboratory-based bioassays after 6, 12, 18, 24
months on both insecticide susceptible and local mosquito strains.

c. To monitor levels of insecticide susceptibility/resistance (after 6, 12, 18 and 24
months) of Aedes populations from areas with LLIS and areas with traditional control

using the methods developed in Phase 1.



Chapter 2. Literature review

2.1 Classification and use of insecticides in vector control

2.1.1. Chemical groups and modes of action of insecticides.

Insecticides are chemicals used to control (via deterring or killing) insect populations.
These chemicals can be inhibitors, activators, synergists, chemosterilants, hormonal agents
or bacterial toxins. The most widely used insecticides are neuro-inhibitors. There are four
main classes of insecticides used in public health for vector control: organochlorines (OCs),

pyrethroids (PYs), organophosphates (OPs), and carbamates (CAs).

2.1.1.1. Insecticide compounds affecting voltage-gated sodium channels

An ion channel is a transmembrane protein complex that forms a water-filled pore across
the lipid bilayer through which specific inorganic ions can diffuse down their electrochemical
gradients. Controlled modulation of ion channels is critical for normal physiological
processes in the cells. In neurons, ion channels play a crucial role in conduction of nerve
impulses and release of neurotransmitters.

The voltage-gated sodium channel is the principal molecular target for action of the
pyrethrins and PYs, dichlorodiphenyltrichloroethane (DDT) and its analogues, the synthetic
analogues of naturally-occuring N-alkylamide insecticides and dihydropyrazole derivatives
such as Indoxocarb (Davies et al.,, 2007; Zlotkin, 1999). The PYs, DDT and analogues
strongly alter channel function by binding to specific receptor sites, causing excitatory

paralysis of insects followed by death.

Organochlorines (OCs). Organochlorines are compounds that contain carbon,
chlorine, and hydrogen. Since they resist metabolism and are readily stored in fatty tissue of
any animal ingesting them, they accumulate in animals in higher trophic levels (Bloomquist,
1999).

Of the organochlorines only DDT is now used in vector control. The DDT affects mainly
the peripheral nervous system (Figure 1). The DDT prolongs the inward sodium current and
inhibits the increase in potassium permeability. Together these effects lead to a prolonged
falling phase and an increased negative after-potential therefore resulting in repetitive activity.
The treated insects rapidly become hypersensitive to external stimuli and develop tremors of
the body and appendages leading to violent motion and eventually paralysis (Corbett et al.,
1984). Although the primary target site of DDT is the sodium channel in the nervous system,

it has also been shown to affect the activity of ATPase (Matsumura, 1985).
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Pyrethroids (PYs). PYs are esters containing both alcohol and carboxylic acid moieties.
Depending on the alcohol substituent PYs are classified as type I (have a descyano-3-
phenoxybenzyl or other alcohols) and type II (have an a-cyano-3-phenoxybenzyl alcohol)
(Bloomquist, 1999). Many of the older non-phenoxybenzyl Type I compounds (e.g.
pyrethrins, allethrin, tetramethrin) are unstable under UV light and this characteristic
prevents their use in indoor residual spraying. Introduction of the phenoxybenzyl pyrethroids
(e.g. permethrin) or certain halogenated alcohols (e.g. tefluthrin) improved chemical stability
and allowed the use of theses types of PYs in the field (Bloomquist, 1999).

PYs affect both the peripheral and central nervous systems of insects (Figure 1). They
inhibit sodium channel deactivation and maintain them in an open configuration (O Really
et al., 20006). In addition, they shift the membrane potential, causing a new and relatively
stable abnormal state of nerve cell hyperexcitability, leading to a sublethal incapacitating
effect on insects (loss of normal posture and locomotion) known as ‘knockdown’ (reviewed
by Suppiramaniam et al., 2010). Type I compounds are generally good knockdown agents
because of their direct effects on peripheral sensory and motor nerves (as well as
interneurons within the central nervous system). In contrast, type II pyrethroids provide a
better kill by causing irreversible depolarization of the nerve axons and terminals and
consequently a pronounced convulsive phase (reviewed in Suppiramaniam et al., 2010). Type
IT PYs hold the channels open for a longer time than type I (Suppiramaniam et al., 2010).

In insects, the effects of PYs (especially type I) can develop within 1-2 minutes of
treatment (Matsumura, 1985). The toxic potency of PY increases greatly with lowering of
temperature (Zlotkin, 1999). This is probably because low temperatures prolong channel
opening (O Really et al., 2000), thus increasing the affinity of these insecticides to sodium

channels.

2.1.1.2. Acetylcholinesterase inhibitors

The neurotransmitter operating in the autonomic nervous system, neuromuscular
junctions and parts of the central nervous system is acetylcholine (ACh), which is released
by cholinergic neurons. The synaptic action of ACh is terminated by the enzyme
acetylcholinesterase (AChE), which rapidly hydrolyzes the ester group in ACh (Bloomquist,
1999). OPs and CAs work by inhibiting AChE in an irreversible bond'. Consequently, the

enzyme AChE is unable to function and an accumulation of ACh occurs at the

! The time of reactivation of the enzyme is very long (from hours to days, depending of the molecule substituents)
compared to the half-life of the enzyme, which is about 50 hr, and they are usually considered irreversible inhibitors.
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neuromuscular junction, which causes over-stimulation and leads ultimately to the death of

the insect (Figure 1).
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Figure 1. Biochemical target sites of synthetic insecticides. Modified from David et al., 2013.

Organophosphate (OPs). Most OP insecticides are usually applied in the non-
insecticidal phosphorothionate form and are bio-activated to the insecticidal phosphate form
(oxon analogue) by the oxidative action of cytochrome P450s within the insect. These oxons
are more neurotoxic (potent AChE inhibitors) than their thionate analogues. The
phosphorylation of AChE is persistent; reactivation of the enzyme can take many hours or
even days (Matsumura, 1985). The signs of intoxication include restlessness,
hyperexcitability, tremors, convulsions, and paralysis. In insects, the effects of OPs are
confined to the central nervous system (Figure 1), where virtually all of the cholinergic
synapses are located. Because they often require bioactivation and must penetrate into the
central nervous system, the OPs do not have as rapid an action as the PYs (Casida and

Quistad, 2004; Bloomquist, 1999).

Carbamates (CAs). These compounds are generally stable and most soluble in organic
solvents (Bloomquist, 1999). The majority of the CAs in use are N-monomethyl carbamates,
frequently referred to as N-methyl-carbamates or just methylcarbamates (Ecobichon, 2001).

CAs are direct inhibitor of AChE and the signs of intoxication are similar to those of OPs



(Figure 1). Compared to phosphorylated AChE, the carbamylated enzyme complex is
relatively less stable, so they have a shorter duration of action compared to OPs (Bloomquist,

1999).

2.1.2. Use of insecticides in vector control

Although the use of natural insecticides has been reported in ancient civilizations such as
Greece in 1000 BC and China in AD 900 to control pests (Casida and Quistad 1998), it was
not until the mid 19th century that insect pests were controlled with any degree of success
using chemicals following the discovery of synthetic organic insecticides.

The genesis of the modern era for pesticide use began with the development of DDT in
1939 and its first use during World War II. The widespread use of DDT greatly contributed
to the increased control (and in some areas, near elimination) of many vector-borne diseases
such as typhus, yellow fever, malaria, onchocerciasis and schistosomiasis from the 1940s-
1960s (Williams, 1964). Despite its low acute toxicity, the possible long-term toxicity from
widespread use of DDT, led to it being banned in the 1970s, first for agricultural use together
with several other OCs (e.g. aldrin and dieldrin), and eventually for public health use.
However, its limited reintroduction in 2000 for public health use was only justified for high
malaria transmission areas, such as parts of sub-Saharan Africa, where DDT has
demonstrated to be effective because of its repellent and irritant (exito-repellency) propiertes
(Sadasivaiah et al., 2007; WHO, 1960; WHO, 2007a).

The first OP insecticides were developed in 1937, tetraethyl pyrophosphate (TEPP) and
parathion. Because of their powerful insecticidal propierties, rapid detoxification in mammals
and useful propiertes for pest control, OPs quickly replaced OCs (Casida and Quistad 1998).
For vector control OPs has been historically used for larviciding (e.g. use of temephos), but
after mid-90s the use of OPs was extended to residual spraying and space spraying, increasing
its use, while the OCs experimented a declining trends (WHO, 2002).

The use of CAs began in the 1950s, when there was a search for insecticides having
anticholinesterase activity, greater selectivity, and less mammalian toxicity than some of the
organophosphorus esters then in use. This led to the synthesis of several potent aryl esters
of methyl carbamic acid, these agents becoming insecticides of choice for pest control in the
1960s and 1970s (Casida and Quistad 1998; Ecobichon, 2001). Before 2000 CAs were rarely
used for vector control, this type of insecticide represented less than 1% of global coverage
with insecticides used for house-spraying. The use of carbamates in vector control is

relatively rare compared with other classes of insecticides (Berg et al., 2012).



The PY original compounds in this series were the natural pyrethrins, which were isolated
from the flowers of the chrysanthemum. Pyrethrums (dried chrysanthemum flowers based
infusion) are one of the oldest and most widely used botanical insecticides but they have a
high rate of photodegradation. Synthetic PY's are much more photostable. They are highly
lipophilic, have a short half-life in the environment, have low toxicity to terrestrial vertebrates
and do not biomagnify like older chemical classes, such as OCs (Casida and Quistad 1998;
Schleier and Peterson, 2011). The first photostable PYs was permethrin, followed by
cypermethrin and deltamethrin (Schleier and Peterson, 2011). Synthetic pyrethroids are
commonly used in crop protection, animal health and in public health (reviewed by Davies
et al., 2007).

The OPs and PYs are the most widely used groups of insecticides for dengue control in
the Americas region. Use of carbamates has been limited to residual spraying in the region,

due to their recent introduction for dengue control (Berg et al., 2012; WHO, 2011).

2.1.3. Overview of dengue chemical control in Mexico.

DDT and dieldrin in Mexican anti-malaria campaign. The history of mosquito
chemical control in Mexico started with an anti-malaria campaign initiated in the mid-1940s,
when The Rockefeller Foundation supported the world’s first field trials for DDT residual
spraying against Anopheles mosquitoes in the central states of Morelos and Michoacan
(Goémez-Dantés and Birn, 2000; Stapleton 1998). With the creation of the General
Directorate of the Campaign against Malaria (DGCP-SSA) in 1947 (which preceded the
National Campaign to Eradicate Malaria, CNEP), vector control was mostly based on DDT
or dieldrin use in residual spraying and oil application on water bodies (Gémez-Dantés and
Birn, 2000).

Initially, dieldrin was the insecticide of choice, due to its long lasting residual effect that
allowed a single application per annum (Gémes-Dantés & Birn, 2000). Dieldrin was replaced
by DDT in 1960, because of concerns regarding dieldrin toxicity levels and evidence of
resistance to this insecticide (Martinez-Palacios, 1965; Gémes-Dantés & Birn, 2000). During
the CNEP programme, more than 81,900,000 houses were sprayed with DDT throughout
Mexico from 1956-1983 (Figure 2).

In 1984, the CNEP was dismantled and the malaria program was integrated into the
Ministry of Health (MoH) in the General Directorate of Preventive Medicine within a
division responsible for all vector-borne diseases. During the 1980s, a new version of the
eradication scheme called “Program of Simultaneous and Intensive Actions” (PAIS) was

implemented in 955 specific foci of malaria transmission identified as the main sources of
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infection. The features of PAIS included environmental sanitation, use of protective
measures like screening and bed nets and the improvement of the quality of walls in houses

enabling better impregnation with the insecticide (Gémes-Dantés & Birn, 2000).
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Figure 2. DDT and malaria control in Mexico. Blue bars represent number of houses sprayed
with DDT from 1959-1999. Orange line represent tonnes of active ingredient (a.i.) used of DDT
from 1988-1999. Source: SISPA data bases (2013).

At the end of the 1980s, the use of DDT began to decrease. DDT use continued
sporadically in some areas of the country until 1998, when it was banned as part of the
agreements established by the Commission for Environmental Cooperation of North
American Free Trade Agreement (Environews Forum, 1997; SSA, 2011). DDT use was fully
discontinued in 2000 (Méndez-Galvan et al., 2004).

Mexican anti-Aedes campaign. The early years of Aedes eradication encompasses the
anti-yellow fever campaign in the 19th century. Yellow fever control was the first priority
overall in Mexican coastal cities (including Veracruz, Acapulco, Campeche and Merida). In
1921, the Special Commission for the Campaign against Yellow Fever was created in Mexico
and in conjunction with agents and considerable funding from the Rockefeller Foundation
International Health Board, waged a successful campaign to eliminate yellow fever in the
state of Veracruz, Mexico through the elimination of Aedes breeding sites. The yellow fever
campaign was also assisted by the use of DDT indoor residual spraying implemented by anti-
malaria campaign (Torres, 1995; Novo, 1995). The eradication of yellow fever in Veracruz
was achieved in 1923 (Gémes-Dantés & Birn, 2000; Novo 1995) and by 1925, urban yellow
fever was declared eradicated from Mexico (Novo, 1995). Since 1923 and to date the yellow

fever is considered eradicated in Mexico.



In the 1940s, the first evidence of dengue transmission in Mexico was reported (Narro-
Robles & Gomez-Dantés, 1995). Although there was no explicit dengue control programme
at that time, anti-mosquito activities against malaria and yellow fever were ongoing (Torres,
1995).

The history of dengue vector control in Mexico started with a vigorous campaign to
eradicate Ae. aegyps, initiated by the Pan American Health Organization (PAHO) in all Latin
American countries in 1957. All houses in positive localities were treated with intra-
domiciliary DDT spraying (applying two treatments every six months). By 1960, no dengue
cases were reported in the country and in 1963, PAHO certified Ae. aegp#i eradication in
Mexico. However, in 1978 the country experienced the re-emergence of dengue (Torres,
1995). It appears that while the Mexican health authorities were looking for Ae. aegyp#i on the
borders, a gradual re-infestation by vector populations to levels of epidemiological
importance occurred within the Mexican territory.

In 1980, and in view of these events, Mexico had to establish a National Contingency
Programme for the Prevention, Surveillance, and Control of DENV. This programme aimed
to control and prevent outbreaks, based on elimination of mosquito breeding sites through
massive source reduction (“‘descacharrizaciéon”) and larvicide application (1 % temephos),
part of the PAHO recommended activities (Nelson, 19806). In addition, a new element was
integrated: adult control with ULV application of malathion.

Organophosphate insecticides such as malathion were used from 1981 to 1999 (SSA,
2001). Initially malathion was used sporadically and gradually replaced DDT in 1984, mainly
for malaria vector control (Gémes-Dantés & Birn, 2000) and later for ULV space spraying
for Aedes control (SSA, 2001). Deltamethrin was sporadically used for intra-domiciliary
spraying for a brief period between 1999-2001. In 2000, dengue control programs in Mexico
switched to permethrin-based pyrethroid insecticides for ULV intra-domiciliary and space
spraying for adult mosquito control, and permethrin was exclusively used for almost ten
years (Figure 3). In 2009, the use of permethrin was banned because of evidence of resistance
to this insecticide in several Ae. aegyp?i populations in Mexico (Saavedra-Rodriguez et al.,
2007; Ponce-Garcia et al.,, 2009). Since then, a broad group of insecticides have been
approved to be used for dengue control in Mexico, including other pyrethroids and the
recently approved CAs propoxur and bendiocarb (SSA, 2008; SSA, 2014). See figure 4.

Temephos 1% has been applied to bodies of water and domestic containers for immature
Aledes control since 1980. Although other larvicides are available (based on Spinosad, Bti and

insect growth regulators (IGRs)), temephos continues to be the larvicide of choice in Mexico



due to its low price. An overview of historical insecticide use in Mexico is shown in Figure

4.
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Figure 3. Use of insecticides for mosquito control in Mexico averaged during the period 1993-2007.
PY, pyrethroids; OP, organophosphates; OC, organochlorines. Source: data from WHO, 2004, 2007b,
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Discovery of DDT insecticide propiertes
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1947-1956 Malaria & yellow fever control (DGCP)
1956-1960 Dieldrin Malaria control (CNEP
1960-1983 DDT Malaria (CNEP) & dengue control
Temephos

1999-2009 Permethrin
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Figure 4. History of approved insecticide for mosquito control in Mexico. Since 1947 the vector
program of the Ministry of Health in Mexico has used a series of insecticides for the control of dengue
and malaria. DGCP, General Direction of the Campaign against Malaria; CNEP, National Campaign
of Malaria Eradication; MoH, Ministty of Health. DDT, organochlorine; CA, carbamate; PY,
pyrethroids; OP, organophosphate; IS, intra-domiciliary spraying; ULV, ultra low volume spraying.
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2.2  Evolution of resistance

2.2.1. Importance of insecticide resistance.

The pressure exerted by the extensive and intensive use of insecticides has encouraged
the development and evolution of resistance on more than five hundred species of
arthropods of medical, agricultural and veterinary importance (Denholm et al., 2002; IRAC,
2013). The number of species resistant to any insecticide has had an increase of almost 50%
in the last 40 years (Figure 5).

Resistance in insect pests results in increased insecticide application rates, decreased yields
(crops and animal products), environmental damage, and outbreaks of human and animal
diseases when vectors cannot be controlled. The World Health Organization (1976) has
called insecticide resistance “the biggest single obstacle in the struggle against vector-borne
disease”. One estimate suggests that the cost of resistance may be $1.5 billion USD annually

in the United States (Pimentel et al., 2005).
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Figure 5. Evolution of arthropod insecticide resistance from 1908 to 2012. Source:
http:/ /www.pesticideresistance.org.

Development of insecticide resistance. Insecticide resistance is heritable and thus has
a genetic basis (Hemingway et al, 2004). As insect populations are usually large in size and
they have multiple generation in short periods of time, there is always a risk that insecticide
resistance may evolve, especially when insecticides are misused or over-used. Natural

selection by an insecticide allows some initially very rare, naturally occurring, pre-adapted
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insects with resistance genes to survive and pass the resistance trait on to their offspring.
Through continued application of the same type of insecticides (or with the same mechanism
of action), selection for the resistant individuals continues so the proportion of resistant
insects in the population increases, while susceptible individuals are eliminated by the
insecticide. Under permanent selection pressure, resistant insects outnumber susceptible
ones and the insecticide is no longer effective. Insect resistance generally is a local
phenomenon and can vary greatly over space and time (Deming et al., 2016).

Insects can become resistant to more than one class of insecticide in two ways. Resistance
selected by one insecticide can confer resistance to another insecticide, even where the insect
has not been exposed to the latter product, i.e. cross-resistance. This is because of insecticides
have the same or very similar modes of action (e.g. CAs and OPs; PYs and DDT). If the
resistance is conferred by two or more different resistance mechanisms in an individual insect
(a resistant insect may have both target site and metabolic resistance), it is termed multiple
resistance or multi-resistance (Brengues et al., 2003; Georghiou, 1965). The main

mechanisms by which mosquitoes confer resistance are reviewed below.

2.2.2. Mechanism of insecticide resistance.

Resistance can be acquired through behavioural or physiological actions. Behavioural
resistance occurs when insects are able to evade contact with pesticides through avoidance
(deterrence). This type of response can be further divided into direct (tarsal) contact
excitation (irritancy) and non-contact spatial repellency when insects move away from the
insecticide-treated area without making direct contact (Roberts et al., 1997). In laboratory
and field experimental trials, the repellent and irritant actions of DDT and some pyrethroids
on Ae. aegypti mosquitoes have been desmostrated (Achee et al., 2009; Grieco et al., 2007).
Behavioral resistance could have significant impacts on the effectiveness of mosquito
chemical control; however is the less studied and it is more difficult to monitor in field
populations compared to physiological resistance (Gatton et al., 2013).

Physiological resistance is the dominant type of insecticide response and the most
extensively studied. It is defined as the ability of an insect population to survive exposure to
a concentration of insecticide that would normally result in complete kill (Roberts and Andre,
1994). Physiological resistance may be achieved by various mechanisms, such as increased
excretion, cuticular resistance, metabolic resistance or tresistance due to the alteration of
target sites.

In cuticular resistance changes in the chemical composition of the insect’s cuticle would

result in delaying the rate of insecticide penetration into the body, which would in turn
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provide time for detoxification mechanisms to take effect, avoiding insecticides reach their
binding site in a lethal dose. Some Cu/ex mosquitoes have evolved thicker or altered cuticles,
which reduces the penetration of insecticide (Apperson and Georghiou, 1975; Stone and
Brown, 1969). In addition some genes have been identified encoding for cuticular protein
over-expressed in PY resistance strains of Anopheles (Kwiatkowska et al., 2013) and Ae. aegypti
(Lertkiatmongkol et al., 2010).

2.2.3. Insecticide resistance in mosquitoes.

2.2.3.1. Metabolic resistance

Metabolic resistance occurs when enhanced levels (quantitative changes) or modified
activities (qualitative changes) of detoxification enzymes prevent the insecticide from
reaching its site of action. When increased quantities occur, sequestration is the primary
mechanism; qualitatively changes can hydrolyse insecticides at a faster rate than their
counterparts in susceptible insects. Quantitative changes are usually mediated via
upregulation through mutations in trans- and/or cis-acting regulatory loci (increasing the
transcription) or through amplification of the structural gene encoding the enzyme; and
qualitative changes result from mutations in the enzyme coding sequence (Bass and Field,
2011). See figure 6.

There are three major groups of enzymes families involved in metabolic resistance: the

carboxylesterases, cytochrome P450s and glutathione S-transferases.
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Figure 6. Molecular mechanism of metabolic resistance.

Carboxylesterases (CCEs). CCEs comprise a gene family within the a/B-hydrolase

fold protein superfamily (Montela et al,, 2012). Increased production of CCE causes
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enhanced degradation and sequestration of insecticidal esters, such as OPs. This mechanism
can be considered as the primary mechanism against OPs (Karunaratne, 1998). 49 CCE-
encoding genes have been identified in Ae. aegyp#i (Strode et al., 2008).

The overproduction of esterase enzymes is a common mechanism of OPs resistance
observed in Culex mosquitoes as result of gene amplification (e.g. esta2’, estB1’, estB2")
(Gullemaud et al., 1997; Hemingway, 2000; Hemingway and Karunaratne, 1998; Peiris and
Hemingway, 1993; Raymond et al., 2001; Vaughan and Hemingway, 1995). The amplified
esterase form binding insecticides more effectivelly than their non-amplified counterparts
(Karunaratne et al., 1995). The level of amplification is highly correlated with the resistance
phenotype (Bass and Field, 2011).

Transcriptional or translational regulation may also play a role in esterase gene expression.
In Culex mosquitoes, esterase genes (esza2’ and est82') are co-amplified in a 1:1 ratio within
the genome (Hemingway and Karunaratne, 1998), but they are differentially expressed in a
2:1 (estal 1- estB11) to 30:1 (estB2'- esta2’) ratio (Cui et al., 2007b; Paton et al., 2000).

Increased OP-CCE activity, by amino acid substitutions in the coding sequences of
esterase genes has been found in Cw/ex strains (Cui et at., 2007a).

Recently a specific CCE (CCEae3a) in Aedes mosquitoes has been implicated directly in
metabolizing OPs (Grigoraki et al., 2016). Increased CCEae3a activity is associated with
amino substitutions in CCEae3a gene, in addition to gene amplification mechanism
(Poupardin et al., 2014).

Enhanced activity of esterase has been also associated with CAs and PY's resistance in
Anopheles (Aizoun et al., 2013; Beach et al., 1989; Brogdon and Barber, 1990; Vulule et al.,
1999) and Culex mosquitoes (Gordon and Ottea 2012). Evidence in permethrin-resistant Ae.
aegypti is also reported (Mourya et al., 1993). Recently, the capacity of Ae. aegypti CCEs to
metabolize PY's has been demonstrated in vitro (Somwang et al., 2011). However, no specific

mosquito CCE has yet been validated as a PY metabolizer.

Cytochrome P450s. The cytochrome P450s (also termed mixed-function oxidases or
monooxygenases) constitute a ubiquitous and complex superfamily of hydrophobic, heme-
containing enzymes, which act as the terminal oxidase in monooxygenase systems (Hlavica,
2011; Scott, 1999). P450-based metabolic resistance confers cross resistance to broad group
of insecticides but are particularly important in PY resistance (Casida y Quistad, 1998; David
et al., 2013). In addition, P450s are responsible for the bioactivation of many OPs. It is also
possible that resistance could be achieved through decreased activation, but it does not

appear to be a common mechanism of resistance (reviewed by Scott, 1999). In Ae. aegypt,
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160 P450-encoding genes have been identified, considerably more than found in Drosophila
melanogaster, and Anopheles gambiae (Feyereisen, 2012; Strode et al., 2008).

Overproduction of P450 enzymes has been identified as a common mechanism of PY's
resistance in several species of mosquitoes as result from a change in a regulatory factor,
which regulates enzyme expression (Scott, 1999; Waters and Nix, 1988). Most of P450 genes
over-expressed in pyrethroid resistant strains of Ae. aegyp#i from South-East Asia, Latin
America and Caribbean belong to the CYP9 and CYP6 genes (David et al., 2013; Stevenson
et al,, 2012). But only a subset of Aedes P450s (e.g. CYP9J24, CYP9J26, CYP9J28 and
CYP9J32) that have been associated with pyrethroid resistance has been confirmed to be
able to metabolise pyrethroids by functional in vitro studies (Reviewed by Vontas et al., 2012)
P450 gene duplication has also been reported in Ae. aegypri (Bariami et al., 2012).

In Ae. aegypti, both P450 (CYP6Z8) and CCE (CCEae3a) enzymes were found
overexpressed together in PY and OP resistant populations supporting the possible
coordinated role of theses enzymes in insecticide detoxification (Marcombe et al., 2009;
Marcombe et al.,, 2012; Poupardin et al., 2014). Particular P450 enzymes from Ae. aegypti
(CYPOZS8) and An. gambiae (CYP6Z2) have been shown to metabolize PY metabolites
produced by CCE, and it is possible that elevated levels of this enzyme is an important
secondary resistance mechanism (David et al., 2013; Poupardin et al., 2014).

Increased levels P450 enzymes in Angpheles pyrethroid-resistant populations, may also
confer cross-resistance to CAs (Brooke et al., 2001). Recent studies suggests that an
upregulated P450 belonging to CYPG6 subfamily could be associated with bendiocarb
resistance in Cx. quinquefasciatus (Martins, 2014) and An. gambiae (Edi, 2014).

Glutathione S-transferases (GSTs). At least six classes of cytosolic GST's are present
in insects (Ding et al., 2003; Enayati et al., 2005; Ranson et al., 2002). GSTs enzyme families
are mostly associated with DDT resistance, although specific genes belonging to GST
families are also frequently found over-expressed in pyrethroid resistance populations. There
are 26 GST-encoding genes in Ae. aegypti compared to 28 in An. gambiae (Strode et al., 2008).

Overproduction of GST enzymes is a major mechanism of DDT-resistance in
mosquitoes (Ding et al., 2005; Enayati et al., 2005; Hemingway et al., 2004; Ranson et al.,
2001). GSTEZ2 has been confirmed to have DDTase activity in Angpheles (Ortelli et al., 2003;
Ranson et al., 2001) and Aedes mosquitoes (Lumjuan et al., 2005). Recently high level of DDT
resistance was associated a single amino acid change (L119F) in the binding pocket of
GSTE2 in An. funestus field populations in addition to gene increased transcription

mechanism (Mulamba et al., 2014; Riveron et al., 2014). Similarly, in Ae. aegyp?i the GSTE2
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isoform from the DDT resistant strain (which differs at five residues compared with the
susceptible strain) has higher affinity for DDT (Lumjuan et al., 2011).

The GST role in the detoxification of PYs has been attributed to its capacity to reduce
the peroxidative damage induced by PY's, mainly by detoxifying lipid peroxidation products
(Vontas et al., 2001). Although some evidences were previously showed in Ae aegypti
(Lumjuan et al., 2011), recently more evidence in Angpheles (Riberon et al., 2014) and Culex
(Huang et al., 2012) implicate to particular GST (GSTe2 and CpGSTD1T genes respectively)
directly in metabolizing PYs, but the mechanism by which this occur still remains to be
resolved.

It is suggested that GSTs may also protect against PY toxicity through a passive
sequestrating process (Kostaropoulos et al., 2001) and some Angpheles GSTs have been
shown to bind PYs (Jirajaroenrat et al., 2001; Prapanthadara et al., 1998, 2000;
Udomsinprasert and Ketterman, 2002).

For some insecticide classes, the GST detoxification mechanism acts as a secondary
resistance mechanism in conjunction with a P450 or esterase based resistance mechanism

(Hemingway et al., 1991).

2.2.3.2. Target-site insensitivity.
Alterations in the amino acid sequence of the insecticide-target proteins (the voltage gated
sodium channel and insect AChE) can cause the insecticide to be less effective or even

ineffective (Figure 1).

Voltage gated sodium channel. Mutations in the voltage-dependent sodium channel
gene have been associated with knockdown resistance (kdr).

The molecular basis of kdr was first recognised in Musca domestica: point mutations in the
S6 segment (L1014F) and in the S4-S5 linker (M918T) of domain II (Williamson et al., 1996)
were linked to pyrethroid resistance. Since then kdr-like mutations at codon 1014 (L to
F/H/S mutation in IIS6) have been reported in various insect species including mosquitoes
(Martinez-Torres et al., 1998 & 1999).

The Ae. aegypti mosquitoes do not present any substitution in the classic 1014 kdr site,
because codon usage of the Ae. aegypti sodium channel does not favour substitutions at
residue 1014 (Martins et al., 2009b; Saavedra-Rodriguez et al., 2007). Instead, several
mutations in different positions have been observed in Ae. aegypti populations from Latin
America and Southeast Asia. One of these mutations 11011M occurs in South American
populations. In Brazil, the 11011M frequency was associated with cypermethrin-resistant

field population (Lima et al., 2011; Martins et al., 2009a). However, for the most of mutations
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identified for Ae. aegypti, there is little evidence associating these mutations with resistance.
To date only the V10161/G and F1534C sodium channel mutations in Ae. aegypti have been
clearly associated with resistance to insecticides and they have been proven to reduce sodium
channel sensitivity to pyrethroids to DDT and PYs (Brengues et al., 2003; Du et al., 2013;
Hirata et al., 2014; Hu et al., 2011).

In Mexico (Ponce-Garcia et al., 2009) and Cayman Islands (Harris et al., 2010) V10161 has
been associated with permethrin resistance. An alternative mutation at this codon, the
V1016G mutation, has been reported in Asian populations of Ae. aegypti from Indonesia
(Brengues et al. 2003), Thailand (Rajatileka et al, 2008; Srisawat et al., 2010; Stenhouse et al.,
2013), Vietnam (Kawada et al, 2009) and Taiwan (Chang et al., 2009) and it has been
associated with resistance to deltamethrin (Srisawat et al., 2010; Stenhouse et al., 2013).

The F1534C mutation is associated with resistance to permethrin and DDT.
Electrophysiological experiments showed F1534C mutation drastically reduced channel
sensitivity to type I PYs, but not to type II PYs (Hu et al.,, 2011). Mosquitoes with the
homozygous F1534C mutation are generally susceptible to deltamethrin. In Thailand Ae.
aegypti populations where this mutation is widely distributed (Yanola et al., 2011), mutant
homozygous 1534C mosquitoes were always expressed with wild-type V1016, and the
presence of the F1534C mutation was not associated with deltamethrin resistance (Stenhouse
et al.,, 2013). In the Cayman Islands a number of mosquitoes were homozygous for both
resistant allele, 10161 and 1534C, the first one was associated with permethrin survival, and
1534C was strongly associated with survival to both insecticides permethrin and DDT
(Harris et al., 2010).

F1534C and V1016I mutations frequencies responded to deltamethrin selection, but in
diferent levels. Studies carried out with a field strain from Venezuela, which was selected in
the laboratory for 15 generations with deltamethrin, showed that the frequency of V1016l
increased from 0.02 in F1 up to 0.5 in F15 (Alvarez et al., 2014). Similary Ae. aegypti from
Santiago de Cuba selected with deltamethrin for 12 generations, the V10161 frequency
increased from 0.033 in the original generation to 0.565 in F12 (Saavedra-Rodriguez et al.
2007). Interestingly for the first study, frequency of F1534C increased from 0.35 up to
fixation, showing that deltamethrin select the F1534C mutation more rapidly than V10161
(Alvarez et al., 2014). The participation of this mutation in deltamethrin resistance needs to
be investigated, considering the previous evidence about F1534C has been correlated with

resistance to type I but not type II pyrethroids (Hu et al., 2011).
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In addition to the fitness cost (for more discussion see Ffrench-Constant 2013) the type
of kdr-mutation seems to depend of the kind of insecticide selection pressures (e.g. exposure
to either type-1 or type-II PYs or DDT). A particular kdr residue may be more effective at
reducing susceptibility to one chemical structure than another. The recent discovery of a
second putative PY receptor site in sodium channel in insects suggest that simultaneous
binding of PY to two receptor sites in a four-domain sodium channel is necessary to
efficiently lock sodium channels in the open state and, thereby, to exert the highly insecticidal
action (Du et al., 2013). Specific mutations and their ubication in these two receptor sites

could interact in conferring resistant to specific or general types of PYs.

Acetylcholinesterase (AChE). In insects AChE is a glycosylated dimer which is
attached to a membrane via a glycolipid anchor (Figure 1). In mosquitoes there are two genes,
ace-1 and ace-2, coding for AChE1 and AChE2, respectively. The mosquitoes 4. gambiae and,
Ae. aegypti contains these two ace genes, in contrast with D. melanogaster which possess a single
AChE encoded by ace-2 (Strode et al., 2008).

In mosquito species, only three mutations on the ace-7 gene have been linked to insensitive
AChE mediated resistance: G119S, F290V and F331W (reviewed by Labbé et al., 2011). The
most common resistance mutation (G1198S) in the ace-7 gene is situated near the active site
"gorge", and confers high resistance to OPs in Cx. pipiens and An. gambiae (Weill et al., 2003,
2004). This mutation has not yet been observed in Ae. aegypti (Grisales et al., 2013; Weill et
al., 2004), probably because this mutation is unlikely to occur spontaneously as it would
require two mutation steps (Weill et al., 2004).

Duplication of resistant alleles of the ace-7 gene has also been described in mosquitoes

(Edi, 2014; Labbé¢ et al., 2011; Liebman et al., 2015).

2.2.4. Insecticide resistance mechanism in Aedes aegypti populations from Mexico.

In Mexico the extensive use of DDT between 1950-1987 and the long and intensive use
of pyrethroids in public health during the 1990°s, promoted an intense selection pressure for
the evolution of resistance in Ae. aegypti (Brengues et al., 2003), and resulted in dramatic
increases on the frequency of the 101061 kdr allele from 1996 to 2009 (Saavedra-Rodriguez et
al., 2007; Ponce-Gartcia et al., 2009; Bobadilla-Utrera, 2010; Siller et al., 2011; Lorofno-Pifia
et al 2013). More recently the 1534C kdr allele, originally reported in Asia (Kawada et al.,
2009; Yanola et al., 2010, 2011) and in the Caribbean (Harris et al., 2010), has been reported
to be common in permethrin-resistance Ae. aegyp# populations from pacific coast of Mexico

(Aponte et al., 2013; Penilla-Navarro et al., 2013).
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Metabolic resistance has been also reported for Mexican Ae. aegypti populations. Elevated
esterase levels were identified as the primary detoxifying mechanism in permethrin-selected
populations from Quintana Roo State in the Peninsula of Yucatan (Flores, et al., 2000);
esterase-based dextofication have been also reported as important resistance mechanism for
permethrin in north of Mexico (Flores et al., 2005; Flores et al., 2009). The GST and esterase-
based mechanism have been reported in pyrethoid resistant populations from Guerrero State
in the pacific coast of Mexico (Aponte et al., 2013).

Resistance to OPs (e.g. chlorpyrifos, currently used in Mexican Anti-Aedes campaign) is
suggested to be confered by esterase-based mechanism (Lopez et al., 2014). Theses studies
showed no indication of involvement of insensitive AChE in resistance in Mexican

populations (Flores et al. 2005, 2006, Lopez et al., 2014).
2.3 Epidemiology of Dengue

2.3.1. Dengue transmission in the Americas

Dengue has emerged as the most important vector-borne disease in the Americas because
it threatens the health of millions of people living in urban, suburban and even rural
environments (Tapia-Conyer, et al 2012). Dengue represents an enormous burden for clinical
and health services in endemic regions which have been unable to reduce significantly this
disease. The PAHO launched an Ae. aegyp#i eradication campaign in the 1950s and 1960s that
came close to eliminating the vector from the continent (see section 2.1.3). The initial impact
of the eradication campaign created the false impression that any vector control strategy
could or should achieve similar reductions. The current distribution and incidence of the
dengue in the Americas is increasing (Figure 7A) especially due to the deteriorating social,
environmental and economic conditions that have made vector control a more challenging
goal nowadays than it was in the past (Dantes et al., 2014). For example, the ecological setting
for Ae. aegypti development and dengue transmission are urban centers in tropical and
subtropical regions in the continent and, in the last 40 years, there has been intensive
urbanization in Latin America and the Caribbean that is expected to reach 84% of the
population by 2030; by then this region will be the second most urbanized in the world
(Gomez-Dantes and Ramsey-Willoquet, 2009).

In the Americas region, a few countries, mainly Brazil, Mexico and Venezuela, represented
above 80% of dengue cases reported from last 10 years (Figure 7 A-B). Mexico contributes
to the high number of dengue cases in the Americas (San-Martin et al., 2010) and provides

favourable conditions for the spread of dengue disease.
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2.3.2. Dengue disease patterns in Mexico.
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In terms of morbidity, mortality, and economic costs, dengue disease is the most
important mosquito-borne viral disease of Mexico. The first official reports of dengue
transmission in Mexico date from the 1940s (Narro-Robles & Gomez-Dantes, 1995), when

0,955 cases were reported, but decreased as the “Ae. aegypti eradication” progressed (see



section 2.1.3). Dengue transmission reappeared in Mexico in 1978, having been absent for
almost twenty years (CDC, 1979, 1980). The major epidemics were in 1979-1980, 1982, 1984,
1995-1999, 2007-2010 and 2012-2014. All DENYV serotypes have circulated during this 37-
year period (Figure 8). Overall, the total dengue cases (both dengue fever-DF- and dengue
haemorrhagic fever -DHF- confirmed by laboratory) reported in Mexico were 876,528
(767,296 DF and 109,232 DHF respectively).

The period from 1979-1993 was characterised by an oscillation between epidemics caused
by a single serotype to the simultaneous circulation of multiple serotypes in the last years
(Figure 8). The circulating serotype reported most frequently during the 80s was DENV-1,
followed by DENV-2 and DENV-4. These three serotypes were observed from 1983 to
1985, each causing significant numbers of cases and over a wide geographic distribution: in

nearly all (>85%) of the states in the country.
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Figure 8. Total confirmed dengue cases, DF (yellow line) and DHF (red line), and DENV
serotypes circulating reported in Mexico from 1978 to 2015. The grey line represent the number
of Mexican states reporting dengue cases throughout the period. Epidemiological data before 2009
were obtained from the National Centre of Epidemiological Surveillance of the General
Directorate of Epidemiology (DGE), Mexican Ministry of Health. Data from next years were
obtained from nation-wide, web-based epidemiological surveillance system (SINAVE-DGE).

This pattern changed during the 90s when DENV-2, DENV-3 and DENV-4 were more
regularly reported (Figure 8). However, DENV-1 has been associated with most of the DF
cases reported. Changes in the incidence and severity of dengue in Mexico suggest an
association with the introduction and circulation of different serotypes and genotypes —and

some particularly virulent strains- of DENV (Diaz et al., 2000). The severity of dengue in
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Mexico seems to have increased with the introduction of DENV-3 and/or the circulation of
DENV-2 non-American genotype strains.

Historically, DF cases were distributed as follows: 212,178 (317/100,000 inhabitants)
during the 80s, 208,196 (256/100,000) during the 90s, 184,450 (187/100,000) during 2000s
and 158,249 (141/100,000) during the petiod 2010-2015. The last 10 years have witnessed
large dengue outbreaks with 216,779 cases from 2006 to 2011 totalling, and 175,972 cases
from 2012-2015.

The first DHF cases in Mexico occurred in 1994, and increased over time from 3,607
(4/100,000) during the 90s, to 41,018 (42/100,000) dutring the 2000s and to 64,598
(58/100,000) during the period 2010-2015. Similatly to DF, there was an increase in the
number of cases reported from 2005 to 2015 totalling 99,343 cases (90.9% of DHF reported
in more than 20 years). The DHF cases as a percentage of total dengue cases also increased
from <2% in the 90s to 18-28% in the 2000s and the period 2010-2015 respectively.

Fatalities caused by dengue have been negligible except for 490 deaths reported during
2009-2015, with a lethality less than 1%.
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Figure 9. Geographical distribution of dengue cases in Mexico 2000-2015. Mexico is divided into
31 states and one federal district that contains the capital, Mexico City. The map show the 37
localities/cities with high concentrations of cases. Source: DGE technical reports and SINAVE-
DGE.

Dengue is hyperendemic across the country with 30 states out of 32 reporting DENV

transmission, (Figure 9) but levels of DHF endemicity are quite variable within the country
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with most Mexican states having only low or moderate incidence. Almost 41% of dengue
cases reported in the last 15 years are concentrated in 37 localities ranging from 38,000 to
1,700,000 inhabitants (Figure 9). Most of these localities/cities are important toutist and
commercial centres. Three cities (above of 800,000 inhabitants) that have reported the
highest proportion of cases in the last 15 years are Merida (3.7%), Acapulco (3.1%) and
Veracruz (2.4%).

These three cities are dengue transmission hot spots, consistently reporting more than
30%-60% of all annual cases within their respective states, with continuous dengue
transmission throughout all the year (over 90% of the weeks with dengue cases) but increased
transmission (most of cases 82% approximately) occur in the second half of the year during
the rainy season (Figure 10). The Ministry of Health recognises these cities as a high-risk area

within high-risk municipalities, located in a high-risk state (CENAPRECE, 2014).
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Figure 10. Multiannual behaviour of dengue cases (orange line) and rainfall (blue line) in Mérida (A)
and Acapulco (B) Mexico. Monthly average rainfall (1950-2011 for Merida; 1980-2009 for Acapulco) is
overlayed to the number of accumulated dengue cases reported per month (2001-2009 for Merida;
2003-2009 for Acapulco). Source: SINAVE-DGE and CONAGUA technical reports.

2.4  Aedes aegypti bionomics

2.4.1. Taxonomic classification and life cycle.

The mosquito Aedes aegypti is an insect of the order Diptera, suborder Nematocera, Family
Culicidae, subfamily Culicinae, Tribe Aedini, Genus .Aedes, and subgenus Szegomyia (Harbach,
2007; Savage, 2005). There are three recognised subspecies: Ae. aegypti aegypti, widely-
distributed in tropical and subtropical regions and typically associated with humans; Ae.
aegypti formosus, the presumed ancestral form, sylvatic and limited to sub-Saharan Africa; and
Ae. aegypti gueenslandensis, now apparently eradicated from the Mediterranean Basin (Powell

and Tabachnick, 2013).
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The life cycle of Ae. aegypti comprises four well-defined stages: egg, larvae, pupae and
adult. The first three stages develop in the aquatic environment; and those bodies of water
(habitats) where the immature stages develop are commonly called "breeding sites". The life
cycle of Ae. aegypti can be completed within one-and-a-half to three weeks

Female Ae. aegypti lay eggs individually a few centimetres above the water level of the
containers that can store water in the domestic and peridomestic environment (Nelson,
1986), each gravid female can distribute her eggs among several oviposition sites (skip
oviposition behaviour), so each container can contain a mixture of eggs of different females
(Apostol et al., 1994; Colton et al., 2013; Reiter et al., 1995). A single female usually produce
on average 100-120 eggs per batch (Apostol et al., 1994). The oviposition period lasts several
days and the diel patterns of oviposition both indoors and outdoors are bimodal with
consistent peaks at 06:00-08:00 h and 16:00-18:00 h (Chadee and Corbet, 1989). The
oviposition activity intensifies during the rainy season due to increased water containers
available and growth of the mosquito population. Females are able to fly distances ca. 800 m
to oviposit (Honorio et al, 2003; Reiter et al., 1995), and if they do not have access to
oviposition sites, can retain their eggs for several days (Chadee, 1997).

In warm climates, embryonic development is completed in 48 hours and larval hatching
can occur at any time depending on the temperature and oxygen concentration. In
unfavourable conditions, eggs can survive for very long periods (diapause), even for more
than a year (Christophers, 1960; Nelson, 1986). The larvae moult four times (four instars),
and usually, larval development is completed in one week (Christophers, 1960; Grench et al.,
2010). The pupal stage lasts 48 -72 hours (Grench et al., 2010).

The adult mosquitoes usually emerge at a 1:1 ratio of male and female (Grench et al.,
2010), with males the first to emerge, and spend their first 24 hours resting, perching on
vertical shaded surfaces close to the breeding site. Males begin a short-flight period searching
for females to copulate and, females, fly to look for hosts to feed (host-seeking behaviour)
between 24 and 72 hours old after emergence (Sanchez-Hernandez, 2011). At both indoor
and outdoor sites the copulation periodicity has two significant peaks at 06:00-08:00 h and
16:00-18:00 h. The copulation encounters often occur in and around breeding containers
and within houses in close proximity to human bait (Chadee and Gilles, 2013).

Once females take a first blood meal (biting activity), after 48 to 72 hours, they are ready
to oviposit. After oviposition, the female restarts host-seeking behaviour for the next batch
of eggs (Klowden, 1990). The host-seeking behaviour and biting activity of Ae. aegyp#i are

closely related, therefore, both events described biorhythms that overlap, showing two
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consistent peaks at 06:00-08:00 h and 16:00-18:00 h in intra, peri, and extradomiciliary sites
(Casas-Martinez et al., 2013; Corbet and Smith, 1974; Trpis et al., 1973).

The period between host-seeking and oviposition behaviour defines the start and end of
the gonotrophic cycle. Studies in the south of Mexico report that the time required to
complete the first gonotrophic cycle in Ae. aegypti averages 2.8 days at an average temperature
of 26.2°C (Tamayo-Dominguez, 2011).

The adult stage can range from two weeks to a month depending on environmental
conditions (Grench et al., 2010).

The mosquito Ae. aegypti is an antropophilic, endophilic, endophagic and day-biting
species, it has an eminently domestic behaviour and closely related to humans (synanthropic).
Residential premises (house and peridomicile) offer important habitats for Ae. aegypts; female
mosquitoes emerging from productive breeding-sites move in and out the houses in search
of food (human blood), refuge and mating and oviposit at the suitable breeding-sites to
complete their life cycle. Epidemiologically, this is particularly important to disrupt vector-
borne transmission of disease, overall if most transmission occurs indoors. In particular, the
prevention of endophagy by Ae. aegyp# is obviously important to stop transmission of virus
from infected mosquitoes to susceptible humans, but also to stop Ae. aegyp#i from feeding

upon infected humans.

2.4.2. Aedes aegyptiin Mexico.

The mosquito Ae. aegypti was very probably introduced to Mexico on ships after first
Europeans arrived in the early 16th century. The first confirmed outbreak of yellow fever in
the New World occurred in the Yucatan, Mexico in 1648 (Powell and Tabachnick, 2013).
This vector is widely distributed in Mexico predominantly at low level elevations (< 610 m)
above sea level (Ibanez-Bernal and Gomez-Dantes, 1995). However, it can be found at
higher elevations. For example, well-established populations of Ae. aegyp?s have been reported
at 1,630 m in Tlacapayan, state of Morelos (Ibafiez-Bernal, 1987) and up to 2130 m at Puebla
City (Lozano-Fuentes et al., 2012) which is the highest elevation record. The great plasticity
of this species and its ability to colonise new environments increases the risk of DENV
outbreaks. Nowadays, autochthonous DENYV cases are reported in 30 of the 32 states (Figure
9).

Based on the results of the larval surveys and characterization of Ae. aegypti breeding-sites,
it was found that the importance of containers is related with two characteristics, mainly,
preference as oviposition site (availability/operation) and mosquito production (female/type

of container) (Ordofiez-Torres, 2004). Studies in Mexico on productive container types for
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Ae. aegypti immatures have incriminated as the most important breeding-sites: disposable
containers (i.e. cans, tires, bottles, vases, scrap metal, etc.), and buckets/pots, mostly related
with rain-filled objects left in the backyards (Garcia-Rejon et al., 2011; Manrique-Saide et al.,
2008 & 2011; Winch et al., 1992); and large containers, such as tanks and drums, mainly in
localities where public services of piped-water is limited (Ulloa et al, 2010). The variation in
the availability and productivity of the different types of useful and disposable containers as
sites for oviposition female Ae. aegypti depends on cleaning habits of the local human
population, degree of urbanization and the season (Garcia-Rejon et al, 2011; Rubio et al.,
2011).

The dispersal of Ae. aegypti throughout Mexico probably occurs mainly through transport
of eggs, larvae, and adults in discarded bottles, cans, appliances, tires, and other type of
containers along commercial and human migration routes (Winch et al., 1992). In terms of
its distribution and gene flow, the north-eastern Mexican populations of Ae. aegypti are
genetically different from and had lower genetic diversity than Yucatan and Pacific coastal
population. While Yucatan and Pacific populations are genetically more homogeneous. In
general it is suggested that under distances of 150 km, Mexican populations of Ae. aegypti can
be expected to remain genetically uniform (Gorrochotegui-Escalante, 2002), in others words,
the gene flow among populations decreases with increasing geographic distances >150 km
suggesting that genes, for example, affecting DENV susceptibility or insecticide resistance
could remain uniformly spread within 150 km area by high rates of gene flow. Nevertheless,
recently studies in Mexico about Ae. aegypti insecticide resistance gene-frequencies showed
evidence that they are not uniform among populations within <150 km of one another
(Saavedra-Rodriguez et al.,, 2014) and even more, among blocks within the same locality
(Deming et al., 2016). Despite high rates of gene flow, insecticide resistance evolution occurs
locally, probably driven by local selection, i. e. local insecticide pressure (Saavedra-Rodriguez
et al., 2014).

On a smaller scale, it has been demonstrated that adult Ae. aegyp#i dispersion occurs at
relatively short distances (Getis et al., 2003; Harrintong et al. 2005; Scott & Morrison, 2002).
Studies in Mexico report, for example, females of Ae. aegypti are dispersed on average 30.5 m
to a maximum distance of 120 m in an urban environment (Ordonez- Gonzalez et al., 2001),
while males of the same species were dispersed between 12 and 166 m from the point of
release in a rural environment (Valerio et al., 2011). Other studies in Mexico suggest that
dengue transmission is, at least initially, peridomestic; the highest risk is inside the first 50

meters of an index case (vicinity) (Martinez-Vega et al., 2015). This is because the vector is
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essentially static, spends most of its adult life within or in the close vicinity of human
habitations. In one field study in the south of Mexico, the majority of adult, Ae. aegyp#; females
and males, were found inside the houses (95% and 92% respectively, compared with the
peridomicile), most commonly (60-63%) resting in the bedrooms (Garcia-Rejon et al., 2008).
Moreover, DENV-infected Ae. aegyp?i females were collected from homes of dengue patients
up to 27 days after the onset of symptoms (Garcia-Rejon et al.,, 2008). This has clear
epidemiological implications, suggesting that humans rather than mosquitoes are the primary
mode of DENV dissemination within and among localities; and the house as an important
place for human-vector contact and an epidemiologically significant point of contact for

DENYV transmission.

2.5 Chemical control strategies

Chemical control of Ae. aegypti mosquitoes is an important part of integral strategies for
dengue prevention and control in all countries worldwide, including Mexico. Dengue control
programs in Mexico employ a range of chemical interventions for Ae. aegyp?i control: 1)
“Abatizacién” with 1% granules of Temephos® used as a larvicide for treating permanent
breeding-sites which cannot be eliminated (although others options are available, such as
Spinosad, Bti and IGRs); 2) ground vehicle-mounted ULV space spraying using a variety of
insecticide chemical groups (mainly PYs and OPs) in areas/clusters with outbreaks and/or
high entomological risk; 3) focal intra-domiciliary spraying (IS) using motorized-portable
equipment at houses of probable dengue cases with a variety of potential insecticides (mainly
PYs and some CAs) (Figure 11).

There is a controversy over the impact of traditional chemical interventions on _Aedes
abundance and DENYV transmission. Most authors conclude that there is no solid evidence
to support the effectiveness of mosquito control by local vector control programmes
(Ballenger-Browning and Elder, 2009; Bowman et al., 2016). However it is agreed that the
maximum impact in reducing vector populations is achieved when control interventions are
implemented with high coverage and integrated approach, in combination with multiple
control strategies, including clinical trainning, educational programmes, community-based
intervention (Erlanger et al., 2008; Pilger et al., 2010).

In this section a brief review of chemical control strategies for Aedes control worldwide

and particularly in Mexico is given.
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2.5.1. Traditional chemical methods for vector control.

Adult space-spraying. The rational of adult space-spraying for dengue control is that it
kills adult mosquitoes and therefore, has an immediate impact on population numbers, and
so rapidly reduces transmission. In epidemic situations this measure is used to reduce the
populations of adult mosquitoes rapidly by outdoor space-spraying with insecticides using
thermal/cold fogging in ULV aerosols (WHO, 2003). Giglioli (1979) stated that an
immediate reduction of 97% in the vector abundance is required to achieve effective control
of a dengue epidemic.

However, there is much controversy over the efficacy of ULV space spraying from truck-
mounted equipment for control of Aedes mosquito populations (Esu et al., 2010; Pilger et al.,
2010). While some argue that ULV space-spraying has an insignificant effect on the
abundance and dynamics of mosquito populations, others consider that ULV is the last resort
for combating mosquitoes and hence dengue transmission, providing rapid and effective
emergency control at the time of outbreaks of disease in urban and periurban areas. The
experts conclude that its impact is, at best, limited and of short duration (Esu et al., 2010;
Pilger et al., 2010). Nevertheless, this method is still utilised regulatly for seasonal control of
Ae. aegypti and other mosquito species in many places including Mexico.

Preferred insecticides for this type of treatments are OPs and PYs (WHO, 2000).
Currently the Mexican National Programme for Dengue Vector Control approves the use of
the OPs (chlorpyriphos and malathion) and PYs (Bifenthrin and Sumithrin) for ULV space-
spraying applications (SSA, 2014).

Intra-domiciliary spraying. Indoor residual spraying (IRS) — defined by the World
Health Organization as the application of long-acting chemical insecticides on the walls and
roofs of houses and domestic animal shelters — is widely used for the control of some vector
borne diseases such as Chagas disease (Girtler and Yadon, 2015). Particularly for mosquitoes
is a proven method for controlling adult resting indoors (Mani et al., 2005; Dzul-Manzanilla
et al., 2014).

In Mexico the intra-domiciliary spraying on walls using a motorized portable equipment
is preferred to the traditional Hudson X-Pert equipment because of its simplicity. The list of
insecticides approved for this method in Mexico includes PYs (cyfluthrin, y-cyhalothrin, a-
cypermethrin, deltamethrin, cyfluthrin and bifenthrin) and CAs (propoxur and bendiocarb)
(SSA, 2014).
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Larvicidal treatment. Perhaps the most effective preventative measures aim at reducing
the population density of the vector Ae. aegypti. Their efficacy is maximal when larvae are
restricted to breeding sites accessible and limited in size and numbers. Various insecticides
are used (oils, Bti, IGRs, OPs) for larvicidal trearment in mosquito breeding sites (WHO,
2000).

“Traditional” control of Aedes breeding-sites by the Mexican Ministry of Health included
for 30 years short clean-up campaigns called “descacharrizacion”, generally at the start of the
rainy season, considered locally as the “dengue risk season” which incorporate messages
transmitted on television, radio and newspapers announcing special day(s) for refuse
collections. In addition, vector control personnel performed city-wide chemical
interventions: the “Abatizacién” (1% granules of Temephos) for permanent breeding-sites.
As there is no evidence of temephos resistance in Ae. aegypti populations from Mexico, this

OP is the insecticide of choice. However, the use of Bti, IGRs and spinosad are also available

(SSA, 2014).

2.5.2. Vector control programme in Mexico.

The Mexican dengue vector control program includes "integrated chemical vector
control" and “targeting households and areas at risk” (Figure 11). The program still employs
today “Abatizaciéon” and ULV space-spraying, but actions are synchronised and target
areas/clusters with outbreaks and/or entomological risk. The local vector control
programmes use the epidemiological and entomological information available within the
web-based, geographically enabled, dengue integral surveillance system (Hernandez-Avila et
al., 2013) to evaluate, identify and prioritize risk areas to implement vector control
interventions. In addition, focal IS at houses with clinical dengue cases (probable dengue
cases) has been introduced. When a clinical case is reported within the web-based dengue
surveillance system, the local vector control programme implement IS in all houses
surrounding the home of the positive case and in the home of the positive case, in
combination with the application of adulticide space-spraying with truck-mounted
equipment and the active distribution of larvicide in all blocks surrounding the block where
the home of the positive case is located, including the block of positive case.

However, the costs associated with the maintenance of the current program have
increased. In terms of environmental management, the “descacharrizacion” is still
performed; but more recently, a strategy known as “Patio limpio” (hereafter referred as tidy
backyard) has been encouraged for the control of dengue vector breeding sites with

community participation. Tidy backyard includes rubbish elimination and destruction of
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containers that are potential mosquito breeding-sites and the integration of
covering/storing/impeding techniques for domestic water storage containers and watet for
human consumption. Nevertheless, tidy backyard, as a community-based environmental
approach for integrated vector management, is in an initial phase of implementation and yet

still far from ideal results.

Combined application of all chemical interventions Approved insecticides for public health

«  sumithrin + piperonile butoxide, oil-based formulation
— *  Chlorpiriphos-ethil, oil-based formulation
«  Malathion, water-based formulation

| - ULV space spraying around the blocks
of reported cases using vehicle
mounted devices.

*  Alcohol ethoxylate

»  Temefos

* IGRs

= Bacillus thurigiensis var. israelensis

Elimination of the mosquito breeding sites
through source reduction and larvicide —
application.

Indoor spraying using motorized portable

equipment in houses surrounding the = Cyfluthrin
reported case. *  y-Cyhalothrin
And/or *  a-Cypermethrin
L+ Deltamethrin
* Indoor residual spraying using * Cyfluthrin
Hudson X-Pert equipment and = Bifenthrin
applied only in case house.. *  Propoxur

+ Bendiocar

Figure 11. Major chemical strategies for dengue control in Mexico. Combined application of all
chemical interventions are focused on houses of clinical cases. Synchronised interventions are also
applied by targeting areas/clusters with outbreaks and/or entomological risk.

However, these routine control interventions have not had the required results, not only
in Mexico but elsewhere (Bowman et al., 2016; Horstick et al., 2010), due to insufficient
coverage, transient effects, failure to implement as an integrated strategy, and last but not
least, they were usually intense only during but often behind transmission periods e. g. in
emergency situations. Program sustainability is key, as mosquitoes rapidly return once
prevention methods are relaxed (Nathan, 2012). The evidence states that to ensure the
success and the long term sustainability of an Ae. aegyp#i control programme it is essential
that there is a partnership between government control agencies and the affected

communities (Espinoza-Gomez et al., 2002; Pilger et al., 2010).

2.5.3. Insecticide-treated material (ITMs).
The ITMs are tools that have been investigated in recent years for targeting the adult
mosquitoes. I'TMs are a highly effective, safe, affordable, low-tech, long-lasting and simple

intervention which has been shown to prevent the transmission of a variety of vector-borne
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diseases by having an individual effect (i.e. bed nets preventing the vector from blood
feeding) and having a community effect (i.e. by reducing the vector lifespan and population).
Based on the successful control demonstrated against nocturnal endophilic vectors Angpheles
spp and protective efficacy of ITMs (in the form of -treated bednets (ITNs)), in reducing
malaria transmission (Gu and Novak, 2009; Lengeler, 2009; Rafinejad et al., 2008; WHO,
2005) the WHO Dengue Scientific Working-Group of 2006 identified the
development/evaluation of ITMs as a primary global research stream (McCall and
Kittayapong, 2007).

Initial I'TN technology was dramatically improved with the development of technologies
to produce long-lasting insecticidal nets (LLIN) that do not require retreatment. LLINs have
contributed largely in the reduction of malaria cases, estimated around 68% (Bhatt et al.,
2015). However, considering the diurnal activity patterns of Aedes mosquitoes LLLINs are not
expected have the same effect as in malaria vectors.

In the case of dengue vectors, it’s argued that a major factor in the failure of previous
prevention methods is their focus on eliminating immature forms of Ae. aegypti, rather than
targeting the adult mosquitoes that actually transmit the disease (Morrison et al., 2008). The
dengue vector Ae. aegypti is a highly synanthropic mosquito living in close-dependence with
human-made ecosystems (Getis et al., 2003; Scott and Morrison, 2002). The challenge is to
reduce the infected adult vector populations and/or their interaction with humans affecting

dengue-virus transmission (Achee et al., 2015; Morrison et al., 2008).

2.5.4. Long-lasting insecticidal mosquito nets (LLINSs) for dengue control.

The LLINs have been evaluated for their protective efficacy against dengue. In Haiti,
LLIN bednets showed an immediate effect on immature based indicators and dengue
transmission, and extended for the following 5-12 months after their deployment (Lenhart
et al., 2008). Recent studies have suggested the potential of LLIN as window curtains
(Insecticide Treated Curtains (ITC)), to reduce dengue vector densities to low levels and
potentially impact on dengue transmission. In Thailand, I'TCs showed immediate effects on
immature based indicators at 6 months (Vanlerberghe et al., 2013). However, in some cases
housing style could affect the I'TC interventions favoring the entrance of mosquitoes and
move through houses without ever coming into contact with insecticide (Lenhart et al.,
2013). In a field trial carried out in Mexico, I'TC interventions did not affect the indoor adult
population, but it seemed to reduce the number of DENV infected females and the human
infection prevalence in some areas (Lorofio-Pino et al, 2013). Combining ITCs with

targeting productive breeding-sites in Mexico (Kroeger et al., 2000), Venezuela (Kroeger et
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al., 2006; Vanlerberghe et al 2011a) and Guatemala (Rizzo et al., 2012) improved the impact
on Ae. aegypti.

However, two key challenges have emerged from the initial field trials. First, coverage of
the interventions based on ITC typically falls dramatically over time (Tun-Lin, et al., 2009;
Vanlerberghe et al., 2011b, 2013), undoubtedly compromising efficacy throughout the
community, and a problem common to many control strategies. In Guatemala (Rizzo et al.
2012) and Mexico (Lorono-Pino et al.,, 2013) also found this, noting that families would
removed or tie back the curtains to increase ventilation during the day, compromising the
utility of the intervention.

Secondly, as PYs are the only insecticide class recommended by WHO for the
impregnation of insecticide nets (WHO, 2014), the development of PY resistant Ae. aegypti
populations is a major concern. However, the impact of PY resistance on the efficacy of
LLINSs in preventing malaria has proven difficult to determine, partly because it will depend

on the strength of resistance in the population (Ranson and Lissenden, 2016)

2.5.5. House screening.

Protection against mosquito bite and disease transmission with mosquito netting in
houses has been historically observed as fundamental technique of mosquito-borne diseases
control in the early 1900s. In the 1880s, in Cuba, Carlos Finlay recommended using physical
measures as a barrier to the mosquitoes that he assumed were transmitting yellow fever
(reviewed by Ferroni et al., 2011). However, the first published work evaluating the screening
houses as physical measures to prevent mosquito-borne diseases was reported by Celli in
Italy for malaria control (Celli, 1900). The Italian experience led to widespread screening of
houses against mosquitoes in malarious areas, not only in Italy, but around the world
(reviewed by Lindsay 2002).

Using netting to screen the most important points of entry into a house, such as windows
and doors, prevents the entry of adult mosquitoes (Schofield et al 1990). “Mosquito-
proofing” of houses is a form of environmental management based on changes to human
habitation to exclude vectors and reduce man-vector-pathogen contact (WHO, 1982). House
screens have been shown to provide protection against malaria (Kirby et al., 2008; Lindsay
et al., 2003; Walker, 2010) and to be widely accepted by communities (Kirby et al. 2010).

The integration of house-screening with LLIN (LLIS) to dengue control programs has
been evaluated in Vietnam in 500 households. Nguyen et al. (1996) and Igarashi (1997)
evaluated an intervention with permethrin nets covering all openings of houses (in addition

to routine anti-Aedes health education and control measures) and reported a significant
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reduction (close to 100%) in the number of houses positive for dengue vectors. Furthermore
indoor Ae. aegypti were undetectable levels for seven months, while in the control group
infestation gradually increased during the epidemic season and a positive impact in
preventing DENV transmission during the epidemic season (at 6 months after intervention)
was observed (Igarashi, 1997; Nguyen et al. 1996). At the start of the current study, this
Vietnam trial was the only published study on the effect of LLIS on dengue parameters. In
the following chapters, the results from trails of LLIS in two Mexican cities are reported. As
PY resistance is known to be prevalent in dengue vectors in Mexico, it was also necessary to
quantify the level of resistance in the study sites prior to the trial and to see if the resistance

levels were altered by the introduction of LLIS.
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Chapter 3: Studies on the susceptibility status and resistance
mechanisms to insecticides in Aedes aegypti populations from

Acapulco Guerrero and Mérida Yucatan, Mexico.

3.1 Context of the Study

Insecticide resistance, particularly to pyrethroids that have been widely used, is a
significant threat to the success of dengue-vector control programmes. The development of
insectice resistance by Aedes mosquitoes was first documented in 1947 when the salt-marsh
mosquitoes Ae. taeniorhynchus and Ae. sollicitans began to show resistance to DDT in Florida,
USA (Brown, 1958; Brown, 1980). Later, the first indication or evidence of DDT-resistance
was recorded for a Surinam, Dominican Republic, Venezuela and Trinidad strain of Ae.
aegypti between 1953 and 1955 respectively (reviewed for Brown, 1958). The Ae. aegypti
populations were very susceptible to DDT, and house-spraying with this insecticide which
began in 1948 virtually eliminated this species in several countries of Americas, including
Mexico, until the late 1970"s (Brown, 1958; Torres, 1995). Today resistance to many of the
insecticides used in control programmes have been well documented in Ae. aegpti
populations from many countries (Vontas et al., 2012).

In Latin American resistant populations of Ae. aegyp#i have been detected in Cuba, Brazil,
Puerto Rico, Perd, Panama, Venezuela and Colombia (Alvarez et al. 2006; Aparecida et al.
2004; Beserra et al. 2007; Chavez et al. 2005; Macortis et al. 2003; Pereira-Lima et al. 2000;
Prieto et al. 2002; Rawlins 1998; Rodriguez et al. 2004; Rodriguez et al., 2007; Salazar et al.
2007; Vargas et al. 2000).

In Mexico the extensive and intense use of DDT for agriculture industry since 1950-1987
and the long and intensive use of pyrethroids in public health during 90°s, particularly
permethrin-based formulations, promoted an intense selection pressure for the evolution of
resistance in Ae. aegypt; (Brengues et al., 2003). Dramatic increases in the frequency of the
10161 mutation were recorded from 1996 to 2009 (Bobadilla-Utrera, 2010; Lorofio-Pifia et
al 2013; Ponce-Garcia et al., 2009; Saavedra-Rodriguez et al., 2007; Siller et al., 2011).
Permethrin has been prohibited since then and it has been replaced by others pyrethroid-
based formulations, i.e. deltamethrin, sumithrin, bifenthrin, cyfluthrin and lamda-cyhalothrin
are commonly applied for adult mosquito control in Mexico (SSA, 2008b).

Metabolic resistance has been also reported for Mexican Ae. aegypti populations. Elevated

esterase levels are found in permethrin-selected populations from Quintana Roo State in the
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Peninsula of Yucatan (Flores, et al., 2000); esterase and oxidases-based dextofication have
been also reported as important resistance mechanism for permethrin in the north of Mexico
(Flores et al., 2005; Flores et al., 2009). GST and esterase-based mechanism have been
reported in pyrethoid resistant populations from Guerrero State in the pacific coast of
Mexico (Aponte et al., 2013).

There is strong evidence of resistance to pyrethroids in multiple Ae. aegyp?i populations in
Mexico, including cities of epidemiological importance for dengue transmission as Merida
and Acapulco (Gonzalez et al., 2012; Ponce-Garcia et al., 2009; Rodriguez et al., 2010;
Saavedra-Rodriguez et al., 2007; Siller et al., 2009) and this is a major concern for the Mexican
dengue control program.

Detecting resistance at an early stage in the selection process, continuously monitoring
the effect of control strategies on resistance, and providing baseline data for program
planning and pesticide selection before the start of control operations are important
strategies for insecticide resistance management (Brogdon and McAllister, 1998a). This
chapter establishes baseline data on insecticide resistance in sites targeted for new insecticide

based interventions.
3.2 Materials and methods

3.2.1. Study sites.

The study took place in the urban area of the municipalities of Merida, located in the
Peninsula of Yucatan (20° 45' and 21° 15" North, 89° 30" and 89° 45" West) and Acapulco,
located in Guerrero State (17° 36' North, 99°57" West), on the South of Pacific Coast and
South East of Mexico respectively (Figure 12). Both localities have received regular vector
control, including ULV with an organophosphate (i.e. chlorpyrifos) and intradomiciliary
space spraying with a carbamate (i.e. propoxur and bendiocarb), and temephos for breeding
sites control (according to Ministry of Health normativity) since they are .Aedes-endemic
Mexican cities and considered important epidemiologically for dengue transmission (SSA,

2008a).

Merida study site. Merida, the Capital of Yucatan State, has 814,435 inhabitants who
live in 272,418 households distributed in approximetly 485 neighbourhoods (INEGI, 2010).
Overall, infrastructure and public services of piped-water is good in the north of the city
(which represent the 23% of all houses in the city) where 91% of the houses have regular

supply of piped-water. Coverage is less complete in the south side of the city, where the 75%
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have piped-water coverage 83% of the time and 2% have water just 12.5% of the time
(Dominguez-Aguilar, 2009).

The average altitude of the city is nine metres above sea level. The climate in Merida is
mainly warm with an annual average temperature of 26°-27°C (36°C max- 18°C min). Two
seasons can be clearly distinguished: a rainy season, in May to October (with most of the
rainfall from June-October) and a dry season from November to April. The rainy season is
the dengue risk season (the transmission increase 80% approximately) and marks the starting
point for major vector control activities. Over half of all dengue cases in Yucatan in the last
6 years have occurred in Merida, with continuous dengue transmission throughout all the
year (over 90% of the weeks with dengue cases). Therefore, the majority of vector control

actions implemented for local Ministry of Health (MoH) are focused in Merida.

MEXICO 7 Yucatan State

4

Guerrero State

Mérida City

Study areas

Figure 12. Study areas, showing the location of the study sites. In Acapulco, two sites were
located in the “Ciudad Renacimiento” neighbourhood. In Merida, 21 sites were distributed
throughout the city: 1. Manuel A. Camacho; 2. Pacabtun; 3. Fidel V.; 4. Vergel I11; 5. Vergel 1I;
6. San A. Kahua; 7. U.H. Morelos; 8. Castilla C.; 9. Manzana 115; 10. Cinco C.; 11. Centro; 12.
San J. Tecoh; 13. San A. Xluch; 14. Mulsay; 15. Juan Pablo 1II; 16. Cordemex; 17. Francisco M.;
18. Bojorquez; 19. Yucalpeten; 20. Plan de A.; 21.Dzitya.

Temephos was historically used for larval control activities, but this practice is no longer

widespread due to the type of breeding-sites present in Merida (previous studies on
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productive container types for Ae. aegypti immatures have incriminated disposable containers
and buckets/pots, mostly related with rain-filled objects left in the backyards [Gatcia-Rejon
et al.,, 2011; Manrique-Saide et al., 2008; Winch et al., 1992]). Pyrethroid (PY) adulticides,
such as permethrin, were used for ULV space spraying from 1998 to 2010, and later replaced
by the PY sumithrin in 2011. Since January 2012 the MoH of Yucatan replaced the use of
PYs and started using the organophosphate (OP) chlorpyrifos for ULV space spraying in the
urban area of Merida city. Eventually the MoH stopped using PY's for indoor spraying and
they were replaced for the CAs propoxur. This as result of the evidence for PY resistance

reported for the Yucatan Peninsula (Ponce-Garcia et al., 2009; Siller et al., 2011).

Acapulco study site. The municipality and city of Acapulco is the major seaport in the
state of Guerrero on the Pacific coast of Mexico (Figure 12) and is a very popular tourist
beach resort destiny. Acapulco has warm to hot weather throughout the year, with an annual
average temperature of 27.9°C (31.3°C max- 24.5°C min). The rainy season is from June to
October. As in Merida, the rainy season is considered the dengue risk season and therefore,
the majority of vector control actions are implemented during this season.

Within the city, the neighbourhood of Ciudad Renacimiento is a dengue endemic
community that has been deemed a high priority for dengue control by the local MoH
authorities because it reports above 10% of all annual dengue cases from Acapulco. Ciudad
Renacimiento neighbourhood has a total 48,460 inhabitants (6.55% of total population of
Acapulco) and 11,725 premises (311 ha.). While the neighbourhood is primarily residential,
it also contains an abundance of small businesses, schools, markets; automobile/tyre repair
shops and churches (INEGI, 2005). However, houses were constructed on ground prone to
flooding with deficient drainage (Salgado, 2005) and other infrastructure and public services
deficiencies i.e. water supply (62% of the houses have piped-water on the premise but only
29% have direct water supply within the house). Therefore, productive and important
breeding-sites identified in Ciudad Renacimiento include: 200L water-drums, large cement
washbasins and buckets (Internal reports, data no published).

Temephos historically has been used for larval control activities. PY adulticides, mainly
permethrin, were used for both outdoor ULV space spraying and indoor spraying from 1998
to 2009 and later replaced by the PY sumithrin (for outdoor ULV space spraying) and other
types of PY such as lamda-cyhalothrin and deltamethrin (for indoor spraying). In 2010 the
local MoH decided to replace PYs due to evidence (Aponte et al., 2013) for high levels of
permethrin and deltamethrin resistance and the presence of kdr mutation (1016I) in several

Ae. aegypti populations from Guerrero, including Acapulco. Currently the OP chlorpyrifos is
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used for outdoor ULV space spraying and a CA (bendiocarb initially, and later propoxur) for

indoor spraying in Acapulco.

3.2.2. Mosquito strains/samples collection.

A cross-sectional entomological survey was carried out during the middle and end of the
2012 rainy season in both study sites; Merida in July to September 2012, prior to installing
window/door screening with LLINs and Acapulco in August-November 2012, during
installing LLLINs screening (hereafter LLLIS). Mosquito specimens were emerged from egg
batches collected from a network of weekly-serviced ovitraps along 21 locations in Merida
and 2 locations (covering three clusters for both arms, no-intervention and LLIS arm) in
Acapulco (Figure 12). Briefly, field-collected eggs were transferred to rearing trays in UCBE-
UADY insectary and allowed to hatch. Eggs from multiple ovitraps in the same clusters were
pooled (minimum 2 ovitraps). Larvae were reared according to standard procedures
(Gerberg et al., 1994) until adult emergence in order to obtain 1-3 day-old F1 adult generation
of each egg batch of clusters.

Batches of 1-3 day-old female mosquitoes were subjected to standard CDC bottles
bioassays (see section 3.2.3). 24 h survivors and dead mosquitoes from CDC insecticide
susceptibility tests with 15 pg/mlL permethrin were stored separately in propetly labelled
Eppendortf tubes containing silica gel and maintained at —20 °C. Other batches of female
mosquitoes from ovitrapping were maintained and stored separately at —70 °C. All samples
were sent to the CDC, Atlanta, USA on gel ice packages for molecular and biochemical
analysis respectively.

The New Otrleans and Rockefeller strain of Ae. aegyptz, were kindly provided by Centre
for Disease Control (CDC), Atlanta, USA and they were used as the standard susceptible

strain for all assays.

3.2.3. CDC bottles bioassays.

All CDC bottle tests were performed in UCBE-UADY in Merida, Yucatan. Bioassays
were conducted on mosquitoes from clusters and from the external controls “Tres Palos”
10 km from Renacimiento neighbourhood in Acapulco, and “Dzitya” 6 km from the nearest
Merida’s cluster (Figure. 12). The external controls were small localities (less than 4,000
inhabitants and less than 1000 households) considered historically by the local Ministry of
Health to have low risk areas of dengue transmission, and consequently they receive less
pressure of insecticide use (chemical interventions for vector control) in comparison with

Acapulco and Merida.
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Each population was evaluated against permethrin (15 ug/mL), alpha-cypermethrin (10
pg/mL), propoxur (12.5 pg/ml) and chlorpyrifos (14 pg/mL), using the suggested
diagnostic doses (DD) and diagnostic times (DT) previously established for the Rockefeller
susceptible strain (CDC, 2010). In the case of propoxur the DD and DT used were based
on a study by Fonseca-Gonzalez (2008) using the Rockefeller strain. Chlorpyrifos 14
pg/ml/bottle was used as recommended by Regional Centre of Public Health Research
(CRISP) from Tapachula. In order to confirm the chlorpyrifos DD a range of five different
concentrations of this insecticide (including the suggested DD) were used per bottle (e. g.
2.5, 5,14, 17, 25 pg/mlL), as outlined in the CDC guideline. Using adult mosquitoes from
the susceptible reference strain New Otleans the concentration 14 pg/mL killed 100%
representing the saturation point (the lowest doses that reached 100% of mortality at 30 min,
and above which the mortality remained the same).

Knock-down (KD) times resulting from tarsal contact with treated surface were
measured. Briefly, 1-3 day old female Ae. aegyp#i mosquitoes (at least 10 per bottle, four
replicates per test) were exposed to the different insecticides according to DD and DT. The
KD effect on mosquitoes was recorded every 10 minutes until 100% KD was recorded or
up to 2 hours. A mosquito was considered knocked down if it was unable to stand or fly in
a coordinated way KD at 30 minutes was used as indicator of the population susceptibility.
With the aim to provide evidence for additive, possibly metabolic resistance mechanisms,
survival status after 24 h recovery period was also considered. For this purpose, all
mosquitoes were transported to recovery cups at the end of the 2 hour exposure, and
provided with a source of sugar liquid. Additionally, a control bottle test was set up in which
mosquitoes were only exposed to bottle’s surface treated with acetone alone (without
insecticide active ingredient). If KD between 3% and 10% was observed in the controls, the
percentage was recalculated using Abbott’s formula (Abbot, 1925)

The intensity of resistance was evaluated for those Ae. aegyp# population which showed
KD resistance to DD of insecticide tested (<90%). The resistance intensity was established
using CDC bottles (four replicates per dose) treated with 2, 5 and 10 fold the diagnostic dose
of insecticide plus a control.

New Orleans was used as the standard susceptible strain. For every 4-6 CDC bottle tests
using field strains, a set of CDC bottles bioassays was performed using the susceptible strain

as control test.
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3.2.4. Biochemical assays.

Mosquito specimens were emerged from eggs collected by ovitraps. Egg batches came
from a subsample of 10 clusters selected for all of 20 clusters from Merida: five cluster from
intervention arm (MERO1 [Manuel A. C.J, MERO3 [Fidel V.], MERO7 [U.H. Mortelos],
MERO09 [Manzana 115], MER16 [Cordemex]) and five cluster from no-intervention arm
(MERO4 [Vergel 11T}, MEROS [Castilla C.], MER13 [San A. Xluch], MER17 [Francisco de
M.], MER20 [Plan de A.]) including the external control (MER21 [Dzityia]). For Acapulco
egg samples were collected from three cluster for both, LLIS intervention and no-
intervention arm (all ovitrap subtrates of each were put together by arm).

Batches of 30 unfed one-day-old frozen female mosquitoes of the F1 generation per
location were individually homogenized in 100 ul 0.01 M KPO4 buffer (pH 7.2), and then
diluted to 2 ml with the same buffer. Aliquots of 100 pl in triplicate were transferred to
individual wells of a 96 well microtiter plate. Biochemical assays were performed according
to Brogdon and McAllister (1988, 1998b, 1997) to evaluate activities of three different
enzyme families (oxidases, esterase, glutathione-S-transferase [GST]) and to measure the
insensitivity to acethylcholinesterase (IAChE). The enzyme reactions were calculated by
reading absorbance in a Biochemical spectra MAX 340 microtitre plate reader (Molecular
Devices) connected to a computer through the SoftMax Pro 3.0 software. Results were
expressed as a frequency distribution of the absorbance values. The absorbance values of the
susceptible Rockefeller strain was considered the resistance threshold. Biochemical assays

were performed in CDC laboratory from Atlanta, U.S.A.

Esterase assay. One hundred pl of -naphthyl acetate solution (56 mg of 3-naphthyl
acetate diluted in 20 ml of acetone in 80 ml of potassium phosphate [KPOy| buffer pH 7.2)
were added to separate replicates of homogenate. The enzyme reaction was left for 20 mins
at room temperature before the addition of 100 ul of fast blue stain solution (100 mg fast
blue Sigma-Aldrich™ in 100 ml distilled water) to stop the reaction. Three negative controls
were prepared for each plate with 100 ul of KPOy buffer, 100 pl of B-naphthyl acetate
solution and 100 ul of stain. An additional three wells containing 100 ul of B-naphthol (50
mg B-naphthol in 10 ml of acetone, in 90 ml of KPOy, and diluted 1:70 with KPO,), 100 pl
of B-naphthyl acetate and 100 ul of stain were run as positive controls. The amount of
product from the enzyme reaction was calculated by reading absorbance at 540 nm in the

thermoMax plate reader as an end point.

Oxidase assay. The total amount of haem containing protein in each mosquito was

titrated using the haem-peroxidase assay (Brogdon et al. 1997). Two hundred ul of TMBZ
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solution (50 gm of 3,3'.5,5'-tetramethyl benzidine dihydrochloride in 25 ml of absolute
methanol mixed with 75 ml of 0.25 M sodium acetate buffer pH 5.0) were added to 100 pl
aliquots of mosquito homogenate. Twenty-five pl of 3% hydrogen peroxide (H.O2) was
added and the mixture left for 10 minutes at room temperature. Three negative controls per
plate were prepared with 100 ul of KPOy buffer, 200 ul of the solution TMBZ and 25 pl of
3% H0,. Other three wells containing 100 ul of KPO* buffer, 200 ul of the solution TMBZ
and 100 ul of Cytochrome (10 mg Cytochrome-C [from bovine heart| dissolved in 100 ml
sodium acetate buffer pH 5, and diluted 1:110 with KPO4) were run as positive controls.

Samples were read at 620 nm.

Insensitive acetylcholinesterase (IAChE) assay. To each replicate aliquot of 100 ul
mosquito homogenate was added 100 ul of DTNB solution (13 mg of dithiobis 2-
nitrobenzoic acid in 100 ul of KPO, buffer pH 7.2) and 100 ul of the substrate ATCH (75
mg acetylthiocholine iodide in 10 ml acetone, dissolved in 90 ml KPOy bufter pH 7.2) to
initiate the reaction. The latter solution was substituted by 100 pl of the substrate ATCH
containing 0.2% of the inhibitor propoxur (21 mg propoxur 0.1 M added to 100 ml of ATCH
solution) for iIAChE assays. Six negative control wells contained 100 pl of KPO, butfer, 100
ul DTNB solution and 100 ul ATCH solution without and with propoxur respectively. The
plates were read at 414 nm immediately (To) and 20 min (Tz) after enzyme reaction.

Subtraction of Ty reading from T reading was used for statistical analysis.

Glutathione S-transferase assay. Two hundred pl of GSH/CDNB working solution
(61 mg reduced glutathione prepared in 100 ml of KPO, buffer pH 7.2, and 20 mg 1-chloro-
2,4'-dinitrobenzene diluted in 10 ml acetone dissolved in 90 ml of KPO, buffer respectively)
were added to each replicate. Six blanks were prepared for each plate with 100 pl of KPO,
buffer and 200 ul GSH/CDNB working solution. Rates for the enzyme reaction were
measured at 340 nm immediately (To) and 10 min (T}o) later. Subtraction of Ty reading from

T reading was used for statistical analysis.

Protein assay. Two hundred pl of BIO Rad protein reagent solution, prepared as a 1:4
dilution in distilled water, and 80 pl of KPO4 buffer were added to 20 pl of the crude
homogenate. Six blanks were prepared for each plate with 20 ul of distilled water and 300 ul
of BIO Rad solution and 80 ul of KPO4 buffer. The reaction was read at 620 nm
immediately (T0). This assay was ran with bovine serum albumin to make a standard curve
in order to relate the observed absorbance of the different enzymes to the amount of protein

present in each mosquito.
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3.2.5. Molecular assays.

Individual mosquitoes were separated according to the recovery status at 24 h post-
exposure to permethrin DD (15 pg/mlL), as survivors and dead mosquitoes. A total of 117
and 103 mosquitoes (at least 10% of the dead and survivor mosquitoes recovered from
bioassays) were genotyped for both mutation 10161 and 1534C respectively. A negative and
positive control using Rockefeller and M5 strains respectively was used. MF5 is a field strain
molecularly characterized (with kdr mutation) collected in Merida and maintened in insectary

condition. All molecular assays were performed in CDC laboratory from Atlanta, U.S.A.

Genomic DNA extraction. DNA was extracted from single mosquitoes using the
protocol of Collins et al. (1987). Individual mosquitoes were homogenized in 100 ul of Grind
buffer (0.08M NaCl, 0.16M sucrose, 0.060M EDTA, 0.1M Tris-HCI pH 9.0, 0.5% SDS) pre-
heated to 65°C. Following incubation at 65°C for 30 minutes in water bath, 13 ul of 8M K-
acetate was added to achieve a final concentration of 1M, and the samples were incubated
on ice for 2 h. Homogenates were spun at 14 000 rpm for 20 min and the supernatants
placed in clean tubes. The DNA was precipitated by adding 200 pl of ice-cold 100% ethanol.
Tubes were placed in freezer (-20° C) overnight. After centrifugation at 14 000 rpm in the
refrigerated microcentrifuge for 20 min the ethanol was removed and the DNA pellets were
rinsed with 200 ul of ice-cold 70% ethanol and spun at 14 000 rpm for 5 min. The ethanol
was decanted and the DNA pellets were dried in the SpeedVac (aproximatly for 20-40
minutes) with the lid of the eppendorf opened. The DNA was suspended in 25 pl of TE
buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0).

Polymerase chain reaction (PCR). PCR-melting curves were conducted to identify the
two kdr mutations using a Bio-Rad CFX96 Real-Time System C1000 thermal cycler. iQ™
SYBR® Green Supermix (Bio-Rad 170-8880) was used to carry out the PCR reaction. The
primers used to amplify the region 1IS6 of the mutation 10161 (designed by Dr. Karla
Saavedra, 2012) were: Vall016f Forward (5'-
GCGGGCGGCGGGGGCGGGGCCACAAATTGTTTCCCACCCGCACCGG -3Y,
[Ie1016f Forward (5-GCGGGCACAAATTGTTTCCCACCCGCACTGA-3"), Ile1016t
Reverse (5'- TGATGAACCSGAATTGGACAAAAGC -3"). Reaction conditions were: 95 ©
C for 3 min, 40 cycles of 95 ° C for 10 sec, 60 ° C for 10 sec, 72 © C for 30 sec, and finally
95 ° C for 10 sec. With a fusion curve of 65 ° C to 95 ° C and 0.2 ° C increments every 10

S€cC.
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The primers used to amplify the region IIIS6 of the mutation 1534C (Yanola et al, 2011)
were: Cys1534+ Forward (5'-
GCGGGCAGGGCGGCGGGGGCGGGGCCTCTACTTTGTGTTCTTCATCATGTG
-3"), Phe1534+ Forward (5'- GCGGGCTCTACTTTGTGTTCTTCATCATATT
-3", 1534- Reverse (5'- TCTGCTCGTTGAAGTTGTCGAT -3"). Reaction conditions were:
95 © C for 3 min, 40 cycles of 95 ° C for 10 sec, 57 ° C for 10 sec, 72 ° C for 30 sec, and
finally 95 © C for 10 sec. With a fusion curve of 65 ° C to 95 ° C and 0.5 ° C increments every
5 sec.

For the 10161 mutation two different melting curve peaks are observed: 79 °C
corresponding to the product amplified with the short primer, which is specific for allele A
(ATA codes for Isoleucine or mutant type); and 85 °C corresponding to the product
amplified with the long primer, which is specific for allele G (GTA codes for Valine or
susceptible type) (Figure 13A).

For 1534C mutation two different melting curve peaks are observed: 80 °C corresponding
to the product amplified with the short primer, which is specific for allele T (TTC codes for
Phenylalanine or susceptible allele); and 85 °C corresponding to the product amplified with
the long primer, which is specific for allele G (TGC codes for Cysteine or resistant allele)

(Figure 13B).

3.3 Data management and analysis

Descriptive analyses of KD were obtained from different exposures to insecticides.
Histograms and other graphs for each enzyme assay were plotted in SPSS 17.0 software.
Bottle bioassays carried out with the DD were scored at the DT of 30 minutes and classified
according to following criteria (CDC, 2010): 98-100% indicates susceptibility; 90-97%
suggests resistance may be developing; less than 90% indicates resistance. Times after which
50% of mosquitoes were knocked down (half knock-down time, KDTsy) and their 95%
confidence intervals (C.I.) for adults were estimated with Probit analysis using SPSS 17.0
software. The knockdown resistance ratio (RRKIDTS5g) was calculated by dividing the KIDT',
of each population by the KDT5, of the New Otleans reference susceptible strain.

For the biochemical assays, protein concentration was determined to correct for size
variation among the specimens (Brogdon, 1984). Statistical analysis was performed with an
analysis of variance and the Scheffe multiple comparison tests was used; a significance level
of P<0.05 was used to compare the mean absorbance values between the field strains and
the susceptible strain. Populations with altered activity of enzymes were submitted to

Spearman correlation (rs) to test the relationship between enzyme activity and survival.
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Figure 13. PCR-melting curves to identify the two mutations in the voltage-gated
sodium channel gene domain II (A) and III (B) of segment 6.

The frequencies of the 10161 and 1534C alleles were calculated using the following
equation: [n heterozygotes +2(n homozygotes)|/2(total n mosquitoes analyzed)

Fisher exact tests were implemented to test the association of each mutation with survival.
Statistical analyses were performed using Stata 12.0 software. A P value of 0.05 or less was
considered as significant.

In order to explore spatial analysis of Ae. aegyp#i insecticide resistance, the KD dataset
from CDC bottles tests using alpha-cypermethrin and the 10161 genotyping performed in
the 21 neigbourhoods from Merida were considered. The KD was considered as a binary
(1=case, O=control) variable based on the CDC resistance criteria: it was defined as a case if
mortality <90% (n=8), and as control if mortality = 90% (n=13). For 10161 kdr frequency,
it was defined as a case if the frequency was 0.9 or above (n=12); anything below was a
control. Results of KD using permethrin and 1534C genotyping (19 out 21 sites showed

frequencies) were uninformative for this analysis as 19 of the 21 sites were classified as
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permethrin resistant and had 1534C frequencies =0.9. Spatial analysis tests were applied to
detect local hotspots of high phenotypic insecticide resistance to identify the spatial scales
up to which the resistant Ae. aegyp#i phenotypes clustered (i.e. case-control K-Function)
(Waller, 2004). Statistical analyses were performed with the package spdep from the R

statistical computing software (http://www.t-project.otg/).
3.4 Results

3.4.1. CDC bottles bioassays.

A total of 178 CDC bottle bioassays were performed using a total of 7,401 Ae. aegypti
females (an average of 10.31 mosquitoes per bottle) for all clusters from both localities. For
the susceptible strain New Orleans all tested insecticide results in 100 % KD at 30 min and

mortality of 100%.

Pyrethroid susceptibility status. Figure 14 shows KD results using permethrin (15
ug/mL) for Merida field populations of Ae. aegypti.
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Figure 14 Time-knockdown data measured for 1-3 day old adult female Ae. aegypti exposed to
permethrin diagnostic dose (15 pg/mL) using CDC bottles method. Results are means for 4
replicates of at at least 10 mosquitoes per bottle.

Resistance to KD was observed for 19 out of 21 cluster populations evaluated for Merida
(Table 1). Only the clusters MER14 (Mulsay) and MER13 (San A. Xluch) showed
susceptibility to KD (KDTsy 7.6 minutes C.1.=5.7,10.0, and 9.8 minutes C.1.=7.6, 12.4
respectively) with a RRKDTs, of 0.8-1.1 respect to susceptible strain (KIDT5 8.9 minutes
C.1.=6.9,11.5). While the remaining clusters showed RRKDTS5, from 2- to 13-fold resistance
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to permethrin KD (confidence intervals of their KDTs didn’t overlap with the
corresponding values of susceptible strain).

For the majority of the strains tested, the mosquitoes that were knocked down at 30 min
never recovered. In general, the percent mortality at 24 h was higher than %KD (at diagnostic
time of 30 min), with four exceptions MEROG6 (San A. Kahua), MER13 (San A. Xluch),
MER14 (Mulsay) and MER 19 (Yucalpeten) with a mean of 3.3 (* 1.2 S.D.) fewer
mosquitoes dead than knocked down (Table 1). A moderate but significant negative
correlation was observed between the mortality frequency and KDTs for permethrin DD

(Spearman correlation coefficient, rs=-0.567, y = -0.5094x + 96.356, P=0.004) (Figure 15).

Table 1. Mean percent knockdown at 30 minutes (KD), 24 h mortality, half knockdown time
(KDTs0) and knockdown resistance ratio at 1 h of exposure (RRKDS50) of permethrin (15 pg/mL)
against Ae. aegypti females from Merida, Mexico during wet season 2012. The 95% confidence
intervals (C.1.) were calculated in order to see differences with the susceptible reference strain
(differences marked with asterisk).

. KD 24h mortality TKDso
Study sites -
% SE % SE  Minutes 95 % C.IL RRKDTS5o

MER14 100.0 0.0 97.5 2.5 7.6 (5.7, 10.0) 0.8
MER13 97.5 2.5 95.0 2.9 9.8 (7.6, 12.4) 1.1
MERO06 71.8 6.2 68.4 8.8 19 (15.7, 22.9) * 2.1
MERT11 70.0 4.1 82.5 6.3 19.5 (16.1, 23.6) * 2.2
MER12 60.0 9.1 90.0 4.1 25.8 (21.6, 30.8) * 2.9
MERO1 50.0 183 825 103 38.3 (32.3, 45.5)* 4.3
MER17 422 134 677 123 32.6 (27.6, 38.5)* 3.7
MERO05 41.1 10.9 922 4.8 37.8 (31.6, 45.1) * 4.2
MERI18 375 103 825 7.5 38.2 (32.1, 45.6) * 4.3
MER20 325 202 400 122 44.7 (37.5, 53.3) * 5

MERO02 31.4 9.7 26.4 9.5 54.7 (45.8, 65.7) * 6.1
MERO03 30.0 7.1 90.0 4.1 47.1 (39.6, 56.3) * 5.3
MEROS 29.8 5.9 97.9 2.1 35 (29.6, 41.5)* 3.9
MER21 297 106 88,6 5.5 45 (39.6, 51.2) * 5.1
MER10 25.0 6.5 87.5 9.5 44.2 (37.1, 52.8) * 5

MER15 20.0 9.1 87.5 7.5 47.2 (39.5, 56.5)* 5.3
MERO04 19.0 3.6 744 111 54.2 (47.7, 61.9)* 6.1
MERO07 15.0 2.9 87.5 2.5 48.6 (40.5, 58.4) * 5.5
MER19 14.3 2.8 26.4 5.0 74.9 (61.5, 91.9) * 8.4
MERO09 12.5 4.8 52,5 8.5 47.8 (39.8, 57.5)* 5.4
MER16 2.5 2.5 50.0 122 124.1 (93.6, 166.7) * 13.9
Susceptible 100 0 100 0 8.9 (6.9, 11.5) 1

*MERO1 Manuel A. Camacho; MERO2 Pacabtun; MERO3Fidel V.; MER04 Vergel III; MERO5 Vergel II;
MERO6 San A. Kahua; MERO7 U.H. Morelos; MERO8 Castilla C.; MER09 Manzana 115; MER10 Cinco C.;
MERT11 Centro; MER12 San |. Tecoh; MER13 San A. Xluch; MER14 Mulsay; MER15 Juan Pablo II; MER16
Cordemex; MER17 Francisco M.; MER18 Bojorquez; MER19 Yucalpeten; MER20 Plan de A.; MER21
(Dzitya).
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Higher levels of KD at DT (30 minutes) were observed using alpha-cypermethrin DD
(10 pg/mlL) for Ae. aegypti populations from Merida (Figure 16). Resistance to alpha-
cypermethrin was observed in 38% (8/21) of the sampled sites and 14% (3/21) were
developing resistance with RRKIDTj5 from 1.2- to 5.5-fold resistance (Table 2). Complete
susceptibility to alpha-cypermethtin was obsetved in 48% (10/21) of the Merida sites (Table
2).
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Figure 15. Correlation of percentage of mortality 24h (PERMort) and KDTso (PERKIDS50) for
permethrin diagnostic dose (15 wg/mL) in Ae. aegypti populations from Merida, Mexico during
rainy season of 2012. The points labelled with numbers correspond to clusters with a fraction
of knocked down mosquitoes (at 30 minutes) than were recovered.
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Figure 16. Time-knockdown data measured for 1-3 day old adult female Ae. aegyp?i exposed to
alpha-cypermethrin diagnostic dose (10 ng/mlL) using CDC bottles method. Results are means
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Table 2. Mean percent knockdown at 30 minutes (KD), 24 h mortality, half knockdown time
(KDT5s0) and knockdown resistance ratio at 1 h of exposure (RRKID50) of alpha-cypermethrin (10
ug/mL) against Ae. aegypti females from Merida, Mexico during wet season 2012. The 95% confidence
intervals (C.1.) were calculated in order to see differences with the susceptible reference strain
(differences marked with asterisk).

. KD 24h mortality KDTs0
Study sites -
% SE % SE  Minutes 95 % C.I. RRKDTS5
MERT11 1000 0.0 1000 0.0 4.8 (2.9, 7.7) 1.1
MERO02 100.0 0.0 79.2 4.8 5.7 (3.6, 8.8 1.3
MER14 100.0 0.0 1000 0.0 6.5 4.2, 9.0) 1.5
MERO3 100.0 0.0 64.3 13.5 6.6 (4.3, 9.8 1.5
MERT15 100.0 0.0 1000 0.0 7.2 (4.9, 10.3) 1.6
MER21 100.0 0.0 1000 0.0 7.2 (4.7, 10.7) 1.7
MER10 100.0 0.0 97.5 2.5 7.2 4.7, 10.8) 1.7
MER20 100.0 0.0 50.5 5.5 8.1 (6.0, 10.7) 1.9
MERI12 100.0 0.0 77.3 9.5 10.5 (7.3, 14.7)* 2.4
MER17 100.0 0.0 1000 0.0 12 (8.5, 16.5)* 2.8
MERO7 97.5 2.5 90.0 5.8 5.4 (3.4, 84 1.2
MEROS8 97.5 2.5 76.3 10.7 8.5 (6.3, 11.2) 2
MERO06 95.0 2.9 50.0 9.1 10.6 (7.2, 15.0) 2.4
MERO09 88.1 6.9 88.7 3.8 12 (9.2, 15.3)* 2.7
MERO04 87.5 7.5 100.0 0.0 6 (3.9, 9.0) 1.4
MER16 85.0 6.5 97.5 2.5 18.1 (13.1, 24.7)* 4.1
MER13 85.0 2.9 95.0 2.9 22.3 (16.2, 30.4)* 5.1
MER18 82.5 11.8 575 14.9 5.9 (3.8, 8.8) 1.4
MERO1 80.7 109 100.0 0.0 14.1 (10.2, 19.0)* 3.2
MERO05 744 103 89.7 4.1 8.6 (5.8, 12.4) 2
MER19 70.0 204 525 15.5 23.8 (17.5, 32.2)* 5.5
Susceptible 100 0 100 0 4.4 (2.5, 7.2) 1

*MERO1 Manuel A. Camacho; MERO2 Pacabtun; MERO3 Fidel V.; MER04 Vergel III; MERO5 Vergel 1I;
MERO6 San A. Kahua; MERO7 U.H. Morelos; MEROS Castilla C.; MER09 Manzana 115; MER10 Cinco C.;
MER11 Centro; MER12 San J. Tecoh; MER13 San A. Xluch; MER14 Mulsay; MER15 Juan Pablo II; MER16
Cordemex; MER17 Francisco M.; MER18 Bojorquez; MER19 Yucalpeten; MER20 Plan de A.; MER21
(Dzitya).

Almost half (10/21) of the Merida sites showed lower mortality at 24h than KD at 30
min, with a mean difference of 24.7% (+ 14.9 S.D). No significant correlation was observed
between the frequency of mortality and TKID50 for alpha-cypermethrin (rs=-0.148, y = -
0.3492x + 87.597, P= 0.261) (Figure 17).

To examine the relationship of 24 h mortality and KDTs, between PYs, additional
correlations were implemented comparing permethrin and alpha-cypermethrin. However, no
significant correlation was observed for 24 h mortality (rs=0.326, y = 301.92x - 235.31,

P=0.074) and KDTs) (rs=0.173, y = 0.4462x + 37.096, P=0.227) between both PYs (Figure
18).
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Figure 17. Correlation of percentage of mortality 24h (CYPMort) and KDTso (CYPKDS50) for
alpha-cypermethrin diagnostic dose (10 pg/mL) in Ae. aegypti populations from Merida, Mexico
during rainy season of 2012.
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Figure 18. Correlation of mortality 24h (A) and KDTso (B) between permethrin (15 pg/mlL)
and alpha-cypermethrin (10 pg/mlL) in Ae. aegypti populations from Merida, Mexico during rainy
season of 2012.
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For Acapulco evaluations were performed using wild strains of Aedes adults emerged of
eggs collected from: i) three clusters that have been assigned to the intervention with LLIS
(ACAO1) and ii) three clusters that will not receive the LLIS (ACA02). For both Acapulco
groups, ACAO1 and ACAO02, a lower KD effect (at 30 minutes) was observed for permethrin
DD than alpha-cypermethrin DD (Figure 19). The two sites evaluated in Ciudad
Renacimiento were largely susceptible to alpha-cypermethrin, with KD at 30 minutes ranging
from 93-100%. However, values for RRKIDT50 ranged from 1.7- to 2.2-fold, suggesting that
resistance may be developing in these populations. Mortality at 24 h was 87-100% for both

alpha-cypermethrin and permethrin in Ciudad Renacimiento (Table 3).
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Figure 19. Time-knockdown data measured for 1-3 day old adult female Ae. aegypti exposed to
permethrin (15 um/ml) and alpha-cypermethrin (10 um/mL) diagnostic dose using CDC
bottles method. Results are means for 4 replicates of at at least 10 mosquitoes per bottle. The
solid and dotted lines represent the cluster ACAO1 and ACA02; the dots and squares represent
the insceticides permethrin and alpha-cypermethrin respectively.

Table 3. Median knockdown time (KDTsg) and knockdown resistance ratio at 1 h of exposure
(RRKD50), and mortality at 24 h of permethrin (15 ug/mL) and alpha-cypermethrin (10 pg/mL)
against Ae. aegypti females from Acapulco, Mexico during wet season 2012. For TKD50 the 95%
confidence intervals (C.I.) were calculated in order to see differences with the susceptible reference
strain (differences marked with asterisk).

. KD 24h mortality KDT5
Study sites .
% SE % SE  Minutes 95 % C.IL RRKDT30
Permethrin
ACAO01 12.5 6.3 87.5 4.8 55.1 (44.8, 71.3)* 5.716
ACA02 35 2.9 87.5 7.5 32.3 (264, 39.5)* 3.3572
Susceptible 100 0 100 0 9.63 (6.63, 12.9)
alpha-Cypermethrin
ACAO01 93.2 4.4 100 0.0 8.6 6.2, 10.7)* 2.1916
ACA02 100 0.0 92.5 4.8 6.7 4.7, 8.7)* 1.727
Susceptible 100 0 100 0 3.9 (2.3, 5.8)
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Carbamates and organophosphate susceptibility status. After 30 minutes of
propoxur (12.5 pg/mL) exposure just one cluster MER15 (Juan Pablo II) from Merida did not
record 100% of mortality (mean 87.5 C.I. 57.4, 117.6). No recovery was observed, e.g. the
mortality at 24 hours was 100% for all cluster of Merida (Figure 20).
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Figure 20. Time-mortality data measured for 1-3 day old adult female Ae. aegypri exposed to
propoxur (12.5 pg/ml) and chlorpyrifos (14 pg/ml) diagnostic dose using CDC bottles
method. Results are means for 4 replicates of at at least 10 mosquitoes per bottle.

In the case of chlorpyrifos (14 pg/mL), 65% (13/20, insufficient number of mosquitoes
were available for one site, Manuel A. Camacho) of the sites showed complete susceptibility
at 30 min, three sites indicated that resistance may be developing (Pacabtun, mean KD 95%,
C.I. 79.1-110.9; Yucalpeten, mean KD 94.7%, C.I. 84.9-104.4; and U.H. Morelos, mean KD
93.5%, C.I. 85.5-101.5), and four sites were classified as resistant (Castilla C., mean KD
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68.9%, C.I. 46.6-91.3; Vergel 11, mean KD 66.7%, C.1. 39.6-93.7; Bojorquez, mean KD 2.5%,
C.I. 5.5-10.5; and Plan de A. 0% KD) (Figure 20).

For the 2 sites in Ciudad Renacimiento, all showed complete susceptibility to both
insecticides. Mortality after 24 hours was 100% for all sites in both cities, and no recovery

from knockdown was observed.

Intensity of resistance. When exposed to varying multiples of the DD of permethrin,
the majority of sites in Merida reached knockdown greater than 90% (resistance threshold)
only when they were exposed to 5-fold the DD of permethrin (Figure 21). One site

(Bojorquez) did not achieve this level of knockdown until exposure to 10-fold the DD.
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Figure 21. Ae. aegypti resistance intensity to permethrin (A) and alpha-cypermethrin (B) in Merida
during rainy season 2012. The bars indicate the percent knockdown at the diagnostic time (30 min)
to the diagnostic dose of the insecticide, as well as multiples thereof (2x, 5x and 10x). The red line
represents the knockdown resistance threshold of 90%. *Sites with an insufficient number of
females were unable to be studied.

The intensity of permethrin resistance was higher in Ciudad Renacimiento (Acapulco) than

Merida. Of the two sites tested, one site required exposure to 5-fold the DD to achieve >90%
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KD (1x=35, 2x=72.5, 5x=92.5), while exposure to 5-fold the DD at the other site only
achieved >70% KD (1x=12.5%, 2x=45%, 5x=75%).

On the other hand, the intensity of resistence to alpha-cypermethrin occurred at a much
lower frequency (Figure 21). A total of 57% (12/21) of sites in Merida were close to or above
the susceptible threshold (=298% KD) at the DD of alpha-cypermethrin (Table 2). The
remaining areas came above 90% KD when they were exposed to 2-fold the DD (with the
exceptions of Vergel II and Bojorquez, where insufficient numbers of mosquitoes were
available). In Ciudad Renacimiento, the diagnostic dose of alpha-cypermethrin was sufficient

to reach mortalities of 93% and 100% for both sites.

3.4.2. Biochemical assays.

For purposes of this study were selected a subsample of clusters for both arms LIS
intervention and no-intervention arm, which will be followed-up in next surveys. For Merida
eleven clusters were selected according to their susceptibility status to PYs (section 3.3.1).
The external control MER21 (Dzitya) was also considered. The clusters selected and their

susceptibility status is presented in the following list:

Clusters selected Treatment Suceptibility status (KD)
MERO4 (Vergel I1I) No-intervention
MERO1 Manuel A. C. LLI
EROT (Manuel A. C.) S Resistance to permethrin & alpha-
4 hri
MER09 (Manzana 115) LLIS cypermethrin
MER16 (Cordemex) LLIS
MERO08 (Castilla C.) No-intervention
MER17 (Francisco de M.) No-intervention
MER20 (Plan de A.) No-intervention Suscep Uble o alpha-cyp ermthm
& resistance to permethrin
MERO3 (Fidel V.) LLIS
MERO07 (U.H. Morelos) LLIS
MER13 (San A. Xluch) No-intervention S_usceptlble o permethrin &.
resistance to alpha-cypermethrin
MER 21 (Dzitya) External control Susceptible to alpha-cypermethrin
& resistance to permethrin

For Acapulco the same populations (ACAO1 and ACAOQ2) tested on section 2.6.1 were

considered.
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Enzyme assays for Merida populations. The mean values of absorbance detected in the
oxidase assay for 73% (8/11) of Merida sites were significantly elevated compared to the
susceptible strain (Figure 22). The highest levels of oxidase activity were detected in MER03
(Fidel V.), MERO4 (Vergel 11I), MER16 (Cordemex) (P<0.001), MER13 (San A. Xluch),
MER17 (Francisco Montejo), MER09 (Manzana 115), MERO7 (U.H. Morelos), and MER20
(Plan de Ayala) (P<0.0001). Only three sites MERO1 (Manuel A. Camacho, P=0.063),
MERO8 (Castilla Camara, P=0.37) and MER21 (Dzityia, P=0.99) showed no difference in
oxidase activity as compared with the susceptible strain. The highest oxidase activities
observed for five clusters MER13 (San A. Xluch), MER17 (Francisco Montejo), MER09
(Manzana 115), MERO7 (U.H. Morelos), and MER20 (Plan de Ayala) presented most of
individuals (83%-96.7%) having an increase in oxidases activity (Figura 23).

Analysis of esterase activity showed mean absorbance values that were significantly higher
than the susceptible strain only for two sites of Merida (Figure 24), MER04 (Vergel 111,
P=0.012) and MER17 (Francisco Montejo, P<0.0001), but little more than one quarter of
individuals (26.7% and 33.3% respectively) had increased esterase activity (Figure 25). The
rest of sites did not show significant differences (MER16: Cordemex, P=0.193; MER20: Plan
de Ayala, P=0.993; MERO3: Fidel V., P=0.972; MER21: Dzitya, P=0.958; MERO1: Manuel
A. Camacho, P= 0.911) or showed significantly lower activity than the susceptible strain
(MERO09: Manzana 115, P=0.032; and MER09: U.H. Morelos, P=0.001).

GST analyses showed values that were significantly higher than the susceptible strains in
the 64% (7/11) of Merida sites (Figure 26), particularly from MER21 (Dzitya, P=0.024),
MER16 (Cordemex, P=0.002), MER09 (Manzana 115), MER20 (Plan de A.), MER0O7 (U.H.
Morelos), MERO4 (Vergel III), MER13 (San A. Xluch) (P<0.0001 each one). Most of
individuals of theses clusters (60-100%) showed an increase in GST activity (Figure 27). In
contrast, MER17 (Francisco de Montejo, P=0.64), MERO3 (Fidel V., P=0.47), MERO8
(Castilla Camara, P=0.55) y MERO1 (Manuel A. Camacho, P=0.14) did not exhibit increased
GST activity (Figure 26) and showed between 16%-43% of individuals with elevated GST
activity (Figure 27).
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Figure 22. Oxidase activity (at absorbance 620 nm) for different Ae. aegyp#i populations from
Merida, Mexico during rainy season 2012. Bars represent mean values and their error bars.
Asterisk denote significantly higher mean values of absorbance that Rockeller strain (white bar).
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Figure 23. Frequencies (at absorbance 620 nm) of oxidase assay data for different 4e.
aegypti populations from Merida, Mexico during rainy season 2012. The frequencies were
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Figure 24. Esterase activity (at absorbance 540 nm) for different Ae. aegypti populations from
Merida, Mexico during rainy season 2012. Bars represent mean values and their error bars.

Asterisk denote significantly higher mean values of absorbance that Rockeller strain (white bar).
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Figure 26. GST activity (at absorbance 340 nm) for different Ae. aegyp#i populations from
Merida, Mexico during rainy season 2012. Bars represent mean values and their error bars.
Asterisk denote significantly higher mean values of absorbance that Rockeller strain (white bar).

127 : 127 MER-04
o] MER-DI o
o Resistant o Resistarnt
3% 0%
(-] &1
4 4
Fal o
o e ul.lm.l ..............
12T 12 ME_DE
10 . MER-03 10 Resistrt
esistant |
8 ey & 26%
6 Ll
4 o
2 |L I"
1 1 J .
127 127 1 MER-13
10 MER-07 .|
| Resistrt Resistant
. o "] 100%
61 &
4 o
1 el
alny |'1'I 1Y
127 1< MER-17
10 . MER-03 - 10 Resistant
= Resistnt ) I
‘,:, 1 80% E_ & !
= & E 61
E =
= o
Fa I I‘i o
o : o — 1 :
: MER-16 i MER-Z0
b Resistart b Resistnt
&l B% o | a%
& 6 i
4 4
z .
o1 1 U | |H | I
X 127 T .
:: | Susceptible o i 5:‘-'5'_'-'=F1IIIIE
o strain - strain
N &
4 4
N 2
or- !23‘ ot I e
BST absorbance levels 340 nm BT absorbance levels 340 nm

Figure 27. Frequencies (at absorbance 340 nm) of GST assay data for different Ae. aegypts
populations from Merida, Mexico during rainy season 2012. The frequencies were based
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57



For the insensitive acetylcholine assay remaining AChE activity was less than 30% for
almost all clusters in Merida, with some clusters presenting a low percentage of individuals
with AChE activity above 30% (MERO1 Manuel A. Camacho 3.8%, MER07 U.H. Morelos
3.3%). Only one cluster MER16 (Cordemex) showed highest AChE activity with 97% of
female individuals above threshold of 30% (Figure 28).
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Figure 28. Percentage remaining activity of acetylcholinesterase in the presence of propoxur in
Ale. aegypti population from Merida, Mexico during rainy season of 2012. <30% =homozygous
susceptible (SS), 30—70% =heterozygous (RS), >70% =homozygous resistance (RR).

Enzyme assays for Acapulco populations. For Acapulco both sites evaluated showed
oxidase, esterase and GST activity levels significantly higher than the susceptible strain
(P<0.0001) (Figure 29).

Most of individuals of ACAO1 and ACA02 (93% and 97% respectively) had an increase
in oxidases activity. Most of individuals of ACA02 (97%) exceed the threshold for GST
activity, compared with 80% of ACAO1. While for esterase activity for same populations the
40% and 37% of individuals exceed the New Orleans strain threshold respectively (Figure
30).

AChE activity was less than 30% for all individuals for both cluster, i.e. the AChE was
inhibited by carbamate propoxur suggesting that insensitive acetylcholinesterase is not

present in Acapulco populations.
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Figure 29. Oxidase (at absorbance 620 nm), esterase (at absorbance 540 nm) and GST activity (at
absorbance 340 nm) for Ae. aegypti populations from Acapulco, Mexico during rainy season 2012.
Bars represent mean values and their error bars. Asterisk denote significantly higher mean values
of absorbance that Rockeller strain (white bar).

Correlations of enzyme activity and pyrethroid resistance. To explore associations
between resistance phenotype from the permethrin and and alpha-cypermethrin bioassays
and each enzyme system correlation analyses were carried out with data from the Merida
sites. No significant correlation was found between enzyme activities and KDT50 or 24

mortality for either pyrethroid.
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Figure 30. Frequencies oxidase (at absorbance 620 nm), esterase (at absorbance 540 nm) GST
(at absorbance 340 nm) assay data for Ae. aegypri populations from Acapulco, Mexico during
rainy season 2012. The frequencies were based on three replicates and one control replicate per
mosquito. The dotted line represents the susceptibility threshold established in Rockeller strain
and percentage of individuals that exceeded this threshold is showed.

3.4.3. Molecular assays.

The positive control using Rockefeller strain showed two peaks in the melting curve at
temperatures 83.2° C and 86.6° C for V106l and 80-80.5° C for 1534C respectively, being
classified as susceptible homozygote for both kdr mutation. The negative control using MF5
strain showed two peaks in the melting curve at temperatures 78.6° C and 86.4° C for V1061
and 80.5° C and 84.5° C for 1534C, being classified as heterozygote for both kdr mutation.

Table 4 shows the number of mosquitoes of each genotype, and frequency of both kdr
mutations, 10161 and 1534C for dead and surviving mosquitoes after a 24 h recovery period
following exposure to the permethrin diagnostic dose. The homozygous wild-type genotypes
1016V/1016V and 1534F/1534F were absent in the survivor mosquitoes from Merida and
the homozygous mutant genotype 10161/10161 and 1534C/1534C predominated at 67%
and 96% respectively.

There was no significant difference in kdr genotype between dead and surviving
mosquitoes for either 10161 (Fisher exact test p=0.075) or 1534C loci (Fisher exact test
p=0.501). At the allelic level, the frequency of the 10161 allele was significantly higher in
survivors (Fisher exact test p=0.014), but there was no significant difference in the frequency

of the 1534C allele between dead and surviving mosquitoes (Fisher exact test p=0.501 and
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p=0.108 respectively). In mosquitoes genotyped for both loci (n=74), 83% of mosquitoes
(24/29) of survivors were homozygous for both resistant alleles compared to 53% (24/45)
observed in dead individuals.

In Acapulco the homozygous mutant genotype at the 1016 locus predominated in
survivors (80%). However, there was not a significant difference in kdr-10161 genotype
(Fisher exact test p=0.53) and allelic frequency (P=0.52) between dead and surviving
mosquitoes. For the 1534 locus, the predominance of the homozygous mutant genotype was
100% for both dead and survivor individuals. The percentage of resistant homozygotes for

both mutations was similar for dead (64%) and survivor (60%).

3.4.4. Spatial Analysis.

Case-control K-functions showed no significant clustering for alpha-cypermethrin
(Figure 31A). In contrast for 10161 the probability of finding clusters of 10161 frequencies
below 0.9 was significantly higher than random up to 1 km (Figure 31B) although it is difficult
to interpret the significance of this result given that sample sizes were very low (3-5 per site)
an included both mosquitoes that were surviving or dead mosquitoes 24 h post-exposure to

permethrin diagnostic dose.

A B
3
?
[+}]
M~
(=]
¥
2 8
[m]
P VN .
=/ ~f~ A
- \_\\ w
o
¥
)
o’

T T T T S I T T '
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

Distance (m) Distance (m)

Figure 31. K functions (solid) for cases and controls with confidence bands (dashed) and distance
in meters. Results are shown for pyrethroid alpha-cypermethrin (A) and 1016 frequecies (B).
Pyrethroid alpha-cypermethrin showed no statistically significant difference from randomness.
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Table 4. Number of mosquitoes by genotype (SS, SR and RR) and allelic frequencies of kdr mutation 10161 and 1534C for Ae. aegypti from Merida and Acapulco,
Mexico during rainy season 2012. All samples (individual mosquitoes) were collected from bottle bioassays (at least 10% of 24 h dead and survivor mosquitoes) for
Permethrin diagnostic dose (15 ng/ml). 1016V/1016V and 1534F /1534F atre SS (homozygous susceptible); 1016V /10161 and 1534F/1534C ate SR (heterozygotes);
and 10161/10161 and 1534C/1534C are RR (homozygous resistant).

Double
) th;ftﬁ/pe V1016l F1534C romemvagtes
ite
recovery) | n 1016V V10161 10161 Freq.10161 P | n  1534F F1534C  1534C  Freq.1534C P n SS RR
0, 0, 0, 0, 0, 0,
Merida | Dead 60 1(%)/" %fs/;’ ?gg/; 77.5% (93) 45 2'(212)/" 11('51)/" S?é;)/" 92.2% (83) 5 0 24
0, 0, 0, 0,
suvivor |32 0 33('53)/" 6?2';)/" 83.3% (59) 0014 |29 0 35)/" 9(62'2)/" 98.8% (57) 0108 29 O 24
(o) [0) (o) (o) o, (o)
Total 92 6(‘2.)/" 2%)/0 7%62)/0 82.6% (152) 74 1(31)/" 8(%)/" 9?65;)/0 94.6% (140) 74 0 48
0, 0, 0,
Acapulco | Dead 15 0 332'5" 68&”’ 83.3% (25) 17 0 0 1(01% 100% (17) 14 0 9
0, 0, 0,
Suvivor |10 0 481)/" 6(%’ 80% (16) 0523 |12 0 0 1(0102f’ 100% (12) -~ 10 0 6
(o) o, [0)
Total 25 0 26('5)/" 72%;" 829% (41) 29 0 0 1?209)/" 100% (29) 2 0 15
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3.5 Discussion

The aim of this study was characterize the susceptibility of Ae. aegyp#i to the key
insecticides used in Mexico’s national dengue vector control programme in two cities
considered epidemiologically important for dengue transmission by the Mexican Ministry of

Health.

3.5.1. Susceptibility and resistance mechanism to pyrethroids.

This study demonstrated high levels of resistance to PY insecticides, particularly
permethrin, in both Merida and Acapulco. The increase in median knockdown time (a good
indication for fast acting insecticides) as compared to a susceptible reference strain was more
marked with permethrin than with alpha-cypermethrin. Furthermore insecticide
concentrations 5 to 10-fold higher than the diagnostic dose of permethrin were required to
knock down all mosquitoes after 30 minutes. Flores et al. (2013) detected varying degrees of
resistance intensity to permethrin and alpha-cypermethrin in several neighbouring locations
in the Mexican state of Veracruz, and they estimated that it would be necessary to increase
by twice or more the concentration of those insecticides to effectively knockdown and
eventually kill those mosquitoes.

These differences between these two different types of PYs can be attributed partially to
their chemical propiertes and modes of action. Permethrin is a Type 1 pyrethroid, group that
include PYs containing descyano-3-phenoxybenzyl' or other alcohols (DDT and its
analogues also have a similar mode of action). The Type 2 PYs specifically contain an o-
cyano-3-phenoxybenzyl alcohol, which increases insecticidal activity about 10-fold
(Bloomquist, 1999). The toxic propiertes of different PYs have been evaluated in PY-
susceptible and PY-resistant (permethrin/kdr) strains of Angpheles mosquitoes, where alpha-
cypermethrin had the fastest knock-down of the tested pyrethoids and showed the highest
increased biological activity on PY-resistant strains (mortality 94% using the WHO
diagnostic doses) (Hougar et al., 2003).

The advantages of alpha-cypermethrin over other PYs could make it a promising
candidate in areas with permethrin resistance. However, additional tests would be necessary
in order to confirm its suitability for widespread use in Merida and Acapulco, as cross-
resistance between alpha-cypermethrin and other pyrethroids, including permethrin, has

been reported in Ae. aegypti on Atlantic Coast of Mexico (Flores et al., 2013). However, the

L Older non-phenoxybenzyl Type 1 compounds include pyrethrins, allethrin, and tetramethrin. They are unstable under
UV light and this characteristic prevents their use for residual spraying and then on many crops.
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present study didn’t find evidence of relationship between alpha-cypermethrin and
permethrin resistance.

Other factor to be considered in the resistance to PY, is the rapid alteration in the
susceptible status to PYs of Ae. aegpti (Montella et al.,, 2007), in contrats to the slow
acquisition of resistance to OPs (Hemingway et al., 2013; Mazzarri and Georghiou, 1995).
Rapid resistance evolution to PYs (e.g. cypermethrin) has been documented in some Aedes
populations from Brazil (da-Cunha et al., 2005). In this country decrease in cypermethrin
susceptibility was noted after two continuos years of insecticide pressure (da-Cunha et al.,
2005), without evidence of revertion of resistance in the field for almost 9 years (Lima et al.,
2011).

Detoxification enzymes typically linked to PYs resistance in mosquitoes include the
oxidases or cytochrome P450 monooxygenases (Brogdon et al., 1997; Beach et al., 1999), the
esterases (Brogdon and Barber 1990; Fonseca-Gonzalez, 2011; Soderlund et al., 1983) and
GSTs (Lumjuan et al., 2005; Lumjuan 2011; Vontas et al., 2001, 2002).

Higher levels of esterese activity were detected in Acapulco compared with Merida.
Metabolic resistance of PYs in Ae. aegypti is reported to be mediated in part by esterases or
lesser extent oxidases in the north and Atlantic coast of Mexico (Flores et al. 2005, 2000,
2009). Aponte et al (2013) also reported high levels of GST, esterase, and to a lesser extent
oxidase activity in permethrin/deltamethrin/DDT resistance populations of Ae. aegypti from
Pacific coast of the country, including the locality of Acapulco.

In this study, significantly elevated levels of oxidase and GST activity were observed in
both study areas. Although absorbance means analysis did not reveal any correlation between
enzyme activities and permethrin and alpha-cypermethrin resistance in Ae. aegyp#i from
Merida metabolic resistance mechanism should not be discarded considering that this type
of resistance could have a role in the 24 h recovery (see discussion below). Oxidases have
been commonly associated with the metabolic resistance to PY's in mosquitoes (Hemingway
et al., 1991). The GST enzyme has been more commonly associated with metabolic-based
resistance to DDT (Brown, 1986; Hemingway, 2000), but they also play a role in resistance
to pyrethroid insecticides (Enayati et al., 2005; Lumjuan et al., 2005; Lumjuan et al., 2011;
Vontas et al., 2012). This elevated GST activity could be also associated with DDT resistance,
given that DDT was widely used for more than 50 years in the southern regions of Mexico.

Both 10161 and 1534C kdr alleles were found at high frequencies in Merida and Acapulco.
In Merida, the 10161 allele was associated with permethrin survival, but not in Acapulco. An

increase in the frequency of the 10161 allele in field populations of Merida has been detected
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in recent years, from a frequency of 0 in 1999 to 0.72 to 0.72-0.90 in 2009 (Lorofio-Pino et
al., 2013; Ponce-Garcia et al., 2009; Siller et al., 2011). In 2012 (this study) the frequency was
0.83 and 0.77 among survivor and dead individuals respectively. In Acapulco, the frequency
of the 10161 allele was estimated to be 0.97 in 2009 (Siller et al., 2011) and the current study
found a frequency of 0.80 and 0.83 among survivor and dead individuals respectively.

The frequency of the 1534C allele was very high in both study sites and no significant
associations between 1534C frequency and resistance to permethrin were observed in either
population. The 1534C allele has been reported previously in mosquito populations from
Guerrero (Aponte et al.,, 2013) and Merida (Saavedra-Rodriguez et al., 2014). Saavedra-
Rodriguez and colleagues (2014) detected a 1534C frequency of 0.79-1 for five areas of
Merida, with evidence both 10161 and 1534C co-occurred in 81.2% of the individuals tested
(Saavedra-Rodriguez et al., 2014). Co-ocurrence of more than one kdr mutation can have an
additive and/or synergistic effect on sodium channel sensitivity (Hu et al., 2011). The present
study found resistant homozygotes for both mutations (10161 and 1534C), as well the
heterozygote for 1534C and homozygote for 10161. Double homozygous mutants for these
kdr mutations are reported for Ae. aegypti populations from Caribbean and South America
(Alvarez et al., 2014; Harris et al., 2010; Linss et al., 2014) including Mexico (Aponte et al
2013).

In an environment that is favorable to the proliferation of Ae. aegypti throughout the year,
with exposure of survivors to PY's over a period of 10 years, and the additive effect of allelic
resistance (Ponce-Garcfa et al., 2009; Barbosa et al., 2011), it is not surprising that both
mutation 10161 and 1534C have almost fixed. The presence of both mutations in Merida and

Acapulco could, at least in part, explain the high levels of permethrin resistance observed.

3.5.2. Susceptibility and resistance mechanism to Carbamates and
Organophosphates.

The OP and CA resistance in Ae. aegypti is widespread in other countries of the Americas.
Resistance to temephos (larvae tests) is reported for several localities of the Caribbean Region
(Bisset et al., 2001; Polson et al., 2012; Rawlins et al., 1998; Vaughan et al., 1998; Wirth and
Geotrghiou, 1999), Central (Bisset-Lazcano et al.,, 2009) and South America (Bisset et al.,
2001, 2007; Mazzarri and Georghiou, 1995); CAs resistance (adult tests) such as propoxur
and bendiocarb is reported in Colombia (Maestre et al., 2010; Ocampo et al., 2011); resistance
to several OPs (adult tests) such as chlorpyrifos is found in Cuba (Bisset et al., 2001),
fenitrothion in Guatemala (Brogdon and Barber, 1990) and Colombia (Fonseca-Gonzalez,

2011; Maestre et al, 2010), and pirimiphos methyl in Cuba and Venezuela (Bisset et al., 2001).
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In Mexico the evidence OP resistance is reported in temephos resistant populations from
several regions of Mexico (Lopez et al, 2009), and seems to be a consequence of
uninterrupted use of temephos since 1968 for larval of Ae. aegypti in Mexico; and in
chlorpyrifos resistance populations of Ae. aegyp#z from the Atlantic coast of Mexico collected
in 2009 (before the widespread use of this insecticide), and attributed this to the extensive
use of this insecticide in agriculture activities (LLopez et al., 2014). In both cases evidence of
esterase-based mechanism is suggested to confer OP resistance.

In this study, both sites were susceptible to CAs but some resistance to the OP
chorpyrifos was detected. OPs (i.e chlorpyrifos) and CAs (propoxur and to a lesser extent
bendiocarb) were introduced in Acapulco to control mosquito adults since 2010, and more
recently in 2012 in Merida. Prior to this, as part of national malaria control strategy, the OP
malathion was used for specific foci of malaria transmission, which included the State of
Guerrero (Gémez-Dantes and Birn, 2000) from 1996-1999 malathion-based formulations
were applied across wider areas for dengue (Espinoza-Gémez et al.,, 2002; SSA, 2001).
Susceptibility to OPs and CAs may be consequence of the lack of an intense insecticide-
based selection pressure since 1999, in addition to low resistance evolution reported for OPs
and CAs in mosquito field populations (Montella et al., 2007; Hemingway et al., 2013). For
example, Hemingway et al. (2013) reported no evidence of CAs resistance selection after 7
years of application.

In addition to the lack of complete phenotypic evidence of OP and CA resistance, there
was no mechanistic evidence to suggest resistance to these acethycholine esterase inhibitors.
There was no evidence of insensitive AChE (with exception of Ae. aegypti Cordemex from
Merida which was susceptible to OPs and CAs) and no evidence of esterase-based
mechanisms.

This study detected decreased susceptibility to chlorpyrifos in 35% of sites in Merida but
the diagnostic dose (14 ng/mL/bottle at 30 min) was 6 times lower than the diagnostic dose
used by Lopéz et al. (2014) (85 pg/ml./bottle at 30 min). It is therefore possible that this

study may have underestimated the susceptibility to this insecticide.

3.5.3. Immediate knockdown (KD) and 24-h post recovery.

Compared with OPs and CAs (slow acting insecticides), which must penetrate into the
central nervous system (to achieve the cholinergic synapses), and must be bioactivated in the
case of some OPs, the PYs (fast acting insecticides) have a rapid action because of they act
on the voltage gated sodium channels of both, peripheral and central nervous systems. After

binding of PYs, the sodium channels in the neurons are maintained for a longer length of

66



time in their opened conformation, which results in a continuous nervous impulse. The PY's
exert a sublethal incapacitating effect on insects known as knockdown effect (KD),
characterized by the inability of a mosquito to coordinate its normal movement, e. g. fly or
stand upon acute exposure, lead to paralysis and death if prolonged (reviewed by
Suppiramaniam et al.,, 2010). Depending on the insecticide’s dosage, this KD effect is
reversible if contact with the insecticide is interrupted. In natural conditions, it is assumed
that the wild mosquitoes in KD condition would likely be caught and eaten by predators and
ants or die because of desiccation, being crushed or damaged (WHO, 2013). So the time
taken by the mosquito to exhibit KD behaviour is an essential characteristic in personal
protection against mosquito bites.

In this study, with the concentrations of insecticide used, the KD effect of alpha-
cypermethrin was better than permethrin. Type II PYs hold the channels open for a longer
time than type I, and are therefore expected to provide a better kill by causing irreversible
depolarization of the nerve axons and terminals and consequently a pronounced convulsive
phase (Suppiramaniam et al., 2010). However, the results suggest that at least a proportion
of knocked down mosquitoes (10/21 tests) may recover from initial exposutre to alpha-
cypermethrin. In contrast, despite the lower KD effect observed with permethrin, only in
(3/21) of Aedes population some mosquitoes recovered at 24 h post-exposure. A further
observation of this study, which has also been reported for Angpheles (Owusu et al., 2015),
was that time-to-knockdown in CDC bottle test is unreliable predictor of 24 h mortality.

Other studies on Ae aegypti have shown 24 hour recovery following knockdown (Flores
etal.,, 2013; Saavedra-Rodriguez et al., 2007). Failure to be ‘knocked down’ is a good indicator
of the presence of target site mutations. In contast, if a mosquito is knocked down at the end
of an exposure but subsequently recovers this may indicate metabolic resistance. Recording
mosquitoes for a standard recovery period, could give us additional information about the

role of metabolic based-resistance (Bagi et al., 2005).

3.5.4. Spatially heterogeneous insecticide resistance patterns in Aedes aegypti
populations from Merida.

The focal nature of insecticide resistance has been documented in several studies. For
example, in Guatemala, sampling sites for An. albimanus only a few kilometers apart varied
not only in the presence or absence of resistance, but also in the level of resistance and in
the dominant mechanism responsible for resistance (Brogdon et al., 1988). Rawlins (1998)
noted this difference in Ae. aegyp#z in some villages of different Caribbean countries: villages

separated by as little as 0.5 km showed high differences between their resistance ratios. He
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attributed this phenomenon to the nature of Ae aegyp#z discrete populations, as reported by
Harrintong and cols (2005), suggesting gene flow between Ae. aegypti populations is low,
despite their close proximity. Several studies would support this assumption (Ayres et al.,
2004; Getis et al., 2003; Honorio et al., 2003; Reiter et al., 1995). However, one study carried
out in Mexico reports evidence of extensive gene flow among localities winthin 130-180 km
of one another (Gorrochotegui-Escalante et al., 2002). Additionally a recent study carried
out in 16 localities separated by as much or more as 2.5 km of one another, suggested high
gene flow among populations (Marcombe et al., 2013).

In Merida the populations that were very nearly adjacent to one another had significantly
different alpha-cypermethrin resistance profiles. The focal nature of insecticide resistance
may be associated with heterogeneities in insecticide selection pressure. The sites within
Merida that were sampled for this study were separated by a minimum of 200 m and up to
22 km. Previous evidence suggests that local insecticide pressure, rather than migration of
mosquitoes, drives pyrethroid resistance evolution in Ae. aegyp# in the Yucatan (Saavedra-
Rodriguez et al., 2014). In Merida, all the populations tested came from neigbourhoods with
different epidemiological backgrounds. Therefore, the historical insecticide selection
pressure has not been homogeneous, as chemical control activities are implemented
according to the location of reported dengue cases, resulting in heterogeneous intensities of
insecticide application across the city. Another factor contributing to insecticide resistance
at a micro-geographical level could be the domestic use of commercial pyrethroid-based
aerosols (Ranson et al., 2010).

Although further works are needed to monitor the resistance profiles over time, the
phenomenon of focal nature of resistance in Aedes and particularly for this study, generate
some operative questions for vector control. How do these variations in resistance affect the
operational impact of vector control strategies? Which type of resistance management
strategies (rotation, alternation, mosaic, etc) would be recommended to mitigate the
resistance to PYs and improve the vector control?

The present study established baseline insecticide resistance data in sites targeted for
screening based intervention using LLIS. Evaluations over time on the efficacy of LLIS in
areas where insecticide resistance is already present will help us to understand the operational
impact of insecticide resistance. Subsequent chapters will include the evaluation of the LLIS

intervention in the context of the insecticide susceptibility over almost two years period.
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Chapter 4: A field trial evaluating the efficacy of insecticide-
treated door and window screens in combination with targeted
control of productive breeding-sites, for control of Aedes

aegypti populations in Acapulco, Guerrero state, Mexico.

4.1 Context of the Study

Insecticide treated materials (ITMs) are an effective, safe and simple tool with the
potential to prevent the transmission of a variety of vector-borne diseases (Wilson et al.,
2014) through an individual effect (i.e. bed nets preventing the vector biting and blood
feeding) and/or by a community effect (i.e. by reducing the vector lifespan and population
abundance/density). Based on the successful control of insecticide-treated bednets (ITN's)
against nocturnal endophilic vectors Anaopheles spp. malaria transmission (Gu & Novak, 2009;
Lengeler, 2009; Rafinejad et al., 2008; WHO, 2005a), the WHO Dengue Scientific Working-
Group, identified the development/evaluation of I'TMs as a primary global research stream
(McCall & Kittayapong, 2007).

After the discovery that the effectiveness of a net (physical barrier) improved through the
addition/treatment with chemicals on it, to kill or repell insect vectors, the use of I'TNs
increased in popularity during the mid 80s (Reviewed by Takken, 2002) and massively
aumented with the development of long-lasting insecticidal nets (LLINs) that do not required
retreatment. LLINs incorporate insecticide (all of them pyrethroids) to the polystyrene fabric
or in a resin “coat” on the fibre, achieving a residual insecticidal effect for 1-2 years. When
used as a physical barrier, LLINs are expected to reduce human—vector contact by physically
blocking the entry of mosquitoes plus the insecticidal and/or irritating/deterrence effect on
mosquitoes eventually killing them or reducing their life expectancy (Takken, 2002;
Vanlerbeghe et al., 2011a). The LLINs deployed as bednets in several African trials reduced
malaria morbidity and mortality (Enayati & Hemingway, 2010).

For dengue and its vector Aedes aegypti, early studies during the last decade showed that
the use of LLINs reduced vector densities to low levels and that had the potential to impact
dengue transmission. In Haiti, LLINs (bed nets) showed an immediate effect on adult
populations of Ae. aegyp#i and dengue transmission, and extended for the following 5-12
months after their deployment (Lenhart et al., 2008).

Targeted interventions in the most productive container types has been also promoted by

WHO-TDR over the last decade, based on multi-centre studies on pupal survey techniques
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and the cost-effectiveness of targeted interventions versus holistic or blanket interventions
(Focks, 2003; Focks y Alexander, 2006; McCall y Kittayapong, 2007; McCall et al., 2009;
Quintero et al., 2014; Tun Lin et al. 2009). Targeted treatment (T'T) of productive Ae. aegypti
breeding-sites focuses on the appropriate control (by environmental/water management,
behavioural interventions and judicious chemical vector control) of water containers that
produce the greatest number of pupae (and therefore, by proxy, the greatest number of adult
mosquitoes) in the domestic environment (Focks & Alexander, 2006). This can lead to
focused vector control activities targeting only or in a particularly effective manner those
containers of greatest epidemiological importance, particularly in high dengue transmission
risk areas (Manrique-Saide et al., 2011).

Both TT and LLINs in combination have been scarcely tested in field conditions, as an
integrated environmental management approach to complement and enhance current
dengue vector control. For example, LLINs deployed as curtains (ITC) and water container
covers of the most productive breeding-sites in Veracruz (Mexico) and Trujillo (Venezuela)
suggested a maximised effect on the reduction of Ae. aegypti populations (Kroeger et al.,
2000).

However, two key challenges emerged from the initial field trials using LLINs. First,
coverage/proper use of the interventions with LLINSs as curtains typically declined over time
(Tun-Lin, et al., 2009; Vanlerberghe et al., 2011b, 2013). For example, studies in Guatemala
(Rizzo et al., 2012) and Mexico (Lorofio-Pino et al., 2013) reported that families removed or
tied back the curtains to increase ventilation during the day, compromising the utility of the
intervention. Secondly, LLINs with pyrethroids (PYs) have to meet the challenge of resistant
populations of the vectors, mostly PY's which are still the only insecticide class recommended
and available for LLINs (Hemingway et al., 2006; Hougard et al., 2003).

This chapter present the results of field and laboratory evaluations of LLINs as framed
mosquito screens permanently fit on doors and windows of houses (hereafter LLIS) on PY-
resistant Ae. aegypti populations in the dengue endemic Mexican city of Acapulco. The project
developed a package of novel interventions for dengue control based on the situation analysis
and particularly factors associated with vector breeding and indoor infestation with
mosquitoes at household-level, which also included the targeted treatment (T'T) of the most
productive Ae. aegypti breeding sites delivered in a community development approach

working together with local authorities.
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4.2 Materials and methods

4.2.1. The study site.

The study was carried out in the city of Acapulco in the state of Guerrero on the Pacific
coast of Mexico as described in Chapter 1. The state of Guerrero has one of the highest
levels of dengue in Mexico; over the past three years, it has been in the top three states in
terms of reported dengue cases. Particularly Acapulco, reported >30% of the total cases of
dengue in Guerrero in the last decade, but in some years exceeding 40-50% (2002, 42%;
2005, 47%; 2006, 50%; 2009, 52%). The neighborhood Ciudad Renacimiento is located on
the north side of Acapulco. Epidemiologically, Ciudad Renacimiento and surrounding
environs are considered a high-risk area for dengue transmission, with a continuous report

of dengue throughout the year.

4.2.2. Study design.

The study design consisted on a cluster-randomized sampling design with cross-sectional
surveys. The study followed a TDR-IDRC protocol following a proposal development/study
design/methods workshop on (Quintero et al., 2014). Briefly, a cluster in this project was
defined as an area of >100 buildings, including at least 100 private households. To obtain a
sample of 20 clusters, a map of the study area using Google Earth software (Google Inc.,
Mountain View, CA, United States of America) was created (Troyo et al., 2008) and digitally
overlaid a grid on it with 100 squares and used simple random numbers to select 20 squares
(from the total of 30 identified) (Figure 32).

The sample size was calculated as required for the cluster randomized intervention studies
to be also conducted during phase II of this research project. It was based on a post-
intervention cross-sectional comparison of the number of pupae per person in the
intervention and no-intervention clusters using a two-level hierarchical model with clustering
at the cluster level. The sample size reflected a desired power of 80% with the significance
level set at 5%. The mean number of pupae per person in no-intervention and LLIS treated
clusters was assumed to be 3.0 and 0.3, respectively, based on previous studies (Kroger et al.,
20006, Tun-Lin et al., 2009, Arunachalam et al., 2010). For a negative binomial distribution
with a dispersion coefficient of 0.02 and an intra-cluster coefficient of 0.05, 8.9 clusters with
100 households per cluster were required per study arm, and the number was increased to
10 per study arm (i.e. 20 clusters for the study site). A negative binomial distribution to ensure
a large enough sample was assumed, even if it was not clearly needed. For analysis at the

household level, this sample size would yield short 95% confidence intervals (C. I.).

71



Clite S aBacL7

Ciudad Renacimiento
neighborhood

Clusters:

. Control

. LLIS Intervention

Figure 32. Distribution of the study clusters within the study site Ciudad Renacimiento
neighborhood in Acapulco Mexico. The grid used to select randomly 20 squares is showed (left).
The final clusters with and without LLIS interventions are showed in blue and red colours
respectively (right).

4.2.3. The interventions.

Insecticide-treated house screening (LLIS). The impact on vector infestation of
Duranet® screens (0.55% w.w. alpha-cypermethrin-treated non-flammable polyethylene
netting [145 denier; mesh = 132 holes/sq. inch]; Clarke Mosquito Control, IL, USA;
WHOPES approved) mounted in aluminum frames custom-fitted to doors and windows of
residential houses was investigated in Acapulco city in Guerrero state (Figure 33).

The installation, in collaboration with a local small business from the locality and the
Ministry of Health (MoH), started on April 2012 and by August 2012 it was finished in 586
households from 9 intervention clusters. For January 2013 the final coverage of intervention
was 780 households intervened. During distribution, at least one person in every household
received information on the use and maintenance of the through person-to-person

communication.

Targeted treatment (TT) of the most productive Ae. aegypti breeding sites. A
second intervention was implemented 14 months after the beginning of LLIS installation
(April 2012) based on targeted treatment (I'T) of the most productive Ae. aegypti breeding

sites every two months (the first TT intervention was performed in June 2013).
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Pupal productivity surveys were carried out during the dry and wet season of 2012 in
order to identify all potentially productive containers (see section 3.4.4. Entomological
surveillance). Targeted interventions may influence vector-breeding patterns over time,
hence the pupal productivity survey was repeated after a determined interval to establish

newly important or alternative vector breeding sites.

Figure 33. The LLIS intervention (Duranet®) set as framed mosquito screens on windows an
external doors of treated houses in Ciudad Renacimiento, Acapulco, Mexico.
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The TT included the use of Spinosad, (Natular®) a biological and environmentally
friendly larvicide, on the most productive containers identified during the pupal productivity
surveys e.g. tanks and 200L drums/barrels in Acapulco. The dose applied was the
recommended by the manufacturer, 1 tablet per every 200 It. in large containers i.e. barrels,
water storage tubs and tanks.

During the first cycle (June 2013) 1,789 water tanks and 200 L drums/batrels (Figure 34)
in the households of intervention clusters were treated with larvicide Spinosad (Natular®).
The following application was performed at the end of the dry season in 2013 (September
n=1791 tanks and barrels) and was repeated every two months until March 2014 (November
2013 n=1686, January n=1658, March 2014 n=1595).

Figura 34. Targeted treatment (TT) based on Natular® DT (Spinosad 7.48%) in Acapulco,
Guerrero, during the first cycle of application (June 2013).

Routine Ae. aegypti control activities by the local vector control program: adulticiding
(outdoor and indoor spraying with Chlorpyrifos and Propoxur respectively) and larviciding
(Abate and Spinosad)
(http:/ /www.cenavece.salud.gob.mx/programas/intetior/vectores/dengue/guias_operativ
as.html), were carried out in untreated houses. Nevetheless, Renacimiento as a whole is a
dengue endemic area and activities were also performed in the areas with interventions.
These activities are performed periodically where a high risk of dengue transmission is
detected using the National Platform for Entomological Surveillance and Integral Vector
Control described by Hernandez- Avila et al., (2013). Activities affecting both LLIS and no-
intervention arms were performed on February-April 2013 (Integrated Vector Control in
response to risk indices IVCRI); a “MegaOperativo” was performed during 3-7 July 2013.
By September 2013, after tropical storms Manuel and Ingrid, the MoH performed ULV
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spraying from vehicles and by airplane from 26 Sep-20 Oct 2013. During 2014, IVCRI were
performed in both areas during 28 April- 4 May, 12-18 May and 26 May-1 June.
Figure 35 shows the trial design for Acapulco.

. LLIS intervention Rainy season
. TT on most productive breeding sites Entomological survey
2011  IAS=320/320 LAS-241 /266
LPS=1000,/1000 LPS-—841/352

I 1 I 1 I Ll Ll 1 I 1 I 1 !

2012 yas-005/226

TAS=210/302
LPS=876/882 . . . . . LPS-501/874 . .

I 1 ] I I I L) I L) I I I L]

2013 I1AS=311/320 1AS=320/320
. LPS=780/1000 LPS=780/1000
I 1 I 1 I ! ] 1 |} 1 I 1 !
2014 T1AS=320/320
LPS=780/100

Figure 35. Trial design for Acapulco study site. The number of houses sutveyed in the indoor
adult survey (IAS) and larval&pupal survey (LPS) is given for both group of houses (LLIS
treated/untreated houses). These numbers represent the houses where the entrance was permitted.

4.2.4. Entomological surveillance.

Seven cross-sectional entomological surveys were conducted: before (March 2011,
September 2011, March 2012) and at 5, 12, 18 and 24 months (September 2012, March 2013,
October 2013, March 2014; wet, dry, wet and dry seasons respectively) post-intervention

(PI). See figure 35. In each survey, the number of inhabitants per house was registered.

Indoor-adult surveys. A sub-sample of 32 houses from all the clusters was selected
through systematic random sampling for each cross-section entomological survey during dry

and wet season of 2011, 2012 and 2013 and for the dry season 2014. In first post-intervention
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survey (which corresponded to the rainy season 2012), a sample of 210 houses from 9
clusters' with LLIS was monitored because their installation in the study site was in progtess
(75% of advance; 586/780 of houses to be intervened and distributed only in 9/10 clusters).
This entomological survey took place 1 year after the initial baseline study and 1-5 months
after LLIS was installed to households that had previously acted as controls (Figure 35).

In each survey indoor-adult mosquito collections were conducted inside of houses using
modified CDC backpack aspirators (John W. Hock Company, Gainesville, Florida, USA) for
15 minutes that was sufficient time to ensure complete coverage of the lower level of the
house (Williams et al., 20006). Collections from all selected houses within each cluster were
made on the same day between 09.00-15.00 hrs. Mosquitoes collected were identified to

species and sex.

Larval and pupal surveys. Cross-sectional larval and pupal surveys were conducted in
all the houses (n=2,000) during both dry and rainy seasons of 2011, 2012 and 2013 according
to a standard protocol for pupal surveys (Manrique-Saide et al., 2011) by 10 trained university
or vector control staff members. In each cluster, intradomestic and peridomestic spaces of
residential premises were inspected. Containers were classified according to type, source of
water, capacity, presence of a proper lid, proximity to shrubbery, and presence of larval
control measures. Only water holding containers (WC) were examined. The surveyor
determined the presence or absence of Ae. aegypti immature (larvae and pupae) in each
container and collected and counted all the pupae or a took a sample in large containers were
collection of all pupae was unfeasible according to recommendations of the standard
protocol. A sample of the pupae thus obtained was examined in the laboratory and left to

develop into adult mosquitoes, which were then identified by species and sex.

4.2.5. Monitoring the durability of LLIS under operational conditions.

Standard World Health Organization cone bioassays (WHO, 2005b) were performed in
order to determinate the insecticidal activity (bioefficacy) of new, non-exposed LLIS samples
and samples of LLIS after 6, 12, 18 and 24 months under operational conditions.

Groups of five non-bloodfed, 1-3 day old Ae. aegyp?i New Otleans and local strains) were
exposed to netting materials (25 cm x 25 cm) for 3 minutes (10 replicates for each sample),

under WHO cones and held for 24 h in paper cups with access to a 10% sucrose solution.

1 The LLIS intervention was not yet ready in one cluster (Cluster 15) at the time of 4™ entomological survey
(September 2012); the LLIS installation in that cluster was finished until December 2012.
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The knock down effect at 30 min and 1 hour after the 3-minutes exposure was determined.
Mortality was recorded after 24 h (Figure 30).

The Ae. aegypti susceptible and local strains kept under laboratory conditions were used in
biossays. Eggs were obtained from the neighbourhood Ciudad Renacimiento from ovitraps
deployed during March 2013. Briefly, eggs collected from the filed site were sent to the
insectary of the Unidad Colaborativa para Bioensayos Entomologicos of the Universidad
Autonoma de Yucatan Mexico (UCBE-UADY) and allowed to hatch. Larvae were reared
according to standard procedures and laboratory conditions until adult emergence to obtain
1-3 day-old F1 adult generation. The New Otleans (NO) strain of Ae. aegypti provided by

Centre for Disease Control (CDC), Atlanta, USA was used as the standard susceptible strain.

Time-limited exposure tests

Netting material
(25 cm x 25 cm)

O Ten replicates (5 mosquitoes/cone)
o
AT\

.‘},
P

Figure 36. WHO cone test. For evaluate de bioefficacy of LLIS, time-limited exposure tests were
carried out. Batches of mosquitoes (5 per cone) were tested on treated netting for 3 min (10
replicates), knockdown scored after 30 min and 1 h and mortality after 24 h.

Three randomly selected houses in each intervention clusters were visited and sampled
per house 1 of the LLIS (3 households x 10 cluster) at 6, 12, 18 and 24 months after they
were installed. The installation of LLIS started on April 2012 and was completed in January
2013. As different nets had different times of deploying/exposure, the age (deploying time)
of nets distributed were identified. Particularly, damaged screens were removed completely
and replaced for new ones. Each entire net were transported separately from the field to the
laboratory, cut immediately (pieces of 25 cm x 25 cm) and wrapped in aluminium foil and

stored at 4 °C (Figure 37). Theses net samples were used for bioefficacy bioassays.
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Figure 37. Sampling netting material under operational conditions. The LLIS used for the
bioassays were collected directly from households throughout the 10-intervention clusters from
neighbourhood Ciudad Renacimiento (3 households x 10 cluster) at 6, 12, 18 and 24 months after
their installation. The nets collected were packaged individually and labelled to avoid mixture with

other type of nets.

All these pieces of netting materials were posteriorly classified according to their level of

soiling. The level of soiling of each net was categorized according to a gray color palette

(Table 5).

Table 5. Values scales for level of soiling.

LLIS samples Categories Example of Gray color
netting material palette
DuraNet® New
MERO03-4
Clean
MERO01-3
MERO01-6
Soiled
MER10-6
MERO016-3
Very soiled
ACA08-95
ACA20-76B Extremely
ACA04-9 soiled
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The category for each netting sample was defined in consensus among three different
members of the working team staff. The effect of the different soiling levels (if any) was

explored as another variable on the efficacy of LLIS.
4.3 Data management and analysis

4.3.1. Entomological indicators.

For adult collections the following indicators were calculated: a) Houses positive for
temale Aedes (%), b) Houses positive for blood-fed females (%), ¢) Houses positive for male
Aedes (%), d) Number of female Aedes per positive house, €) Number of blood-fed female
Aedes per positive house, f) Number of male Aedes per positive house.

For immature collections were calculated: a) Breteau Index (BI)= (number of Aedes
positive containers x 100)/number of inspected houses); b) House positive for immature
Aedes (%); c) House positive for Aedes larvae (%); d) number of Aedes larvae per house; €)
House positive to pupae Aedes; f) number of Aedes pupae per house; g) Pupae per Person
Index (PPI)= total number of Aedes pupae/registered number of inhabitants.

The houses where the householder did not permit the entrance were not considered for
these calculations (see figure 35).

For WHO cone tests, data was pooled and the percent of knockdown and mortality were
calculated and corrected when the mortality in control replicates was >5 and <20% using

Abbott's formula (Abbott 1925).

4.3.2. Statistic analysis.

Aedes sp. infestation levels were the outcome measures. The BI was calculated per cluster
and survey round. For presence-absence data, logistic regression models accounting for each
house membership in a given sampling cluster (cluster-robust SE calculation) were
performed. Odds ratios and 95% confidence intervals were calculated. Over-dispersed index
data were compared between arms using the Mann-Whitney test. The impact of treatment
on each metric was analyzed by negative-binomial regression using treatment as predictor
variable. Negative binomial models also accounted for membership of a house in a sampling
cluster (cluster-robust SE calculation). Odds ratios and incidence rate ratios with 95%
confidence intervals (C. 1) were assessed and significance expressed at the 5% level.
Analyses were performed using STATA 12.0 (Stata Corp, College Station, TX).

A Generalized Additive Mixed Model (GAMM) (Zuur et al. 2009) was applied to

determine the association between various entomologic indicators and the time (in days)
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since the installation of the window and door screens. Time to intervention (t;) was calculated
by estimating the number of days that elapsed between the installation of the LLIS and the
entomologic survey of each treatment house. The untretaed houses were excluded the from
this analysis because analyses aimed at quantifying the temporal effect of LLIS. The full
model had the form: Yypqes = a + f(t;) + Z(cluster;) + €;. Where Yawe is the
entomologic measure and Z(cluster;), ;~N(0,0?%), represents a random effects term
associated with observations from the same cluster. A negative binomial or binomial link
functions was used depending if Yacss was based on counts or binary values, respectively.
The (possibly) non-linear relationship between the response variable and time since LLIS
installation was quantified by incorporating a smoothing function (f (¢;)) representing the
additive component (Zuur et al. 2009). We fitted f(t;) by applying a penalized cubic spline
function to the data (Zuur et al. 2009). The importance of time since the installation of LLIS
was assessed by evaluating the significance of the f(t;) term. Akaike Information Critetion
(AIC) scores were used to compare the full model with a GAM model without random
effects. A model with AAIC = 2 or more units lower than any other model was considered
the best. Once the best model was identified, we plotted each predicted f(t;) as either a
curve (if f(t;) was significant) or a line (if f(¢;) was not significant). Analyses were
performed using the mgcv package from the R statistical software.

The proportion of mosquitoes that had died at 24 h of the total number exposed to the
LLIS/netting materials collected at different deploying times was calculated. To estimate the
effect of LLIS exposure factors such as soiling on the susceptible mosquito survival rate,
Poisson regression models was contructed with survival as dependent and soiling as
independent variable. Survival rate ratios and 24-h mortality (and 95% C. 1.) were obtained
from these models. Analyses were performed using STATA 12.0 (Stata Corp, College
Station, TX).

4.4 Ethical aspects

This study received clearance from the ethical committee of the Mexican Ministry of
Health of Guerrero and the ERC (Ethical Review Committee) of WHO. The LLIS were
made from material that is approved by the World Health Organization Pesticide Evaluation
Scheme (WHOPES) for bed net use. Each householder approved the intervention and
written informed consent was obtained from each individual household included in the

study.
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4.5 Results

4.5.1. Vector breeding and productive containers in the dry and wet season 2012.

A total of 10,501 containers holding water were identified during the dry season 2012 in
Acapulco. Their characteristics are shown in Table 6. The majority (98%) were found
outdoors and 3% were positive for Ae. aegypti immature (larva or pupae). The Ae. aegypti
pupae were collected in 11 different types of containers (Table 6). The most productive
containers in Acapulco during the dry season 2012 were: tanks (46.3% of total pupae
collected), followed by plastic batrels (35.5%) and bucket/pots (8.7%) accounting for the
90.5% of the pupae collected (Figure 38).

Figure 38. Examples of containers that were productive for pupae in Acapulco, 2012. A) Tanks, B)
Plastic barrels, C) Bucket/pots.

A total of 11,719 containers holding water were identified during the rainy season 2012
in Acapulco. Their characteristics are shown in Table 6. The majority (98%) were found
outdoors and 3% were positive for Ae. aegypti immature (larva or pupae). Ae. aegypti pupae
were collected in 13 different types of containers which represented only 1.6% (175) of the
total number of containers holding water (Table 6). The most productive containers in
Acapulco during the rainy season 2012 were plastic barrels (28.9% of total pupae collected),
followed by tanks (22.6%) and bucket/pots (19.9%) and assorted small items (15.5%)
accounting for the 86.9% of the pupae collected (Figure 38).
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Table 6. Frequency of water-holding containers (WC) and the pupal productivity (# PU= number of
pupa, % PU=contribution of pupae collected) in 2,000 houses in Acapulco Mexico during the dry
and rainy seasons of 2012.

WC #PU %PU

Category Dry Rainy Dry Rainy Dry Rainy
Tanks 1340 1280 557 86 46.30% 22 60%
Plastic barrels 1697 1800 A27 110 35.50% 28.90%
Buckets/pots 5495 5359 105 76 8.70% 19.90%
Large water tubs 164 22 72 10 6.00% 2 60%
Small tanks 109 35 17 0 1.40% 0.00%
Flower pots 119 167 12 21 1.00% 5.50%
Kitchen/laundry containers 35 75 5 1 0.40% 0.30%
Plant pots 306 518 4 4 0.30% 1.00%
Pools 1 0 2 0 0.20% 0.00%
Ground tanks 628 598 2 0 0.20% 0.00%
Broken domestic appliances 7 6 1 6 0.10% 1.60%
Bathroom containers 8 10 0 0 0.00% 0.00%
Drinking troughs 410 408 0 2 0.00% 0.50%
Cisterns 27 18 0 0 0.00% 0.00%
Assorted small 106 522 0 59 0.00% 15.50%
Assorted large 1 107 0 0 0.00% 0.00%
Fountains 8 2 0 0 0.00% 0.0%
Other (Leaf, coconuts) 0 20 0 0 0.00% 0.0%
Puddles 0 12 0 0 0.00% 0.0%
Bottles 0 276 0 0 0.00% 0.0%
Cans 0 10 0 0 0.00% 0.0%
Tires 6 39 0 4 0.00% 1.00%
Wells 34 8 0 1 0.00% 0.30%

TOTAL 10501 11292 1,204 380 100%

4.5.2. First intervention: insecticide-treated house screening (LLIS).

Impact on indoor adult mosquitoes. Adult-based entomological indicators are
summarized on Table 7.

During the pre-intervention surveys (March and August 2011 and March 2012) adult-
based entomological indicators showed similar seasonal patterns of infestation in both study
arms, showing an increase of infestation levels during rainfall and a decrease during the dry
season (Figure 39).

The results from post-intervention (PI) surveys, 5 months (September 2012) and 12
months (March 2013) after the intervention was in place, showed clearly that all indicators
of adult infestation in the houses protected with LLIS during the rainy and dry season were
lower than in the previous dry season in the same year (Table 7 and Figure 39).

At five months PI; significantly fewer treated houses were infested with Ae. aegyp#z adult
females (OR=0.38, 95% C. I. 0.21-0.69), blood-fed females (OR=0.36, 95% C. 1. 0.21-0.60)
and males (OR=0.39, 95% C. I. 0.19-0.77). A significant impact was still seen at 12 months
PI for adult females (OR=0.41, 95% C. 1. 0.25-0.68) and males (OR=0.41, 95% C. 1. 0.27-
0.64) but not for blood-fed females (OR=0.51, 95% C. I. 0.24-1.05) (Figure 39).
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Analyses of infestation density showed a similar trend with significant reductions in mean
Ae. aegypti abundance in treated houses: adult females at 5 IRR=0.37, 95% C. I. 0.27-0.49)
and 12 (IRR = 0.40, 95% C. 1. 0.23-0.70) months PI; males at 5 (IRR=0.39, 95% C. I. 0.28—
0.54) and 12 (IRR=0.49, 95%C. 1. 0.33-0.72) months; blood-fed females at 5 (IRR=0.32,
95% C. I. 0.23-0.45) but not at 12 (IRR=0.49, 95% C. 1. 0.23-1.05) months (Figure 39).

Comparing wet season data from treatment houses before (Aug 2011) and after (Sep
2012) intervention, Aedes female and blood-fed female numbers were significantly lower after
intervention (Wilcoxon Matched Pairs, W = 307006, 2z=3.717, p<0.05 and W = 20706,
z=3.146, p<0.05), but male abundance did not change (W = 20706, z=1.385, p>0.05).

In addition, the results also indicated that even if adult infestation in both arms (LLIS and
no-intervention arms) was lower during the rainy season 2012 than in the rainy season in the
previous year, the infestation in houses protected with LLIS were significantly much lower

(Figure 39).

Impact on breeding sites and immature mosquito stages. Immature-based
entomological indicators are summarized on Table 8.

In August 2011 (before the intervention) the proportion of houses positive for immature
Aedes was 20% (1C95%=15.68-25.21) in the treated arm and 27% (1C95%=21.18-31.81) in
the untreated arm (Table 8). During this survey, significant differences were observed
between both arms, treated and untreated (OR=0.71, 95% C. 1. 0.51-1.00). Significant
differences were also observed for house positive for larvae Aedes (OR=0.71, 95% C. I. 0.50-
1.00).

At the first PI survey (5 months after the LLIS intervention was started) both arms of
houses, treated and untreated, showed a dectrease on larvae/pupae indicators in comparison
with the baseline survey. At that moment, the installation of LLIS was in progtess, with a
75% of coverage (586/780 of the total of houses in which the intervention was accepted).

At the second PI survey (12 months), all immature indicators kept decreasing in the LLIS
arm; but contraily, pupae-based indicators increased in the no-intervention arm. Significant
differences were observed between LLIS and no-intervention arms at 12 months PI for all
pupae-based indicators (house positive to Aedes pupae OR=0.56, 95% C. 1. 0.33-0.96;
number of Aede pupae s per house IRR=0.29, 95% C. 1. 0.12-0.70; PPI IRR=0.31, 95% C.
I. 0.11-0.806). No significant differences were observed on houses positive for immature Aedes
(IRR=0.68, 95% C. 1. 0.38-1.22), houses positive for larvac IRR=0.69, 95% C. 1. 0.38-1.28)
and BI IRR=0.68 95% C. 1. 0.37-1.22).
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4.5.3. Second intervention: TT of the most productive Aedes aegyptibreeding sites.

Impact on indoor adult mosquitoes. Significantly fewer treated houses were infested
at 18 months PI with Ae. aegyp#z adult females (OR=0.07, 95% C. 1. 0.05-0.10); but not for
blood-fed females (OR=0.63, 95% C. 1. 0.36-1.09) or males (OR=1.19, 95% C. I. 0.84-1.7)
(Figure 39). At 24 months PI significant differences were observed between untreated and
treated houses in the presence of adult females (OR=0.44, 95% C. 1. 0.20-0.95), blood-fed
females (OR=0.28, 95% C. 1. 0.10-0.74) and males (OR=0.44, 95% C. I. 0.27-0.71).

Analyses of infestation density based on adult catches showed a similar trend with a
significant reduction in adult females (IRR=0.12, 95%C. 1. 0.08-0.19) at 18 months PI; but
not for blood-fed females IRR=0.54, 95% C. 1. 0.29-1.0 or males (IRR=0.93, 95% C. L.
0.72-1.22) (Figure 39). At 24 months PI significant differences were observed on the number
of indoor adult females (IRR=0.04, 95%C. I. 0.21-0.98); blood-fed females (IRR=0.25, 95%
C. 1. 0.09-.070) and males IRR=0.48, 95% C. 1. 0.27-0.80).

Table 7. Aedes aegypti adult infestation indicators by group (LLIS treated and untreated) of houses
and entomological survey in Acapulco, Guerrero.

5 months | 12 months | 18 months |24 months
Pre- Pre- Pre-
Intervention|Intervention |Intervention PI PI PI PI
Group (Dry season|(Wet season | (Dry season (Wet (Dry (Wet (Dry
2011) 2011) 2012) season season season season
2012) 2013 2013) 2014)
House positive for Females
Treated LLIS 19% 64% 49% 34% 18% 13% 8%
Untreated 20% 64% 54% 56% 35% 68% 17%
House positive for Blood Fed Females
Treated LLIS 14% 54% 43% 24% 11% 7% 2%
Untreated 16% 58% 47% 46% 20% 11% 8%
House positive for Males
Treated LLIS 28% 64% 56% 38% 22% 28% 9%
Untreated 27% 61% 58% 60% 40% 24% 19%
Number of Females/positive house
Treated LLIS 0.331 2.365 1.234 0.543 0.302 0.263 0.122
Untreated 0.341 2.169 1.350 1.477 0.747 2.056 0.266
Number of Blood Fed Females/positive house
Treated LLIS 0.244 1.564 1.000 0.333 0.164 0.094 0.022
Untreated 0.253 1.628 0.934 1.026 0.331 0.172 0.088
Number of Males/positive house
Treated LLIS 0.478 2.212 1.459 0.671 0.370 0.619 0.147
Untreated 0.453 1.812 1.726 1.728 0.750 0.659 0.303

Impact on and breeding sites and immature mosquitoes. Treated houses showed
significant lower levels of infestation and infestation density in comparison with untreated
houses at 18 months PI for all Aedes indicators (Figure 40) i.e. BI (IRR=0.43, 95% C. I. 0.26-
0.71), houses positive for immature (OR=0.44, 95% C. 1. 0.26-0.75), houses positive for
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larvae (OR=0.44, 95% C. 1. 0.26-0.75), number of larvae per house (IRR=0.36, 95% C. L.
0.20-0.66), houses positive for pupae (OR=0.44, 95% C. 1. 0.23-0.82), number of pupae per
house (IRR=0.22, 95% C. 1. 0.08-0.57) and pupae per person (IRR=0.33, 95% C. I. 0.13-

0.82). At 24 months PI significant differences were observed on infestation density indicators

but not for infestation indicators, i.e. number of larvae per house IRR=0.33, 95% C. I. 0.13-
0.83), number of pupae per house IRR=0.26, 95% C. I. 0.10-0.68), and number of pupae
per person (IRR=0.30, 95% C. 1. 0.10-0.88).

Table 8. Aedes aegypti immature infestation indicators by group (LLIS treated and untreated) of
houses and entomological survey in Acapulco, Guerrero.

5 months |12 months | 18 months (24 months
Pre- Pre- Pre-
Intervention|Intervention |Intervention P1 Pl P Pl
Group (Dry season|(Wet season | (Dry season (Wet (Dry (Wet (Dry
2011) 2011) 2012) season season season season
2012) 2013 2013) 2014)
Breteau Index (BI)
Treated LLIS 5.5 31.7 20.4 9.2 7.3 4.5 5.0
Untreated 5.3 36.5 19.2 11.2 10.8 10.4 7.0
House positive for immature Aedes
Treated LLIS 4% 20% 16% 8% 6% 4% 4%
Untreated 5% 27% 15% 9% 9% 10% 6%
House positive for larvae Aedes
Treated LLIS 4% 20% 16% 7% 6% 4% 4%
Untreated 5% 26% 15% 9% 9% 9% 6%
Number of larvae Aedes per 100 house
Treated LLIS 34.9 803.7 270.2 116.6 80.0 41.9 42.3
Untreated 74.1 702.6 256.3 103.8 143.6 116.0 126.5
House positive to pupae Aedes
Treated LLIS 2% 10% 9% 3% 3% 2% 2%
Untreated 3% 12% 9% 4% 5% 5% 2%
Number of pupae Aedes per 100 house
Treated LLIS 2.5 13.3 10.0 3.4 2.9 2.4 2.2
Untreated 2.7 14.3 10.7 4.3 5.2 5.8 2.9
Pupae per Person Index (PPI)
Treated LLIS 0.025 0.203 0.171 0.041 0.028 0.023 0.018
Untreated 0.031 0.214 0.150 0.049 0.102 0.105 0.071
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Figure 39. Comparison between treated (solid line) and untreated (broken line) arms of percentage of infested
houses (left) and infestation density (right) for Ae. aegypti in Acapulco, Guerrero. The vertical dotted and
dashed lines represent the start of LLIS and TT interventions respectively. The symbol denotes dates when the

index was significantly different between LLIS and no-intervention arms on that date. Error bars show the

standard error of the mean.
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between LLIS and no-intervention arms on that date. Error bars show the standard error of the mean.

4.5.4. Temporal persistence of interventions.

Figure 41 shows the plot of f(ti) for each entomologic indicator (immatures and adults).

The y-axis of figure 41 can be interpreted as the effect of time since LLIS installation on each

entomologic measure. When the predicted value and its 95% credible interval are negative it

means that there is a protective effect of LLIS for that factor. In all cases, LLIS achieved a
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protective effect for at least 600 days post installation. Adult indices (presence and
abundance) showed a second reduction at 500 days post intervention, coincidentally with the

introduction of the TT strategy. Figure 39-40 and table 9.
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Figure 41. Predicted values for the best GAMM showing the association between the time since LLIS
installation and each entomologic indicator for Acapulco, Mexico. Horizontal line shows the area of
no difference and vertical line the time when LLIS were installed. The solid line is the predicted
value of the dependent variable as a function of the x axis. Dashed lines represent 95% confidence
intervals. Places where the confidence bands enclose the horizontal line indicates predicted values
where the overall pattern is not significant
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Table 9. Parameter value and significance of non-linear parameter (/%)) on GAMM models
estimating the association between entomologic indices and the time since LLIS installation for
Acapulco, Mexico. AAIC represents the difference between AIC values of a model excluding

(AICgawm) and including (AICcanm) a random effect associated with each cluster.

Estimated AAIC
Life stage Indicator degrees of F P (AICgam -
Freedom AICgamm)
Immature No. Immatures 5.32 26.1 <0.0001 105
No. pupae 3.33 9.5 <0.0001 60
Positive houses 5.35 23.0 <0.0001 956
Pupae presence 4.55 15.8 <0.0001 1026
Adult No. females 5.13 39.5 <0.0001 25
No. bloodfed females 6.49 43.7 <0.0001 4
No. adults 6.49 43.7 <0.0001 23
Presence of adults 5.62 40.1 <0.0001 21
Presence of females 5.29 39.2 <0.0001 2

4.5.5. Bioefficay of LLIS under operational conditions.

Soiling condition of used LLIS. A total of 121 LLIS were sampled in the intervened

households with an average fo 30 nets sampled by deployed time. Above 50% of LLIS
were categorized as very to extremely soiled (63%, 55%, 59% and 76% for 6, 12, 18 and 24

months PI sampling), and less than 7% as soiled and the rest (24-39%) were classified as

clean LLIS (Figure 42).
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Figure 42. Proportions of net soiled condition by deployed time of LLIS sampled in Ciudad
Renacimiento, Acapulco between 2012-2014.
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Bioassays. According to bioassays results using the New Otleans susceptible strain
(Figure 43A), the residual activity of insecticide on the screens remained consistently high
when new (time 0, non-exposed nets). The KD and mortality on new non-exposed nets was
100% and 98% respectively for susceptible strain (the cut off efficacy criteria of WHO for
KD is 95% and for mortality is over the 80%). These variables showed a tendency to decrease
at 6 months, and then, a gradual increase at 12-18 months of exposure under operational
condition, and then again a decrease after 24 months, but always achieving KD and mortality
rates below to the cut off efficacy WHO criteria. Overall, very low KD effect and mortality
were observed with the wild Renacimiento strain (<30% including new non-exposed nets)

(Figure 43B).
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Figure 43. Bioefficacy test on different DuraNet® LLIS samples exposed 6, 12, 18 and 24 months
under operational conditions in Acapulco. Results after WHO cone bioassays after 3 min. exposure:
knockdown at 30 and 60 minutes (KD30 and KD60) and 24 h mortality and their standard errors of
mean (SE) are showed for both, New Orleans susceptible strain (A), and field collected strain (B).
Result for a new, non-exposed DuraNet® LLIS sample is also showed (white bar).
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When the exposure factor “LLIS age” is considered the chance to survive of susceptible
Aedes mosquitoes decreases from 21.9 times for the first 6 months of use to 19-14.7 times
for the next 18 and 24 months of use respectively; but increases (21.5 times) at 24 months
of use. The soiled condition was also significantly associated with increased mosquito

survival with 19-40 time more chance to survive when exposed to very to extremely soiled

LLIS (Table 10).

Table 10. LLIS exposure factor analysis using poisson regression models contructed with
survival as dependent variable, and deployed time and soiling as independent variables for
Acapulco net sampling.

24-h mortality 24-h survival rate

LLIS exposure factor P-value

95% C. 1.) ratio*
New Orleans susceptible strain
LLIS Age
New, non-exposed 98% (95.7-100.3) 1
6 months use 56.1% (51.4-60.8)  21.9 (17.0-28.3)
12 months use 62% (57.5-66.5) 19 (14.7-24.5) <0.001
18 months use 70.6% (66.9-74.4) 14.7 (11.4-18.9) <0.001
24 months use 56.9% (52.7-61.2) 21.5 (16.7-27.8) <0.001
Soiled condition
New 98% (95.7-100.3) 1
Clean 96.08% (94.7-97.5) 1.9 (1.5-2.5) <0.001
Soiled 80% (73.7-86.3) 10 (7.7-12.9) <0.001
Very soiled 62.5% (59.5-65.5) 18.8 (14.624.2) <0.001
Extremely soiled 20.2% (17.6-22.7) 39.9 (30.9-51.4) <0.001

*Estimated with poisson regression models.

4.6 Discussion

The data presented here are the first showing that mosquito-proofing houses with LLIS
can reduce the infestation with dengue vectors in houses and that can potentially reduce
disease transmission.

The protection of houses with LLIS in an Aedes-dengue endemic area of Acapulco
substantially reduced indoor adult vector infestation during the rainy, commonly the most
favorable season for mosquito abundance. Before the intervention, exposure at the house
level to mosquito contact (and biting) in the study site seemed very likely: indoor mosquito
collections during the baseline surveys showed the presence of adult Aedes in 38% of the
houses during the dry season and reached 77% during the rainy season; not surprising since

60-70% of the houses had openings/incomplete walls and unprotected windows/doors open
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during the day (data not shown). Nevertheless, after the intervention with LLIS, levels of
infestation were significantly lower than in the dry season the same year.

In general, the prevention of adult mosquitoes entering the houses has been a public
health measure suggested and employed historically in places where mosquito nuisance and
disease transmission are a problem (Lindsay et al., 2002). Basically, screening with mosquito
nets the most important points of entrance into a house, such as windows and doors,
prevents the entry of adult mosquitoes (Schofield et al., 1990). “Mosquito-proofing” of
houses is a form of environmental management based on changes to human habitation to
exclude vectors and eventually reducing man-vector-pathogen contact (WHO, 1982).

Research on the efficacy of LLINs in controlling diurnally active Ae. aegyp?; has being
encouraged by WHO (McCall et al, 2009). The LLINs, used as single or combined
interventions, have been field-evaluated in different settings worldwide as an integrated
environmental management approach to complement and enhance current dengue vector
control. Some degree of success has been reported after interventions with LLINs against
dengue vectors (measured with immature based indicators) when used as a physical barrier
on breeding-sites to block oviposition (Kroeger et al., 2006; Seng et al, 2008; Tsunoda et al.,
2013) or to reduce human-contact and provide personal protection in the home as bednets
(Lenhart et al., 2008) or as curtains hanged on windows and doors (Igarashi, 1997; Kroeger
et al. 2006; Lenhart et al., 2013; Nguyen et al., 1996; Rizzo et al., 2012; Vanlerberghe et al.,
2011; Vanlerberghe et al., 2013).

A known challenge in reducing dengue-virus transmission is to reduce infected adult
vector populations and/or their interaction with humans to levels below that which can
sustain an epidemic (Morrison et al., 2008). Residential premises (house and peridomicile)
offer important habitats for Ae. aegypr. Female mosquitoes emerging from productive
breeding-sites move in and out the houses in search of food (human blood), refuge and
mating and oviposit at the suitable breeding-sites to complete their life cycle. Ae. aegypti is an
antropophilic, endophilic and endophagic species which spends most of its adult life within
or in the close vicinity of human habitations, as has been demonstrated in studies reporting
evidence about Aedes adults do not fly away from their habitats where they were developed
(Getis et al., 2003; Scott & Morrison, 2002). The house is an important place for human-
vector contact because but also the epidemiologically most significant point of contact for
dengue virus transmission. In particular, the prevention of endophagy by Ae. aegpti is
obviously important to stop transmission of virus from infected mosquitoes to susceptible

humans, but also to stop Ae. aegyp#i from feeding upon infected humans, to stop mosquitoes
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becoming infected, and last but not least, to stop transmission of the virus to new susceptible
humans (Beaty et al., 2010).

All above described has been indeed considered for routine control, via ULV or residual
spraying of chemical insecticides, as an attempt to prevent the vector from entering and/or
attack the vector in the houses. The incorporation of the insecticide with a more judicious
use of insecticides to materials (mostly textiles), initially as ITMs and more recently in LLINS,
deployed as curtains has been under evaluation, alone or in combination with other methods
to prevent _Ae. aegypti from the indoor home environment, kill a proportion of the population
and eventually reduce dengue virus transmission (Igarashi, 1997; Kroeger et al., 2000;
Lenhart et al., 2013; Lorofio-Pino et al., 2013; Madarieta et al., 1999; Nguyen et al., 1996;
Rizzo et al., 2012; Vanlerberghe et al., 2010; Vanlerberghe et al., 2011; Vanlerberghe et al.,
2013).

The degree of protection in this study and measured on indoor adult Aedes is well greater
when compared with a recent study using deltamethrin-treated window curtains (LLorofio-
Pino et al., 2013). These authors reported 27% of reduction on abundance of adult Aedes in
houses with ITC and only sustained for a short period of time after their installation.
Nevertheless, the authors also reported that houses with ITC were significantly less likely to
experience multiple DENV infections in humans and that Dengue virus—infected Ae. aegypti
females were reduced in houses where curtain use was highest.

Nguyen et al., (1996) and Igarashi (1997) evaluated earlier an intervention with permethrin
nets set up covering all openings of houses (in addition to routine anti-Aedes health education
and control measures) in Hai Hung Province, northern Vietnam and reported a significant
reduction (close to 100%) on the houses positive and the abundance of indoor Ae. aegypti to
undetectable levels for six months, while in the no infestation gradually increased during the
epidemic season. Even more, the intervention seemed to effectively prevented DENV
transmission in the treated area after the epidemic season (anti-dengue IgM positive rates
between the study and control areas). No other experiences relating this level of reduction
and duration are available.

Other studies available and showing success after interventions with LLINs against
dengue vectors have measured immature based indicators i.e. House, Bretacu and Pupal
indices (Lenhart et al., 2008; Nguyen et al., 1996; Rizzo et al., 2012; Seng et al, 2008; Tsunoda
et al, 2013; Vanlerberghe et al, 2011, Vanlerberghe et al., 2013). Thus, no other

entomological data based on adult collections of dengue vectors is available for comparison.
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A couple of key challenges have emerged from these field trials above mentioned and can
be addressed by installing permanently insecticide-treated nets on windows and doors or
LLIS. Sometimes curtains are not used as intended for their maximum efficacy i.e. are
removed or tied up (Lorofio-Pino et al., 2013) and the coverage of the interventions based
on LLINs typically falls dramatically over time (Tun-Lin, et al., 2009; Vanlerberghe et al.,
2011; Vanlerberghe et al., 2013). The LLIS, are ‘user-friendly’, requiring little additional work
or behavioral change by householders and are well accepted by communities, as their
perceived efficacy is reinforced by the reduction in other biting insects, cockroaches,
houseflies and other pests (Fig. 33). Additionally, this shows that insects, including
mosquitoes, definitely contact LLIS when they are trying to enter and move through houses,
contrarily to what has been reported for ITC (Lenhart et al., 2013).

Results of this study compare well with the ca. 50% reduction recently reported by
Manrique-Saide et al., (2014). These authors reported, during entomological collections
describing levels of Aedes infestation in Merida Mexico, that the presence of window
screening significantly decreased both the odds of having Aedes adult mosquitoes inside the
house (13.6% of unscreened houses vs. 8.5% of the screened houses positive for female
Aedes) and of the number of females found indoors (means of 0.24 and 0.13 for unscreened
and screened houses respectively) (OR = 0.59; 95% C. I. = 0.378 - 0.933; P = 0.02; IRR =
0.52; 95% C. I. = 0.330 - 0.824; P= 0.005). The LLIS incorporate insecticide (pyrethroids)
to the polystyrene fabric or in a resin “coat” on the fibre. When used as a physical barrier,
they are expected to directly target the adult mosquitoes/reduce human—vector contact by
repellence or eventually can kill the vectors that come into sufficient contact with the LLIS,
achieving a residual effect for 1-2 years, which is longer than any other applied .4edes control
tool (Rizzo et al., 2012; Vanlerberghe et al., 2010). Therefore, the location on doors and
windows, LLIS theoretically has an effect on the number of mosquitoes entering the house
but is also expected to have a potential effect on the survival of those attempting to exit
(Kirby et al., 2009; Ogoma et al., 2010).

Protection against mosquito bite and disease transmission with mosquito netting in
houses has been historically observed as fundamental technique of malaria control in the
early 1900s (Lindsay et al., 2002; Manson, 1900; Ross, 1913). A resurgence of this approach
-modifying or improving current housing designs with screens- has shown that provided
protection against malaria by reducing the exposure to malaria parasites (Kirby et al., 2008;
Lindsay et al., 2003; Walker, 2010) and a well-appreciated and durable vector control (Kirby

et al., 2010). Why not for dengue? and against other vector-borne diseases? The integration
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of house-screening with insecticide-treated nets to vector-borne-disease control programs
merits to be evaluated.

The combination of LLIS with targeted interventions in productive container types was
successful in continuing reducing the number of Aedes pupae and consequently of adult
dengue vectors. The integration with TT is because it is also desirable want to reduce
significantly the recruitment Aedes populations. The effect was achieved because was applied
in the largest coverage possible and at least every two months. If the reduction of the vector
density achieved by our intervention is sufficient for reducing or interrupting dengue
transmission is unclear. The efficacy of LLIS has at this moment shown to reduce the
numbers of mosquitoes that enter a house, but would only kill a proportion of adults (if they
are susceptible to the insecticide) that contact the materials. The LLIS alone would not totally
suppress adults Ae. aegyp#i because continued recruitment of individuals via adults surviving
insecticide contact, plus adults never contacting the materials and adults emerging from
breeding sites. Furthermore, this integrated approach with a rational use of insecticides could
address positively the high cost of control programs and vector resistance to insecticides.

Bioassays to determine residual effect of the nets after their deployment and operational
conditions did not showed very satisfactory results. DuraNet® screens showed low residual
insecticidal activity after a year (<63% of 24 h mortality using a susceptible strain), with best
results (70% of 24 h mortality) at 18 months of exposure. Other studies have shown better
results using the same approach (WHO standard cone bioassays) on susceptible Ae. aegypti
strains exposed i.e. to deltamethrin-treated curtains (PermaNet®) whose residual insecticidal
effectiveness was 98-100% after 12 months (Rizzo et al., 2012; Vanlerberghe et al., 2010).
However some variation in bioassay results may to be due to the exposure of LLIS to dust,
as evidenced in this study where most of the net samples (>60%) were covered with dust
and different levels of soiling. The evidence reported from some studies suggests that dust
is not a factor affecting the bioefficacy of long-lasting insecticidal nets (Kayedi et al., 2008;
Vanlerberghe et al., 2010); but results associated in this study with mosquito survival showed
more likely to survive when the soiled condition level increases.

The field population (wild Renacimiento strain) showed mortalities <30%, for both the
new and non-exposed net samples. This can be explained because the locally documented
level of resistance to pyrethroids, mainly to permethrin and deltamethrin, and high
frequencies of kdr mutation in Ae. aegyp#i populations from Guerrero, including Acapulco
(Aponte-Hincapie et al., 2013; Siller et al., 2011). However, recently new evidence reporting

resistance to PYs Type I, but susceptibility to PYs Type II (i.e. lamda-cyhalothrin and alpha-
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cypermethrin) (Dzul-Manzanilla et al., 2014) in the same Aedes population from Acapulco,
contrasting with the low mortality obtained in this study from cone bioassays. Some authors
state that the efficacy of treated nets can be underestimated if judged only on standard cone
bioassays, so these results should be taken with caution (Itoh, 2005). A detailed discussion
of the implication of insecticide resistance on field efficacy of LLIS in this study will be
presented in the chapter 6 and 7.

The expected effect of protecting houses with LLIS was to work as a mechanical but also
as a chemical barrier. Although LLIS materials could be potentially compromised by
degradation of insecticide and/or resistance of _Aedes populations to pyrethoird-based
insecticides, the effect of a physical bartier and/or the re-impregnation with different groups

of insecticides would still provide protection.
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Chapter 5: Efficacy of insecticide-treated screening of houses

on Aedes aegypti populations from Merida Yucatan, Mexico.

5.1 Context of the Study

In the previous chapter, long-lasting insecticidal nets, fitted as screens (LLIS) on doors
and windows in the city of Acapulco showed an immediate and significant effect on indoor-
adult Aedes infestations which extended for two years, despite the Aedes populations being
resistant to PYs (Che-Mendoza et al. 2015; Manrique-Saide et al., 2015). The intervention
designated as “Aedes proof housing”, was well accepted by study participants and considered
potentially suitable for other regions at risk from dengue worldwide (Jones et al. 2014).
However, in the Acapulco study, a second intervention based on targeted treatment (T'T) of
the most productive Ae. aegyp#i breeding sites was implemented 14 months after the
installation of LLIS and therefore, the overall protection conferred was explained by the
accumulative effect of the combination of the two interventions.

House screening, as a physical barrier, confers protection against mosquito bites and
eventually disease transmission preventing or restricting insects to acquire new infections
from infected hosts (Kirby et al., 2008; Kirby, 2010; Lindsay et al., 2003; Walker, 2010).
Manrique-Saide et al. (2014) reported in Merida Mexico, that the presence of untreated
window screening significantly decreased both the odds of having Aedes adult mosquitoes
inside the house and of the number of females found indoors. The use of LLIS should
provide a mechanical but also a chemical barrier for mosquitoes. The pyrethroid insecticide
reduces the number of vectors entering the house and potentially reduces the survival of
those attempting to exit (Kirby et al. 2009; Ogoma et al. 2010).

The Mexican Ministry of Health is currently interested in promoting the use of house
screening for dengue vector control as part of improving house programs “Aedes proof
housing” (Official Regulations of Mexico, 2014). Additional evidence is needed to evaluate
the efficacy of this tool in other dengue vector endemic scenatios in Mexico and elsewhere.
The present study shows the results of the effect of LLIS in controlling local Ae. aegypti

populations in the dengue endemic Mexican city of Merida.
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5.2 Materials and methods

5.2.1. Study site.

The study took place in the urban area of the municipalities of Merida, located in the
Peninsula of Yucatan as described in Chapter 3. Merida, the Capital of Yucatan State, has
been the site of >50% of all cases of Yucatan in the last 6 years, with continuous dengue
transmission throughout all the year (over 90% of the weeks with dengue cases) but increased
transmission (70% approximately) during the rainy season (July-November). Merida is the
major human settlement with 40% of the state population (814,435 inhabitants), and up to
50% if we consider the con-urban area (ca. 200,000 inhabitants) (Garcia et al 2012). The
number of houses in Merida (272,418 households) represents above 50% of houses in the
state. It is also the most important city in terms of economic activity concentrating 50% of
industrial activity. Tourism also represents an important economic activity and approximately

1 million and 250,000 national and international tourists visit Merida every year respectively.

Clusters:

. Control

. LLIS Intervention

Merida City

Figure 44. Study site, showing the location of the study areas in the city of Merida. All of the 20
clusters are distributed throughout the city extension. The clusters with and without LLIS
interventions ate showed in blue and red colours respectively. 1. Manuel A. Camacho; 2.
Pacabtun; 3. Fidel V.; 4. Vergel I1I; 5. Vergel II; 6. San A. Kahua; 7. U.H. Morelos; 8. Castilla C.;
9. Manzana 115; 10. Cinco C,; 11. Centro; 12. San J. Tecoh; 13. San A. Xluch; 14. Mulsay; 15.
Juan Pablo II; 16. Cordemex; 17. Francisco M.; 18. Bojorquez; 19. Yucalpeten; 20. Plan de A.
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5.2.2. Study design.

This study followed a core protocol suggested by TDR-IDRC (Quintero et al. 2014) as
described in Chapter 4. Briefly, a cluster-randomized sampling design with cross-sectional
entomological surveys was performed in 20 geographic clusters (each one corresponding to
different neighborhoods) of 100 households each, with 10 randomly assigned to either
intervention or control treatments (no-intervention), over 24 months. The neighborhoods
selected, in consensus with the local MoH, were all of epidemiological importance for the

local dengue control program (Figure 44).

5.2.3. The LLIS intervention.
As described in Chapter 4, Duranet® screens (Clarke Mosquito Control, 1L, USA)
containing 0.55% w.w. alpha-cypermethrin were mounted in aluminum frames custom-fitted

to doors and windows of residential houses (Figure 45). The intervention started in October

2012 and was completed by June 2013.

Figure 45. Photographs show the long-lasting insecticide-treated screens (LLIS; Duranet®)
mounted on aluminum frames and fixed to windows and external doots of treated houses in
Merida, Mexico.

No interventions were delivered by the project to the untreated clusters. However, routine
vector control activities were periodically undertaken throughout the study by MoH

according to national policy (Hernandez-Avila et al,, 2013). These activities included
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adulticiding (outdoor spraying with Chloropyrifos or Malathion and indoor spraying with
Propoxur or Deltamethrin, respectively) and larviciding (Temephos) in response to elevated
dengue and entomologisal risk indices.

Additionally since 2013, the local Government implemented the program "Recycle for
your welfare" (RxB); a mulsectorial program based on a media campaign to promote (in one-
day activities) separation of non-useful solid waste in the household environment, this
include removing of containers that can be Aedes breeding sites (Barrera-Pérez et al., 2014).
During June-September 2013 90% of intervention clusters (9 out of 10 clusters) and 50% of
no-intervention clusters (5/10) received RxB. For the same period of 2014, 60% and 90%
of LLIS intervention and no-intervention clusters received RxB respectively. The short-term
impact of RxB strategy was evaluated in a previous study (Barrera-Pérez et al., 2014). For
this study it was not considered to impact on the evaluation of LLIS since it was not applied

systematically or continuously.

5.2.4. Entomological surveillance.

Five cross-sectional entomological surveys were conducted in LLIS and no-interventio
arms as described in Chapter 4. Adult and larval/pupal entomologic surveys were performed
in a sub-sample of 30 houses from each cluster. The baseline survey (September 2012) and
the follow up surveys at 8, 13, 19 and 25 months (March 2013, October 2013, March 2014,
October 2014) post-intervention (PI) correspond to wet, dry, wet, dry and wet seasons
respectively.

Figure 46 shows the trial design for Merida.

5.2.5. Monitoring the durability of LLIS under operational conditions.

In order to determinate insecticidal activity of LLIS under operational conditions after 0,
12, 18 and 24 months standard World Health Organization cone bioassays (WHO, 2005b)
were performed as described in Chapter 4.

The susceptible strain New Otleans (provided by CDC, Atlanta, USA) and two field local
mosquito strains kept under laboratory conditions (UCBE insectary, Mexico) were used in
theses biossays. For wild strains, eggs were obtained from the clusters Manzana 115 (MER09)
and San Antonio Xluch (MER13) from ovitraps deployed during July to September 2012.
The selection of theses strains was based on the results of CDC bottle bioassays where
MERO09 and MER13 strains were shown to be resistant and susceptible to permethrin

respectively. Both populations were resistant to alpha-cypermethrin (see Chapter 3).
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Assessed for eligibility 1000 houises in 20 clusters
(100 houses/cluster)

\|L > Excluded (O clusters)

Cluster stratified based on entomo/epidemiology risk ‘

l

2 Groups of 10 clusters each one randomised inside of each group ‘

!

Allocated to received
LLIS

Allocated to control
(without LLIS)

Baseline survey and folowing up surveysto 8, 13,19
and 25 months PI
(30 houses/clusters)

!

Acceptance of 98% (980/1000) with a

coverage of 86% (844/980)

Baseline survey
1AS=241
LPS=290

Follow-up 1 (8 months PI)
10 clusters: IAS=289
10 clusters: LPS=289

Follow-up 1 (13 months PI)
10 clusters: I1AS=299
10 clusters: LPS=288

Follow-up 1 (19 months PI)
10 clusters: 1AS=290
10 clusters: LPS=295

1\
Follow-up 1 (25 months PI)
10 clusters: I1AS=265
10 clusters: LPS=296

!

100 household each one)

Baseline survey
1AS=209
LPS=290

Follow-up 1 (8 months PI)
10 clusters: 1AS=297
10 clusters: LPS=300

Follow-up 1 (13 months PI)
10 clusters: IAS=300
10 clusters: LPS=299

Follow-up 1 (19 months PI)
10 clusters: IAS=300
10 clusters: LPS=301

\Z
Follow-up 1 (25 months PI)
10 clusters: IAS=300
10 clusters: LPS=300

Routine control measures (10 clusters, ‘

Figure 46. Flow of houscholds through the study. The baseline survey was carried
out in wet season of 2012 and post-intervention (PI) surveys were carried out during
dry and wet season of 2013 and 2014. The number of houses surveyed in the indoor
adult survey (IAS) and larval&pupal survey (LPS) is given for both group of houses,
LLIS treated and untreated houses. These numbers represent the houses where the
entrance was permitted.

5.3 Data management and analysis

5.3.1. Entomological indicators.

From indoor-adult collections a) House positive for Aedes adults, b) Houses positive for
temale Aedes (%), ¢) Houses positive for male Aedes (%), d) Number of Aedes adults per
house, e) Number of Aedes females per house, and f) Number of Aedes males per house were
calculated.

From immature collections data were collected on: a) the Breteau Index (BI), representing

the number of containers positive for Ae. aegypti immatutres/houses inspected)X100; b)
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House positive for inmature Aedes (%0); ¢) Houses positive for Aedes larvae (%); d) Houses
positive for Aedes pupae (%); ) Number of Aedeslarvae per house; f) Number of Aedes pupae
per house; and g) the Pupae per Person Index (PPI) which is the ratio between pupae and
persons living in each cluster.

For WHO cone tests, data was pooled and the percent of knockdown at 30 and 60
minutes and mortality at 24 hours were calculated and corrected when the mortality in

control replicates was >5 and <20% using Abbott's formula (Abbott 1925).

5.3.2. Statistic analysis.

Logistic regression models (for presence-absence data) and negative binomial models (for
count data) accounting for each house membership in a given sampling cluster were
performed for each cross-sectional entomological evaluation survey as described in Chapter
4. Odds ratios (OR) and incidence rate ratios (IRR) with 95% confidence intervals (C. 1.)
were assessed and significance expressed at the 5% level.

A Generalized Additive Mixed Model (GAMM) (Zuur et al. 2009) was also applied to
determine the association between various household-level entomologic indicators and the
time (in days) since the installation of the LLIS. See details in Chapter 4.

To estimate the effect of LLIS exposure factors such as soiling on the susceptible
mosquito survival rate, Poisson regression models was contructed as described in Chapter 4.

Analyses were performed using STATA 12.0 (Stata Corp, College Station, TX) and the

mgcv package from the R statistical software.

5.4 Ethical aspects

This study received clearance from the ethical committee of the Ministry of Health of

Yucatan. Written informed consent was obtained for each participating household.

5.5 Results

A total of 2,790 and 2,948 houses in 20 clusters participated in the trial for collecting
adults and immatures respectively. A total of 844 households from intervention clusters (86%
of coverage of houses which accepted to be intervened) were protected with Duranet®
screens. An average of 1.9 and 4.9 doors and windows by houses respectively were registered

in each intervention cluster.

5.5.1. Impact of insecticide-treated house screening (LLIS) on adult indoors.

The impact on adult-based entomological indicators is shown in the figure 47.
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Figure 47. Comparison between treated (solid line) and untreated (broken line) arms of percentage
of infested houses (left) and infestation density (right) for Ae. aegyp?i in Merida, Yucatan, Mexico.
The vertical dotted line represents the start of LLIS intervention. The symbol © denotes dates
when the index was significantly different between LLIS and no-intervention arms on that date
(with =0.05). Asterisk denotes marginally significant. Error bars show the standard error of the
mean.

During the pre-intervention survey (September 2012, wet season) adult-based
entomological indicators showed similar infestation in both study arms. At 8 months PI,
significantly fewer treated houses were infested with Ae. aegyp?/ adult males (OR=0.36, 95%
C. 1. 0.20-0.66), but not for adult females (OR=0.59, 95% C. 1. 0.28-1.27) or total adults
(OR=0.60, 95% C. I. 0.30-1.20). One year after the LLIS intervention was implemented
marked differences were observed in house positivity for total adults (13 months OR=0.43,
95% C. I. 0.21-0.89; 19 months OR=0.34, 95% C. 1. 0.21-0.56; 25 months OR=0.54, 95%
C. I. 0.34-0.86), and female adults (13 months OR=0.35, 95% C. 1. 0.17-0.72; 19 months
OR=0.40, 95% C. I. 0.23-0.69; 25 months OR=0.55, 95% C. 1. 0.32-0.93). And for male

adults marked differences were observed in all following up surveys, excepting to 13 months
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PI (13 months OR=0.62, 95% C. 1. 0.33-1.17; 19 months OR=0.53, 95% C. I. 0.25-1.15; 25
months OR=0.60, 95% C. I. 0.41-0.89).

Analyses of infestation density showed significant reductions on the mean abundance of
indoor Ae. aegypti in houses with LLIS during the 2 years in all indicators, except for male
adults: total adults at 8 IRR=0.36, 95% C. I. 0.16-0.79), 13 IRR=0.42, 95% C. 1. 0.22-0.77),
19 (IRR=0.47, 95% C. 1. 0.28-0.78) and 25 (IRR=0.56, 95% C. 1. 0.35-0.90) months PI;
female adults at 8 IRR=0.41, 95% C. I. 0.18-0.95), 13 IRR=0.35, 95% C. 1. 0.18-0.69), 19
(IRR=0.42, 95% C. 1. 0.21-0.82) and 25 (IRR=0.57, 95% C. 1. 0.31-1.04) months PI; male
adults at 8 (IRR=0.29, 95% C. 1. 0.13-0.66), 13 (IRR=0.55, 95% C. 1. 0.31-0.96), 19
(IRR=0.58, 95% C. I. 0.26-1.27) and 25 IRR=0.55, 95% C. 1. 0.36-0.84) months P

5.5.2. Impact of insecticide-treated house screening (LLIS) on immature
populations.

At 8 months PI with LLIS, significant differences between treated and untreated houses
were observed in the immature-based indicators, including all the S7egomyia indices (Figure
48): Houses infested for larvae (OR=0.26, 95% C. I. 0.07-1.00) and pupae (OR=0.23, 95%
C. L. 0.06-0.88); abundance of larvae (IRR=0.23, 95% C. I. 0.61-0.92) and pupae (IRR=0.11,
95% C. 1. 0.01-1.09); HI (OR=0.29, 95% C. 1. 0.08-1.03), BI (IRR=0.28, 95% C. 1. 0.09-
0.90), and PPI (IRR=0.11, 95% C. 1. 0.01-1.00). However, at 13 months PI a significant
impact was only seen on Aedes pupae (OR=0.57, 95% C. 1. 0.34-0.96). When analyzing the
rest of larval-based indicators, these were lower in the clusters with the intervention, but the
differences were not statistically significant (Figure 48). Nineteen months after the
installation of LLIS, significant differences were only observed on the mean number of larvae

per house (IRR=0.28, 95% C. I. 0.08-0.96) between LLIS and no-intervention arms.

5.5.3. Temporal persistence of interventions.

The effect of time since the installation of LLIS (y-axis) on each entomologic indicator (f(ti))
are showed in the figure 49. The figure shows a protective effect of LLIS (predicted value
and its 95% credible interval are negative) for Aedes indicators (adults and immatures) for at
least 600 days PI. The non-linear relationship between the abundance of pupae and time

since LLIS installation was not significant (P=0.55). Table 11.
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Figure 49. Predicted values for the best GAMM showing the association between the time since
LLIS installation and each entomologic indicator for Merida, Mexico. Horizontal line shows the
area of no difference and vertical line the time when LLIS were installed. The solid line is the
predicted value of the dependent variable as a function of the x axis. Dashed lines represent 95%
confidence intervals. The small lines along the x axis represent the days since the installation of
LLIS (independent variable). The y axis is in the predicted outcome (dependent variable), and
extend to both positive and negative values. Places where the confidence bands enclose the
horizontal line indicates predicted values where the overall pattern is not significant.



Table 11. Parameter value and significance of non-linear parameter (/%)) on GAMM models
estimating the association between entomologic indices and the time since LLIS installation for
Merida, Mexico. AAIC represents the difference between AIC values of a model excluding (AICGam)
and including (AICcany) a random effect associated with each cluster.

Estimated AAIC
Life stage Indicator degrees of F P (AICgam -
Freedom AICgamm)
Immature No. Immatures 3.1 11.1 <0.0001 28
No. pupae 1 0.357 0.55 284
Positive houses 3.1 17.4 <0.0001 297
Pupae presence 2.6 10.2 <0.0001 113
Adult No. females 3.2 19 <0.0001 51
No. adults 3.8 26.9 <0.0001 58
Presence of adults 33 11.2 <0.0001 57
Presence of females 3.4 13.9 <0.0001 49

5.5.4. Bioefficay of LLIS under operational conditions.

Soiling condition of used LLIS. A total of 98 LLIS were sampled in the intervention
households with an average of 25 nets sampled by deployed time. At 6 months the
proportion of clean, soiled and very soiled LLIS was similar between all theses categories
(30%, 33% and 37% respectively). At 12 months the very soiled LLIS covered the 58% of
the total of nets sampled. Extremely soiled LLIS were sampled at 18 and 24 months PI

covering the 30% of all net samples (Figure 50).

100%

90%
80%
70%

60%

50%

40%
30%

20%
10%

0%
6 12 18 24

OClean OSoiled M@ Verysociled MExtremely soiled

Figure 50. Proportions of net soiled condition by deployed time of LLIS sampled in Merida
between 2013-2014.
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Bioassays. The efficacy of 98 LLIS samples was assessed on the Ae. aegyp?i New Orleans
susceptible strain and two wild strains (MER09 and MER13), both showed moderate
resistant to alpha-cypermethrin (80% KD), but MER13 was more susceptible to permethrin
(97.5% KD) than MERO09 (12% KD) (see Chapter 3).

For the susceptible strain, the highest KD and mortality rates were observed on new non-
exposed nets (98% for both), according to cut off efficacy criteria of WHO for KD (295%)
and mortality (=80%). Overall, none of the net samples collected at 6, 12, 18 and 24 months
passed the WHO KD efficacy criteria when tested against the susceptible strain (Figure 51A);
in the case of mortality, only nets collected at 18 months achieved 80%, and the rest of nets
tested in this study caused a range of mortality between 71-77%.

For wild strains, MER0O9 and MER13 none of the nets tested caused KD 95%. The
highest mortality rate recorded was for new non-exposed nets achieving 66% and 51% in
MER13 and MERO9 respectively; the rest of the nets showed less than 36% of mortality for
both strains (Figure 51B-C) with a tendecy to increase over the time of use. The MER13
strain showed significant higher values of KD at 30/60 minutes and 24 h mortality than
MERO9 strain in all the cases (P<0.05); except for KD when they were exposed to new non-
exposed nets (KD30 95% C. I. 10.8-25.2 and KD60 95% C. 1. 18-32.7 for MER13 strain;
KD30 95% C. I. 19.5-33.8 and KD60 95% C. I. 20.8-35.2 for MERO9 strain).

LLIS exposure factor analysis using poisson regression models showed that the time after
deployment and soiling levels were significantly associated with survival in the susceptible
strain (in all the cases P<0.001). The probability of susceptible mosquitoes surviving exposure
was between 10-11 times for the first 6-18 months of use and, increase to 14.5 times for the
next 24 months of use; considering the soiled or dusty condition the chance to survive
increases with the level of soiling from 10% and 14% when exposed to soiled and very soiled

LLIS respectively, to 22% for extremely soiled LLIS (Table 12).
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Table 12. LLIS exposure factor analysis using poisson regression models contructed with
survival as dependent variable, and deployed time and soiling as independent variables for

Merida nets sampling.

24-h mortality

24-h survival rate

LLIS exposure factor (95% C. 1.) ratio* P-value
New Orleans susceptible strain
LLIS Age
New, non-exposed 98% (95.7-100.3) 1
6 months use 76.6% (75-78.1) 11.7% (9.1-15.1) <0.001
12 months use 77.1% (75.5-78.7) 11.5% (8.9-14.8) <0.001
18 months use 79.9% (77.7-82) 10.1% (7.8-13) <0.001
24 months use 71.1% (67.7-74.4)  14.5% (11.2-18.7) <0.001
Soiled conditions
New 98% (95.7-100.3) 1
Clean 91.7% (90.1-93.3) 4.2% (3.2-5.4) <0.001
Soiled 79.4% (77.8-80.9) 10.3% (8-13.3) <0.001
Very soiled 72.3% (70.8-73.8)  13.9% (10.8-17.9) <0.001
Extremely soiled 56.9% (54.6-59.1)  21.6% (16.7-27.8) <0.001

*Estimated with poisson regression models.

5.6 Discussion

For the particular case of dengue vectors, it has been argued that a major factor in the
failure of previous prevention methods is their focus on eliminating immature forms of
Ae.aegypti, rather than targeting the adult mosquitoes that actually transmit the disease
(Mortrison et al. 2008). The dengue vector Ae. aegypti is a highly synanthropic mosquito living
in close-dependence with human-made ecosystems (Getis et al., 2003; Scott and Morrison,
2002). The contemporary challenge is precisely to reduce infected adult vector populations
and/or their interaction with humans affecting DENV transmission (Mottison et al. 2008).

Screening with the most important points of entry into a house, such as windows and
doors, with netting prevents the entry of adult mosquitoes (Schofield et al 1990). “Mosquito-
proofing” of houses is a form of environmental management based on changes to human
habitation to exclude vectors and eventually reducing man-vector-pathogen contact (WHO,
1982). The theory behind house screening and improvement is simple: a physical barrier will
prevent vectors from entering houses or restrict them to a part of the house where there is

no access to hosts (Kirby, 2013).
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In the present study we observed an important reduction in the dengue vector density in
houses protected with LLIS in Merida city. Similar effects are reported in previous studies
carried out in a dengue endemic city in Mexico (Che-Mendoza et al., 2015). In Acapulco
city, LLIS achieved a protective effect for at least 600 days post installation for both adult-
and immature-based indicators but, in this study a second intervention was implemented 14
months after the beginning of LLIS installation, based on targeted treatment (ITT) of the
most productive Ae. aegyp?i breeding sites (Che-Mendoza et al., 2015). The LLIS protection
conferred for at least 2 years could be explained by the cumulative effect of the combined
interventions. In the present study, the LLIS showed a protective effect for the same period
for adult indicators, but not for immature-based indicators. In addition to the reduction in
number of adults per house, the number of houses infested was also reduced and this effect
was more pronounced for females, which are most epidemiologically important. This
demonstrates that LLIS acted as barrier preventing the entry of mosquitoes inside the houses
in the intervention areas. The indoor mosquitoes in the treated houses probably were not
completely suppressed, because adults survived insecticide contact or because not all adults
contacted the screened surfaces, maintaining the house positive. It’s suggested that daily
contact with treated screened surfaces would be lower than that experienced by bed net users
(Kirby, 2013), and this could explain in part the partial reduction of indoor mosquitoes but
not their complete suppression.

In Haiti, insecticide-treated bednets showed an immediate effect on immature based
indicators, and extended for the following 5-12 months after their deployment (Lenhart et
al., 2008). In Thailand, I'TC showed immediate effect on immature-based indicators at 6
months (Vanlerberghe et al., 2013). Most of these studies evaluated the impact of this type
of interventions on Aedes immature indicators, but not on indoor adult density. Housing style
could affect this intervention, such as I'TC interventions, favoring the entrance of mosquitoes
and movement through houses without ever coming into contact with insecticide (Lenhart
et al., 2013). In a field trial carried out in Mexico, ITC interventions did not affect the indoor
adult population, but it seemed to reduce the number of DENV infected females and the
human infection prevalence in some areas (Lorono-Pino et al., 2013).

Nguyen et al. (1996) and Igarashi (1997) evaluated earlier an intervention with permethrin
nets set up covering all openings of houses (in addition to routine anti-Aedes health education
and control measures) and reported a significant reduction (close to 100%) on the houses
positive and the abundance of indoor Ae. aegyp#i to undetectable levels for seven months,

while in the control group infestation gradually increased during the epidemic season. This
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study show evidence that insecticide-treated house screening (LLIS) reduced significantly the
indoor Aedes density for at least 1 year. No other experiences relating this level of reduction
in adult density and duration are available.

We observed an immediately effect of LLIS intervention on all the immature indicators
evaluated. However, the protection was not consistently extended for more than 8 months.
Sustainable interventions on larvae/pupae habitats can contribute to reducing the breeding
sites and eventually the recruitment of individuals emerging from breeding sites (Che-
Mendoza., et al., 2015). The government campaign to eliminate the potential .4edes breeding
sites in the most important areas for dengue transmission has demonstrated a short term
protective effect (Barrera et al., 2014), but it was not possible confirm its contribution to
reducing the entomological indicators in this long term study. ITC interventions in
combination with targeting productive breeding-sites in Mexico (Kroeger et al., 2000),
Venezuela (Kroeger et al., 2006; Vanlerberghe et al 2011) and Guatemala (Rizzo et al., 2012)
have also indicated a synergistic effect on Ae. aegypi control.

To attempt to measure the killing effect of LLIS, as opposed to their physical barrier, the
insecticidal activity of LLIS was assessed using a susceptible strains. The residual activity of
insecticide on the LLIS was high against new nets, meeting WHO efficacy criteria. The KD
effect was low for the rest of deployed times of LLIS, but mortality rates were close to the
80% WHO efficacy criteria (71-80%). However the LLIS were not efficient against field
collected resistant strains, although their efficacy varied according to the resistance level of
the local mosquitoes populations, as was demonstrated in this study (differences in KD and
mortality between SAX and M115 strains). To get a better understanding of levels of
insecticide resistance and LLIS protection effects, a possible alternative design would have
been to randomly allocate treated and untreated nets to households in areas of known
insecticide resistance to see whether the treated nets still conferred additional protection
compared to untreated nets. This would be based on the assumption that long-lasting
insecticidal nets in the presence of resistance are more effective than untreated nets (Strode
et al., 2014).

The PYs are still the only insecticide class recommended and available for LLIS.
Insecticide resistance to PYs in Ae. aegypti populations in Mexico has increased during the
last decade (Gonzalez et al., 2012; Ponce-Garcia et al., 2009; Rodriguez et al., 2010; Saavedra-
Rodriguez et al., 2007) and is established in Merida populations (Chapter 3). Based on the
WHO efficacy criteria none of LLIS tested were efficient against pyrethroid resistant wild

strains in the current study. The implications of these results are unknown and may not be
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predictive of field efficay (Itoh, 2005). Additional information of LLIS effect on blood
feeding inhibition and its excito-repellent effect needs to be determinated. As observed in
Acapulco (see Chapter 4) one important factor affecting the bioefficacy and variability
winthin LLIS under operational conditions seems to be the levels of soiling. In addition, the
lifespan in field may be reduced.

Although interventions like LLIS are more difficult to implement and maintain than other
alternative approaches (i.e. insecticide spraying) their protective effect on Aedes density is
extended until for 600 days, as it has been shown in previous studies in Mexico and by this
study. However, LLIS have to meet the challenge of resistant populations of the vectors,
mostly to PY which are still the only insecticide class recommended and available for LLIS.
In this point, new alternatives to PY insecticides are urgently needed for screens in order to

counteract the emergence of resistance in field operational conditions.
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Chapter 6: Changes in Aedes aegypti insecticide resistance
profiles in response to LLIS intervention in Acapulco Guerrero

and Mérida Yucatan, Mexico.

6.1 Context of the Study

The mosquito Aedes aegypti has experienced an escalating trend in the intensity and
geographic distribution of insecticide resistance over the past decade. As dengue has re-
emerged on a global scale (Messina et al., 2014), the subsequent rise in chemical interventions
in response to large and recurrent outbreaks coupled with the long-term reliance on PY
insecticides for urban vector control have been key drivers of rapid and widespread increase
in insecticide resistance (Ranson et al., 2010; Vontas et al., 2012). The molecular mechanisms
underlying insecticide resistance in de. aegypti are thought to be primarily increased metabolic
activity and point mutations on the target-sites of insecticides (Brogdon and McAllister, 1998;
Hemingway et al., 2004; Rinkevich et al., 2013).

In Mexico, as a result of the historical reliance on DDT to control Ae. aegypti during the
yellow fever campaigns and the intense use of PY in recent years, kdr-mediated resistance to
PY/DDT is now widespread in many regions (Ponce-Garcia et al., 2009; Saavedra-Rodriguez
et al., 2014; Siller et al., 2011). This evidence led to Public Health Mexican authorities to ban
the use of permethrin (a PY used almost exclusively for Aedes control for more than 10 years),
but a large list of pyrethroid-based formulations (i.e. sumithrin, deltamethrin, bifenthrin,
lambda cyhalothrin, alpha cypermethrin, and cyfluthrin) are still available to be applied for
adult mosquito control in Mexico (SSA, 2015).

As a result of potential transmission of DENV-CHIKV-ZIKYV in several Mexican urban
centers, the National MoH is currently interested in promoting “Vivienda Segura” (Safe
household) with the use of LLIS for disease prevention (Official Regulations of Mexico,
2014). In previous chapters evidence of the entomological efficacy of LLIS in two Mexican
dengue endemic cities, where resistance to PY has been confirmed, was presented.

This chapter show the results from monitoring changes in resistance profile during the

two years of the LLIS field trials.
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6.2 Materials and methods

A detailed description of the sample collections and study site areas is given in previous
chapters. In Merida 20 locations were monitored during thebaseline survey, and half of the
locations from both study arms (i.e. no-intervention and LLIS arms), were considered for
the next following-up surveys. The five intervention clusters monitored in Merida were: 01
(Manuel A. Camacho), 03 (Fidel V.), 07 (U.H. Motelos), 09 (Manzana 115), 16 (Cordemex);
and the five untreated clusters were: 04 (Vergel I1I); 08 (Castilla C.) 13 (San A. Xluch), 17
(Francisco M.) and 20 (Plan de A). In a similar way, three clusters for each arm were selected
for follow up in Acapulco: clusters 08, 14 and 18 from the intervention clusters; and cluster
02, 06, 09 for untreated clustets.

In addition to cross-sectional entomological surveys (using ovitraps) carried out during
the baseline period in the middle and end of the 2012 rainy season in both study sites
(baseline study, see Chapter 3); four and three following up surveys were performed for
Merida and Acapulco respectively during the dry and wet season of 2013 to 2014 (March
2013, October 2013, March 2014, October 2014). Mosquito specimens were emerged from
egg batches (a pool eggs from each cluster) collected from a network of weekly-serviced
ovitraps along the clusters selected in both study sites. Batches of 1-3 day-old female
mosquitoes were subjected to standard CDC bottles bioassays (see details in Chapter 3). A
separate cohort (at least 30 unfed one-day-old females of the F1 generation/cluster) of
mosquitoes from ovitrapping were maintained and stored separately at —70 °C for molecular
and biochemical analysis.

To monitor changes in the insecticide susceptibility and resistance mechanisms of Ae.
aegypti field populatios, CDC bottle bioassays (susceptibility and intensity of resistance tests),
biochemical and molecular assays were conducted on mosquito samples from each collection
as described in the Chapter 3. The same assays were conducted on mosquitoes from the
external controls “Tres Palos” and “Dzitya” located 10 km from Renacimiento
neighbourhood in Acapulco, and 6 km from the nearest Merida’s cluster respectively (see
Figure 12 in Chapter 3). The external controls were small localities (less than 4,000
inhabitants and less than 1000 households) considered historically by the local MoH to have
low risk areas of dengue transmission, and consequently they receive less pressure of
insecticide use (chemical interventions for vector control) in comparison with Acapulco and
Merida.

Genomic DNA was extracted from single mosquitoes or from a body part in a solution

of 45 ul of H,O and 5 pl of Promega Taq DNA Polymerase10x Buffer with MgCl, (Madison,
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WI) in a 96 well PCR plate. Samples were incubated at 95 °C in a BioRad icycler thermocycler
for 15 minutes.

All CDC bottle tests were performed in UCBE-UADY in Merida, Mexico, and all
biochemical and molecular assays were performed in CDC laboratory from Atlanta, U.S.A.

The New Orleans and Rockefeller susceptible strains of Ae. aegypti were used as references
for all CDC bottle and biochemical assays respectively. Genomic DNA from the Rockefeller
strain was used as a susceptible (wild-type) control and DNA from previously genotyped
individuals was used as positive controls for both kdr mutations.

To evaluate the impact of LLIS intervention on number of DENYV cases, data from 2009-
2015 years were obtained from SINAVE-DGE (Hernandez-Avila et al., 2013). All DENV
case addresses were geocoded in R (http://www.t-project.org/) using the geocode() function
from the ggmap library. The geocode function uses Googles Geocoding API to turn
addresses from text to latitude and longitude pairs. Once geocoded the csv files were
exported to Quantum Geographic Information System software (QGIS - project
http:/ /www.qgis.org/es/site/). Then the DENV cases overlapping on clusters of the study

sites were extracted using this software.

6.3 Data management and analysis

For CDC bottles bioassays data from all five clusters in each arm was pooled and the
mean KD rate (at 30 minutes) was calculated per insecticide for each arm and period (survey),
and compared using Fisher’s exact test two-tailed P value. For analysis of intensity of
resistance assays probit analysis using R software (The R Project for Statistical Computing —
http:/ /www.t-project.org/) was performed to plot the predicted probabilities and 95%
confidence interval. This analysis was only performed for permethrin, due to the limited data
available for alpha-cypermethrin (in most of cases, the intensity of resistance reached no
more than twice the diagnostic doses). For alpha-cypermethrin the binomial confidence
intervals of KD rates were calculated and plotted. The Abbott’s correction was not required
as the mortality in all the control used was under 5%.

For the biochemical assays, the mean absorbance values were calculated for mosquitoes
from arms of clusters and plotted by period for each study arm. A one-way ANOVA and
the Scheffe multiple comparison were used to test differences in enzyme activities between
arms and periods.

The frequencies of the 10161 and 1534C alleles were calculated using the following
equation: [n heterozygotes +2(n homozygotes)]/2(total n mosquitoes analyzed). Fisher exact

tests were implemented to test any association of each mutation with LLIS intervention.
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Statistical analyses were performed using Stata 12.0 software. A P value of 0.05 or less
was considered as significant.

For statistical analysis between LLIS and non-intervention arms, the cases per
cluster/season were the outcome measures. Logistic regression models and negative-
binomial regressions were performed to evaluate the impact of LLIS intervention on
presence/absence (binary categorical variable) and abundance of cases between arms
respectively, using LLIS as predictor variable with 95% C. I. and significance expressed at

the 5% level. Analyses were performed using STATA 12.0 (Stata Corp, College Station, TX).

6.4 Results

6.4.1. Monitoring the suceptibility to insecticides.

A total of 362 sets of CDC susceptibility tests (4 replicates for each set, 1,448 bottles in
total) were performed using a total of 19,116 Ae. aegypti females (an average of 13 mosquitoes
per bottle) for all insecticides tested and all the clusters from both localities during all the
study period. For the susceptible strain New Orleans all tested insecticide results in 100 %

KD at 30 min.

Changes in carbamates and organophosphate susceptibility status. No changes in
the susceptibility status to the carbamate propoxur were observed in the diferent study arms
for both study sites. Complete susceptibility to propoxur was observed in both study arms
with a KD ranging between 98-100% in Merida, 100% in Acapulco and the external controls
achieved 100% KD during all periods of the study (baseline and the next four follow up
surveys).

Decreased susceptibility to for the organophosphate chlorpyrifos was observed in all
groups at differing levels; in Merida KD ranged from 46-100% and in Acapulco from 15-
100%.

In the case of Merida the susceptibility levels to chlorpyrifos showed significant
differences (P<0.0001) between the LLIS and no-intervention arms in almost all the periods
of the study, with the mosquitoes in the LLIS arm generally being more susceptible to the
organophosphate than those in the no-intervention arm. In the LLIS arm KD rates were
96% in the baseline survey and 100% KD in the next 6 months (Figure 52). However, a
decrease on chlorpyriphos susceptibility was consecutively observed in the next periods. The
corresponding external control showed full susceptibility to chlorpyriphos, with the
exception of the last period (at 24 months post-intervention) with 84% KD, suggesting the

emergence resistance to this insecticide in this locality.
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Figure 52. Average knockdown effect at 30 minutes of 1-3 day old adult female Ae. aegypti from
LLIS intervention arm, no-intervention arm, and external control of Merida (A) and Acapulco (B)
exposed to chlorpyrifos using CDC bottles method. Results are means for 4 replicates (average
number of mosquitoes per cluster/per time point = 58, range = 45-84) for each cluster evaluated.
Significant differences (p=<0.05) from comparison of the mean KD rate between LLIS and no-
intervention arms are denoted by an asterisk (¥) in each period. Baseline=baseline study; following
up surveys were carried out approximately at 6 intervals.

In Acapulco complete susceptibility to the DD of chlorpyrifos were observed in the
baseline study. For subsequent months a marked decrease in susceptibility was observed in
the LLIS arms and the no-intervention arm but with the loss of susceptibility more rapid
compared with the no-intervention arm (Figure 52). The external control also show
decreasing susceptibility to chlorpyrifos.

In general the susceptibility to chlorpyrifos decreased in all groups in both study sites

during with the most dramatic reduction beign observed in the Acapulco intervention arm.

Changes in pyrethroid susceptibility status. High resistance to permethrin (KD
<40%) was observed during the baseline survey in Merida, with no statistically significant
differences between no-intervention and LLIS arms (P=1.00). However, in the following 0,
12 and 18 months post-intervention (PI), significant differences were observed between no-
intervention and LLIS arms, with a decline in susceptibility in the LLIS arm compared with
the no-intervention arm (Figure 53A). At 24 months PI no significant differences in the
susceptibility were observed between arms (P=0.58), but a significant reduction in the
susceptibility was observed when each arm was compared with its respective baseline (no-
intervention arm, P=0026; LLIS arm, P<0.001). The external control varied over the course
of the study making it difficult to ascertain trends.

For alpha-cypermethrin both experimental arms in Merida, showed similar tendency with
a gradual decrease in the susceptibility from 90-95% in the baseline (significant differences
observed P= 0.0097) to <66% at 6-18 months PI, being lower in the LLIS arm than no-

intervention arm with significant differences also observed at 6 and 18 months PI
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(P=0.0001). A recovery of susceptibility (78-85% KD) is observed at 24 months PI with
significant differences between LLIS and the no-intervention arm (P= 0.0299). The KD rates
differed signicantly between baseline and final monitoring point in LLIS arm (P<0.001), and
marginally significant in no-intervention arm (P=0.052). The corresponding external control

showed almost consistently complete susceptibility during all the periods of the study (Figure

53B).
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Figure 53. Average knockdown effect at 30 minutes of 1-3 day old adult female Ae. aegyp#i from
LLIS intervention arm, no-intervention arm, and external control of Merida (left A&B) and
Acapulco (right C&D) exposed to permethrin (A-C) and alpha-cypermethrin (B-D) using CDC
bottles method. Results are means for 4 replicates (average number of mosquitoes per cluster/per
time point = 61, range = 50-84) for each cluster evaluated. Significant differences (P<0.05) from
comparison of the mean KD rate between LLIS and no-intervention arms are denoted by an
asterisk (*) in each period. Baseline=baseline study; following up surveys were carried out
approximately at 6 intervals.

For Acapulco there was little difference in the susceptibility to either pyrethroid tested
between the no-intervention and LLIS intervention arms in any of the follow up surveys
from 6-18 months PI (the survey at 2 years was no completed). High levels of permethrin
resistance is observed, but without a defined pattern in the changes of susceptibility and KD
levels were higher at the end of the study than at baseline in LLIS arms (P<0.001), but not
in no-intervention arm (P=0.76). The corresponding external control shows a recovery of
susceptibility to permethrin from 13% KD at 6 months PI to 67% KD at 12 months PIL

Baseline data is not available for this population (Figure 53C).
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For alpha-cypermethrin high susceptibility was observed for both study arms during the
baseline and at 6 months PI; showing a decrease to 70-76% KD in the next periods (with
not significant differences between study arms in all theses periods). A recovery of the
susceptibility to levels of 87-99% was observed in last period, with a significantly lower KD
in the LLIS arm compared to the no-intervention arm (P<0.001). Again, there was no
signficiant difference in the cypermethrin KD rates between baseline and the final
monitoring period (18 month PI) for either study arm in Acapulco (P>0.40). The external

control showed high susceptibility to alpha-cypermethrin during all the periods (Figure 53D).

Monitoring changes the intensity of resistance. In order to determine the intensity of
resistance 404 additional sets of CDC susceptibility tests (4 replicates for each set, 1,616
bottles in total) were performed using a total of 21,956 Ae. aegypti females (an average of 13.5
mosquitoes per bottle).

High levels of intensity of resistance to permethrin were observed for permethrin in both
study arms. In Merida (Figure 54A) the external control and LLIS arm showed similar
intensity of resistance during the baseline study, requiring 5-fold the DD of permethrin to
reach KD greater than 90% (resistance threshold). In contrast the no-intervention arm
required 10-fold the DD to reach 90% KD for the same period. For the LLIS arm the 90%
KD threshold was not reached even when using 10-fold DD whereas 290% KD was always
reached in the no-intervention arm with 10-fold DD (with the exception of the following up
survey at 24 months PI). Therefore, resitance seems to be stronger in LLIS arms. Similarly,
in Acapulco, the LLIS arm always required exposure to higher dose of permethrin to reach
90% KD threshold than in the no-intervention arm. With the exception of the following up
survey at 12 months, no-intervention arm was more resistant than external (Figure 55A).

For both study sites the intensity of resistance to alpha-cypermethrin was always lower
that permethrin in all the periods. The 90% KD threshold was achieved at either 1- or 2-fold
the DD in all arms and time periods in both cities, with the exception of survey at 18 months
PI in Merida in the LLIS arm which required exposure to 5-fold DD to achieve > 90% KD.
The external control showed > 90% KD at the alpha-cypermethrin DD and so intensity
assays were not needed. In general the intensity of resistance in Merida increase gradually
from baseline to 18 months PI in both, no-intervention and LLIS arms, until 5-fold DD for
this last one (Figure 54B), but returned to levels of 2-fold DD to next period. Similarly in
Acapulco the intensity was low in the first two periods (baseline and at 6 months PI), but

increased to 2-fold DD in the next two periods, mainly in the LLIS arm (Figure 55B).
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Figure 54. Aedes aegypti resistance intensity to pyrethroids in Merida during 2012-2014. A) Predicted probabilities and 95% confidence intervals of probit against
different doses of permethrin. B) Means of knockdown (+binomial confidence interval) against different doses of alpha-cypermethrin. The data come from
knockdown observed at the diagnostic time (30 min) to the diagnostic dose of the insecticide (1), as well as multiples thereof (2, 5 and 10). Red, blue and black lines
and circles represent the no-intervention arm, LLIS arm, and the external control. Baseline=baseline study; following up surveys were carried out approximately at
6 monthly intervals. The dotted line represents the knockdown resistance threshold of 90%.
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Figure 55. Aedes aegyptiresistance intensity to pyrethroids in Acapulco during 2012-2014. A) Predicted probabilities and 95% confidence intervals of probit against
different doses of permethrin. B) Means of knockdown (tbinomial confidence interval) against different doses of alpha-cypermethrin. The data come from

knockdown observed at the diagnostic time (30 min) to the diagnostic dose of the insecticide (1), as well as multiples thereof (2, 5 and 10). Red, blue and black lines
and circles represent the no-interventio arm, LLIS arm, and the external control. Baseline=baseline study; following up surveys were carried out approximately at

6 monthly intervals. The dotted line represents the knockdown resistance threshold of 90%.
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6.4.2 Monitoring changes in the resistance-related enzymes activities.
A laboratory susceptible (Rockefeller strain) of .Ae. aegypti was used as a reference strain
for all the biochemical assays. The statistics for all enzymes in the Rockefeller strain are given

in Table 13.

Table 13. Summary statistics for absorbances of the different enzyme baselines in the
Rockefeller susceptible strains.

Mechanism N Mean SE Min. Max.
Oxidase activity 30 0.13559 0.00721 0.08533 0.22633
Esterase activity 30 0.78403 0.01356 0.65557 0.93943
GST activity 30 0.04270 0.00316 0.01313 0.10406
AChE inhibition 30 94,7812 1.62590 63.0854 100

Enzyme activities for Merida populations. Levels of oxidases from LLIS and no-
intervention arms were higher than those for the susceptible strain (P <0.0001) in all the
periods, with exception of 12 months PI when both experienced a decrease (levels similar to
the susceptible one). This is indicative of an elevated P450-based resistance mechanism in
the field population. In contrast to LLIS and no-intervention arms, the corresponding
external control showed oxidase levels similar to the susceptible strain during the baseline to
18 months PI, but suddenly showed a significant increase (P<0.0001) at 24 months PI
(Figure 56A). No statistical differences between study arms (LLIS vs no-intervention arms)
were observed (Figure 5A), indicating similar oxidase content between arms. The only
exception was at 12 months PI, when both arms showed similar oxidase levels to the
susceptible strain (with significantly higher levels in the no-intervention arm vs LLIS
(P<0.0001). The external control showed oxidase levels significantly lower than the LLIS
and no-intervention arms in most of periods (P<0.0001)

Esterase activities were not significantly higher than the laboratory susceptible strain in
the baseline or in the majority of follow up surveys (Figure 56B) The exception was at 12
and 24 months PI, when the no-intervention arm and the LLIS arm showed significantly
higher rates of esterase activity than the susceptible strain respectively (P<0.0001, Figure 5B).
The results demostrate that elevated esterase-based resistance mechanism was not prevalent

in the field population.
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Figure 56. Oxidase (at absorbance 620 nm), esterase (at absorbance 540 nm) and GST activity (at
absorbance 340 nm) for Ae. aegypti populations from Merida, during 2012-2014. White bars represent
mean values (£SE) of the no-intervention arm, textured bars are means of LLIS arm, gray bars are
means of external control and the black bar represent the mean of susceptible strain. Different letters
mean significant difference between study groups within the sampling round. Asterisk denote
significantly higher mean values (P<0.05) of absorbance that Rockeller strain (black bar).
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GST activities in mosquitoes from all the study groups were significantly higher than in
the susceptible strain during the baseline and at 6 months PI (P<0.0001, Figure 56C).
However, a reduction in the GST levels was observed in each following period, reaching
similar levels to the susceptible strain at 12 to 24 months PI. Among groups there was no
clear trend (Figure 56C).

For AChE assays, in all periods the range of percentage inhibition of AChE activity by
propoxur for the field collected Ae. aegyp?i mosquitoes was >90%, ranging from 90% to 98%,

demonstrating that the AChE-based resistance gene was not present in the study groups.

Enzyme activities for Acapulco populations. During the baseline and at 6 months PI
the average oxidase content of the mosquitoes from LLIS and no-intervention arms was
higher than the susceptible strains (Figure 57A, P<0.0001), but levels were decreasing in each
following period until reaching similar levels to the susceptible one at 12-18 months. In most
time points the LLIS arm showed higher rates of oxidase activities than no-intervention arm
(P<0.0001). The corresponding external control had oxidase levels similar to the susceptible
strain.

Esteras-based resistance mechanism seems not be important in the field population
(Figure 57B). Only the no-intervention arm during the baseline showed higher levels of
esterase activities than susceptible strain (P<0.0001).

GST activities in mosquitoes from the LLIS and no-intervention arms were significantly
higher than in the susceptible strain during the baseline and at 6 months PI (P<0.0001, Figure
57C). For both groups a reduction in the GST levels was observed in each following period,
until reaching similar levels to susceptible one at 12-18 months PI, with exception of LLIS
arm which continued showing high levels (P<0.0001) at 12 months PI. Among groups most
of the significant differences were observed between LLIS and no-intervention arms, with
the no-intervention arm typically having lower GST levels than LLIS (Figure 57C). The
corresponding external control showed always levels similar to the susceptible strain.

The percentage inhibition of AChE activity by propoxur in field collected mosquitoes
ranged from 100% to 92% in all the periods and study groups, indicating that theses

populations does not carry the altered AChE gene.

125



04

o
w
[

e
%
33
&

5

T
o
e
3

a%
03 —} fes
B
et
B,
= pesss
= b o
025 H pizess 7
= R 2
s paite) s
o i s
© il iz
el s
02 H 255 aaas
2 5 ]
7] i pa ok
et et Ieaiate
(] i pa i
T e Serete) pazd
= 015 H reres ) L
s paissssd Rassssd
> s paisss] Rasss
s parisssd Rasssd
o] i pas i
o) PRty aaas
parisssd
e

=}
=
I
o

s
T

5

5
2

3

XX
TR

RRE
BREEARLLS
ok
TR
R
SRR
SRR
i3t
5
R
ey
s

TR
o
5
5
TR
3
5
B
S

TR
5

s
X

0.05 H

3
%
5

ey
TR
R

REE
nat
(XK

S
R
3
%
SRR
XA,
XAXAX
RERRER
——

e
38

K
K
X

oo
o
st

o Uu b
Baseline 6 12 18 Susceptible
strain

*
s
08 H e
" |
Rzt
a Rz
Rezssx
207 H Bl
% paiieie]
b~ passss
> 25 passss
w— 2525, Ragsss
- H BSS, RER2ARL
0 6 B82S, Regsss
o 359, Pl
o 2%y passss] [RR R
Bz pa] e
0 5 - B ’.'u':’o'«‘ 255
@ U i el i
PSS Rezsess] 285
© B2 Rezsssx 285
[ BS2525, Rezsesss] 55
04 A B2 Razsst 285
@ 7 B, RezsRx ettty
=] ps pagsssd atetirety
» 1% parx] [
PSS passss ettt
wo3 H ke e
- e
PSS, RassR] 25
B2 Resxx
02 14 e
® 0 biais Pl
pisss ]
Tk Resess]
01 H pes Rt
DRSS Re2sRx
% RezsesRx
Rz
5 :

Baseline 6 12 18 Susceptible
strain

0.3

0.25

02 R

ivi

015 H b* b*

GST act

% o
] paiis
0.1 e e
. w el b
el pasiies

2z
it
85
et
it

58
85
it
e
T
it

e e
R R a c
perrrxl perrsxl
| pesasss]
005 H
pessssst pessssx]
passsd pezszsssxt
passsd passsy
paasasd S
paassd

Baseline 6 12 18 Susceptible
strain

Months

O Control LIS mExternal

Figure 57. Oxidase (at absorbance 620 nm), esterase (at absorbance 540 nm) and GST activity (at
absorbance 340 nm) for Ae. aegypti populations from Acapulco, during 2012-2014. White bats
represent mean values (£SE) of the no-intervention arm, textured bars are means of LLIS arm, gray
bars are means of external control and the black bar represent the mean of susceptible strain. Different
letters mean significant difference between study groups within the sampling round. Asterisk denote
significantly higher mean values of absorbance that Rockeller strain (black bar).
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6.4.3. Molecular assays.

Table 14 and 15 shows the number of mosquitoes of each genotype, and frequency of
both kdr mutations, 10161 and 1534C for each study arm and period of survey.

In Merida the average frequency of the homozygous wild-type genotypes 1016V /1016V
and 1534F/1534F (mean of all surveys) was 3.5% (0-7.5%) and 3.8% (1-9%) respectively,
and the homozygous mutant genotype 10161/10161 and 1534C/1534C predominated at 49.2
(37-59%) and 88.5% (84-92%) respectively.

The frequency of 10161 kdr allele in Merida differed significantly between LLIS and no-
intervention arms in all the periods (Fisher’s exact test, P<0.05), except the final survey at
24 months. The frequency of 1016l in the external control varied significantly respect to
LLIS and no-intervention arm in each period (P<0.04), except at 24 months PI, when only
showed a frequency significantly lower that LLIS arm (P=0.016). In the no-intervention arm
the 10161 frequencies over time were similar, fluctuating between 0.696 to 0.723, only
showing a significant peak at 18 monts PI (0.891, P<0.0001). In contrast, the frequency in
LLIS arm showed two significant peaks (compared with the rest of periods, P<0.008), in the
beginning and in the end of the surveys (0.822 and 0.761 respectively, with no significant
differences). The external control showed a gradual decrease in the 10161 frequency in the
following periods after baseline (from 0.75 to 0.50), but did not differ significantly between
surveys. See Figure 58A.

The frequency of the 1534C kdr allele in Merida differed significantly between LLIS and
no-intervention arms at 12 and 24 months PI (P<0.004). The frequency of 1534C in the
external control was always significantly lower that both LLIS and no-intervention arm at 12
and 18 months PI (P<0.021), and at 24 months PI only showed significant differences to
no-intervention arm (P=0.005). In the no-intervention arm the 1534C frequencies over time
were similar, fluctuating between 0.87 to 0.92, and not differ significantly between periods.
The frequency in LLIS arm fluctuated between 0.91-0.99, the highest recorded at 24 months
which was significant differences to baseline and 12 months PI. In contrast to 10161, after
baseline the frequency of 1534C in the external control showed a gradual increase showing
a significant peak (0.75 to 1) at 24 months PI, compared with the baseline and second survey
(P<000). See Figure 58B.

In Acapulco the average frequency of the homozygous wild-type genotypes
1016V /1016V and 1534F/1534F (mean of all sutveys) were 4.5% (1-8%) and 1.3% (1-2%)
respectively, and the homozygous mutant genotype 10161/10161 and 1534C/1534C
predominated at 49 (41-62%) and 94% (85-99%) respectively.
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Figure 58. Kdr allelic frequency for 10161 (A, C) and 1534C (B, D) in Merida (A-B) and Acapulco
(C-D) Mexico, during 2012-2014 for the different study groups, LLIS arm, no-intervention arm
and external control.

The frequency of the 10161 kdr allele in Acapulco differed significantly between the LLIS
and no-intervention arms only in the baseline (P=0.001). The frequency of 1016l in the
external control was not significantly different to either the LLIS or no-intervention arm in
any period. In the no-intervention arm the 10161 frequencies over time showed a significant
reduction (from 0.79 to 0.69) compared to baseline and 12 months PI (P<0.08). The
frequency in LLIS arm showed a significant peaks at 12 months PI (compared with the
baseline from 0.63 to 0.76, P<0.014), but showed a reduction in the following period (0.68).
The external control showed a gradual increase in the 10161 frequency (from 0.67 to 0.70),
but did not differ significantly between surveys. See Figure 58C.

The frequency of the 1534C kdr mutation in Acapulco differed significantly between
LLIS and no-intervention arms only in the baseline (P=0.055). The frequency of 1534C in
the external control did show significant differences with either LLIS or no-intervention arm
in any period. In the no-intervention arm the 1534C frequencies over time were similar
between baseline and 12 months PI (from 1 to 0.99), but showed a significant drecrease at
18 months PI (0.92, P<0.004). In similar way the frequency in LLIS arm fluctuated between
0.98 to 1 during the
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Table 14. Number of mosquitoes by genotype (SS, SR and RR) and allelic frequencies of kdr alleles 1016I and 1534C for Ae. aegypti from Merida, Mexico during 2012-
2014. All samples (individual mosquitoes) were emerged from egg batches collected from ovitraps along the clusters selected in each study arm. 1016V/1016V and
1534F/1534F are SS (homozygous susceptible); 1016V/1016I and 1534F/1534C are SR (heterozygotes); and 10161/1016I and 1534C/1534C are RR (homozygous
resistant). P values < 0.05 indicate significant differences between arms.

V10161 F1534C Percentage of double
homozygotes
Survey AsrtTdS;f n SS SR RR  Freq.R P n SS SR RR Freq.R P n RR SS
] 0.47% 23.9% 205%  0.72 5.42% 1.01% 42.3%  0.87
Baseline Untreated | 94 144 94  44.7% 0.0%
() (50 (43)  (136) .0 (16) () (125 (253) o 0 0
0.95% 17.7% 36.3%  0.82 ' 3.72% 0.67% 46.7%  0.92 ' . .
LLIS 115 (7 (16  (189) 151 4y @ (138  (278) 115  60.0% 0.0%
12 35% 23% 235% 0.70 15% 5% 435% 092
onths | Untreated | 100 M @) @n o . 100 ® 10 ©) 8 ., 100  47.0% 1.0%
4% 32% 14%  0.60 ' 0% 15% 485%  0.98 ' . .
LLIS 100 ® (68 (28  (120) 100 © @ O (o) 100  28.0% 0.0%
18 0% 10.9% 39.0% 0.89 0% 9.89% 40.1%  0.90 . .
months  UNreated |96 v Tont sy an) 0001 % o @) 77 A7) 000 %  68.8% 0.0%
LLIS o5 0% 37.5% 125%  0.62 ' o5 364% 2.08% 44.2%  0.90 ' 96 219% 0.0%
0 (72 (24 (120 4 (85 (174 ' '
24 2.09% 26.7% 21.9%  0.69 1.01% 10.1% 38.3%  0.87
months  UNreated |97 T Teny Tagy (135 0166 B Ty o) ) (172 . 97 39.2% 0.0%
LLIS g1 314% 172% 28.7% 076 ' 100 0% 050% 50%  0.99 ' 04 574% 0.0%
(6) (33) (55  (143) 0 @O (99 (199 ' '

129



Table 15. Number of mosquitoes by genotype (SS, SR and RR) and allelic frequencies of kdr mutation 10161 and 1534C for Ae. aegypti from Acapulco, Mexico during
2012-2014. All samples (individual mosquitoes) were emerged from egg batches collected from ovitraps along the clusters selected in each study arm. 1016V/1016V
and 1534F/1534F are SS (homozygous susceptible); 1016V/1016I and 1534F/1534C are SR (heterozygotes); and 10161/1016I and 1534C/1534C are RR (homozygous
resistant). P values < 0.05 indicate significant differences between arms.

V1016l F1534C Perc;:ntage of double

omozygotes
Survey AsrtT;;f n SS SR RR FreqR P n SS SR RR FreqR P n RR  SS
. 0% 21.5% 30.2% 30.2% 0% 0% 51.2% o o
Baseline  Untreated 89 ) @ (52) (52) 0001 99 ©) ) (99) 1(198) 0,055 89 58.4% 0.0%
1.16% 33.1% 13.9% 13.9% ' 1.03% 0% 47.6% 0.97 ' 0 0
LLIS 83 2 G (24) (24) 94 @) ) (92) (184) 83 28.9% 0.0%
12 3.88% 13.8% 32.2% 32.2% 055% 0% 49.4% 0.98 0 0
months Untreated 90 ) 25)  (58) (58) 0,706 90 (1) ) (89) (178) 0456 90 64.4% 0.0%
444% 15% 30.5% 30.5% ' 0% 0% 50% ' 0 0
LLIS 90 ® (@7 (55) (55) 90 ©) 0) (90) 1(180) 90 61.1% 0.0%
18 2.22% 26.6% 21.1% 21.1% 1.11% 5.55% 43.3%  0.92 0 0
months Untreated 90 @) 48)  (38) (38) 000 90 @) (10)  (78) (166) 0708 90 38.9% 1.1%
LLIS 90 1.66% 28.3% 20% 20% ' 90 111% 7.22% 41.6%  0.90 ' 9 33.3% 0.0%

@ (1) (36)  (36) (2) (13) (75) (163) ' '
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baseline and at 12 months PI respectively, but showed a significant decrease at 18 months
PI (0.91, P<0.006). The external control showed significant decrease from 0.97 to 0.90
(P=0.000) in the period from 12 to 24 months PI. See Figure 58D.

6.4.4. Impact of LLIS intervention on dengue cases.

A total of 943 DENV cases were reported in Mérida (479 cases in no-intervention arm:
464 in LLIS arm) and 109 in Acapulco (57:52) during the periods of 2011-2015 and 2009-
2015 respectively (Table 16 and 17). No significant differences were observed in the number
of cases between arms in any of the periods evaluated in both study sites, Merida and
Acapulco (negative-binomial regressions P=0.18). To evaluate if the LLIS are an important
prognostic factor for the presence/absence of cases, the number of clusters with and without
cases were identified in each period. A total of 131 events (positivity in clusters, considering
that a cluster was positive when at least one case was identified within its boundaries) were
reported in Mérida (67:64) and 62 in Acapulco (34:28) during the same periods; however no
significant differences were observed in the cluster positivity between arms, in any of study

sites during the periods evaluated.

Table 16. Number (mean + standard error) of DENV cases reported in the clusters and cluster positivity
to DENV cases for both study arms, no-interventio and LLIS arm in Merida from 2011-2015. Pre, pre-
intervention or baseline; Int, intervention deploying; Post, post-intervention period.

Season No-intervention arm LLISarm
Number of cases
o Rainy 2011 234 (234 + 6.12) 291 (29.1 + 3.63)
Dry 2012 46 (4.6 + 0.93) 40 (4 + 1.00)
= Rainy 2012 96 (9.6 + 2.83) 59 (5.9 + 1.35)
= Dry 2013 20(2 + 0.80) 13(13 + 0.56)
Rainy 2013 49 (4.9 + 1.23) 29 (29 + 0.90)
_ Dry 2014 9(0.9 + 0.41) 10 (1 £ 0.49)
S Rainy 2014 14 (1.4 + 0.86) 10(1 £ 0.39)
Dry 2015 4(04 + 0.16) 202 + 0.13)
Rainy 2015 7(0.7 + 0.33 10(1 £ 0.21)
Cluster positivity*
o Rainy 2011 10 (1 £ 0.00) 10 (1 + 0.00)
Dry 2012 10 (1 + 0.00) 9(0.9 + 0.10)
= Rainy 2012 10 (1 + 0.00) 9(0.9 + 0.10)
~ Dry 2013 9(0.9 + 0.10) 7(0.7 + 0.15)
Rainy 2013 9(0.9 + 0.10) 8(0.8 + 0.13)
_ Dry 2014 5(0.5 = 0.17) 5(05 + 0.17)
S Rainy 2014 6(0.6 + 0.16) 6(0.6 + 0.16)
Dry 2015 4(04 + 0.16) 202 + 0.13)
Rainy 2015 4(0.4 + 0.16) 8(0.8 + 0.13)
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Table 17. Number (mean + standard error) of DENV cases reported in the clusters and cluster positivity
to DENV cases for both study arms, no-intervention and LLIS arm in Acapulco from 2009-2015. Pre,
pre-intervention or baseline; Int, intervention deploying; Post, post-intervention period.

Season No-intervention arm LLIS arm
Number of cases
Dry 2009 1(0.1 £ 0.10) 2(0.2 £ 0.20)
Rainy 2009 16 (1.6 £ 0.37) 18 (1.8 + 0.59)
® Dry 2010 8(0.8 £ 0.1) 9(09 £ 0.28)
o Rainy 2010 2(02 + 0.13) 0(0 + 0.00)
Dry 2011 0(0 = 0.00) 1(0.1 £ 0.10)
Rainy 2011 1(0.1 £ 0.10) 0(0 £ 0.00)
Dry 2012 1(0.1 £ 0.10) 0(0 £ 0.00)
= Rainy 2012 12(1.2 £+ 0.33) 16 (1.6 + 0.78)
Dry 2013 1(0.1 £ 0.10) 1(0.1 £ 0.10)
Rainy 2013 3(03 £ 0.21) 505 = 0.27)
Dry 2014 2(0.2 £ 0.13) 1(0.1 £ 0.10)
g Rainy 2014 0(0 = 0.00) 2(0.2 £ 0.13)
Dry 2015 202 £ 0.13) 2(0.2 £ 0.20)
Rainy 2015 3(03 £ 0.21) 0(0 = 0.00)
Cluster positivity
Dry 2009 1(0.1 = 0.10) 1(0.1 £ 0.10)
Rainy 2009 8(0.8 £ 0.13) 7(0.7 £ 0.15)
© Dry 2010 3(0.3 £ 0.15) 6(0.6 + 0.16)
o Rainy 2010 202 £ 0.13) 0(0 = 0.00)
Dry 2011 0(0 £ 0.00) 1(0.1 £ 0.10)
Rainy 2011 1(0.1 £ 0.10) 0(0 £ 0.00)
Dry 2012 1(0.1 £ 0.10) 0(0 £ 0.00)
£ Rainy 2012 9(0.9 + 0.10) 505 + 0.17)
Dry 2013 1(0.1 £ 0.10) 1(0.1 £ 0.10)
Rainy 2013 202 £ 0.13) 3(0.3 + 0.15)
Dry 2014 2(02 £ 0.13) 1(0.1 + 0.10)
E Rainy 2014 0(0 £ 0.00) 202 + 0.13)
Dry 2015 2(02 £ 0.13) 1(0.1 + 0.10)
Rainy 2015 202 £ 0.13) 0(0 = 0.00)

6.5 Discussion
The main objective of this part of the study was to determine if there was any change in
the susceptibility and resistance mechanisms in Ae. aegyp#i after the implementation of LLIS.
The study areas selected in this study are cities classified for the Ministry of Health as high
level of risk for dengue transmission, and one of the most important in terms of historic
number of severe dengue cases reported (Dantes et al., 2014). Furthermore, the locations

where the study took place represent neighbourhoods catalogued as high priority by local
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authorities, considering the historical records of dengue cases reported and the outbreaks
experienced (large outbreaks occured recently in 2011 in Merida and in 2009-2010 in
Acapulco) in the whole city (SINAVE, 2015). According to the national strategies for vector
chemical control in response to cases (Hernandez-Avila et al 2013), it is expected that these
locations have experienced an intensive and extensive use of insecticides. So routine Ae.
aegypti control activities by the local vector control program (outdoor and indoor spraying
mainly with Chlorpyrifos/Malathion and Propoxur/Bendiocarb/Deltamethrin, respectively)
(CENAPRECE, 2014) were carried out in both the untreated and intervened houses during
the period when the study took place.

Regarding the susceptibility to carbamates and organophosphates, all the study groups
showed complete susceptibility to propoxur and decreased susceptibility to chlorpyrifos over
the study period. To date only one report about the susceptibility to carbamates in Ae. aegypti
populations from Mexico have been published (Deming et al., 2016). Deming and cols.
(20106) reported high susceptibility to carbamate bendiocarb in several small localities close
to Merida. Carbamates (bendiocarb and propoxur) where reciently approved in Mexico to
be used in public health. They were gradually introduced in Acapulco and Merida since 2010
and 2012 respectively (more reciently the use of deltamethrin returned in 2014 replacing the
use of carbamates particularly in Merida). Therefore, the selection pressure by these
insecticides has been low, considering also that use of carbamate is based on the focal
application compared with other insecticides applied extensively, such as ULV applications
(i.e. chlorpyrifos). A few studies report a decreased susceptibility to chlorpyrifos in several
Aedes population from Mexico (Lopez et al., 2014; Deming et al., 20106), attributed to
increased level of esterase activity (Lopez et al., 2014). High resistance to this insecticide
across the region seems to be a consequence of its extended use since more than 3 years.
The higher levels of chlorpyrifos resistance in Acapulco than Merida could be associated
with the historical use of this inseciticide in the two cities. The chlorpyriphos was used for
first time in Acapulco in 2010 (to present); whereas in Merida the chlorpyriphos was
introduced in the begining of 2012 and changed to malathion in 2013 (to present). However,
as discussed in Chapter 3, its important to note that the diagnostic dose used in this study
(14 pg/mL/bottle at 30 min) was 3-6 times lower than the diagnostic dose calculated
independently by others authors (Deming et al., 2016; Lopez et al., 2014). According to
results, the AChE and esterases profiles were not altered throughout the study. Therefore,
the observed resistance is likely due to an alternative mechanism since cross-resistance

between carbamates and organophosphates was not observed. The previous report of
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esterase-based mechanism in confering chlorpyrifos is not discarted, but studies that are
more specific must be carried out in order to clarify if specific esterases are involved in
chorpyrifos resistance.

The reason to focus on evaluating resistance to permethrin and alpha-cypermethrin (and
not others PYs) in this study was in first instance, due to the historical use of pyrethroids
and the current insecticide application strategy in both study sites. From 1998 to 2009,
pyrethroids were the primary insecticides used for outdoor and indoor spraying to control
adult mosquito, mainly using permethrin-based formulations, and less frequently
deltamethrin-based formulation for indoor residual spraying. And secondly because the
alpha-cypermethrin is the active ingredient of the LLIS evaluated in this study.

In this context, the results from this study show that after a switch away from pyrethroids
for over 4 years, phenotypic resistance to permethrin and a high frequency of kdr alleles still
remain in the vector population. The results in this study show that metabolism-based
resistance could be involved in confers PY resistance, as oxidase and GST activities were
generally higher than in the control. It was very hard to see any clear trends in the levels of
enzyme acitivity between the different study arms and between different surveys. This may
reflect the fact that additional selection pressures are involved. For example, deltametrhin
replaced carbamates in Merida in 2014 as the insecticide selected for indoor spraying for
mosquito control in response to dengue cases. The results show that oxidase and GST-based
insecticide resistance are established in the Ae. aegyp#i population of Acapulco and Merida
which agree with previous reports in the same populations (Aponte et al., 2013). The
maintenance of this mechanism in field population probabbly reflects the historic and
continuos use of pyrethroids in both cases, in public health intervention and by
householders.

Another interesting finding is the temporal variation in the frequency of the kdr alleles.
After the withdrawel of pyrethroids in 2009 the frequency of the 10161 and 1534C kdr alleles
in the no-intervention arm might be expected to decrease. However, both 10161 and 1534C
kdr alleles were found at high frequencies (from 0.50 to 1) in Merida and Acapulco, but these
resistance mechanism was not homogeneously spread in the mosquito population over time.
The frequency of 1534C kdr was always higher than 10161. This coincide with the findings
of more recent studies carried out in the same localities. The 1534C has been reported almost
fixed (0.99-1) in two different locations from Acapulco using mosquitoes emerged from eggs
collected in 2009-2010, compared with frequencies reported for 10161 (0.77-0.93) in the
same study (Penilla-Navarro et al.,, 2013). In Merida previous studies detected a 1534C
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frequency of 0.79-1, and a 1016l frequency of 0.60-0.91 on larvae collected between 2010-
2011 in five locations in the city (Saavedra-Rodriguez et al., 2014). The 10161 mutation is
known to be associated with resistance to type I and II pyrethroids (Deming et al., 2016;
Saavedra-Rodriguez et al., 2007), while the 1534C mutation is known to be associated most
strongly with resistance to type I pyrethroids such as permethrin (Harris et al., 2010; Hirata
etal., 2014). It is suggested that pyrethroid resistance requires the sequential evolution of the
two mutations and that 1534C must occur first and appears to enable the 10161 mutation to
survive (Vera-Maloof et al., 2015). In addition to metabolic-based resistance, the presence of
the two mutations could be confering the high resistance to PY observed in the study (low
KD rate observed for permethrin and high 24 h recovery observed for alpha-cypermethrin),
considering that double mutants have higher pyrethroid resistance than mutants in either
domain alone (Hu et al., 2011).

An external control was included in the study to record the general trends in resistance in
areas under less extensive insecticide pressure. However, the levels of intensity of resistance
and kdr frequencies in the external controls were similar to the other study groups. The kdr
alleles 10161&1534C have a fitness cost in Ae. aegyp#i (Brito et al., 2013), so their maintenaince
in the populations after years of no applications of PY by local Ministry of Health, suggest a
additional source of insecticide use pressure on the mosquitos populations, such as the
pressure exerted by the use of insecticide in the household level. Some evidence of extensive
use of commercial household pyrethroid products (such as aerosol cans) is reported at least
for Merida (Lorofio-Pino et al., 2014). However, no systematic studies has been carried out
in order to evaluate the impact of household use of insecticides in maintaining pyrethroid
pressure.

The kdr genotyping studies were carried out using mosquitos adults emerged from eggs.
Since a single egg batch may be derived from just a few adult females (Apostol et al., 1994),
in this study the eggs from multiple ovitraps in the same clusters were pooled, in order to
provide a sufficient number of genomes as is recommended in the standard procedures
(WHO, 2013) and to ensure a large enough number of mosquitos for the different aasays (as
a minimum at least 2 ovitraps located in differents blocks of the clusters were used). For
external controls 10 ovitraps deployed in the differents block were used.

The external controls showed low levels of detoxification enzymes similar to the
laboratory susceptible strain during the most part of the study but did have high levels of the
kdr alleles (0.67-1). Studies of resistance intensity found a lower level of resistance in the

external controls than in the study area, which may suggest that both kdr and metabolic
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resistance mechanisms are needed to confer very high level of pyrethroid resistance as has
been proposed previously (Brito et al., 2013; Hu et al., 2011).

In contrast to the low KD observed in all study groups tested for permethrin, alpha-
cypermethrin KD was > 90% at the beginning of the study. Within the study area,
susceptibility to the alpha-cypermethrin did decrease over the time with a subsequent
increase in the intensity of resistance but the external control was susceptible to this
insecticide in most of the time that study took place. The Mexican Health authorities approve
the wuse of alpha-cypermethrin-based formulations for indoor residual spraying
(CENAPRECE, 2015), but in reality it is rarely used by the local vector control programmes
in Merida and Acapulco. Any commercial household insecticide product contain alpha-
cypermethrin as an active ingredient (See Annexes). Therefore, the low selection pressure by
this insecticide could explain the levels of susceptibility observed in Aedes field population
but only if the mechanisms conferring resistance to alpha-cypermethrin differ from those
involved in resistance to other pyrethroid insecticides; this has not yet been evaluated

In previous chapters, it was demonstrated that the protective effect of LLIS last up to 600
days. Evaluation on the efficacy of LLIS in the context of the insecticide susceptibility over
almost a two year period did not reveal clear patterns (in susceptibility status, kdr frequencies,
metabolic alteration levels) that leads to the conclusion that LLIS could be affecting the
resistance profiles in Ae. aegypti field population. But the intensity of resistance does suggest
that the intervention arm has selected for higher levels of permethrin resistance than in the
no-intervention arm. Whether the physical barrier or insecticidal effect or both drove the
success of LLIS will be discussed in the last chapter.

Finally, in order to evaluate if LLIS may have protected against DENV transmission,
confirmed DENV cases through National Surveillance System SINAVE-DGE (Hernandez-
Avila et al., 2013) were identified for both study sites, and they were geocoded to determine
if they fell within the boundaries of the clusters of both arms. However, in this initial analysis
there was no association between LLIS and DENYV cases in this study. It is important to
mention that the analysis was based on passive surveillance information obtained from
SINAVE-DGE system, where regularly is reported the suspected DENV cases (based on
tever) from all potential reporting health care workers. Moreover, only a small percentage of
the suspected cases (approximately 30%) are confirmed in the laboratory (according to the
national guidelines of epidemiological surveillance of DENV). Future studies in this field

should focus on the evaluation of effectiveness against DENV incidence of LLIS, based on
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active search for cases in house level, including laboratory confirmation of all suspected

cases, in order to generate evidence of LLIS “home residents protection” and “mass effect”.
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Chapter 7: Conclusions and recommendations

7.1 Long-lasting insecticide-treated house screening confers long-term

house protection against entry by Aedes aegypti mosquitoes

In 2012, cluster randomised controlled trials were conducted in two Mexican cities -
Acapulco (Guerrero state) and Merida (Yucatan state)- to test the efficacy of a novel Aedes
aegypti intervention. The study compared ten control and ten intervention areas of 100
households each across both cities. Routine vector control activities -as implemented by the
local Ministry of Health- were performed in control clusters. Intervention clusters included
insecticide treated window and door screens (Acapulco and Merida) and targeted
interventions in the productive water container types (in Acapulco only). The main outcome
metrics were the reduction of vector densities.

The use of long-lasting insecticide-treated house screening (LLIS) protected houses
against the entry of Ae. aegypti mosquitoes: significant reduction of indoor-resting adults by
approximately 50% on the presence (OR=0.62, P<0.05) and abundance (IRR=0.58,
P<0.05). The combination of LLIS with interventions targeting productive container types
was successful in continuing reducing the number of Aedes pupae and consequently of adult
dengue vectors. The rationale of targeted intervention is because the efficacy of LLIS on the
control of Aedes populations depends on the proportion of adults that contact the materials
and die. LLIS alone would not totally suppress adults de. aegyp?i because continued
recruitment of individuals via adults surviving insecticide contact, plus adults never
contacting the materials and adults emerging from breeding sites.

Two key results stand out from this study: 1) an immediate significant effect on indoor-
adult Aedes infestations was seen in houses protected with LLIS but not in controls, despite
the fact that the dedes populations at both sites were resistant to pyrethroids, and ii) this
protection was sustained beyond 24 months when LLIS was combined with targeted
treatment of productive breeding-sites (as demonstrated in Acapulco, where the combined
intervention maintained a statistically significant protective effect on Aedes adult and
immature stages until the end of the study, approximately 600 days after LLIS installation).

Previous cross sectional and case-control studies that measured the impact on numbers
of indoor adult Aedes mosquitoes of screened houses (with permethrin nets) compared to
houses without screens, have reported protective levels of around 50-100% for mosquito
infestation (Igarashi, 1997; Nguyen et al. 1996; Manrique-Saide et al. 2014) and reductions
around 40% for dengue incidence (Ko etal., 1992; McBride et al., 1998). These few examples,
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and the findings from the present study, are indeed very valuable and promising; but there
still is a definitive need to develop more field-trials in different contexts (Wilson et al., 2014;
Achee et al., 2015; Bowman et al., 20106), particularly with respect to scaling-up as part of
institutional programs i.e. by the Ministries of Health and to assessing the impact on disease
transmission.

The present study provides valuable and unique information on the use of house
screening within cities endemic for mosquito-borne diseases, and at the time of writing, is
unique in supporting the feasibility and potential benefit of this method for the simultaneous
prevention and control of DENV/CHIKV/ZIKV transmission.

Modifying or improving current housing designs with screens has been shown to be an
effective way of preventing malaria (Kirby et al., 2008; Lindsay et al., 2002&2003; Walker,
2010), and other vector borne-diseases such as lymphatic filariasis, Japanese encephalitis,
cutaneous leishmaniasis and other arboviruses (Ogoma et al., 2010; Wilson et al., 2014). The
benefits of house screening, as a physical barrier, rely on its efficacy to exclude mosquitoes
and eventually protect against mosquito bites, which is epidemiologically relevant if most
transmission occurs indoors. From an environmental health perspective, residential premises
(house and peridomicile) offer important habitats for supporting populations of Ae. aegypti
as they emerge from productive breeding-sites and move in and out houses in search of food
(human blood), refuge and mating and oviposit at the suitable breeding-sites to complete
their life cycle. Aedes is an anthropophilic, endophilic and endophagic species and the house
is the epidemiologically most significant point of vector-human contact for arbovirus
transmission.

The adaptation of long-lasting insecticide nets permanently fitted as mosquito screens on
windows and doors may be advantageous over other approaches (such as bednets and
curtains) because these interventions are in place permanently and require little additional
work or behavioural change by householders. Although they could be intrusive at first,
overall satisfaction and acceptance levels are very high (Jones et al., 2014). Therefore the
development of an effective house screening design is feasible for malaria (Kirby, et al., 2009)
and dengue vectors (Jones et al., 2014), potentially protecting householders from multiple
vector-borne diseases.

The level and duration of the protection against mosquitoes reported in this study can be
compared with indoor residual spraying (IRS), historically the most effective and long-lasting
method for killing indoor-mosquitoes (Najera et al., 2011). The IRS with DDT was the

primary malaria control method used since 1946 and was the main prevention strategy of
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malaria elimination efforts (1955-1969), eliminating malaria from several areas and sharply
reducing the burden of malaria disease in others (Najera et al., 2011). However, the campaign
collapsed and due to economic constraints, environmental concerns about the use of DDT
and later the emergence of insecticide resistance, to DDT, malaria soon returned to pre-
campaign levels in many locations. Programmes of indoor residual spraying that have
responded to pyrethroid resistance by switching to alternative insecticides (such as
carbamates) have shown a substantial fall (by more than 80%) in cases of malaria
(Hemingway et al., 2013, 2016), demonstrating the potential of IRS programmes for malaria
vector control.

Although IRS is not a standard recommended method for control of Aedes mosquitoes,
when properly performed, it can have both an impact on Ae. aegypti infestation and dengue
transmission (Vazquez-Prokopec et al., 2010). Today, in response to the Zika crisis, WHO
recommend targeted IRS of resting sites of _Aedes spp. (18 March 2016:

http://www.who.int/neglected diseases/news/mosquito vector control response/en/).

IRS, is time consuming and expensive to implement and requires regular retreatment. In
contrast, implementation of house screening would only be performed once every two years.

The encouraging results from trials using house screening/full screening of
windows/doors suggest that excluding the vector Ae. aegypti from the home may prove to be
an innovative approach in terms of environmental management (changes to human
habitation), if it is proven ultimately to reduce transmission of the pathogens to humans.
With simultaneous potential transmission of DENV/CHIKV/ZIKV a reality in many
countries of the Americas region today, and the potential for urban transmission by the same
vector of additional re-emerging and emerging arboviruses, such as yellow fever and Mayaro
virus (Moraes-Figueiredo, 2007), this simple classic method of vector control should be
considered by National Ministries of Health. The resurgence of this approach becomes more
important considering the emerging and re-emerging of multiple Aedes-borne diseases. At
the time this thesis was written, Angola experienced an outbreak of yellow fever

(http:/ /wwwnc.cde.gov/travel /notices/alert/ yellow-fever-angola).

7.2 LLIS and insecticide resistance

One of the most interesting findings of this study was the encouraging observation that
insecticide-treated house screening remained effective despite the high levels of insecticide
resistance in local Ae. aegypti populations, as demonstrated by the baseline data from

insecticide resistance monitoring (see section 3.4 of Chapter 3).
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Insecticide-treated nets are more protective than untreated nets (Strode etal., et al., 2014).
However, the efficacy of insecticidal properties can be compromised by the evolution of
insecticide resistance. The present study also explored trends in the selection of insecticide
resistance phenotypes in Ae. aegypti during a two-arm cluster randomised trial in which one
study arm received LLIS and the other was considered control (without LLIS intervention).
In this study, the 100-house clusters were located in different neighbourhoods in two cities,
capturing differences in terms of geography, population, housing and health, economic,
cultural, and social aspects. A paired design ensured a high consistency of key variables in
intervention and control clusters.

Overall, the intensity of resistance was higher to permethrin than alpha-cypermethrin. In
the baseline study, high levels of permethrin resistance were detected in most locations, but
mosquito populations were moderately resistant or completely susceptible to alpha-
cypermethrin. In both study sites, Merida and Acapulco, kdr frequencies were very high,
close to 0.80 for 10161 and above 0.90 for 1534C. High levels of GST and oxidase activity
were the most common metabolic mechanism detected. When clusters were grouped
according to the arm of study to which they belonged, these resistance profiles did not
change (the kdr frequencies, calculated for the field collected populations, were between 70-
80% for 10161 and close to 90 for 1534C). As discussed in previous chapters this status of
resistance is most likely the result of historic selection pressure experienced in the last 15
years, mainly by the use of pyrethroids in response to dengue cases and outbreaks in theses
localities.

In order to determinate if there was any change in the resistance profiles attributable to
the instalment of LLIS, resistance was monitored every 6 months during almost two years.
There is no clear effect from the studies on mechanism of insecticide resistance (kdr
frequencies and levels of enzyme activity), but the intensity of resistance suggests that the
LLIS intervention arm was selecting for higher levels of permethrin resistance in comparison
to the control arm in both study sites (see section 6.4, Chapter 6). For the LLIS arm, in most
of cases the 90% knockdown threshold was not reached even when using 10x diagnostic
doses whereas, threshold knockdown was reached in control arm with 10x. Therefore,
resistance seemed to be stronger in LLIS arms after the intervention. Nevertheless, it is not
possible to confirm if this selection pressure was exerted mainly by the use of LLIS, because
additional selection pressures probably were involved. Differences in the selection pressure
by use of pyrethroids for local ministry of health (for example, deltamethrin replaced

carbamates in Merida in 2014) and householders (the use of commercial pyrethroid-based
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aerosol sprays) must be considered. Probably much clearer effects on mechanism of
insecticide resistance could be observed in longer periods and at larger-scales.

Temporal and spatial trends in Angpheles resistance (temporal increases in metabolic
resistance and widespread distribution of knock-down resistance —kdr- mutations)
throughout eastern and western Africa (Knox et al., 2014) match with long-lasting pyrethroid
treated bednet coverage (Hemingway et al, 2016). Particularly increases in the allelic
frequency of kdr mutations have been linked to the increased coverage of insecticide treated
bednets (Ranson et al., 2011), which -in some cases- may have resulted in reduced impact of
vector control interventions (WHO, 2012).

In the present study low knockdown and mortality of pyrethroid resistant field strains
following exposure to LLIS was observed (even new non-exposed nets only resulted in
<30% knockdown and <65% mortality). The field populations used were locally collected
during the baseline in the study sites and maintained in insectary conditions. They were
characterized in the baseline study as highly (M115 and Renacimiento strains) or moderately
(SAX strain) resistant to permethrin, but generally showing moderate susceptibility to alpha-
cypermethrin in the CDC bottles bioassays. In addition, the LLIS lifespan in field may be
reduced, considering the low efficacy showed against the susceptible strain, which was
constant throughout the study period. Although these results may be explained in part by
limited bioavailability of active ingredient on the LLIS surface (the dust being an important
factor affecting the bioefficacy of LLIS), the physiological resistance of mosquitoes to the
insecticide limiting the performance of the tool is not ruled out. Many of the studies relating
pyrethroid resistance to the bio-efficacy of standard long-lasting insecticidal nets have been
performed on malaria vector populations (reviewed by Strode et al., 2014), with controversial
results (Enayati and Hemingway, 2010; Strode et al., 2014).

On the other hand, the study shows that susceptibility tests cannot be extrapolated to
expected results from cone bioassays. Such was the case of alpha-cypermethrin, which
demonstrated high levels of efficacy in CDC bottles test when challenged with field strains,
but failed in the bio-efficacy bioassays using LLIS (whose active ingredient is precisely the
alpha-cypermethrin). Similar results have been reported in malaria vectors (Okia et al., 2013).
This is not unexpected as the doses and exposure time vary between assays. In the CDC
bottle assay the dose (10 pg/ml) and the exposition time (30 minutes) used is almost twice
and ten times higher than the LLIS target dose (5.8 pg/mg) and the exposition time used in

cone test (3 minutes) respectively.
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This study represents one of the first studies that link the pyrethroid resistance to the field
efficacy of LLIS for dengue vector control. Many studies evaluating the LLIS for dengue
vector control overlook studies on profiles of resistance in the target population, and/or are
have been limited to bioefficacy bioassays on nets (Lenhart et al., 2008; Rizzo et al., 2012;
Seng et al., 2008; Vanlerberghe et al., 2010) or susceptibility tests (Vanlerberghe et al., 2013).
A few studies considered additional tests such as target-site resistance testing (Lorofio-Pino
et al., 2013). Although there are not clear guidelines for measuring the efficacy of this kind
of intervention against resistant mosquitoes, it is always desirable measure at the time of the
study the phenotypic resistance through bioassays (susceptibility test and bio-efficacy
bioassays), in addition to genotyping studies (for target-site and metabolic resistance) and
biochemical assays (Strode et al., 2014).

In addition, the present study included the monitoring of intensity of resistance, in order
to see differences in trends in insecticide resistance profiles that is not possible see using the
diagnostic doses (Bagi et al., 2015). The inclusion of an external control (where the selection
pressure by public health use of insecticide is lower than in the study arms) was designed to
see if the changes in insecticide resistance observed are part of natural fluctuations not driven
by the selection pressure related to the intensive use of insecticides. What we observed is
that in general, the fluctuation or patterns in the profiles of resistance in the external control
were similar to observed in the study arms, although with less intensity in some cases (i.e.
showing highest susceptibility to alpha-cypermethrin and lowest levels of enzyme activity),
clearly associated with the level of insecticide selection pressure. Unfortunately, the present
study failed to assess the LLIS bio-efficacy on an external control.

Pyrethroid resistance should be considered as a key factor that may affect the
implementation of control programmes using long-lasting insecticidal nets. These results
underline the need to monitor the profiles of insecticide resistance and the inclusion of
monitoring the intensity of resistance should be widely adopted, as it provides valuable

information in addition to that obtained in the studies on resistance mechanism.

7.3 Final considerations

Currently, most national vector control programs rely heavily on chemical control
methods for dengue prevention and control. Operationally, the majority of these programs
provide emergency response to outbreaks and are unable to achieve sustained prevention by
controlling the proliferation of the mosquito. In recent years, consensus has increased over

the urgent need for effective interventions that impact on adult vector populations and/or
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their interaction with humans in order to reduce virus transmission (Achee et al., 2015;
Mottison et al., 2008).

The promising results obtained at a small scale in the present study indicate that
interventions incorporating LLIS can be effective in controlling endophagic/endophilic
Aledes sp. populations. Furthermore, an integrated approach with a rational use of insecticides
could address positively the high cost of control programs and incipient vector resistance to
insecticides. Where pyrethroid and organophosphate resistance has been demonstrated (as
reported in this study), vector control programmes should consider implementing chemical
control strategies based on the use of carbamates. Experience in Malaria control programs
(Matowo et al., 2015), may provide synergistic interaction with LLIS. In any case, projects of
this nature it deserves and needs to be evaluated for Aedes vector.

The results justify a second phase of research in which the intervention is scaled up to
much larger geographic scales (thousands of households) in order to, a) broaden the evidence
base for the feasibility of the proposed intervention; b) better quantify the effectiveness of
the intervention in both reducing Ae. aegypti infestations and, ultimately, impacting virus
transmission. It is generally recognised that greater coverage of the intervention will result in
mass protection, reduced mosquito biting, and greater reductions in transmission; i.e. a
community level effect. Another approach is in combination with identification of areas
likely to be at risk of dengue outbreaks, as defined by risk mapping, such strategies could
bring great health benefits by preventing outbreaks and reducing numbers of cases, with
consequent reductions in overall morbidity and mortality. Although findings suggest that
substantial virus transmission occurs away from the home, the inclusion of public locations
(such as schools) could be an excellent opportunity to evaluate the efficacy of LLIS on
dengue virus transmission.

While the data described here suggest that LLIS provided a measure of protection against
Aedes mosquitoes, further research is clearly necessary to characterize in more detail the
nature of their effect. It is unlikely that LLIS, as used in this study, provided a protective
effect by killing pyrethroid-resistant mosquitoes. It is more likely that they functioned simply
as a physical barrier to prevent Aedes sp. from entering houses. Follow-up projects at
University of Yucatan in Merida, Mexico are currently underway to answer some questions
about LLIS effects on behaviours such as blood feeding inhibition and its excito-repellent
effect.

In conclusion, the results presented in this thesis indicate that Long-lasting insecticidal

screens (LLIS) are a simple, easily implemented method of control of Ae. aegypti. They have
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the potential to be effective even in areas where populations of this vector are pyrethroid-
resistant with evidence indicating good potential for sustainability, given the high levels of
acceptance and popularity among targeted communities. Although their effectiveness in
reducing transmission of arboviruses remains to be confirmed, the significant impact of a
single installation of LLIS on populations of the primary vector of dengue, chikungunya,
Zika, Yellow fever and Mayaro viruses, provides good evidence that this method must be
considered a strategy meriting incorporation into integrated vector management approaches

both in Mexico and other suitable locations.
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Background: Long-lasting insecticidal net screens (LLIS) fitted to domestic windows and doors in combination
with targeted treatment (TT) of the most productive Aedes aegypti breeding sites were evaluated for their impact
on dengue vector indices in a cluster-randomised trial in Mexico between 2011 and 2013.

Methods: Sequentially over 2 years, LLIS and TT were deployed in 10 treatment clusters (100 houses/cluster) and
followed up over 24 months. Cross-sectional surveys quantified infestations of adult mosquitoes, immature
stages at baseline (pre-intervention) and in four post-intervention samples at 6-monthly intervals. Identical sur-
veys were carried out in 10 control clusters that received no treatment.

Results: LLIS clusters had significantly lower infestations compared to control clusters at 5 and 12 months after
installation, as measured by adult (male and female) and pupal-based vector indices. After addition of TT to the
intervention houses in intervention clusters, indices remained significantly lower in the treated clusters until 18
(immature and adult stage indices) and 24 months (adult indices only) post-intervention.

Conclusions: These safe, simple affordable vector control tools were well-accepted by study participants and are
potentially suitable in many regions at risk from dengue worldwide.

Keywords: Aedes aegypti, Control, Dengue, LLIS, Mexico, Targeted treatment

sustainability and effectiveness in many contexts.! There is a press-
ing need from vector control programmes worldwide, for better
dengue vector control tools that can achieve sustained reduction
of dengue virus transmission by impacting the adult vector popula-
tions and/or interrupting their interaction with humans.?

Introduction

The dengue vector Aedes aegypti is a highly anthropophilic, endo-
philic and endophagic mosquito and has successfully exploited
human-made ecosystems more than any other vector. Traditional

Ae. aegypti interventions that are based on insecticide application
such as indoor or outdoor space-spraying (or fogging) and larvi-
ciding, although effective in some settings, have shown limita-
tions in terms of spatial and temporal coverage, residual power,

Ecosystem management interventions such as the deploy-
ment of insecticide treated materials (ITMs) as window/indoor
net curtains in houses, and the targeted treatment (TT) of pro-
ductive breeding-sites have shown potential for integrated

© The author 2015. The World Health Organization has granted Oxford University Press permission for the reproduction of this article.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 3.0 IGO (https://creativecommons.org/
licenses/by/3.0/igo), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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dengue vector control in many geographical contexts.’*™®

Long-lasting insecticidal net screens (LLIS) are factory-produced
mosquito nets pre-loaded with synthetic pyrethroid insecticide
that is intended to retain its biological activity for at least 20
standard washes under laboratory conditions and 3 years of
recommended use under field conditions.” Deployed as bednets,
LLIS potentially can impact vector longevity at both household
and community levels by reducing human biting rates.* Encour-
aging results have also been shown when LLIS are deployed as
window or door curtains or as water jar covers for dengue control,
particularly in Latin America®® though the magnitude of such
effect was sometimes dependent on the coverage attained,
which could decline rapidly over time.® Targeting treatment of
productive breeding-sites is a strategy that aims to impact vector
populations by treating only water containers that produce the
greatest number of pupae,® and also has potential for effective
community-level dengue control.%*°

There is a need for more studies to comprehensively assess the
long-term impact and cost-effectiveness of LLIS and TT in controlling
local mosquito populations and reducing dengue transmission, par-
ticularly if both could be deployed simultaneously. The present study
aimed to assess the long-term (over 2 years) impact of LLIS and TT
in controlling domestic Ae. aegypti infestations, when deployed
simultaneously, in an urban environment with perennially high
dengue transmission in Mexico. The data reported here build upon
the findings of the initial phase of a cluster randomized trial which
investigated the impact of LLIS alone on adult vector indices.**

MEXICO

| v
’ STUDY AREA
baa "L

k-3
&

Materials and methods

This study formed part of a multi-country effort with a universal
initial core protocol developed during a TDR-IDRC proposal devel-
opment workshop in 2009. An earlier situational analysis of
randomly selected study clusters (neighborhoods) in urban envir-
onments,*? provided the initial information on which this inter-
vention study was designed.

Study site

Ciudad Renacimiento (here after called Renacimiento) in
Acapulco, is in Guerrero state, Mexico (Figure 1). Guerrero has
one of the highest levels of dengue in Mexico, Acapulco
reported >30% of the total dengue cases in Guerrero in the
last decade.’® Renacimiento is a high-risk area for dengue
transmission: in 2011, entomological surveys found adult
Aedes in 40% and 85% of houses during the dry and rainy sea-
sons respectively, and over 70% of houses had incomplete
walls, unprotected windows and/or open doors during daytime;
although all households reported receiving water supply, 98%
stored water in tanks (1000 litres) or barrels (100-200 litres),
which produce 89% of total pupae in the study area.*? Such
large and highly productive containers are the focus of a tar-
geted control effort by the local ministry of health (MoH)
using larvicide (Temephos).

N

A
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Figure 1. Study site. Location of Acapulco in Mexico and (A,B) the particular study area within Acapulco city showing the distribution of the study clusters

with and without interventions.
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Study design

A cluster-randomized sampling design with cross-sectional ento-
mological surveys'? was performed in 20 geographic clusters of
100 households each, with 10 randomly assigned to either inter-
vention or control treatments, over 24 months. Procedures for
selection of clusters, random assignment of treatments and stat-
istical power calculations were described previously.*

House screening with LLIS

Duranet® screens (0.55% w.w. alpha-cypermethrin-treated
non-flammable polyethylene netting [145 denier; mesh=132
holes/sq. inch]; Clarke Mosquito Control, Roselle, IL, USA;
WHOPES approved for LLIS use) were mounted in aluminum
frames custom-fitted to doors and windows of residential
houses (Figure 2 A,B). The installation in 586 households from
nine intervention clusters, carried out in collaboration with a
local small business and the MoH, started in April 2012 and
was finished by August 2012. In January 2013 the coverage
of intervention was 78.0% of the households (780/1000) in
the intervention clusters. During the installation, at least one
person in every household received information on the use
and maintenance of the LLIS through person-to-person
communication.

Targeted treatment of the most productive
Ae. aegypti breeding sites

Targeted treatment to prevent Ae. aegypti breeding in the most
productive sites, was implemented 14 months after the beginning
of LLIS installation (June 2013). All 1789 water tanks and 200 litre
drums/barrels (Figure 2 C,D) in the households of intervention
clusters, which were the most productive type of containers in
baseline pupal surveys, were treated with the environmentally
friendly larvicide Natular® DT (Spinosad 7.48%; Clarke Mosquito
Control; WHOPES approved), delivering 1 tablet per 200 litres.
The first cycle of application was performed at the end of the
dry season in 2013 (September, n=1791 tanks and barrels) and
was repeated every two months until March 2014 (November
2013 n=1686, January 2014 n=1658, March 2014 n=1595).

No interventions were delivered to the control clusters. However,
existing routine vector control activities the local vector control pro-
gram continued in both intervention and control clusters through-
out the study. These included adulticiding (outdoor and indoor
spraying with Chloropyrifos and Propoxur, respectively) and larvicid-
ing (Abate and Spinosad) in response to elevated dengue and ento-
mologisal risk indices.** Notable emergency vector control activities
occurred in February to April 2013 with a breeding-site reduction
campaign all over the city called ‘Megaoperativo’ in July and ULV
spraying from vehicles and airplanes in September 2013 (after trop-
ical storms ‘Manuel’ and ‘Ingrid’).

Figure 2. Photographs show (A,B) the long-lasting insecticidal net screens ([LLIS]; Duranet® [Clarke Mosquito Control, Roselle, IL, USA]) mounted on
aluminum frames and fixed to windows and external doors of treated houses and (C,D) the targeted treatment (TT) of the most productive Aedes
aegypti breeding sites with the larvicide Natular® DT (Spinosad 7.48%) in Acapulco Mexico.
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Entomological surveillance

Seven cross-sectional entomological surveys were conducted in
treatment and control clusters: before (March 2011, September
2011, March 2012) and at 5, 12, 18 and 24 months (September
2012, March 2013, October 2013, March 2014; wet, dry, wet
and dry seasons, respectively) post-intervention.

Indoor adult mosquito surveys

Adult entomologic surveys were performed in a sub-sample of 32
houses from each cluster. The houses were randomly selected in
each cross-sectional survey during each entomologic survey date.
Indoor adult mosquitos were collected using modified CDC back-
pack aspirators (John W. Hock Company, Gainesville, FL, USA) for
15 minutes per house. Collections within each cluster were per-
formed on the same day between 09:00-15:00 hrs. All mosqui-
toes collected were identified for species and sex and kept in
vials for future use.

Larval and pupal surveys

Larval and pupal surveys were conducted in all 2000 houses from
the 20 study clusters for each entomologic survey according to a
standard protocol.*® Intradomestic and peridomestic spaces of
residential premises were inspected and only water holding con-
tainers were examined. Containers were classified according to
type, source of water, capacity, presence of a functional lid, prox-
imity to vegetation, and presence of larval control measures. All
immatures were collected except in large containers, where a
sample of pupae was collected and a correction factor applied.**
In the laboratory, a sub-sample of 10% of pupae was allowed to
develop into adult mosquitoes to identify their species and sex.

Data management and statistical analysis
of entomological indicators

From indoor adult collections we recorded: houses positive for
female Aedes; houses positive for blood-fed female Aedes; houses
positive for male Aedes; number of female Aedes per positive
house; number of blood-fed female Aedes per positive house;

and number of male Aedes per positive house. From immature
collections we recorded: houses positive for immature (larva
and pupae) Aedes; houses positive for Aedes larvae; number of
Aedes larvae per house; houses positive for Aedes pupae; number
of Aedes pupae per house; and pupae per person: number of
Aedes pupae/number of inhabitants of a household.

The three classic Stegomyia indices: the container index (CI),
representing the (number of containers with Ae. aegypti
immatures/wet containers inspected)x100; the house index
(HI), representing the (number of houses with Ae. aegyptiimma-
tures/houses inspected)x100; the Breteau index (BI), represent-
ing the number of containers positive for Ae. aegyptiimmatures/
houses inspected)x100; and the pupae per person index (PPI)
which is the ratio between pupae and persons living in each
cluster were computed at the cluster level (Table 1). The differ-
ence between control and treatment clusters across the seven
survey dates were evaluated with Mann-Whitney non-
parametric tests.

Logistic regression models (for presence-absence data) and
negative binomial models (for count data) accounting for each
house membership in a given sampling cluster were performed
for each cross-sectional entomological evaluation survey as
described in Manrique-Saide et al.*!. Odds ratios (OR) and inci-
dence rate ratios (IRR) with 95% Cls were assessed and signifi-
cance expressed at the 5% level. A generalized additive mixed
model (GAMM) was applied to determine the association
between various household-level entomologic indicators and
the time (in days) since the installation of the LLIS. Time to inter-
vention (t;) was calculated by estimating the number of days that
elapsed between the installation of the LLIS and the entomolo-
gic survey of each treatment house. We excluded the control
houses from this analysis because analyses aimed at quantifying
the temporal effect of LLIS. The full model had the form:
Yaedes = a + f(t;) + Z(cluster;) + &;. Where Yjeqes iS the entomolo-
gic measure and Z(cluster;), &; ~ N(O, ¢?), represents a random
effects term associated with observations from the same clus-
ter. We used a negative binomial or binomial link functions
depending if Yaeqes Was based on counts or binary values,
respectively. We quantified the (possibly) non-linear relationship
between the response variable and time since LLIS installation
by incorporating a smoothing function (f (t;)) representing the

Table 1. Comparison between treated (intervention [I]) and untreated (control [C]) groups on classic Stegomyia indices and pupal indicators at

the cluster level in Acapulco, Guerrero

Dry 2011 Rainy 2011 Dry 2012 Rainy 2012 Dry 2013 Rainy 2013 Dry 2014
I C I @ I C I C I C I C I C
072 0.64 4.38 4.5 3.56 3.08 1.47 1.65 1.33 1.79 0.86* 1.82% 1.11 1.51
HI 440 480  20.45*  26.53* 16.21 15.42 7.58 9.38 6.28 9.00 4.36 9.70* 4.10 5.90
Bl 550 530 3175 36.5 2043 1916  9.18 1121 731 10.80 4.49* 10.40* 5.00 7.00
PP 0.03 0.03 0.20 0.21 0.17 0.15  0.04 0.05  0.03* 0.10*  0.023* 0.105*  0.018* 0.071*

BI: Breteau index; CI: container index; HI: house index; PPI: pupae per person index.
" Mean of indicators followed by an asterisk symbol indicates significant difference between treated (I) and untreated (C) groups (p<0.05, Mann-

Whitney non-parametric tests).
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additive component [1]. We fitted f (t;) by applying a penalized
cubic spline function to the data [1]. We assessed the import-
ance of time since the installation of LLIS by evaluating the sig-
nificance of the f (t;)) term. Akaike Information Criterion (AIC)
scores were used to compare the full model with a GAMM
model without random effects. A model with AAIC=2 or more
units lower than any other model was considered the best.
Once the best model was identified, we plotted each predicted
f (t) as either a curve (if f (t;)) was significant) or a line (if f (t)
was not significant). Analyses were performed using STATA
12.0 (Stata Corp, College Station, TX, USA) and the mgcv package
from the R statistical software (Foundation for Statistical
Computing, Vienna, Austria).

Ethical aspects

This study received clearance from the ethical Committee of the
Mexican Ministry of Health of Guerrero and the ERC (Ethical Review
Committee) of WHO. Written informed consent was obtained for
each participating household.

Results

Impact of house screening with LLIS

During the first 12 months of the study, treatment clusters
received only LLIS. The preliminary findings from this part of the
study have been reported earlier.'* At five months post-
intervention with LLIS, significantly fewer treated houses were
infested with Ae. aegypti adult females (OR=0.38, 95% CI 0.21-
0.69), blood-fed females (OR=0.36, 95% CI 0.21-0.60) and
males (OR=0.39, 95% CI 0.19-0.77). A significant impact was
still seen at 12 months post-intervention for adult females
(OR=0.41, 95% CI 0.25-0.68) and males (OR=0.41, 95% CI
0.27-0.64) but not for blood-fed females (OR=0.51, 95% CI
0.24-1.05) (Figure 3). Analyses of infestation density showed a
similar trend with a significant reduction in mean Ae. aegypti
abundance in houses with LLIS: adult females at 5 (IRR=0.37,
95% CI 0.27-0.49) and 12 (IRR=0.40, 95% CI 0.23-0.70) months
post-intervention; males at 5 (IRR=0.39, 95% CI 0.28-0.54) and
12 (IRR=0.49, 95% CI 0.33-0.72) months; blood-fed females
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Figure 3. Comparison between treated (solid line) and untreated (broken line) groups of percentage of infested houses (left) and infestation density
(right) for Aedes aegypti in Acapulco, Guerrero. The vertical dotted and dashed lines represent the start of long-lasting insecticidal net screens (LLIS)
and targeted treatment (TT) interventions, respectively. The symbol denotes dates when the index was significantly different between treated and
control groups on that date. Error bars show the standard error of the mean.
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at 5 (IRR=0.32, 95% CI 0.23-0.45) but not at 12 (IRR=0.49,
95% CI 0.23-1.05) months (Figure 3).

At 5 months post-intervention with LLIS only, no significant dif-
ferences between treated and untreated houses were observed in
the immature-based indicators (Figure 4). However, a significant
impact was seen at 12 months post-intervention with LLIS for
all pupae-based indicators (as a proxy for adult vectors): i.e.,
houses positive to Aedes pupae (OR=0.56, 95% CI 0.33-0.96),
number of Aedes pupae per house (IRR=0.29, 95% CI 0.12-
0.70) and pupae per person (IRR=0.31, 95% CI 0.11-0.86).
When analysing larval-based indicators these were lower in inter-
vention clusters after the intervention compared to control clus-
ters, but the differences were not statistically significant (Figure 4).

At baseline, all the Stegomyia indices and PPI were similar
between both intervention and control groups (Figure 5). Five
months after the installation of LLIS, indices showed a slight
decrease in the intervention clusters (Figure 5). At 12 months,
only water-holding containers and containers positive for pupae
were significantly different between intervention and control
clusters (Figure 5).

g

Impact of the combination of LLIS and TT

The impact of both approaches was assessed at 18 and
24 months, following introduction of TT at 14 months post-
intervention. At 18 months post-intervention, significantly
fewer treated houses were infested with Ae. aegypti adult
females (OR=0.07, 95% CI 0.05-0.10), but not with blood-fed
females (OR=0.63, 95% CI 0.36-1.09) or males (OR=1.19,
95% CI 0.84-1.7) (Figure 3). At 24 months post-intervention,
significantly fewer adult females (OR=0.44, 95% CI 0.20-
0.95), blood-fed females (OR=0.28, 95% CI 0.10-0.74) and
males (OR=0.44, 95% CI 0.27-0.71) were found in treated
houses.

Analyses of infestation density based on adult catches showed
a similar trend with a significant reduction in adult females
(IRR=0.12, 95% CI 0.08-0.19) at 18 months post-intervention;
but not for blood-fed females (IRR=0.54, 95% CI 0.29-1.0 or
males (IRR=0.93, 95% CI 0.72-1.22) (Figure 3). At 24 months
post-intervention, significantly lower numbers of indoor adult
females (IRR=0.04, 95% CI 0.21-0.98); blood-fed females
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(IRR=0.25,95% CI0.09-0.70) and males (IRR=0.48, 95% C1 0.27-
0.86) were found in treated houses.

Houses in treated clusters also had significantly lower imma-
ture infestation levels and densities in comparison with untreated
houses at 18 months post-intervention (Figure 4): numbers of
houses positive for any developing stage (OR=0.44, 95% CI
0.26-0.75), number of houses with larvae (OR=0.44, 95% CI
0.26-0.75), number of larvae per house (IRR=0.36, 95% CI
0.20-0.66), houses with pupae (OR=0.44, 95% CI 0.23-0.82),
number of pupae per house (IRR=0.22, 95% CI 0.08-0.57) and

numbers of pupae per person (IRR=0.33, 95% CI 0.13-0.82). At
24 months, post-intervention significant reductions were found
in immature density (i.e., number of larvae per house (IRR=0.33,
95% (I 0.13-0.83), number of pupae per house (IRR=0.26, 95%
(I 0.10-0.68), and number of pupae per person (IRR=0.30, 95%
(I 0.10-0.88).

Right after the implementation of the TT intervention, all the
Stegomyia indices and PPI showed a significant difference
between intervention and control clusters (Figure 5). However,
significance was transient over time, with water-holding
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Figure 5. Comparison between treated (intervention) and untreated (control) groups on classic Stegomyia indices and pupal indicators at the cluster
level in Acapulco, Guerrero The vertical dotted and dashed lines represent the start of long-lasting insecticidal net screens (LLIS) and targeted treatment

(TT) interventions, respectively.

Table 2. Parameter value and significance of non-linear parameter (f(t

1)) on GAMM models estimating the association between entomologic

indices and the time since LLIS installation. AAIC represents the difference between AIC values of a model excluding (AICgam) and including

(AICgamm) a random effect associated with each cluster

Life stage Indicator Estimated df F p AAIC (AICgam - AICgamM)
Immature No. immatures 5.32 26.1 <0.0001 105

No. pupae 3.33 9.5 <0.0001 60

Positive houses 5.35 23.0 <0.0001 956

Pupae presence 4.55 15.8 <0.0001 1026
Adult No. females 5.13 39.5 <0.0001 25

No. bloodfed females 6.49 43.7 <0.0001 4

No. adults 6.49 43.7 <0.0001 23

Presence adults 5.62 40.1 <0.0001 21

Presence females 5.29 39.2 <0.0001 2

AIC: Akaike Information Criterion; GAM: generalized additive model; GAMM: generalized additive mixed model; LLIS: long-lasting insecticidal net

screens
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container immatures per house and immatures per container
being the only statistically significant value in the following
survey (Figure 5).

Temporal persistence of interventions

Table 2 shows the parameter value and significance of non-linear
parameter (f(ti)) on GAMM models estimating the association
between entomologic indices and the time since LLIS installation.
For all variables, a non-linear model explained better the data
than a model with a linear term (AAIC>2). Figure 6 shows the
plot of f(t;) for each entomologic indicator (immatures and
adults). The y-axis can be interpreted as the effect of time since
LLIS installation on each entomologic measure. When the pre-
dicted value and its 95% credible interval are negative, it means
that there is a protective effect of LLIS for that factor. In all cases,
LLIS achieved a protective effect for at least 600 days post instal-
lation. Adult indices (presence and abundance) showed a second
reduction at 500 days post intervention, coincidentally with the
introduction of the TT strategy (Figure 6).

Discussion

The study showed a significant and persistent impact on
Ae. aegypti adult and immature vector populations for up to
2 years after deployment. LLIS fixed on doors and windows should
provide a mechanical as well as a chemical barrier for mosquitoes.
Insecticide-treated materials have been field-evaluated in
numerous different settings worldwide with some degree of suc-
cess against dengue vectors, when used as a physical barrier to
oviposition®*®17 or to reduce human-contact and provide per-
sonal protection in the home as bednets'® or as window/door
curtains.>*19.20

‘Mosquito-proofing’ houses has been employed historically in
places where mosquito nuisance and disease transmission are a
problem.?! However, few studies have evaluated simple house
screening/netting for dengue vectors. Manrique-Saide et al.'!
reported in Merida, Mexico, that the presence of untreated win-
dow screening significantly decreased both the odds of having
Aedes adult mosquitoes inside the house and of the number of
females found indoors. The pyrethroid insecticide reduces the
number of vectors entering the house and potentially reduces
the survival of those attempting to exit.’**3

The combination of LLIS with TT in the most productive con-
tainer types in Acapulco was successful in further reducing the
number of Aedes pupae and consequently adult dengue vectors.
Control of breeding sites, even if applied in a TT strategy, is heavily
affected by the coverage, residuality and water availability by
rainfall or human practices.?*?> Nevertheless, the effect in
Acapulco was achieved because TT was applied in the largest
coverage possible and at least every two months.

The effect of controlling containers that are productive all the
year round such as water tanks and metal drums, has alone a
long-term effect in vector density, both as immatures and adults.’
Indeed in Acapulco, after treating the most productive containers,
we observed a cumulative effect of the combined intervention
particularly pronounced during the rainy season.

The house is an important place for human-vector contact.
The prevention of human-vector contact is necessary to interrupt

the dengue transmission cycle.?® Protection against mosquito
bites and disease transmission with mosquito netting in houses
has been historically observed as a fundamental technique of
malaria control in the early 1900s.?* Protecting houses with
screens has been shown to be effective in reducing malaria trans-
mission?’~2 and also to be a well-appreciated and sustainable
vector control measure.®° Our study has shown that this is also
true for dengue.

Control of dengue vector density at the household level and
cluster level in Acapulco was notable, but it has still to be
shown that this measure reduces dengue transmission and inci-
dence. Mexican authorities have shown their interest in this
approach to dengue control and offered their support by imple-
menting a large scale study to show the impact of the measure
on dengue incidence. This is now in preparation.

Conclusions

The combination of long-lasting insecticidal screens fitted to
external windows and doors and targeted treatment of the
most productive Ae. aegypti breeding sites can impact signifi-
cantly on dengue vector populations and sustain that impact
for up to 24 months.
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DISPATCHES

Use of Insecticide-Treated
House Screens to Reduce Infestations
of Dengue Virus Vectors, Mexico

Pablo Manrique-Saide, Azael Che-Mendoza, Mario Barrera-Perez, Guillermo Guillermo-May,
Josue Herrera-Bojorquez, Felipe Dzul-Manzanilla, Cipriano Gutierrez-Castro, Audrey Lenhart,
Gonzalo Vazquez-Prokopec, Johannes Sommerfeld, Philip J. McCall,

Axel Kroeger, Juan I. Arredondo-Jimenez!

Dengue prevention efforts rely on control of virus vectors. We
investigated use of insecticide-treated screens permanently
affixed to windows and doors in Mexico and found that the
screens significantly reduced infestations of Aedes aegypti
mosquitoes in treated houses. Our findings demonstrate the
value of this method for dengue virus vector control.

Vector control is the primary method for prevention and
control of the increasingly frequent dengue outbreaks
that threaten more than half the global human population
(1). Existing approaches target breeding sites or attack
adult mosquitoes by insecticide space-spraying, but these
methods, at best, offer only immediate solutions and are
rarely effective or sustainable for the long term (2). Meth-
ods that target the largely endophilic adult female Aedes
aegypti mosquito vectors within buildings where they rest
and bloodfeed have greater potential for sustained results
and acceptance at the community level. One such meth-
od, long-lasting insecticidal-net (LLIN) curtains hung at
windows or doors, can greatly reduce vector populations
at high coverage rates (3-5), but efforts are compromised
when curtains remain open during daytime or when all
house entry points cannot be protected (6,7). Fixed or
permanent screens covering doors and windows could
eliminate this problem. Mosquito-proofing of houses is ef-
fective in malaria control (8), and reduced risk for dengue
has been associated with the use of untreated (9) and insec-
ticide-treated (3,10) screens.
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The Study

During 2011-2013, in the city of Acapulco in Guerrero
state, Mexico (Figure 1), an area of consistently high den-
gue transmission (http://www.epidemiologia.salud.gob.
mx/dgae/panodengue/intd_dengue.html), we investigated
the effect on vector infestations of permanently mount-
ed, insecticide-treated screens fitted to door and win-
dows of residential houses. The screens (Duranet, Clarke
Mosquito Control, Roselle, IL, USA) were made of
0.55% wt/wt a-cypermethrin—treated nonflammable poly-
ethylene netting (145 denier; mesh = 132 holes/in?); the
design is approved by the World Health Organization
(WHO) Pesticide Evaluation Scheme (http://www.who.
int/whopes/en/).

We used a cluster-randomized sampling design con-
structed on the basis of earlier studies (4-6,11) to select 20
clusters (10 treatment, 10 control; 100 households/cluster)
from a possible 30 clusters by using digital maps (Google
Earth software; Google Inc., Mountain View, CA, USA)
(Figure 1). Sample size was determined by using a 2-level
hierarchical model to achieve 80% power at a 5% level
of significance. Thus, for a negative binomial distribution
with a dispersion coefficient of 0.02 and intracluster coeffi-
cient of 0.05, a minimum of 8.9 clusters/arm were required.
Written informed consent was obtained from participating
households; the WHO Ethical Review Committee (WHO
reference no. 2010/82951-0, unit reference no. A90297)
and Guerrero State Ministry of Health granted ethical per-
mission for the study.

Participating households in the treatment arm were in-
structed on LLIS maintenance during installation (April-
December 2012). Control houses received no treatment.
Five entomologic surveys of randomly selected houses
were conducted: before intervention (March 2011, Sep-
tember 2011, March 2012) and at 5 and 12 months after
intervention (September 2012, March 2013; wet and dry
seasons, respectively). Before intervention, 32 houses per
cluster were sampled at each survey; after intervention, 210
houses from treated clusters and 302 from control clusters

'Current affiliation:
Monterrey, Mexico.

Universidad Autonoma de Nuevo Leon,
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House Screens and Dengue Virus Vectors

Figure 1. Area of study of long-
lasting insecticide-treated screens
in Acapulco, Mexico, March
2011-March 2013. A) Locations
of clusters in the neighborhoods
of Ciudad Renacimiento and
Zapata, showing areas with (red)
and without (blue) screens. Insets
show location of study area (black
box) in Acapulco and Guerrero
state (black shading) in Mexico.
B) Photographs of screens
mounted on aluminum frames
and fixed to windows and external
doors of treated houses in 2012.
The insects visible in the right
photograph are dead house flies.

were sampled in September 2012 and 311 houses from
treated and 320 from control clusters in March 2013.

Indoor resting adult mosquitoes were collected by us-
ing modified CDC backpack aspirators (John W. Hock Co.,
Gainesville, FL, USA) from all houses in a cluster on the
same day during 9 amM—3 pm. Indices for Ae. aegypti mos-
quitoes (the only Aedes species found) were calculated to
quantify house infestation (percent of all houses positive)
and infestation density (numbers per infested house) for all
mosquitoes, all females, all blood-fed females, and males.

For presence—absence data, we performed logistic re-
gression models with a single predictor variable identifying
houses with LLIS and control houses (coded as 1 and 0,
respectively) and accounting for each house membership
in a given sampling cluster (cluster-robust SE calcula-
tion). Odds ratios (ORs) and 95% Cls indicating the effect
of LLIS on each entomologic indicator were calculated.
Overdispersed index data were compared between arms by
using the Mann-Whitney U test. The effect of treatment on
each metric was analyzed by negative-binomial regression
using, as with the logistic models, treatment as the sole pre-
dictor variable (1 and 0 coding). Negative binomial models
also accounted for membership of a house in a sampling
cluster (cluster-robust SE calculation). ORs and incidence
rate ratios (IRRs) were calculated with 95% Cls; signifi-
cance was set at p<0.05. Analyses were performed by using
Stata 12.0 (StataCorp, College Station, TX, USA).

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 21, No. 2, February 2015

Before intervention, indices were similar for both
study arms on all sampling dates. House infestation rates
(Figure 2, panels A-D) and mosquito densities (Figure 2,
panels E-H) followed seasonal patterns (2-sample Wil-
coxon rank-sum test for all treatment—control comparisons,
|z|<1.0; p>0.1). At 5 months postintervention, significantly
fewer treated than control houses were infested with Ae.
aegypti adult female mosquitoes (OR 0.38, 95% CI 0.21-
0.69), blood-fed females (OR 0.36, 95% CI 0.21-0.60), and
males (OR 0.39, 95% CI 0.19-0.77). A significant effect
was still seen at 12 months for adult females (OR 0.41, 95%
CI 0.25-0.68) and males (OR 0.41, 95% CI 0.27-0.64) but
not for blood-fed females (OR 0.51, 95% CI 0.24-1.05).
Analyses of infestation density showed similar trends,
with significantly fewer Ae. aegypti mosquitoes found in
treated than in control houses: adult females at 5 (IRR 0.37,
95% CI 0.27-0.49) and 12 (IRR 0.40, 95% CI 0.23-0.70)
months postintervention, males at 5 (IRR 0.39, 95% CI
0.28-0.54) and 12 (IRR = 0.49, 95%CI 0.33—0.72) months
postintervention, and blood-fed females at 5 (IRR 0.32,
95% CI 0.23-0.45) but not 12 (IRR 0.49, 95% CI 0.23—
1.05) months postintervention.

A comparison of wet season data from treatment
houses before (August 2011) and after (September 2012)
intervention showed that significantly fewer females and
blood-fed females were found postintervention (Wilcox-
on matched pairs W = 30706, z = 3.717, and W = 20706,
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z = 3.146; p<0.05 for both comparisons). However, the
number of male mosquitoes did not change significantly
(W =20706, z=1.385; p>0.05).

At 5 months postintervention, fewer LL1S-treated hous-
es (33%) than control houses (56%) remained infested with
female Ae. aegypti mosquitoes. Lower numbers of female
mosquitoes were also found per infested house (0.54 = 0.9)
than per control house (1.39 + 2.0); this effect was still de-
tectable at 12 months postintervention (18%, 0.3 £+ 0.8, vs.
35%, 0.7 £ 1.4).

Conclusions

In our study, the entomologic effect of LLIS was greater
than that detected in a recent study of deltamethrin-treat-
ed window curtains (12), in which a 27% reduction of
adult Ae. aegypti mosquitoes was only sustained for a short
time after curtain installation. Other studies of insecticide-
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treated curtains in Latin America have reported entomolog-
ic effects by using immature stage indicators alone (4,5,7).
Whether these reductions were sufficient to affect dengue
transmission is unknown, and the overall effect on dengue
infections remains to be evaluated.

Our results are encouraging in view of high levels of
insecticide resistance in Ae. aegypti mosquitoes in Aca-
pulco. Although resistance to a-cypermethrin has yet to be
reported in Guerrero, high frequencies of mutations in the
voltage-gated sodium channel gene, which is associated
with pyrethroid resistance in Ae. aegypti mosquitoes, have
been reported (13). If insecticide resistance began to reduce
the efficacy of the method we describe, the screens could be
treated with different insecticide classes.

We found the use of LLIS was a popular intervention,
and perceived efficacy was reinforced by a reduction in
other domestic pests (Figure 1) (14). The likely effects on

Figure 2. Infestation indices
for adult Aedes aegypti
mosquitoes in intervention
(solid lines) and control
(dashed lines) households
before and after intervention

in Acapulco, Mexico, as
measured during dry (March)
and wet (August—September)
season cross-sectional
surveys, 2011-2013. A-D)
Vector prevalence: percentage
of houses positive for A) all
adults; B) all females; C)
blood-fed females; D) males.
E—-H) Vector density: mean
number per infested house for
E) all adults; F) all females; G)
blood-fed females; H) males.
Error bars indicate SEs. Fitting
of insecticide-treated window
and door screens commenced
during April 2012. Asterisks (*)
denote dates when the index
was significantly different
between treated and control
groups.
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other peridomestic disease vectors could promote increased
adoption of the intervention with additional cost benefits.
The polyethylene netting was durable on windows; it was
often damaged on the lower sections of doors (14) but read-
ily repaired by reinforcement with metal mesh.

Dengue vector control programs using house screens
are ongoing in selected cities in Mexico and Brazil. These
results were obtained during an exploratory phase of that
initiative. Stakeholders in other countries may also consid-
er evaluating this novel approach for dengue vector control.
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List of commercial household insecticide products availables in local markets in Mexico

Commercial name Target insects Ingredients and chemical group
(formulation) (according to the label) (according to the label)
H24 domestico Mosquitoes, flies, moths,

bugs,

Permethrin, propoxur prallethrin
(liquid)

cockroaches and ants

L Mosquitoes, moths, bugs
Baygon liquido verde 9 ’ > DugS,

liauid cockroaches, spiders, ants Imiprothrin
(iquid) and cochineals
H24 verdugo
: Fle;ts, ang?,'cock((;aches, Proposur, deliamethrin, prallethin
(aerosol) ugs, biting midges
H24 Lavanda . . .
Mosqultoé(si, flies, biting Tetramethrin, cyphenothrin
(aerosol) midges

H24 mata cucarachas Cockroaches. ants
s s

: ) scorpions, spiders, bugs Propoxur, deltamethrin, prallethrin
aeroso > >

H24 casa y jardin Mosquitoes, aphids,

. Tetramethrin, cyphenothrin
(aerosol) beetles, spiders, ants ’
H24 mata moscas y
mosquitos Mosquitoes, flics, biting Tetramethrin, cyphenothrin
midges >
(aerosol)
H24 Poder
i Fleas, ants, spiders, bugs .
fulminante i > SP > Tew Propoxur, tetramethrin, fenvalerate
cockroaches, scorpions
(aerosol)
H24 domestico Mosquitoes, aphids, . .
. Tetramethrin, cyphenothrin
(aerosol) spiders, beetles, ants ’

H24 citronox Mosquitoes, aphids,

iders. beetl Sumithrin, tetramethrin
(acrosol) spiders, beetles, ants
H24 poder total Bugs, termites, ticks,
moths, cockroaches, Sumithrin, imiprothrin
(acrosol) scorpions, ants, spiders

Cypermethrin (RS)-a-cyano-3-phenoxybenzyl
(1RS,3RS; 1RS,3RS-3- (2,2-dichlorovinyl)-2,2-

Baygon ultra dimethylcyclopropanecarboxylate. (0,1%/1,0g/kg).

Scorpions, cockroaches,
ants

(aerosol) Imiprothrin 2,5-dioxo-3-(prop-2-ynyl)imidazolidin-1-

ylmethyl (1R)-cis, trans-chrysanthemate (0,05% 0,5¢/kg)

Tetramethrin ciclohex-1eno-1,2 dicarboximidmetil
(1RS,3RS,1SR)-2,2-dimetil-3-(2-metilprop-1enil)
ciclopropanocarboxilato (0,35/3,5¢/kg).

Raid automatic Mosquitoes, flies,

cockroaches, ants
(acrosol) Allethrin (RS)-3alil-2metil-4oxciclopent-2 enil(1RS)-cis,
chrysanthemate (0,44%/4,4kg).




Pyrethrins: (z)-(s)-2-metil-4ox0-3-(penta-2-4-diezil)
ciclopent-2,2-dimetil-3-(2-metilprop-1-enil)
ciclopropanocarboxilato (0,11%/1,1g/kg).

Raid max

(aerosol)

Scorpions, cockroaches,
ants

Cypermethrin (RS)-a-cyano-3-phenoxybenzyl
(1RS,3RS; 1RS,3RS)-3- (2,2-dichlorovinyl)-2,2-
dimethylcyclopropanecarboxylate. (0,1%/1,0g/kg).

Imiprothrin Mix of 20% 2,5-dioxo-3-(prop-2-
ynyl)imidazolidin-1-ylmethyl (1R)-cis, trans-
chrysanthemate (0,05% 0,5g/kg).

Raid accién total

(aerosol)

Scorpions, cockroaches,
ants

Cyflutrin (SR)-alpha-Cyano-4-fluoro-3-
phenoxybenzyl(1RS,3RS;1RS,3SR)-3-(2,2-dichlorovinyl)-
2,2-dimethylcyclopropanecarboxylate

Imiprothrin 2,5-dioxo-3-(prop-2-ynyl)imidazolidin-1-
ylmethyl (1R)-cis, trans-chrysanthemate.

Raid mata bichos

(aerosol)

Mosquitoes, flies, wasps,
cockroaches, ants, spiders,
fleas, bugs

Tetramethrin, allethrin, suminithrin

Raid mata cucarachas,
mosquitos y
cucarachas

(aerosol)

Mosquitoes, cockroaches,
flies, ants, spiders, fleas

Cypermethrin (RS)- a-cyano-4-fluroro- phenoxybenzyl
(1RS,3RS; 1RS,3RS)-3- (2,2-dichlorovinyl)-2,2-
dimethylcyclopropanecarboxylate (0,15%/1,5g/kg).

Imiprothrin Mix of 2,5-dioxo-3-(prop-2-
ynyl)imidazolidin-1-ylmethyl (1R)-cis, trans-
chrysanthemate (0,05% 0,5g/kg).

Raid casa y jardin
base aceite

(aerosol)

Mosquitoes, flies, ants,
spiders, cockroaches

Tetramethrin, allethrin, suminithrin

Raid casa y jardin
baseagua

(aerosol)

Mosquitoes, flies, ants,
spiders, cockroaches

Tetramethrin, allethrin, suminithrin

Baygon casa y jardin
esencia natural
eucalipto)

(aerosol)

Mosquitoes, flies, ants,
spiders, cockroaches

Tetramethrin, cyclopropanecarboxylate, allethrin,
suminithrin

Baygon poder mortal

Mosquitoes, scorpions,
cockroaches, spiders, fleas,

Cypermethrin (RS)-a-cyano-3-phenoxybenzyl
(1RS,3RS; 1RS,3RS)-3- (2,2-dichlorovinyl)-2,2-
dimethylcyclopropanecarboxylate.

Imiprothrin 2,5-dioxo-3-(prop-2-ynyl)imidazolidin-1-

(coils)

(aerosol) flies
ylmethyl (1R)-cis, trans-chrysanthemate (0,05%
0,5g/kg).
Raidolitos anti
mosquitos -lavanda Mosquitoes Transfluthrin
(coils)
Raidolitos anti
mosquitos Mosquitoes Transferina




Raid plaquitas
(tablets)

Mosquitoes

Allethrin, piperonyl

H24 Mats
(tablets)

Mosquitoes

Allethrin




