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"You shall bite each one of them in turn. Bite the first one seated there, and then 

keep biting them until you have f"mished biting all of them. This is the part you must 

play: to suck the blood of the men on the road." 

- Instructions given to the mosquito spy, Xa'n, by the Mayan hero twins Hunahpu 

and Xbalanque during their journey into the underworld. From Popol Wuj, the 

Book of the People: Part II, Chapter 8 Verse 2 
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ABSTRACT 

Spatial Repellency and the Field Evaluation of a Push-Pull Strategy for the Control of 
Malaria Vectors in Northern Belize, Central America 

Joseph M. Wagman, Doctor of Philosophy, 2014 

Thesis directed by: John P. Grieco, Ph.D., Associate Professor 
Department of Preventive Medicine and Biometrics 

Mosquito-borne diseases represent one of the most significant threats to human 

health worldwide, with hundreds of millions of infections resulting in extraordinary 

morbidity and mortality every year. Although vector control interventions are among the 

most effective known ways to prevent the transmission of mosquito-borne diseases, new 

strategies and paradigms are desperately needed to complement currently available tools. 

One novel approach to vector control currently being considered is a combined push-pull 

strategy, which uses spatial repellents and baited traps simultaneously in order to reduce 

human-vector interactions and to facilitate the capture and removal of vectors from the 

local environment. Here, a series of interdisciplinary studies was conducted to evaluate 

the potential for push-pull strategies to control mosquito vectors of human disease and to 

better define the physiological basis of spatial repellency. 

First, we used a field-based experimental hut methodology to evaluate a prototype 

push-pull intervention against two natural malaria vector populations, Anopheles 

albimanus and An. vestitipennis, in northern Belize, Central America. Results show that 

the combined strategy can decrease human-vector interactions both indoors, by reducing 

mosquito entry into human-occupied huts (both An. vestitipennis and An. albimanus), and 

outdoors, by increasing mosquito trap efficacy (An. vestitipennis only). While these 
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results provide clear evidence that the combined strategy has potential to limit disease 

transmission in and around homes, the variation in effect seen on different target vectors 

highlights the need to characterize the underlying behavioral ecology of mosquitoes in 

order to drive intervention optimization in varied transmission settings. 

Secondly, we used an in vitro behavioral bioassay to investigate the plasticity, 

heritability and physiological basis of spatial repellency behaviors in the global arbovirus 

vector, Aedes aegypti. While results indicate that spatial repellency is a relatively plastic 

behavior that likely results from a combination of factors, some heritable and others non­

heritable, we were able demonstrate that transfluthrin repellent insensitivity is a recessive 

trait linked to reduced insecticide susceptibility in selectively bred mosquito populations. 

This provides novel evidence that the neurotoxic irritation of mosquitoes by sub-lethal 

doses of airborne insecticide is one of the primary mechanisms by which some chemicals 

can elicit spatial repellency behaviors in Ae. aegypti, and raises some important questions 

about how the long term use of certain spatial repellents, namely volatile pyrethroids, 

might impact vector populations over time. 

Collectively, the work presented here provides a valuable proof-of-principle for 

push-pull mosquito control strategies and supports further investment into the 

optimization and validation of the approach for disease vector control while highlighting 

the need to identify new insect behavior modifying compounds with novel, non-toxic 

mechanisms of action. 
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CHAPTER 1: General Introduction1 

THE GLOBAL BURDEN OF VECTOR-BORNE DISEASES 

Generally defined as any infectious disease whose etiologic agent is transmitted 

from one individual to another by an arthropod ( 46), vector-borne diseases represent one 

of the most significant threats to human health worldwide (Fig. 1 ). Any cursory listing of 

'important' infectious diseases is likely to include many that are vector-borne: malaria, 

dengue fever, leishmaniasis, yellow fever, Lyme disease, West Nile virus, Rift Valley 

fever, plague, and chikungunya are all currently listed as leading health and research 

topics by the World Health Organization and/or the US Centers for Disease Control and 

Prevention (28; 171). It is not without good reason that vector-borne diseases receive so 

much publicity and attention given that, as a group, they account for around 17% of the 

entire global burden of infectious disease (a staggering 60 million disability adjusted life 

years lost every year) (103; 149; 160). 

Although vector-borne pathogens are present in virtually every country and may 

currently infect up to several billion people worldwide (103; 149; 159), it is important to 

emphasize that these diseases disproportionally affect those living in impoverished and 

marginalized communities, mostly in the tropics (73; 103; 149; 159; 160). Indeed, 

vector-borne infections contribute much to the vicious cycle of poverty, which tends to 

1 Portions of chapter 1 have been adapted from: 
Wagman J, Grieco J, Bautista K, Polanco J, Briceno I, King Rand Achee N. 2014. A Comparison of Two 
Commercially Available Adult Mosquito Traps for the Capture of Malaria Vectors in Northern Belize, 
Central America. J Am Mosq Control Assoc 30:000 (In Press) 
and 
Wagman J, Grieco J, Bautista K, Polanco J, Briceno I, King Rand Achee N. In review. The Field 
Evaluation of a Push-Pull Strategy to Control Malaria Vectors in Northern Belize, Central America. PLoS 
ONE submission# PONE-D-14-18319 
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simultaneously increase exposure to disease and create underlying conditions that 

exacerbate poor health outcomes, further limiting opportunities for the general 

development, personal empowerment and increased productivity needed to break the grip 

of poverty (26; 56). For example, it is estimated that every year the febrile illness malaria 

(which is caused by parasitic protozoa of the genus Plasmodium that are transmitted by 

the bite of anopheline mosquitoes) causes more than 500 million clinical infections (139), 

contributes to around one million deaths (169), and costs tens of billions of US dollars in 

lost productivity (56). These cases are almost entirely in underdeveloped regions of Sub­

Saharan Africa, Southeast Asia and Latin America (139; 169). 

Though the specter of malaria in the developing world is certainly prolonged and 

somewhat intractable, it is not the only mosquito-borne disease with the potential for 

widespread or profound effects on public health and human development. Dengue virus, 

spread primarily by the bite of Aedes aegypti (L.), is the most common arthropod-borne 

virus in man and causes between 50-100 million infections every year (17). Dengue virus 

infections present with a range of clinical conditions from asymptomatic viremia and 

classical dengue fever ('breakbone' fever) to the much more serious conditions of dengue 

hemorrhagic fever and dengue shock syndrome. At least 2.5 billion people are living in 

dengue endemic areas (17), though that number is likely to increase as dengue virus 

continues to expand in range (96; 153). Large outbreaks of this disease are estimated cost 

hundreds of millions of dollars in direct costs and lost productivity (142). Other emerging 

and re-merging mosquito-borne diseases of public health importance, both in and outside 

of the tropics, include West Nile fever, Chikungunya fever, Rift Valley fever and several 

encephalitis causing alpha viruses, to name only a few (46; 157). 
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All things considered, it is safe to say that a significant proportion of the world's 

burden of disease is transmitted through the bite of a mosquito (149; 160) and that 

mosquito-borne diseases (and their prevention) will remain at the forefront of global 

public health research and policy priorities for the foreseeable future (157; 167). 

A CASE FOR VECTOR CONTROL 

Vector control interventions are among the most effective methods of preventing 

mosquito-borne infections and have been shown to dramatically reduce disease rates 

when properly implemented (39; 47; 149; 168). A vector control intervention can be 

broadly defined as any action that reduces contact between vectors and humans, and the 

principle is deceptively simple: the prevention of arthropod bites results in the prevention 

of disease (through reduced pathogen transmission). For malaria and dengue fever, the 

two most globally significant mosquito-borne diseases today, the importance of vector 

control is easily illustrated. 

The first malaria vector control campaigns, including those that helped eliminate 

the disease from large portions of North America and Europe in the early 201
h century, 

focused on environmental modification to reduce mosquito breeding sites and basic 

house improvements like screened windows and closed eves (36; 162). The former 

strategy reduces disease transmission by decreasing overall vector population densities, 

while the later functions by directly limiting contact between vectors and humans. 

Although the impact of these interventions on disease incidence was clear in many 

settings, success was geographically, politically and economically limited to countries 

that were already on the margins of malaria endemicity and large scale multi-national 

elimination and eradication were not seriously discussed (80; 162; 168). This perspective 
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changed in the 1940's with the discovery of the residual and insecticidal properties of 

dichlorodiphenyl-trichloroethane (DDT) and the development of indoor residual spraying 

(IRS) as a strategy to combat disease (36; 47; 80). 

IRS is the application oflong-lasting insecticides to the inside walls (and 

sometimes roofs and eves) of a house in order to control disease vectors that would 

normally enter the house to feed on a human host (122; 161). As early as 1943, it was 

evident that IRS with DDT produced significant reductions in indoor malaria 

transmission and house spraying programs in the United States, Europe, South America 

and India produced rapid and encouraging results (126). 

In part because of this incredible success of IRS, large scale elimination of the 

disease seemed feasible and the Global Malaria Eradication Program was launched by the 

World Health Assembly in 1955 (36; 80; 162; 168). Although the Global Program did 

lead to the elimination of malaria from Europe, Russia, and several countries in the 

Caribbean and Asia ( 161 ), ultimate success fell short of the goal of eradication and the 

program was abandoned in the 1970's in favor oflong-term malaria control activities 

that were to be integrated into every endemic countries' national primary health care 

system (57; 80). The aftermath of this shift in strategies was relatively disastrous as 

vector control programs languished and malaria incidences roared back to pre-eradication 

program levels in many areas, particularly in tropical America and South and Southeast 

Asia, while in large portions of Africa (where the eradication program was never fully 

implemented to begin with) the malaria situation also continued to deteriorate (36; 123; 

126; 156). 
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More recently, another round of coordinated efforts aimed at dramatically 

reducing the global burden of malaria has been made by, among others, the World Health 

Organization's Roll Back Malaria initiative, the US President's Malaria Initiative, and 

the Bill and Melinda Gates Foundation (47; 52; 98). These recent initiatives have enjoyed 

much success in reducing malaria burden locally and regionally, and have once again 

engendered a cautious optimism about future prospects of further elimination and 

eradication (15; 67; 169). Importantly, vector control has been an integral part of this 

recent success, mostly through IRS and the distribution of long lasting insecticide treated 

bed nets (LLINs), and is recognized as a cornerstone of malaria control efforts moving 

forward (47; 80; 169). 

A historical overview of dengue vector control is not nearly as long or storied as 

that of malaria vector control, but it does offer some interesting similarities. In much of 

the Americas during the 1950's and 1960's, widespread Ae. aegypti eradication 

campaigns organized by the Pan American Health Organization were successful in 

interrupting dengue transmission across much of the continent (109; 165). But, the 

vector was never truly eliminated and intense surveillance and control programs were 

abandoned for many of the same technical and systemic reasons that the Global Malaria 

Elimination Program was abandoned. Accordingly, there were widespread resurgences 

of both the mosquito and the virus (109; 165). Nonetheless, given the lack of any 

acceptable vaccine, specific treatment or chemoprophylaxis options for dengue virus 

infection, it is often correctly emphasized that vector control is really the only public 

health tool available to help prevent the disease (51; 109), a paradigm that also holds true 
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for most other arbovirus infections (with one notable exception being yellow fever, for 

which a efficacious vaccine is widely available). 

TUE NEED FOR NEW TOOLS 

Despite numerous historical and recent successes, and the current re-emphasis on 

the effectiveness and importance of targeted vector control, the tools at our disposal today 

are inadequate in many disease transmission settings (59; 85; 167). In contemporary 

malaria prevention programs the most widely recommended vector control strategies are 

IRS and the use of LLIN s. Though generally these tools are still of tremendous public 

health value, in many locations their efficacy to control disease is either declining or of 

limited impact for a variety of reasons, among which are the emergence of insecticide 

resistance and vector behaviors (e.g. daytime or outdoor-biting) not optimally impacted 

by indoor nets or sprays (13; 14; 47; 63). 

The standard approach to dengue control, advocated by WHO as part of the 

broader integrated vector management (IVM) philosophy, highlights surveillance and 

monitoring via the establishment of larval indices to prioritize risk areas and focus public 

outreach. These activities are usually coupled with source reduction and larvaciding 

interventions, while spraying with adulticides, typically from truck-mounted ultra-low 

volume sprayers or hand-held thermal foggers, can be carried out seasonally and/or as 

part of an outbreak response (165; 168). Unfortunately, the ultimate value of these 

interventions at preventing disease is not well validated or widely demonstrated (18; 50; 

75), and there are concerns that emerging insecticide resistance in Aedes populations 

could further complicate control efforts ( 16; 30; 3 2). 
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Given the degree to which global vector control regimens rely on the use of 

chemicals to kill adult mosquitoes (88; 102), it is wonisome that there are only 15 active 

ingredients from four chemical classes currently recommended by WHO for use as public 

health insecticides and no new compounds are expected to become available for use in 

the coming years (Table 1) (8; 70; 163). Probably the most widely used insecticide class, 

the pyrethroids, are the only chemicals recommended for use on insecticide treated bed 

nets (164), and represent a full 50% (6 out of 12) of those active ingredients 

recommended for IRS (166). Not surprisingly, mosquito resistance to pyrethroids is 

spreading rapidly worldwide (70; 102), although resistance to each of the other three 

insecticide classes is also frequently and widely reported (77). 

Additional challenges that can complicate vector control operations include 

widespread public concerns over the unintended consequences of pesticide over-exposure 

(126) and the tacit recognition that, despite the deceptively simple 'prevention of bites= 

prevention of disease' paradigm, the ecology and epidemiology of vector-borne disease is 

actually quite complex and there will never be a one-size-fits all vector control strategy to 

be universally successful across all disease transmission settings (168). When these 

limitations are considered against the backdrop of growing concern over the expanding 

impact and global distribution of arboviruses and renewed calls for the elimination and 

eradication of malaria, it becomes clear that new tools and innovative strategies are 

desperately needed in order to achieve maximum, sustained success from vector control 

interventions (47; 85; 148; 149; 159; 167). 
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A NOVEL APPROACH: PUSH-PULL STRATEGIES AND THE EXPLOITATION OF SPATIAL 

REPELLENCY 

Push-pull strategies for vector control are one innovative approach under 

development that could help address this need for new tools and novel paradigms. The 

basic principle of a push-pull approach is to integrate the use of spatial repellents (a 

'push' stimulus, which deters host-seeking mosquitoes from entering treated areas) and 

baited traps (a 'pull' stimulus, which attracts the mosquitoes to traps using chemical 

lures) to reduce human-vector interactions and to facilitate the capture and removal of 

vectors from the peridomestic environment in order to decrease the probability of 

pathogen transmission (38; 82; 90; 111). 

The push-pull strategy 

Formally named and introduced by Pyke and others in 1987 as a strategy to 

control pests of cotton crops in Australia ( 114 ), the push-pull strategy of pest control is 

defined by Cook and others (2007) as the behavioral manipulation of insects 

" ... via the integration of stimuli that act to make the protected resource 

unattractive or unsuitable to the pests (push) while luring them toward an attractive 

source (pull) from where the pests are subsequently removed (38)." 

Though the push-pull strategy flows from a relatively intuitive and 

straightforward concept (Fig. 2A), selecting the best components for an intervention and 

understanding how they will interact with one another to affect arthropod behaviors can 

be quite complex. Nonetheless, the approach has been successfully developed and 

utilized in the agricultural sector to control a variety of crop-damaging insects like 
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lepidopteran pests of com and sorghum, Helicoverpa spp. (pests of cotton), Sitona 

lineatus (a pest of legumes), the Colorado potato beetle (Leptinotarsa decemlineata), and 

the onion maggot Delia antiqua, among others (38; 114; 117). Given these successes, a 

natural question for public health scientists and vector biologists to consider is whether or 

not the push-pull approach can be adapted for the improved control of human disease 

vectors (Fig. 2B). 

While this expanded use of push-pull strategies for public health applications is 

still in the proof-of-concept phase, preliminary developments appear promising. In 

Africa, Kitau and others (201 O) have shown in a semi-field environment that the 

combined use of personal repellents (topically applied) and mosquito traps could reduce 

the biting rates of laboratory reared Anopheles gambiae more than the use of traps alone 

(82). Iwashita and others (2014), working in an area of the Lake Victoria region of 

western Kenya with high LLIN coverage, collected mosquitoes from inside houses and 

found that human feeding rates decreased for An. arabiensis in the presence of both 

pyrethroid-treated LLINs and increasing numbers of nearby cattle (but not goats and 

sheep), suggesting a mechanism in which mosquitoes might be 'pushed' away from 

human contact by bed nets and 'pulled' towards cattle for an alternative blood meal (78). 

In addition, others continue to demonstrate progress towards defining the parameters of a 

push-pull intervention for the control Aedes aegypti (7; 131; 132; 146), including studies 

demonstrating local interest and community buy-in into the concept in both Latin 

America and South East Asia (111). However, if push-pull strategies for vector control 

are ever to mature into viable public health policy, proof-of-concept and optimization 
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studies must validate the approach in varied and diverse disease transmission settings. 

Furthermore, a better understanding of how repellents work is needed. 

Spatial repellency behaviors in mosquitoes 

Instead of relying on the direct killing of adult mosquitoes, push-pull strategies 

for vector control aim to exploit the spatial repellency (SR) action of public health 

chemicals, a phenomenon that is well documented (8; 63; 122) but for which the 

mechanism(s) of action are still not well defined (45; 145). 

How chemicals affect mosquitoes 

Two of the most successful and widely used malaria control tools, IRS and 

LLIN s, utilize residual insecticides to prevent disease transmission by controlling 

mosquitoes (40; 84; 126; 162). Remarkably, though, the various mechanisms by which 

these residual chemicals act upon vectors to prevent disease transmission are widely 

underappreciated (8; 63; 124). There has been a historical tendency to measure the value 

of an insecticide-based disease control intervention almost exclusively on the chemical's 

short-term toxic effect upon the target vector (63; 122): i.e., the only valuable outcome of 

an intervention is a dead vector. This conceptualization of how vector control can work 

is certainly valid, as decreasing vector longevity and overall vector abundance are two 

outcomes that can drastically, and quickly, reduce local vectorial capacity (161). 

Moreover, the toxic mechanisms by which insecticides kill their target organisms are also 

comparatively well understood. For example, the aforementioned pyrethroids, which are 

synthetic molecules derived structurally from naturally occurring botanical compounds 

called pyrethrins, are known to act as neurotoxins. In short, they bind voltage-gated 

sodium ion channels present in insect axons, prevent their closure and subsequent 
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repolarization, and result in paralysis (140; 141 ). Accordingly, pyrethroid resistance in 

mosquitoes is known to occur by at least two mechanisms: target site modifications (the 

so-called kdr mutations, which alter sodium ion channel configuration and prevent 

insecticide binding) (140) and metabolic detoxification (mostly by increased cytochrome 

P450 enzyme activity that metabolizes insecticide molecules into non-toxic subunits)(41). 

Partly because insect death is such a clear, easily measureable endpoint produced 

by well understood mechanisms of action, the toxicity-centric approach to vector control 

has become a deeply entrenched public health paradigm despite the fact that numerous 

other effects of insecticides on mosquitoes, mainly behavioral modifications, have been 

recognized for decades (63; 122) and have been clearly shown to contribute to disease 

reduction in many settings (8; 122; 124). 

Non-lethal effects of insecticides 

Since their initial recognition, the non-lethal effects of insecticides on mosquito 

behaviors have been variously referred to by a confusing array of terms: behavioral 

avoidance, excito-repellency, contact irritability, deterrence, and inhibition, among 

others. However, what is probably the most complete contemporary understanding of 

these complex, interrelated behavioral responses comes from the probability model for 

the action of DDT, which was formally proposed by Roberts and others in 2000 and 

further developed by Grieco and others (2007) into a new classification system for IRS 

chemicals (Fig. 3) (63; 124). In basic terms, the scheme outlines three critical effects of 

chemicals on vectors: A) the spatial repellent (SR) effect, whereby an insect is stimulated 

to move away from the source of the chemical without making physical contact with it; 

B) the contact irritant (CI) effect, whereby an insect is stimulated to move away from the 
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source of the chemical after making physical contact with it; and C) the toxicant (TOX) 

effect, whereby the chemical produces knockdown or death in an insect (63; 124). An 

expanded concept of spatial repellency, which also includes chemical actions that 

interfere with host detection and/or otherwise disrupt the blood-feeding process, was 

established by WHO in 2013 to help determine guidelines for efficacy testing (172). 

Generally, this broader definition of SR put forth by WHO, which includes " ... a range of 

insect behaviors induced by airborne chemicals that result in a reduction in human-vector 

contact and, therefore, personal protection (172)," is used herein, particularly when 

discussing experimental hut trials. 

Importantly, not every public health chemical will elicit each kind of effect from 

every target species (13). Furthermore, their order of action (to the extent that more than 

one effect is present for a given vector-chemical interaction) depends on whether or not 

the concentration of active ingredient encountered by the target vector exceeds the 

threshold necessary for each specific response (63). It is telling that, even though these 

chemical thresholds are largely unknown, the contribution of spatial repellency to the 

prevention of disease transmission via the limiting of mosquito-human interactions has 

been demonstrated across many settings (8). This is perhaps best exemplified in the case 

of IRS with DDT and its repellant action against anopheline mosquitoes and resultant 

decreases in malaria incidence (122; 124-126). 

The molecular basis of spatial repellency 

Despite the importance of non-lethal behavioral modification of vectors for 

disease prevention, and the existence of a consumer market for insect repellent products 

worth several hundred million dollars a year (43), the molecular mechanisms that drive 
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spatial repellency in mosquitoes remain poorly understood. Current thought seems 

divided about whether or not the spatial repellency process is active, i.e. mosquitoes 

interact with volatilized repellent molecules and respond by orienting their movement 

down a concentration gradient away from the chemical source (113; 145), or if the 

process is passive, i.e. volatilized repellent molecules interfere with normal host detection 

pathways to mask the presence of a potential blood meal (44; 45). Regardless of which, 

or if, one of these models predominates, it would appear that olfactory pathways are often 

critical for the production of a spatial repellent response in mosquitoes (22), and that 

certain odorant receptor neurons are specifically configured to detect cognate repellent 

molecules (23; 79). 

Less clear, however, is whether or not olfactory pathways are the only 

physiological drivers of spatial repellency behaviors in mosquitoes. Many insecticide 

compounds, including several pyrethroids, are known to induce irritant and/or 

hyperactive responses in mosquitoes at sub-lethal concentrations (34; 86; 132); this 

hyperactivity has been observed to promote the avoidance of impregnated nets (134). 

These particular behaviors are sometimes referred to as excito-repellency, and evidence 

suggests that these types of responses are caused by the same neurologically disruptive 

pathways that otherwise result in mosquito death when chemical exposures are more 

prolonged or of a higher dose (34; 81 ). When these behaviors are noted after a mosquito 

lands on a treated surface, it is said that the given chemical has contact irritant properties, 

as described above. However, whether or not these excito-repellency type responses 

might also be elicited by airborne, highly volatile active ingredients, and thereby 
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contribute to spatial repellency in some circumstances, is an interesting but so far 

unstudied question. 

Clearly, a better understanding of the molecular and hereditary basis of spatial 

repellency behaviors in mosquitoes is needed. Such knowledge could help inform the 

rational development of new active ingredients (150) and, importantly, could also help 

predict how the prolonged use of spatial repellents might impact local vector populations 

over time: might there be selective pressures that result in the emergence of repellent 

insensitivity, similar or parallel to those selective pressures that so rapidly result in 

insecticide resistance? 

RESEARCH GOALS AND BACKGROUND 

The overarching goal of this dissertation research was to add to the body of 

knowledge examining the potential for push-pull strategies to control vectors of human 

disease. Key objectives included 1) evaluating the utility of the approach to control 

naturally occurring malaria vectors in a field environment in northern Belize, Central 

America and 2) exploring the heritability and molecular basis of spatial repellency 

behavior in vitro using dengue virus vectors colonized from this same region of northern 

Belize. 

Belize 

Belize is a small, tropical country located on the eastern coast of Central America 

bordered by the Caribbean Sea to the east, the Yucatan Peninsula of Mexico to the north, 

and Guatemala to the west and south (Fig. 4). Ninety-five percent of Belizean territory 

(around 21,000 square kilometers) lies on the mainland of the Central American isthmus, 

while the other 5% (an additional 1, 100 total square miles of land) is spread across 
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numerous islands and cayes in the Caribbean Sea (4). Formerly a British crown colony 

known as British Honduras, Belize gained independence from the United Kingdom in 

1981 and is currently the only nation to be a full member of both the Central American 

Integration System (SICA) and the Caribbean Community (CARICOM), a position that 

reflects both its unique location and history. 

Belize is divided into six administrative districts, often grouped into regions. 

Corozal and Orange Walk districts are in the northern region, the central region contains 

the districts of Belize and Cayo, and the southern region consists of Stann Creek and 

Toledo districts (Fig. 4). Ecologically, the country has a hot, tropical climate with distinct 

wet (approximately June to December) and dry (approximately February to May) 

seasons, though there are variations in weather patterns by region. The flat, swampy 

coastal plains of the north typically receive around 1,350 mm ofrainfall annually, while 

similar coastal terrain in the south and central regions receive about three times as much 

rainfall, ~4,500 mm annually (1; 4; 58). The Maya Mountains, with a high elevation of 

1,124 meters, roughly divide the north and south. Both large-scale and subsistence 

agriculture are key components of Belize's economy: sugar cane (Saccharum spp.) is the 

most common cash crop in the North, while banana and citrus plantations predominate in 

the south. Smaller-scale cultivation of maize, beans and rice are common throughout the 

country. Despite this agricultural activity and a long history oflegal and illegal logging, 

much of mainland Belize remains covered by primary forest (31) and the country 

continues to maintain a high level of biodiversity (72). 

The highly diverse population of Belize, which in 2013 was estimated to be 

around 334,000, reflects a mosaic of different cultures and ethnicities: Mestizo (50%), 
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Belizean Kriol (15%), Maya (11 %), and Garifuna (6%) are the largest groups while 

significant populations of German Mennonites and South and East Asians are also 

relatively common (3; 4). Despite what is still a low population density (13.6/km2
, by far 

the lowest in Central America), net population growth has been relatively rapid over the 

last 10 years at almost 2% per year, and is aided both by regionally high fertility rates 

(26.4 births/1,000 population) and net immigration, mostly from neighboring Central 

American countries (3; 4). The population is roughly equally divided between urban 

(52%) and rural (48%) households (3). With a nominal gross per capita domestic 

product of $4,535 USD (76), Belize is classically described as a 'developing' nation and 

has a moderate 2012 Human Development Index (HDI) score of 0.702 (lower than the 

median HDI of 0.745 for Caribbean nations but higher than the median HDI of 0.680 for 

Central America) (151) and is one of 60 countries with currently active US Peace Corps 

Volunteers. 

In Belize, there is a mix of private and public health facilities, but ultimately the 

Ministry of Health (MoH) is responsible for the oversight and delivery of health services 

to most of the population. Complex, urgent or advanced medical care is either 

unavailable or sought out abroad, mainly in Guatemala, Mexico or the United States. 

Though exact numbers are not readily available, it is common for much of the population 

to receive periodic basic care from mobile clinics supported by numerous international 

NGOs and mission groups that are often active in the region. The National Vector 

Control Program (VCP) is the entity within the Ministry of Health that is responsible for 

the monitoring, control and prevention of vector-borne diseases. The VCP is 

headquartered in the capital city of Belmopan, but most activities are coordinated through 
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offices at each of the regional hospitals. There are numerous known and suspected 

vector-borne disease threats in Belize, but the limited resources available to the VCP are 

usually prioritized for the control of dengue virus vectors, nuisance biting mosquitoes 

and, to a lesser extent, malaria vectors. 

Malaria in Belize 

Currently, the WHO reports that 69% of the population of Belize live in areas of 

low transmission risk, while the remaining 31 % live in malaria-free areas (Fig. 5A)(l 69). 

There were fewer than 100 cases of P. vivax malaria and a single case of P. falciparum 

(likely imported) officially reported to the MoH in 2012, all of which were reported to 

have been successfully treated with chloroqine (20). Around 92% of cases came from the 

southern districts of Stann Creek and Toledo, while the remaining 8% originated in the 

northern districts of Orange Walk and Corozal (20). This data is consistent with historical 

disease distribution patterns that have positively correlated malaria rates with total 

rainfall amounts, among other environmental and social factors (68). Malaria 

transmission and vector abundance are also highly seasonal in Belize, both increasing 

demonstrably during the rainy season, roughly June to December (60; 68; 119). 

The current malaria situation in Belize is one of marked improvement over the 

past 20 years, and many within the MoH take pride in stressing that they are technically 

in the WHO 'consolidation phase' of malaria control and is headed towards the pre­

elimination stage (personal observation). However, the history of malaria in Belize is a 

case study in erratic control efforts, close calls and disease re-emergence (5; 19; 20; 60; 

68; 128). Before the routine spraying of houses with DDT began in the 1950's, malaria 

was perhaps the most significant health problem in Belize, afflicting nearly 50% of the 
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population and accounting for roughly l 0 percent of all-cause mortality (128). By the 

early 1960's, widespread IRS campaigns had helped to reduce malaria rates dramatically 

(fewer than two dozen cases reported in 1961) and the country was considered well on its 

way to malaria elimination (25; 128). In the years that followed, vector control efforts 

varied in intensity and malaria incidence fluctuated. Although elimination was not 

achieved, overall transmission risk in Belize remained greatly reduced until the early 

1990's (5; 19; 60; 128). 

Precipitated by international pressures to ban the use of DDT, limited public 

health resources and a generally stressed vector control program, nationwide house 

spraying in Belize was abandoned in 1990 (5; 60; 68; 128). Not coincidently, malaria 

rates began increasing sharply in 1992 (5; 60; 128), and by 1994 incidence had increased 

two magnitudes of order to nearly 10,000 cases a year (68). This same year, the Pan 

American Health Organization classified the entire population of Belize to be at high risk 

for transmission (108): Belize was in the midst of a significant malaria outbreak. 

Subsequent years have seen an emphasis on case identification (both passive and 

limited active case detection) and aggressive treatment, bi-annual house-spraying with 

deltamethrin in the ten most at-risk communities of each district, and UL V spraying at 

every incident locality (2). These actions that have helped to reverse the outbreak trends 

and lead to the more encouraging situation of today. However, waning resources, shifting 

priorities and a regionally disjointed commitment to malaria control, combined with the 

natural abundance of multiple competent vectors and the commonplace movement of 

people to and from neighboring malaria endemic countries, create a level of concern that 

Belize is continually at risk for another outbreak. 
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The ecology of malaria transmission in Belize is varied, the result of the 

ecologically diverse landscape of the country. Fourteen species of anopheline 

mosquitoes have been reported from Belize (173), but only four of these are likely 

vectors of human malaria (64): An. vestitipennis and An. albimanus throughout the 

coastal wetlands and swamps; An. darlingi near its riverine habitats, especially in the 

central and southern regions; and An. pseudopunctipennis in rock pools and streams of 

the central higher elevations. The first two vectors on this list, An. vestitipennis and An. 

albimanus, are particularly abundant at and around the field site outside of Progresso 

Village in Corozal district that was selected for our experimental huts (described in 

greater detail in later chapters) and were the target vectors of the experimental push-pull 

intervention evaluated here. 

An. vestitipennis 

In Belize, An. vestitipennis breeds predominately in shaded swamps and flooded 

forests, often in association with cattail (Typha spp.) and other tall dense macrophytes 

(118). Not surprisingly, population densities of An. vestitipennis are highest during the 

rainy season when larval habitat is most abundant (60). This species has been 

incriminated as a principal vector of malaria in Belize based on minimum field infection 

rates (12) and its endophagic, anthropophagic behavioral tendencies (19; 60). In previous 

experimental hut studies in Belize, An. vestitipennis were shown to enter huts primarily 

through open windows, to bite frequently throughout the night, and to be susceptible to 

the spatial repellent, contact irritant and toxicant stimuli of DDT (10; 19; 61). 
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An. albimanus 

An. albimanus also breeds in the freshwater swamplands and flooded savannahs 

of northern Belize, but prefers areas of greater sunlight and is often found in association 

with cyanobacterial mats (119; 120). An. albimanus populations are also seasonal, and 

are naturally highest during the rainy season but can also be strongly associated with the 

cultivation of rice during the dry season in Belize ( 60). An. albimanus has long been 

considered an important vector in Central America and the Caribbean (137), and has 

been incriminated as transmitting malaria in Belize and southern Mexico (12; 115). 

However, because of its relatively exophagic and zoophagic behavior patterns, high 

population densities may be required for this species to efficiently transmit malaria within 

a community (19; 60; 64). In previous experimental hut studies in Belize, An. albimanus 

was also shown to enter huts primarily through open windows, but showed a distinct 

exophagic preference with a bimodal biting pattern and peaks of activity early in the 

evening and again shortly before sunrise (1 O; 19; 61 ). This species has also demonstrated 

behavioral and toxic susceptibilities to DDT (19). 

Dengue Fever in Belize 

Dengue virus infection is now endemic throughout the entire country of Belize 

(Fig. SB): more than 1,500 confirmed cases per annum were reported for the years 2009-

2012 with sporadic (less than 10) reports of hemorrhagic disease (20). Accordingly, 

dengue case monitoring and vector control are considered high priorities in both the 

tourism and public health sectors (152). Though Ae. albopictus (Skuse) has been 

established in Belize, it's role in dengue virus transmission is unknown (155) and 
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virtually all transmission in Belize is thought to occur via the highly anthropophilic and 

anthropophagic Ae. aegypti. 

In Belize, the national Vector Control Program also coordinates dengue control 

activities, which include public outreach, passive case identification, source reduction, 

larvaciding with temephos, seasonal truck-mounted ULV spraying with malathion and 

hand-held thermal fogging with malathion or lamda-cyhalothrin at every incident 

household. 

Ae. aegypti 

Globally considered the most prevalent vector of dengue virus, Ae. aegypti is 

highly adapted to an anthropophilic lifestyle, preferring to feed on humans and during the 

day and easily breeding in a variety of man-made habitats including discarded tires, 

flower pots, drainage and water collection systems (27) . Although rains and flooding 

can temporally increase Ae. aegypti densities, the vector is less susceptible to the seasonal 

fluctuations of wet and dry season habitat availability (165) and can be found year-round 

in Belize (personal observation). Because of its global public health importance as the 

principal vector of dengue virus, yellow fever virus and chikungunya virus, and the fact 

that its natural life history allows it to be easily maintained in colony, Ae. aegypti has also 

become one of the most widely used model organisms in medical entomology and vector 

biology research (33). 

Transfluthrin 

Transfluthrin (2,3,4,6-tetrafluorobenzyl (lR)-trans-3-(2,2-dichlorovinyl)-2,2-

dimethyl cyclopropanecarboxylate ), a volatile synthetic pyrethroid with both contact 

toxicant and SR efficacy against several classes of arthropod pests including mosquitoes 
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(48; 105; 107; 110), was selected as the test repellent for these studies. In addition to 

having proven SR efficacy, transfluthrin is easily deployed in experimental settings using 

manufacturer's (S.C. Johnson and Son, Inc., Racine WI) recommendations and industry 

guidelines. Briefly, reagent grade (99%, unformulated) transfluthrin is diluted in acetone 

and used to treat strips of cloth from which the active ingredient then emanates passively 

into the surrounding airspace. Treatment and control cloth strips (treated with acetone 

only) can then be secured inside an experimental hut or used in an in vitro behavioral 

bioassay. 

Experimental Huts 

Experimental huts have proven to be an important tool for evaluating the 

behavioral ecology of naturally occurring malaria vectors in their native habitats (136), 

including assessments of the impact of insecticides and other chemicals on the resting, 

entry, feeding and exit patterns of mosquitoes (61; 122). In order to improve the 

relevancy of results obtained with experimental huts to real world situations, it is 

important that hut designs and construction materials closely resemble the housing 

conditions typical in the communities around where the studies are occurring (9; 60; 

136). In Belize, specially constructed experimental huts made of locally acquired 

materials and patterned after a typical rural Belizean homes (Fig. 6) have been used 

successfully to evaluate the behaviors of An. vestitipennis (10; 19; 61), An. albimanus 

(10; 19) and An. darlingi (9; 11; 130). 

Mosquito Traps 

The trapping of mosquitoes in general, and Anopheles spp. in particular, is often 

described as difficult (49; 174). Though there is broad interest in developing tools and 
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strategies able to trap large numbers of mosquitoes (83), to date the success of trapping 

schemes to reduce local densities of host-seeking mosquitoes has been mostly elusive, 

even when carried out on mass scales using multiple, sophisticated traps (3 5; 71; 13 8). 

Regardless, there is a clear role for traps in sampling local mosquito diversity and 

estimating relative abundance, and several trap types are routinely integrated into 

research and public health surveillance activities. Among these established traps, the 

CDC Miniature Light Trap Model 512 (CDC LT) (John W. Hock Company, Gainesville, 

FL) and the BG Sentinel™ trap (BGS) (Biogents, A.G., Regensburg, Germany) are 

among the most frequently used. Both traps are widely available, field deployable, and 

easily baited. The CDC L Ts remain an industry standard trap used to sample and capture 

Anopheles spp. mosquitoes for public health and vector research applications (135; 170). 

The BGS trap, though specifically designed to capture Aedes spp. mosquitoes, has shown 

some efficacy at trapping Anopheles spp. and has been previously integrated into field 

experiments demonstrating proof of concept of a push-pull strategy for the control of 

dengue virus vectors (7; 74; 132; 133). 

The HITSS Bioassay 

The high throughput §.Creening §.YStem (HITSS) is a bioassay developed by Grieco 

and others to screen chemicals for effects on arthropod behavior (Fig. 7) ( 65). The 

interchangeable, modular setup allows for the evaluation of three distinct outcomes of 

chemical exposure: toxicity (TOX), contact irritancy (Cl) and spatial repellency (SR). 

Though not previously reported, the modular nature of the HITSS assay device also 

allows for the ability to collect experimental mosquitoes for further testing and breeding 

after their behavioral responses to various chemicals have been observed and recorded. 
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This would allow for investigations into the behavioral plasticity of SR behaviors via re­

testing experimental mosquitoes at subsequent time points (143), and into the inheritance 

of SR behaviors via selective breeding of responders and non-responders (144). Though 

this type of in vitro testing is only amenable to species that are easily colonized and 

reared to large numbers, this kind of novel application of the HITSS bioassay system 

could yield valuable insights into the hereditary and molecular nature of complex spatial 

repellency behaviors in certain mosquito vectors of human disease. 

SPECIFIC AIMS AND HYPOTHESES 

In order to address the key research objectives outlined above, two sets of specific 

aims were established. 

Specific Aim 1: In the Field 

Evaluate the efficacy of a prototype push-pull intervention to control two 

naturally occurring vectors of human malaria, Anopheles vestitipennis (Dyar and Knab) 

and An. albimanus (Wiedemann), using experimental huts in northern Belize, Central 

America. 

Hypothesis: A combined push-pull intervention would result in greater 

reductions in mosquito entry into experimental hut windows and increased capture of 

mosquitoes in outdoor traps compared to the use of either the push or pull intervention 

alone. 

Sub aim la: Characterize baseline mosquito densities and hut entry patterns at 

the experimental field site. 

Sub aim lb: Explore outdoor mosquito trap dynamics at the field site. 
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Sub aim le: Observe the effect of transfluthrin treatment on Anopheles hut 

entry behaviors. 

Sub aim ld: Evaluate the efficacy of a combined push-pull approach to reduce 

the number of indoor Anopheles and increase the capture of 

Anopheles in outdoor traps. 

Specific Aim 2: In the Lab 

Use an in vitro behavioral bioassay to investigate the plasticity, heritability and 

molecular basis of spatial repellency behaviors in a Belizean strain of Ae. aegypti. 

Hypothesis: The in vitro spatial repellency response to transfluthrin observed in 

Ae. aegypti is a heritable trait associated with the presence of specific odorant receptor 

genotypes and/or insecticide susceptibilities. 

Sub aim 2a: Characterize the plasticity of in vitro SR behavior. 

Sub aim 2b: Determine the heritability of in vitro SR behavior. 

Sub aim 2c: Explore differences among SR responders and SR non-responders 

from selectively bred mosquito strains, with a focus on odorant 

receptor gene profiles and/or insecticide susceptibility patterns. 
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Figure 1. The global distribution of deaths caused by vector-borne diseases. 
Adapted from the World Health Report, WHO, Geneva, 2004. 
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Table 1. List of insecticides currently recommended by the World Health Organization 
(WHO) for public health applications 

WHO hazard 
Insecticide Class Recommended Use' classification2 

Bendiocarb Carbamate IRS II 

Propoxur Carbamate IRS II 

DDT Organochloride IRS II 

Fenitrothion Organophosphate IRS, Space Spray II 
Malathion Organophosphate IRS, Space Spray III 

Pirimiphos-methyl Organophosphate IRS, Space Spray III 

a-Cypermethrin Pyrethroid IRS, LLIN II 

Bifenthrin Pyrethroid IRS II 
Cyfluthrin Pyrethroid IRS, LLIN, Space Spray II 
Deltamethrin Pyrethroid IRS, LLIN, Space Spray II 

Etofenprox Pyrethroid IRS, LLIN, Space Spray u 
A.-Cyhalothrin Pyrethroid IRS, LLIN, Space Spray II 

Permethrin Pyrethroid LLIN, Space Spray II 

D-Phenothrin Pyrethroid Space Spray u 
Resmethrin Pyrethroid S12ace SQray III 

1Uses include: IRS= Indoor Residual Spray; LLIN =Long Lasting Insecticide-Treated 
Bed Nets; Space Spray= Aerosol Spraying or Thermal Fogging 
2Class II, moderately hazardous; class III, slightly hazardous; class U, unlikely to pose 
an acute hazard in normal use 
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• Visual distractions • Visual stimulants 
• Non-host volatiles • Host volatiles 
• Anti-aggregation pheromones • Aggregation pheromones 
• Alann pheromones • Sex pheromones 
• Ovlposltlon deterrents • Ovlposltlon stimulants 
• AntHeedants • Gustatory stimulants 

Figure 2. Push-pull strategies of arthropod control in agriculture (in use) and public 
health (theoretical). 
(A) An established model for the protection of crops is illustrated. From Cook et 
al., 2007. (B) A theoretical application of a push-pull strategy for the control of 
malaria vectors. Adapted from Roberts et al., 2010. 
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Vectors do not 
enter 

Vectors exit 
without biting 

No effect 

Toxicity 

Vectors are killed 

Figure 3. Public health insecticides exert multiple actions on disease vectors. 
The example of a house treated by indoor residual spray with DDT for malaria 
prevention is shown. In this case, the repellency, irritant and toxicant actions 
each serve to reduce disease transmission. Adapted from Roberts et al., 2010. 
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Figure 4. The location of Belize in Central America and the geopolitical divisions of 
Belize. 
The study areas for this research were located in the northern districts of 
Corozal (experimental hut studies) and Orange Walk (dengue vector 
collections). Adapted from http://en.wikipedia.org. 
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Figure 5. Belize is endemic for both (A) malaria and (B) dengue fever. 
(A) From the World Malaria Report 2012, WHO. (B) From Health Information 
for International Travel (The Yellow Book) 2006, US CDC. 
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Figure 6. A Belizean experimental hut used for studying the behavioral ecology of 
malaria vectors. 
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Figure 7. The high throughput screening system. 
Shown as used to investigate in vitro spatial repellency behaviors in disease 
vectors. Diagram adapted from Grieco et al., 2005. 
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CHAPTER 2: A comparison of Two Commercial Mosquito Traps for 
the Capture of Malaria Vectors in Northern Belize, Central America2 

ABSTRACT 

To achieve maximum success from any vector control intervention, it is critical to 

identify the most efficacious tools available. The principal aim of this study was to 

evaluate the efficacy of two commercially available adult mosquito traps for capturing 

Anopheles albimanus and An. vestitipennis, two important malaria vectors in northern 

Belize, Central America. Additionally, the impact of outdoor baited traps on mosquito 

entry into experimental huts was assessed. When operated outside of human-occupied 

experimental huts, the CDC miniature light trap, baited with human foot odors, captured 

significantly greater numbers of female An. albimanus per night (5.1 ± 1.9) than the 

Biogents Sentinel™ trap baited with BG-Lure™ (1 .0 ± 0.2). The two trap types captured 

equivalent numbers of female An. vestitipennis per night, 134.3 ± 45.6 in the CDC trap 

and 129.6 ± 25.4 in the Sentinel trap. When compared to a matched control hut using no 

intervention, the use of baited CDC light traps outside an experimental hut did not impact 

the entry of An. vestitipennis into window interception traps, 17.1 ± 1.3 females per hour 

in experimental huts vs. 17 .2 ± 1.4 females per hour in control huts. However, the use of 

outdoor baited CDC traps did significantly decrease the entry of An. albimanus into 

window interception traps from 3.5 ± 0.5 females per hour to 1.9 ± 0.2 females per hour. 

2 The majority of Chapter 2 has been accepted for publication as: 
Wagman J, Grieco J, Bautista K, Polanco J, Briceno I, King Rand Achee N. 2014. A Comparison of Two 
Commercially Available Adult Mosquito Traps for the Capture of Malaria Vectors in Northern Belize, 
Central America. J Am Mosq Control Assoc 30(3):000 (In Press). 
JW assumes sole responsibility for the work presented here. JW designed the study, performed the 
experiments, interpreted the data and wrote the manuscript. JG and NA contributed to the design of the 
study, interpretation of the data, and revision of the manuscript. KB, JP, IB, and RK contributed to 
acquisition of the data and revision of the manuscript. 
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These results support existing knowledge that the underlying ecological and behavioral 

tendencies of different Anopheles species can influence trap efficacy. Furthermore, these 

findings will be used to guide trap selection for future push-pull experiments to be 

conducted at the study site. 

Key Words 
Belize, push-pull strategy, Anopheles albimanus, Anopheles vestitipennis, outdoor traps 

INTRODUCTION 

Operational realities such as the management of insecticide resistance and the 

need to target the behavioral patterns (e.g. outdoor, early evening and/or day-biting) of a 

wide range of vector species are limiting the effectiveness of traditional vector control 

tools such as indoor residual spraying (IRS) and long-lasting insecticide nets (LLINs) in 

many malaria endemic settings (13; 14; 47; 63; 97). It is not surprising, therefore, that the 

development of novel vector control strategies has been identified as a top priority within 

the global health community (47; 85; 149; 159; 167). One novel strategy under 

consideration is a push-pull method, whereby the complementary actions of spatial 

repellents (which 'push' or deter vectors from entering treated spaces) and mosquito traps 

(which 'pull' or remove vectors from a given outdoor area) are used simultaneously to 

decrease the probability of human exposure to mosquito bites. Such an outcome could 

serve to prevent pathogen transmission in a variety of settings (8; 38; 82; 111 ). 

As with all vector control interventions under development, identifying the most 

efficacious tools, and the challenges to their implementation, is critical to achieving 

maximum success. This includes a thorough understanding of local disease transmission 

dynamics, such as recognition of the primary vector species, target vector behavior 

patterns and, ideally, field evaluation to drive optimization. The current study represents 
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one component of a larger field project focused on the evaluation of a push-pull strategy 

for the control of malaria vectors in northern Belize, Central America, where Anopheles 

vestitipennis and An. albimanus are both known to be regionally important vectors (12; 

55; 64; 137; 175). Importantly, each species has also been characterized, in Belize, to 

exhibit different behavioral profiles: An. vestitipennis is known to be more highly 

endophagic and anthropophagic, while An. albimanus tends to be more highly exophagic 

and zoophagic (19; 62; 64). 

Trapping malaria vectors has often been described as difficult (49; 174). 

However, several traps have been successfully integrated into research and routine 

surveillance activities. Among these established traps, the CDC Miniature Light Trap 

Model 512 (CDC LT) (John W. Hock Company, Gainesville, FL) and the BG Sentinel™ 

trap (BGS) (Biogents, A.G., Regensburg, Germany) were selected for evaluation in the 

current study. Both traps are widely available, field deployable, and easily baited. The 

CDC L Ts remain an industry standard trap used to sample and capture Anopheles spp. 

mosquitoes for public health and vector research applications (135; 170). The BGS trap, 

though specifically designed to capture Aedes spp. mosquitoes, has shown some efficacy 

at trapping Anopheles spp. and has been previously integrated into field experiments 

demonstrating proof of concept of a push-pull strategy for the control of dengue virus 

vectors (8; 74; 132; 133). 

Specific objectives of the experiments described here included quantifying 1) the 

efficacy of the CDC light trap and BG-Sentinel trap at capturing the target vectors 

Anopheles vestitipennis and An. albimanus and 2) the effect of baited traps in the 

peridomestic area on mosquito entry into human-occupied experimental huts. 
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MATERIALS AND METHODS 

Field Site 

The study site was located in an open pasture near Progresso village in the 

Corozal District ofNorthem Belize (18°1 l '52"N, 88°26'18"W), surrounded by 

freshwater swamplands and several permanent lagoons (Fig. 8). The rainy season in 

northern Belize typically lasts from May to December, when the region experiences 

average rainfall of around 200 mm/month and Anopheles spp. mosquito densities are 

highest (58; 66). 

Experimental Huts 

Two identical experimental huts, located 50 meters apart along a straight north­

south transect, were constructed on site (Fig. 9). Based on a previously described portable 

hut design (9), huts were made in a style typical of regional homes using locally acquired 

materials. Briefly, each structure measured 3.6 square meters and was constructed of an 

untreated pine lumber frame with plywood walls and flooring and a corrugated tin roof 

Both huts were fashioned with one 182 cm by 76.2 cm door cut into the eastern facing 

wall, and each of the three remaining walls contained one 76.2 cm2 window built to 

accommodate interception traps. 

Mosquito Lures, Trap Placement and Outdoor Collections 

Two types of mosquito lures were used in conjunction with the outdoor traps. 

First was the BG-Lure™, a blend of components including lactic acid, ammonia, caproic 

acid and other fatty acids (154). Although specifically intended to capture Aedes spp. in 

conjunction with the BGS trap, there is some evidence that the BG-Lure can attract 

Anopheles spp. as well (93), and it is recommended by the manufacturer to increase BGS 
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trap yields of other mosquitoes, including Anopheles spp. (21 ). The BG-Lure was 

handled and used according to manufacturer's instructions for use in tropical climates. 

The second lure consisted of human foot residues emanating from worn cotton socks 

placed on top of the CDC LT rain guard (101; 133). Prior to use in mosquito collections, 

sock lures were worn one pair at a time for 12 hours by the same individual during 

periods of roughly equal activity (i.e. daily preparations at the field site or during the 

overnight collections). For use as mosquito lure, a randomly selected pair of worn socks 

aged between 24 and 72 hours was placed at each CDC LT. Each pair of socks was used 

for two collections before replacement with a more recently worn pair. When not in use, 

sock lures were kept at ambient temperature in sealed plastic bags away from direct 

sunlight. Baited traps were positioned outside each window of an occupied experimental 

hut and operated according to manufacturer's instructions: CDC traps were hung 2m 

above ground while BOS traps were positioned parallel to the hut platform (lm above 

ground). Both trap types were set at a lm distance from the exterior hut wall (Fig. 9B and 

9C). Outdoor traps were positioned, baited and switched on 30min prior to sunset 

(~l 730h) and operated continuously to just after sunrise (~0600h). Collection bags were 

removed and replaced every 60 min during each l 2h collection period. 

Indoor Collections 

Window interception traps were based on the designs of Muirhead-Thomson (95) 

and Grieco and others (61) and fitted onto each experimental hut window (Fig. 9A). 

Collections from interception traps were conducted every 30min during a 12h sampling 

period (1800h-0600h). Collections were further divided into four 3h shifts to allow for 

equal rotation of collectors. The door of each hut remained closed during the entire 
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sampling period so that the windows, with attached interception traps, represented the 

only portals of hut entry for host-seeking mosquitoes. To facilitate mosquito collection, 

trap portals were temporarily closed with 3in. polyurethane foam (Landy's and Sons, 

Ltd., Orange Walk Town, Belize) at the top of each collection interval and immediately 

re-opened afterwards. Thirty minutes before dusk (-1730h), a two-person collection team 

entered each hut to provide indoor host cues and prepare for mosquito collections. 

Starting at 1800h, one collector in each hut aspirated all mosquitoes from the interception 

traps for a total of 15 minutes (i.e., one 5 min interval per window), while the second 

collector rested. Collectors rotated capture and resting activities at the conclusion of 

every 3h shift. Collected mosquitoes were placed into plastic cups individually labeled by 

hut, time and unique window code and killed using acetone vapors. 

Study Design 

To control for bias in mosquito capture efficiency, collector attractiveness 

between teams and/or mosquito abundance by hut locations, a Latin square study design 

was employed such that each trap type, lure and collection team was rotated between 

each hut. Initial window interception trap collections conducted without any experimental 

interventions from 28 September to 06 October, 2011, indicated high mosquito densities 

and excellent baseline comparability between huts, collection teams, and nights with no 

significant differences (ANOVA, a = 0.05) observed in terms of mosquitoes collected 

(Fig. 10). Three separate experiments were then conducted. The first, from 17 to 27 

October, 2011, was a head-to-head comparison of the efficacy of CDC LTs using the 

literature-recommended sock lure and BGS traps using the manufacturers specified BG­

Lure, operated simultaneously at different occupied huts over four nights (a total of 12 
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trap-nights for each outdoor trap type). The second experiment, also over four nights, 

was conducted from 03 to 19 November, 2011, and measured the impact of baited CDC 

LTs on mosquito hut entry compared to an untreated control (a total of 12 interception 

trap-nights each for light trap intervention and control). The final experiment was 

conducted from 10 to 28 January 2012 to compare the efficacy of CDC LTs baited with 

either sock lure or BG-Lure (6 trap-nights for each lure type). All mosquitoes captured in 

the study were identified to subfamily, with anopheline mosquitoes further identified to 

species using a site-appropriate morphological key (173). 

Data Analysis 

Unless otherwise stated, the geometric means of mosquitoes captured are 

presented with the standard error of the means. Raw data in the form of total numbers of 

mosquitoes captured were lo& transformed and means, standard errors of the means and 

confidence interval endpoints were calculated and then back-transformed to obtain the 

geometric means. Means were compared via Student's t-test (a = 0.05) using Excel 2007 

(Microsoft, Redmond WA) and SPSS Statistics 20 (IBM, Armonk NY). For the first 

experiment, the difference in the mean number of mosquitoes collected from CDC LTs 

and BGS traps was calculated. In the second experiment, the impact of the presence of 

outdoor CDC LTs on mosquito entry into experimental huts was evaluated by comparing 

the mean number of mosquitoes collected from interception traps in control huts (no 

CDC LTs) and from interception traps in huts with baited CDC LTs hanging outside the 

windows. Lastly, a head-to-head comparison oflure types used in conjunction with CDC 

LTs calculated the difference in mean number of mosquitoes collected form traps using 

human foot odors and traps using the BG-Lure. Weather data to include indoor and 
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outdoor temperature, humidity, wind speed and direction, were recorded using HOBO® 

Pro Series Weatherproof Data Loggers (Forestry Suppliers Inc., Jackson, MS) and a DiC-

3 handheld anemometer (Maximum Weather Instruments, New Bedford, MA). 

RESULTS 

A total of 28,946 mosquitoes were collected during 16 all night (12h) collections. 

In all, five Anopheles species were identified: 20,560 An. vestitipennis (71.0% ); 1,805 An. 

albimanus (6.2%); 1,319 An. crucians (4.6%); 1,021 An. punctimacula (3.5%); and 796 

An. gabaldoni (2.7%) (Fig. l lA). Culicine mosquitoes, which were not able to be 

identified to species level, accounted for the remaining 11.9% of the total caught and 

included predominately Cu/ex spp., Psorophora spp., and Mansonia spp. (Fig. l lA). The 

proportional abundance of each species captured in the three trap types differed: An 

vestitipennis made up 73.6% (19,025/25,833), 72.4% (627/865) and 43.6% (774/1,773) 

of all mosquitoes collected from window interception traps, BGS traps and CDC L Ts, 

respectively (Fig. 1 lB). Conversely, An. albimanus accounted for 6.7% (1,754125,833) 

and 1.5% (28/1, 773) of all mosquitoes from window interception traps and CDC L Ts, 

respectively, and less than 0.5% ( 4/865) of all mosquitoes captured in BGS traps (Fig. 

1 lB). 

Results from trials comparing the efficacy of CDC L Ts and BGS traps indicate 

that there were no significant differences in the nightly average numbers of mosquitoes 

entering the experimental huts based on outdoor trap type (Table 2). Outdoors, the 

nightly mean An. vestitipennis captured in CDC LTs baited with human foot odors (134.3 

± 45.6) did not significantly differ from the mean captured in BGS traps baited with the 

BG-Lure (129.6 ± 25.4) over the four night trial (Fig. 12). However, the CDC LTs did 
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capture a greater number of An. vestitipennis than the BGS traps on three of the four 

nights. For An. albimanus, the CDC LTs captured an average of 5.1±1.9 mosquitoes per 

night, significantly more (P<0.05) than the BGS traps that captured 1.0 ± 0.2 mosquito 

per night (Fig. 12). CDC LTs also captured greater nightly averages of An. crucians (43.9 

± 40. 7 vs. 3 .8 ± 0.9) and An. punctimacula (77 .3 ± 79 .8 vs. 6.9 ± 1.0) than did BGS traps 

(Table 2). When CDC LTs were used in conjunction with two different lure types, data 

showed human foot residues on socks to attract significantly more An. vestitipennis (2.6 ± 

2.4 per night) than when the BG-Lure was used (0.0 per night) (Table 3). There were no 

An. albimanus collected during this particular experiment. 

Results from the evaluation of sock-baited CDC LTs on hourly mosquito hut 

entry suggest that the presence of baited CDC L Ts outside of windows did not 

significantly reduce the numbers of An. vestitipennis collected per hour in window 

interception traps compared to control huts with no outdoor trap treatment (17 .1 ± 1.3 

CDC LTs vs. 17.2 ± 1.4 Control) (Table 4, Fig. 13). Additionally, there was no impact 

on the time of peak entry, or general entry pattern, observed for An. vestitipennis (Fig. 

14). On the other hand, significantly fewer An. albimanus were captured per hour from 

portals of entry when CDC LTs were positioned outdoors compared to a control (1 .9 ± 

0.2 vs. 3.5 ± 0.5) (Table 4, Fig. 13). Further analysis based on time of collection showed 

that the reduction in An. albimanus entry was statistically significant (a <0.05) only 

during the early evening, within three hours of sunset (Fig. 14).There was also a 

significant reduction in An. punctimacula entry in the presence of a baited CDC LT (0.3 

± 0.3 vs. 0.2 ± 0.0) (Table 4). 
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Meteorological data (Table 5) showed that winds were predominantly out of the 

northeast and generally calm with nightly maximum speeds consistently occurring during 

the first 3 hours of the collection period, averaging 2.4 km/h(± 0.75 km/h). Outdoors, the 

average temperature was 21.6°C (± 3.1 °C) with a range from 28.3°C to l 7.5°C while the 

average relative humidity was 94.7%, (± 2.6%). Indoors, temperature and relative 

humidity measurements were not significantly different (P=0.05) between huts and data 

points were therefore pooled from both structures: indoor temperatures averaged 23.4°C 

(± 2.9 °C), ranging from 29.9°C to 19.1°C, and the average indoor relative humidity 

measured 81.6% (± 6.4%). Though rain showers were common during daytime hours, no 

rainfall occurred during these overnight collection periods. 

DISCUSSION 

The first objective of the current study was to quantify the efficacy of two outdoor 

traps, used in conjunction with different lures, in capturing two important malaria vectors 

in northern Belize, An. vestitipennis and An. albimanus. The goal was to determine which 

trap would be most appropriate for future use in combination with an indoor spatial 

repellent for the evaluation of a push-pull mosquito control strategy. Our findings show 

both the CDC LT and BGS trap captured target Anopheles species, but differences in 

density and proportion of each species existed by trap type. These results reflect similar 

findings from other studies that have also shown species composition, in terms of 

proportions of total catches, is dependent on the specific trap and lure used (49; 92; 104; 

174). Although both CDC LTs and BGS traps collected equivalent numbers of An. 

vestitipennis, the CDC LT captured significantly more An. albimanus females. 

Additionally, during experiments performed at the end of the 2011 rainy season with 
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lower overall mosquito densities, the use of the BG-Lure with CDC LTs failed to capture 

any Anopheles spp. mosquitoes and was clearly outperformed by CDC LTs using the 

human foot odor bait. This suggests that the CDC LT baited with dirty socks is suitable 

for subsequent push-pull experiments at this study site. However, a more comprehensive 

investigation oflure and trap type might be warranted for providing valuable insight into 

lure efficacy across different mosquito species. 

A second objective was to quantify the effect of a baited CDC LT hanging in the 

peridomestic area on mosquito entry into an occupied experimental hut. Baited light 

traps are often used for sampling local mosquito populations (83; 135; 170) but are not 

generally effective as standalone interventions to control them (83; 121). Accordingly, it 

was somewhat unexpected that the use of CDC L Ts outside experimental hut windows 

would have an impact on mosquito entry into the hut, as measured by collections from 

window interception traps. However, there was a significant reduction in early evening 

An. albimanus entry. Caution should be used not to over interpret this reduction (an 

average of 8 fewer mosquitoes during the first three hours after sunset) as 

epidemiologically significant. It is, however, important to note that the decreased entry 

was most prominent during the time of night that corresponds to peak feeding behaviors 

previously observed for An. albimanus in Belize (1 O; 11; 19; 127). This suggests that an 

outdoor trap alone could negatively impact indoor densities of this important malaria 

vector, thereby disrupting human vector contact. Interestingly, there was no 

corresponding effect of outdoor CDC LTs on An. vestitipennis entry, as the numbers of 

An. vestitipennis females collected from window interception traps was the same at 

control and experimental huts. These results may indicate that an outdoor baited trap 
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more effectively targets the exophagic An. albimanus, whose outdoor host-seeking 

behaviors are more likely to be impacted by the outdoor lure, while the more endophagic 

An. vestitipennis, with a stronger affinity for feeding indoors, appears more likely to 

bypass an outdoor trap and proceed to enter an occupied structure to feed. 

In conclusion, findings from the experiments described herein support existing 

knowledge that the underlying ecological and behavioral tendencies of different 

Anopheles species can profoundly influence trap efficacies. Such information underlies 

the importance of characterizing disease transmission dynamics at the local level in order 

to drive the development and optimization of vector control strategies. At this site in 

northern Belize, CDC LTs baited with human foot odors and BGS traps baited with BG­

Lure were equally effective in collecting the malaria vector An. vestitipennis when 

deployed outside of occupied experimental huts, but the CDC LT was clearly more 

efficacious in collecting the sympatric vector An. albimanus. Accordingly, the CDC LT 

baited with foot odors is the better trap choice for further studies of malaria vector control 

interventions at the site. 
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Figure 8. The Progresso Hut Site. 
(A) The study site location in Corozal District, Belize. (B) Hut placement on­
site, with known Anopheles spp. larval habitats highlighted. 
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A 

Figure 9. Experimental hut setup. 
(A) An experimental hut at the field site with an open window (portal for 
mosquito entry), with a window interception trap used to monitor mosquito 
entry (inset). (B) Baited CDC Light Traps and (C) Baited BG-Sentinel™ traps 
positioned outside each portal of entry. 
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Baseline hut comparability, 2011. 
Comparability in the numbers of mosquitoes collected for both (A)An. 
albimanus and (B) An. vestitipennis. ANOVA (a=0.05) showed no 
significant effect of hut location, collection team, or collection night. 
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Mosquitoes at the Progresso Hut Site, 2011. 

!Iii other Culicidae 
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Ill An. albimanus 
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(A) The total adult female mosquito composition at the field site during 
16 overnight (12h) collections from September to December, 2011. A total 
of 28,946 specimens were collected by window interception traps, baited 
CDC light traps (CDC LTs) and baited BG Sentinel™ traps (BGS). (B) 
The species composition, by proportion, of the mosquitoes collected using 
the three methods. 
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Table 2. Nightly average mosquitoes collected during four overnight (12h) collections comparing the efficacy of CDC Light Traps 
and BG Sentinel™ Traps 1• 

Mean (SE) Mean(SE) 
Mean (SE) 

Window Window 
Outdoor CDC 

Mean (SE) 
Intercept Traps: Intercept Traps: 

LT 
OutdoorBGS 

CDC LT2 Hut BGS3 Hut 

An. vestitipennis 1138 (102) 1160 (105) 134 (46) 130 (25) 

An. albimanus 71 (I 1) 75 (9) 5 (2)* 1 (0)* 

An. crucians 38 (7) 39 (10) 44 (41)* 4 (1)* 

An. punctimacula 21 (5) 40 (14) 77 (80)* 7 (1)* 

An. gabaldoni 45 (8) 57 (15) 10 (14) 3 (3) 

Other Culicidae 112 (15) 165 (5) 38 (7) 38 (5) 
10utdoor traps were hung near the windows of experimental huts, which were fitted with interception 
traps and occupied by 2 collectors. Geometric means are presented, SE = standard error of the mean 

2CDC LT = CDC miniature light trap 3BGS = BioGents Sentinel™ Trap 

* = significant difference between trap type, Student's t-test P<0.05 
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Comparison of two outdoor mosquito trap types. 
Average number of (A) Anopheles vestitipennis and (B) An. albimanus 
collected in CDC light traps (CDC LTs) baited with human foot odor and 
in BioGents BG-Sentinel™ (BGS) traps baited with the BG-Lure™ over 
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Table 3. Efficacy of CDC Light Traps baited with either human foot odor (sock lure) or 
BG-Lure™ over four all-night (12h) collections. 

Sock Lure BG-Lure™ 

Total 
Nightly 

Total 
Nightly 

Collected 
Mean 

Collected 
Mean 

(SE} (SE) 

An. vestitipennis 18 2.6(2.4)* 0 O* 

An. albimanus 0 0 0 0 

Geometric means are presented, SE = standard error of the meari. 

*=significant difference, Student's t-test P<0.05 
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Table 4. The impact of outdoor baited CDC Light Traps on mosquito entry into an experimental hut during four all-night (12h) 
collections 1• 

Hourly Mean (SE) Hourly Mean (SE) 
Hourly Mean (SE) 

Window Intercept Traps: Window Intercept Traps: 
ControI2 Hut CDC LT3 Hut 

Outdoor CDC LT 

An. vestitipennis 17.2 (1.4) 17.1 (1.3) 7.6 (0.5) 

An. albimanus 3.5 (0.5)* 1.9 (0.2)* 1.1 (0.2) 

An. crucians 1.0 (0.2) 1.4 (0.2) 7.5 (0.8) 

An. punctimacula 0.33 (0.3)* 0.17 (0.0)* 3.9 (0.5) 

An. gabaldoni 0.44 (0.1) 0.55 (0.1) 1.0 (0.2) 

Other Culicidae 1.8 (0.4) 1.4 (0.3) 3.8 (0.7) 
10utdoor traps were hung near the windows of experimental huts, which were fitted with window interception 
traps and occupied by two collectors. Geometric means are presented, SE = standard error of the mean 

2Paired control hut with no outdoor traps 3CDC LT= CDC minature light trap 

* = significant difference in hut entry, Student's t-test P<0.05 
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Effect of outdoor CDC light traps on total mosquito entry. 
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Table 5. Summary of meteorological conditions during all-night mosquito collections, September to December, 2011. 

Max Min Outdoor Outdoor Outdoor Indoor Indoor Indoor 
Collection Wind Wind Wind Total Mean Max Min Mean Max Min 

Evaluation Date Direction S_eeed S_eeed Rain Tem,e Tem,e Tem,e Tem,e Tem,e Tem,e 

28-Sep-l l SE 2.1 0 0.02 76.1 86.6 73.2 80.7 87.3 77.3 

Baseline 
30-Sep-l l E 1.9 0 0 73.4 80.8 70.4 75.8 80.1 73.2 

3-0ct-11 NE 4 0 0.04 73.8 85.l 71.1 77.2 85.1 73.8 

6-0ct-11 NE 1.9 0 0.02 79.3 85.l 76.7 81.8 84.4 79.4 

17-0ct-l l NE 3 0 0 75.6 83 73.2 78.2 85.8 75.2 

CDC vs 20-0ct-l l N 0 0 67.8 78.7 67.8 71.3 78 65 
BG 24-0ct-l l NW 2 0 0 67 74.5 63.5 70.1 80.1 66.3 

27-0ct-l l NE 2 0 0 73.9 80.1 69.7 77.1 84.4 73.5 

3-Nov-11 NE 0 0 72.3 79.4 69 75.6 82.2 71.8 
IO-Nov-

CDC vs 11 NE 0 0 68.9 76.6 65.6 72.2 81.5 68.3 

Control 21-Nov-
11 E 0 0 72.4 80.8 67.7 75.1 82.2 70.4 

19-Dec-
11 NE 0 0 69.5 75.9 64.9 73.2 78 69 
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CHAPTER 3: The Field Evaluation of a Push-Pull Strategy to Control 
Malaria Vectors in Northern Belize, Central America3 

ABSTRACT 

Campaigns for the continued reduction and eventual elimination of malaria will 

require new and innovative vector control tools. One novel approach being considered 

uses a push-pull strategy, whereby spatial repellents are used in combination with 

outdoor baited traps. The desired effect is the behavioral manipulation of mosquito 

populations to elicit movement of vectors away from people and into traps. Here, a field 

based Latin square experimental hut methodology was used to evaluate a prototype push-

pull intervention against two target vector populations, Anopheles albimanus and An. 

vestitipennis, in Belize, Central America. For An. vestitipennis, the combined use of an 

indoor repellent and outdoor baited traps reduced mosquito hut entry by 39% (±1.9%) as 

compared to control and increased the densities of An. vestitipennis captured in outdoor 

baited traps by 48% (±26%), as compared to when no repellent was used. Against An. 

albimanus, the combined push-pull treatment similarly reduced hut entry by 54% (±14%) 

as compared to control; however, the presence of a repellent indoors did not affect overall 

outdoor trap catch densities for this species. Against both anopheline species, the 

combined intervention did not further reduce mosquito hut entry compared to the use of 

repellents alone. The prototype intervention evaluated here clearly demonstrated that 

3 The majority of Chapter 3 has been submitted to the journal PLoS ONE as: 
Wagman J, Grieco J, Bautista K, Polanco J, Briceno I, King Rand Achee N. In review. The Field 
Evaluation of a Push-Pull Strategy to Control Malaria Vectors in Northern Belize, Central America. 
PLoS ONE submission# PONE-D-14-18319 
JW assumes sole responsibility for the work presented here. JW designed the study, performed the 
experiments, interpreted the data and wrote the manuscript. JG and NA contributed to the design of 
the study, interpretation of the data, and revision of the manuscript. KB, JP, IB, and RK contributed to 
acquisition of the data and revision of the manuscript. 
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push-pull strategies have potential to reduce human-vector interactions inside homes by 

reducing mosquito entry, and highlighted the possibility for the strategy to 

simultaneously decrease human-vector interactions outside of homes by increasing baited 

trap efficacy. However, the variation in effect on different target vectors highlights the 

need to characterize the underlying behavioral ecology of mosquitoes to drive 

optimization of intervention efficacy. 

INTRODUCTION 

Recent achievements in decreasing the global burden of human malaria have 

come about through the implementation of well-coordinated, multi-faceted and evidence­

based control programs of which vector control has been an integral component (47; 67; 

84; 91; 99; 149; 169). Indeed, vector control is widely recognized as an essential part of 

any viable plan to further control, eliminate and eradicate malaria ( 4 7; 85; 169). 

However, current adult vector control tools such as indoor residual spraying (IRS) and 

long-lasting insecticide nets (LLINs) are becoming increasingly inadequate to control 

disease for a variety of reasons, among which are the emergence of insecticide resistance, 

vector behaviors (e.g. daytime or outdoor-biting) that result in reduced intervention 

efficacy, and local shifts in vector species composition (13; 14; 47; 63; 97). These 

inadequacies, coupled with renewed calls for the global elimination and eradication of 

malaria in all of its complex transmission settings, underscore the critical need for novel 

approaches for vector control (148; 149; 167). 

One novel strategy currently being developed utilizes a push-pull approach, which 

seeks to exploit the complementary effects of spatial repellents and mosquito traps used 

in combination, to decrease the probability of human-vector interactions (38; 82; 111). 
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Developed initially as a way to control agricultural and urban pests, push-pull 

interventions work by combining the repellency action of one component and the 

attractiveness of another in order to elicit the movement of pests away from a protected 

resource and towards a trap for subsequent removal from the environment (38; 114; 117). 

Accordingly, push-pull strategies for the control of mosquito vectors of human disease 

would use repellents to deter host-seeking mosquitoes from treated spaces (the 'push') 

and towards a baited trap (the 'pull'), which would result in their capture and removal 

from the peridomestic environment and thereby decrease population densities for added 

protection in the outdoor environment (38; 82; 111). 

Although still in the proof-of-concept phase, it is easy to appreciate that the 

dynamics of such a strategy are complex and likely to vary according to local 

transmission ecologies. Nonetheless, preliminary work has been encouraging. For 

example, Kitau et al (2010) showed in a semi-field environment that the combined use of 

personal repellents (topically applied) and mosquito traps could reduce the biting rates of 

laboratory reared Anopheles gambiae more than the use of traps alone (82). Additionally, 

a number ofresearchers (7; 132; 146) have made progress towards defining the 

parameters of a push-pull intervention for the control of the dengue vector Aedes 

aegypti, including studies demonstrating local interest and community buy-in for the 

concept in both Latin America and South East Asia (111 ). In order to assess the potential 

role for push-pull in the prevention of malaria, the present study measured the impact of a 

prototype push-pull intervention on natural populations of two regionally important 

malaria vectors in Belize, Central America: An. albimanus and An. vestitipennis (12; 64). 

A field based, matched-control experimental hut study design was used to measure and 
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compare two important endpoints, 1) the reduction of host-seeking mosquito entry into 

the huts and 2) the efficacy of outdoor baited light traps. 

MATERIALS AND METHODS 

Ethics Statement 

Permits and approval for this study were obtained from the Ministry of Health, 

Belize and the Pesticides Control Board, Belize. No protected species were sampled 

during these studies. 

Study Site and Design 

The study site, previously described in Chapter 2, was established in an open 

pasture surrounded by freshwater lagoons and seasonal swampland near the village of 

Progresso in Corozal District, Belize (Nl 8°11 '52" W88°26'6") (Fig. 15A). A Latin square 

study design was used to compare mosquito entry into experimental huts and outdoor 

traps across four different experimental conditions: 1) Control, with no interventions; 2) 

'pull,' utilizing only outdoor traps; 3) 'push,' utilizing only an indoor spatial repellent; 

and 4) 'push-pull,' utilizing both interventions simultaneously. Experimental treatments 

and collection teams were rotated through each of the four huts for a total replication of 

16 nights. Experiments were carried out during the rainy season of2012, May to 

December, when the region experienced an average of 160 mm/month of precipitation 

(range 50 mm/month to 305 mm/month)(58). Temperature and humidity inside the huts 

were measured using HOBO® Pro Series Weatherproof Data Loggers (Forestry 

Suppliers Inc., Jackson, MS). Wind speed, relative humidity, temperature, and 

precipitation were recorded outdoors with a Davis Vantage Vue® wireless weather 

station (Davis Instruments, Vernon Hills, IL). 
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Experimental Huts and Interception Traps 

Four identical experimental huts were constructed on site, approximately 50 

meters apart along a straight, north-south transect (Fig. l 5B). Based on previously 

described methodologies (9), huts were built using locally acquired materials and in a 

style typical of homes in rural Belize. Briefly, each structure measured 3.6 square meters 

and had an average roof height of2.36 meters, creating an internal volume ofroughly 

30.6 m3
• Huts were raised 30 cm from the ground, resting on a cinderblock and pine 

wood platform. Walls and floors were constructed of an untreated pine lumber frame with 

plywood panels. Roofs were fashioned out of corrugated tin. Each hut had one door (182 

cm X 76.2 cm), cut into the eastern facing wall, and three windows (76.2 cm2
), one in 

each of the remaining walls. Windows were built to accommodate interception traps for 

capturing mosquitoes entering the hut (Fig. 16). Based on the designs ofMuirhead­

Thomson (1950) and Grieco and others (2000) (61; 95), interception traps measured 76.2 

cm3 and were made of a steel frame (3.2 mm diameter rebar) covered with a green 

polyester netting (BioQuip Products Inc., Rancho Dominguez, CA) bag. A beveled 

opening prevented trapped mosquitoes from escaping, while a 20 cm diameter portal 

enabled the aspiration of trapped specimens from inside the hut. White polyethylene tarps 

(A&R Enterprises, LTD, Belize City, BZ) were installed on hut floors and baseboards to 

facilitate the monitoring of knocked down mosquitoes. To control for residual chemical 

contamination from repellent treatments, all huts and interception traps were cleaned after 

every four collections, prior to the rotation of treatments among huts. Hut surfaces and 

trap netting were sprayed and washed with a 10% bleach solution and windows and doors 

were left open for 24 hours. 
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Outdoor Baited Traps 

Previous trials at the field site (Chapter 2, Fig. 12) indicated that CDC Miniature 

Light Traps (CDC LT) (John W. Hock Company, Gainesville, FL), baited with human 

foot emanations collected on cotton socks (101; 133), were the most efficacious outdoor 

traps for An. vestitipennis and An. albimanus. Prior to use as a mosquito lure, all socks 

were worn for 12h by the same individual and were utilized for a maximum of 72h after 

initial collection. During use, socks were placed on top of the CDC LT rain guard, and 

when not in use, were stored away from sunlight in sealed plastic bags at ambient 

temperature. During the collections, baited CDC LTs were hung outside the huts, 2m 

above the ground and lm from each open window (Fig. l 7B), and operated according to 

manufacturer's recommendations. Traps were baited, positioned and turned on 30min 

before sunset (- l 730h) and operated until shortly after sunrise (-600h). During each l 2h 

replicate, collection bags were replaced and processed every 2hrs. 

Spatial Repellent 

Transfluthrin (S.C. Johnson and Son, Inc., Racine WI) (2,3,4,6-tetrafluorobenzyl 

( 1 R)-trans-3-(2,2-dichlorovinyl)-2,2-dimethyl cyclopropanecarboxylate ), a volatile 

synthetic pyrethroid with spatial repellent (SR) efficacy against several classes of 

arthropod pests including anopheline mosquitoes (48; 107; 110), was selected as the 

chemical repellent. Following industry guidelines for a recommended dosage of 30mg 

active ingredient per 9.3m2 area (M.C. Meier, personal communication, 16 August 2011) 

each experimental hut (13.4m2 floor space) received a total of 43.2mg of transtluthrin 

emanating passively from two 55.6cm2 strips of nylon organdy cloth (G-Street Fabrics, 

Bethesda MD). Each cloth strip was treated with 21.6 mg of technical grade transtluthrin 
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diluted in lmL of acetone (Ace Hardware Corp., Oak Brook, Illinois) applied evenly and 

allowed to air dry for 15 min following previously described methodologies (13; 65; 87). 

Control treatments consisted of nylon strips treated with acetone only. Transfluthrin 

solution was prepared and nets treated at 1200h in advance of each collection night. Nets 

were sealed in labeled plastic bags and kept in a light proof box at ambient temperature 

and humidity in preparation for transport to the field site. In the field, strips were attached 

to a central wood bean two meters high in the center of designated huts one hour prior to 

the start of mosquito collections (Fig. 17 A). Here, the term spatial repellency follows the 

WHO 2013 definition that refers to a range of insect behaviors to include movement 

away from a chemical stimulus as well as interference with host detection or blood meal 

acquisition (172). 

Mosquito Collections 

At each experimental hut, mosquitoes were sampled by a two-person team during 

12h overnight collections. Throughout all collection periods, the door of each hut 

remained closed while the open windows (with interception traps attached) provided the 

only entry portals for host-seeking mosquitoes. Thirty minutes before dusk (-1730h), 

collection teams entered each structure in order to prepare for trap processing and to 

establish indoor host cues. Starting at approximately 1800h and repeating every 30 

minutes, one collector spent a five minute timed interval aspirating mosquitoes from each 

window interception trap, collecting for a total of 15 minutes. Trap openings were 

temporarily blocked with three inch polyurethane foam (Landy's and Sons, Ltd., Orange 

Walk Town, Belize) during each collection interval and were immediately re-opened 

after. Captured mosquitoes were stored in plastic collection cups labeled by time, hut and 
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unique window identifier. Each 12h collection period was divided into three hour shifts 

during which collectors took turns alternately processing traps and resting. All anopheline 

mosquitoes were identified to species using a site appropriate key (173). Ovarian 

dissections were conducted on a subset of target vector species ( 15 % ) to estimate age 

structure using parity characteristics (parous vs. nulliparous) (158). 

Follow On Study 

After the completion of the push-pull evaluation, an additional four-night follow-

on study was performed to test if there was an observable interaction between the spatial 

repellent and the outdoor lure that was confounding the spatial repellency effect. A two­

hut Latin square procedure was employed to evaluate the difference in window intercept 

catches between two experimental hut conditions: a control hut that utilized the standard 

push-pull intervention with indoor transfluthrin and outdoor baited CDC LTs and an 

experimental intervention that utilized indoor transfluthrin and outdoor, non-baited (clean 

socks) CDC LTs. 

Data Analyses 

Unless otherwise noted, Excel 2007 (Microsoft, Redmond WA) was used to lo& 

transform the raw numbers of mosquitoes collected and to calculate means, interval 

endpoints and standard errors. This data was then back-transformed, and the geometric 

means of mosquito densities collected are reported ± the standard error of the mean 

(±SE). The mean number of mosquitoes entering each hut was used to perform ANOVA 

using IBM SPSS Statistics v20.0 (Armonk, NY). Post-hoc analyses, including Tukey's 

test of Honestly Significant Differences and Wilcoxon's Signed Rank test, were used to 

differentiate means. Student's T-test (a= 0.05) was also used to compare differences in 
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the mean number of mosquitoes trapped in CDC L Ts hanging outside huts with and 

without repellent treatments, and to compare the mean numbers of mosquitoes collected 

in window intercept traps at huts utilizing outdoor CDC LTs with and without lure during 

the follow-on study. 

RESULTS 

Baseline site characterization, performed in July and August of2012, showed An. 

vestitipennis (72%) and An. albimanus (7%) to represent the largest proportions of 

mosquito species collected (Fig. 18), as had been previously observed in 2011 (Chapter 

2). Other mosquitoes encountered included An. crucians (5%), An. punctimacula (1 %), 

An. gabaldoni (1 %), and a number of other culicines (15%) (Fig. 18) which were not 

identified to species but included the following genera: Cu/ex, Psorophora, and 

Mansonia. In addition, pre-intervention collections indicated both hut and collection team 

comparability (ANOVA, a= 0.05) (Fig. 19). During treatment evaluations, a total of 

21,494 mosquitoes were collected and identified, 15,411 from indoor window 

interception traps and 6,083 from outdoor CDC LTs (Table 6). Two of the most 

abundant mosquitoes collected were An. vestitipennis (total n=9,522) and An. albimanus 

(total n=2,933). Ambient outdoor temperatures ranged from an average nightly high of 

26.9C (range 21.7C - 39.8C) to an average nightly low of 22.3C (range 16.6- 25.l) with 

relative humidity averaging greater than 90% (range 57% - 100%) (Table 7). A 

spearman's rank correlation analysis on mosquito densities and climate variables 

indicated only one significant trend: a positive correlation (Spearman's rho=0.525, 

P=0.037) between nightly precipitation and the number of An. albimanus collected in 

window interception traps. 
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The number of An. vestitipennis and An. albimanus collected per night from 

window interception traps at each of the four experimental huts during the push-pull 

evaluation is shown in Table 6, with the nightly average number (geometric mean) by 

treatment shown in Figure 20. For each vector species, the highest mosquito densities 

were collected from control huts: 122 (±2.4) per night for An. vestitipennis and 27 (±4.1) 

per night for An. albimanus. For An. vestitipennis the pull treatment (CDC LTs outside 

windows) did not significantly reduce mosquito entry into huts, 107 (±2.5) per night, 

compared to the control hut, 122 (±2.4) per night (Fig. 20). Similarly, the time of peak 

entry was unaffected (Fig. 21 ). For An. albimanus there was a larger effect, although 

insignificant, on the numbers of mosquitoes entering the hut in the presence of CDC LTs, 

27 (±4.1) per night, as compared to control, 18 (±3.6) per night (Fig. 20). An. albimanus 

hourly entry patterns also illustrate this reduction (Fig. 21). The use of the spatial 

repellent reduced nightly mosquito entry of An. vestitipennis by 60% (±1.7%, 95% CI) 

compared to the control hut (48 [±2.9] vs. 122 [±2.4]; Fig. 20). Similarly, a nightly 

reduction of 69% (± 11 %, 95% CI) was observed in An. albimanus entry (9 [ ±4.8] vs. 27 

[ ±4.l ]; Fig. 20). These reductions were significant and consistent throughout the entire 

collection period (Fig. 22). 

The combined push-pull treatment also reduced mosquito entry compared to the 

control hut, but the impact was slightly less than the effect of using spatial repellent alone 

(Fig. 20). For An. vestitipennis, the push-pull reduction in mosquito entry was 39% 

(±1.9%, 96% CI), from 122 (±2.4) per night to 74 (±3.0) per night (Fig. 20), while for An. 

albimanus the reduction was 54% (±14%, 95% CI), from 27 (±4.1) to 13 (±5.7) (Fig. 20). 

The reduced repellent effect seen at the push-pull huts, compared to the push alone huts, 
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was not statistically significant (ANOV A, a=0.05) in terms of the absolute numbers of 

mosquitoes collected in the window interception traps. However, a Wilcoxon signed-

rank test comparing the difference of means between the repellent alone and the 

combined intervention indicated that the trend may be significant: the push-pull hut 

collected more mosquitoes in window interception traps than the push hut on 13 of 16 

night for An. vestitipennis (P=0.016) and on 10of16 nights for An. albimanus (P=0.038). 

In the outdoor baited CDC LTs, the spatial repellent treatment increased the 

nightly density of An. vestitipennis captured by 48% (±26%, 95% CI), from 16.3 (±3.5) 

per night at the pull hut to 24.l (±2.4) per night at the push-pull hut (Fig. 23); however, 

no effect was seen in An. albimanus populations (10.2 [±2.9] vs. 9.5 [±3.9] at the push-

pull and control huts, respectively) (Fig. 23). Results from the follow-on study indicate 

that there was no effect of outdoor CDC LT bait on the spatial repellent effect of indoor 

transfluthrin: statistically equivalent numbers of mosquitoes were captured entering the 

window interception traps from each hut (Fig. 24). For An. vestitipennis, no differences 

in parity rates were observed between mosquitoes captured indoors or outdoors, or in the 

presence or absence of a spatial repellent, on any night (Table 8). The numbers of An. 

albimanus captured and dissected were too low for a meaningful analysis of parity trends. 

DISCUSSION 

This is among the first field-based evaluations of a prototype push-pull strategy to 

~ 

control naturally occurring vectors of human malaria. The use of multiple experimental 

huts allowed for the assessment of the impact of each of the components of the 

intervention (an indoor spatial repellent and an outdoor baited trap) separately and in 

combination. Additionally, the study site provided an opportunity to assess the impact of 
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the same experimental interventions concurrently on two anopheline species of public 

health importance, the more endophagic and anthropophagic An. vestitipennis and the 

more exophagic and zoophagic An. albimanus (37; 61; 62; 64). 

Outdoor Baited Light Traps: The Pull 

Data indicate that the use of baited CDC LTs had no statistically significant effect 

on the entry of either species into the experimental huts, although a slight decrease in 

entry for An. albimanus was noted. These results are in line with previous observations 

made at this study site (Chapter 2) and seem to indicate that an outdoor baited light trap, 

in the absence of any other mosquito control intervention, was more likely to impact the 

hut entry behaviors of the more naturally exophagic An. albimanus. Conversely, the hut 

entry behaviors of the endophagic vector An. vestitipennis, which is inherently more 

attracted to the internal environment of an experimental hut, were not impacted by the 

presence of an outdoor baited light trap. 

Indoor Spatial Repellent: The Push 

The impact of indoor transfluthrin emanators was clear and consistent for both 

species, resulting in sharp reductions in the numbers of host-seeking mosquitoes that 

entered window interception traps. These results are in line with previous reports of 

experimental hut studies from Belize that showed both An. vestitipennis and An. 

albimanus to be susceptible to the spatial repellent action of indoor applications of DDT 

(19; 61). 
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The combined push-pull strategy 

Against An. vestitipennis, results show that the combined push-pull treatment 

simultaneously reduced mosquito entry into experimental huts, compared to control huts, 

and increased the efficacy of outdoor baited CDC L Ts, compared to CDC LTs operating 

outside huts with no spatial repellent treatment. For An. albimanus, results indicate a 

similar reduction in mosquito entry associated with the push-pull treatment, but there was 

no comparable effect of indoor spatial repellent on increasing outdoor light trap 

efficacies. 

The use of an indoor spatial repellent significantly and consistently reduced entry 

into the window interception traps for both target species, whether used alone or in 

conjunction with outdoor baited light traps. Considering this, along with the statistically 

negligible (albeit variable) effect on hut entry of outdoor light traps used alone, the data 

suggests that the reduced mosquito entry observed at the push-pull huts can be attributed 

directly to the spatial repellent activity of the transfluthrin treatment. This inference is 

supported by general observations that, given currently available technologies, spatial 

repellents can be very effective at reducing local biting pressures (8) while trapping of 

adults has remained largely ineffective at doing so (except when conducted on much 

larger scales, over longer periods of time and using more sophisticated traps than were 

evaluated here) (35; 71; 83; 121; 138). 

Interestingly, results in the current study also showed the presence of outdoor 

baited CDC LTs to decrease the repellent effect of indoor transfluthrin against both target 

vectors. This effect remains largely unexplained, although a follow-on study comparing 

two huts with spatial repellent treatment and CDC LTs (one hut using baited traps and 

one hut using unbaited traps) indicated no negative interaction between mosquito lures 
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and the spatial repellent treatment, based on equivalent number of mosquitoes captured in 

window traps at the two huts. 

Overall, the densities of An. vestitipennis captured in outdoor CDC LTs increased 

in the presence of the indoor spatial repellent as compared to when CDC L Ts were used 

alone. Such an effect was not seen with An. albimanus. Reasons for this observation 

might again be explained based on species-specific behaviors. More endophagic species, 

like An. vestitipennis, will be more strongly attracted to the internal environment of an 

occupied hut during host-seeking. If the indoor environment is found to be unsuitable, it 

therefore may also be more likely displaced from its endophagic host seeking path into 

the immediate peridomestic environment, thus increasing the probability of capture by an 

outdoor trap positioned adjacent to the host-occupied structure. Upon detection of an 

unsuitable indoor environment, an exophagic species like An. albimanus may simply 

continue to search for a blood meal in a wider area outdoors, not impacting (or perhaps 

lowering) the probability of contact with the same outdoor traps. 

Though only a subset of An. vestitipennis and An. albimanus were age graded via 

ovarian dissection during each collection, it is important to mention that there were no 

obvious differences in the crude age structures of target vector populations with regards 

to the location of their capture on any night. While parity rates did fluctuate temporally 

throughout the duration of the study, there was no evidence that any of the interventions 

had a differential impact on nulliparous or parous mosquitoes (Table 8). 

CONCLUSION 

The experiments reported here demonstrate the potential for push-pull strategies 

to reduce the probability of human-vector interactions both inside (by reducing mosquito 
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entry) and outside (by increasing the efficacy of an outdoor baited trap) of homes. 

However, the variation in effect seen on different target species highlights the need to 

identify the underlying behavioral ecology oflocal vectors to tailor the strategy to 

different transmission settings. Additionally, further elucidation of the species-specific 

mechanisms that drive mosquito responses to spatial repellent chemicals and baited traps 

is needed to properly evaluate the potential role for push-pull vector control strategies as 

part of any malaria prevention program. 
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Figure 15. 

A 

N 

! 

The experimental field site. 
(A) The location of Belize in Central America, and the location of the site 
near Progresso Village. (B) Satellite imagery of the site showing the 
experimental huts and with the nearest anopheline larval habitats 
indicated. 

74 



Figure 16. 

A 

Hut configuration. 
(A) An experimental hut at the field site and (B) a window interception 
trap inside the same hut. 
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Figure 17. Experimental Treatments. 
A) A spatial repellent emanator inside an experimental hut and (B) an 
outdoor baited CDC light trap. 

76 



Figure 18. 

Total Collected = 10,311 

Adult female mosquito composition at the study site, 2012. 
From baseline (pre-intervention) characterization of the site from July to 
August, 2012. 
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Figure 19. 
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Baseline (pre-intervention) comparability of experimental huts, 2012. 
During the baseline characterization of mosquito activity, statistically 
equivalent numbers of target anophelines (ANOVA, a = 0.05) were 
collected (A) in each hut and (B) by each collection team. Nightly (n=4) 
geometric means are shown; error bars represent the standard error of the 
mean. 
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Table 6. Nightly mosguito densities collected during the _Qush-_Qull ex2erimental hut evaluation. 

Indoor Interce~tion Tra~ Collections Outdoor Baited CDC LT1 Collections 

An. vestitil?._ennis An. albimanus An. vestitil?._ennis An. albimanus 

Night Contro12 Pull3 Push4 p_p5 Control Pull Push P-P Pull P-P Pull P-P 

1 417 149 152 223 6 5 3 2 27 47 8 1 

2 161 103 47 165 50 2 0 7 23 29 17 5 

3 336 95 42 76 106 10 3 5 29 14 34 5 

4 160 122 17 22 18 29 6 4 19 6 14 12 

5 77 100 45 48 42 27 4 30 3 18 7 35 

6 69 68 68 64 329 114 103 171 4 14 22 30 

7 43 24 26 81 13 4 11 48 3 19 7 

8 114 124 63 132 124 123 25 89 9 32 17 26 

9 49 37 27 47 29 12 30 40 19 20 13 36 

10 189 119 105 127 102 43 40 60 17 54 13 62 

11 451 841 397 237 43 20 39 17 232 106 15 15 

12 270 396 176 271 9 26 10 13 105 87 25 33 

13 168 237 114 214 54 116 44 77 29 39 24 14 

14 150 137 15 45 14 18 1 0 30 36 18 5 

15 34 53 9 4 1 3 1 11 9 3 0 

16 25 35 11 30 9 11 12 3 3 6 0 
Geo 

122 107 48 74 27 18 9 13 16 10 10 
Mean 

(2.4) (2.5) (2.9) (3.0) (4.1) (3.6) (4.8) (5.7) (3.5) 
24 (2.4) 

(2.9) (3 .9) 
(SE} 

1 CDC LT = CDC Light Trap 2 Control hut = no treatment 
3Pull hut = outdoor CDC LT alone 4Push hut = indoor spatial repellent alone 
5Push-Pull hut= combined use of outdoor CDC LT and indoor spatial repellent 

79 



Table 7. Summary of meteorological conditions during all-night mosguito collections, July to November, 2012. 

Wind Average Max Min Indoor Indoor Indoor 
Collection Directi Wind Wind Wind Total OutdoorMean OutdoorMax OutdoorMin Mean Max Min 

Evaluation Date on SQeed SQeed SQeed Rain TemE TemE TemE TemE TemE TemE 

9-Jul-12 NE NR 1.9 0 0 77.7 86.4 75 .5 80.3 90.3 76.4 

12-Jul-12 NE NR 1.9 0 0 81.4 88.6 77.7 84.7 91 79.3 

Baseline 
30-Jul-12 NE NR 5 0 0.02 77.8 88.4 73 80 90.2 75.2 

13-Aug-12 NE 1.27 6 0 0 77.9 84.8 76 78.6 85.8 76.6 

23-Aug-12 NE 1.73 7 0 0.02 78.6 85.8 75.2 79.4 88.7 77 

27-Aug-12 NE 1.63 14 0 1.38 74.1 77.9 74.1 78 85.8 74.5 

3-Sep-12 NE 0.4 6 0 0 75.9 85 .6 73 .3 80.8 88 73.8 

6-Sep-12 NE 2.84 9 0 0 80 85.8 77.l 81.4 88 78 

10-Sep-12 NE 1.61 8 0 0 78.1 85.3 73.9 81.7 87.3 74.5 

13-Sep-12 NE 1.71 6 0 0 78.9 87.2 74.9 78.4 88 72.5 

17-Sep-12 SE 1.96 5 0 0 78.9 87.5 75.6 80.9 88 77.3 

24-Sep-12 NE 2.49 9 0 0 76 81.8 72.9 77.8 85.1 73.8 

27-Sep-12 NE 0.39 2 0 0.01 75.3 80 73.6 77.6 86.6 74.5 

Push-Pull 
4-0ct-12 NE 2.63 8 0 0.55 73.1 75.9 71.4 74.9 83 71.8 

8-0ct-12 NW 1.27 5 0 0 75.l 79.9 73.7 77.3 86.6 74.5 

11-0ct-12 NE 1.71 6 0 0.61 76.8 80.9 74.7 77.7 83 75.2 

14-0ct-12 NW 0.9 3 0 0 74.4 77.8 72.4 76.8 85 .1 73.2 

18-0ct-12 NE 0.35 3 0 0 74 81 71.2 76 85.8 71.8 

22-0ct-12 N 1.09 4 0 0.1 74.5 75.3 73.7 75 80.8 73 .2 

25-0ct-12 w 0.49 2 0 0 70.2 76.4 67.5 72.4 84.3 67.7 

22-Nov-12 NE 1.24 4 0 0 65.4 61.9 71.1 67.4 79.4 62.2 

26-Nov-12 N 1.29 5 0 0 70.35 75.3 66.1 73.6 78.7 67.7 
NR =Not Recorded 
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Figure 20. 
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Reductions in mosquito entry. 
The nightly averages (geometric mean, n=16) of female mosquitoes 
collected from window interception traps at each hut for (A) An. 
vestitipennis and (B) An. albimanus. Control= no intervention, Pull= 
outdoor baited light trap, Push = indoor spatial repellent, Push-Pull = 
combined intervention. Error bars show SEM, lower case letters indicate 
significantly different means (ANOVA with Tukey's test of honestly 
significant difference with a=0.05). 
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Figure 21. 
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Aggregate patterns of mosquito entry into control (no treatment) and pull 
(outdoor light traps) huts for (A) Anopheles vestitipennis and (B) An. 
albimanus throughout the study (n=16 nights). Geometric means are 
presented in 2h intervals, error bars represent the SEM. 
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Figure 22. 
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Effect of spatial repellent treatment on mosquito hut entry. 
Aggregate patterns of mosquito entry into control (no treatment), push 
(indoor spatial repellent only) and push-pull (indoor spatial repellent and 
outdoor baited traps) huts for both (A) Anopheles vestitipennis and (B) An. 
albimanus throughout study (n= l6 nights). Geometric means are 
presented in 2h intervals, error bars represent the SEM. 
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Figure 23. 
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The impact of indoor spatial repellent use on outdoor light trap efficacy. 
The nightly (n=16) average numbers of mosquitoes collected from outdoor 
CDCLTs at the pull (outdoor light traps only) and push-pull (combined 
use of indoor transfluthrin and outdoor light traps) huts. Geometric means 
are presented, error bars show the SEM, *=statistically significant at 
a=0.05, Student' s T-test. 
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No interaction between outdoor mosquito lure and indoor repellent. 
The nightly (n=4) average numbers of mosquitoes collected from indoor 
window intercept traps in huts deploying baited (Lure) and unbaited (No 
Lure) CDCL Ts. Geometric means are presented, error bars show the 
SEM. 
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Table 8. Parity rates for subset of captured An. vestitipennis that were age graded via ovarian dissection, by collection night5
. 

Inside1 SR2 Outside3 SR Inside Control4 Outside Control 

Parity Parity Parity Parity 
Night n {%} n {%} n (%} n (%) 

3-Sep 13 85 16 69 14 79 13 77 
6-Sep 9 67 5 80 11 82 6 67 

10-Sep 8 12.5 6 33 14 50 10 50 
13-Sep 3 75 0 n/a 4 100 0 n/a 
17-Sep 10 40 2 50 14 64.3 3 66.7 
24-Sep 3 66.7 6 66.7 6 66.7 7 71.4 
27-Sep 10 70 7 42.9 20 70 2 100 

4-0ct 18 55.5 0 n/a 13 15.4 1 100 
8-0ct 8 75 8 75 15 80 11 63 

14-0ct 13 23.1 0 n/a 18 22.2 0 n/a 
18-0ct 0 n/a 0 n/a 0 n/a 9 33.3 
22-0ct 16 68.8 10 60 15 46.7 5 40 
25-0ct 7 100 10 50 16 62.5 9 55.6 

22-Nov 3 66.7 5 80 10 80 8 75 
26-Nov 6 66.7 6 66.7 9 88.9 2 50 

1Inside =collected in window intercept traps. 30utside =collected in light traps. 
2SR = Experimental hut with indoor repellent. 4Control = Experimental hut with no repellent 
5 Wilcoxon signed rank hypothesis tests showed no significant differences in parity rates among mosquitoes collected indoors vs. 
outdoors (P=. 724) or at huts with repellent vs. without repellent (P= .131 ). 
n/a = not applicable. 
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CHAPTER 4: Spatial Repellent Response to Transfluthrin in Aedes 
aegypti: Behavioral Plasticity, Heritability, and a Link Between 

Repellent Insensitive and Insecticide Resistant Phenotypes4 

ABSTRACT 

Background: New vector control paradigms expanding the use of spatial repellents are 

promising, but there are many gaps in our knowledge about how repellents work and how 

their long-term use might affect vector populations over time. Reported here are findings 

from a series of in vitro studies that investigated the plasticity and heritability of SR 

behaviors, including a link between repellent insensitivity and insecticide resistance, in 

Aedes aegypti exposed to airborne transfluthrin. 

Methods: A dual-choice chamber system, consisting of a central unit connected at 

opposite ends to one treatment chamber containing 0.0075 nmol/cm2 transfluthrin and 

one control chamber without active ingredient, was used to observe directional flight 

behaviors in mosquitoes exposed to passively emanating transfluthrin vapors. 

Results: At baseline (Fo generation), transfluthrin actively repelled mosquitoes in the 

assay system. F0 mosquitoes repelled upon initial exposure to transfluthrin vapors were 

no more likely to be repelled again by subsequent exposure 24h later, but repelled 

mosquitoes allowed to rest for 48h were subsequently repelled at a higher proportion 

than was observed at baseline. Selective breeding of spatial repellent (SR) responders 

through 9 generations did not augment the proportions of mosquitoes repelled in any 

4 The majority of chapter 4 will be submitted to the journal Parasites and Vectors as: 
Wagman J, Achee N, and Grieco J. In preparation Spatial repellency responses to transfluthrin in 
Aedes aegypti: Behavioral plasticity, heritability, and a link between repellent insensitive and 
insecticide resistant phenotypes 
JW assumes sole responsibility for the work presented here. JW designed the study, performed the 
experiments, interpreted the data and wrote the manuscript. JG and NA contributed to the design of 
the study, interpretation of the data, and revision of the manuscript. 
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generation. However, selective breeding of SR non-responders did produce, after four 

generations, a strain of mosquitoes that was insensitive to the SR activity of transfluthrin. 

In CDC bottle bioassays, the SR insensitive strain also exhibited decreased sensitivity to 

transfluthrin toxicity, while the SR responder and unselected strains remained susceptible 

to the toxic effects of transfluthrin throughout the study. Cross mating F 8 SR insensitive 

females and wild-type Fo males restored both repellent sensitivity and insecticide 

susceptibility to offspring. 

Conclusions: SR responses to volatile transfluthrin are complex behaviors with multiple 

determinants in Ae. aegypti. Insensitivity to the SR action of volatile transfluthrin is a 

heritable, recessive trait correlated with insecticide resistance traits in Ae. aegypti, 

indicating a role for the neurotoxic irritation of mosquitoes by sub-lethal doses of 

airborne chemical as a mechanism by which transfluthrin can produce SR behaviors in 

mosquitoes. Accordingly, how prolonged exposure to sub-lethal doses of volatile 

pyrethroids might impact insecticide resistance in natural vector populations, and how 

already resistant populations might respond to a given repellent in the field, are important 

considerations that warrant further monitoring and study. Results also highlight the 

critical need to develop new active ingredients with novel mechanisms of action. 

Keywords: Aedes aegypti, spatial repellency, transfluthrin, insecticide resistance, 

pyrethroid 

BACKGROUND 

New vector control tools and paradigms are desperately needed to complement 

existing approaches (148; 149; 167), and there is growing evidence to support the 

expanded use of spatial repellents to help address this need (6; 8; 63; 105; 122; 172). The 
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ultimate goal of public health interventions utilizing spatial repellents is to exploit the 

behavior modifying effects of certain chemicals to prevent human-vector contact and, 

therefore, reduce disease transmission. Such approaches are among the most promising 

new strategies under investigation, with much progress already shown towards defining 

the parameters of spatial repellent-based interventions to control the global arbovirus 

vector Aedes aegypti (7; 111; 132). However, there are gaps in our knowledge about how 

repellents work, including the exact molecular and physiological mechanisms by which 

various chemicals elicit SR behaviors in important vector species (8; 22; 45; 81; 145) and 

the hereditary basis by which SR behavioral traits are maintained in populations of 

disease vectors (143; 144). 

Spatial repellency (SR) is one of several behavior modifying effects of 

insecticides on mosquitoes that have been recognized for decades (63; 122) and have 

been shown to contribute to disease reduction in many settings (8; 124). In outlining a 

new classification system to more accurately describe the actions of chemicals used for 

malaria vector control, Grieco and others (2007) defined SR actions as those that 

stimulate "movement away from the chemical source without the mosquito making 

physical contact with the treated surface" ( 63 ). An expanded concept of spatial 

repellency, which also includes chemical actions that interfere with host detection and/or 

otherwise disrupt the blood-feeding process, was established by WHO in 2013 to help 

determine guidelines for efficacy testing (172). Taken together, it is clear that what is 

casually referred to as spatial repellency is really a set of complex and multifactorial 

behaviors which can be generally thought of as reactions to air-borne chemical stimuli 
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that deter mosquitoes from entering a space to take a blood meal from an otherwise 

suitable host. 

Despite the complexities inherent in mosquito behavioral modification, much 

evidence to date seems to indicate that olfactory mechanisms underlie repellent behaviors 

(22; 23; 79). For example, DEET, which is probably the most widely used and 

thoroughly studied mosquito repellent ( 42; 94), is thought to work either through direct 

olfactory stimulation (113; 145) or through interference with normal host cue detection 

pathways to mask the presence of a potential blood meal (44; 45). Although DEET is 

found in personal use products applied directly to the skin and is not, strictly speaking, a 

spatial repellent able to protect occupants of a defined area, knowledge of its mechanisms 

of action is likely to inform much of our view of how spatial repellents also function. 

Indeed, epidemiological and entomological evidence garnered from the use of indoor 

residual spraying with DDT for malaria control also supports a model whereby the SR 

action of the chemical results from a separate mechanism, likely olfaction, from that 

which produces neurotoxicity: SR activity is preserved in many locations where 

insecticide resistance is widely reported (125). Similar observations have also been 

reported in pyrethroid tolerant mosquitoes that still demonstrate behavioral avoidance of 

sub-lethal doses of various pyrethroids (13; 81; 87). Additionally, it has also long been 

observed that some proportion of mosquitoes continue to locate hosts and feed even in 

the presence of a repellent (53; 129), and in Ae. aegypti this DEET insensitivity has been 

shown to be a heritable trait with incomplete penetrance (144) associated with specific 

odorant receptor polymorphisms (44; 112). 
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Less clear, however, is whether or not olfactory pathways are the only 

physiological drivers of spatial repellent behaviors in mosquitoes. For instance, Ogoma 

and others have reported that airborne pyrethroids and DDT both elicit multiple 

behavioral effects on a given mosquito population at the same time, including repellency, 

irritancy, reduced blood feeding, increased 24h mortality and reduced fecundity ( 105). 

Kawada and others recently reported reduced pyrethroid (permethrin and deltamethrin) 

contact repellency in a strain of Anopheles gambiae s.s. with the LI 014S kdr mutation, 

but not in strains of An. arabiensis or An. funestus s.s. with cytochrome P450 driven 

metabolic resistance traits, supporting a role for the non-lethal disruption of neuronal 

sodium ion channel function in eliciting the observed excito-repellency/irritancy 

behaviors (81). While they did not evaluate SR behaviors specifically, these results are in 

line with previous knowledge that many pyrethroid compounds (i.e., permethrin, 

deltamethrin and alphacypermethrin) can induce irritant and/or hyperactive responses in 

mosquitoes at sub-lethal concentrations (34; 86) and this hyperactivity can promote the 

avoidance of insecticide treated nets (134). While clear that these pyrethroid insecticides 

can produce contact repellency behaviors through neurologically disruptive mechanisms, 

whether or not a highly active and more volatile pyrethroid insecticide like transfluthrin, 

which also has spatial repellent properties (107), elicits the same physiological responses 

through airborne vapor exposures is unknown. This question is especially important as 

residual pyrethroids are currently the most commonly used class of public health 

insecticide worldwide and there are growing concerns about the rapid expansion of 

pyrethroid resistance in key vector species (8; 70; 116). Critically, it is unclear how the 

use of volatile compounds that act through the same physiological pathways as the most 
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commonly used residual insecticides might complicate the insecticide resistance 

landscape. 

Given the complex and multifactorial nature of SR behaviors in mosquitoes, the 

molecular and hereditary drivers of the behaviors are likely to vary across different active 

ingredients and target organisms. Nonetheless, elucidating which mechanisms dominate 

in specific transmission settings is an important step to understanding how to best use 

spatial repellents in a public health context ( 106), how their long-term use might impact 

vector populations over time ( 63; 87) and could also aid in the rational design of new 

active ingredients (8). Here, we report on a series of in vitro experiments that first 

examined the plasticity and heritability of non-contact SR behaviors in Ae. aegypti that 

were exposed to airborne transfluthrin, and subsequently explored a link between spatial 

repellent insensitivity and reduced insecticide susceptibility in selectively bred strains of 

this important arbovirus vector. 

METHODS 

Test mosquitoes 

Aedes aegypti (L.) mosquitoes were colonized from wild-caught P1 larvae 

collected from discarded automobile tires near the Belize Vector and Ecology Center 

(BVEC) in Orange Walk Town, Belize (18°04.938'N, 88°33.390'W). The P 1 - F4 

generations were reared and tested at the BVEC field laboratory at ambient light, 

temperature and humidity. Later generations (F5 - F10) and experimental crosses were 

reared and tested in climate controlled conditions (28°C, 60% RH, and l 2L: l 2D light­

dark schedule) at the Uniformed Serviced University of the Health Sciences (USUHS) in 

Bethesda, MD. Larvae were fed Chiclid Gold fish pellets (Kyorin Co., LTD, Himeji, 
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Japan) and adults were provided 10% sucrose solution from soaked cotton balls ad 

libitum. Fo adults were found to be highly susceptible to transtluthrin, malathion and 

DDT using standard CDC bottle assay methods (Fig. 25). Behavioral assays were 

performed using 5-12 day old mosquitoes, which were sorted into cohorts of 20 

mosquitoes 24h prior to testing. Unmated females were sugar starved (provided only 

water-soaked cotton) for 24h before testing, but male mosquitoes were not starved before 

testing. 

SR behavioral bioassay 

The high throughput screening system (HITSS) SR behavioral bioassay (Fig. 26), 

previously described by Grieco and others (2007) (65) and recently adopted by the WHO 

as a standard procedure for in vitro efficacy testing of spatial repellents (172), was used 

to evaluate Ae. aegypti SR responses to passively emanated transtluthrin (2,3,4,6-

tetratluorobenzyl (lR)-trans-3-(2,2-dichlorovinyl)-2,2-dimethyl 

cyclopropanecarboxylate) (S.C. Johnson and Son, Inc., Racine WI), a volatile synthetic 

pyrethroid with widely demonstrated SR efficacy against mosquitoes (48; 105; 107; 110; 

132). Briefly, reagent grade (unformulated) transtluthrin was dissolved in 100% acetone 

(Hofius Ltd./ Ace Hardware, Belize City and Fisher Scientific, Waltham MA) and applied 

evenly by micropipette across the surface of 11 cm x 25cm pieces of nylon organdy 

netting (No. IlON, G-Street Fabrics, Bethesda MD) and allowed to air dry a minimum of 

15 minutes before use. Industry guidelines (M.C. Meier, personal communication, 16 

August 2011) and concurrent experimental hut studies using transtluthrin (chapter 3) 

indicate a standard field application rate (FAR) of l .35mg active ingredient per cubic 

meter of indoor airspace to produce SR activity against mosquitoes via passive 

93 



emanation. Accordingly, HITTS treatment nets delivering lx the FAR into the assay 

system were treated with 0.9mL of a 2.2xl o-6 M (8.4xl 0-4 mg/mL) solution. 

Concentrations tested ranged from O.SxF AR to 1 OOOxF AR. Control nets were treated 

with 100% acetone only. 

Bioassay test system and spatial activity index 

The dual-choice chamber system, which allows the observation of directional 

mosquito movement in response to a single chemical stimulus outside the context of host 

cues, consists of a clear Plexiglas central unit connected at opposite ends to one treatment 

chamber housing repellent-treated netting and one control chamber housing a net treated 

with acetone only (Fig. 26). Cohorts of 20 mosquitoes were introduced into the central 

chamber and, after a 30 second acclimation period, butterfly valves situated at both ends 

of the central chamber were opened simultaneously to allow free movement of 

mosquitoes in either direction into either chamber. After a ten minute exposure period, 

the butterfly valves were closed and the numbers of mosquitoes in each chamber were 

counted. Spatial repellency is measured by considering the number of mosquitoes that 

have moved into the untreated, control chamber (away from the treated surface) relative 

to the total number of mosquitoes that have moved in either direction using a weighted 

spatial activity index (SAI), equal to [(Ne- Nt)l(Nc+ Nt)]x[(Nc+ Nt)]/N] where N is the 

total number of mosquitoes per replicate and Ne and Nt are the number of mosquitoes in 

the control and treatment chambers, respectively. Possible values for the SAI range from 

1 to -1, with a value of 1 indicating the strongest SR response possible (movement of all 

mosquitoes away from the chemical source), zero indicating no net response, and a value 

of -1 indicative of a strong attractive response (movement of all mosquitoes towards the 
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chemical source). To account for mosquito mortality, the total number of mosquitoes 

tested per each replicate was corrected using Abbott's formula. 

General approach 

Male and unmated female mosquitoes were tested separately and, after each 

experimental replicate, were identified as either SR responders (SRA+) if they had 

escaped into the untreated control chamber or SR non-responders (SRA-) if they either 

stayed in the central chamber or flew into the treatment chamber. Mosquitoes that were 

located in the treatment chamber at the end of a replicate (i.e. had made physical contact 

with the transfluthrin treated netting) were enumerated for statistical purposes but then 

discarded and not further processed or analyzed. Though both male and female 

mosquitoes were tested during these experiments, unless otherwise stated, only female 

behavior was analyzed statistically and only female results are presented here. Typically, 

males were tested in fewer replicates only to provide sufficient numbers of males of each 

behavioral phenotype (SRA+ responders and SRA- non-responders) for selective mating 

purposes. 

Behavioral plasticity 

To evaluate the plasticity of SR responses in control (unselected) Fo females 

exposed to transfluthrin, test replicates were performed and mosquitoes were 

immediately collected and maintained separately based on their observed behavioral 

phenotype. Mosquitoes were re-assayed on a subsequent day (day 2), after either a 24h 

or 48h resting period, and the weighted SAI for each cohort was compared to baseline 

(day 1) results using Student's t-test at 95% confidence. 
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Heritability of SR behaviors 

The heritability of SR behavioral responses was evaluated by performing test 

replicates and collecting mosquitoes based on their SR behavioral phenotype, as above. 

SR responder females were then selectively bred with SR responder males to establish an 

SRA+ strain of Ae. aegypti, and non-responder females were bred with non-responder 

males to establish an SRA- strain. Changes in the SAI scores in each strain were followed 

for 10 generations and were compared using ANOV A with Dunnett' s test for multiple 

comparisons at 95% confidence. An additional control strain of Ae. aegypti, originating 

from the same field collected P1 larvae but which was allowed to freely mate, was also 

maintained and tested. 

Insecticide susceptibility testing 

At various selection points (Fo, F5 and F8 generations and progeny from an 

experimental cross between F9 SRA-females and newly colonized wild type F0 males), 

insecticide susceptibility testing was performed using standard CDC bottle assay 

methodologies (24). A diagnostic dose of9.4x10·5 mg transfluthrin (0.125xFAR) was 

established using F2 unselected control females (Table 9). Test replicates lasted one hour, 

with mosquito knockdown recorded every l 5m and final mortality recorded at 24hr. 

Statistical analysis 

Unless otherwise noted, SAI scores were calculated for each mosquito strain at 

each time point using 180 total mosquitoes, consisting of 9 replicates of20 mosquitoes 

each, following established procedures (172). Raw data was organized and descriptive 

analyses were performed using Excel 2007 (Microsoft Corp., Albuquerque NM). A non­

parametric signed rank test (PROC UNIV ARIA TE) in SAS v8 statistical software (SAS 
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Institute Inc., Cary, NC) was used to determine if mean SAi values were different from 

zero for each test population. SAi values were compared between populations via 

Student's t-test and ANOV A with Dunnett's test for multiple comparisons using SPSS 

Statistics 22 software (IBM Corp., Armonk NY). All analyses was performed at a=0.05. 

RESULTS 

HITSS SR dose-response curve 

A dose-response curve was established using unselected (control) females by 

varying the dose of transfluthrin in the HITSS treatment chamber and measuring 

differences in corresponding SAi values and overall assay mortality (Fig. 27). The dose 

corresponding to 1 xF AR (1.35 mglm3
) produced the largest SAi value (0.10, significantly 

greater than zero at P<0.02) and an overall non-contact mortality of only 2.8%, 

appropriate for all subsequent HITSS SR tests. 

Behavioral plasticity 

Two variations of the behavioral plasticity experiment were performed using Fo 

mosquitoes, with differing results (Table 1 O; Fig. 28). During the first experiment, 

mosquito cohorts (total n=180 mosquitoes, average baseline SAI=0.08 ±0.09) were re­

assayed after a 24 hour rest period and results indicated a large degree of plasticity in 

behavioral responses to the repellent: mosquitoes repelled on day one (n=29) were not 

more likely to be repelled again on day two (SAI=0.03 ± 0.02) (Fig. 28). Mosquitoes not 

repelled on day one (n=l29) were equally unlikely to be repelled on day two (SAI=0.03 

±0.10) (Fig. 28). For the second experiment, mosquitoes (total n=280, average baseline 

SAI=0.05 ±0.07) were not re-assayed until the second day after the original test, 48 hours 

after initial exposure. Unlike mosquitoes that were allowed to rest for 24hr, day one 
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repellent responders from this cohort (n=60) were more likely to be repelled again on day 

two (SAI=0.30 ±0.08, P<0.05) (Fig. 28). As was observed in the first experiment, non­

responding mosquitoes from this experiment (n=l 55) were also equally non-responsive 

on day two (SAI=0.06±0.12) (Fig. 28). 

Heritability of SR behaviors 

The baseline average SAI value for Fo female mosquitoes, which gave rise to all 

subsequent SRA+ and SRA- lineages, was 0.14 ±0.18 (significantly greater than zero at 

P<0.02), confirming that parental mosquitoes were actively repelled by volatile 

transfluthrin in the assay system. Selective breeding experiments were then carried out 

through the F9 generation (Table 11). SAI results from the unselected control strain (Fig. 

29) and the SRA+ strain (Fig.30) did not indicate any changes in behavioral responses to 

volatile transfluthrin at any time point compared to baseline (no significant differences at 

P=0.05). Results from the SRA- strain, on the other hand, showed a steady decrease in 

SAI scores, which reached statistical significance (P<0.05) by the F3 generation (SAI=-

0.05 ±0.12) (Fig. 30). This SR insensitive phenotype was confirmed in each subsequent 

SRA- generation, with the exception of the F7 cohort in which the reduced SAI value 

(0.02 ±0.11) was not significant at P=0.05 (Fig. 30). 

Link between the repellent insensitive and insecticide resistant phenotypes 

Baseline CDC bottle tests indicated greater than 95% susceptibility to 

transfluthrin toxicity (24hr mortality) at the diagnostic dose in the Fo parental mosquitoes 

that gave rise to all selectively bred strains (Fig. 3 lA). Insecticide susceptibility was then 

reevaluated in the F5 and F8 generations (Fig. 3 lA). For the colony (unselected control, 

Fig. 32) and SRA+ (responder, Fig. 31) strains, no significant changes in insecticide 
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susceptibility were noted by either 24hr mortality or time to knockdown. In the 

selectively bred SRA- repellent insensitive strain there was a moderate but significant 

(P<0.05) 23% reduction in mortality observed in the F6 generation compared to the 

control strain (60% ±1 % vs. 95% ±6%) while the F8 SRA- strain was highly resistant with 

a mortality of just 14% ±11 %, a significant (P<0.01) 77% reduction in mortality 

compared to the unselected control strain (Fig. 3 lA). 

Experimental cross of F8 SRA" females and wild type F0 males restored both SR 
sensitivity and insecticide susceptibility 

An additional round of selective breeding of F8 SRA- non-responders gave rise to 

F9 SRA- mosquitoes that continued to exhibit repellent insensitivity (SAI=-0.04 ±0.15) 

(Fig. 30) as well as significantly decreased CDC bottle assay knockdown and 24h 

mortality (13% ±13%) (Fig. 31). Mating females from the same F8 SRA- population with 

wild type Fo males newly colonized from the same location in Belize, however, restored 

both transfluthrin spatial repellent sensitivity (SAI= 0.11 ±0.1 O)(Fig. 30) and insecticide 

susceptibility (24h mortality= 84% ± 7%) in the resulting progeny (Fig. 31 ). 

DISCUSSION 

The in vitro SR behaviors observed here were relatively plastic in that individual 

behavioral responses observed on day one were not consistent with subsequent behaviors 

observed upon identical chemical exposures at a later time point, reinforcing the notion 

that spatial repellency is a complex behavior with multiple determinants some of which 

are likely non-heritable (143). Despite the overall high degree of variability in repellent 

behaviors on subsequent days, however, active SR responses were clearly more 

reproducible in mosquitoes that were given 48hr rest compared to those given only 24hr 
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rest (Fig. 28). This observation is consistent with other field (132) and laboratory (69) 

experiments that have shown post exposure habituation of mosquito behaviors that 

gradually resolve after appropriate recovery periods. The specific mechanisms driving 

these prolonged changes in behavior and their recovery, however, remain untested and in 

need of further investigation. 

In the second set of experiments, SR responders (SRA+) and non-responders 

(SRA-) were identified and selectively bred for 9 generations. One of the possible 

outcomes of these experiments was the establishment of an SRA+ strain of Ae. aegypti 

with increased sensitivity to the SR action of volatile transfluthrin, and it was originally 

hypothesized that such a strain of super-responders might possess olfactory receptors 

with a particular affinity for detecting airborne transfluthrin. However, SR responses 

were not augmented in the selectively bred SRA+ strain at any time point. Conversely, 

though, there was a clear reduction in SR behaviors noted in the SRA- strain, ultimately 

leading to a strain of mosquitoes insensitive to the SR activity of volatile transfluthrin. 

These results do not preclude the possibility that transfluthrin might elicit some SR 

behaviors by activating and/or interrupting certain olfactory pathways. In fact, the 

reduction in repellent sensitivity observed in the SRA- strain is in line with previous work 

by Stanczyk and others that similarly demonstrated heritability of a DEET insensitivity 

trait in mosquitoes - and further linked the phenomenon to changes in antenna! olfactory 

reception (144). Though similar in outcome, the DEET insensitivity trait described by 

Stanczyk was clearly dominant, while the transfluthrin insensitivity observed here was 

restored after a single cross of SRA- females with repellent sensitive wild type males. 

Additionally, the HITSS SR system used here is unique in that it is designed to permit the 
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observation of directional mosquito movement absent any attractive stimuli, thus 

allowing for the measurement of active spatial repellency as a distinct entity not 

confounded by attraction inhibition. Accordingly, it is likely that the transfluthrin 

insensitive phenotype observed here relies on a different mechanism of action than the 

DEET insensitive phenotypes, which have been previously linked to changes in antennae 

sesillum function (44; 144). 

As mentioned above, many insecticidal compounds are known to induce irritant 

and/or hyperactive responses in mosquitoes at sub-lethal doses (34; 86; 132), and this 

hyperactivity has been observed to promote the avoidance of treated surfaces (134). 

These particular behavior modifying effects are sometimes referred to as excito­

repellency, which has been defined as the action of irritating a mosquito sufficiently so 

that it flies away from the source of the chemical before knockdown or death occurs ( 42; 

63). In this context, the strong correlation between reduced insecticide susceptibility in 

CDC bottle bioassays and SR insensitivity in HITSS bioassays observed in the selectively 

bred SRK strain suggests that the SR behaviors observed here resulted from neurotoxic 

irritation of mosquitoes by sub-lethal doses of airborne transfluthrin. This view is 

bolstered by links between insecticide resistance (particularly kdr mutations) and 

decreased excito-repellency behaviors that have been identified in some field populations 

of mosquitoes (81; 100). 

In addition to suggesting the neuro-physiological irritation of mosquitoes by 

active ingredient vapors as a primary mechanism by which transfluthrin can elicit SR 

behaviors in Ae. aegypti, the results of these selective breeding experiments are also 

notable for having experimentally reduced insecticide susceptibility in a population of 
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vectors exposed only to sub-lethal doses of an airborne insecticide. This is of particular 

importance as one of the proposed benefits to the expanded use of spatial repellents in 

vector control programs is the potential to alleviate much of the selective pressure that 

encourages the emergence of insecticide resistance from sustained use of toxic 

interventions in the current vector control paradigm (8; 29; 105; 122). Our results 

indicate that if a repellent elicits SR behaviors in the target vector through, at least in part, 

the same mechanisms that produce toxicity in larger doses, then the potential for selecting 

resistance traits might remain. It is important to consider, however, that when 

populations of SR responders and non-responders were allowed to mate freely (control 

strains), repellent sensitivity and insecticide susceptibility were maintained. The in vitro 

selective breeding approach used here favored the emergence of repellent 

insensitivity/decreased insecticide susceptibility only when SR insensitive females were 

mated exclusively with SR insensitive males. The degree to which natural mosquito 

populations would experience the same selective pressure in a standalone SR-based 

system is uncertain. Firstly, it is difficult to imagine a scenario in which repellent 

insensitive or repellent sensitive individuals that survive exposure to a volatile insecticide 

would significantly out-compete one another post-exposure, particularly when it has been 

shown that the use of coils to deliver airborne pyrethroids results in the decreased fitness 

of all mosquitoes, even those not repelled, in terms of decreased blood meal acquisition, 

fecundity, and delayed (24h) toxicity (105). Additionally, it is not known how or to what 

degree chemical exposure to repellents might affect natural male mosquito populations in 

an operational setting, exposures that are likely to vary significantly according to where 
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the active ingredient source is placed and the typical mating behaviors of the target 

vector. 

Nonetheless, it is essential to consider these results while recognizing that 

pyrethroids are the most commonly used class of insecticide worldwide (8; 47; 88). 

Indeed, for public health applications pyrethroid use constitutes the front line approach 

for both indoor residual spraying (166) and insecticide treated bed nets (164 ), and, 

unsurprisingly, significant and growing concerns over the rapid spread pyrethroid 

resistance are prevalent (70; 102; 116). Against this backdrop, these findings are 

potentially more worrisome, as the effects of introducing a volatile pyrethroid repellent in 

an area where residual pyrethroids are already in use are unknown and require further 

evaluation and monitoring. Clearly, more work must be done to define what these 

observations mean within the larger landscape of pyrethroid use, including how 

prolonged exposure to sub-lethal doses of volatile transfluthrin might impact insecticide 

resistance in natural vector populations and how already resistant populations might 

respond to a given repellent in the field. Furthermore, given the clear evidence that spatial 

repellent effects can produce beneficial public health outcomes (8; 63; 105; 122), these 

results suggest that an ideal repellent active ingredient would not only have a low toxicity 

profile but also be unrelated to the chemical classes currently used in vector control. 

Acknowledging this highlights the pressing need to identify new insect behavior 

modifying compounds with novel mechanisms of action (85). 

CONCLUSIONS 

Collectively, these results show that the in vitro SR responses observed are 

complex behaviors with a mix of heritable and non-heritable determinants. Based on the 
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observed link between the SR insensitive phenotype and decreased insecticide 

susceptibility, evidence also supports a model whereby sub-lethal doses of volatile 

transfluthrin can elicit spatial repellent responses in Ae. aegypti by inducing a hyperactive 

or agitated state via neurotoxic pathways, likely independent of olfactory stimulation or 

interruption. Care should be taken before extrapolating these results to other active 

ingredients or vector species, and it should be emphasized that these results do not 

indicate that transfluthrin elicits SR behaviors in Ae. aegypti exclusively by disrupting 

motor-neuron activity: olfactory and/or gustatory pathways may also play a role, whether 

via active detection and avoidance of odor cues or through the disruption of host 

detection and/or feeding. Additionally, the appearance of decreased insecticide 

susceptibility in the selectively bred offspring of mosquitoes exposed only to sub-lethal 

insecticide vapors raises some important questions about how the long-term use of 

repellents might impact vector populations over time. The answer to these questions will 

be dependent on several factors including which molecular mechanisms are driving 

specific repellent behaviors, the hereditary nature of repellent sensitivity and 

insensitivity, and the other physiological effects of using sub-lethal concentrations of 

compounds that have insecticidal, as well as repellent, properties. Though the story is 

complex and further research is needed to better understand all of the physiological 

drivers of SR behaviors, evidence still supports the expanded use of spatial repellents in 

public health applications to control disease vectors, albeit with continued monitoring of 

potential changes in target vector repellent sensitivities and/or insecticide susceptibilities 

and a continued emphasis on the need to develop new active ingredients with novel, non­

toxic mechanisms of action. 
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µg/bottle malathion, and 7.5 µg/bottle transfluthrin. 24 hr mortality was 
greater than 95% for all chemicals tested. For DDT and malathion, these 
are the standard CDC bottle assay diagnostic doses (Brogdon and Chan, 
2013). For transfluthrin, the dosage corresponds to 50% of the 
recommended standard for permethrin (CDC bottle assay standards have 
yet to be established for transfluthrin). 
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Figure 26. The high throughput screening system (HITSS) spatial repellency 
bioassay. 
The treatment chamber (right hand metal cylinder) is covered internally by 
nylon organdy netting treated with transfluthrin dissolved in 100% 
acetone. The control chamber (left hand metal cylinder) contains netting 
treated with acetone only. Cohorts of20 mosquitoes are introduced into 
the central (clear) chamber and directional flight behaviors are observed 
(Adapted from Grieco, et al. 2007., J Am Mosq Control Assoc 2005, 
21:404-411). 
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Table 9. Establishment of a diagnostic dose of transfluthrin for use in CDC bottle 
b. I 10assays. 

Knockdown 
24hr 

Dose2 15m 30m 45m 60m Mortality 
lOx 100 100 100 100 100 
2x 100 100 100 100 100 
lx 100 100 100 100 100 
0.5x 100 100 100 100 100 
0.25x 100 100 100 100 100 
0.125x 26.7 50.0 76.7 96.7 93.3 
0.063x 3.3 3.3 60.0 86.7 90.0 
O.Olx 0 0 0 0 0 

1 F2 colony (unselected control) female mosquitoes, 5-8 days old, 24h sugar starved 
2 Doses are relative to the standard field application rate (FAR), where lxF AR= 1.35 
mg/m3 (2.0 nm per bottle). 
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are shown relative to the standard field application rate (FAR), where 
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Table 10. Plasticity of spatial repellency behaviors in Aedes aegypti1 females exposed to volatile transfluthrin (1.35 mg/m3
). 

Cohort 
Number of Trials Mean Percent Mean 

SR3 p4 
(No. Mosqu.) Active (SE) SAI2 

Baseline 9 24 0.08 
25 0.04 

(Day 1) (180) (19) (0.03) 

24h Rest 
Responders 2 17 0.03 

2 0.48 (Day 2) (29) (4) (0.03) 

Non-Responders 7 13 0.04 
11 0.38 (Day 2) (129) (8) (0.05) 

Baseline 14 29 0.05 
44 0.05 (Day 1) (280) (13) (0.04) 

48h Rest 
Responders 7 47 0.30 

27 0.01 
(Day 2) (60) (19) (0.08) 

Non-Responders 8 24 0.06 
19 0.10 

(Day 2) (155) (13) (0.08) 

15-12 day old, F0 females sugar starved 24h 
2SAI=Spatial Activity Index 
3SR=Signed rank test statistic 
4Probability that SAi value is equal to zero 
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Plasticity of spatial repellency behaviors. 
Weighted spatial activity index (SAI) scores for cohorts of Aedes aegypti 
females exposed to l .35mg/m3 transfluthrin. After observing baseline 
(Day 1) behaviors, test mosquitoes were re-assayed on a subsequent day 
following either 24 or 48 hours of resting. * indicates a day 2 SAI 
significantly different than the baseline day 1 SAI, P<0.05. 
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Table 11. Spatial repellency behaviors in selectively bred Aedes aegypti1 responders (SRA+) and non-responders (SRA-). 

Number Trials Mean Percent Mean SAI2 

SR3 4 Number Trials Mean Percent MeanSAI2 

SR3 4 Cohort 
(No. Mosqu.) Active(SE) p Cohort 

(No. Mosqu.) Acmre(SE) p 
(SE) (SE) 

Fo 
9 29 0.14 

21 0.02 Fo 
9 29 0.14 

21 0.02 
(180) (27) (0.06) (180) (27) (0.06) 

SRA+F1 
9 19 0.04 

23 0.10 SRA- F1 
9 26 0.03 

16 0.11 
(180) (14) (0.03) (180) (18) (0.03) 

SRA+F 2 
9 23 0.11 

37 0.01 
9 9 0.02 

6 0.34 
(180) (11) (0.04) 

SR....rF1 (180) (8) (0.03) 

SRA+F3 
9 23 0.11 

33 0.02 SRA-F3 
9 10 0.02 

11 0.29 
(180) (14) (0.03) (180) (6) (0.03) 

SRA+F 4 
9 51 0.09 

33 0.03 
9 36 -0.05 

-20 0.13 
(180) (13) (0.04) 

SRA-F4 
(180) (18) (0.04) 

SRA+F5 
9 14 -0.02 

-5 0.37 SRA-F5 
9 22 -0.04 

-8 0.32 
(180) (12) (0.03) (180) (16) (0.05) 

SRA+F 6 
9 27 0.10 

39 0.01 
9 25 -0.04 

-21 0.10 
(180) (11) (0.03) 

SR..·CF 11 (180) (12) (0.03) 

SRA+ F7 
9 25 0.06 

16 0.18 SR..·C F7 
9 34 0.02 

7 0.29 
(180) (11) (0.05) (180) (18) (0.03) 

SRA+Fs 
9 24 0.08 

33 0.01 
9 28 -0.05 

-33 0.10 
(180) (17) (0.02) 

SRA-Fa 
(180) (6) (0.02) 

SRA+F 9 
9 26 0.07 

17 0.05 
9 31 -0.04 

-13 0.25 
(180) (10) (0.02) 

SRA-F 9 (180) (14) (0.05) 
Ex~rimental 9 30 0.11 

27 0.02 
Cross 5 (180) (15) (0.03) 

15-12 day old females, sugar starved 24h 2SAI=Spatial Activity Index 
3SR=Signed rank test statistic 4Probability that SAi value is equal to zero 
5Experimental cross between F9 SRA- females and Fl wt (unselected) males 
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Figure 31. 
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Figure 32. 
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CHAPTER 5: Summary and General Conclusions 

" ... the true objective of the measures applied is anti-malarial and not anti-mosquito ... the 
yardstick for appreciation of results should be in terms of parasite incidence and not of 
vector densities." (54) - Arnoldo Gabaldon, 1978, on the feasibility of malaria 
elimination 

DISSERTATION SUMMARY 

Even as we move well into the 21st century, vector-borne diseases continue to 

impose an intolerable burden on human health (103; 159). While vector control 

interventions (actions that reduce contact between vectors and humans) can effectively, 

and sometimes dramatically, reduce the transmission of mosquito-borne pathogens in 

many ecological settings (149; 168), there is nonetheless a very real need to develop new 

tools and novel strategies to augment traditional approaches (59; 85; 167). Having 

identified combined push-pull strategies as one of the more promising new vector control 

paradigms under development (38; 111; 131; 147), the overall goal of the present work 

was to help further examine the potential for push-pull interventions to control mosquito 

vectors of human diseases. Key objectives included 1) evaluating the utility of the 

approach to control naturally occurring malaria vectors in northern Belize, Central 

America using an experimental hut methodology and 2) describing the plasticity, 

heritability and physiological basis of spatial repellency responses to transfluthrin in the 

global arbovirus vector Aedes aegypti using an in vitro behavioral bioassay. 

THE EXPERIMENTAL UTILITY OF A PROTOTYPE PUSH-PULL INTERVENTION TO CONTROL 

NATURALLY OCCURRING MALARIA VECTORS IN NORTHERN BELIZE, CENTRAL 

AMERICA 

The use of experimental huts to study natural mosquito behaviors in Belize was 

pioneered in the late 1990s by Bangs (19), Grieco (60), and Achee (5; 9), and their 
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continued use (130) has provided valuable insight into the biology of malaria 

transmission and control in this part of Central America. As detailed in chapters 2 and 3, 

we were fortunate to be able to build upon this foundation by utilizing multiple 

experimental huts at a field site near Progresso in Corozal District to concurrently assess 

the impact of the same experimental interventions on two different locally important 

malaria vectors, the more endophagic and anthropophagic Anopheles vestitipennis and 

the more exophagic and zoophagic An. albimanus. 

Results from these studies are the first to show a combined effect on natural field 

populations of malaria vectors when using indoor spatial repellent strips and outdoor 

baited traps: for An. vestitipennis, the combined push-pull treatment simultaneously 

reduced mosquito entry into the huts and increased the efficacy of the outdoor traps. 

These results provide an exciting proof-of-concept, indicating that an optimized push-pull 

intervention targeting mosquitoes could reduce the probability of human-vector 

interactions both inside (by reducing mosquito entry) and outside (by increasing the 

efficacy of an outdoor baited trap) of homes. One critical observation, however, is the 

degree to which the underlying ecology of the target vector can impact intervention 

efficacy. For An. albimanus, a vector species that much more readily feeds outside and, 

given a choice, on non-humans, the same push-pull intervention produced a similar 

reduction in mosquito entry into the hut but no comparable increase in outdoor trap 

efficacies. 

Bearing in mind the importance of a scientific proof-of-principle, it should be 

emphasized that these results show much work remains if the push-pull approach for 

mosquito control is to ever mature into viable public health interventions. The fact that 
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hanging bated CDC light traps outside the windows of a hut repeatedly (if insignificantly) 

reduced the spatial repellent effect of indoor transtluthrin emanators deserves further 

study. Questions worth investigating include whether or not this effect remains if the 

intervention utilizes a different repellent delivery mechanism, such as a commercially 

available product with optimally formulated active ingredient, and/or different trap types 

or positions. Additionally, the validation of the strategy in any locality will have to 

include rational selection of the best available tools in relation to that particular 

environment, and a thorough understanding of the local vector (and human) ecologies 

will be essential in shaping each intervention, e.g. which repellent products and which 

traps to use, and where to position them relative to the population at risk and to mosquito 

resting and feeding sites. Considering this, it is doubtful that an optimized push-pull 

intervention targeting An. vestitipennis will be exactly the same as an intervention 

tailored to target An. albimanus. Also, it is likely that in order to truly achieve maximum 

impact from a push-pull strategy we need to develop better traps and new repellents. 

THE PLASTICITY, HERITABILITY AND PHYSIOLOGICAL MECHANISM OF SPATIAL 

REPELLENCY RESPONSES TO AIRBORNE TRANSFLUTHRIN IN AEDES AEGYPTI 

The repellent used throughout this dissertation research was transtluthrin, a 

widely used volatile pyrethroid that, in addition to its proven spatial repellent efficacy 

against mosquitoes ( 48; 107; 110), is also highly toxic and irritating to susceptible 

mosquitoes (87; 105). Though the phenomenon of spatial repellency has been widely 

documented and observed (63; 122), the fundamental physiological processes that 

produce SR behaviors are poorly understood (8; 22). Elucidating which mechanisms 

produce SR behaviors in specific transmission settings is an important step to 

understanding how to best use spatial repellents in a public health context (106), how 
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their long-term use might impact vector populations over time (63; 87) and could also aid 

in the rational design of new active ingredients (8). As described in chapter 4, we 

expanded the use of an established in vitro behavioral bioassay developed in our 

laboratory (65) to not only observe and quantify SR behaviors, but also, for the first time, 

to track changes in SR behavioral responses to transfluthrin over time and throughout 

selectively bred generations. 

Results from these in vitro studies have produced several novel insights, 

primarily into the fundamental nature of SR behaviors in Aedes aegypti exposed to 

airborne transfluthrin. First, and not surprisingly, the behaviors that we observed in our 

bioassay system were relatively plastic, indicating that spatial repellency is a complex 

behavior that likely results from a combination of factors, some heritable and others non­

heritable. Secondly, and perhaps more interestingly, we also provided evidence that one 

of the primary mechanisms by which transfluthrin can elicit SR behaviors in Ae. aegypti 

is through physiological irritation of the mosquito by sub-lethal doses of insecticide 

vapors, apparently acting via the same neurotoxic pathways (i.e. by binding to voltage­

gated sodium ion channels and disrupting neuronal action potential propagation) that can 

result in knockdown and death at higher doses. One point worth emphasizing is that our 

experimental design did not investigate the possibility that volatile transfluthrin might 

also act through olfactory or gustatory means, either by active processes or by masking 

the presence of a blood meal, and these questions also warrant further investigation. 

Our in vitro work is also notable for having experimentally reduced insecticide 

susceptibility in a selectively bred population of vectors that were exposed only to sub­

lethal doses of an airborne pyrethroid. This raises some important questions about how 
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long term or repeated exposures to sub-lethal amounts of a toxic chemical might impact 

the repellent sensitivity and/or insecticide susceptibility of target vectors. One of the 

potential befits of expanding the public health use of repellents is the opportunity to 

reduce our reliance on traditional vector control approaches that prioritize the direct 

killing of vectors, thereby reducing the selective pressures that have resulted in 

widespread insecticide resistance (6; 8; 29). Though care should be taken not to interpret 

our preliminary results as necessarily epidemiologically or operationally relevant, we 

should nonetheless be aware of the possibility that exploiting the behavior modifying 

effects of chemicals that are also, at higher doses, toxic may not completely eliminate 

these selective pressures. This observation is especially concerning when viewed against 

the current backdrop of worldwide reliance on pyrethroids as the primary insecticide 

class for public health and agricultural applications and the accompanying concerns about 

the rapid expansion of pyrethroid resistance in key vector species (6; 8; 70; 116). The 

effect of introducing of a volatile pyrethroid spatial repellent in a location where residual 

pyrethroids are already in use is uncertain and warrants careful consideration and further 

evaluation and monitoring. This uncertainty also highlights both the need to better 

understand the physiological mechanisms that drive SR behaviors and the pressing 

requirement to identify and develop new active ingredients with novel mechanisms action 

unrelated to current intervention standards. 

CONCLUDING REMARKS 

Whether one considers a disease like malaria, which has afflicted humanity 

throughout our entire evolutionary history, or more recently emergent threats like the 

viruses that cause dengue fever and chikungunya, the truth is that the ecology of vector-
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borne diseases is extraordinarily complex and dynamic and, even when effective tools are 

available, they often prove difficult to control. Additionally, in many parts of the world 

current vector control successes are being threatened as the best available tools are either 

failing (e.g., insecticide resistance, shifting vector statuses) and/or increasingly difficult 

to implement (e.g., ecologically, politically). This introduces even more complexity to the 

situation and adds a sense of urgency to the need to develop new vector control 

paradigms. 

My hope is that the work presented here, while preliminary in nature, contributes 

to a larger body of evidence that supports further investment into the optimization and 

validation of the use of spatial repellents in public health, including 1) the continued 

development of sustainable push-pull strategies for malaria vector control and 2) the 

identification of new insect behavior modifying compounds with novel mechanisms of 

action unrelated to any of the chemical classes currently used in vector control. 

Collectively, our results paint an encouraging picture, but the story is incomplete: proof­

of-principle studies must validate the push-pull approach in varied and diverse 

transmission settings and we need new active ingredients, along with a better 

understanding of how repellents work and how their long term use might affect target 

vector populations over time. 

122 



APPENDIX A: Protocol Approvals 

MINISTRY OF HEAL TH, BELIZE: INSTITUTIONAL REVIEW BOARD 

''Re; Research Profocol "Spatial Repellenc:Y and the ~ental Utillty oh Push-'Pull MesqUito 
Con~l$t:rategy tor the ~iog ofM&laria" 

.JRB Tracking: O:tll2(02) 

Dear Mr~ -Wagman; 

The; Institutional Review Board (IRB) of~ Ministry of Health. ~lize hereby approves the research 
jlrOtOcol entitled Spatla/. RepelkllCJI turd tlt1 E:JrpmmDital UtlJit'L fl/ o PllSll-P"'1 Mosqllilt> ~ 
Sirolegy for the Prl!Hlllion of Mallllia to be executed as dcscnl>ed in the submitted protocol .and letlcr of 
~ent dated January ?~ 20 J 2 and 8CC91'ding the conditjons. set out in the attached addenduin. 

~ 
111~~ ptrrs 
$~8ttl~~~of 
Health Servi'1CS 

Date ~1~ / 14 
• 

~. ·. 
-;;;b,(# ·.::t tJ ~ k' p6 ~to 

-~·ao.nt 
Member' 

:~ ? ... -TA.,. '"' 12 
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ADDENDUM 

CONDIDONS OF RESEARCH 

Subsequent to the approval of the Institutional Review Board, Ministry of Health, Belize, 
the lead inv-estigator(s) is/are responsible for the following: 

a) conduct lhe research project as set forth in the protocol; 

b) draw up and submit partial and final reports; 

c} submit any data requested by the IRB, at any time; 

d) keep in a file, undeI hislber guard, for five years, all research data, including 

individual records and all other documents recommended by the IRB; 

e) submit the results for publication, with due credit givm to the associate rl'searchers 

and technical personnel participating in the project; and 

t) justify to the IRB the interruption of the project or the non-publication of its results_ 
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PESTICIDES CONTROL BOARD, BELIZE 

August 31, 20 I 2 

Ref: PCB/EXP/MOH/01112 

Comptroller ofCustoms 
. Department of Customs & Excise 

P.O. Box 146 
Belize City 

1118·2008 

Authorization to import pesticides not rea,istered in the ReJ'ister of 
Pesticides 

This is to authorize Nicole Achee b/o Joseph Wagman for the Ministry of Health to 
import the following pesticide, in the foIIowing quantity, under Regulation VI (l & 2) 
and Regulation VII of the Registered and Restricted Pesticides ( Registration ) 
Regulations, 1995. 

Bayothrin (transjl.uthrln) ·~·· .. ····•·· 1kg. 

The purpose and location (Progresso, Corozal District) for the use of this product has 
been communicated to the Board as required in these Regulations. 

Sincerely, 

c.c. Edgar Silva/Raul Vera 
BARA-Quarantine Dept, PBL 

Ctntr'al Fanti, cayo Dt$trict, Belize, CeJJtrctf America 
Tel: 501-$4i-'Z640 Fax: 501:·824-3486 &-mail;~!Pfttl..uet 

www .pcbbe1ia;e.com 
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PESTICIDES CONTROL BOARD 

Permit for Importation and Use of Experimental Pesticides 

This is to certify that pem1ission has been conditionally granted to Nicole Achee b/o 
Joseph Wagman for the Ministry of Health to import the herbicide Bayotbrin 
(transfluthrin) on an experimental basis. The experimental trial is to be performed by 
Uniformed Services University of the Health Sciences for application in Huts located 
south of Progresso Village, in the Corozal District. 

Such permission has been given subject to the following conditions: 

1. Importer shall notify the Pesticides Control Board of the commencement date of 
the experimental trial. Results of the trial shall also be forwarded to the PCB. 

2. The experimental pesticide will not be offered for sale in Belize by the institution 
without prior approval from the PCB. 

3. The institution shall conduct the trial in an environmentally sound matter. 

4. The institution shall be held responsible for any unauthorized use of this pesticide 
on other crops or area. 

5. The institution shall not offer for sale any product grown in the experimental 
plots during the trial without prior approval from the Pesticide Control Board. 

6. The Pesticide Control Board will have the right to discontinue any ongoing trial if 
the institution is found to have contravened any of the above conditions. 

7. The applicant shall cover food, transport and accommodation expenses for 
monitoring of the trial by Board personnel (where necessary). 

Signed this 31 day of August, 2012 at Central Farm, Cayo. 

Central Farm, Cayo District, Belize, Central America 
Tel: 501-824:-2640 Fax: 501-824-3486 E-mail: ptbinfo@btl.net 

www .pcbbelize.com 
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APPENDIX C: Latin square Rotation Schedules, Progresso Hut Site, 
Belize 

Hut2 Hut3 

Night! 
ntErvention CDC BG 

Collection Teams 1 }_ 

Night2 
intervention CDC BG 

Collect" on Teams 2 l 

Night3 
tnterverl'° 'o.n BG CDC 
Collectiun Teams 

Night4 
~nt:erventi on BG 
Collection Teams 1 
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APPENDIX D: Auxiliary Observations on Transfluthrin Susceptibility 
in Anopheles vestitipennis from Progresso Hut Site, Belize 

In order to roughly characterize the transfluthrin susceptibility of Anopheline 

mosquitoes at the Progresso Hut Site in Northern Belize, some limited CDC bottle 

bioassays were performed at three time points, before (28 August), during (13 October) 

and near to the end (27 November) of the 2012 push-pull experimental hut evaluations. In 

short, a mixed field population of adult female mosquitoes was collected via human 

landing collection at or near one of the experimental huts, stored in collection buckets 

with access to cotton gauze soaked in a 10% sucrose solution, and transported to the 

Orange Walk field laboratory in a humidified chamber. On the following day, 

transfluthrin susceptibility was assayed following the standard CDC bottle test protocol 

(24) using a diagnostic dose of 6.25 µg transfluthrin per bottle. Only An. vestitipennis 

were collected in sufficient numbers for testing (August n=40; October n=39, November 

n=33). Results indicated a sustained high susceptibility to transfluthrin toxicity at each 

experimental time point, with greater than 95% corrected mortality by 45 minutes 

observed on each date (Figure Al). 
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a~ the Progresso Hut Site and a standard CDC bottle test approach with 
6.25 µg transfluthrin per bottle. 
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APPENDIX E: Auxiliary Observations on Anopheles spp. Knockdown 
and Mortality Inside Repellent-Treated Experimental Huts 

During the experimental hut studies that employed passively emanating 

transfluthrin as indoor spatial repellent, casual observations of the numbers of anopheline 

mosquitoes that were knocked down (KD), both inside window intercept traps or 

otherwise freely flying indoors, were made at each hut (Table Al). Numbers were 

aggregated into huts with repellent (SR) and huts with no repellent (Control). 

Observations were strictly secondary to the primary work of collecting and processing 

mosquitoes from the intercept traps and should not be over-interpreted, but do indicate 

that 1) more KD was observed inside huts with transfluthrin emanators but 2) overall, the 

KD rate inside SR huts was still lower than expected (less than 1 % of all mosquitoes 

collected) given how highly toxic transfluthrin is to mosquitoes ( 48). While this data 

seems to provide confidence that the manufactures recommended dosing and delivery 

scheme (89) is appropriate for evaluating spatial repellency, the true knockdown and 

mortality effects oflow doses of transfluthrin that are intended to be sub-lethal is an area 

worth further investigation, especially in field-based 'operational' settings. 

Anecdotally, we also noticed a temporal trend in which increased indoor KD 

seemed to correlate with colder temperatures. Whether or not this trend would hold true 

if properly tested is an interesting question worth studying, and could provide insight into 

how meteorological factors can impact vector control intervention success by altering 

both the physical dispersion of active ingredient and the physiological status of the target 

organisms. 
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Table Al. Indoor Anopheles spp. knockdown noted during the push-pull experimental hut evaluations. 

KD1 in window 
KD inside huts 

Total Mosqutioes Rough KD rate 
intercept traps Collected estimates 

Date SR2 Control3 SR Control SR Control SR Control 

3-Sep 0 0 3 0 161 453 0.019 0.000 
6-Sep 0 0 1 0 50 241 0.020 0.000 

10-Sep 0 0 1 0 49 476 0.020 0.000 
13-Sep 2 0 2 0 30 183 0.067 0.000 

17-Sep 0 0 0 0 51 130 0.000 0.000 

24-Sep 2 0 3 0 173 417 0.017 0.000 
27-Sep 0 0 3 0 40 59 0.075 0.000 

4-0ct 0 0 1 207 346 0.005 0.003 
8-0ct 0 0 0 0 95 168 0.000 0.000 

11-0ct 2 0 3 0 199 375 0.015 0.000 
14-0ct 0 0 4 551 677 0.007 0.001 
18-0ct 1 5 2 206 310 0.024 0.006 
22-0ct 0 0 6 0 248 316 0.024 0.000 
25-0ct 0 0 0 0 23 240 0.000 0.000 

22-Nov 0 0 0 0 19 72 0.000 0.000 
26-Nov 0 0 0 0 94 73 0.000 0.000 

Total 7 1 32 4 2196 4536 0.0146 0.0009 

1K.D= Mosquito Knockdown 
2SR = Experimental huts with spatial repellent 
3Control = Experimental huts with no repellent 
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APPENDIX F: First Record and Demonstration of a Southward 
Expansion of Aedes albopictus into Orange Walk Town, Belize, Central 

America 
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J(llfftwl of TM h>Wrk:ni ~fosp.1iu; Cmttml A t'fl()d.1tion, i9(4):180-l8?.., 20 n 
O:>pydght@ :M:l13 by The Atne'rk:o..n Mo:;quito Control Asoocintion, hlc. 

SCIENTIFIC NOTE 

FIRST RECORD AND DEMONSTRATION OF A SOUTHWARD 
EXPANSION OF AEDES ALBOPICTrJS INTO ORANGE WALK TOWN, 

BELIZE, CENTRAL AMERICA 1 

JOSEPH WAGMAK,2 JOHN P. GRIEC0.2 RUSSELL KING.1 JRENEO BRICENO,l KIM BAUTISTA) 
JORGE POLANC0,3 JMiES PECOR' ANI> NJCOLE L. AOlEEl 

Ali~TRA<.:r. The tint reoord of Aedes albopii:tus m northern Belize was made .in Orange Walk Town. 
Oranee Wfllk' District, on Nnvember :; , XII L AiYIRs Sllfl larvik>. wert. oo11a~too during a routine Minis!!)' (If 
lfc~ m~;uito 'UTVey 1nxi reared to adults. Up:>o emergence, a mixed popl.llati<m of Acdc.;r at:!:,vptf (35) and 
A<". alhapit'tw· (11) WdS l)~rV<:d (uegypti:alhapictllS """ 3: 1:1. Sub:lc\{4t:ltt li:trYdl auc u<lult $Jf~Y5 .iu Oran~ 
Walk and Corozal District, also in northern llem, have c-011fmn.ed the presence of Ae. a!b,Jpfctus, thereby 
indicating the ranse ~paWiQil and e$tabllitl~nt of this ucisanci: biter and pot<!ntial di!l.el~e vector in Belize, 

KEY WORDS .Aeties altop1ctus, Asian tiger mosquiro, distribution, B~lizc, Central .'\mm;a 

The global exp-.m&on of Aedes a/lxJpi<:tus 
(Slmse) from its n.ative habitat in A~i.a to fur. 
reaching areas of the world has been welJ 
documented (Benedict et al. 2007, Ena"l'ink 
2008, Llmbrc:Chts ct ul. 201()). Th.ere are many 
reasons to monitor the ex.panding geographical 
footprint of this notoricwly invasive s~cies, 
amung wbkh is its reputation as a ouisauce biter 
ani:i its potential to vecttJr several virnl pathogens 
of pub& be<iltb importaniX:, including dengue 
an<l chikongunya. viruses (Mol)re and Mitchell 
1997, Lambrecht:! et al. 2C•l0). 

The current spread of A.e. atbop~tus into the 
western hemisphere was first reported from 
specimens collected in Houston. TX. in 1985 
after a shipment of used tires harboring mosquito 
eggs arrived from Japan (Craven et .U. 1988). 
S ince then. the mosquito hiis e ither e:xpanded in 
range outward from Texas or been similarly 
introduced throughout the Americas. By 1995, 
th.is range included. every country thot shares a 
terresttiaI borcler with the country cf .Bd.lze 
(Fig. l ; Mexico: l9SS, Guatemala: 1995, and 
Hondurl!S: 199.5) (Ogata and Si!mayoa 1996, 
BeneJi..--t. et al 2007; Orteza-Moral~ et al. 2010, 
Salo1uon-Omial.es et al 2012). TI1e first record of 
Ae. 11/hopictu; in Beli:Zl! was ' noted during 2009, 

1 Thcopiaioru; .;:c;mtai;i«J hcrciu a~ the private vicw:I 
of tne autno.rs and are nor to be construed as o1fidal or 
reflecting the views. of the Departrr.ent of Defmse, the 
Unifonn.ed ~rvices Uoiveraity of the Health Sciences, 
ur lht Walt.1:r Real Army Icllitituu; uf ~n;h. 

• Oepartn:Rmt <:f Preventive Medicine and Bi001¢trii;s, 
Uniformed Seni~ Uuiven:ity of ·the Health Sdetleffi, 
4301 fo0«s Bridge Rood, &the>du. MD 20814, 

• Mlnisrry of Health, East Block Independence Plaza. 
Belmopan, Belize. Central America. 

"Waher R.eo.i Rio~ystemario Unir, 4210 Si.Iver Hill 
Road, SuitJand. MD 20746. 

when au 11<.lul t. fi:nl<lle ID1;!:!>q cl to wus captur-:d 
after having landed on rmhlic health pers-0nnel 
chcdcing ovipC>sition traps in Denque Viejo de! 
Carmen. a town in the western diStrict of Cayo 
that borders the department of Pct6i. in Guate­
mala (Ort.ega-Morales et at 2010). Sl.rx;e that 
ttme, however, no ne..v records of Ae. alb<>pictus 
have been documaJ.ied in Belile. 

On November 3, 20i l, Aedes spp. larvae 
co11o.:ted b)· Ministry ofHealll1 (MoH) pe-~ou.nel 
during routine dengue virus preventioo activities 
were brought to t.hc Uniformed Services Un.ivcr· 
sity of the Health scte.nces (USU) f;eki insect:ary 
in Orange Walk Town, Beliza. La..•vae were than 
reared to adults and identified to species using 
species.-specific keys (Rueda .2004). At a private 
hoU!ie in Qr4oge Walk District (18"04'11.64"'.N, 
88''33'32.J9"W). 46 larvae were cc·Uecterl fr('ITI a 
19-liter plastic bucl:ct u~ for outdoor water 
storage, of which 35 adults were .later identif'ted 
os Aedcs aegypti (1..) and. l I as Ae .. alhopictus. 
Subsequent collections of tarvae, dumg MoH 
surveillance, and . adults, via human landing 
capture during USU laboratory ~tivitics, Crum 
November 2011 to February 2012 indrat.ed the 
preseoce of Ae. ul/.H;Jpict!J.$ in at least 5 otheJ 
locaHons throughout Oranjte Walk and Corozal 
district$ (T;iblc J). At ea;l::, .4.e. a&pictus-posi­
tive kcatlon, a mixed population of both Aedes 
speciOll, with ,,.fo ®gypti predominating in an 
approximate ratio of 4:1, was observed. A.edes 
tilbopk•tus larvae from Orange Walk Town were 
reun:d to adults, md F 1 spedmens were sent to 
the Walter Reed Biosydem11tics Unit at the 
SmithrouJau In.t1titutk>n fo1 ~pecies co.ufmnat.iou 
and specimen archiving. 

While the impact on disca:;e trowmisaion, if 
any, of the arrival of Ae. albopicttc in northern 
Belize is unclear, il is i.'nportant to note that 
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denJ:,"Ue virw; h en.derri~ throu~'lout Belize 
(> 1,5(1() clinical cases per a.'lnum reported for 
2009-12 [Bauthta 2012D, and <:rue mooJtoring 
and control is considered a high prioricy for both 
the public health nnd tourism sector~ (Vamiie 
2008, D1ult.ista 2012), In Belize, increased lllld 
continued sutveiUance of the expanding range of 
A e. ,-i/~pfoul.l' ~uld provide an opportunity to 
mcm;ure whether or not 1le. a/lxJpict11s might 
displace natura! populations of AP. aegyptl' in the 
region, a~ .has been previously observed in 
some pa.ns of the Americas but not ethers 
(Hornby et al 1994, Estrada-Franco and Craig 
1995. JuliaJlQ 2010, Eiseo alld M oore 201:3). 
Additionally, further evaluation of the vector 
status a.'ld insecticide su~ptibllity for resional 
popul~ns of Ae .. afbopicrus ca:i !J.~ elucidate 
its role n1 natural di5ease :ransm1SS10n m Central 
America and better inform disease prevention 
activities. 

Bau&fa K. 2012. v~ctor CC•.ntrol workshop: opening 
rcmarkll. Jn: Wagman J, .;d Vt:ct<>r c.mtrol w.Jrksfwp, 
San Ignacio Tc wn, Cayo District, Bdize: Mimny of 
Health. p 16-20. 

Benedict MQ, Levin~ RS, Ffawley WA, Lounibos LP. 
2007. Spread cf the ti!;ct; gfobal rl$k of iuvasion by 
tn~ IllOsqui.to Aet!CJ albopic!us. Vec101 J3ome ZoQflolu: 
D.iJ 7:76-85. 

Crawn RB. Elias,on DA. Francy DB,Re.iter P. Campos 
EO, Jakob WL, Smith GC, Dow CJ,. Mooi:-: CG, 
Maupin 00, Mooath TP. 1988. Irnponation of Aedes 
aiboptctus and other eJ1otic mo!IQuito species into the 
United Stata in used tire; from Asia. J Am MM<J 
Corwo! A.twc 4;138-142. 

Eisen L. M.l>C•l'e CG. 2013 • • 4~les (Steg61t?Yfa) oeg,vprt in 
the continental United States: a ••ix;tor a t the cool 
marl!in of its soosrapbic mnga. J ,>,,Joo Elltc:mo/ 
50:4(;7-4 7S. 

Enseri:ok l\'1. 2008. A. n:osquitO got":S gJol:>al. Science 
320:864-%6. 

Estrada-Franco JG, Craig. GB. 1995. Bio.lom't diRase 
n;Jationshlps, 1u-.d co.utrol ·of Aede.s alhoph:tu.s. l n: 
PAHO. Technical pl){Jet: No. 24. Wasllilgton, DC: 
Pan American Health Organization. p 24--27. 

Hornby .IA, Moore DE, Milla- TW Jr. Aedt$ aJbcpk:ttlS 
cwil;:mtion, abundance;, i!lld .;olon~tion in 'L«; 
County, F1orida, andiUeff¢et onAedi!s,ugypli. J Am 
i'Josi/ Contrd il..ssoc I 0:397-402. 

Juliano SA 2010. Coexistettce, exclusion, or neutrality? 
A mcta-ana}y3i3 of compci.ition between <lead rcaidcnt 
mc.squitce5. fsr J EciJI El'Of 56:325- 351. 

I.ambrcchts L, Scott TW. Gubler DJ. 2010. Conse­
<;,uences of tl'll!! eiitpanding global di$tribu tion of .441aes 
ulwpkti;s for dengue ,·fru5 tri;lll5u1l5lliou. PIAS Neg/ 
Trt>p Dis 4;eti46 . 

M.oore 00, M.itche.11 0. 1997. Aetks a/hop ictus in tb.e 
Ur.iud Stutes: ten-y~r ptesenCI! imd publi~ h."9-lth 
impUcatiou:s. Drttrrg ln.fea Dis 3;349-334. 

Ogata K, samayoa AL. 1996. Disa>vety of Aed~ 
albopicrus in Guatemala. J Am J/f)..rq C<>mri>I Assot' 
12:5()3- 506. 
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Pig. 1. Miap of BdJu. with the 1QC41:ions cbJ:ribcd in Table 1 indkatcd. The .inm.1 dcs;riptfon of ~ 
tl/IJoptml.l In Bc:llze (Ortcp-Moratea et al, 2010) occurred near San Ipcic aJcng tile western border. lndicued in 
the map inset. 
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