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ABSTRACT

The bionomics and vector competence of AD.beJes albjmanus Weidemann and

ADQDbeles ycstitiDennjs Dyar and Knab (Diptera: Culicidae) in southern Belize,

Central America

John Paul Grieco, Doctor of PhUosophy, 2001

Dissertation directed by: Donald R. Roberts, Professor, Department of Preventive

Medicine and Biometrics

During an 18 month study period (1997-1998) in the Toledo District, southern

Belize, a series of studies were undertaken to evaluate the vector competence of the

Ano.pbeles mosquitoes. At both Golden Stream and Rancho, the population densities of

An. vestitipennis showed positive correlation with human cases off.~. and tested

positive for f.~ 210 (MFIR of 0.01 and MFIR of 0.0004, respectively). Population

densities of An. darlinii from Golden Stream showed a negative correlation with high

numbers of malaria cases but also tested positive for f. :riDx 210 (MFIR of 0.001).

Population abundance ofAn. albjmanus from Rancho showed a negative correlation with

malaria transmission and was not found naturally infected with malaria parasites.

The feeding preference study showed An. yestitiPennjs to prefer feeding on human blood

while An. albimanus showed a strong tendency for feeding on cattle and non-humn hosts.

Human landing collections showed An. albimaous exhibited a bimodal biting

pattern with an 0:1 ratio of 1:0.1. Anopheles vestitipeonis, however, exhibited a high

level ofbiting activity throughout the night and a strong endophagic behavior (0:1 ratio
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of 1:0.9). Post spray, deltamethrin functioned primarily as an irritant, causing premature

exiting behavior. DDT exerted a powerful repellency effect resulting in a 97% post-spray

reduction ofAD. yestitipeonis females entering the hut.

Results from the comparative susceptibility study showed An. darliniP maintains

a high salivary gland infection rate (41.0%) with.e. faJcip3DlDl (NF-54). AnQpbeJes

vestitipenuis had a low salivary gland infection rate of9.3% with moderate numbers of

sporozoites (i.e. 85.7~~ containing 50-250 sporozoites). Anqphe1es albjmanus was the

least susceptible to salivary gland infection (Golden Stream, 0.0% and Buena Vista,

2.2%).

Although the rate of infection for An. yestitjpeoojs is low, its strong endophagic

and anthropophagic behaviors augment its overall vector potential. This species clearly

demonstrates characteristics ofan important vector ofmalaria in Belize. The opposite

appears to be true ofAn. albimanus. A low infection rate and both exophagic/zoophagic

behaviors reveal this species to be a poor vector of.e. falcipaDlm.

Key Words (Indexing): AnQpbeles albjmanus, Anopheles vestitipeoois, DDT,

deltamethrin, comparative susceptibility, experimental huts, Belize.
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INTRODUCTION

Malaria

Throughout history, malaria has remained a serious medical threat to the

inhabitants ofendemic regions ofthe world. The number ofpeople who live in these

regions presently exceeds 2.1 billion people (WHO 1991). Control measures that have

been directed at the vector population have shown the greatest success (Russell et al.

1963). Despite large sums ofmoney and massive, organized control efforts over many

decades, malaria continues to be a major health threat. Malaria transmission has

increased in recent years due in part to drug resistant parasite strains, decreased or

sporadic use of effective insecticides, movement ofsusceptible human populations into

endemic areas, and political/socioeconomic constraints hampering established control

and prevention efforts.

With the present international pressure to limit the use ofDDT (Curtis 1994,

PAHO 1994, WHO 1994, Lopez-Carrillo et al. 1996), a key weapon available to

mosquito control programs around the world is being eliminated. Historically, the use of

DDT in house spray campaigns has been singled out as a major reason why control of

malaria demonstrated a high degree ofsuccess (WHO 1995). Increasing incidence of

malaria in many tropical areas ofthe world has recently been accompanied by a decline

in the use ofDDT for residual house spraying (WHO 1977). Fears are largely associated

with the environmental impact created by large-scale agricultural use ofDDT in the

1950's and unfounded claims ofhuman health risks. Instead, the focus ofvector control

has been placed on short lived, expensive alternatives such as the synthetic pYrethroids or

have overestimated the effectiveness of insecticide treated bed nets (Miller 1988).
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.
Renewed emphasis has also been placed on case detection and treatment. Effectively,

these new strategies have resulted in a reduction ofresidual house spraying as a control

method and, therefore, an increasing trend in malaria cases. The increasing trends of

malaria transmission that have recently been observed throughout the tropical regions of

the world have been attributed to the reduction ofvector control operations (Roberts et a1.

1997, Mouchet et al. 1998).

Given the severity ofthe global malaria problem, renewed efforts must be made

to better understand the epidemiology ofmalaria. The success or failure ofany vector

control approach hinges on a better understanding of the dynamics ofmalaria

transmission as it occurs in the field (Collins and Paskewitz 1995). A critical aspect of

malaria epidemiology is the bionomics of the vector populations (TODD 1983,

Zimmerman 1992). The various life history and behavioral strategies (Le. host

preference, longevity, flight patterns, endophagy and malaria susceptibility) of the

Anopheles populations vary between species and thereby create varying vector potential

(Gillies 1956, Elliott 1969, Zimmerman 1992). Literature pertaining to the ecology of the

anopheline species in Latin America is sparse. Continuing research is presently filling in

gaps in our understanding ofthe dynamics ofmalaria in these countries, hui. many

questions remain unanswered. One area ofparticular interest is the effect that insect

behavior has on the transmission ofdisease (Klowden 1996). Numerous studies have

been conducted on the behavior ofmalaria vectors in Africa and Southeast Asia but little

is known of these behaviors in the America's.

Because each area is unique in its vector population and because characteristics of

these populations are so varied, a control strategy must be developed to deal with the
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specific needs and lifestyles for that region (WHO 1995). Therefore, studies should be

undertaken prior to implementing a control strategy. With our increased knowledge of

genetic variation within species that are linked to behavioral and vectoral differences, it is

imperative that we reevaluate malaria transmission dynamics over its entire range.

An estimated 1 million cases ofmalaria are reported each year from the Americas

(WHO 1995). The Pan American Health Organization, in 1994, classified Belize as the

only country in Latin America to be at "high risk" for malaria transmission. This same

year, Belize reported 9,957 cases ofmalaria with the majority of these cases coming from

the Districts ofCayo, Corozal and Toledo. Research efforts have intensified in the

country ofBelize where the incidence ofmalaria has shown a dramatic increase since

1991 (Roberts et al. 1996). The focus of this research has been on the bionomics of the

various native anopheline species found throughout the country. A number of recent

studies have looked at the behavioral effect that various insecticides used in house

spraying elicit on a vector population. The old school of thought was that the main goal

ofa residual insecticide was to kill the vector population and thereby break the

transmission cycle (Macdonald 1950, 1957). Some have even gone so far as to state that

any behavioral alteration elicited on the mosquito that does not directly result in its death

could serve to increase malaria transmission. Our present understanding indicates that the

true action ofan effective insecticide is one in which there is a disruption in the host..

vector interaction. This is achieved through the repellant and contact irritant action of the

chemical (Roberts et a1. 2000) which prevents the vector from entering a house and biting

during hours ofactivity. These types ofbehavioral evaluations ofanopheline vectors can
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provide vital information pertaining to the role various control measures play in the

reduction ofmalaria transmission.

Researeb Site

Belize is a country located in Central America with an estimated land area of

23,000 square kilometers and an estimated population of230,OOO individuals. A large

percentage of these individuals occupy the coastal region ofBelize City. The country

shares common borders with both Mexico to the north and Guatemala to the west and

south. Geologically, Belize is composed ofboth low-lying coastal plains and

mountainous highlands. The interior regions of the country that border Guatemala are the

location ofa low series ofmountains called the Maya Mountains. The average elevation

of this range is approximately 850 m with a peak elevation of 1122 m. The northern

portion of the country is more typically low coastal planes that are utilized for sugar cane

plantations, as well as limited banana and citrus farming. The southern regions of the

country support some primary growth rain forest and agricultural production ofcitrus,

banana and the beginnings ofwet rice farming (Rubio-Palis and Zimmermand 1997).

The climate of the country is described as sub-tropical and is characterized by

high humidity and annual temperatures with a mean of26.1oC. Temperatures in Belize

range from 10°C to 35°C. The months from November to January are traditionally the

coolest months with the temperatures averaging about 23.8°C. May through September

are generally the warmest months with temperatures averaging 27.2°F.

There are definite wet and dry seasons patterns associated with the country of

Belize. The onset of the dry season typically begins in late December but varies from

year to year. The amount ofrainfall that occurs during dry season, however, is often very
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predictable. The wet season typically commences at the beginning ofApril and the

amount ofrainfall that occurs varies with year and location. The more northern and

central districts in the country such as the Cayo District average about 125 days ofrain a

year with an accumulation ofbetween 177.8 em and 254 em. The more centrally located

districts such as the Belize District and the Stann Creek District average 171 and 183

days ofrain respectively. This accounts for between 254 and 330 em of rain a year. The

most southern portion of the country, the Toledo District, often has over 200 days of rain

a year. The town ofPunta Gorda located in the southern portion of the Toledo District

often records rainfall totals in excess of406.4 em a year.

Throughout the majority of the year (January through August) the warm nloisture

laden winds blow off the ocean from the southeast. These winds shift and begin to blow

from the North and West between the months ofSeptember through December, bringing

in cooler air from the North.

An ecological prospective ofBelize conducted to characterize regions based on

malaria transmission potential, classify this area as falling between two ecoregions:

coastal and piedmont. The coastal regions are located in the northern' portions ofBelize

and extend down to the southern aspects ofthe country where they extend inland form

the coast approximately 20 to 30 Ian. The definition ofa coastal ecoregjon is land that is

less than 500 m above sea level and less than 100 km from a significant body ofwater.

These regions show malaria transmission associated with forest swamps, mangroves and

riverine environments. The primary vector species that has been associated with this type

of ecotype in the neotropics has historically been An. albimanus.
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The western and southern most regions of the country ofBelize have been

classified a piedmont ecoregion. This ecotype is characterized as the interface between

coastal and high valley ecoregions. Elevations typically range from 200 to 1500 m

above sea level with vegetation ranging from tropical rain forest to desert shrub. In the

piedmont regions ofMexico and Central America, the predominate malaria vectors are

An. albimanus and An. pseudo.punctipennis (Rodriguez and Loyola 1989), An.

vestitipennis, and An. darlinai (Rodriguez and Loyola 1990, Loyola et al. 1991 and

Wilkerson and Strickman 1990).

The studies conducted as part of this research project were primarily at two sites,

Golden Stream (N 1621.820, W 8847.936) and Rancho (N 16 09.954, W 8850.529)

(Figure 1). Both Golden Stream and Rancho were listed as two ofthe 5 villages with the

highest number ofmalaria cases in the Toledo District. Golden Stream is a village of

approximately 422 individuals and 94 homes as detennined by a 1998 census estimation.

The ethnicity is predominately Mopan Indian and Ketchi. The village is situated inland

from the coast, along the southern highway. It is located on a clean fast flowing river

which is fed by both natural spring water and mountain rain runoff: Homes were

constructed ofplank wood with Cahon palm thatch roofing and dirt flooring. All homes

in the village had been sprayed with DDT at least six months prior to the beginning of the

study.

The 1998 census estimates the population of Rancho to be 824 individuals living

in approximately 166 houses with an ethnic composition ofKetchi, East Indian and

Garafuna. The village is located about 4 miles from the GulfofHonduras and is situated

on the outskirts of the town ofPunta Gorda. Houses in this village were constructed of
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both plank wood and thatch roofing or cinder block and corrugated tin roofing. Several

of the houses that were sampled in this area also had been sprayed with DDT at least six

months prior to the beginning ofthe study. Three additional huts that were sampled were

experimental huts constructed for the purpose ofconducting behavioral studies. None of

the three experimental huts were sprayed during the course ofthis study.

Malaria iD Belize:

The malaria data for the countries ofCentral America reveal that there are more

than 1 million cases ofmalaria per year (WHO 1995). The number ofcases in this region

are bound to increase as the intemational pressure continue to limit control options

through the banning ofsuccessful, cheap residual sprays such as DDT. The Central

American country ofBelize has historically battled with the problem ofmalaria. Scott

(1932) reported that the 10 % ofall hospital deaths were the result ofmalaria or

complications from malaria. Shortly after this finding was reported, Faust (1949)

estimated that 50% of the population of the rural population ofBelize was infected with

malaria. Even as early as 1994, the entire population of Belize was classified as being at

high risk for malaria (PAHO 1994).

The specific malaria statistics for Belize for 1993 showed an incidence rate of42

cases per 1000 individuals (WHO 1996, 1997). The total number ofcases rose to 9,957

during 1994 (47.4 cases per 1000 individuals). Ifwe look back even further, this same

increasing trend in malaria is apparent from 1991 through 1995 (Figure 2). Records

maintained by PAHO indicate that the number of cases, the number ofpositive localities.

the number off. falciparum cases and the number ofmalaria cases seen in children all

showed an increase during the years 1992-1994. These increases coincide with a period
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oftime when house spraying was stopped (1990-1991) and a period oflow house spray

coverage (1993-1996) (Bangs 1999). A 10% decrease in the number ofmalaria cases

was reported between 1994 and 1995.

Significant amounts ofdata have been compiled for the 1995 malaria season.

Data collected during 1995 showed that 560/0 ofthe cases in the Toledo District occurred

in children under the age of 14 while in other districts the majority of the cases occurred

in young adult males. In tenns oftotal numbers ofmalaria cases, three districts

accounted for 81% ofall cases reported (Figure 3). These districts were Cayo (40%),

Toledo (23%) and Stann Creek (18%). When the population malaria rates were

compared to the population estimates for each district:- the Toledo District exhibits a

much higher rate (Table 1). Almost 95% ofthe 1995 cases were due to f. max. Of the

.e. falcjPamm cases that occurred during 1995, the majority ofcases occurred in either

Cayo (264 cases), Stann Creek (143 cases) or Toledo (38 cases) (Figure 4).

Looking specifically at the Toledo District during 1995,47 of the 63 villages in

the district reported cases ofmalaria. Of the malaria, 51% of all cases were reported

from children below the age of 12 (Table 2). The numbers ofmales and females infected

in this population was the same. This data can be further broken down by month to give

an indication of time of transmission (Table 3). From all indications, the highest numbers

ofcases occur during the months of July through November. The historical data also

shows a similar season trend associated with the malaria transmission in entire country of

Belize. By plotting the malaria data for 1993, 1994 and 1995 (Figure 5), it is clear that

the majority oftransmission occurs during the months ofJune through November (the
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rainy season). This also coincides with production ofbreeding habitats conducive for

Anopheles vectors in the region.

For the purposes ofthis study, it was necessary to gather vector infonnation from

villages considered having a history ofhigh malaria transmission. Looking back to those

years when malaria transmission was highest (1993-1995), the villages ofGolden Stream

and Rancho were always in the top 10 (Table 4). The 1997 census data for the Toledo

District showed that Golden Stream and Rancho ranked among the top 5 villages in tenns

ofpositive cases ofmalaria.
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Malaria Control in Belize:

The Ministry ofHealth (MOR) in Belize incorporates both passive and limited

active case detection for malaria (MOB 1993). These efforts rely mainly on passive

detection with ill patients reporting to village health collaborators or to the district

hospital. If the patient reports to a health collaborator, a thick blood film is taken and the

slide is sent to the district hospital. Thick blood films are made from the suspected

patient's blood and the individual immediately begins chloroquine treatment. The slide is

read by technician at the hospital and ifthe patient is confirmed to be positive, the full

course of chloroquine is administered. As recently as 1995, chloroquine remains

effective against the Plasmodium species in Belize with no reports ofresistance to date.

If Plasmodium falcipanun is diagnosed, the village is targeted for immediate residual

spraying.

The main focus ofmalaria control efforts in Belize as well as throughout the
.

Americas has been on the use of residual insecticides for house spraying. The primary

insecticide ofchoice has traditionally been DDT. The World Health Organization

reported that in 1992 the majority of the countries in the Americas relied heavily on the

use ofDDT for residual house spraying (WHO 1995). Other chemicals such as

deltamethrin also have been used in malaria control campaigns but at a cost. The price of

DDT is 3 to 4 times less expensive than alternatives such as deltamethrin or fentrothion

(WHO 1990).

The use ofDDT as a control measure for malaria in Belize began as early as 1950

with a UNICEF funded program when it was used extensively in a residual house

spraying campaign (Brown et al. 1976). The malaria rates showed an 80% drop by 1957.
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Since this time, however, the spraying coverage that was maintained on a nationwide

basis has fluctuated dramatically. These fluctuations have gone from complete coverage

to almost no control measures at all. These yearly changes often coincide with both

political and international policy change. One major policy change was the ban on the

use ofOOT for agricultural purposes in 1988. This was precipitated by growing

international pressure that was based on findings during the 1960's and 1970's from the

United States that showed a number ofadverse effects on local wildlife, particular the

thinning ofavian eggshells (Lundholm 1997, Lundholm and Bartonek 1992, Khan and

Cutkomp 1982, Lindvall and Low 1980). The 1988 ban, also, was coupled with a

decrease in the use ofOOT for public health purposes. By 1989, the nationwide spray

campaign essentially came to an end. A few concessions were made, however, for the

use ofresidual insecticides for public health purposes which basically translated to

limited spraying areas which demonstrated high rates ofmalaria (pABO 1994). This low

level ofchemical control continued throughout the early 1990's. Coincidentally, this

same period of time experienced increasing rates ofmalaria throughout Belize (Vector

Control Program 1997).

Continued pressures from the international community resulted in a complete

termination of the use ofOOT in Belize by 1993. The end ofDOT in Belize marked the

end ofeffective vector control (Vanzie 1995). Alternative chemicals like deltamethrin

proved to be too costly and less effective, leaving Belize with no viable substitute for

DDT. The Mexican government in 1993 became concerned about the resurgence of

malaria on their southern border. The increasing malaria rates in Belize and Guatemala

prompted Mexico to provide limited spray coverage ofBelize's northern districts (Bangs
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1999). These efforts were continued until 1995 when the Belizean government returned

to the use ofOOT for residual house spraying on a restricted basis. In 1999, the

international community again placed pressure on the Belizean government and under the

fear of loosing much needed monetary funding was forced to abandon the use ofOOT in

their vector control program. Presently, only small in-country stores ofOOT are

maintained for the purposes ofmajor outbreaks ofdisease. No plans are presently in

place to replenish these stores and the chemical could quickly become depleted.
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Affeets of Residual IDseetieides:

The reliance on residual spraying of insecticides for the control ofmalaria

requires that evaluations ofthese insecticides be made. In order to accomplish this, it is

necessary to determine the mode in which these chemicals work. Many researchers have

suggested that the only effective insecticides are those that kill the vector (De Zulueta

1959, Hadaway et al. 1970, Sharp et al. 1990, Hamon et ala 1970). The idea ofbehavioral

avoidance of residual insecticides was seen as a negative characteristic that would do

nothing for the control ofmalaria. The issue ofbehavioral avoidance and excito-

repellancy has been re-examined in recent years due to continued effectiveness ofthese

chemicals despite the presence ofphysiological resistance in the mosquito population

(Haworth 1988, Roberts and Andre 1994). Our present understanding of the true mode of

action of these chemicals is that they don't work by killing but by reducing the human-

vector contact by reducing the number ofmosquitoes entering a house and biting

(Hudson 1984, Roberts et ala 2000).

A number of terms, such as behavioral resistance, repellency, irritancy, and

excito-repellency, have been used in the literature to describe the behavior ofvectors in

response to insecticide application. A briefdescription ofthese terms is required to

understand their effect on the vector population. The term, behavioral resistance, implies

an evolutionary basis in which the insect has evolved the ability to protect itself against

lethal contact with naturally occurring plant toxins (Chareonviriyaphap et al. 1997), and

has been documented in early studies dealing with anopheline vectors and malaria

transmission (Kennedy 1947, Muirhead-Thomson 1960, Elliott and De Zulueta 1975,

Gilles 1988, Cullen et a1. 1975). The term repellency is used to describe oriented
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movements of avoidance made by the insect in response to a chemical stimulant without

having made tarsal contact with the chemical (Roberts et al. 2000). Irritancy refers to

oriented movements by the insect away from a chemical stimulus only after making tarsal

contact with the chemical (Roberts et al. 2000). Excito-repellency is a chemical stimulus,

which induces a series oforiented avoidance behavior with or without having made tarsal

contact with the chemical (Roberts and Andre 1994).
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Experimental Huts:

The use ofexperimental huts for the evaluation of the effects ofinsecticides on

entering and exiting populations ofmosquitoes have been performed since the 1950's.

In order to obtain an accurate assessment of the affects these chemicals have on the

mosquito population, it is desirable to construct experimental huts in a natural setting

with local materials (Smith 1964, Muirhead-Thomson 1968). Although experimental

huts operate under the constraints ofnatural fluctuations in environmental conditions and

mosquito populations, ifenough repetitions are conducted, an accurate representation of

house entering and exiting behavior can be made (Service 1993).

A number ofhut designs have been constructed over time for the purpose of

evaluating the residual effect of insecticides being used malaria control campaigns.

These designs must closely resemble the structure and environmental conditions of the

typical village huts in the region to insure that the behavior of the mosquitoes in not

altered due to construction differences. Muirhead-Thomson in 1947 constructed mud

walled huts with thatched roofs in Nigeria to most accurately resemble other huts in the

region (Muirhead-Thomson 1948, 1950, Davidson 1953). Other huts using wood

planking and thatch have been employed throughout Central and South America (Symes

and Hadaway 1947, Giglioli 1948, Muirhead-Thomson and Mercier 1952, De Zulueta

and Garrett-Jones 1965, Rachou et al. 1965, 1973, Elliott 1972, Roberts et al. 1984, 1987,

Hudson 1984, Bown et a1. 1986, 1987, Cases et al. 1994).

On occasion, in order to save time and money, local huts are modified to

accommodate exit or entry traps (BoWD et a1. 1986, 1987, Coz et a1. 1966, Pant et al

1969, Kuhlow 1959, Mpofu et al. 1988). This may not be the best situation for
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.
conducting these types ofstudies due to the lack ofcontrol ofthe use ofthe huts. Several

conditions may alter the collections and may comparison under ideal conditions difficult.

These conditions may be previous spray history of the huts, number ofpeople occupying

the hut and activities conducted in the hut (Le. cooking, building fues and keeping pets)

(Service 1993). Bar-Zeev et al. in 1966 found that soot deposits on the interior walls of

Nigeria homes increased the residual life of insecticides by slowing down the adsorption

rate of the chemical.

These studies work off the premise that various portals ofentry into a house such

as windows, doors, eaves and cracks in walls can be sampled with traps in order to

observe altered behavioral patterns after spraying a house with different types of

chemicals. Therefore, studies conducted using experimental huts also rely on the use of

various exit and entry traps affixed to open portals (Worth 1953). The most obvious of

these portals are windows, doors and eaves, however, a wide variety of traps have been

designed to evaluate these behaviors such as louver, verandah and wall (Colombia

curtain) traps (Smith 1963, 1965, Coz et aI. 1965, Elliott 1972, WHO 1975, Taylor et al.

1981, BOWD et a1. 1985, 1986).

In order to more easily assess the effects insecticides have on the mortality of

mosquitoes entering or exiting a sprayed house, a number of techniques have been

developed. This task is made more difficult by the fact that dying mosquitoes inside a

house are often difficult to locate on hut floors and are often quickly carried offby ants

and other scavengers (Taylor et a1. 1981). In order to counteract these types ofpredators,

Rapley (1961) constructed huts raised on cement pillars that were surrounded by water

filled moats. This presumably cut down on scavengers entering the hut. Others have
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utilized white sheets on the floor ofthe hut to facilitate the location and collection ofdead

and dying mosquitoes before they could be removed by other predatory insects (Hudson

and Esozed 1971, Ree 1988). In order to assess the mortality ofwindow and door exit

trap collections, it is advisable to hold mosquitoes removed from these traps for 24 hours

and record the number ofdead or moribund adults (Bown et al. 1986).
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Anopbeles in Belize:

Faunistic studies conducted on the anopheline mosquitoes ofCentral America and

Mexico have identified 14 species which inhabit the country ofBelize (Wilkerson et al.

1990). These 14 species fall into two genera and 5 subgenera. Four AnQphe1es species

have been strongly incriminated as the primary vectors in Central America: AD.

albjmanus, AD. 3[aritarsis, AD. pseudo,pQDctjpennis and AD. darHnai (Kumm and Ram

1941, Bertram 1971, White 1982, Roberts et aI. 1993). In addition to these primary

vectors, other anophelines identified from Belize also have been incriminated as

secondary vectors either in Belize or in other areas of their range. These include AD.

yestitipeonis (Kumm and Ram 1941) and AD. punctimacula (White 1982).

The geology and ecology of the southern district of Toledo is quite different from

the rest ofBelize. The abundance and type ofmosquitoes found in this region also are

quite different. Data from surveys conducted in Belize found only 7 of the 14 Anopheles

species in the Toledo District (pecor unpub. data 1997). The present study adds an

additional 5 species to the this list: Ch, bathana, An. punctimacula, An.

pseudgpunctipennis, An. d3[linii and AD. nejyai.

The present study focuses on 4 of these species due to their abundance and

potential as vectors ofmalaria in Belize: AD. albjmaous, An. yestjtjpennis, AD. darlinii

and An. pUDctjmacuJa. Data obtained on the other Anopheles species collected during

the course of this study will be dealt with in the appropriate chapter of this dissertation.
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Anopheles • Target speeies:

Although the vector potential ofthe mosquitoes ofCentral and South America

have been documented by a number ofresearchers, additional infonnation is clearly

needed for certain anopheline species (Roberts and Andre, 1994). Anopheles albimaous

Weidemann is considered one ofthe most important vectors in Central America and

northern South America (Komp 1942, Horsfall 1955, Ramsey et ale 1994, Faran 1980,

Breeland 1980). This species has been documented from throughout the Caribbean

(Figure 6) including Belize (Rejmankova et al. 1992, Roberts et aI.1993), Colombia

(Elliott 1968, Marten et ale 1996), Costa Rica (Kun1Dl et al. 1940), Cuba (Carr and Hill

1942), Dominican Republic (Mekuria et ale 1990), EI Salvador (Breeland 1972, Breeland

et al. 1974), Guatemala (Zamora and Calderon 1991), Haiti (Taylor 1966, Hobbs et al.

1986), Jamaica (Boyd and Aris 1929, Belkin et al. 1970), Mexico (Savage et a1. 1990,

Rodriguez et al. 1996), Panama (Simmons et al. 1939) and Venezuela (Gabaldon 1949).

Anopheles albjmaous is primarily characterized as being a lowland species, in particular

lowland coastal areas (Rubio-Palis and Zimmerman 1997).

Ano.pbeJes albimanus is considered to be a strong flier with Wind aided flight

distances for this species recorded at up to 12 miles (Curry, 1934). Non-wind aided flight

is considered to be considerably shorter. Ranges have been documented between 1.5

miles (Eyles, 1944) to less than 0.6 miles (Lowe et aI1975). Hobbs et al. (1974)

conducted a mark/release study in which the maximum flight distance recorded for An.

albimanus was 1.8 miles.

Morphological variations have been observed in the larval stages ofAn.

albimauus (Georghiou et al. 1967, Warren et a1. 1975). This has led to the identification
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ofat least four different strains ofAn. albimaous: white-striped, green, brown striped and

brown (Warren et al. 1979). In studies conducted on the susceptibility ofthese various

strains to Plasmodium infection, there seemed to be distinct differences (Eyles and

Young 1950, Warren et al. 1977, Warren et al. 1979, Gonzalez-Ceron et a1. 2000). In all

of these studies, AD. albimaous exhibited a higher infection rate with f. liDx than with

f. falcipamm. Gonzalez-Ceron (2000) demonstrated an adaptation between local strains

ofAD. albjmanus and local strains ofmalaria parasites.

This species also has demonstrated a weak anthropophagic behavior (Bangs

1999). Anopheles albjmaous has demonstrated throughout its range to be primarily

exophagic and zoophilic (Elliott 1969, 1972, Garrett-Jones 1964, Breeland 1972, Garrett

Jones et a1. 1980, Frederikson 1993, Roberts et al. 1993, Roberts et a1. 2000, Bangs

1999). Achee et al. (2000) showed that 8 out of 10 sporozoite-infected AD. albimanus

were collected from outside the house and both f. falcipamm infected AD. albjmanus also

were collected outdoors. In previous studies (Horsfall 1955, Warren et a1. 1975, Ramsey

et a1. 1986, Fredrickson 1993), the natural sporozoite infection rates were extremely low

(1-2%). It is believed that this species exhibits effective malaria transmission only when

it occurs at high population densities (Elliott 1972, Loyola et aI1993). In addition, this

species also has demonstrated a clear avoidance behavior to particular insecticides such

as DDT (Gabaldon 1952, Brown 1958, Hecht and Hernandez 1960, Quinones and Suarez

1989, Chareonviriyaphap et a1. 1997).

Anopheles albjmanus can occur in high densities depending on environmental

conditions. One condition important to increased population density is heavy rainfall

usually associated with the wet season (Kumm and Zuniga, 1944). In addition, this
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species demonstrates the ability to breed in a number ofdifferent habitats. In particular

this species in Belize shows an association with mats ofcyanobacteria and precipitated

levels ofcalcium carbonate (Remanjakova 1995, 1993): Conditions that favor these

types ofcommunities are pennanent impoundments ofwater such as marshes and open

swamps. Savage et at (1990) found an association ofAD. alhimaous breeding sites with

bodies ofwater that were exposed to ample sunlight and which produced large amounts

of food reserves for developing larvae. During the dry season, many of the breeding sites

dry out and the larvae are confined to the margins ofpermanent lakes, ponds and roadside

ditches (Orr and Resh 1989). The presence ofstanding water on a wet rice field creates

all of the conditions favorable for AD. albimanus breeding. These conditions are

artificially maintained through irrigation channels, which allows this species to breed

during times ofyear when population levels may nonnally be low. Anopheles albimanus

shows an opportunistic behavior in its selection ofbreeding habitats.

Anopheles yestitjpennjs has, until recently, only been suspected as a vector of

malaria. This species is found throughout the coastal regions ofMexico, Central

America (Wilkerson et at 1990), regions ofnorthern South America, Cuba and Puerto

Rico (Loyola et al. 1991, Mekuria et al. 1991, Padilla et al. 1992, Marquetti et al.

1992)(Figure 7). It appears to be most common along coastal areas ofthe Atlantic and

Gulfcoast regions (Komp 1942) and can be found in large numbers throughout the

Yucatan, southern Mexico and Guatemala (Kumm et at. 1943, Loyola et a1. 1991,

Arredondo-Jimenez et a1. 1996).

Throughout its range, the larvae ofAn. vestitipennis have been found in clean,

heavily shaded water containing large amounts ofemergent vegetation (Komp 1942,
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Horsfall 1955, Belkin et aI. 1965, Loyola et a11991, Rejmankova et al 1998). AnqpbeJes

yestitipennis has demonstrated preferences for breeding in flooded forests often times in

association with AD.. punctimacula (Rejmenkova 1998)." Larvae ofAn. vestitjpeoois also

have been found breeding in aquatic areas with cattails (Arredondo-Jimeniz 1995) and

tall dense macrophytes (Rejmankova et al 1998). This species appears to require plant

material or detritus as a nutritional source as well as plant cover for shade. Anopheles

yestitipennis exhibits its highest numbers during the rainy season, predominately after

periods ofheavy rain (Komp 1942, Arredondo-Jimenez et aI 1996, Rejmankova et al

1998). This was confirmed by adult collections conducted in the Lacandon forest of

Mexico where higher population levels were observed during the rainy season

(Arredondo-Jimenez 1995).

Although some investigators downplay the role that An. yestitipeoois plays in the

transmission ofmalaria (Boyd 1949), others have shown it to be a probable vector based

on favorable vector characteristics (Kumm and Ram 1941, Padilla et a1. 1992, Rodriguez

and Loyola 1990, Loyola et al. 1991, Arredondo-Jimenez et al. 1998, Roberts et a1.

1993). Loyola et al. (1991) observed this species to exhibit both endophilic and

endophagjc behavioral patterns. Others also have documented this endophagjc and

anthropophilic behavior throughout its range: Mexico (Loyola et al. 1991), Costa Rica

(Kumm et al. 1940), Guatemala (Richards et aI. 1994) and Belize (Roberts et a1. 1993).

Arredondo-Jemenez et al. 1998 showed the high longevity and multiple blood feeding

habits to increase the vector potential ofAn. vestitipennis. Studies conducted in the

Dominican Republic showed that An. vestjtipeunjs readily fed on humans and

demonstrated a higher human biting index than AIL albjmanus (Mekuria et aI. 1991).
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These behaviors were coupled with positive ELISA results for E. max in a native

populations ofAu. vestitipennis collected from Chiapas, Mexico. Positive results such as

these confirmed earlier findings by Kumm and Ram (1941) who found 1 of41 specimens

ofAD. yestitipennjs collected from Belize to be positively infected with Plasmodjum spp.

by salivary gland dissection. Achee et ale (2000) found this species to have a relatively

high MFIR (Minimum Field Infection Rate) in relation to the other anopheline species

collected in a survey conducted in Belize. In this study, the MFIR for AD. yestitipeMis

was (0.282%) which was higher than either Au. albimauus (0.126%) or An. darliniP

(0.261 %). Only few infection studies have been conducted using AIL vestjtipennis and

with little success (Simmons 1941, Horsfall, 1955). However, Carr and Hill (1942) did

demonstrate the development ofoocysts in the midgut from 1 of 12 mosquitoes fed off an

infective patient in Cuba.

Anopheles darliDii was first incriminated as vector ofmalaria in 1931 in the Para

state ofBrazil based upon finding sporozoites in the salivary glands ofdissected

specimens (Davis 1931). Since that time, others have confirmed these findings using

radioimmunoassays and enzyme linked immunosorbent assays (ELISA) (Deane et a1.

1946, Causey et a1. 1946, Arruda et ale 1989, Tadei et a1. 1988, Deane et a1. 1988,

Lourenco-de Oliveira et a1. 1989). The assay data, along with other behavioral factors,

strongly incriminated An. darlinii as a malaria vector in Central and South America.

This species showed both a strong attraction for feeding on humans as well as

demonstrating a strong endophagic behavior (Deane et al 1946, Roberts et al. 1987, Klein

and Lima 1990, Rozendaal 1989). Klein et a1. (1991) stated that An. dariiulP was the

primary vector ofmalaria in Costa Marques, Rodononia, Brazil based upon seasonal
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distribution, relative abundance, peridomiciliary and biting behavior, host contact and

high natural field infection rates. This species has recently been re-described

taxonomically for the country ofBelize after its initial description in 1946 (Harbach

1994, Roberts et al. 1993). In a survey ofanophelines conducted in Belize from 1994 to

1997, Achee et al. (2000) demonstrated that AD. darlinm had a higher MFIR than AD.

albirnaous (0.261% and 0.126%, respectively). This same study showed that a pool

which tested positive for f. falcjpanun occurred in a sample ofAD. darlinli which was

obtained in an indoor collection.

Anopheles darlinm has been characterized as a riverine species that utilizes

breeding sites in and around river systems (Rozendaal 1990). The volatile dynamics of

these rivers during the rainy season make it critical for this species to be flexible in its

choice ofbreeding habitats. During the dry season, AD. dadinai has been found breeding

in creeks and between roots and fallen trunks along river margins. It has also been found

in shaded areas ofdebris and floating vegetation in the river where the flow of the river

has been impeded (Fleming 1963; Panday 1980; Hudson, 1984). These breeding sites

change during the rainy season when water levels flood the rivers out of their banks and

flush out these sites. It is during the rainy season that AD. darlio&,i has been observed to

breed in vegetation and floating debris in flooded forest areas near the river

(Bonne&Bonne-Wepster 1925; Van der Kuyp 1950; Bruyning 1952; Hudson 1984;

Rozendaal1987; Rozendaal 1992).

Rozendaal clearly showed that AD. darlioii utilized a variety ofbreeding habitats

within the country ofSuriname, South America. These habitats were dependent on the

river level and precipitation. He demonstrated that in the coastal regions ofSuriname, the
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breeding conditions are unfavorable due to the tidal action of the rivers. In these areas,

the breeding sites were found limited to flooded depressions near the banks of the river,

which occurred during the rainy season. The rainy season also coincided with high

population densities ofAD. darlinaj as determined by human landing collections. Times

ofheavy rain also bring about outbreaks ofmalaria. In coastal areas ofGuyana, a similar

situation occurred (Giglioli 1951). Malaria transmission began during the rainy season

when breeding sites were fonned for AD. darJinaj in flooded depressions adjacent to

irrigation canals.

In more densely forested regions that are found in the interior of the Amazon

rainforest, the flow dynamics ofthe rivers are different and the heavy rains may be

responsible for the flushing out ofbreeding sites. This would result in a reduction in the

numbers ofAD. darlinai present in the area (Rozendaal1992). It was presumed that only

when the rivers began to recede in the months between the wet and dry season that

breeding sites were exposed, coinciding with peaks ofmalaria transmission in these

regions (Ferraroni and Hayes 1979; Chariwood 1980).
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Insecticides:

Numerous insecticides have been used to control a wide variety ofinsects. The

general classes of insecticides used are the organophosphates, carbamates, pyrethroids

and organochlorines. The present study focused on two commonly used compounds that

are used for the purposes ofmalaria control throughout the world. The organochlorine

DDT (Dichloro-Diphenyl-Trichloroethane) has been the primary weapon against malaria

since its insecticidal properties were first realized in 1939 (Bruce..Chwatt 1985). Since

that time, it has widely been used for the control ofa number ofmosquito species and

more specifically for the control of the anopheline vectors ofmalaria.

The primary mode ofaction ofDDT is the binding of the compound to the axonal

region of the insect nerve. The axons associated with the sensory part of the peripheral

nervous system appear to be most susceptible to the toxic effects ofDDT. This binding

creates a situation in which the ion channels become leaky resulting in a continuous firing

ofaction potentials. There seems to be a specificity for disruption of the sodium channels

which causes the sodium gates to remain open, thereby allowing sodium ions to

continuously flow into the cell. The axon will begin a continuous succession of firing

and, at the same time, never return to its original resting state. The outward results of

these physiological changes are a hyperexcitability characterized by hyperactivity,

tremors, tetany and paralysis. Death is most often attributed to this paralysis which is

believed to result in respiratory failure and suffocation.

The pyrethroid, deltamethrin «s)-a-cyano-m-phenoxybenzyl (lR,3R)-3-(2,2

dibromovinyl)-2,2-dimethylcyclopropanecarboxylate) has become the alternative

insecticide ofchoice for residual house spraying for malaria control. This chemical falls
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under the broad category ofsynthetic pyrethroids, which are esters that have evolved

from a natural product pyrethrin extracted from crasanthamums. These natural esters

have been altered by the incorporation ofphenoxybenzyl alcohols which protect the

molecule from environmental and metabolic breakdown. A unique aspect of the

synthetic pyrethroids is their ability to affect both the peripheral and central nervous

systems. In many regards their modes ofaction are similar to that ofDDT. There seems

to be an interaction of the chemical with sodium channels and the axonal membrane

surface. This again leads to the leaky channel process and eventual paralysis. There also

appear to be effects on the motor nerve tenninals. Deltamethrin appears to increase the

release ofneurotransmitters (Salgado et al1982) increasing repetitive discharge. This is

what is believed to be responsible for the temperature reversible knockdown effect often

seen associated with this compound.

There also are indications that deltamethrin has stimulatory effects on the

neuroendocrine system and may alter the release ofhonnones. A number ofresearchers

(Orchard 1980, Nonnann 1980, Orchard and Osborne, 1979) have shown that the

synthetic pyrethroids increased the release of a number ofhormones within the insect

system. Within the Diptera, it was shown that this increase in hormonal levels was

correlated with an increase in the levels oftrehalose, a sugar often used by rapidly firing

flight muscles, in the blood ofpoisoned flies.
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Researcb Goals

The goals of this study were to gain insight into the vector bionomics of the main

anopheline species that have been incriminated in the transmission ofmalaria in southern

Belize. A variety of field techniques were used for acquiring data on the seasonality,

flight behavior, host feeding preference and house entering and exiting behavior in the

presence and absence ofboth DDT and deltamethrin. Additional information was

obtained on the colonization and life table attributes ofAIL. albimanus and the natural

circumsporozoite infectivity rates of field collected specimens. These studies will

provide vital infonnation for vector control efforts which could lead to more effective

labor and cost saving control strategies.

ColOlliZtltioll ofdII.. IIIbimtllllU:

Anopheles albjmanus has maintained its status as an important vector of

malaria throughout much ofMexico, Central America, parts ofnorthern South America

and Haiti (Rachou et at. 1965). This species, however, has demonstrated only a low level

ofnatural field infectivity to E.,. max (Ramsey et at. 1986). This finding has led many

researchers to conclude that the transmission potential for this species occurs only when

the population levels are high (Breeland 1972 and Weidhaas et a1. 1974). The potential

ofany anopheline species to be a competent vector ofmalaria, however, depends upon a

number ofphysical and physiological components associated with the life history of the

mosquito. Various biological characteristics such as fecundity and larval and adult

mortality are critical aspects ofdisease transmission potential of any vector species and

constitute infonnation that could contribute to potential control strategies (Seawright et

al. 1979, Rodriguez et al. 1992).
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Information pertaining to AD. albjmanus has been well documented throughout

Central America. Additional information, however, about this species in the country of

Belize is needed to detennine its true vector potential in relation to the other Anopheles.

The goals of this study were two fold: 1) gain preliminary information on laboratory

rearing ofAn. albimanus for use in future colonization efforts, 2) obtain life table data on

An.,. albjmanus to clarify the longevity and fecundity ofthis malaria vector species.

SetlSonlllity ofVectors in Belize:

Vector behavior influences the dynamics ofmalaria transmission by governing

the intensity time and place ofhost-vector interactions (Elliott 1972). Vector behaviors

also can inhibit disease transmission through behavioral modifications that are stimulated

by the repellant/initant actions of insecticides (Roberts et al. 2000, Grieco et a1. 2000,

Roberts and Andre 1994). Clarification of the effects vector behaviors have overall on

malaria transmission can give insight into the vector potential ofdifferent anopheline

species. To understand the vector competence ofa given species, one must know the

temporal and spatial distributions of host...vector interactions, outdoor/indoor biting

patterns and natural field infection rates.

Arthropod-borne disease rates in tropical regions often correlate with seasonal

patterns ofvector populations. The cycles of these arthropod populations are bound by

environmental conditions, which govern their ability to propagate and survive. Insects

are able to survive under harsh conditions in their environment by undergoing both

physiological and behavioral adaptations. In more temperate regions ofthe world, these

adaptations resuit in winter diapause and summer aestivation. In more tropical regions
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.
these adaptations are often associated with wet and dry seasons or seasonal variation in

land use practices.

The purpose ofthe present study was to quantify seasonal abundance of each

Anopheles species in the study area during the IS-month study period and examine the

relationship between abundance and various ecological and disease related factors. The

correlation between population abundance ofAn. albimauus, An. punctimiK(ula, An.

darlinli, and An. yestitipennis and rates ofsporozoite positive specimens were important

components ofthis investigation.

Flight activity:

Vehicle mounted traps have been used as a means ofobtaining non-attractant

motivated samples of in-flight mosquito populations (Chamberlin and Lawson, 1945;

Stage 1947; Provost 1952; Provost 1957). A key aspect ofcollections made with a

mobile truck trap is that the collections are considered to be the least affected by human

manipulation and the physical environment (Bidlingmayer (1964, 1967, 1974, 1975,

1981). These types ofcollections are critical when trying to determine natural flight

patterns ofmosquito species without artificially altering behavior in any way. It has been

noted by Bidlingmayer (1966, 1971) that mosquitoes do not maintain continuous flight

throughout the night and, therefore, hourly collections from a vehicle-mounted trap are

representative ofnatural flight patterns occurring in the population. Information

pertaining to unbiased changes in the number of in-flight mosquitoes can be used by

mosquito control pr081"811ls in designing a spray schedule which will most optimally

affect exposed mosquitoes. The main purpose of this study was to determine the natural

flight patterns ofAn. vestitipennis, An. albimanus and An. pUDctimacuJa in a village in
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the Toledo District ofBelize. The effects of various environmental conditions such as

wind speed, relative humidity and temperature on the car trap collection were also

evaluated. A side benefit of this trapping method was the collection ofa relatively

unbiased sample ofblood engorged females.

Hostfeedin6 preference:

A key component ofarthropod-borne disease epidemiology is the specific bost

range of the vector species in question. It is important to determine the proportion of

feeds that occur on humans in order to assess vectorial capacity. Care must be taken to

account for factors that may alter the true estimate of feeding preference. Examples of

these factors are the sensitivity and specificity ofthe bloodmeal assay, the host and vector

dynamics and the type ofstatistical treatment applied to the research data.

Studies conducted on the feeding preference ofAIL yestitipennis are few in

number. This species may be composed ofsibling species that exhibit different feeding

patterns and preferences (Arredondo-Jimenez et a1. 1995). Overall, however, these same

researchers have shown that AD. vestitipeoois more strongly prefers a human host than

does AD. albimauus. Bangs (1999) also suggested that the foraging ratios for AD.

vestitipennis indicate a preference for human hosts and that An. albimanus prefer cattle.

The main focus of the present research project was to utilize a variety ofcollection

techniques for sampling resting mosquito populations in an effort to collect blood

engorged specimens and thereby define the specific host feeding preference of the

malaria vectors in southern Belize.

Experimental Hut Studies:
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The resurgence ofmalaria in tropical regions ofCentral and South America has

created a renewed urgency for information pertaining to Anopheles vectors (PAHO

1994). This is evident in Belize and many other countries of the Americas where the

prevalence ofmalaria has increased. Roberts et al. (2000) showed that this increase was

associated with a reduced emphasis on vector control measures, primarily house spraying

with residual insecticides.

An investigation ofthe house entering and exiting behavior ofAnopheles

yestjtipennjs was undertaken in the Toledo District ofBelize, Central America between

March and December of 1998. Three untreated experimental huts were titted with either

exit or entrance interception traps or used as a control for human landing collections. In

the later part of the study (November and December of 1998), one hut was sprayed with

DDT, one with deltamethrin and the third hut was left untreated to serve as a control.

Throughout these collections, meteorological data was collected to determine ifbehavior

was affected by a number ofenvironmental parameters to include temperature, relative

humidity, wind speed and periods of rain. This study was designed to clarify the entering

and exiting behavior ofAD. vestitjpeunis before and after spray and to detennine the true

affects elicited by each chemical on these behavioral patterns.

Vector Incrimination:

Four criteria (modified versions ofKoch's postulates) must be fulfilled in order to

incriminate an AnQ'Pbeles mosquito as a vector ofmalaria (Eldridge 2000). The first

criterion is that the disease agent must be found naturally in the suspected vector species.

Kumm and Rani (1941) and Loyola et al. (1991) reported finding sporozoites in the

salivary glands ofAn. vestitipennis. The identity of the parasite was not determined and
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therefore the possibility exists that the parasites found were ofa non-human infecting

species. Other researchers have found members ofthis species to be infected with the}!.

.YiDx circumsporozoite protein using the enzyme-linked immunosorbent assay (Bangs

1999, Achee et al2000). One method used to insure the identity of the parasite involves

the use ofa membrane feeder, blood infected with a known Plasmodium species and a

non-infected colony ofmosquitoes.

The second criterion is to fmd the vector species feeding on humans. Typically

these types ofstudies involve the detel'lT'.ination ofhost preference. One method used to

determine feeding preference is the use ofbaited traps placed closely together

(Blackmore and Dow 1958, Scherer et aI. 1959, Service 1971). A determination of

attractiveness was made based on the number and type ofmosquito collected from

around each host type. With the increased use of the ELISA technique for the

identification ofvector blood meals, systematic collections of resting, blood engorged

specimens have been used for the determination ofhost preference. In this regard very

little has been reported on the host feeding patterns ofAIL. yestitipenois. What has been

reported for populations ofAD. yestitipennis from southern Mexico indicate a

considerable variation in feeding preference within a region (Arredondo-Hemenez

1999). This led the researchers to consider the possibility ofa sibling species. Other

researchers (Bangs 1999) have indicated a preference for An. yestitjpennis to feed on

humans in the northern Belize. No definitive information has surfaced, however,

regarding this issue.

The third criterion involves the susceptibility of the mosquito species to infection

with the malaria parasite. Until now, this issue has not been addressed for An.
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vestitipennis. In order to insure accurate infonnation, it is vital to compare infection rates

with other suspected vector species from the same region, as well as a control species

which is known to maintain high infection rates.

The fourth and final criterion requires the transmission ofthe malaria parasite to

an uninfected person/animal model or to a clean blood sample offered to a mosquito from

a membrane feeder. This procedure has never been performed in the country ofBelize

and is not commonly performed. The detection ofsporozoites in the salivary glands by

microscopic examination is often the evidence used to incriminate a mosquito species as

a vector ofmalaria.

In order to confino the ability ofAn. albirnanus, AD. yestitipennis and AD.

darljnld to become infected with f. falcipamm (Criterion 1) and to compare between

species the level of infection obtained (Criterion 3), the need to perform patient feeds or

artificial membrane feeds is necessary. The goals of this study were to 1) confirm, by

finding sporozoites in the salivary glands by microscopic examination, the ability ofAn..

yestitipennjs to become infective by membrane feeding cultured f. falcipanun and 2)

compare between species the level of infectivity and thus shed light on the vector

potential of these species in Belize.
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·Table 1: Malaria incidence and district population data for 1995. Data is separated by
district with a calculation ofthe API (Annual Parasite Index) (Vector Control Program
1997).

Malaria Incidence by District
(1995)

Distriet Population Number or eases API

Corozal 32,134 670 20.8

Orange Walk 34,663 621 17.9

Belize 64,377 505 7.8

Cayo 42,458 3,738 88.0

Stann Creek 20,416 1,741 85.2

Toledo 19,685 2,138 108.6

Table 2: The break down by age and sex of the malaria cases reported in the Toledo
District during 1995 (Siez et aI. 1997).

59

Sex
Age Female Male Total 0A, ofTotal

<1 yr. 22 23 45 2.1%
}-4 yr. 185 192 377 17.6%

5-12 yrs 324 346 670 31.4%
>12 NA NA 1046 48.9%

Total 2138 100%



Table 3: Childhood malaria cases fronl 1995 separated on the basis ofmonth. Highest numbers ofcases occur
between the olonths ofJuly and November which coincides with the rainy season (Siez et at 1991).

Months
Age JJan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

< Iyr I 4 1 2 4 3 8 3 3 7 8 1 45

1-4 yrs 26 31 27 22 29 20 42 32 29 51 43 25 317

5-12 yrs 51 45 47 33 41 50 65 72 63 90 80 33 610

Total 78 80 75 57 74 73 115 101 95 148 131 59 1092

0>
o
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Table 4: Classification of the 10 villages with the highest number ofmalaria cases during
1993, 1994 and 1995. Also shown are the total numbers ofThick Blood Films (TBF)
examined and the total number ofpositives recorded for the entire Toledo District
(Siez et al. 1997). .

1993 1994 1995
Village Number Village Number Village Number

Rank ofcases ofcases ofcases
1 Punta Gorda 3S Punta Gorda 80 Indian Creek 82

2 Columbia 24 Big Falls 63 Columbia 75

3 Big Falls 14 Golden Stream 43 Aguacate 59

4 Golden Stream 11 Columbia 4 Golden Stream 55

5 Rancho 10 Indian Creek 32 Big Falls 54

6 Blue Creek 7 Deep River 25 Punta Gorda 39

7 Silver Creek 6 Aguacate 24 Bladden 31

8 Laguna 6 Rancho 20 San Lucas 30

9 Bladden 5 Laguna 19 Rancho 23

10 Crique Sarco 5 San Antonio 17 Otoxha 19

Total TBFs 1,955 3~905 5,188

Positives 173 (8%) 589 (15%) 684 (13%)
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o 30km

~ Bevatians :>1000 feet

Figure 1. Map ofthe Toledo District in Southern Belize showing the location of the two
research sites, Golden Stream and Rancho
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Figure 2: Increasing trend in cases of malaria between the years 1991-1995 (Source:
Vector Control Program of BeliZe).
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Figure 4: Numbers of plasmodium falcjparum malaria cases recorded in 1995 separated
by district (Source: Vector Control Program of Belize).
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Figure 6. Geographic distribution ofAnopheles albimanus in the Americas (Faran 1980)



Figure 7: Geographic distribution ofAnopheles vestitipenpis in the Americas
(Arredondo-Jimenez et al. 1980)
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Chapter 2

Colonization aDd Life Table Attributes of a Field Collected Population
of Agopheles albimanus (Weidemann) from tbe Toledo District,

SoutberD Belize.
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ABSTRACT

A life table study was conducted for a recently established colony ofAnopbeles

albimanus in Belize, Central America. The colony was'obtained and reared in the

southern Toledo District under uncontrolled environmental conditions (29-35°C, 87

90% RH, and 13:11 L:D photoperiod). The mean time oflarval development was

determined to be 10.87 days with adult emergence occurring approximately 1.33 days

later. The length of the pupal stage was found to be longer for the males (30.47 hours)

than for the females (30.16 hours) although the overall female development took longer.

Adult emergence success was 94% and the sex ratio was not significantly different from

1:1. Adult males lived for an average of 15.21 days while the females lived for an

average of 19.39 days. The riB and BID ratios of0.71 and 1.96, respectively, indicate

that this species has a low potential for colonization.

In terms ofoviposition preference, there was a definite preference for darkly

colored containers with 87% of all eggs oviposited in the black containers. In the white

containers, there was a preference for the plant over non-plant containing cups. On

average, 318.35 eggs were laid per female.
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INTRODUCTION

Anopheles albimanvs has maintained its status as an important vector ofmalaria

throughout much ofMexico, Central America, parts ofnorthern South America and

Haiti (Rachou et aI. 1965). This species, however, has demonstrated only a low level of

natural field infectivity to Plasmodium max (Ramsey et a1. 1986). This finding has led

many researchers to conclude that the transmission potential for this species occurs only

when the population levels are high (Breeland 1972 and Weidhaas et al. 1974). The

potential ofany anopheline species to be a competent vector ofmalaria, however,

depends on a number ofphysical and physiological components associated with the life

history of the mosquito. Various biological characteristics such as fecundity and larval

and adult mortality are critical aspects ofdisease transmission potential ofany vector

species and constitute information that could contribute to potential control strategies

(Seawright et a1. 1979).

The longevity ofa population is an extremely important facet ofvector

potential. The malaria parasite requires a certain amount of time under specific

temperature regimes to penetrate the gut lining of the mosquito, develop into oocysts

and finally have the sporozoites rupture out of the mature oocysts and infect the salivary

glands of the mosquito. If the life span of the mosquito is not sufficiently long, the

parasite will be unable to complete its sporogonic life cycle and transmission cannot

take place. When the temperature is held at a constant 24°C, the process of sporogony

takes 9 days for f. max and 11 days for f. falciparuID to complete (Sandosham and

Thomas 1983).
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Infonnation pertaining to the natural longevity ofa species is often difficult to

obtain. Both predators and adverse weather conditions can reduce the life span of

mosquitoes. These factors are difficult ifnot impossible to accurately measure. For this

reason, it is important to make inferences about the life span of particular species by

collecting data on colony reared populations. When conditions are held constant or

semi-constant, the attributes associated with the colony can be used to represent the

level ofsurvivorship under those constant conditions. This will give some clue as to the

vector potential for a given species given constant environmental parameters.

Larval mortality and fecundity of a species also are important components in the

vector potential ofa particular mosquito species. Within the framework of this study,

fecundity is defined as the potential innate reproductive capacity of the individual

mosquito. The combined effects ofmortality and fecundity detennine the potential for

rapid population growth, which could increase a mosquito species ability to transmit

malaria. This is particularly true for a species like AD. albjmanus which appears to have

weak vector characteristics and plays a role in malaria transmission only when at high

population densities (Breeland 1972 and Weidhaas et a1. 1974).

Measuring the reproductive potential of a species can also provide useful

infonnation for application ofnon-chemical control strategies such as natural

competition. This concept entails using a non-vector species to out-compete

(particularly in the larval stage) a known vector species and thereby reduce the

population density of the vector species. This concept was tested using &. aei)1)ti

populations that were suppressed by &. albo.pictus populations in Asia (Gilotra et a1.

1967). Gubler (1972) also experimented with &. albgpjctus, a non..vector of filariasis,
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and its ability to out-compete and suppress populations of&. polynesieusis, a known

vector offilariasis.

In addition to determining the life history attributes ofa species, there is a great

need for colonized mosquitoes for conducting experiments in which a control

population ofknown origin and history are needed. This is particularly true in the case

ofinsecticide susceptibility studies. Studies examining comparative susceptibilities to

various Plasmodium species also rely on the use ofcolonized specimens to provide

baseline data (Collins et a1. 1973; Collins et al. 1974; Collins et a1. 1985; Klein et al.

1990; Klein et al. 1991a; Klein et aI. 1991b; Klein et ala 1991c).

In laboratory studies, An. albimanus has proven to be a poor host for the malaria

parasite (Warren et al 1977). In host preference studies this species exhibits a greater

tendency to feed on cattle than on humans (Breeland, 1972). Differences occur within

and between populations ofAn. albirnanus. This suggests the presence ofgenetic

variants within the population. A susceptibility study of three strains ofAn. albimanus

(white-striped, green and brown) to two phenotypes off. yiyax (VK210 and VK(47)

was conducted in southern Mexico (Gonzalez-Ceron et ala 2000). The white-stripe

phenotype had a higher susceptibility to f.~ parasites than either of the green or

brown phenotypes (Chan et ala 1994; Gonzalez-Ceron et al. 2000) had. The presence of

variants within a mosquito population may explain the differences seen in the

behavioral patterns as well as differences in susceptibility to f.~ and f. faJciparum.

This intraspecific variation has been demonstrated for the An. macyljpennis complex in

Europe and more prominately in the An. iambjae complex in Africa. For all of these
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.
studies, it is desirable to use a colonized source ofmosquitoes so that a known genetic

line can be used and compared to various field strains.

The use ofAn. albimanus in a variety ofother studies has required that it be

established in colony (Baily et al. 1979). Dame et a1. (1974) described a procedure,

utilizing techniques established by Ford and Green in 1972, for the colonization of large

numbers ofAn. albimanus for the purposes ofmass sterile release experiments. Others

also have used colonization for the mass rearing ofmosquitoes for the purpose ofsterile

release experiments (Baily et a1. 1980, Savage 1980). Rabbani et al. (1976) adapted a

technique for rearing isofemale lines ofAD. albjmanus for genetic studies on phenotypic

characteristics ofsingle families.

The short viability period in which the eggs ofAn. albimanus can be maintained

dry have led some researchers to investigate better methods of long-term egg storage.

Baily et a1. (1979) adapted a previous storage technique to enable researchers to store

eggs for up to 5 days at a temPerature of lO-12°C with little loss ofviability. Others

have looked at this drying process to determine other possible oviposition substrates

(Dame et a1. 1978). Breeland et al. (1970) examined mud as an alternate ovipositional

substrate. They found that eggs could be held for up to 15 days and would hatch

immediately when inundated with water. They reported that a delay in eclosion had

little effect on egg viability.

Different oviposition containers also have been investigated in order to

maximize egg production. This has led to the experimental addition ofvarious

chemical compounds to the water. Many ofthese compounds are derivatives ofplant

extracts. Within the anophelines, it has been well documented that plant material is
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required for egg deposition and for larval development (Ancona 1930; Hall 1972;

Balling and Resh 1985; Orr and Resh 1989). This association has been attributed to the

compounds in the plant material which provided an additional source ofnutrients for

developing larvae. Plant material also may provide protection from predatory insects.

Recent studies have demonstrated a strong association between plant life and algal mats

found in particular aquatic habitats and their association with AD. albimaous larvae

(Rejmankova et a1. 1992).

Age-specific horizontal life tables can be used to summarize the mortality and

reproductive chara~teristics ofa given species (Reisen et al. 1979, Reisen and

Mahmood 1980). When all of the variables are controlled for, this information can

provide characterizations about the population which represent the maximum

expression ofthese attributes for a given population or species. This type of study has

been applied to a number ofspecies inciuding &. aemti (L.) (Crovello and Hacker

1972), c.w.cx quinquefasciatus Say (Walter and Hacker 1974), An. culicifacies and An.

stepbensi (Reisen and Mahmood 1980) and An. albjmanus (Mahmood 1997)

Differences in the behavior ofAD. albimanus and its susceptibility to malaria

parasites may be due to different environment pressures placed on this species as a

consequence of its extensive habitat range. These local, co-evolutionary, adaptation to

specific phenotypes of the malaria parasite may result in varying abilities to transmit

malaria throughout its range (Jeffery et al. 1954; Collins et al. 1976; Collins et a1. 1980;

Ramsey et al. 1988; Kain et a1. 1992).

Information pertaining to AD. albimanus has been well documented throughout

Central America. Additional information, however, about this species in the country of
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Belize is needed to determine its true vector potential in relation to the other Anopheles

present in the region. The goals ofthis study were two fold: 1) gain preliminary

infonnation on laboratory rearing ofAn. albimanus for'use in future colonization

efforts, 2) obtain life table data on An. albirnanus to clarify the longevity and fecundity

of this malaria vector species.
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MATERIALS AND METHODS

Insectary:

One room ofa house in the town ofPunta Gorda in the Toledo District ofBelize

was modified into a temporary mosquito insectary. Initial inquiries pertaining to the

spray history of the house revealed that the house had not been sprayed with insecticide

in at least several years. The insectary measured 10ft by lOft and had windows on two

ofthe four walls. These windows were screened and had heavy metal slats which could

be closed to seal off the room from the outside environment. mtra low volume (ULV)

spraying occasionally took place in town; therefore, additional measures were taken to

ensure that no harmful chemical entered the room. Solid plastic curtains were

constructed which could be lowered and provide a double barrier to the outside

environment. Under normal conditions, the slats and the curtain could be opened to

allow ventilation and maintain the temperature within the room at a constant range (i.e.

if temperatures were too hot the slats and curtain would be raised). One doorway led

into the room from the interior of the house. With the door closed, the insectary was

shut off from the rest of the house. Shoes were routinely removed prior to entering the

room to ensure that no harmful chemicals were tracked into the insectary.

Within the insectary, a series ofwooden shelves was constructed to

accommodate the larval pans and adult cages. A total ofnine adult cages measuring

30.5 x 30.5 x 30.5 cm were used for to house the adult population. A set of24 white

enamel pans measuring 34.3 x 25.4 cm with a depth of4.4 cm were used for rearing

larvae. All cages and rearing pans were positioned a maximum distance from the

windows. All pans were washed in hot water and weak: bleach solution to prevent
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contamination and larval mortality during the study. Wet towels were kept on top ofthe

cages to maintain high levels ofhumidity within the adult cages.

Temperature and relative humidity were recorded in the room using a Davis

Instrument's Weather Monitor n. A MaxIMin thennometer also was used in the room

in case of a power outage. This was critical for accurate measurement of the conditions

inside the insectary due to the inability to control these conditions within the rearing

room.

Field populatioD:

Initially, colonization attempts were made with several Anqpbeles species but

due to a number of reasons only AD. albirnanus was pursued. Eggs also were obtained

from blood engorged populations ofAn. yestitipennis and AD. darlinlli. The An.

yestitipeoojs were obtained from human landing collections conducted at Rancho

Village, and the An. darlinii were collected from human landing collections at Golden

Stream Village. Both villages are located near rivers and forested areas within the

Toledo District ofBelize. A field population of AD. albjrnaous larvae was collected

from a rice field (N 16°09.975 W 88°50.618) in the village ofRancho in the Toledo

District ofBelize. Various developmental stages were collected using a larval dipper,

plastic disposable pipettes and 4 oz. Whirl Pacs. Whirl Pacs are 100 mt plastic

collection bags with imbedded wires at the open end that facilitate a tight seal when the

bag is twirled. All larvae were transported back to the insectary were they were

separated by stage and placed in white enamel pans filled with I.S gallons of tap water.
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No more than 200 larvae were placed in anyone pan. Pans were labeled with date and

location ofcollection.

Larvae were fed a diet ofground rabbit chow and brewer's yeast mixed in a 3:1

(weight/weight) ratio. The mixture was made into a suspension with regular tap water

in approximately a 10% suspension (weight/volume). This suspension was applied to

each pan using a 3ml disposable plastic pipette. One full pipette ofsuspension was

applied to the pans on a daily basis until day 5 when the amount added to each pan was

increased. The feeding schedule is presented in Table 1. Pans were checked for pupae

each day.

Pupae were removed from rearing pans and placed into separate clear styrene 9

dram tubes. An inverted S-dram clear styrene tube was inserted in the top of the larger

tube to fonn a sealed rearing vial. The vial was labeled using a wax pencil with

information from the pan from which the pupae had been picked. Upon emergence,

adults were briefly placed in a freezer to knock the specimen down for species

identification. All An. albjmaous adults were placed into an adult cage with the date

and location of larval collection as well as date of first emergence. All adults that had

emerged within three days of the initial emergence were placed into the same cage to

insure that all members ofthe population were within the same age range. Vials

containing cotton wicks soaked in a 10% sugar solution were placed in each adult cage

to provide a source of sugar. The vials containing the sugar solution and the cotton

wicks were replaced every three days to prevent the growth of mold and bacteria.

Beginning 24 hours after adult emergence, sugar solutions were removed from

cages for a period of24 hours. Mosquitoes were then offered a blood meal from the
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researcher. Small plastic cups lined with filter paper were filled with tap water and

placed in the cages to provide oviposition sites for the mosquitoes. These cups were

checked on a daily basis. When eggs were observed, the filter paper was lifted from the

cups allowing the water to slowly drain off. This process would leave only the eggs

clinging to the paper. The eggs were transferred to a pan filled with tap water, which

had been labeled with the date ofoviposition and generation number.

Life Table ADalysis:

The colony was allowed to reach the F4 generation prior to beginning life table

observations. Upon reaching the F4 generation, 10 pans were set up with 100 An.

albimaous 1st stage larvae (all larvae were within 12 hours ofhatch) per pan. The pans

were labeled with a letter designation (A-J). Each pan was provided with a standard

amount of food, and pans were examined for any signs of contamination.

Once the immatures became 4th stage larvae, the pans were checked every 30

minutes. Pupae were picked every 30 minutes and were placed into separate clear

styrene 9 dram tubes with an inverted 5 dram clear stYrene tube inserted in the top of

the larger tube to form a sealed rearing vial. Each vial contained approximately 5 ml of

water which came from the pan oforigin for each pupa. These vials were labeled with

the date and time ofpupation. Each pupa was designated with a number from 1 to 100

and the time ofpupation was recorded on a data sheet next to the corresponding pupa.

Rearing vials were checked every 30 minutes for signs ofadult emergence.

Upon emergenc-e, the sex of the mosquitoes was determined and recorded along with

the time ofadult emergence on the data sheet next to the corresponding pupal number.
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Mosquitoes which died in the process ofemerging also were recorded. This experiment

was duplicated and resulted in observations on a total of2,000 An. albimanus larvae.

Adult Lifespan:

After identification, the adult mosquitoes were promptly placed in adult rearing

cages (SO females and SO males). Four cages of 100 specimens were set up to quantify

adult longevity. Cages had white paper placed on the bottom of the cage to make

location and removal ofdead specimens easier. The cages were examined on a daily

basis in order to locate, record and promptly remove dead mosquitoes. For every dead

mosquito, infonnation regarding their cage number, sex and date ofdeath was recorded

on a data sheet. If a mosquito was located on the bottom but did not appear dead, a

light puffofair from a mouth aspirator was blown onto it. lfno movement was

observed within a three-hour period, it was detennined to be dead. Adult feeding

followed the same procedure as was used for the regular colony. Both a 10% sugar

solution and a bloodmeal were offered to the mosquitoes every day. This procedure

was repeated until all mosquitoes had been removed from the cage.

Oviposition Selection:

Four types ofoviposition containers were used in the study. Four cages were

supplied with one white container, one white container with plant material, one black

container and one black container with plant material. These containers were placed in

the interior four comers of the cage in various arrangements to remove position as a

confounding variable. Containers tilled approximately 3/4 full with regular tap water
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were placed in the cages immediately after the mosquitoes blood..fed. This allowed the

water in the cage to stabilize at room temperature and allowed compounds in the plant

material to disseminate into the water prior to the time females would oviposite.

Containers were removed from the cages on a daily basis and examined for

eggs. When eggs were observed they were counted, removed with a small piece of

filter paper and transferred to a pan for hatching. The pans were labeled with the cage

number they were removed from, the cup type and the date ofoviposition. This same

information was recorded in a laboratory note book. Two trials of this study were

conducted using four cages during each trial.

Data Analysis:

Standard life table analysis was performed on the colony data (Mahmood 1997).

The median times for pupation and eclosion were calculated by fitting a regression line

to the pupation and emergence data as a Probit equation in the fonn of (P) = a + blnx,

where p was the cumulative proportion either pupating or emerging on each day and x

being equal to the age in days. The median values were obtained by solving the

equation for 50% pupation or 50% emergence. The median length ofpupation was

calculated in the same manner except the scale was in hours rather than days. These

values were obtained for each pan and for each trial to check for variations between

pans.

Larval survival was determined by counting the number of larvae reaching the

pupal stage and dividing that value by the total number of 1st stage larvae placed in the

pan (Le. 100 larvae). The same procedure was used for those 1st stage larvae that
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emerged as adults. The sex ratio was calculated by dividing the number ofmales by the

total number ofadults that emerged.

Age specific survivorship was calculated as lx=)JJyo, where Yx was the number of

mosquitoes which were alive on day x and Yo was the starting number ofmosquitoes in

the population. This provided an estimate of the daily survivorship of the species.

Age specific life expectancy was calculated as,

ex=Txllx, where

Tx = r :c=aLx, and where

Lx=(Ix + lx+l ) /2; with

w being equal to the final day a mosquito was still alive in the cage.

For example, the value ofe, represents the total number ofdays a mosquito would be

expected to live after it emerges as an adult on day I.

The true measure of a population's fecundity is the number of females which are

produced by an individual. For this reason, it is critical to know the number of females

produced by each member ofa specific cohort or generation. This was accomplished

by solving for Ro in the following equation,

Ro =a .,Ewx=olxmx.

In this equation, a equals the proportion of the population which survives from egg to

adult. The value mx can be calculated using the following equation,

mx =ExP·

In this equation, E.T: equals the mean number of larvae that are produced per female per

time interval (Le. the number ofdays after adult emergence, as designated by x). The
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value p equals the proportion ofthe emerging adult population which will be female

(i.e. this value is equal to the female sex ratio).

Another critical statistic is instantaneous rate of increase per female and is

designated as r. The equation used in this detennination is a modified version of the

Eueler-Lotka equation (Dobzhansky et at. 1964; Mahmood 1997). This equation is as

follows,

Where e is the natural logarithm.

To calculate the instantaneous birthrate (B), the equation used was

B = In(l+b) where

lib =I Wx=ol:cmxe-r(X).

The death rate (D) was then calculated as D =B-r.

The analysis ofpreference between ovipostion containers was calculated with a

Chi-square analysis for multiple samples. This was calculated in order to quantify

variation among and between cups.



84

RESULTS

Temperatures within the insectary ranged from 29°C to 35°C with an average

temperature of32°C throughout the course ofthe study. The low temperatures occurred

at night, and the high temperatures occurred during the day. The relative humidity

recorded within the cages ranged from 87%-90% with an average of 89%. The

light:dark cycle was recorded as 13L:l1D within the insectary.

Tables 2 shows the median length of time required to go from 1st stage larvae to

pupae and the median time from pupation to adult emergence. The MalelF'emale sex

ratio for trial one was 0.468 and for trial two 0.473 for an overall sex ratio of0.471 in

favor of the females (Table 2). The overall mean survival rate from eclosion to

pupation was 95% and from eclosion to adult was 93.7%. On average, it took 10.65

days for male AD. albimanus to go from eclosion to pupation while the females took

11.09 days (Table 2). Data from the individual pans can be found in Tables 3 and 4. A

statistical analysis showed that there were no significant differences between pans or

between trials (p>.OS, p-value = .43). The amount of time spent in the pupal stage

favored the males. It took an average of30.46 hours for the males to'emerge and on

average 30.16 hours for females to emerge. Analysis ofdata obtained from individual

pans indicates that there were no significant differences between pans or between trials

(Tables 3 and 4).

Figures 1-8 show adult specific survivorships for both male and female An.

albimanus separated by cage and by trial. In all instances the males demonstrated a

shorter adult life span than the females. The males lived for an average of 15.21 days

while the females lived for 19.39 days (Table 5). The net result was that the females
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lived slightly more than 4 days longer than males. Figures 1-8 show in conjunction

with the adult specific survivorship, the average number ofoffspring produced per

female per day of life. The r-value (r being the rate of instantaneous female growth per

female per day oflife) was calculated to be 3.22. The instantaneous birth and death

rates were 4.55 and 2.31, respectively. This leads to the riB and BID ratios of0.71 and

1.96, respectively.

Figures 1..8 present the average number ofeggs produced per female per day of

life. The highest average number of females were produced between days seven and

nine with a gradual decrease in egg production after this time period. In almost all

cases, egg production decreased to zero or almost zero, 2 to 3 days prior to death of the

last female mosquito. Only in one instance did egg production continue until the final

day of female life (Figure 4). On several occasions, egg production terminated

considerably in advance ofthe last female's death (Figures 2, 5 and 7).

Figures 9 and 10 give the expectation ofadult life, beginning from time of

eclosion. Each figure contains data for both male and female members of the

population and is separated for the two cohort trials. Both trials show that the

expectation ofHfe gradually decreases with the age of the mosquito until a critical time,

around day 21 for, both sexes in trial 1 and around day 31 in females in trial 2. After

this critical time period, the expectation of life increased slightly. The males in trial 2

showed no increase throughout their life span and demonstrated a continuous decline in

the expected days of life throughout their aging process.

The oviposition containers yielded 127,340 eggs from 400 females (Table 6).

This equated to an average of318.35 eggs per female. A total of 110,734 eggs were
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collected from the black containers which represented 87% ofall eggs collected. Only

16,606 eggs were collected from the white containers which constituted 13% ofthe total

number ofeggs collected.

After conducting a Chi-square analysis, the results showed that there were no

differences between cages in the number ofeggs produced (p> 0.05, p-value = 0.862) as

well as no significant difference between the number ofeggs between trials 1 and 2

(p>O.OS, p-value =0.069). There was, however, a statistically significant difference

between different treatment containers (p<O.OS, p-value =0.001).

Ofthose eggs collected from the white containers, the plant container yielded

twice as many eggs as the non-plant infused container. This, however, was not the case

for the black containers where the numbers collected from both plant infused and non

plant infused were almost identical. After running a statistical analysis on the

oviposition cups, there were no significant differences between the number ofeggs laid

in the black cups with plant material and black cups without plant material (p>O.OS, p

value =0.37). The results did, however, show that there was a significant difference

between the white ovipostion containers with and without plant material (p<O.OS, p

value = 0.002). There was also a significant difference between the white containers

and the black containers (p<O.OS, p-value =0.022). When the plant containers (black

and white) and non-plant containers (black and white) were combined, however, no

significant difference was detected (p>O.OS, p-value =0.34).
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DISCUSSION

Attempts to colonize AD. Yestitipennjs and AD. darlinw were not successful.

These attempts will be described, however, in order to help with any future colonization

attempts. The blood-fed AD. darliniP which had been obtained from human landing

collections yielded only small numbers ofeggs (approximately 100 per female) of

which there was a hatch rate ofapproximately 20%. Eggs were placed in pans that both

did and did not contain plant material. Those that were reared in conjunction with plant

material did considerably better, with almost a 75% survival rate as compared to a 32%

survival rate for those reared in pans with no plant material. Overall, only small

numbers of immatures reached the adult stage. The resulting females took a blood meal

but did not produce fertile eggs. The adults do not readily mate in colony, and this is

the probable reason for the lack ofegg production. No attempts were made at forced

mating, but forced mating might be necessary to colonize this species in Belize.

The attempts at colonizing An. yestjtjpennjs were slightly more successful.

Field collected adults produced large numbers ofeggs after receiving a blood meaL

The hatch rate was 890...4. Rearing of larvae was difficult, and the survival rate from 1st

instar to adult was approximately 67%. Larvae in pans with plant material did much

better than larvae in pans without plant material. Adults ofAD. yestitipeoois that

reached maturity took blood meals and produced small numbers ofeggs. None of the

eggs of the second generation hatched and this result suggests that there was a failure to

mate in the cage. It is possible that mating would occur if large numbers ofmosquitoes

were placed in a cage. The relatively large number ofoffspring produced from the field

population suggest that this species has potential for colonization. The obstacle which
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must be overcome is the high mortality observed in the larval stage. It appears that

some type ofdiet requirement is not being met which leads to high mortality.

The life table attributes ofAD. albimanus in this study are slightly different from

those ofprevious studies conducted with An. albimanus (Mahmood 1997). The mean

time of larval development was detennined to be 10.87 days which is considerably

longer than reported by Mahmood (7.5 days) or by Haile and Weidhaas (6.0 days).

These differences could be due to differences in environmental conditions for larval

development. One consistent finding, however, was that males developed more quickly

than females. The overall developmental time for males was considerably longer in this

experiment than in previous studies. One departure from the traditional life table study

was the measurement ofduration of the pupal stage. This parameter was detennined to

be longer for males than for females (30.46 hrs. and 30.16 hrs. respectively). The

average time ofdevelopment from 151 instar to adult continued to show that females

required a longer developmental time regardless of the discrepancy observed in the

pupal developmental time. This was due primarily to the developmental time for the

males during the larval stage.

The total number ofeggs obtained from the 400 females was 127,340 for an

average of 318.35 eggs per female. The average number per female is considerably

lower than'was previously reported for this species. This is probably due to the recent

establishment ofthe colony and there was a stress induced reduction in fecundity due to

artificial environmental conditions.

Females showed a definite preference for dark oviposition containers. More

than 80% of all eggs were deposited in the two dark containers. This agrees with
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previous studies with other mosquito species which indicate that mosquitoes prefer to

oviposite in dark colored containers. There was no difference, however, between the

black container with plant infusion and black container without plant infusion. Between

the two light colored oviposition containers, however, there was a preference shown for

the container with the plant infusion. This most likely can be explained by there being a

higher nutrient content in the plant infused water which would provide food for

developing larvae. The only problem with this explanation is that the same situation did

not occur in the dark cups. An altemate explanation would be that the plant material

created shadows as well as an overall darker appearance of the white container, thus

making it more attractive. The largest number ofeggs from a female can be obtained

by offering an ovipositing female a darkly colored container. I do not suggest adding

plant material because plant material did not contribute to egg production and quickly

fouled the water.

The trend ofaging males succumbing before females, as reported by other

investigators (Reisen and Mahmood 1980) also was seen in the present study. The

males in this study lived for an average of 15.24 days and the females lived for an

average of 19.36 days. This equates to the females living slightly longer than four days

more than males. The riB and BID ratios of0.71 and 1.96 are low but are considerably

higher than those reported by Mahmood in 1997. Based on these values, An. albjrnanys

has a low potential for colonization. These numbers indicate that the population is

subject to very slow growth and that minor contamination of the water with bacteria

will result in a slight increase in mortality and could severely impact a colony, to the
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point ofcomplete elimination. However, the ease with which this species goes into

colony shows that this evaluation is not accurate.

The varying age composition ofthe female members of a species as well as the

length of the adult survivorship plays important roles in the vectoral capacity ofa

particular species. In nature, each blood meal represents an additional chance for a

female mosquito to become infected with malaria parasites. Therefore, the vectoral

importance of each age grouping becomes greater in relation to the physiological age of

an individual mosquito (Detinova 1962). The relationship between age and probability

ofbeing infected is countered by the cumulative increase in adult mortality which is

associated with an individual mosquito reaching the upper limits of its expected life

span. Factors which playa role in this cumulative mortality are predation,

environmental conditions and increased physiological age. Therefore it must be

stressed that the earlier that a mosquito acquires malaria parasites in a blood meal, the

greater the likelihood that transmission will take place. This is particularly true for

short-lived species.

Based on the number of females produced per female per day, indications are

that the first seven days for an adult female encompass the time for almost 60% ofher

egg producing potential. With the female living on average 19.36 days, the last 12 days

of life are not as critical to sustaining population density as the first week ofher adult

life. When applied to a natural setting, it is understandable that there will be a reduction

in the length of the adult life span due to predation and other adverse environmental

factors. Therefore, high reproductive activity during the first few days of life is

necessary for the species to be successful.
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For multivoltine species with overlapping generations, the r-value reflects the

growth potential per unit oftime. The r-value is a better reflection of this growth

because it takes into account both the number ofprogeny produced and the times at

which these progeny were produced (Hacker 1972). The r-value for AD. albimanus was

higher than in previous studies due to a shorter time before initial reproduction and a

longer adult life span. Both of these conditions resulted in increases in the overall

growth potential as measured by the r-value.

If we concede that after emergence it requires a maximum of 3 days for mating

and blood feeding, then from the calculation ofexpectation of life, An. albimanus can

be expected to survive for an additional 16 days under laboratory conditions. The

gonotrophic cycle of this species has been recorded at between 2 and 3 days (Rodriguez

et aI. 1992; Weidhaas et al. 1974). "Taking all available data into consideration, An.

albjmanus would feed an additional five to six times, thus increasing the chance of

malaria transmission ifthe female took an infectious blood meal soon after emerging.

Additional studies are required to detennine the life table attributes for the other

species found in Belize, specifically An. yestitipeoois and An. darlinai. When true side

by side comparisons can be made between these species, we will better understand their

respective potentials for malaria transmission.
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Table 1. The daily feeding regimen which was provided to the Ano.pbeJes albjrnauus
larvae.

Days After Hatch

1

2

3

4

s

6

7

8

Amount ofFood Suspension Added to
Larval Pan

3.0ml

3.OmI

3.OmI

O.OmI

3.OmI

6.Oml

O.OmI

6.0ml
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Table 2. Lift table attributes ofAnopheles albimanus in colony from southern Belize,
Central America conducted from February to November of 1998.

Attribute An. albjmanus An. albjmanvs AD. albjmanus
(Trial 1) (Trial 2) (Average)

Days to Median Pupation·

Males 10.677 10.627 10.652

Females 11.242 10.929 11.086

Days to Median Emergence-

Males 11.952 11.893 11.923

Females 12.417 12.186 12.302

Duration ofPupal Stage (Hours)b

Males 30.55 30.37 30.46

Females 30.12 30.19 30.16

Mean Survival from Hatching to 0.949 0.951 0.950
Pupation

Mean Survival from Hatching to 0.93 0.943 0.937
Adult Emergence

Sex Ratio males/total 0.468 0.473 0.471

S Measured as median number of days for completion ofdevelopment.
b Measured as median number ofhours for completion of the pupal stage.
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.
Table 3. Life table attributes ofAnopheles albjroauus, male and female, from Trial 1.

Studies were conducted from Febnuuy to November of 1998 in Punta Gorda,
Belize.

Pan Male Female
Days· for larval Hoursll for Days· for larval Hoursll for
development completion of the development completion of

pupal stage the pupal stage
A 10.22 30.64 10.3 30.04

B 10.48 30.86 10.65 30.09

C 10.5 30.14 11.09 29.67

D 10.69 31.49 11.65 30.27

E 11.25 29.99 11.7 30.15

F 10.6 31.2 11.19 30.46

G 10.62 30.24 11.26 30.17

H 10.71 30.24 11.31 30.12

I 10.68 30.63 11.62 30.31

J 11.02 30.12 11.65 29.95

i Measured as median number ofdays from hatching to pupation.
b Measured as median number ofhours from pupation to adult emergence.
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Table 4. Life table attributes ofAnopbeles albimanus, male and female, from Trial 2.
Studies were conducted from February to November of 1998 in Punta Gorda,
Belize.

Pan Male Female
Days· for larval Hours' for Days· for larval Hoursb for
development completion ofthe development completion of

pupal stage the pupal stage
A 10.19 30.55 10.45 30.47

B 10.52 30.46 10.82 30.35

C 10.46 30.36 10.73 30.21

D 10.44 30.21 10.81 30.07

E 10.35 30.51 10.68 30.36

F 10.74 30.33 11.23 30.03

G 11.08 29.89 11.42 29.54

H 11.26 30.73 11.36 30.59

I 10.57 30.4 10.88 30.27

J 10.66 30.22 10.91 29.98

i Measured as median number ordays from batcbing to pupation.
b Measured as median number orbours from pupation to adult emergence.
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Table 5. Longevity ofAnopheles albimanus adults shown by two rearing trials. A trial
consisted of four cages of 100 mosquitoes each (50 males and 50 females)
from a single generation. Female mosquitoes were offered a source ofblood
meals and sugar water every day. Studies were conducted from July to August
of 1998 in Punta Gorda, Belize.

Cage-Sex Days from Adult Days fronl Adult
Emergence to Death Emergence to Death
(Trial 1)8 (Trial2)b

A-Male 14.64 15.32

Days from Adult
Emergence to Death
(Average)
14.98

A-Female 19.56 19.34 19.45

B-Male 19.56 16.33 17.95

B-Female 21.08 19.97 20.53 .

C-Male 13.56 14.44 14.00

C-Female 16.68 18.30 17.49

D-Male 13.65 14.41 14.03

D-Female 20.11 19.87 19.99

STrial I began on July 11, 1998.
b Trial 2 began on August S, 1998.
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Table 6. Eggs collected from four types ofoviposition containers during two trials
using Anopheles albimanus colony reared mosquitoes. A trial consisted of
four cages of 100 mosquitoes each (SO males and SO females) from a single
generation. Comparisons consisted ofwhite and dark oviposition containers,
with and without plant material. Studies were conducted from July to August
of 1998 in Punta Gorda, Belize.

Cage
(Trial)

Total number ofeggs collected from each oviposition
container

White (po plant) White lj»lant) Black (no Plant) Black (plant) TOTAL

A (I)· 636 850 7506 6302 15294

B (I)· 794 2493 5838 5178 14303

C (1)- 416 582 3240 3524 7762

D (1)· 616 1766 6983 7235 16600

A (2)b 773 1573 8990 8571 19907

B (2)b 532 832 7630 7023 16017

C (2)b 679 896 6211 7211 14997

D(2)b 823 2345 9739 9553 22460

Total 5269 11337 56137 54597 127,340

a Trial 1 began on July 11, 1998.
b Trial 2 began on August 5, 1998.
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Figure 1. Age specific survivorship of adult Anopheles albjmanys maintained in cages
(SO males and SO females/cage). Cages were maintained at an average
temperature of 320C and adults were provide both a daily blood meal and 10%
sugar source. Data represents Trial 1, Cage A.
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Figure 2. Age specific survivorship of adult Anggheles albirnanys maintained in cages

(50 males and 50 females/cage). Cages were maintained at an average
temperature of 320C and adults were provide both a daily blood meal and 1Oo~
sugar source. Data represents Trial 1, Cage B.
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Figure 3. Age specific survivorship of adult Angpheles albimanys maintained in cages

(50 males and 50 females/cage). Cages were maintained at an average
temperature of 320C and adults were provide both a daily blood meal and 10%
sugar source. Data represents Trial 1,Cage C.
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Figure 4. Age specific survivorship of adult Anopheles albimanus maintained in cages
(50 males and 50 females/cage). Cages were maintained at an average
temperature of 320C and adults were provide both a daily blood meal and 10%
sugar source. Data represents Trial 1. Cage D.
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temperature of 320C and adults were prOVide both a daily blood meal and 10o~

sugar source. Data represents Trial 2, Cage A.
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Figure 7. Age specific survivorship of adult Angpbeles albjmanys maintained in cages
(50 males and 50 females/cage). Cages were maintained at an average
temperature of 320C and adults were provide both a daily blood meal and 10%
sugar source. Data represents Trial 2, Cage C.
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Figure 9: Expected days of life remaining per day after emergence. Data pertaining to
Trial 1 only.
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Chapter 3

Malaria Transmission and Seasonal Prevalence of Anopheles
Mosquitoes in Association with Ecological Factors in Southern Belize.
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ABSTRACT

The ability to identify the seasoDal abundance ofpotential insect vector species is

a priority for understanding the epidemiology and control ofarthropod-borne diseases

such as malaria. Abundance studies can be used to predict the intensity ofoutbreaks, the

time and place ofoutbreaks as well as the type and intensity of vector control measures.

In areas where the vector/vectors responsible for transmission are not known, abundance

studies can give insight into the concordance between abundance ofpotential vector

species, frequency ofsporozoite antigen in wild-caught populations and numbers of

malaria cases.

The present study utilized two-hour, evening, human landing collections as an

indicator ofseasonal vector abundance for two main sites in the Toledo District in

southern Belize, Rancho Village and Golden Stream Village. Population abundance

patterns were compared to several ecological parameters such as precipitation, river level

and number ofmalaria cases. This infonnation is presented in conjunction with

sporozoite ELISA data. All adult female anophelines collected in this study were tested

(ELISA) for presence ofsporozoite antigen.

At Golden Stream, the population densities of Aogpbeles albimanus, AD.

vestitipenois and AD. punctimICu)a showed positive correlation with the river level and

all except An. punctimacula showed a positive correlation with precipitation. All three

species showed an increase in population density shortly after periods ofheavy rain.

These periods ofheavy rain coincide with high numbers ofmalaria cases, which may

explain the correlation ofall three Anopheles species with high malaria transmission.

Only An... yestitipeoois tested positive for f . .Yi.D.x 210 with 3 pools testing positive
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(minimum field infection rate (MFIR) of0.01). Two ofthe three pools came from indoor

collections.

Population densities ofAD. dar1inii showed a negative correlation with

precipitation, river level and high numbers ofmalaria cases. The negative correlation is

most likely due to high flow rates as characterized by a high Froude index created by the

general stream ecology characteristic ofthe Golden Stream river system. In this river,

heavy rains create a flushing action which eliminate suitable larval habitats for this

species. Anopheles darlinai also tested positive for f. max 210 (MFIR"ofO.001) from

an indoor collection.

At Rancho, the three dominant adult AnQpheles species were AD. albjmanus, AD.

punctjmacula and AD. yc;stitjpennis. As at Golden Stream, all three species were most

common in both adult and larval collections during the rainy season. Population densities

of Angpheles yestitjpennis showed a correlation with high numbers off. vU::ix cases as

did AD. punctjmacuJa, but only AD. yestitipennis tested positive for f. vU::ix sporozoites.

The MFIR at this location was very low (0.0004) due mainly to the large numbers of

specimens collected. Anopheles albimaous showed an interesting pattern ofadult

abundance. The abundance of this species showed a negative correlation with rainfall.

High population densities ofAD. aJbjmanus during the dry season probably reflects the

presence ofwet rice fields close to the study site which provided suitable breeding habitat

during the dry season. Regardless, population abundance ofAD. albimaous showed a

negative correlation with malaria transmission and was not found infected with any of the

malaria parasites screened for in this study.
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Additional collections of406 specimens ofAD. albimaous from the Toledo

District produced one positive sample for .e. max. 247 and it was in a pool ofmosquitoes

from an outdoor collection. The single positive collection was from the village ofBig

Falls. All other species tested (represented by 6 species and 650 specimens) negative in

the sporozoite ELISA.
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Introduction

Vector behavior influences the dynamics ofmalaria transmission by governing

the intensity, time and place ofhost-vector interactions (Elliott 1972). Vector behaviors

can also inhibit disease transmission through behavioral modifications stimulated by

repellantlirritant actions of insecticides (Roberts et aI. 2000, Grieco et al. 2000, Roberts

and Andre 1994). Clarification of the effects vector behaviors have overall on malaria

transmission can give insight into the vector potential ofdifferent anopheline species. To

understand the vector competence ofa given species, one must know the temporal and

spatial distributions ofhost-vector interactions, outdoor/indoor biting patterns and natural

field infection rates.

Arthropod-borne disease rates in tropical regions often correlate with seasonal

patterns ofvector populations (Shililu et a1. 1998, Torres et al. 1997Prakash et aI. 1997,

Rattanarithikul et al. 1996, Sarkar and Pramanik 1996, Chadee 1994, Szumlas 1975.)

The cycles of these arthropod populations are bound by environmental conditions, which

govern their ability to propagate and survive. Insects are able to survive under harsh

conditions in their environment by undergoing both behavioral and physiological

adaptations. In more temperate regions of the world, the latter adaptations result in

winter diapause and summer aestivation. In more tropical regions, behavioral adaptations

are often associated with wet and dry seasons or adaptations to seasonal variation in land

use practices.

This is particularly true ofthose arthropods, which spend a portion oftheir life in

an aquatic environment, such as mosquitoes. Mosquitoes are greatly influenced by

precipitation and river levels that either create or flush out suitable breeding habitats.
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These conditions detennine the population density ofa given species and influence the

patterns ofmalaria transmission during the wet/dry seasons within tropical regions. In

many regions, however, it is not eminently clear as to the true vector species responsible

for malaria transmission. Therefore, entomological studies conqucted to detennine the

seasonal occurrence ofanopheline species in association with the seasonal incidence of

malaria can help define the role ofpotential vector species. To obtain a true indication of

seasonal patterns, one must collect samples throughout the course of the year. Ideally,

several years ofcollections are required to deal with yearly fluctuations in environmental

conditions.

Although the potential malaria vectors ofCentral and South America have been

studied by a number ofresearchers, additional infonnation is needed for several

Anopheles species (Roberts and Andre, 1994). Anopheles aJbjmanus Weidemann is

considered one of the most important vectors in Central America and northern South

America (Ramsey et a1. 1994, Faran 1980, Breeland 1980) even though this species

exhibits a weak endophagic behavior (Elliott 1972, Frederikson 1993, Roberts et a1. 1993,

Roberts et a1. 2000, Bangs 1999). In Belize, AD. albjmanus shows a distinct preference

for feeding on domestic animals over humans (Bangs 1999). Achee et a1. (2000) showed

that 8 out of 10 Plasmgdium max sporozoite infected An. albimanus were collected

from outside the house and two E. falcipanun positive specimens were collected outdoors

(i.e. 10 of 12 positive specimens were collected outside in paired indoor/outdoor

collections). In addition, this species has also demonstrated a clear avoidance behavior to

various insecticides such as DDT (Gabaldon 1952, Brown 1958, Hecht and Hernandez

1960, Quinones and Suarez 1989, Chareonviriyaphap et aI. 1997).
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Ano,pbeles darlinai was first incriminated as a vector ofmalaria in 1931 in the

state ofPara, Brazil based on finding sporozoites in the salivary glands ofdissected

specimens (Davis 1931). Since that time others have confirmed these findings using

radioimmunoassays and enzyme linked immunosorbent assays (ELISA) (Deane et a1.

1946, Causey et al. 1946, Arruda et aI. 1986, Tadei et a1.1988, Deane et a1. 1988,

Lourenco-de Oliveira 1989). Positive dissections, assay data, laboratory infection studies

and other behavioral factors define An. darliDKi as a major malaria vector in Central and

South America. This species shows both a strong tendency to feed on humans as well.as

demonstrates a strong endophagjc behavior (Deane et aL 1946, Roberts et at. 1987, Klein

and Lima 1990, Rozendaal 1989). Klein et al. (1991) stated that AD. darliPKi is the

primary vector ofmalaria in Costa Marques, Rodononia, Brazil based on seasonal

distribution, relative abundance, peridomiciliary and biting behavior, host contact and

high natural field infection rates. This species was recently taxonomically re-described

for the country ofBelize after its initial description in 1946 (Harbach 1994, Roberts et al.

1993). In a 1994-1997 survey of Anopheles mosquitoes conducted throughout Belize,

Achee et al. (2000) demonstrated that AD. darliDai had a higher minimum field infection

rate (MFIR) than An. albjmaous (0.261% and 0.126% respectively). This same study

showed that a.e. falciparum positive specimen occurred in a sample ofAD. darlini,i

collected indoors.

Angpbeles yestjtipennjs has, until recently, only been suspected ofbeing a

malaria vector. This species is found throughout the coastal regions ofMexico, Central

America, regions'ofnorthern South America, Cuba and Puerto Rico (Loyola et al. 1991,

Mekuria et al. 1991, Padilla et aL 1992, Marquetti et al. 1992). Some authors have even
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.
gone so far as to downplay the role that this species plays in the transmission ofmalaria

(Boyd 1949). Loyola et at. (1991), however, observed this species to exhibit both

endophilic and endophagic behaviors. These behaviors were coupled with positive

ELISA results for f. max in a native population ofAn. yestitipewjs collected from

Chiapas, Mexico. The positive results from studies in Mexico confirm earlier findings by

Kumm and Ram (1941) who found 1 of41 specimens ofAD. yestitipeoois collected from

Belize to be positively infected with Plasmodium spp. by salivary gland dissection.

Achee et al. (2000) found this species to have a relatively high MFIR in relation to the

other AnQpheles species collected in a survey conducted in Belize. In this study the

MFIR for An. yestitipeoois (0.282%) was higher than rates for either An. albjmaous

(0.126%) or An. darlinlIj (0.261%).

AnQpbeles darHnm has been characterized as a riverine species that utilizes

breeding sites in and around river systems (Rozendaal 1990). The volatile dynamics of

these rivers during the rainy season make it critical for this species to be flexible in its

choice ofbreeding habitats. During the dry season, An. darJiDlli has been found breeding

in creeks, between roots and fallen trunks along river margins. It has also been found in

shaded areas ofdebris and floating vegetation in the river where the flow ofthe river has

been impeded (Fleming 1986; Panday 1980; Hudson, 1984). These breeding sites change

during the rainy season when rivers flood and flush these sites out. It is during the rainy

season that An. darlinii has been observed to breed in vegetation and floating debris in

flooded forest areas near the river (Bonne&Bonne-Wepster 1925; Van der Kuyp 1950;

Bruyning 1952; Hudson 1984; Rozendaal 1987; RozendaaI1992).
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Manguin et al. (1996) characterized the larval habitat ofAD. darlin&i for the

country ofBelize. They found that the main habitat for this species in the Sibun River

was defined by floating mats ofdebris and submerged plants which were shaded by

overhanging vegetation. Observations were also made concerning the flooding action of

the river. It was observed that the larvae would follow the floating debris as the river

receded from a heavy rain. This would result in the stranding and eventual demise of

some of the larvae. These observations were made in a lagoon offofthe main river and

did not represent the conditions which might occur in the increased flow rate of the main

river system. Manguin et al. (1996) collected larvae and adult AD. darlinw during both

wet and dry seasons in Belize.

Rozendaal clearly showed that AD. darlingi utilized a variety ofbreeding habitats

within the country ofSuriname, South America. These habitats were dependent on the

river level and precipitation. He demonstrated that in the coastal regions ofSuriname the

breeding conditions are unfavorable due to the tidal action ofthe rivers. In these areas,

the breeding sites were found limited to flooded depressions near the banks of the river

which occurred during the rainy season. The rainy season also coincided with high

population densities ofAD. darlipai as determined by human landing collections. Periods

ofheavy rain also brought about outbreaks ofmalaria. In coastal areas of Guyana, a

similar situation occurred (Giglioli 1951). Malaria transmission began during the rainy

season when breeding sites were fonned for An. darljn&i in flooded depressions adjacent

to irrigation canals.

In more densely forested regions found in the interior ofthe Amazon Basin., the

flow dynamics of the rivers are different and the heavy rains may be responsible for
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flushing out breeding sites. This would result in a reduction in the numbers ofAu.

darlinw present in the area (Rozendaal 1992). It is presumed that only when the rivers

began to recede in the months between the wet and dry season that the breeding sites

were exposed and this often coincided with peaks ofmalaria transmission in these

regions (Ferraroni and Hayes 1979; Cbarlwood 1980).

Anopheles albimanus is a species, which has demonstra~ed the ability to breed in

a number ofdifferent habitats. In particular this species shows an association with

floating mats ofcyanobacteria (Rejmenkova et a1. 1995, 1993). Conditions which favor

these types ofcommunities are pennanent impoundments ofwater such as marshes and

open swamps. Savage et at. (1990) found an association ofAD. albimanus breeding sites

with bodies ofwater that were exposed to ample sunlight and which produced large

amounts of food reserves for developing larvae. During the dry season, many ofthe

breeding sites dry out, and the larvae are confined to the margins ofpennanent lakes,

ponds and roadside ditches (Orr and Resh 1989). The presence of standing water on a

wet rice field creates all of the conditions favorable for An. albirnaous breeding. These

conditions are artificially maintained through irrigation channels which permit this

species to breed during times ofyear when their population levels may naturally be low.

Overall, Au. allbimanus seems to show an opportunistic behavior in its selection of

breeding habitats.

Ano.pbeles vestjtipennjs and An. punctjmacu1a have demonstrated preferences for

breeding in flooded forests (Rejmenkova et ale 1998). The larvae of the two species have

been found frequently in swamp forest habitats and often occur sympatrically. Larvae of

An. yestitipennis also have been found in tall dense macrophyte marsh habitats. This
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species appears to require plant material or detritus as a nutritional source as well as plant

cover for shade. Both species also have a clear seasonal pattern which coincides with

increased larval habitat produced during the rainy season. This was confirmed by adult

collections conducted in the Lacandon forest of Mexico where higher population levels

were observed during the rainy season (Arredondo-Jimenez et al. 1996).

This issue of land use practices has been postulated as a potential factor

influencing the increase in numbers ofdisease carrying mosquitoes. One of these land

use practices which most clearly demonstrates this association is large scale wet rice

farming. It has been noted that amplification ofbreeding sites results from irrigation of

rice fields and that this is associated with increased prevalence ofmalaria, filariasis and a

number of arboviral diseases. A number of factors have been given for this increased

prevalence ofdisease. In traditionally arid climates, irrigation expands larval habitats,

increases host availability (both human and non-human), and elevates humidity (Lacey

and Lacey, 1990). Rice field cultivation in central Japan resulted in increased population

densities ofCulu tritaeniorbyncbgs Giles (Mogi 1978, 1979). Practices involved in rice

production can also create large populations ofmosquitoes during times of the year when

they may normally be kept in check by dry conditions such as with Culu salinarigs and

Psoro.pbora columbae (Olson and Meek 1980, Chambers et al 1981). Allowing large

amounts of fresh water to sit on a field which contains ample amounts ofplant material

and fertilizer creates an ideal situation for many anopheline species, as well. Some

anophelines that have been found in association with rice fields include An. pbarQensjs

(Mukiama and Mwangi, 1989), An. freebomi (Kramer and Garcia, 1989), AD. funestus

(Gillies and Coetzee, 1987) and An. albjmanus (Bruce-Chwatt, 1985). Plant material
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provides the surface ofthe water with both shade and protection from wind and wave

action. Plant material also moderates the temPerature to create a suitable larval habitat.

These favorable conditions for mosquito production are generally aggravated by the

presence ofcattle and other readily available blood meal sources in the immediate

vicinity ofrice fields.

Angpbeles spp. have been examined for malaria sporozoites using a variety of

laboratory techniques. The most common technique has been the dissection and

microscopic examination ofmosquito salivary glands (WHO 1975). This technique

remains the most definitive method ofdetecting infection, as well as, the most accurate

method ofquantifying infections for comparative susceptibility tests (Klein et at. 1991 a,

1991b, 1991c, 1991d). This method, however, requires a skilled microscopist and a

considerable amount oftime which make other techniques such as the enzyme linked

immunosorbent assay (ELISA) more practical for analyzing large numbers of specimens

collected in the field. Another limitation of the dissection technique is that a species

determination for the Plasmodium parasite can not be made.

The ability to produce monoclonal antibodies to malaria sporozoite antigens has

enabled researchers to develop species specific immunological tests that are sensitive

enough to detect sporozoite infections in pools ofAnQpheles mosquitoes. A number of

techniques have been employed for this purpose. Tests such as immunoradiometric

assays (Collins et a1. 1995, 1984), indirect immunofluorescent assays and enzyme linked

immunosorbent assays (ELlSAs) have all been successful in the identification of

sporozoite infected mosquitoes. Immunoradiometric assays utilize short lived radioactive

reagents that require proper handling and disposal. Immunofluorescent assays require
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equipment and power supplies that make them difficult to operate in the field.

Alternatively, the ELISA relies on stable reagents which elicit a color change that can be

read visually, making this test very useful in a field setting (Wirtz et al. 1985). The

ELISA technique also has advantages over the traditional dissection techniques e.g. ~e

ability to identifY sporozoites to species level and maintain specimens dried on

desiccating silica gel for long periods of time prior to processing. The ELISA can also be

used to give rough estimates of the number of sporozoites present in a given sample

(Beier et. al 1987) by comparing absorbance wave length values of the positive samples

to a standard curve.

ELISA assays have been developed for the three types ofmalaria parasite

common to Central America: Plasmodjum max 247, f. max 210 and f. falcjparum

(Rosenberg et al 1989). The heterogeneity which occurs within f. max was first

described by Rosenberg et aI in 1989. This phenotypic heterogeneity has been attributed

to a repetitive region of the circumsporozoite (CS) protein. The monoclonal antibodies

produced to the two f. max CS protein isolates did not bind to other f. max isolates or

other species ofhuman or simian malaria. This enabled a specific ELISA test to be

developed for each f. max phenotype.

The purpose of the present study was to quantify seasonal abundance of each

Anopheles species in the study area during the 18 month study period and examine the

relationship between abundance ofmosquitoes and various parameters ofdisease

ecology. The correlation between population abundance ofAn. albimanus, An.

punctimacula, An. darJin&;j, and An. yestitipeoois and rates ofsporozoite positive

specimens was an important component of this investigation.
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Materials and Methods

From July of 1997 until December of 1998, a series of2-hour outdoor:indoor

human landing collections were conducted at two sites in the Toledo District ofsouthem

Belize. These human landing collections were conducted at two separate sites, Golden

Stream (N 1621.820, W 88 47.936) and Rancho (N 1609.954, W 8850.529) (Figure 1).

Both Golden Stream and Rancho were listed as two ofthe 5 villages with the highest

number ofmalaria cases in the Toledo District. Golden Stream is a village of

approximately 422 individuals and 94 homes as detennined by a 1998 census. The

ethnicity is predominately Mopan Mayan and Ketchi. The village is situated inland from

the coast, along the Southern Highway. It is located on a clean fast flowing river which

is fed by both natural spring water and mountain rain runoff. Homes are constructed of

plank wood with Cahon palm thatch roofing and dirt flooring. All homes in the village

had been sprayed with DDT at least six months prior to the beginning of the study.

The 1998 census estimates the population ofRancho at 824 individuals living in

approximately 166 houses with an ethnic composition ofKetchi, East Indian and

Garafuna. The village is located about 4 miles from the GulfofHonduras and is situated

on the outskirts ofPunta Gorda (the largest urban area in the Toledo District). Houses in

Rancho were constructed ofeither plank wood and thatch roofing or cinder block and

corrugated tin roofing. Several of the houses that were sampled in this area had also been

sprayed with DDT at least six months prior to the beginning of the study. Three

additional expenmental huts were constructed for the purpose ofconducting behavioral
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studies and were sampled throughout the study. None ofthe three experimental huts had

been sprayed.

Additional collections were conducted at various locations throughout the Toledo

District to include Big Falls (N 16 15.702, W 8853.082), Indian Creek (N 16 18.788, W

8850.012), Essa Landing (N 1609.822, W 8850.622) and Punta Gorda (N 1606.240, W

88 50.550) (Figure 1).

Prior to conducting a collection, a data sheet (Appendix I) was filled out to record

infonnation about the house at which the collection was being conducted. Infonnation

which was collected include the GPS coordinates ofthe location, the number of family

members in the house, number ofdoor and window openings, type ofconstruction and

the spray history of the house. Additional meteorological information was also recorded

such as the relative humidity and high/low temperatures at the time ofcollection. The

numbers and types ofmosquitoes collected were also recorded on the corresponding data

sheet. All information was later entered into a database for further analysis.

Collectors consisted oftwo researchers and trained recruits from the local

indigenous population. A signed consent form (Appendix ll), stating the task to be

performed and the risks involved, was required ofall collectors prior to beginning any

collection. A series of training nights was conducted prior to the beginning of the study

to instruct collectors on the proper sampling methods. These were paid workers, over 16

years ofage, who were not allowed to use repellent or smoke cigarenes while collecting

mosquitoes. A weekly dose ofchloroquine was also provided to all collectors, as well as,

all other materials needed for the collection (i.e. flashlights, baneries, aspirator, paper
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cartons etc.). The medication was made available but was not required for participation

in the evening collections.

The collections were conducted by two individuals, one positioned inside a hut

and one positioned outside the hut. On a given night, either one or two huts were

sampled depending on the number ofcollectors available. A human landing collection

was conducted from 6:00 p.m.-8:00 p.m. with the collectors switching their positions half

way through the collection. Ano,pbeles mosquitoes were collected from the exposed

lower legs (i.e. from below the knee to the lower ankle) (WHO, 1975) of the collector

using a flashlight and mouth aspirator. All collected mOSQuitoes were placed in modified

I-pint cardboard cartons which were labeled with either "inside" or "outside" and the

location. At the conclusion of the collection the mosquitoes were returned to the

laboratory in Punta Gorda and promptly knocked down with vapors from a chlorofonn

soaked cotton ball and were identified to species using keys specific to the region

(Wilkerson and Strickman 1990). Mosquitoes from each night's collection were pooled

by species and indoor or outdoor location, and placed into labeled vials (no more than 10

mosquitoes per vial). The vials and their contents were stored in air tight containers with

desiccating silica gel until they were safely transported back to the Uniformed Services

University of the Health Sciences where they were analyzed using a modified sporozoite

ELISA.

Larval collections were also conducted in and around the Rancho site as part of

establishing a working colony of the various Anopheles species. The GPS coordinates of

larval habitats were recorded as well as the number of larvae obtained per dip. These

collections were performed from November of 1997 through July of 1998. A total of30
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dips were made at each habitat several times a month by two to three collectors.

Averages were obtained for the number ofanophelines ofeach species collected per dip

and were recorded for data processing. All anopheline larvae were removed and placed

in labeled Whirl Pac collection bags. The contents of the bags were returned to the

insectary where the larvae were placed in labeled, enamel rearing pans. The larvae were

fed and monitored until pupation at which time they were placed in separate rearing vials

until adult emergence. The adults that emerged were momentarily placed in the freezer

to knock them down long enough for species identification. Information' was recorded as

to date, location and species identity. Any larvae which died during rearing were slide

mounted, identified and recorded with the previously mentioned collection information.

Identifications were made based on morphological characteristics using the keys of

Clark-Gil and Darsie (1983) for the mosquitoes ofGuatemala.

Five separate habitats at the Rancho site were sampled for larvae in the previously

mentioned manner. The habitats were wet rice field (N 1609.939, W 88 50.565), flooded

forest (N 1609.953, W 8850.520), roadside ditch (N 1609.952, W 88 50.522), flooded

field (N 1609.955, W 8850.527) and temporary pools in the dry rice field (N 1609.941,

W 88 50.563). The wet rice field was approximately one km2 in area and was partitioned

off into a series ofsmaller 25 m2 plots. Each plot was surrounded by a levee system

where the water level was maintained by a series of irrigation canals and gates that

channeled water from the Jacinto River. The planting ofrice began during the dry season

with flooding offields beginning in early March and harvesting in early August. During

the remainder of the year the gates and canals remained open to drain the fields and

prevent the rain water from flooding the surrounding area. The canals contained a wide
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variety ofplant materiel which provided limited shade and protection from the wind.

Predatory and non-predatory aquatic insects invaded these areas when water was allowed

to stand on the fields. In proximity to the rice fields were open pastures occupied by

approximately 4S head ofcattle as well as a single house with two adults and 4 children.

Approximately 1000 meters separated the rice fields and the site where the human

landing collections were conducted.

The flooded forest habitat was a low depression area located beneath a fairly

thick-forest canopy. The area was fed by a fresh water spring and contained water

throughout the year. The water level varied, however, with high water levels occurring

during the rainy season. This location also contained large numbers ofaquatic insects

when water levels were high. The water remained in this area during the dry season, but

as water levels dropped, the water became muddy and a surface film ofplant oils and

algae made it unsuitable for mosquito breeding. This site was located approximately 100

meters from the site where human landing collections were conducted.

The roadside ditch was located close to the margin ofthe flooded forest and

contained water only during the wet season. This habitat was approximately 1 m wide by

10m long and contained areas which were both exposed to the sun and areas which were

shaded. All areas contained ample amounts ofgrasses and other vegetation. The water

was also present during the dry season but contained large amounts of sediment and had

an oily surface film, which made it unsuitable for mosquito larvae. This site was

approximately 2S meters from the site where human landing collections were conducted.

The flooded field was located in a low lying area at the bend ofthe Jacinto River.

The field covered an area of approximately 30 m2 and was prone to flooding during the
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wet season. Once the field was flooded it remained so until the flood waters were able to

drain into the river. Depending on the severity ofthe rain, this process could take from

days to weeks to complete. A large amount ofnon-aquatic vegetation became submerged

in this area during times of flooding. The entire area was exposed to the sun, and the

only shade came from the heads ofsubmerged vegetation. During the dry season this

area was completely devoid ofwater. In addition, cattle were rotated in and out of this

field at various times throughout the year. The breeding sites at this location range in

distance from 20 to 100 meters from the research site where human-landing collections

were conducted. Distances varied depending on the severity and duration of the rainfall.

The dry rice field was similar in composition to the flooded field except that the

dry field had sparse vegetation (i.e. weeds and a few remaining rice stalks) during the dry

season. Water was present in this field only during the wet season which also coincided

with the planting ofrice. The majority of the water quickly drained from the field but

some remained in low lying depressions throughout the field. The collection ofall

mosquito larvae occurred in these depressions. The surface of the water was primarily

exposed to the sun except in small areas were the rice and other vegetation provided

sufficient shade. The dry rice field was located approximately 500 meters from where

human landing collections were conducted.

Blood films were examined for each village in the area ofPunta Gorda. These

data related to malaria cases were obtained from the hospital in Punta Gorda.

Meteorological information was obtained from the Belize Hydrology Center in Belize

City and this information included precipitation, river levels and temperature, for the

various study sites in the Toledo district. Aquatic insects associated with the various
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larval habitats were identified using the keys to aquatic insects ofNorth America (Merritt

and Cummins 1996).

A modified sandwich sporozoite ELISA (Wirtz et a1. 1987; Beach et a(1992) was

performed on all adult, female Anopheles collected from this study. All procedures

conducted in the course of this assay were performed at room temperature (23-26°C).

The mosquitoes were dissected, and only the heads and thoraxes were used in the ELISA

assay. A maximum of 10 individual specimens ofthe same species were pooled for the

assay. All samples were ground in 50 ul ofblocking buffer (BB) and an additional

volume of t 50 ul was added to bring total volume to 200 u1. The blocking buffer was

made by dissolving 0.5% casein in 0.01 M Dulbecco's phosphate-buffer saline (PBS) and

was adjusted to a pH of 7.4. An aliquot of0.002% phenol red was added to the BB

solution to serve as an indicator ofa change in pH. The BB also contained 0.5% Igepal

CA-630 (Sigma, S1. Louis, MO). Samples were stored in the -20°C freezer for no more

than 2 weeks prior to testing in the assay.

The sandwich sporozoite ELISA was performed in polyvinyl chloride, V-shaped

96-well microliter plates (Costar, Cambridge, MA). All outside wells were left empty to

reduce the effects of evaporation and to cut down on background when reading the fmal

plate. Separate plates for each Plasmodium species were initially coated for one hour

with SO ul ofcapture monoclonal antibodies ofthe following Plasmodium species:

Plasmodium falcipaDlm (2AtO; 4ug! ml PBS), f. max 210 (NSV3; 0.5 ugl ml PBS) and

f. max VK247 (2471G12; 2ug! ml PBS). The capture antibodies were aspirated from

the wells and replaced with 250 ul ofBB. The blocking buffer was allowed to incubate

for the period of one hour at the end ofwhich it was aspirated and replaced with 50 ul
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aliquots ofeither the unknown mosquito sample, a negative control or a positive control.

Five negative controls were tested per plate. The negative controls consisted of 10

pooled, laboratory reared AD. albimanus from the Walter Reed Army Institute of

Research which were ground in 50 ul ofBB with an additional 150 ul ofBB added after

grinding (total volume =200 ul). In addition, five positive controls were tested Per plate.

Positive controls consisted of lyophilized recombinant proteins from f. falcipannn

10Opg/50ul BB; f. :riux 210 4Opg/50ul BB or synthetic peptide ;e. :riux VK247

200Opg/50ul BB. The samples and positive/negative controls were covered and allowed

to incubate for 2 hours.

At the end of the 2-hour incubation, the plates were aspirated, and the wells were

washed three times with PBS containing the detergent Tween 20. To each well on their

respective plate was added 50 ul ofa homologous monoclonal antibody conjugated to

horseradish peroxidase (Kirkegaard & Perry Laboratory, Gaithersburg, MD) (lugIMl BB

f. falcipamm and f.:riux 210; 2 ug/ml BB;e.:riux VK247). The conjugate was

allowed to remain in the plate for 1 hour after which time it was aspirated, and the plate

was washed three times with PBS containing Tween-20. The final step in the analysis

was the addition of 100 ul ofan enzyme substrate solution (2,2'-azino-di (3-ethyl

benzthiazolinesulfonicacid [ABTS]) in buffered hydrogen peroxide (Kirkegaard & Perry

Laboratory, Gaithersburg, MO). Those samples testing positive elicited a green color

change.

After addition of the peroxidase substrate, absorbency values were read at a

wavelength of414nm at 15,30 and 60 minutes using an ELISA plate reader (Titertek

Multiskan, Flow Laboratories, McLean, VA). Values obtained at the 30-minute time
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interval were used in detennining positive samples. Those mOSQuito triturates whose

absorbency values were equal to or greater than 3 times the standard deviation of the 5

negative controls were determined to be positive and were re-tested. Samples testing

positive a second time were deemed to be true positives.

The field infectivity rate is a calculation ofthe number ofmosquitoes which test

positive for malaria in relation to the entire population ofspecimens tested for a given

species. For the purpose ofthis study, it was necessary to calculate a minimum field

infectivity rate (MFIR). This was required because pools ofmosquitoes were tested

rather than individual samples. Therefore, when a positive sample was detected in a pool

of 10 mosquitoes, it was not known whether one or more mosquitoes in that pool were

positive. The low level ofmalaria present in Belize makes it very unlikely that more than

one mosquito in a pool would be infected, however, this can not be ruled out. Therefore,

a positive result indicates the minimum number ofmOSQuitoes which tested positive and

thus the term MFIR. The MFIR value was calculated for each species and for each site

separately due to the unique ecology associated with each site.

Statistical analysis were performed using the SPSS version 9.0 statistical package

(SPSS® vs. 9.0, SPSS Inc., Chicago, IL). A nonparametric, bivariate analysis was

performed on collection, meteorological and malaria data to obtain Spearman's rho

coefficients. These values were used to identify relationships between species densities

and factors associated with the environment and malaria transmission. A multiple linear

regression was performed on the hut factor data to determine house attributes which are

associated with positive mosquito collections.
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Results

From all locations sampled, a total of 11,264 anophelines was collected. The

collections consisted ofthe following species: 1,736 An. albimanus, 381 An.

apjcimacula, 1,046 An. darlin&i, 50 An. Kabaldonj, 2 AD. .miDi, 1 AD. neiyaj, 611 AD

punctjmacula. 1 An. pseudopunctjpennis, 7,532 An. yestjtipennjs and 1 ChaKasia spp

(Tables 1,2 and 3).

The numbers ofAnopheles collected both outdoors and indoors from human

landing collections are displayed in Table 1. The outdoor:indoor biting ratios were only

calculated for species ifmore than 10 specimens were collected. The following overall

outdoor:indoor ratios were calculated: An. aJbjmanus (1:0.37), An. apjcjmacuJa (1: 0.09),

AD. darliniP (1 :0.53), AD. aabaJdonj (1 :0.04), AD. punctimacula (1 :0.25) and AD.

yestjtjpennjs (1 :0.45). The data from the Rancho site was separated into two data sets,

those collections conducted at sprayed houses and those that were conducted at

unsprayed houses. The sprayed houses were determined to have been sprayed at least 6

months prior to the beginning ofcollections by a dated spray card which was posted in

each hut by the Ministry ofHealth's house spray teams. The outdoor:indoor ratios for An.

yestitipenois at sprayed and unsprayed houses were significantly different. The

outdoor:indoor ratio was 1:0.32 for the sprayed houses and 1:0.78 for the unsprayed

houses.

The results of the larval survey are presented in Table 4. The largest number of

larvae sampled during the study were AD. albjmanus from the wet rice field. These

numbers were highest during the dry season (March-July) with greater than 14 larvae per

dip. During May and June of 1998, more than 20 larvae per dip were collected with
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counts ranging from >14 in March to >20 in May and June. There was, however, no

statistical significance in the level ofprecipitation and the monthly number of larvae

collected from the rice field (Speannan's rho =-0.643; P > 0.05). During the rainy

season large numbers oflarvae were also found in roadside ditches, flooded forests,

flooded fields and the dry rice fields when these areas contained suitable water levels for

mosquito breeding. Only the flooded fields showed a positive correlation between high

levels ofprecipitation and increased numbers of larvae collected (Speannan's rho =

0.867; P < .05). Many of the sites which demonstrated relatively high levels ofAn.

albjmanus larvae during the wet season were dry from March to July (dry season).

The data for AD. yestitipennjs show high numbers of larvae being collected from

the flooded forest and roadside ditch habitat (Table 4). These high numbers occurred

during the rainy season (November 1997 to January 1998) when clean water was present.

The highest number of larvae were collected in November which coincides with the

highest rainfall measured during the survey. Although these trends were recognizable,

after statistical analysis, there was no correlation between level of rainfall and number of

An. yestitipennjs larvae collected (Spearman's rho = 0.607; p>o.OS). A similar trend was

seen for AD. punctimacula which demonstrated a high larval density in flooded forest

during the rainy season. These trends also showed that there was no significant

correlation between rainfall and number oflarvae collected (Speannan's rho =0.630;

p>O.OS). Small numbers ofAn. punetimacu)a larvae were also collected from temporary

pools in the dry rice field and the road-side ditch during the rainy season. Periods when

large numbers ofAn. vestitjpennis and AD. punctimacula larvae were collected coincided

with periods when high numbers of adults were collected in human landing collections.
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Data from adult collections conducted at Golden Stream indicate that there is an

association between the abundance of.AD. yestitipemis and the precipitation level

(Spearman's rho = 0.573; p=O.044), as well as, a positive association with river level

(Figure 2; Table 5) (SPearman's rho =0.812; p=0.006). A slight time lag occurred

between high levels ofprecipitation and increases in population density. There is also a

direct association between high population densities ofAD. yestjtjpennis and an increase

in the number off. .rival cases (Spearman's rho =0.905; P =0.009) confirmed by the

local hospital (Figure 2; Table 5). The association between vector population and case

data was further strengthened by the ELISA analysis which confirmed three pools ofAD.

yestitipennjs testing positive for !.~ (I in the month of August 1997 and two

occurring in the month ofDecember of 1997) (Table 7). This resulted in an MFIR of

0.01 (Table 8), which is particularly high for this area. Two of the positive pools were

from indoor collections and the remaining positive was from an outdoor collection.

Figure 3 and Table 5 show the relationship between abundance ofAn. darlinii

with precipitation, river level and monthly cases off . .rival. This species demonstrates a

negative association with precipitation (Spearman's rho = -0.587; P < 0.05) and river

level (Spearman's rho = -0.0804; p < 0.01). High population densities ofAn. darljni,i

were recorded during the dry season (February through June of 1998). It is during this

same time when the river levels were at their lowest. During this same period of time,

hospital confirmed cases of!. .rival were also at their lowest and there was a negative

correlation between An. darJinai population densities and malaria transmission

(Spearman's rho = -0.728; P < 0.01). Regardless of the negative correlation, one pool of
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An. darlin&i tested positive for f. nux, which resulted in an MFIR of0.001 (Table 8).

This positive also came from an indoor collection.

Figure 4 and Table 5 show the relationship between the abundance ofAn.

albimanus with precipitation (Spearman's rho = 0.813; P = 0.001), river level

(Speannan's rho = 0.774; p < 0.01) and monthly cases off. nux (Spearman's rho =

0.835; p = 0.007) at the village ofGolden Stream. This species seems to show a positive

association with both river level and precipitation. High population densities ofAn.

albimaous were also encountered in association with high levels off.~ transmission.

However, in December when the highest number ofcases off.~ were recorded,

population levels ofAn. albimanus were extremely low. In addition, out of 854

mosquitoes tested, none produced a positive result in the sporozoite ELISA (Table 8).

Figures 5 and 6 show the relationship between these same ecological factors and

the other two AnQPbeles species collected in highest abundance at Golden Steam, AD.

apicjmacula and An. punctimacula. AnO,pbeles punctimacula shows a similar pattern to

that seen for An. yestitipeoois at both the Rancho and Golden Stream sites (Tables 5 and

6). There appears to be an association ofthis species with increasing" river levels

(Speannan's rho = 0.663; P < 0.05) and high levels ofmalaria (Spearman's rho = 0.792; P

< 0.01). However, no AD. pUDctjmacula from the Golden Stream site tested positive for

malaria. Low numbers ofAD. apicjmacula (164) were collected from this location and

96% (158 mosquitoes) were collected in the months ofOctober and November. These

low numbers made it difficult to run further statistical tests for this species. No pools of

An. apicjmacula tested positive for malaria sporozoite antigen (Table 8).
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Data collection from the Rancho site was carried out for an additional 5 months.

River level data from this site was not available from the Belize Hydrology Center. At

Rancho, An. yestjtipennis was the most common Angpbeles species, comprising 6962 of

the 8187 (85%) anophelines collected at this site. Population levels ofAn. yestitjpennis

showed a lag time between high levels of precipitation and high population densities

(Figure 7 and Table 6). Without adjusting for the time lag, there was no correlation

between precipitation and mosquito abundance (Speannan's rho = 0.327; p = 0.15). By

adjusting data to account for a three week lag in larval development, emergence and

maturation there was a positive correlation demonstrated (Spearman's rho =0.648; P =

0.043). Population levels begin to increase approximately 1 month after the heavy rains

begin and densities peak in the month ofDecember. Again, there was an association with

the high population density ofAD. ~jtipeDDjs and increased number ofcases off.

riv.ax reported from the area (Spearman's rho = 0.688; P < 0.01). Also, the only pool,

which tested positive at Rancho was from specimens ofAD. yestitjpeopis from outdoor

collections. This resulted in an MFIR of0.0004 (Table 9). This low MFIR is due mainly

to the very large numbers ofAn. yestitipenois specimens collected at this site.

An. albjmanus shows an inverse association with precipitation at the Rancho site

(Spearman's rho =-0.667; P < 0.01) (Figure 8 and Table 6). The greatest number of

adult An. albjmanus was collected in highest numbers during the dry season. This does,

however, coincide with the largest number ofAn. albjmanus larvae collected from

locations in the Rancho area. The presence ofAn. albirnaous and the occurrence of

malaria also shows an inverse relationship with the number ofcases off. riv.ax

(Spearman's rho = -0.619; P < 0.01). The highest number ofmalaria infections occurred
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when the AD. albjmanus populations were at their lowest. Not surprisingly no pools of

AD. albimaous tested positive for malaria sporozoites by ELISA assay at Rancho (Table

9).

Fairly high population densities ofAD. punctimacula were also present at the

Rancho site (Figure 9 and Table 6). This species showed trends ofadult abundance

similar to those ofAn. yestitjPeDnis with similar statistical results (i.e. no statistical

correlation). Population densities ofAn. punctim3Cula increased during periods just after

the heavy rains and were statistically correlated with high numbers off. max confirmed

by the hospital for the village ofRancho and patterns of occurrence show a statistical

correlation (Spearman's rho =0.482; P < 0.05). Even though population densities ofAn.

punctim3Cula and high numbers ofmalaria cases occurred in conjunction with one

another, no pools oflhis species tested positive for malaria from the Rancho Site (Table

9).

The data for collections at other sites are shown in Table 10. The most abundant

species collected from the 4 other locations in the Toledo district were AD. albjmanus

(406) followed by AD. yestitipennjs (186), AD. punctimacuJa (73), Au. apicimacula (27)

and An. darliOKi (21). Trends observed from these locations are purely observational due

to the small sample sizes and the lack ofaccurate meteorological data from each specific

collection site. AD. albimanus showed similar ecological trends as populations of this

same species exhibited at the Golden Stream site. Their population levels were highest

during the rainy season, which also coincides with high levels off. max transmission.

There was one pool ofAD. aJbimanus which tested positive for f.~ VK247 from the
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remaining four locations. This came from a pool ofmosquitoes collected outdoors at the

village ofBig Falls and resulted in an MFIR of0.002 for An. a1bimauus.

Due to the limited number ofcollections conducted at these sites and the low

numbers obtained in these collections, it was difficult to make an evaluation ofthe

abundance of these species in relation to the same ecological factors as was done with the

two primary collection sites. Therefore, any further evaluations will be made on the basis

of the outdoor:indoor biting ratios and the level of infection within the mosquito

population. The following 0:1 ratios were recorded for those mosquitoes collected at the

remaining four sites: An. albjmanus (1 :0.28), An. apicimacula (l :0.17), An. darljngi

(1:0.23), An. puuctimacula (1:0.12) and An. vestitipenuis (1:0.47)

After running a multiple linear regression with the hut attributes in association

with the infected mosquito pools collected indoors at Golden Stream, the only factor that

proved to be significant was the number ofwindows and doors that remained open. All

other factors either did not contribute significantly to the collection of infected

mosquitoes or were removed due to confounding or non-biological significance.

The data collected on the other aquatic insects found in association with wet rice

field and flooded forest habitats are presented in Tables 11 and 12. Because the aquatic

insects of Central America are poorly studied and not well represented in the literature,

there are few taxonomic keys to the aquatic insects ofBelize. For this reason the

identification ofthese organisms to species and often to genus was very difficult.

Although limited, this infonnation provides essential data about the ecological

communities found in association with these anopheline species. The numbers ofeach



type ofaquatic insect collected are presented in order to give an indication as to the

abundance of these organisms within mosquito larval habitats.
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Discussion

The outdoor:indoor biting ratios reported in this study are consistent with what is

found in the literature. The outdoor:indoor biting ratios are, however, slightly misleading

due to the two-hour duration of the paired collections. To gain insight into the

indoor/outdoor biting ratios, all-night collections are preferable. The two-hour

collections do give some indication ofearly evening biting behavior but the pattern of

biting may change throughout the night. All-night collections conducted in the village of

Rancho show a much stronger indoor biting activity for Au. yestitipennis (Chapter 6)

where as the two-hour collections show a less endophagjc biting behavior. This

emphasizes the need for doing all-night collections when trying to evaluate behavioral

patterns based on spatial and temporal parameters.

The larval collections ofAn. yestitipennis confirm findings in the literature which

state that this species is a flooded forest species. The highest larval densities of this

mosquito occurred during the rainy season in low-lying areas beneath a heavy forest

canopy. During the dry season these same waters, although present, became muddied

and polluted making them inhospitable to mosquito larvae. Periods of high larval

population densities also coincided with high adult populations as determined by human

landing collections. This same seasonal pattern is also characteristic ofAD.

punctimacu)a. High larval populations occur during the wet season in heavily shaded

flooded .forests and drop offdrastically during the dry season when these areas become

fouled or dry out.

Ano.pbeles darlinlP exhibits an unusual pattern ofbehavior that has been shown to

occur in other regions of its range. This species bas demonstrated preferences for



146

breeding in rivenne environments. Rozendaal (1992) suggested that this species occurs

in high population densities at various times ofthe year due to flow dynamics of the river

with which it is associated. In coastal areas this species occurs during the wet season in

flooded regions adjacent to the river. In forested areas where the river dynamics provide

a more severe flushing action, this species occurs during the dry season when river flow

declines and breeding sites are exposed by low river levels. This appears to be the case

with AD. darJjniU in Belize. At Golden Stream, the high densities ofAD. dirHniU occur

during the dry season when the rivers are at their lowest levels. Numerous larval

collections conducted at Golden Steam yielded only small numbers ofAD. darlinai

larvae. Those that were collected came during the months between the wet and dry

season and occurred in small pools 10 to 15 meters from the river.

The high adult population levels ofAD. darHniU during the dry season suggested

that their breeding site is in close association with river levels. Golden Stream River is a

narrow river with steep sloping sides. During the rainy season the flow ofthe river is

high and fast. The torrential rains, which occur on a nightly basis, flood the surrounding

area but generally drain into the river within 24 hours. This continuous flooding and

draining throughout the rainy season creates a constant flushing action which washes

larvae from their breeding sites. The low river levels which occur during the dry season

may expose breeding sites along the margin of the river that are normally flushed out

when river levels are high. This phenomenon may not occur in other areas ofBelize

where flow dynamics of the larger rivers (e.g. Belize River, Rio Hondo etc.) are different.

Additional studies are needed in order to determine the preferred breeding sites of this
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.
important vector species. This would entail a thorough sampling ofa variety of river

systems throughout the country ofBelize.

By graphing the population densities ofthe adult populations in conjunction with

the occurrence ofmalaria at the same site, it is clear that the highest levels ofmalaria in

Golden Stream occur when AD. darlinai population densities are low. The converse can

be said for AD. albimauus, AD. punctjmacula and AD. yestjtipennis. The three species

breed in flooded areas which are more prevalent during the rainy season. Although high

levels ofmalaria in Golden Steam village coincide with high levels ofthese species,

results of the ELISA performed on the mosquitoes collected indicate that only 3 An.

yestitjpeoois and 1 An. darlinai tested positive for f. max. No pools ofAn. albimanus

collected from Golden Stream tested positive for malaria infection. The fact that the

adult population levels ofAD. yestitipeMjs show strong correlation with malaria

transmission and that this species tested positive for sporozoites during times of

transmission indicates that this species plays a greater role in malaria transmission in

southern Belize than previously believed.

At the Rancho site it is not possible to make any conclusions regarding AD.

darlinai due to the low numbers (total of5) which were collected. It is possible,

however, to show an association between heavy rain and high populations ofboth An.

yestitipeoois and An. punctimacula. These correlations occur only when collection times

are adjusted by 3 weeks to account for larval development. This most likely reflects the

production ofadequate breeding sites in the form of flooded forests, which are favored by

both of these species. These primary breeding sites disappear during the dry season

resulting in the low adult collections for these two species.
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Populations ofAD. albimanus show moderate densities throughout the wet season

but increase dramatically during the dry season. This is most likely due to the wet rice

production, which is practiced during this time period approximately 1000 meters from

the study site. This issue is ofsome concern to the country ofBelize which is testing the

prospect of increasing wet rice field production. Because AD. albjmanus is a suspected

vector ofmalaria when it occurs in high densities, expansion ofwet rice would greatly

increase the breeding habitat for this species. This is borne out by the collection oflarge

numbers oflarval AD. albimanus from these fields during the dry season when the

majority ofbreeding sites has dried.

There are two population peaks ofAno.pheles albjmanus, which occur during the

year. One is associated with a period of time after the heavy rains when natural breeding

sites are available in many different types ofsettings. The second peak, however, occurs

during the latter part of the dry season when most, if not all, of these sites have dried. In

the process ofcollecting larvae for colonization attempts, a number of larval collections

were made in and around the Rancho site. Throughout the wet season, small numbers of

An. albimanus were collected from a variety ofhabitats to include marshy depressions,

road-side ditches, water filled canoes and flooded fields. During the dry season,

however, most of these sites were dry. However, large numbers of larvae were collected

from wet rice fields, which were approximately 1000 yards from the adult collection site.

The importance ofwet rice fields can be noted in the relatively low numbers of

An. albimanus found in other regions of the Toledo district during the same period of

time. In the case ofa competent vector, such changes in seasonal abundance could

potentially lead to focal outbreaks ofmalaria transmission. Creation ofyear round
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breeding sites through increased rice cultivation may also provide a means ofmaintaining

malaria transmission at a low level in the area with a mosquito species that has proven to

be a poor vector except when it occurs in high population densities, such as An.

albimanns.

When examining data from the Rancho site it is important to look at the

differences between the established huts that had a previous spray history and the

experimental huts which had not been sprayed. By looking at the differences in the

outdoor and indoor proportions it is clear that the unsprayed experimental huts had a .

much higher proportion ofAn. yestitipennis biting indoors than out ofdoors(l :0.73).

This is true even ofhouses that had not been sprayed in over a year (1 :0.32). The

residual effect of the DDT, remained in the huts and continued to exert a repellant effect

that deterred house entering activity months after the last spray cycle. This is an

important concept because there is a misconception in the literature that the malaria

vectors in the Americas do not feed indoors and that malaria transmission mainly occurs

outdoors. These studies are, however, typically conducted in areas where the houses

have a previous spray history, and mosquitoes are deterred from entering the house. The

other species collected during this study all demonstrated a much greater outdoor biting

behavior at huts that have, at some point, been sprayed. The overall 0:1 ratio for An.

albjmaous at sprayed houses is 1:0.27, where as, at unsprayed houses it is 1:0.34. This

same phenomenon can also be shown for An. punctimacula (1 :0.22 - sprayed; 1:0.38 

unsprayed). This clearly demonstrates that the sprayed surfaces (all were sprayed with

DDT) continue to exhibit a repellency effect on host-seeking mosquitoes 1 year past the

date ofspraying.
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AD. vestjtjpennis demonstrated a much higher MFIR than the other mosquitoes

collected in this study. This is particularly true of the mosquitoes collected at the Golden

Stream site. A total of3 samples tested positive for f. max resulting in an MFIR of

0.011 from this site. This is equivalent to 3 mosquitoes out of292 AD. yestitipennis

collected. The more revealing aspect of these data is that 2 of3 positive samples came

from indoor collections. For an area of low malaria endemicity, this level of infection in

mosquito populations is very high. AngpheJes yestjtjpeoojs was the only species to test

positive for f. max at the Rancho site. Only one pool tested positive, resulting in the

10w:MFIR of0.0004 and these specimens came from an outdoor collection. This is

essentially one infected mosquito out of 6962 AD. Yestitipennis tested.

In conclusion, these data improve our understanding of the role that An.

yestjtipennis has in the transmission ofmalaria in Belize, Central America. Both this

study and previous studies (Achee et a1. 2000) show AD. yestitjpennjs populations to be

naturally infected with f. max and to have higher :MFIRs than other species. Fifty

percent ofall infected AD. yestitipeoois mosquitoes were collected indoors. High

population densities ofAn. vestitjpeonjs correlate with high levels off. max malaria.

This information incriminates AD. yestitjpcpnjs as an important and competent vector of

malaria in southern Belize. These data also show that An. albimanys had 0:1 ratios that

clearly demonstrate the exophagic behavior of this species. In addition, a very low MFIR

(one mosquito from an outdoor collection) for this species in regards to f. max suggests

a weak vector role for this species in southern Belize. Further more, Kumm and Ram in

1941 found sporozoites in only An. yestitjpeoois and AD. darJiplD in the country of

Belize. Apgpbeles albimauus clearly has the potential for being an amplifying vector, but



it appears that the majority ofmalaria transmission is occurring due to vectors such as

AD. vestitipeoojs and AD. darJinKi·
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Table 1: Total number ofadult anophelines collected in adult landing collections in Belize presented by species. by village and by
location (I==Indoor collection and O=Outdoor collection). Collections conducted at Rancho were done over a 17 month time span
(July 1997-December 1998), all other locations were sampled for 12 months (July 1997-June 1998).
Location An. albjmanus An. apjcjmacuJa An. darliPli An. labaldoni An punctimacula An. vestitioennis

I 0 I 0 I 0 I 0 I 0 I 0

Rancho 115 361 26 164 2 3 2 12 106 217 2165 4797

Golden Stream 241 613 2 162 356 664 0 34 10 205 82 210

Big Falls 17 40 0 0 0 0 0 0 3 18 1 5

Indian Creek I 9 0 1 4 17 0 0 2 5 6 12

Esso Landing 87 164 3 18 0 0 0 0 0 35 37 64

Punta Gorda 15 73 1 4 0 0 0 0 3 7 16 45

Total: 476 1260 32 349 362 684 2 48 124 487 2339 5193

-a.
0)
(,J



Table 2: Total number ofadult anophelines collected during two hour adult landing collections at Rancho Village in Belize and
displayed by month in which they were collected. Collections were conducted during a 17-month period from July 1997 to November
1998.
Species J-97 A-97 S-97 Q.97 N-97 D-97 J-98 F-98 M-98 A-98 M-98 J-98 J-98 A-98 8-98 Q.98 N-98 0.98 Total

Rancho
An. albimanus 2 5 67 12 28 23 11 53 43 6S to3 41 6 2 7 4 0 4 476

An. apjcimacula 0 0 5 7 40 68 30 15 2 14 2 0 0 4 0 J 0 0 190

An. dBdin&i 0 0 0 I 0 I 0 1 I I 0 0 0 0 0 0 0 0 5

An. gabaJdQnj 0 0 0 0 3 5 2 0 0 0 0 0 0 2 0 2 0 0 14

An. mW.i 0 0 0 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0

An, pUDclimaeula 0 13 25 2 38 30 14 20 10 21 2 0 0 52 38 6S 28 24 313

An. vestitioenois 37 94 681 433 2095 1917 341 398 99 1 0 9 0 292 138 1228 139 401 6961

-a.

~



Table 3: Total number ofadult anophelines collected during two hour adult landing collections at Golden Stream Village in Belize and
displayed by month in which they were coJlected. Collections were conducted during a 12-month period from July 1997 to November
1998.
Species JUL· AUG- SEp· OCT· NOV· DEC- JAN- FEB- MAR- APR· MAY- JUN- Tota.

97 97 97 97 97 97 98 98 98 98 98 98
Golden Stream

An. albimanus 28 84 13 546 51 0 17 5 16 30 32 32 854

An. apicimacuJa 0 0 0 151 7 0 6 0 0 0 0 0 164

An. darlinui 12 I 0 16 16 0 0 0 138 131 390 312 IIZI

An. miDi 0 0 0 2 0 0 0 0 0 0 0 0 Z

An. uabaldQni 0 0 0 34 0 0 0 0 0 0 0 0 34

An. pseudQpunctjpennsjs 0 I 0 0 0 0 0 0 0 0 0 0 1

An. punctimacuJa 4 4 0 154 30 0 8 6 6 0 2 I 215

An. vestitjpennis 0 0 0 51 49 0 50 100 0 0 0 42 292

Chaeasia spp. 0 0 0 0 1 0 0 0 0 0 0 0 I

-a.
0)
en
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Table 4: Average number of larvae collected per 30 dips per habitat type from locations
adjacent to the Rancho site in Belize. Collections were made from November of 1997 to
July of 1998.

Average number ofanopheline larvae collected per dip'

Species NOV- DEC- JAN- FEB- MAR APR- MAY- JUN- JUL-
97 97 98 98 -98 98 98 98 98

Rice Field

AD. albimaDUS 2.3 1.4 3.2 4.7 14.3 18.4 20+ 20+ 17.4

An. CDlCi'PS 0 0 0 0 0.03 0.45 0 0 0

Flooded Forest

AD. albjmanus 0.6 0.6 0.3 1.0 .13 .27 0 0 .03

AD. pUDetimacula 3.0 2.6 0.3 0 0 0.6 0 0 0

AD. yestitjpeonis 2.4 3.2 1.5 .06 .04 .07 .03 0 .03

Roadside Ditch

An. albimanvs 3.0 .06 .03 .03 0.0 0.0 0.0 0.0 .13

AD. puncrimacula .16 .3 0.0 0.0 .03 0.0 0.0 .03 0.0

AD. yestitjpenois .63 .6 .27 .16 0.0 0.0 0.0 0.0 0.0

Flooded Field

AD. albimanus 1.7 1.03 .6 0.0 0.0 0.0 0.0 0.0 0.0

Dry Rice Field

An. albimanus 4.5 5.2 3.3 .06 0 0 0 0 0

An. pUDctimacula .20 .20 0 0 0 0 0 0 0

i Average number of Anopheles spp. collected from 30 consecutive dips in a particular
habitat type.
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'fable 5: Spearman's rho values for the 5 main anopheline species collected at Golden Stream Village, Belize in relation to
precipitation, river level and f.~ infections.

Spearman's rho values

An. albimanus An. apjcjmacula An. darlim:i An. oUDctimacula An. vestitioennis

Precipitation (0.774;p<0.0I) (0.148;p>O.OS) (-0.587;p<0.OS) (0.467;p>O.OS) (0.S73;p<0.OS)

River Level (0.813;p<0.0I) (0.S43;p>0.OS) (-0.804;p<0.01) (0.663;p<0.OS) (0.812;p<0.01)

f . .!.Wtx (O.83S;p<0.O I) (O.6S3;p<0.OS) (-O.728;p<O.01) (0.792;p<0.0I) (O.90S;p<0.0I)

Table 6: Spearman's rho values for the 5 main anopheline species collected at RanchoVillage, Belize in relation to precipitation, and
e. YiYax infections.

Spearman's rho values

An. albimanus An. aoicimacula An. darlinl!i An. oUDctimacu)a An. vestitioennis

(-0.091 ;p>o.OS)(-0.S76;p<0.OS)(-0. I39;p>O.OS)(-O.667;p<0.01)Precipitation (0.327;p>O.OS)
(0.648;p<0.Ost

f . .!.Wtx (-0.619;p<0.01) (-0.503;p>O.OS) . (-O.J64;p>O.OS) (0.482;p<0.OS) (0.688;p<0.01)
'--Value obtained after adjusting the coliectiori data by j weeks to account for the-maximum length of time required for larval

development.

.....
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Table 7: Plasmodium infected Anopheles detected by ELISA from seasonal field survey conducted from July 1997-November
1998 from all other localities in the Toledo District, Belize. Numbers of infected pools have been separated based on the
month in which they were found.

Species Wet Season
I

Dry Season

Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May

An. albimanus 0 0 0 0 I 0 0 I 0 0 0 0 0

An. apjcirnacula 0 0 0 0 0 0 0 0 0 0 0 0

An. darUoad 0 I 0 0 0 0 0 0 0 0 0 0

An. mini 0 0 0 0 0 0 0 0 0 0 0 0

An. gabaldoni 0 0 0 0 0 0 0 0 0 0 0 0

An. pseudo,punctipeoojs 0 0 0 0 0 0 0 0 0 0 0 0

An. punctimacu1a 0 0 0 0 0 0 0 0 0 0 0 0

An. vestitjpennis 0 0 I 0 I 0 2 0 0 0 0 0

Total Number of 0 I I 0 2 0 2 0 0 0 0 0
Infected Pools

.....
en
CO
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Table 8: Plasmodium infected Anopheles detected by ELISA from seasonal field survey
conducted from July 1997·June 1998 at Golden Stream Village, Toledo District, Belize.
Species No. Number ofreactive poolsa Minimum Field

Tested (indoor(l)/outdoor(O»b Infection Rate

(MFIRt

f. faJciparum f·m.u210 f.ma
VK247

An. albimanus 854 0 0 0 0

An. apicjmacula 164 0 0 0 0

An. darJjnli 1020 0 1(1) 0 0.001

An. miDi 2 0 0 0 0

An. gaba1doni 34 0 0 0 0

An. Pseudgpunctipennjs 1 0 0 0 0

An. punctimacuia 215 0 0 0 0

An. vestitipennjs 292 0 2(1),1(0) 0 0.01

Cbagasja spp. 1 0 0 0 0

TOTAL %383 0 4 0
• 1-10 mesqultoesfpool.
bAil collectloas were co.ducted .s p.incllDdoor-outdooreolleetions from 6:0008:00 p.m. (I) indoor, (0)

outdoor.
C Field-eaulbt specimens were pooled for tatinl. Overall low i.fection rates sUllat t".t presence of more

tba. ODe IDfeeted speclmea per pool was uDlikely. However, siDee t"Is possibility c••not be excluded, tbe term
IDfectlo. rate ".s "an nplaced wit.. minimum field iDfectloD rate (MFIR) Le. if mon t"•• one infeeted
specimea were i.eluded i•• pool ofspeclaaeas. theD the actu.1 infection rate would be ..il"er t.... the MFiR
estimate.
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Table 9: Plasmodium infected Anopheles detected by ELISA from seasonal field survey
conducted from July 1997...November 1998 at Rancho Village, Toledo District, Belize.
Species No. Number ofreactive pools! Minimum Field

Tested (indoor(I)/outdoor(Onb Infection Rate

(MFIRt
f. falc:jparurn f.ma210 f·.ri.u&

VK247

An. albimanus 476 0 0 0 0

An. apicimacula 190 0 0 0 0

An. darlingi 5 0 0 0 0

An. DStiDi 14 0 0 0 0

An. labaldonj 217 0 0 0 0

An. PUDctimacuJa 323 0 0 0 0

An. yestitipennjs 6962 0 1(0) 0 0.0004

TOTAL 8187 0 1 0
• 1-10 mosquitoes/pool.
bAil collectioas were coDducted as paired iDdoor-ouCdoor collectioDs from 6:00-8:00 p.m. (I) iDdoor, (0)

ouCdoor.
c Fleld-eaulbt lpecimeas were pooled for tntlal. Overall low iafectioD raCes sugest Chat preseace of more

CbaD ODe iarected lpeclmea per pool was uDUkely. However, slDce Cbls possibility caDDOt be excluded, Cbe term
iDfectiOD nte bas beea replaced witb mlDimum field iDfectloD rate (MFIR) I.e. If. more tIIaD ODe infected
specimeD were iDcluded ia a pool ofspecimeal, tbea tbe actuallDfectioa rate would be bilber CbaD tbe MFIR
estimate.
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Table 10: Plasmodium iDfected Anopheles detected by ELISA from seasonal field
survey conducted from July 1997-June 1998 from all other localities in the Toledo
District, Belize
Species No.

Tested

Number ofreactive pools'

(indoor(l)/outdoor(O»b

Minimum Field

Infection Rate

f. falcjparum f. m:.u.210 f.liDX
VK247

An. albjrnanus 406 0 0 1(0) 0.002

An. apjcjmacula 27 0 0 0 0

An. darJina;i 21 0 0 0 0

An. labaldooj 0 0 0 0 0

An. PUDctimacula 73 0 0 0 0

An. yestitipennjs 186 0 0 0 0

TOTAL 713 0 0 1

• 1-10 ..osqultoes/pool.
b All collections were conducted as paired ladoor-oaldoor collections from 6:00-8:00 p.... (I) IDdoor, (0)

outdoor.
C Fleld-eaulbt speclmeDs were pooled for testing. Overall low iDfectloD rates sUllest that presence of ..ore

tban oae Infected specimea per pool was aalikely. However, since tbis possibility canDOt be excluded, the term
infectioD rate bas been replaced wltb mini..... field infection rate (MFIR) Le. if more tban one iarected
specl..en were included In a pool ofspeclaleDI, tben the actual iafection rate would be bieher tban the MFIR
estimate.
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Table 11: Other aquatic insects found in association with An. albimanus in wet rice field
habitat during larval collections from November 1997 to July 1998.
Order Family Genus
Ephemeroptera

Odonata
(Anisoptera)

(Zygoptera)

Hemiptera

Coleoptera

Ephemeridae
Ephemerellidae

Aeshnidae

Gomphidae
Coenagrionidae

Belostomatidae
Macroveliidae
Veliidae
Corixidae

Pleidae
Notonectidae

Gelastocoridae

Gyrinidae
Dytiscidae

Hydrophilidae

Hydraenidae

Heagenia spp.(5)
unknown (2)

Aeshna spp.(2)
Coryphaeschna spp. (6)

unknown (J)
Acanthagrion spp (3)

unknown (J2)
unknown (2)
Microvelia spp (16)
Centrocorisa (6)
Sigara (3)
unknown (J)
Buenoa (2)
Notonecta (7)
unknown (3)

DineU1Us (3)
Acilius (1)
Brachyvalis (4)
Hygrotus (6)
Unknown (2)
Unknown (1)
Derallus (4)
Berosus (J)
Tropistemus (15)
unknown (2)
Limnebus (2)
Ochthebius (J)
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Table 12: Other aquatic insects found in association with An. vestitipennis and An.
punctimacula in flooded forest habitat during larval collections from November 1997 to
July 1998.
Order
Odonata

(Anisoptera)

(Zygoptera)

Hemiptera

Coleoptera

Family

Aeshnidae
Libellulidae

Coenagrionidae

Belostomatidae
Corixidae
Notonectidae

Gyrinidae
Dytiscidae

Hydrophilidae

Hydraenidae

Genus

Coryphaeschna spp.(l)
Macrothemis spp. (3)

Acanthagrion spp (6)
Enallagma spp (4)
Ischnura spp (2)

unknown (1)
Centrocorisa (3)
Buenoa (1)
Notonecta (2)

Dineutus (1)
Acilius (3)
Brachyvatis (6)
Unknown (1)
Derallus (2)
Tropis/emus (4)
unknown (1)
Limnebus (5)



IIPJevIriaas >1000 far

N

W<>E
S

.,,
Oraae w..DIItIid :

"•••• o

175

30Jcm

Figure 1: Map ofthe Toledo District in Southern Belize depicting the two main sites sampled
during the seasonality study: •• Rancho Village,.· Golden Stream Village
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Figure 7: Average number ofAD. yestitipenois collected/night in 2-hour human
landing collections conducted at the village ofRancho. Collections were
conducted from 6:00-8:00 pm from July 1997-November 1998. The
average number ofmosquitoes collected for each month is displayed in
conjunction with the monthly precipitation, and number of cases of:e.
~. Confmnation ofmalaria cases was detennined at the hospital in
Punta Gorda by microscopic examination ofblood smears.
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landing collections conducted at the village ofRancho. Collections were
conducted from 6:00-8:00 pm from July 1997-November 1998. The
average number ofmosquitoes collected for each month is displayed in
conjunction with the monthly precipitation, and number ofcases off.
~. Confinnation ofmalaria cases was determined at the hospital in
Punta Gorda by microscopic examination ofblood smears.
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average number ofmosquitoes collected for each month is displayed in
conjunction with the monthly precipitation, and number ofcases off.
m&x.. Confirmation ofmalaria cases was detennined at the hospital in
Punta Gorda by microscopic examination ofblood smears.
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Chapter 4

Use of a Vehicle Mounted Trap for the Collection of ApQpbcla spp.
(Diptera: Culicidae) from the Toledo District, Belize C.A.
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ABSTRACT

Knowledge of the flight patterns ofvarious mosquito species is important for

determining flight distances and activity patterns as well as for collecting unbiased

samples of blood engorged and gravid females (Bidlingmayer 1964). The use ofa

mobile car trap is seldom used for collecting Anopheles mosquitoes, although collections

ofAD. quadrimaculatus (Bidlingmayer 1966), AD. qucians (Carroll and Bourg 1977) and

AD. annulipes (Muller et a1. 1981) have been described by other researchers. In the

present study, the mobile car trap was utilized exclusively for the detennination. of

anopheline flight patterns, as well as, for the purpose ofcollecting blood engorged

samples ofAD. yestitjpenois, AD. albimanus and An. punctimacula from the Toledo

District ofBelize, Central America.

A number ofenvironmental parameters were examined to detennine their

association with the nightly anopheline flight patterns. Meteorological conditions such as

temperature, relative humidity and periods ofrainfall had no effect on the numbers of

anopheline mosquitoes collected in the mobile car trap. Wind speed did, however, show

an inhibitory effect on flight behavior with collection totals decreasing as wind speeds

increased. Collection ofall three species decreased with winds greater than 5 mph and

stopped altogether at speeds greater than 10 mph.

All three anopheline species demonstrated flight patterns that agreed with their

biting activity as determined by human biting collections conducted at near by

experimental huts (Chapter 6). Anopheles albiman~ has a bimodal peak of flight

behavior with an evening peak occurring just after sunset (5:15 and 8:00 p.m.) and a

smaller morning peak just prior to sunrise (4:00 and 5:30 a.m.). The An. pUDctjmacula
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also showed a bimodal peak: with the first peak: ofactivity occurring just after sunset

(6:00 and 8:30 p.m.) and the second peak: occurring just prior to midnight (10:00 p.m. to

12:30 a.m.). Anopheles yestitipennis showed no distinct peak: of activity but exhibited a

constant, low level of flight throughout the night beginning shortly after sunset (6:00

p.m.) and continuing until just prior to sunrise (5:30 a.m.). The male AD. punctjrnacula

showed a peak: in flight activity in the early evening just after sunset.

Information obtained on the time ofcollection and the physiological state of the

blood meal was used to approximate the time of feeding. AnO,pbe1es albjrnanus (90.4%)

appeared to feed predominately in the hours after sunset (5:15-9:15 p.m.). All ofthe

blood meals tested positive for non-human hosts. Anopheles PUDctjmacu1a appeared to

feed throughout its activity cycle (6:00 p.m.-12:30 a.m.). Blood engorged specimens

were collected from 6:30 p.m. until 12:30 a.m. with the majority ofblood meals also

testing for non-human blood. An. yestitipennjs was the only anopheline which tested

positive for a significant number ofhuman blood meals. Greater than 82.7% ofthe blood

engorged specimens testing positive for human blood were captured during the second

halfof the night ( 12:00 a.m.-5:00a.m.). Almost all other specimens which tested

positive for non-human blood meals (75.9%) were collected during the first halfofthe

night.
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Introduction

Vehicle mounted traps have been used as a means ofobtaining samples of in

flight mosquito populations (Chamberlin and Lawson 1945; Stage 1947; Provost 1952;

Provost 1957). A key aspect ofcollections made with a mobile truck trap is that the

collections are considered to be the least effected by human manipulation and the

physical environment (Bidlingmayer 1964, 1967 and 1974). These types ofcollections

are critical when trying to detennine natural flight patterns ofmosquito species without

artificially altering behavior in any way_ It has been noted by Bidlingmayer (1966) that

mosquitoes do not maintain continuous flight throughout the night and, therefore, hourly

collections from a vehicle-mounted trap are representative ofnatural flight patterns

occurring in the population. Information pertaining to unbiased changes in the number of

in-flight mosquitoes can be used by mosquito control programs in designing a spray

schedule that will most optimally affect exposed mosquitoes. A side benefit of this

trapping method is acquisition of a relatively unbiased sample ofblood-engorged

females.

Mosquito flight is often the focus ofstudies which seek to determine the flight

range (Headlee 1932, Edman and Bidlingrnayer 1969)t natural dispersion patterns

(provost 1952, Provost 1957, Janousek and Olson 1994) or host seeking flight patterns

(Gillies and Wilkes 1975) of target mosquito populations. All of these studies rely on

one basic premise: mosquito flight is motivated by both intrinsic and extrinsic stimuli

(provost, 1953.) Provost goes further and breaks these behaviors down into two distinct

patterns: appetential and migratory flight behaviors. He defines appetential flight as an

active process ofseeking out a particular stimuli. Examples of this type ofbehavior are
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searches initiated for a blood meal source, a compatible oviposition site or a suitable

resting site. Provost groups all other types of flight into migratory flight.

Others (Clements 1999) have separated flight into three categories; trivial

movement, dispersal and migratory flight. Trivial movement is described as all flight

which displaces an individual from its immediate area but which does not take the

individual out ofthe general area occupied by the local population. Examples of this

behavior would be flight initiated in the search for suitable blood meal sources or resting

sites, the return ofan ovipositing female to a larval habitat or a female engaged in a

mating flight. This flight behavior would essentially be analogous to Provost's apentitial

flight.

One component oftrivial movements is described as "return flight" (Clements,

1999). This is used to describe flights, usually made over long distances, to areas which

have been previously frequented. An example of this can be observed within the

Hymenoptera which will return from nectar foraging to a hive. This type ofbehavior

usually is associated with a chemical or visual stimuli that serves as an orientation

marker. This same behavioral pattern has been observed in ovipositing females in the

family Culicidae which will return to the breeding site from which they completed their

own larval development. This has been demonstrated with populations of Ano.pbeJes

~ and Aedes pipbadQpsis. Return flights are also exhibited by crepuscular or diurnal

mosquitoes which move from resting sites to a blood source and then back to the resting

site.

The term dispersal typically refers to a random scattering of individuals. In order

to accurately characterize this term within the framework of a biological system one must
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separate it into three distinct behavioral patterns: 1) the spread ofindividuals of

particular genetic type into the area ofanother genetically different population; 2) the

spread of individuals out from a central point ofrelease as associated with a mark release

experiment; and 3) the displacement ofa species away from its natural range as a result

ofa chance event.

Migratory flight within insect populations is seen as non-goal oriented flight in

which the insect is engaged in persistent locomotor movements which are directed by

environmental conditions such as wind or topography (Clements 1999). Provost uses the

example ofa newly emerged mosquito that flies from the breeding site. This mosquito

has ample energy stores which have been carried with it from its larval development to

sustain it for some time. The drive of this mosquito to diSPerse from its site ofemergence

and be carried by the wind to other locations is what can be referred to as migratory

flight. Three features which are always associated with migratory behavior are 1)

persistent locomotion, 2) straight line flight paths which are associated with wind driven

flight (note: this does not always send individuals to favorable locations but it does

facilitate widespread movement ofa SPecies) and 3) inhibition of station-keeping

responses. Station keeping responses are defined as stimuli such as food sources, sexual

stimuli or resting places which fail to illicit a response in migratory individuals. The

migratory movements are eventually tenninated by the response to one or more of these

stimuli. Johnson in 1966 noted that migratory flight was usually undertaken by young,

reproductively immature females in their movement from their larval habitats.
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Meteorological Effects on Flight Behavior:

The flight activity ofa mosquito population can be effected by a number of

environmental factors. These environmental factors include light intensity (Haddow

1964, Haddow et ala 1968; Bates 1941), temperature (Bradley and McNeel 1935;

Bidlingmayer 1974, Carroll and Bourg 1977), relative humidity (Braack et al. 1994),

wind speed (Bradley and McNeel 1935, Service 1980) and periods ofheavy rain (Chadee

and Tikasingh 1989, Sharp 1983). Other meteorological conditions have also shown to

.influence the flight patterns ofvarious mosquito species, such as, lunar phase (Ribbands

1946, Bidlingmayer 1967, Charlwood et al. 1986, Janousek and Olson 1994).

The effect oftemperature on mosquito behavior has been characterized as being

inhibitory or permissive (Clements 1999). A mosquito that exhibits a crepuscular

behavior with two activity peaks, one at dusk and one at dawn, must be able to cope with

a dual temperature regime. Typically the temperatures are lower at dawn than they are at

dusk. This usually results in an decrease in flight activity in the hours prior to sun rise.

For this reason, it has been noted (Corbet 1965) that there are larger numbers ofmosquito

species that exhibit both dusk and dawn flight activity in tropical regions of the world.

Corbet believes this is due to the less extreme temperature fluctuations which occur

during the course of the night, thus permitting pre dawn flight patterns. This same

phenomenon has been noticed in suction trap collections conducted in Florida where a

larger number ofmosquitoes were collected in the early evening hours than in the early

morning hours (Bidlingmayer 1967). Again, this is believed to be attributed to an

inhibition of flight activity resulting from lower pre-dawn temperatures.
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A detailed investigation ofthis behavioral pattern was undertaken by

Bidlingrnayer in t985 when he compared the truck trap collections ofCulex niWpalpus

from both evening and morning collection intervals. Between the temperatures of20°C

and 12°C, Bidlingmayer found a 12-14% decrease in the collection totals with every 1

degree decrease in temperature. This clearly explains the typically smaller peak in flight

activity often seen in morning collections.

Temperature may also alter the effects ofother environmental stimuli such as

light intensity. The light induced threshold required for swanning can be shifted to either

earlier or later based on the temperature. Depending on the species, high temperatures

have demonstrated the capacity to either advance or delay the swarming behavior.

Cambomac and Hill (1940) showed Anopheles atrgparyus delayed their swarming until

later in the evening at higher temperatures. At the same time, cooler temperatures will

cut short the duration of the swanning behavior.

Relative humidity is directly influenced by temperature as·well. Night-time

humidity levels will generally increase throughout the night until dawn and can reach

humidity levels of 100% during pre-dawn hours (Braack et al 1994). There is a

relationship between increasing humidity to decreasing temperatures. In low land

rainforest areas, the humidity levels may decrease during the day with readings around

60% high in the canopy and yet remain at fairly high levels (80-90%) on the forest floor

(Richards, 1996). It is not clear how these humidity levels effect flight behavior. What is

known is that there is an avoidance behavior exhibited for extremely low and high

relative humidity. Muirhead-Thomson (1938) showed this avoidance behavior to be

strongest at the highest humidity levels. Changes in relative humidity (from 100%-70%)
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have resulted in increased flight activity ofAedes vexans Meigen (platt et a1. 1958). At

saturation level during periods ofboth light and heavy rainfall, no effect on flight activity

was observed for a number ofmosquito species including ClW:x caudelli (Chadee and

Tikasingh 1989), AD. aamhjae and AD. D1WII (Bertram and McGregor, 1956) and AD.

IDemS (Sharp 1983).

Extensive studies have been conducted on the effect that wind speed has on the

flight patterns ofmosquitoes. To obtain an accurate depiction ofhow wind alters flight

patterns, one must conduct studies in the lab where wind speeds can be kept at a constant

velocity. Observation made in the field by way oftrap collection data are not as reliable

due to natural fluctuations in wind velocity. The threshold for inhibition ofmosquito

flight has been demonstrated to occur at very low wind velocities. Nielsen and Nielsen in

1966 showed that Aedes impjar demonstrated a reduction in flight activity at speeds

greater than 2 meters per second (ms) and flight activity was completely inhibited at

speeds greater than 3 ms. Sharp (1983) showed that collections ofAD. meNS at human

bait did not occur in winds greater than 2.5 ms. A series ofsuction and truck traps were

performed in Florida which demonstrated that collection totals decreased with increasing

wind velocities (Bidlingmayer 1967, 1974, 1985). It was found that wind speeds of0.1

to 0.9 mph reduced the collection ofAedes taenjQrbyncbus and ClW:x niii¢palpus by 58%

and by 80% in winds greater than 1 mph. Bidlingmayer et al. (1995) also showed that

wind velocities were negatively correlated with suction trap collections for a number of

different species ofmosquito. He postulated that the wind slowed the rate at which the

mosquitoes arrived at the trap and reduce numbers captured.
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Collection ofBlood Engorged Mosquitoes

The use ofa vehicle mounted trap has demonstrated mixed success in the

collection ofblood engorged specimens. This method coll.ected only small numbers of

non-engorged, rice field mosquitoes in Texas as compared to a backpack aspirator (Kunz

et aI. 1982). Williams and Meisch (1983) also employed a vehicle mounted trap for the

collection ofblood engorged mosquitoes. Although the trap proved useful for the

collection ofa large number ofspecies and had larger collections over all, only a small

proportion were blood fed. Some researchers have shown success using the vehicle

mounted trap to collect large numbers ofblood engorged mosquitoes. Muller et al.

(1981) collected relatively large numbers ofblood fed Anopheles anou1jpes (40.3%) and

Culex annuHrost[js using a vehicle mounted trap in Australia.

Vehicle mounted traps have rarely been used in areas outside ofthe United States

(Service 1993). The few examples ofuse are those conducted by Muller et al. (1981) in

Australia and by in India. Although this type oftrapping method has not been

specifically used for Angpheles mosquitoes, a number of researchers have documented

the collection of the following species: AD. Ql1adrimaculatus (Bidlingmayer 1966), AD·

CDJcians (Carroll and Bourg 1977) and AD. annulipes (Muller et al. 1981).

Blood Meal ELISA

The most widely accepted technique presently in use for identifying arthropod

blood meals is the sandwich ELISA (Service et al. 1986; Chow et a1. 1993). The

sandwich ELISA is seen as the most sensitive and SPecific of the ELISA analyses (Chow

et al. 1993). This procedure has been successful in identifying small amounts ofantigen,
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such as would be found in a partial blood meal (Kirkegaard and Perry Laboratories

1990). This technique employs the use ofcapture antibodies which are plated onto a

microliter plate. These antibodies capture homologous antigen found in the blood meal

sample. This antigen/antibody complex is then recognized by a second antigen specific

enzyme conjugated antibody. This enzyme elicits a color change when in the presence of

an enzymatic substrate.

There are several advantages ofusing a sandwich blood meal ELISA over other

techniques. The main advantage is the high level ofspecificity and sensitivity compared

to either the direct or indirect ELISA (Chow et a1. 1993). When tested on blood meals of

known origin, the sandwich ELISA was able to identify 100% ofblood meals taken S 32

hours after feeding and 80% ofblood meals taken:s 42 hours after feeding. This

compares with 100% ofblood meals being detectable :s 26 hours after engorgement and

only 50% :s 40 hours after engorgement using the direct ELISA analysis. Overall, Chow

et al. (1993) found that the sandwich ELISA was able to correctly detect 88% ofsamples

tested. The direct ELISA was able to detect only 41% ofsamples tested.

One goal of the present study was to determine the nightly flight patterns ofthe

three main Angpheles species found at the study site (i.e. Anopheles vestitipennjs, An.

albimanus and AD. punctimacula). Another goal was to collect data on a number of

meteorological parameters to define conditions that influence the nightly flight behaviors.

The primary goal ofthe study was to collect blood.engorged females of the three species

as relatively unbiased samples to measure host feeding preferences.
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Material and Methods

Site Selection:

A series ofcollections were conducted from June to November of 1998 on a 1

mile stretch ofroad near the town ofRancho (N 1609.954 W 88 50.529) in the Toledo

District ofBelize (Figure 1). The study site was selected based on the following criteria:

1) a series ofpreliminary larval collections confirmed that the collection route was

adjacent to larval habitats ofAnopheles vestjtipeoois, AD. albjmaous and An.

pUDctimacula, 2) the presence ofboth human habitations and cattle pastures interspersed

along the route and 3) a low volume ofvehicle traffic pennitting uninterrupted collection

runs throughout the night.

A depiction of the collection route sampled with the mobile car trap can be seen

in Figure 2. Three separate larval breeding habitats were identified prior to the start of

the study. Anopheles albjmanus larvae were found in a wet rice field at the southern end

of the route. Larval collections conducted in April and May of 1998 resulted in an

average of 35 larvae per dip. In the center of the route were located two separate larval

habitats. To the west ofthe route was a flooded forest area where larvae ofAn.

punctjmacuJa were collected. Larval collections conducted during this same time period

resulted in an average of 3 larvae per dip. This site also resulted in the collection of

minimal numbers ofAn. albjmanus. Directly opposite the flooded forest on the eastern

side of the road was a I»IDa marsh where larvae ofAn. yestitipennis were collected.

Initial collections conducted during the summer of 1998 resulted in the average collection

of0.7 larvae per dip.
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Two human dwellings were also located along the collection route. Both were

Mayan structures composed ofwood plank walls and thatch roofs. The most southerly

structure housed a family of five individuals (2 adults and 3 children) and was located

approximately 1S feet from the road. A variety ofanimals were located at the house,

including 2 dogs, chickens, turkeys, pigs and on various occasions, cattle. The most

northerly structure housed a family of7 individuals (3 adults and 4 children) and was

located approximately 100 feet from the road. The house also had a variety ofanimals

located on the premises, including 2 dogs, chickens, turkeys and pigs.

Two large cattle pastures were located on the eastern side of the road. Cattle and

horses were rotated between these two pastures at various times throughout the year.

Approximately 4S head ofcattle and 2 horses were present. The remainder of the land

surrounding the collection site was composed ofwet or dry rice fields or flooded forest.

A portable weather station (Davis Instruments, Weather Monitor II) was affixed

to a cattle gate located approximately in the middle of the 1 mile section of road.

Meteorological data, to include temperature, wind speed and direction, relative humidity

and barometric pressure were collected every 15 minutes to coincide with collection

intervals. The data was later downloaded to a computer database (pC compatible

Weatherlink software.)

Car Trap Construction:

The modified vehicle mounted trap was based on the design ofBidlingmayer

(1974) (Figure 3). The frame of the trap \\'as constructed with sections of 1/2 inch PVC

pipe to which a laterally positioned, pYralDid shaped piece ofgreen polyester netting

(Bioquip Products) was attached. This pyramid shaped netting tapered back to a plastic
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funnel encased in a PVC pipe coupler that had an interior diameter measurement of4

inches. The end ofthe funnel terminated in an opening 1 inch in diameter. The mouth of

the trap measured 4 feet wide by 3 feet high. The structure was positioned so that the

mouth ofthe trap was located 6 inches above the roofof the vehicle in line with the

leading edge ofthe front windshield. The trap was secured to the roofby sliding the two

6 inch legs of the trap into a wood base. The base was secured to the hood using bunge

cords. The uppermost top comers were secured with nylon cord to the front of the

vehicle and the anterior end ofthe trap was secured in a similar fashion to the rear of the

vehicle.

The collection cups consisted ofpint sized cardboard ice cream cartons and were

modified to fit the 4 inch PVC coupler (Figure 3). The bottom portion of the cartons

were removed and replaced with two alternating pieces ofdental dam with single 1 inch

slits cut in their center. The center portions of the lids were removed and replaced with

polyester netting to allow for adequate airflow. The outer diameter of the cartons

measured 4-inches and they fit snugly into the PVC coupler. The constant forward

motion of the vehicle created sufficient airflow to keep mosquitoes in the collection cup.
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Collections:

A "sample run" consisted ofcollecting mosquitoes as the vehicle was driven at 10

mph over a I-mile section ofroad. At the beginning ofeach run, a collection cup was

inserted into the rear of the trap. A complete run required approximately 10 minutes.

Although there does not seem to be any evidence that the headlights of the vehicle

influence the collection (Bidlingmayer, 1966), only the flashing hazard lights were used

to minimize the possibility ofthe lights attracting mosquitoes. At the end ofeach run, the

collection cup was removed and replaced with an empty cup. Cup contents were

knocked down using chloroform vapors applied from a soaked cotton ball. Collected

specimens were emptied onto a white plate and examined using a flashlight and forceps.

All anopheline mosquitoes were removed to labeled 5-dram clear styrene vials with snap

tops. Small holes were punched in the lids and the vials were placed in a large screw top

jar, which contained desiccating silica gel. This stopped moisture from condensing in the

container and prevented growth ofmold on specimens. The examination process took

about 5 minutes at the end ofwhich the next run was begun. Collection runs were

conducted every 15 minutes through the night, beginning 1 hour before sunset and

continuing 1 hour after sunrise.

At the conclusion ofa night ofcollection runs, specimens were identified to

species and recorded on a data sheet along with the collection time. The physiological

state ofeach specimen was also recorded (Le. whether there was blood present in the

mosquito abdomen and the corresponding Sella's stage, i.e., stage ofblood digestion

(Detinova 1962). The assessment ofSella's stage was calibrated with observations on

blood fed colony specimens to try and give an accurate time ofblood meal acquisition
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versus the time specimens were captured. Those mosquitoes that contained red blood and

were ofSella's stage 1-3 were considered to have fed recently (within 3-5 hours). If the

blood meal was black in color and Sella's stage 4 or greater then the meal was considered

to have been acquired more than 6 hours prior to time ofcapture. Those mosquitoes

which contained either a partial or full blood meal were separated into individual vials

and the blood meal was detennined using a ELISA assay. A data also sheet was kept

during each collection which allowed for the recording ofother observations such as the

occurrence ofrain, presence or absence ofcattle in the pasture, moon phase or any other

unusual event or weather condition.

Blood Meal ELISA

The anopheline specimens were returned to the laboratory at the Uniformed

Services University of the Health Sciences where they were processed in the blood meal

ELISA. The identification ofeach specimen was reconfirmed by microscopic

examination. The blood engorged abdomens were removed and placed in Eppendorf

vials and labeled with an identifying number which linked it to data on method of

collection, date ofcollection, location ofcollection and species identification. The head

and thorax also were removed from the specimens and placed in separately labeled

Eppendorf vials with a similar identifying number, which linked it to its corresponding

abdomen. The head and thorax were processed in the sporozoite ELISA to identify

possible infection with f. max (210), f. max (247) or f. falciparnm.

To each abdomen was added 50ul ofa blocking buffer solution which contained

the detergent Igrepal. The abdomens were then ground using a plastic pestle which was
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attached to a foot operated Fordem drill. Two 350 ul washes were used to wash any

remaining material offofthe pestle into the corresponding eppendorf vial. This resulted

in a total of 750ul ofground blood meal solution with which to run the blood meal

ELISA. The samples were tested against 8 different animals which required SOul/animal

type. Therefore a total of400ul was required to ron a single sample. The remaining

350ul was kept frozen at -80oe in case the sample required re-testing. A series of five

negative controls were also ground. The negative controls consisted ofground An.

albjmanus which were obtained from a colony which had been established at Walter .

Reed. Five female An. albimanus were collected immediately after emergence to insure

that they had not blood fed. They were processed and stored in the same manner as the

blood engorged samples. Between grindings, the pestle was washed twice with distilled

water and wiped clean using a KemWipe towel. All ground specimens were stored at 

200e for no more than one week before being tested in the ELISA analysis. A series of

positive controls were also used in the analysis. These consisted ofknown sera samples

for each of the animal groups that were being tested in the analysis. The sera was diluted

down to a 1:300,000 dilution in blocking buffer. The sera was stored at -80° C during the

course of testing.

Reagents for the blood meal ELISA were obtained from Kirkegaard & Perry. The

specimens were tested against the following animals: human, rat, mouse, chicken, bovine,

canine, feline, and horse. The blood meal ELISA utilizes a two antibody system which is

run in a 96 well (u-shaped) plate. Four specimens could be run per plate in addition to a

series of five negative and eight positive controls (one for each animal species). The

outer wells of the plate were left empty to reduce the occurrence of evaporation and to cut
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down on background disturbance. A capture antibody (SOul) was first plated down for

each of the animal groups listed above in a plate. After incubating for one hour, the

capture antibody was removed and blocking buffer (200u1) was added to the wells to

eliminate the possibility ofnon specific binding ofantigen to the plate thus resulting in

false positives. After an hour of incubation the blocking butTer was removed and an

aliquot ofSOul ofsample was added to each of the eight test wells. This was allowed to

incubate for two hours before being removed and discarded. All the wells were then

washed three times with a phosphate buffer solution containing the detergent Tween-20.

Upon completion ofthe third wash, the enzyme for the eight previously listed animal

types were added to their corresponding wells and allowed to incubate for one hour after

which time it was aspirated from the plate. The plate was again washed three times with

the PBS solution. The final step required the addition of 10001 ofa substrate solution

which produced a color change when a positive reaction was detected. At room

temperature this test was read after a 30 minute incubation using a plate reader with a

wavelength filter of414.

Those samples whose wavelength value were three times the"standard deviation

ofthe mean of the negatives were determined to be positive. The results of the analysis

were transferred to a data sheet containing the corresponding sample number and all of

the data was then transferred to a relational data base.
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Results

A total of 1199 female anopheline mosquitoes was collected between June and

November of 1998. These were composed of three species; 668 (56%) Anopheles

yestitipeoois, 326 (27%) AD. albimanus and 205 (17%) An. punctimacula. A large

percentage of the anophelines collected contained a blood meal. The following totals

represent the number ofblood engorged specimens collected ofeach anopheline species:

167 (25%) AD. Yestitjpenuis, 103 (31 %) AD. albimanus, and 90 (44%) AD. punctimacula.

An additional 74 male anophelines were also collected. The majority ofwhich (68 or

91%) were AD. punctimacuJa and the remaining 6 (9%) were AD. yestitipeonis. Large

numbers ofother species were also collected with the mobile car trap but due to time

constraints, only a representative sample of the blood engorged specimens were kept for

processing in the blood meal ELISA. These included 7 Aedes seratus, 16~

coronator, IS.ex. educator, 28 ex erraticus, 37 Cx. nilPipalpus, 23 ex. theobaldi, 43

Mansonia titiUans, 26 Psomphora colombia and 5 1!5. fugx.

The average temperature, relative humidity and wind speeds were obtained for

each IS-minute sampling period and graphed to indicate the mean values over all

collection nights. These values are presented in graphical fonn in Figure 4. The average

range ofvalues over the 15 trap nights were as follows: temperature (32.50
- 250 e),

relative humidity (74 - 100%), wind speed (O-IS mph).

A correlation analysis was run on the data to determine the effects of

environmental factors on the collection totals obtained in the car trap (Table 1). The

temperature, relative humidity and periods of rain showed no correlation with the number

ofmosquitoes collected in the trap. There was, however, a negative correlation which



208

occurred between the collection total ofall species with wind velocity: An. yestitipeoois

(-0.133; p<O.Ol), AD. aJbimanus (-0.588; p<O.OI) and An. punctimacula (-0.731; p<0.05).

A reduction in the number ofmosquitoes collected in the trap occurred with wind

velocities greater than 5 mph and there was a complete inhibition of flight at wind speeds

greater than 10 mph.

A nightly comparison ofthe three anopheline species collected in the study are

presented in figures 5-19. An. albjmanus demonstrates a bimodal peak of flight behavior

with an evening peak: occurring at just after sunset (6:00 and 8:00 p.m.) and a smaller

moming peak: occurring just prior to sunrise (4:00 and 5:00 a.m.). The An. pUDctimacula

also showed a bimodal peak with the first peak ofactivity occurring just after sunset

(6:30 and 8:30 p.m.) and the second peak occurring just prior to midnight (11 :00 p.m. to

12:30 a.m.). AD. yestjtjpeon;s showed no distinct peak: ofactivity but exhibited a

constant, low level of flight throughout the night beginning shortly after sunset (6:00

p.m.) and continuing until just prior to sunrise (5:15 a.m.).

Graphical presentation of times that gravid females were collected are presented

in Figure 20. The majority ofgravid females ofAn. yestjtipeoois were collected early in

the evening. A total of 7 (70%) of the gravid females of this species were collected

between 7:00 and 8:00 p.m. The remaining 3 (30%) gravid females were collected

between 8:00 and 9:45 p.m. Only 3 gravid females of AOQl,lbeles albjmaous were

collected and these occurred in the trap during the first activity peak of this species

(between 6:45 and 7:45 p.m.). A total of5 gravid female An. punctirnacula were

collected in the car trap with 4 occurring between 7:15 and 9:00 p.m. and 1 occurring at

midnight.
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The male population ofAD. YestiUpenois collected in this study were too few in

number to give an accurate depiction ofthe male flight activity. The males ofthis

species were also collected in the early evening with a slight peak at approximately 8:00

p.m. (Figure 21). The male AD. punctimacnJib however, were collected in modest

numbers and show a tendency to be active just after sunset (Figure 21). Almost all (67 or

98.5%) male AD. punctimQCula were collected between 6:00 p.m. and 8:00 p.m.

Times of collection for blood engorged females are presented in Figures 22, 23

and 24. All blood meals were detennined to be freshly acquired (2-3 hours old) based on

the color of the blood meal and the Sella's stage of the distended abdomen as compared t~

colony reared specimens ofengorged AD. albjmanus. The majority (93 mosquitoes or

90.4%) ofblood engorged females ofAD. albjmanus were collected during the first peak

of activity. The meals were composed almost exclusively ofcattle blood. The remaining

II (10.6%) were collected between midnight and 5:00 a.m. These also contained cattle

and dog blood.

The blood engorged females ofAD. punctimacula were collected in almost equal

numbers during both nightly peaks ofactivity. Blood engorged AD. yestjtipennjs females

were collected throughout the night. After perfonning the blood meal ELISA on the An.

vestitjpennjs specimens, however, an interesting pattern was observed. The majority (88

or 75.9%) of the non-human containing blood meals were collected prior to midnight.

These were composed primarily ofcattle and dog. A different situation was observed in

regard to the human containing blood meals. A total of43 (82.7%) of the human

containing blood meals were collected after midnight between the hours of 12:00 a.m.
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and 5:00 a.m. There were a small number (9 or 17.3%) ofhuman blood meals collected

between 8:00 p.m. and 12:00 a.m.
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Discussion

The mobile car top trap was operated on 15 different occasions for 13 hours at a

time. This resulted in a total of 195 man-hours ofcollection. This translates into the

collection of6.15 anophelines per man-hour or 1.85 blood engorged anophelines per

man-hour. Although these values appear to be quite low, the unbiased nature of the

collection method makes the data obtained from these samples extremely valuable. In

addition, these values would be considerably higher ifall other blood engorged mosquito

species collected by the trap were included in the study. This collection method also

showed signs ofbeing an effective method for the collection ofswarming male

populations ofAD. punctimacula.

After examining a number of environmental variables, it was determined that

most meteorological factors had no effect on the flight patterns of the anopheline species

collected in this study. Temperature, relative humidity and bouts ofrain showed no

association with collection totals. Wind speed did, however, show an inhibitory effect on

flight behavior with collection totals ofall three anopheline species decreasing as wind

speeds increased. Collection ofall three species decreased with winds greater than 5 mph

and stopped altogether at speeds greater than 10 mph. This finding is consistent with

other researchers (Bidlingmayer 1967, 1974, 1985) who found increasing wind speeds to

be inhibitory to mosquito flight.

The flight patterns for the three anopheline species are strikingly similar to their

biting patterns (Chapter 6). Anngpbeles albimanus exhibited a crepuscular pattern of

behavior with in-flight mosquitoes being collected at both dusk and dawn. The collection

totals for this species were consistently higher at dusk than at dawn, with 30% more AD.
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a1bjmanus being collected after sunset than in the predawn hoW'S. This coincides with

previous studies (Corbet 1965, Bidlingmayer 1967) which suggest that the cooler

moming temperatures may act to inhibit predawn activity. The blood-feeding pattern

indicated that this species shows a stronger tendency to feed in the evening (30% more

blood engorged collected before midnight than after midnight) when they are more likely

to feed on non-human hosts such as cattle and dogs. The lack of large numbers ofblood

engorged females in the moming peak may also be a reflection ofthe cooler

temperatures. Temperatures in the upper 60·s and low 70's may inhibit the host seeking

behavior or feeding response.

.AD. punctjmacula also showed a duel peak ofnight-time flight activity. This

species demonstrated a peak ofactivity just after dusk and then a second at around

midnight. This is also similar to its biting activity which commences shortly after sunset

and then continues at low levels until midnight (Chapter 6). At midnight, this species

appears to terminate its appentitial flight behavior and commences with the search for

suitable resting sites in preparation for the advent ofmoming. There does not appear to

be a specific time during these periods of activity when they are more prone to acquire a

blood meal. Results indicate that blood engorged specimens were collected throughout

their nightly activity. The percentage of specimens that were engorged at each time

interval increased later in the night. This would be expected based on a non-blood fed,

host seeking population occurring in the evening and a blood fed population would

predominate later in the night.

The constant all night biting activity exhibited by An. vestitjpennis was consistent

with this species flight patterns which seemed to be at low levels all night long. There
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were no distinct times in which the flight activity of this species seemed. to be more active

than another. Collection ofAD. yestitipennis began shortly after sunset (6:00 p.m.) and

continued at low levels until just prior to sunrise (5: IS a.m.). The results of the blood

meal analysis show that the majority (75%) ofthe human blood meals were collected in

the latter halfof the night. The majority (82%) ofnon-human blood meals were collected

during the first halfofthe night.

The movement ofmosquitoes to a house appears to take place in a series of

leaping flights from resting sites in the surrounding habitat. At each stage, the mosquito

will adopt a resting posture before continuing on. This process may take minutes or

hours. Upon reaching a house, the mosquito will land on the exterior wall surfaces and

thatch before entering. Once the mosquito enters, it will generally alight on interior

aspects of the house for a period of time before actually acquiring a blood meal from a

human host. This entire process may take considerable amounts oftime to complete. A

host seeking mosquito will generally take the first available blood-meal source which is

presented. to it. Therefore, the source ofa mosquito blood meal is detennined by the

parameters which govern mosquitolhost contact.

The patterns ofhost feeding exhibited. by these three species appears to be a direct

function of their nightly activity patterns. Those species which exhibit host seeking flight

during distinct windows of time, such as An. alhimanYs and AD. puetimacula show a

stronger tendency to feed on non-human hosts. This may be more a function of timing

rather than feeding preference. These mosquitoes most likely leave their outdoor resting

sites in search ofa blood meal and make contact with non-human hosts first (ie cattle and

dogs). This is primarily due to the presence of these types ofhosts outdoors in close
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.
proximity to the mosquitoes' resting sites. During this time when the mosquito begins its

blood meal search, humans have retired to the interior of their homes. As the night

progresses, these early evening feeders terminate their feeding behavior, thus preventing

the progression indoors and the acquisition of a human blood meal.

Due to the very large numbers ofAn. yestitipennis present at the research site and

this species' all night activity pattern, the conditions are favorable for indoor feeding on a

human host. They have sufficient time in which to make their move toward a human

dwelling, enter, take a blood meal and leave in search ofan outdoor resting site. This is

bolstered by the fact that those An. yestitipeoois, which were collected early in the

evening contained mostly non-human blood. These mosquitoes represent that percentage

of the population which have taken flight from their daytime resting habitats in search of

a blood meal and have first made contact with a non human host. As the night

progresses, movement towards and into a house continue, thus resulting in increased

collection ofblood engorged An. vestitipeoois later in the night. Therefore, the

probability ofan unfed, female AD. yestitipennjs entering a house and taking a human

blood meal increase as the search time increases.

All of these assumptions hinge on whether the species in question exhibits an

endophagic behavior. Based on other aspects involved in this study and from information

obtained by other researchers, An. albjmaous and An. punctimacula exhibit an exophagic

behavior. This increases the likelihood that the majority ofblood meals will be of non-

human origin. An. yestitipennis, on the other, exhibits a strong endophagic behavior

which increases the likelihood that this progression ofevents would occurring.
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The potential to utilize the data from this research to implement a more effective

control effort in areas were these anopheline species occur is great. Present efforts in

Belize focus on two strategies for the control ofthe adult population: ULV spraying and

residual house spraying. The use ofULV spraying is often used to control a crepuscular

mosquito species that has a very specific time ofactivity. The flight patterns of these

different anophelines indicate that the use ofULV spraying would only be practical for

An. a1bimanus. This method ofcontrol would only target a small proportion of the

populations ofAn. punetimacula and even more so with An. Yestitipeonis and would

have little impact on the indoor biting population. For control of the later two species, it

is critical to maintain a diligent residual house spray campaign. This is particularly true

for AD. vestitipennis which shows a strong tendency to both rest and feed indoors.

The ability of the mobile car trap to collect unbiased samples of in-flight

mosquitoes makes it a valuable tool in studying the behavior ofa number ofvector

species. The added advantage ofcollecting a large proportion ofsamples which were

blood engorged increases the scope ofstudies in which this trapping method can be used.

The fact that the flight patterns ofall three anopheline species mirrored their respective

biting patterns as detennined by the experimental hut studies shows that a strong

correlation can be made between times ofpeak flight activity and ofbiting behavior.

This trapping method could also be used to model mosquito movement to and from

human habitations. This is ofparticular interest given that there appears to be a time

component involved with the acquisition ofhuman blood meals by An. yestitipeoojs.
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Table 1: Spearman's rho values for the 3 anopheline species collected in the mobile car
trap in relation to temperature, relative humidity, periods ofrain and wind speed.
Collections were conducted from June to November of 1998.

SpearmaQ'. rho yalues

An. albimanus

Temperature (0.662; p>o.05)

Relative Humidity (0.811; p>o.05)

Rain (0.527; p>o.05)

Wind Speed (-0.588; p<O.Ol)

An. punctimacula

(0.437; p>o.05)

(-0.470; p>o.05)

(0.693; p>o.05)

(-0.731; p<O.OS)

An. vestitipennis

(0.793; p>o.OS)

(0.328; p>o.05)

(-0.576; p>O.05)

(-0.133; p<O.OI)
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Figure 1: Map ofthe Toledo District in Southern Belize showing the location of the
vehicle mounted trap site in Rancho Village.
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Figure 2: Illustration of the route driven in the car trap collection. The distance
between tum-around points was approximately 1 mile and took 10 minutes
to drive at 5-10 mph.
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Figure 4: Average meteorological data over the 15 trap nights on which the mobile car trap was conducted. Average temperature,
relative humidity and wind speed are presented at the midpoint of each 15 minute collection interval.
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Chapter 5

Host Feeding Preferences of Anopbeles (Diptera:Culicidae) species
Collected by Manual Aspiration, Mecbanical Aspiradon and from a
Vebicle Mounted Trap in Toledo, Soutbern Belize, Central America
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ABSTRACT

In October of 1997, a study was conducted to determine the feeding preference of

the Anopheles found in southenl Belize, Central America. This was an attempt to better

define the vector potential of these species for the human malaria parasites Plasmodium

~ and I!. falcjparum. To accomplish this goal, a number ofcollection methods were

employed for obtaining blood-engorged populations. These collection methods included

manual aspiration from the interior and exterior surfaces ofhouses, backpack aspiration

ofvegetation and a mobile truck trap for sampling in flight mosquito populations. Blood

engorged specimens were then processed by blood meal ELISA.

A majority ofAD. vestitipennjs collected both indoors and outdoors by manual

aspiration tested positive for a human blood meal (88% and 67%, respectively). Seven

additional specimens ofAD. darlinii collected in this manner also tested positive for

human blood.

Specimens collected with the backpack aspirator showed that AD. yestjtipennis

fed in almost equal numbers on humans and cattle (44% and 43%, respectively) with only

limited numbers feeding on pigs and dogs. A large proportion ofthe AD. albjmanus

specimens(68%) collected in this manner tested positive for cattle blood while the

remaining specimens tested positive for (in order of importance) pigs, humans and dogs.

The car top trap collections resulted in the second largest number ofblood

engorged An. albjmauus and the largest number ofAn. punctirnacula. Specimens ofAn.

vestitjpennjs tested positive for cow blood (108) and human blood (52). The remaining

specimens tested positive for dog and pig blood. Almost all specimens ofAn. albimanus

were positive for cow (98) with only 4 and 1 testing positive for dog and pig,
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respectively. Ano,pbeJes punctimacuJa specimens also tested high for bovine blood (87),

with the rest testing positive for canine (2) and human (1) blood.

After analyzing the data from the AD. yestjtipennis samples using the feeding

index, the ratio ofhuman blood to all other sources showed indices greater than 1 in all

relationships except for the human:cow ratio for specimens collected from the car top

trap. After adjustment for differences in host size, however, this value also showed that

the human host was preferred over cattle. Anopheles albimanus showed a strong

tendency to feed on cattle. In all instances, except for samples collected by backpack.

aspiration there was a preference for feeding on cattle over humans, pigs and dogs.

Ano.pheles PUDctimacula also showed a strong tendency for feeding on cattle over

humans and other domesticated animals. The exception occurred with specimens

collected with the backpack aspirator which showed a preference for feeding on pigs.

The foraging ratio does not allow adjustments for vector and host factors, such as

variations in host body size, but does allow for comparisons ofone host versus all other

species. Foraging ratios for the three Anopheles species were very similar to the feeding

indexes. The samples which came from all three collection methods showed that An.

yestitipepois exhibits a strong preference for human blood. The strength of this

association decreased as the area ofcollection was expanded outward from an area of

human habitation. The foraging ratios for AD. albjmanus consistently demonstrated a

feeding preference for non-human hosts. As with previous studies, An. albimanus

seemed to prefer cattle and pigs to almost all other host species. This feeding pattern is

consistent with An. albjmanus' crepuscular, exophagic feeding behavior. During times

when this species is feeding, most humans are inside their homes eating or preparing for
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.
sleep. Therefore, the only hosts available to be fed upon are non-human in nature. The

same appears to hold true for AD. pUQctirnacula which also showed a preference for cattle

and pigs.
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INTRODUCTION

A key component ofarthropod-borne disease epidemiology is the specific host

range of the vector species in question. More importantly, one must detennine the

proportion of feeds which occur on humans in order to assess capacity ofarthropods to

transmit disease to humans (vectorial capacity). Care must be taken to account for

factors which may alter the true estimate offeeding preference. Examples of these

factors are the sensitivity and SPecificity of the blood meal assay, the host and vector

dynamics and the type ofstatistical treatment applied to the research data.

A variety of laboratory techniques have been used for mosquito host preference

studies. These techniques range from non-serological approaches such as the use of

animal-baited traps (Nelson et a1. 1976, Weitz 1960, Mitchell and Millian 1981) to

serological tests such as the precipitin test (Nuttall 1904, Bull and King 1923, Weitz

1960; Tempelis and Lofy 1963; Tesh et a1. 1971; Eliason 1971; Crans 1969), the

fluorescent antibody technique (FA) (McKinney et at 1972), the passive

hemagglutination inhibition test (PHI) (Boreham 1975, Weitz 1963, Tempelis and

Rodrick 1972), the use ofDNA fingerprinting (Coulson et a1. 1990), DNA dot blot

hybridization (Sato et al 1992) and the enzyme-linked immunosorbent assay (ELISA)

(Burkot et al. 1981, Edrlssian and Hafizi 1982, Chow et al. 1993).

In the past, mosquito blood meal identification relied on the use ofnonspecific

serological techniques such as the modified precipitin test utilized by Tempelis and Lofy

in 1963. The precipitin test employs a known antiserum which is placed in a

microhematocrit tube and then overlaid with the unknown blood meal. The formation of

a precipitate at the interface ofthe two liquids is indicative ofa positive reaction for that
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host species. Mosquito blood meals also have been identified using an agar gel diffusion

known as the Ouchterlony test (Crans 1969), the microplate method (Tesh et al. 1971)

and the gel surface precipitin test (Eliason 1971). Although these tests are cheap and

easily performed, they lack both sensitivity and specificity (Washino and Tempelis

1983). A lack ofsensitivity is a problem when testing samples that contain only a small

quantity ofblood, as in the case ofa small insect like CuljcQides or partial blood meal in

mosquitoes. A lack ofspecificity has been reported by some researchers (Tempelis 1975)

which has resulted in the misidentification ofmultiple blood meals. It was apparent that

a more accurate test that maintained a high level ofboth sensitivity and specificity was

needed to correctly identify the composition of arthropod blood meals.

The use of the enzyme linked immunosorbent assay (ELISA) for the study of

malaria was first postulated by Voller et al. (1974). This indirect ELISA was later

modified by Burkot et al. (1981) for the identification of laboratory-fed Aedes triseriatus.

Other ELISA methods include the direct ELISA and the sandwich ELISA. The direct

ELISA (Edrissian et a1. 1985, Beier et al. 1988) depends on the blood meal antigen

adhering directly to the wells ofa microtiter plate. A primary host-specific labeled

antibody, which has been conjugated to an enzyme is added to the well. The bound

antigen/antibody complex can then be visualized by way ofa color change elicited by an

enzymatic substrate. This procedure is primarily used when the antigens in the sample

are in great abundance and when labeled antibodies are readily available.

If labeled antibodies are not available then the indirect method (Burkot et al.

1981, Burkot and DeFoliart 1982, Burkot et al. 1988, Tesh et al. 1988, Chow et al. 1993)

is more appropriate for blood meal analysis. The indirect ELISA utilizes an unlabeled
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primary antibody which reacts with the blood meal antigen. This product is reacted with

a second labeled antibody which reacts to the primary antibody and, it tum, elicits a color

change in the presence ofan enzyme substrate.

The most widely used technique is the sandwich ELISA (Service et al. 1986,

Chow et ale 1993). The sandwich ELISA is seen as the most sensitive and specific blood

meal analysis (Chow et ale 1993). It successfully identifies small amounts ofantigen

such as that found in a partial blood meal (Kirkegaard and Perry Laboratories 1990). The

sandwich ELISA uses capture antibodies that are plated in a 96-well microtiter plate.

The most widely used antibodies are IgO and IgM due to their ability to remain active for

an extended period of time (Tesh et ale 1988). These antibodies are responsible for

capturing homologous antigen found in the blood sample. This antigen/antibody

complex is then recognized by a second antigen-specific-enzyme-conjugated antibody.

Once again, this enzyme elicits a color change when in the presence ofan enzymatic

substrate.

There are several advantages ofusing a sandwich blood meal ELISA over other

techniques. The main advantage is its high level ofspecificity and sensitivity as

compared to either the direct or indirect ELISA (Chow et aI1993). When tested on blood

meals ofknown origin, the sandwich ELISA was able to identify 100% ofblood meals

taken.:s 32 hours after feeding and 80% ofblood meals taken .:s 42 hours after feeding.

This compares with 1()()O~ ofblood meals being detectable .:s 26 hours after engorgement

and only 50% .:s 40 hours after engorgement using the direct ELISA. Overall, Chow et al.

(1993) found that the sandwich ELISA was able to correctly identify 88% of samples

tested; whereas, the direct ELISA was able to identify only 41% ofsamples tested.
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Foraging Strategy

To understand feeding preference behavior, one must first understand the driving

forces behind that behavior. Organisms must maximize the energy gained from their

food source in relation to the amount ofenergy that is expended in finding and

consuming that food source. The net nutritional gain must be greater than or equal to the

gross caloric intake minus the total daily caloric expenditure (Alcock 1989). Applying

this to mosquitoes, larger animals may be easier to obtain a blood meal from but be less

abundant and require more energy to locate (except in the case ofan animal which

congregates in herds such as cattle). The alternate condition may also hold true in that a

smaller animal may be more difficult to obtain a blood meal from but be more common,

so finding smaller hosts requires a minimal energy expenditure. The difficulty in

acquiring a blood meal from a smaller host may be due to a limited availability ofhost

surface area from which to feed or the animal may be less tolerant ofeven moderate

numbers ofbiting insects (Cully et al. 1991).

In addition to energy constraints, consideration must be given to the time the

organism must spend exposed to predators and other detrimental conditions, such as

inclimate weather. These conditions are often referred to as nutritional constraints.

Alcock (1989) stated that organisms will opt for a less profitable, but safer feeding

behavior, ifunfavorable conditions such as predation and adverse weather exist. Another

nutritional constraint on foraging behavior is the defensive postures that a potential host

exhibits when being fed upon. Large animals such as cattle exhibit less defensive

behavior in the presence ofa moderate mosquito attack (20-30 mosquitoes) than would a

smaller animal such as a mouse or chipmunk (Reeves 1971, Cully et al. 1991). Culex
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tarsalis Coq. will switch its feeding preference from avian hosts to larger mammals, like

cattle, when the mosquito populations are at high density (Reeves 1971). Most birds are

intolerant of large numbers ofattacking mosquitoes and will actively defend themselves

against being fed upon.

There are underlying physiological benefits associated with a particular feeding

preference. The nutritional properties ofvarious types ofhost blood can determine the

protein content of the mosquito egg and thereby affect the overall fecundity ofan

individual mosquito. This was demonstrated by Briegal et al. in 1990 when they fed &.

aea,xpti on either human blood or guinea pig blood. Eggs produced from the human

blood showed a lower level ofprotein acquisition than did the eggs produced from the

guinea pig blood. The level ofprotein in the egg is a determining factor in the size and

health of the developing larva. For this reason, it is beneficial to the survival and success

of a mosquito species to select blood sources that will provide a high level ofnutrition to

its offspring and yet require a low expenditure ofenergy in blood meal acquisition.

Feeding Behavior

A variety of terms have been used to describe mosquito feeding patterns

associated with host selection. These patterns are defined as the relative frequency of

various types ofblood meals in a population ofmosquitoes in a defined location during a

defined period oftime (Boreham and Garrett-Jones 1973). Feeding patterns can be

associated with a number of factors which include feeding preference (Bareham and

Garrett-Jones 1973), host availability (Hess et al. 1968), host density (Edman and

Webber 1975) and host defensive behavior or host irritability (Edman and Kale 1971).
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Host preference is defined as a choice made on the part ofa mosquito population

to select one host species over other species that are equally available (Boreham and

Garrett-lanes 1973). Feeding patterns often fall under two distinct categories. The first

is described as "opportunistic" (Edman et al. 1972). This type ofbehavior is

characterized as nonspecific feeding in which the mosquito feeds on the most available

host at a particular time and place. Opportunistic feeding behaviors often results in

different feeding patterns associated \vith changing availability ofthe host population in

different seasons and location. A second type of feeding behavior was given the tenn

"fixed" (Edman et al. 1972). It is characterized by host selection, which is not influenced

by host availability. A mosquito population that exhibits a fixed pattern of feeding will

feed on one host regardless ofseason and availability ofpossible alternative host.

McCrae et al. in 1976 showed that a forest dwelling anopheline, An'lPheles irnplexus

(Theobald), feeds primarily on cattle. This species left the forest on a hunting flight

pattern in order to obtain a blood meal from cattle. Humans were fed on by this species

but only when the humans traveled into forested areas where resting populations ofAD.

implexus were located. Thus humans were an opportunistic host, which was only fed on

due to the proximity of the host to the mosquito in its natural resting habitat. Given the

natural behavior of the mosquito, however, AD. jrnplexus preferred to feed on cattle.

The importance ofdetermining the host range ofvarious mosquito species was

discussed by Chandler et al. (1976) in a study conducted on mosquitoes from Kenya.

They concluded that species with a narrow range ofhosts are more likely to be vectors of

parasitic diseases such as malaria and those with a wide range ofhosts are more likely to

be involved in arboviral transmission.
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The occurrence ofmultiple feedings within a single gonotrophic cycle was

emphasized by research ofBoreham and Garrett-Jones in 1973. They described multiple

blood feeding as the acquisition oftwo or more blood meals, the last ofwhich had been

taken before the first had been digested beyond the point of identification. Multiple

blood meals have been identified for a number ofmosquito species (Boreham and

Garrett-Jones 1973, Downe 1960, Edman and Down 1964, Rempel et al. 1946, Senior

White 1952, Shemanchuk et al. 1963). Most multiple blood meals have contained only

two components. Senior-White in 1952, however, found that some specimens ofAIL

aqUasaljs collected from Trinidad contained blood from three and four different host

sources.

Within the framework ofmixed blood meals is the concept of a "cryptic" multiple

blood meal. The components of this type ofblood meal are from the same host species

but come from two different individuals (Boreham and Garrett-Jones 1973). Researchers

have attempted to identify multiple human blood feeds by utilizing novel serological

techniques for blood meal analysis. One of these tests utilized the agglutination

technique for typing ofABO blood groups (Boreham and Lenahan 1976). This technique

successfully identified the components ofcryptic blood meals in &. ae~j up to 30

hours after feeding and in An. ste.pbensi for between 24 and 30 hours.

The epidemiological implication ofmultiple blood meals is increased potential for

disease transmission by mosquito populations. If an infectious mosquito is prevented

from acquiring a full blood meal and is forced to complete its feeding on one or several

additional hosts, the potential for transmitting disease to multiple hosts is increased. In

addition to increased host contact, Downe (1965) showed that the length of time taken to
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digest the first component ofa partial blood meal is increased by 2 to 12 hours after the

second component is ingested. This increase allows for additional time for malarial

parasites acquired in the first meal to penetrate the gut and infect the mosquito. Boreham

and Garrett-Jones (1973), on the other hand, postulated that the first meal would be

encased in the second meal creating a barrier through which ookinetes may not be able to

penetrate.

Data Analysis

Various approaches to host preference studies have been discussed in the

literature. Researchers have suggested that there are inherent biases associated with

blood meal identification studies. The main focus ofcontroversy has been on the bias of

host availability at the collection site. This is commonly referred to as a problem ofhost

availability versus host preference. A clear distinction should be made between a true

preference for a given host type and an opportunistic feeding behavior.

Presentation ofblood meal data is particularly problematic. Historically, the data

was crudely presented as percentages. Garrett-Jones (1964) developed the concept of the

Human Blood Index (RBI) which he defined as the proportion of freshly fed anophelines

found to contain human blood. This was problematic due to the inability to obtain a

representative sample for the HBI. He suggested that the best way to obtain an accurate

estimate was by taking the unweighted mean ofsamples collected from human living

quarters and from other mosquito resting habitats. The HBI can also be adjusted by

ranking availability ofhuman and animal hosts, and converting the ranks into a modified

foraging ratio (Loyola et al. 1993).
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The foraging ratio was initially designed to detennine the food preference of

herring (Savage 1931) and stream food gradients as they apply to trout habitat (Hess and

Rainwater 1939). This foraging ratio was later adapted'to the feeding habits ofother

species, including mosquitoes (Hess et al. i 968). The foraging ratio is more specifically

defined as the percent ofblood...fed mosquitoes that fed on a particular vertebrate host

divided by the percent which the particular host represents out ofthe total population of

available hosts in the range of the mosquito. Values greater than 1 indicate a feeding

preference, less than 1 a feeding avoidance, and a value of 1 represents an opportunistic

feeding behavior.

A number ofdifficulties arise when trying to analyze data using the foraging ratio.

These difficulties were reviewed by Edman (1971). He stated that the foraging ratio does

not take into account differences in defensive behavior exhibited by different hosts or any

temporal differences in the availability of the hosts. In addition, the foraging ratio

requires a numerical census ofall animals in the study area, a difficult task to accomplish.

The inability of the foraging ratio to be adjusted for other variables such as

defensive behavior and variations in host body size, led Kay et a1. in 1979 to propose the

Feeding Index (FI). They defined the Feeding Index as the proportion of feeds on one

host with respect to another divided by the expected comparative proportion of feeds on

those 2 hosts based on factors affecting feeding. The expected comparative proportion is

actually the ratio ofpopulation density ofhost one in relation to population density of

host two. The analysis of this type ofdata is similar to the foraging ratio in that values

greater than one are taken to be a feeding preference, values less than one a feeding

avoidance and values equal to one indicate no preference.
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The Feeding Index takes into account the temporal and spatial occurrence of

vector species, defensive behavior, host size and mosquito abundance. It also eliminates

the need for the researchers to obtain a detailed census ofall possible hosts within a study

area. The one drawback, however, with this analysis is that it only compares the feeding

preference associated between two particular species; whereas, the foraging ratio takes

into account the preference for one species in comparison to all other species at the same

time.

Studies conducted on the feeding preference ofAD. albimanus (Garrett-Jones

1964; Breeland 1972; Garrett-Jones et al. 1980; Loyola et al. 1993) all conclude that this

species is zoophagic, with a particular opportunistic feeding behavior favoring

mammalian hosts. Additionally, it appears to prefer feeding on large domestic animals

such as horses, cattle and pigs rather than on humans (Loyola et a1. 1993). Preference for

feeding on cattle and other non-human hosts was also shown by Bangs (1999).

Studies conducted on the feeding preference ofAn.. yestitipennis are few in

number. While species may be composed ofsibling species that exhibit different feeding

patterns and preferences (Arredondo-Jimenez et al. 1995), overall, AD. yestitipennis was

shown to more strongly prefer human hosts than AD. albimanus. Bangs (1999) also

suggested that the foraging ratios show AD. yestitipennis prefer human hosts and AD.

albimanus prefer cattle. The main focus ofthe present research was to define the specific

host feeding preference ofmalaria vectors in southern Belize.
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Material and Methods

In October of 1997, experimental trials were conducted to detennine effective

methods for the collection ofblood-engorged female anophelines. These initial trials

were conducted at two separate sites, Golden Stream (N 1621.820, W 8850.529) and

Rancho (N 1609.954, W 8850.529) (Figure 1). Golden Stream is a village of

approximately 422 individuals and 94 homes. The ethnicity of the village is

predominately Mopan Indian and Kethci. The village is situated inland from the coast,

along the Southern Highway in the Toledo District, Belize. It is located on a clean fast

flowing river which is fed by both natural spring water and mountain rain runoff.

The second site was the village ofRancho. A 1998 census estimated the

population ofRancho to be 824 individuals living in approximately 166 houses with an

ethnic composition ofKetchi, East Indian and Garfuna. The village is located about 4

miles from the GulfofHonduras and is situated on the outskirts of the town ofPunta

Gorda in the Toledo District, Belize. Both sites were among the 5 villages with the

highest number ofmalaria cases in Toledo District for 1997. Results from initial trials

showed Rancho to be more secluded and to provide greater opportunities for conducting

a series ofuninterrupted studies. Consequently, all resources and efforts were then

focused on the village ofRancho.

Attempts were made using a hand-held sweep net to collected resting populations

in vegetation surrounding human habitations. The net loop was a standard 16-inch

diameter ring that was fitted with a heavy canvas collection bag. This type ofmaterial
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was required to ensure that the net would not tear in the heavy underbrush. A collection

sample came from small plots ofvegetation which were 15 paces by 15 paces square

(approximately 30 ft by 30 ft). Two forceful sweeps were conducted per pace for a total

of450 sweeps per plot. Usually, two to three plots were sampled per day.

At the end of30 sweeps, a ball ofcotton soaked with chlorofonn was quickly

placed in the sweep net, and the net was tied off to prevent any mosquitoes from

escaping. While the contents of the first net were being knocked down, a second net was

used to make another pass of30 sweeps, and the above procedure was repeated. At the

end of the second pass, the first net was untied, the contents poured into a white enamel

pan, and the contents were examined for blood-engorged female mosquitoes. Mosquitoes

were removed with forceps and placed into labeled eppendorf vials. Holes were

punctured in the lids of the vials and the vials were placed in a larger container of

desiccating silica gel. At the laboratory, the mosquitoes were identified to species and

placed into separately labeled eppendorf vials, placed on silica gel, and processed for the

blood meal and sporozoite ELISA.

Initial attempts were also made to use resting boxes for collecting blood-engorged

females. Two identical boxes were constructed and placed at sites in both Golden Stream

and Rancho. The box in Golden Stream was placed in an open field adjacent to the river.

The box was destroyed by vandals shortly after construction and was not replaced. The

second box was placed at Rancho along a fence line within 100 feet ofhuman habitation.

These resting boxes (Figure 2) were a modified pyramid style design ofJanousek (per

corom.). The main body ofthe resting box measures 2 ft by 2ft by 2 ft with a pyramid

style roof: The bottom ofthe trap was left open to allow for mosquitoes seeking a resting
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site to enter the box. One side ofthe roofwas hinged and latched to allow for access to

the interior of the box, allowing spider webs, wasp nests and other intruders to be easily

removed. Legs (2 ft high) were attached to the box in order to keep the underside of the

trap exposed and elevated above tall vegetation. A mechanical aspirator was used to

sample from the box in both the morning and the evening. Mosquitoes collected in the

resting boxes were processed in the same manner as described for specimens obtained

through sweep netting.

Another method employed for collecting blood-engorged specimens was the .

inverted refuse container designed by Weathersbee and Meisch (1988). Two darkly

colored, S-gallon rectangular Rubbermaidt!) refuse containers were placed on their side.

Funnels constructed ofwire and black plastic were placed in the openings of the

containers. Both containers were placed at the Rancho Village location. One container

was placed adjacent to the eXPerimental huts while the other was placed against an

existing fence line. The fence line was located about 20 meters from several human

dwellings as well as from three experimental huts. Earlier, numerous blood engorged

specimens had been collected from this area using the backpack aspirator and thus it was

considered to be a suitable location for a resting box.

Indoor and outdoor resting collections were also made at the Rancho location.

These collections consisted of two collectors searching the interior and exterior surfaces

ofa house for two hours immediately after sunset. One collector searched the exterior of

the house (to include the walls, thatch, stools, woodpile, bicycles etc.) while the other

collector searched all aspects ofthe interior ofthe hut (to include walls, thatch, tables,

chairs, grain bags etc.). To eliminate bias, collectors switched positions (indoor/outdoor)
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every 10 minutes. Sampling ofresting mosquitoes would continue in this manner for a

period of2 hours. Blood-engorged mosquitoes were aspirated with a mouth aspirator and

placed in a cardboard carton labeled with the location (IN or OUT), and date of

collection. When collectors switched their position the carton would remain in its

original location. At the end of the collection, cotton balls soaked with chloroform were

placed on top of the cartons in order to kill the mosquitoes. The mosquitoes were

returned to the laboratory where they were identified and placed in labeled eppendorf

vials. They were then placed on silica gel, until they were processed using the blood

meal ELISA.

The most successful collection method was the use ofa backpack aspirator to

sample vegetation and other outdoor resting sites for blood-fed anopheline mosquitoes.

A 12V DC backpack aspirator (BioQuip Products, Inc. 1997) was used to sample a

variety ofoutdoor resting sites. These sites included localities along tree and fence lines,

offofthe walls ofanimal sheds, from under inverted canoes and along fallen logs and

other thick stands ofvegetation. The aspirator was operated for 5 minutes, then the

contents of the collection cup was examined for blood engorged mosquitoes. Ifan

engorged mosquito was found, it would be removed and placed in an eppendorf vial. The

label would contain information about the location, date and area in which the mosquito

was found. Captured specimens were returned to the laboratory where they were

identified and preserved dry on silica gel for later processing.

Site Selection for Car Top Trap
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A series ofcollections was conducted from June to November of 1998 on a I-mile

stretch ofroad near the town ofRancho (Figure 1 and 3). The study site was selected

based on the following attributes: 1) a series ofpreliminary larval collections confirmed it

to be adjacent to breeding sites ofAnopheles yestjtipennis, An. a1bimanus and AD.

pUQctimacu1a, 2) the presence ofboth human habitations and cattle pastures interspersed

along the route and 3) a low volume ofvehicle traffic allowing for uninterrupted

collection runs.

Three separate breeding sites were identified prior to the start of the study. AD.

albjmaous was found to be breeding in a wet rice field at the southern end of the route.

Larval collections conducted in April and May of 1998 resulted in an average of 3S

larvae per dip. In the center of the route were located two separate breeding sites. To the

west of the route was a flooded forest area where An. punctimacuJa were collected.

Larval collections conducted in the flooded forest during this same time period resulted

in an average of3 larvae per dip. This site also yielded minimal numbers ofAD.

albjmanus larvae. Directly opposite the flooded forest on the eastern side of the road was

a I~ha marsh which was populated with AD. yestjtjpennis larvae. Collections made

during the summer of 1998 resulted in the average collection of0.7 larvae per dip.

Two human dwellings were also located along the collection route. Both were

Mayan structures composed ofwood plank walls and thatch roofs. The most southerly

structure housed a family oftive individuals (2 adults and 3 children) and was located

approximately 1S feet from the road. A variety of animals were located at the house

including dogs, chickens, turkeys, pigs and on various occasions, cattle. The most

northerly structure housed a family of4 individuals (2 adults and 2 children) and was
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located approximately 100 feet from the road. The house also had a variety ofanimals

located on the premises including dogs, chickens, turkeys and pigs.

Two large cattle pastures were located on the eastern side ofthe road.

Approximately 45 head ofcattle and 2 horses were rotated between these two pastures at

various times throughout the year. The remainder ofthe land surrounding the collection

site is either agricultural (Le. wet or dry rice fields) or natural (Le. flooded forest.)

A portable weather station (Davis Instruments, Weather Monitor II) was affixed

to a cattle gate located in the middle of the I-mile section ofroad. Meteorological dat~

to include temperature, wind speed and direction, relative humidity and barometric

pressure were collected every 15 minutes to coincide with the collection intervals. The

data were later downloaded to a computer database (pC compatible Weatherlink

software.)

Car Trap Construction

The modified vehicle mounted trap was based on the design ofBidlingmayer

(1974) (Figure 4). The frame of the trap was constructed using sections of 1/2 inch PVC

pipe to which a pyramid shaped piece ofgreen polyester netting with a mesh size of530

mu (Bioquip Products) was attached. This pyramid shaped netting tapered back to a

plastic funnel encased in a PVC pipe coupler that had an interior diameter measurement

of4 inches. The end of the funnel tenninated in an opening 1 inch in diameter. The

mouth of the trap measured 4 feet wide by 3 feet high. The structure was positioned so

that the mouth o·fthe trap was located 6 inches above the roofofthe vehicle in line with

the leading edge of the front windshield. The trap was secured to the roofby sliding the
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two 6 inch legs of the trap into a wooden base. The base was secured to the hood using

bunge cords. The uppennost top comers were secured with nylon cord to the front of the

vehicle and the posterior end ofthe trap was secured ina similar fashion to the rear of the

vehicle.

The collection cups consisted ofpint-sized, cardboard ice cream cartons and were

modified to fit the 4-inch PVC coupler (Figure 4). The bottom portion ofthe cartons

were removed and replaced with two alternating pieces ofdental dam with single 1 inch

slits cut in their center. The center portions ofthe lids were removed and replaced with

polyester netting to allow for adequate airflow. The outer diameter of the cartons

measured 4-inches which allowed for them to be snugly fit into the PVC coupler. The

constant forward motion of the vehicle created sufficient airflow to keep mosquitoes in

the collection cup.

Collections

At the beginning ofeach sampling run, a collection cup was inserted into the rear

of the trap and the vehicle moved at 10 mph down the I-mile section ofroad. This took

approximately 10 minutes. Although there does not seem to be any evidence that the

headlights of the vehicle effect the collection (Bidlingmayer 1966), only the flashing

hazard lights were used during the collection to minimize the possibility of the lights

serving as an attractant for mosquitoes. At the end of each run, the collection cup was

replaced with an empty cup. The contents of the cup were knocked down using

chloroform vapors applied from a soaked cotton ball. Once the contents were down, they

were emptied onto a white plate and examined using a flashlight and forceps. All
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anopheline mosquitoes were removed to labeled, S-dram, clear styrene vials with snap

tops. This examination process took about 5 minutes at the end ofwhich the next ron

was begun. Representative samples ofnon-anopheline mosquitoes also were collected.

Small holes were punched in the lids and the vials were placed in a large screw top jar

containing desiccating silica gel. This stopped moisture from condensing in the container

and prevented the growth ofmold on the specimens. Collection runs were conducted

every 15 minutes throughout the night beginning 1 hour before sunset and continuing 1

hour after sunrise.

At the conclusion ofa nightly collection, the specimens were identified and

recorded on a data sheet along with the time they were collected. The physiological state

of the specimens was also recorded (Le. whether there was blood present in the mosquito

abdomens or whether the mosquito was fully or partially gravid.) A data sheet was also

completed for each collection that noted the occurrence of rain, presence or absence of

cattle in the pasture, moon phase or anything that may have been out of the ordinary.

Blood meal Analysis

All field specimens were returned to the Uniformed Services University ofthe

Health Sciences where they were processed in the blood meal ELISA. The identification

of each specimen was reconfinned by microscopic examination using a key by Wilkerson

and Strickman (1990). Abdomens with blood were removed and placed in eppendorf

vials and labeled with an identifying number which linked it to a data base by method of

collection, date ofcollection, location ofcollection and species identification. The head

and thorax were removed from each specimen and placed in a separate 1.6 ml
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microcentrifuge tubes labeled with the identification number linking it to its

corresponding abdomen. The head and thorax were processed separately in the

sporozoite ELISA to identify possible infection with Plasmodium~ (210), f.~

(247) or E. falcipamm.

To each abdomen was added SOul ofa blocking buffer solution which contained

the detergent Igrepal. The abdomens were then ground using a plastic pestle that was

attached to a foot-operated Fordem drill. Two 350 ul washes were used to wash any

remaining material offthe pestle into the corresponding eppendorf vial. This resulted in

a total of750 ul ofground blood meal solution with which to run the blood meal ELISA.

The samples are tested against S different animals requiring 50 ul ofblood meal solution

for each animal type. Therefore, a total of400 ul was required to run a single sample.

The remaining 350 ul ofsolution was stored at -SO°C in case the sample required

retesting. A series of five negative controls were tested. The negative controls consisted

ofAD. albimanus females obtained from a colony which had been established at Walter

Reed Army Institute ofResearch. Five female AD. albimanus were collected

immediately after emergence to insure that they had not blood fed. They were processed

and stored in the same manner as the blood engorged samples. Between grindings, the

pestle was washed twice with distilled water and wiped clean using a KemWipe towel.

All ground specimens were stored at -20°C for no more than one week before being

tested in the ELISA.

A series ofpositive controls were also used in the analysis. These consisted of

known serum samples for each ofthe animal groups that were being tested in the

analysis. The sera were diluted to 1:30,000 in blocking buffer. The sera were stored at
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-80°C during the course oftesting. All diluted sera were used for a maximum ofone

week before making new dilutions.

Reagents for the blood meal ELISA were obtained from Kirkegaard & Perry. The

specimens were tested against the following animals: human, rat, mouse, chicken, cow,

dog, cat, and horse. The blood meal ELISA utilizes a two-antibody system which is run

in a 96-well (U-shaped) plate. The antibodies were all IgG (H+L) or IgG (y). Four

specimens could be run per plate in addition to a series of five negative and eight positive

controls (one for each animal species). The outer wells of the plate were left empty to

reduce the occurrence ofevaporation and to cut down on background disturbance. A

capture antibody (50 ul) was first plated down for each of the animal groups listed above.

After incubating for one hour, the capture antibody was removed, and blocking buffer

(200 ul) was added to the wells to eliminate non specific binding ofantigen to the plate,

thus preventing false positive readings. After an hour incubation the blocking buffer was

removed and a 50 ul aliquot ofsample was added to each of the eight test wells. This

was incubated for two hours before being removed and discarded. All wells were then

washed three times with a phosphate buffer solution which contained the detergent

Tween-20. After the third wash, the enzyme for the eight previously listed animal types

were added to their corresponding wells and allowed to incubate for one hour and then it

was aspirated from the plate. The plate was again washed three times with PBS solution.

The final step required the addition of 100 ul ofa horseradish peroxidase substrate

solution which produces a color change when a positive reaction occurs. At room

temperature this test is read after a 30-minute incubation using a micro plate reader with a

Labsystems® Multiskan Microplate Reader using a wavelength filter of414.
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Those samples whose wavelength values were greater than three times the

standard deviation ofthe 5 negative values were considered to be positive. The test

results were transferred to a data sheet containing the corresponding sample number and

all data were then transferred to a relational data base.

Data Analysis

A feeding index (PI) was calculated to show preference to feed on one host type

over a second host type. The equation (Kay et al. 1979) for FI was,

FI = Ne!Ne';
Ef/Ef'

where FI =the feeding index,

Ne = Number of feeds on host I,

Ne' = Number of feeds on host II,

Ef = Expected proportion of feeds on host I, and

Ee' =Expected proportion of feeds on host ll.

The expected proportion is actually the number of that host present in the study area.

Feeding Indexes greater than one indicate a preference for host I and FI values less than

one indicate preference for the second host. Values close to 1 indicate no host

preference. This equation was also calculated with an adjustment for variations in host

body size which could account for bias in determining feeding preference. This entailed

multiplying the denominator of the feeding index equation by the proportional difference

in body size ofhost I to host ll.
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The Foraging Ratio (FR) was also perfonned on the data in order to obtain the

proportion ofblood meals occuning for each host type in respect to all possible hosts

available in the study area. This equation for FR (Hess et a1. 1968) was

where FR =Foraging Ratio,

NAE =Number ofengorged female mosquitoes containing blood from host I,

NTE = Total number ofengorged females,

NAP = Number ofhosts of type I in the collection area, and

NTP =Total number ofhosts ofall types in the collection area.

Resulting values are again evaluated in a similar manner as those obtained in the

calculation of the feeding index (i.e., values >1 =feeding preference, values <1 =feeding

avoidance and values equal to 1 no preference).

A human blood index (HBI) was also calculated for the blood meal data. The

calculation oflhis value is accomplished by adding the proportion ofhuman blood meals

obtained from indoors to the proportion ofhuman blood meals obtained from outdoors

and dividing by 2 (Garrett Jones 1964). Due to the small sample size of the

indoor/outdoor collections, an unweighted mean was used in the calculations. The

adjusted HBI was also obtained for the data in order to account for differences in the

population density ofavailable hosts in the study area. This was done by assuming a

hypothetical situation in which the host population was composed of50% human hosts

and 50% animal hosts. The equation for AlIBI (Garrett Jones 1964) becomes

AHBI = HBI / HBI+ ABI,

where ARBI =Adjusted Human Blood Index,



HBI =Human Blood Index (using unweighted means)

ABI = Animal Blood Index (using unweighted means).

The results of this analysis represent the percentage of feedings on humans given the

number ofall hosts being fed on. This adjustment essentially converts the HBI into a

modified foraging ratio (Loyola et ala 1993).

271
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RESULTS

A total of 1,575 blood engorged mosquito specimens were collected from all

methods employed in this study. Ofthese, 1298 were Momteles mosquitoes. In

addition, 277 culicines were collected and tested in this analysis.

Ofthe non-anopheline specimens, 20 were collected in resting boxes, 57 were

collected with the backpack aspirator and the remaining 200 were collected in the car top

trap. All mosquitoes collected in the backpack aspiration and resting boxes were tested.

The number ofblood engorged mosquitoes collected by the car top trap numbered in the

thousands and most were not processed. Since Anopheles were the main focus of this

study, only a small representative sample ofculicines collected in the car top trap were

kept and processed in the blood meal ELISA. The following are totals for the other

mosquito species collected in the study: Aedes serratus (7), Cukx coronator (20), Cx.

educator (19), Cx. erraticus (48), Cx. ni&Jipalpus (41), C,x. theobaldj (23), Mansonia

titiUaos (56), PSQrophora colombia (55) and fI. .fm:2x (8). A total-of 18 of these samples

did not test positive for any of the 8 hosts screened in the blood meal ELISA (Table 1,2

and 3).

Within the anopheline population, 852 (66.6%) specimens were Anopheles

yestitipennjs, 320 (25%) were Anopbeles albjmaous, 91 (7.6%) were Anopheles

punctimacula and the remaining 10 (1.0%) were Anopheles darljnii. All but 9 (0.69%)

tested positive for one of the animals being screened in the blood meal ELISA. Ten

specimens showed signs ofmultiple feeding (Tables 4 and 5). Ofthese, 6 were

human/cow and one each ofhumanlrat, human/dog, cow/rat and cow/dog.
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Indoor/Outdoor Collections:

A total of30, two-hour indoor/outdoor collections were conducted by two

collectors, resulting in a combined 120 man-hours of labor. The indoor collections

resulted in 2.95 blood engorged anopheline mosquitoes per man-hour, and the outdoor

collections resulted in 1.8S blood engorged anopheline mosquitoes per man-hour. A total

of67, two-hour backpack aspiration sessions were conducted for a total of 134 man-

hours. This equates to 4.7 blood engorged anopheline mosquitoes being collected per

man-hour. The car top trap was conducted on 15 different occasions for 13 hours each

time. This resulted in a total of 195 man-hours ofcollection. This resulted in 1.85

mosquitoes per man-hour ofcollection.

The blood meal ELISA results are presented in Table 6 and are separated by

method ofcollection and by species. OfAD. yestjtipeonis collected indoors, ISO (88%)

tested positive for humans, 8 (5.0%) tested positive for canine hosts and the rest were

composed ofcat (5), pig (3), rat (2) and mouse (2) (Table 6). Seven specimens ofAn.

darlinii were collected indoors and all tested positive for human blood.

Ofthe An. yestjtipennjs collected outdoors, 67 (62%) contained human blood, 23

contained canine blood and 9 specimens each tested positive for cow and pig. Only 3 An.

darJinw were collected outdoors. Of these, 2 tested positive for human blood, and 1

tested positive for cow blood.

The use ofa backpack aspirator on vegetation surrounding the houses resulted in

the largest number ofblood-fed An. yestjtjpenojs (407) and An. albimanus (217) being

collected. The AD. yestjtipennis had fed on human (180) and cow (175) in almost equal

numbers. Pig blood was found in 48 of the samples and canine blood in another 4
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samples. The majority ofthe An. albjmanus (148) tested positive for bovine blood. Pig

blood comprised the second largest category with 40 samples testing positive, while

humans and dogs made up the remaining samples with 24 and 5 positive samples,

respectively. All of the samples ofAD. punctimacuJa tested positive for either cow (4) or

pig (3) blood.

The car top trap collections resulted in the second largest number ofblood

engorged AD. albimanus and the largest number ofAD. punctjmacula. Anopheles

yestitipenois samples tested positive for cow blood (108) and human blood (52). The

remaining samples tested positive for dog and pig blood. Almost all specimens ofAD.

albimanUs were positive for cow (98) with only 4 and 1 testing positive for dog and pig,

respectively. Anopheles pUDCtjmjlSula also tested high for bovine blood (87) with the rest

testing positive for canine (2) and human (1) blood.

The number ofeach host type present at the indoor/outdoor and backpack

aspiration collection sites are presented in Table 7. The number ofhosts present were

considered the same because the two sites were close together. The numbers ofhosts

present at the car top trap collection site are also presented in Table 7. The numbers of

animals was larger at this site because the I-mile track encompassed a large sampling

area.

Tables 8, 9 and 10 show the feeding indices for An. vestitipennis, An. albimanus

and AD. pUnctimacuJa for blood engorged specimens separated on the basis ofcollection

method. The first value displayed in each feeding index column is the standard feeding

index which has not been adjusted for any factors associated with host or vector

populations. The second value which is displayed in parentheses is the feeding index
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which has been adjusted for the size difference ratio between humans and the host in

question. For this analysis, cattle were taken to be 5 times the size ofa human, a pig was

taken to be the same size as a human and a dog was taken to be 3 times smaller than a

human.

Table 11 shows the results ofthe foraging ratio analysis. This analysis allows for

the comparison ofpreference for different host species as an entire population. Due to an

inability to detennine the number ofmice and rats at the study sites and the low numbers

fed upon, these hosts were not included in the foraging ratio analysis. There were also no

samples which tested positive for chicken or horse blood and therefore, these animals

were not included in the calculation ofthe foraging ratio.

No AD. albimanus or An. punctimacula were collected from the interior or

exterior aspects ofthe house; and therefore, no foraging ratios could be calculated for

these species from human habitations. In collections where these two species were

obtained, the preferential foraging ratios for An. albimaous were 2.3 for cattle and 2.0 for

pigs from the backpack aspiration and 3.2 for cattle in the car trap collection. The

foraging ratios calculated for this species resulted in a feeding avoidance with respect to

humans and dogs (0.73 and 0.33, respectively) for samples from backpack aspiration, and

resulted in a feeding avoidance with respect to pigs and dogs (0.1 and 0.65, respectively)

for samples from the car trap collection. AnQJ)beles punetimacuJa showed a preference

for both cattle and pigs in the samples obtained by backpack aspiration and a preference

for cattle in samples from the car trap collection. A feeding avoidance was indicated for

human and dog·hosts for this mosquito species.
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The foraging ratios conducted on the blood meal data for Au. yestitipennis

showed a strong feeding preference for human blood from all samples collected (indoor,

7.5; outdoor, 5.3; backpack, 3.76; car top trap, 2.0). This species also showed a

preference for cattle in the car top collection (2.2) and dogs in the outdoor collection

(3.3). Virtually no preference was shown for pigs in either the outdoor collection or the

backpack collection. There also appeared to be no preference for dogs in the indoor

collection and cattle in the backpack collection. A feeding avoidance was shown for pigs

(0.6) and cats (0.6) in the indoor collection, cattle (0.2) in the outdoor collection, dogs

(0.16) in the backpack aspiration and pigs (0.2) and dogs (0.4) in the car trap collection.

The human blood indices (HBI) for AD. yestitipeonis were calculated separately

from the indoor I outdoor collections and for the backpack and car trap collections. The

HBI for the indoor I outdoor collections was calculated as 75%. The HBI for the

backpack and car trap collection was calculated at 37.5%.

Figures 5, 6 and 7 represent the times at which the majority ofblood engorged

specimens for AD. yestitjpennjs, AD. albjmanus and AD. punctjmacula were collected

during the all night car top trapping. The points indicate the midpoint ofeach IS-minute

collection period. As the graphs indicate, the greatest number ofblood engorged An.

vestjtipenojs that tested positive for human blood were collected later in the evening with

a peak in the collection at approximately 2:00 a.m and 3:45-4:15 a.m. The vast majority

of An. vestitipennis testing positive for non human blood were collected in the first half

oCthe time (peak at 6:15 p.m.) This species was also collected for a longer period of time

throughout the evening. The vast majority ofblood engorged AD. albimanus were
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collected in the early evening with a peak at approximately 6:45 p.m. The peak for An.

punctimacula occurred shortly after An. albjmanus, at approximately 7:00 p.m.

The graphs displaying the collection totals over time are shown in conjunction

with the average meteorological data recorded over all 15 trap-nights. These graphs

include the temperature, barometric pressure and relative humidity. Wind speed was not

included due to extreme fluctuations in this variable. Wind was, however, evaluated on a

night by night basis in regard to the overall flight patterns and will not be presented in

this chapter. The trends for temperature and barometric pressure indicate consistent

decreasing and increasing patterns, respectively. The relative humidity shows a gradual

increase until about 1:00 a.m. and quickly reaches a peak at approximately 3:00 a.m., at

which point it levels out and remains at or near the saturation point for the remainder of

the morning hours.

The head and thorax from all blood-engorged specimens were tested singularly in

the sporozoite ELISA and none of the samples tested positive for f.~ (210), f. max

(247) or f. falcipamm.
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Discussion

The use ofthe various collection techniques described in the methods section

resulted in blood engorged samples being collected from only three methods: the

indoor/outdoor resting collection, the backpack aspiration of resting mosquitoes and the

car top trap of in flight mosquitoes. The two types ofresting boxes used in this study

resulted in the collection ofonly minor numbers ofQili:x, PSQrQpbora and Culiseta

species and use ofthis collecting method was discontinued. Use ofsweep nets produced

poor results, e.g., a few blood engorged Qili:x mosquitoes. In addition, it was extremely

difficult to locate mosquitoes in the net and identify damaged specimens. The vegetation,

grass seeds and other organic material were coated with dew resulting in a compacted

bolus after even a short period of sweep netting. This was the primary source of

difficulty and the reason that specimens were damaged. The sweep net method was

abandoned after several days of aggravating failures.

The backpack aspiration ofvegetation around the houses was by far the most

productive method ofcollecting blood engorged Ano.pbeles. In numbers collected per

hour ofeffort, the car top trap was the least effective method. The raw numbers indicate

that this method produced the second largest number ofblood engorged Anopheles

specimens but also required the largest amount ofman-hours. Approximately 1.85

mosquitoes were collected in the car trap per man-hour. The outdoor hand aspiration

collection was less productive than the indoor collection due, primarily, to the larger

number ofoutdoor resting sites (i.e. nearby vegetation) making it more difficult to locate

blood engorged -specimens. In contrast, blood..engorged females rested on some aspect of

the interior of the hut and were more easily located and collected by hand aspiration.
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One would expect that the proportion ofmosquitoes containing human blood

would be greater inside and near houses. This appears to be the case for AD.

yestitipennis. Offemales collected on inner walls, 88% contained human blood,

compared to 62% that were positive for human blood on the outside walls. Moving

slightly further away from the houses, 44% of females collected with the backpack

aspirator from vegetation contained human blood. As the radius ofcollection is extended

out from the houses, the human positivity rate declined but still remained fairly high.

The car top trap is the most unbiased collection method in terms ofdistance from

human habitation as well as sampling in-flight mosquito populations. Again, the

percentage ofmosquitoes feeding on humans dropped to 31% ofthose samples tested

from this collection method. Although the percentage feeding on cattle is much higher

(65%), there still remain a large number ofspecimens feeding on humans.

The evidence of feeding on cattle is more extreme with An. albimanus. A

comparison can not be made for the indoor/outdoor collection because there were no

blood-engorged samples ofthis species collected on the interior or exterior surfaces of

the houses. A comparison can be made, however, from the results oflhe backpack

aspiration. Even though there were almost twice as many .An. yestitipennis collected in

this manner, a fairly large number ofAn. albimanus were also collected. Of these

samples, 11% tested positive for human blood and this was considerably lower than the

44% ofAn. vestitipennis that contained human blood. The results from the car top trap

were more dramatic in that out of a sample of 103 blood-engorged specimens, no An.

albimanus tested positive for human blood. The proportion feeding on cattle, however,

was very high (95%).
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After conducting the feeding index analysis on the AD. yestitipeoois samples, the

ratio ofhuman. blood to all other sources showed indices greater than. 1 in all

relationships except for in the human:cow ratio collected from the car top trap. After

adjustment for the disparity in host size, however, this value also showed that the human

host was preferred over cattle. The feeding index for dogs changed to show a preference

for a canine host over humans after the adjustment. When looking at the broad picture,

however, there appears to be a strong preference for humans over all other host sources

collected from all collection methods.

Anopheles albjmanus showed a strong tendency to feed on cattle. In all instances,

except for backpack aspiration collections, there was a preference for feeding on cattle

over humans, pigs and dogs. This agrees with other researchers (Bangs 1999) who have

found this species to favor cattle and other domesticated animals over humans.

Ano.pheJes punctimacula also showed a strong tendency for feeding on cattle over

humans and other domesticated animals, except in the case of those samples collected

with the backpack aspirator that tested positive for pig blood.

The number ofmultiple feeds identified in this study was quite low. The vast

majority were collected from within 100 meters of the houses in the backpack aspiration

collection. A large proportion were AD. yestitipeoois (6). Ofthe multiple feeds from this

species, all contained human blood as part of the blood meal and 5 of the 6 specimens

contained cattle blood as the second component. The incidence ofmultiple feeding is

probably not indicative ofthe true number ofanophelines in the study area which

required more than one blood meal to complete a single gonotrophic cycle. Previous

studies (Wekesa et a1. 1995, Wekesa et al1994) using a more specific histological assay,
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showed that the true number ofmultiple and cryptic blood meals was actually much

higher than previously reported by other researchers. It was shown that almost 10% of

blood engorged AD. freebomi females from California tested positive for a multiple blood

meal. This is much higher than the 0.8% reported in the present study. Since An.

Yestitjpennjs shows the highest degree ofmultiple feedings, it is possible that a number of

humanlhuman cryptic blood meals were missed. An infected mosquito that feeds on two

or three humans during a single night increases the potential that the mosquito will

transmit the disease. For this reason, it is clear that further studies are required to identify

the multiple feeding behaviors ofthe anopheline species in Belize.

When looking at the foraging ratio which does not allow for the adjustment for

vector and host factors such as variations in host size but does allow for the comparison

ofone host versus all other species, the results were very similar to the feeding indexes.

The samples obtained from the three collection methods showed that An. yestitipennis

exhibits a strong preference for human blood. The strength of this association decreased

as the area ofcollection was expanded outward away from an area ofhuman habitation.

This trend is understandable considering that as the area ofcollection increases, the

number of available non human hosts also increases.

A field collection's degree ofrandomness is an important sampling issue.

Collections conducted on the interior and exterior aspects of the house resulted in freshly

blood...engorged females. These mosquitoes were resting in close proximity to the hosts

on which they fed. The mosquitoes collected in the car top trap, however, contained

blood meals that were several hours old, as well as being a considerable distance from

their host source. The larger sampling area includes a larger number of available hosts as
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well as a larger number ofresting sites. These factors combine to make sampling the in

flight population a more random and unbiased (relative to host distributions) sampling

method for blood-engorged females. The foraging ratio for An. yestitipennis collected

with the car top trap indicated a feeding preference for both humans and cattle. The

strength ofthe association was virtually the same for both human and cattle blood (2.0

and 2.2 respectively). Again, it must be stressed that the foraging ratio makes no

adjustment for the difference in body size between humans and cattle nor does it adjust

for variables like host defensive behavior. This could lead to an unrealistic bias being

shown toward cattle which may not truly exist.

The foraging ratios for An. aJbimanus consistently demonstrated a feeding

preference for non-human hosts. As with previous studies, AD. albjmanus seemed to

prefer cattle and pigs to almost all other host species. The foraging ratios also

demonstrate that there is an avoidance ofhuman hosts. This type of feeding pattern is

consistent with An. albjmanus' crepuscular, exophagic feeding behavior. During times

when this species is feeding, most humans are inside their homes eating or preparing for

sleep. Therefore, the only hosts available to be fed upon are non-human. The same

appears to hold true for AD. pUDctimacula which also showed a preference for cattle and

pigs and an avoidance ofhuman hosts. The association with pigs is weakened by the fact

that the sample size on which the data is based is extremely small.

The foraging ratio for An. darliniU also is consistent with previously published

data which indicate that this species is strongly anthropophagic. Samples taken from the

interior and exterior aspects ofthe houses both indicate a strong feeding preference for
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human blood. This association, however, is also weak due to the small numbers ofAn.

darlinli collected in this study.

The Human Blood Indexes for An. Yestitipeunjs were consistent with the foraging

ratios and the feeding indices. The high HBI of75% for the indoor/outdoor collection

shows a large proportion ofthis species contain human blood. Although the number of

human bosts in the immediate vicinity was quite high, there were a large number of

alternate host sources within flying distance. This indicates that An. yestitjpepnis has a

strong tendency to feed on humans both indoors and outdoors when they are found near

human habitations. A high HBI of37.5% was also calculated for the backpack collection

and the car top collection. This HBI is a little more revealing because high proportions of

AD. yestitipennis populations collected from areas far removed from human habitations

contained human blood. These two collection methods combined should provide an

accurate representation of the natural population and reveal the true feeding behavior of

these Anopheles species.

The data showing the time ofcollection of the blood-engorged specimens from

the car top trap correlate with the times orbiting for these species in human biting

collections. Most blood engorged An. albjmanus were collected early in the evening with

only small number being collected in the early pre-dawn hours. Anopheles punctjmacula

also shows similar patterns. The peak collection time was around 9:00 p.m. while the

peak or the blood engorged collection occurred about one hour later.

Anopheles yestjtipeoojs showed the most interesting pattern ofblood feeding.

Data obtained from the car top collection showed the flight of this species persisted at a

low level throughout the night but the majority ofthe blood engorged mosquitoes showed
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up in the collection at about 3:00 a.m. This time period also coincides with a peak in the

humidity levels. Blood-engorged, female An. yestitipeonis may require suitable

environmental conditions (Le. high relative humidity) before proceeding to an alternate

resting site to finish blood meal digestion.

Human biting data indicate that the biting begins shortly after sunset and

continues at a high level throughout the night. The majority ofAD. yestitipennis

populations collected in the car trap testing positive for human blood were collected after

midnight. It appears that the human feeding AD. yestitipennjs require a considerable

length of time ofrest before flying in search ofa more permanent outdoor resting site.

This was confirmed by the indoor collections where blood engorged An. yestjtipennjs

was the main species found resting on the interior aspects of the house. This endophilic

behavior increases the chances ofthe mosquito picking up a lethal dose of inseCticide

from the sprayed surface of the hut.

In summary, AD. aJbimaous and AD. puuctimacuJa continually demonstrated a

feeding preference for non-human hosts such as cattle and pigs. This zoophagic behavior

along with a propensity for feeding outdoors makes for a weak vector association.

Although AD. albjmanus has been shown to transmit malaria, it appears that the right

environmental conditions (which produce high vector population densities) are required

for transmission to occur.

Ano.pheles Yeslitipennis, on the other hand, showed a definite preference for

humans in all three collection methods. This was further substantiated by the feeding

indices which showed a preference for humans over all other host types compared on an

individual basis. This association was strengthened by factoring in differences in host
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body size. This anthropophagic behavior in conjunction with the fact that this species has

demonstrated a natural infection with Plasmodium~ by the sporozoite ELISA

(Achee et al. 2000) and its behavior ofreadily entering a house to feed further

incriminates this species as an important, ifnot the most important, vector ofmalaria in

Belize.
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Table ): Number ofnon-anopheline mosquitoes collected in a resting box which tested positive, using the blood
meal ELISA, for hosts found at the site ofcollection. Collections were made from October 1997-November 1998 at the
Rancho site in southern Belize. Values in parentheses indicated the percentage ofa species that tested positive for a particular
host.

Human Chicken Cow Pig Dog Undetermined Tota.
Cu.lex coronator 0 0 3 (100%) 0 0 0 3
ex. erraticus 0 2 (33%) 4(61%) 0 0 0 6
ex. nh:ripalpus 0 0 2 (100%) 0 0 0 2
Mansonia titillans 1 (33%) 0 2 (67%) 0 0 0 3
PsoroDhora colombia 0 0 6 (100%) 0 0 0 6

Table 2: Number ofnon-anopheline mosquitoes collected with a backpack aspirator which tested positive. using the blood
meal ELISA, for hosts found at the site ofcollection. Collections were made from October 1991-November 199~ at the
Rancho site in southern Belize. Values in parentheses indicated the percentage ofa species that tested positive for a particular
host.

Cu.lex coronator
ex. educator
ex. erraticus
ex. nil:ripalpus
Mansonia titillans
Psorophora colombia
&. fm!x

Human
o
o
1(7%)
o
4 (40%)
5 (22%)
o

Chicken
1(100%)
I (25%)
2 (14%)
o
o
o
o

Cow
o
2 (50%)
7 (50%)
2 (100%)
6 (60%)
12 (52%)
3 (100%)

Pig
o
1 (25%)
2 (14%)
o
o
1(4%)
o

Dog
o
o
1(7%)
o
o
5 (22%)
o

Undetermined
o
o
1 (7%)
o
o
o
o

Total
1
4
14
2
10
23
3

~
-J



Table 3: A sample ofnon~anophelinemosquitoes collected with a mobile car top trap which tested positive, using the blood
meal ELISA, for hosts found at the site ofcollection. Collections were made from June-November 1998 at the Rancho site in
southern Belize. Values in parentheses indicated the percentage ofa species that tested positive for a particular host.

~serratus

Cukx coronator
ex. educator
ex. erraticus
ex. ui&ripalpus
ex. tbeobaldi
Mansonia titillans
Psoro.pbora colombia
fi. fm!X

Human Cbicken Cow Pig Dog Undetermined Total
2 (30%) 0 5 (70%) 0 0 0 7
o 5 (300/0) 6 (400/0) 3 (20%) 0 2 (100/0) 16
1 (7%) 3 (20%) 5 (33%) 2 (13%) 2 (13%) 2 (13%) 15
o I (4%) 15 (53%) 7 (25%) 0 5 (180/0) 28
o 4 (11%) 17 (46%) 6 (16%) 2 (5%) 8 (22%) 37
1 (4%) 6 (26%) 11 (48%) 3 (13%) 2 (9%) 0 23
10 (23%) 0 31 (72%) 0 2 (5%) 0 43
2 (8%) 0 24(92%) 0 0 0 26
o 0 5 (100%) 0 0 0 5

N
\00
00



Table 4. Numbers ofmultiple blood meals detennined by the ELISA and separated on the basis ofcollection method.
Collections were made from October 1997 to November of 1998 in southern Belize.
Host Composition of
Multiple Feeds Number ofMultiple Feeds From 3 CollectioD Methods·

10 BA
Human/Cow 1 4
HumanlRat 0 1
Human/Dog 1 0
CowlRat 0 1
CowlDog . 0 1
Total Mixed Meals 2 7
• ::; 10 are from Indoor/Outdoor collections; BA are from backpack aspirations; cr are from car top trapping.

Table 5. Number ofmultiple blood meals determined by ELISA and separated on the basis ofspecies.

Multiple feeds by anQpheljne specjes

CT
1
o
o
o
o
T

Human/Cow
Human/Rat
HumanIDog
Cow/Rat
CowlDog
Total Mixed Meals

Anopheles vestitjpennis

5
o
1
o
o
6

AnQph~ albimanus

I
1
o
1
o
3

AnOJ)beles punctimacula

o
o
o
o
I
I

~
\0



Table 6: Number ofAnQPbeles testing positive, using the blood meal ELISA, for hosts found at the site ofcollection.
Mosquitoes have been separated on the basis ofcollection method. Collections were made from October 1997-November
1998 at the Rancho site in southern Belize. Values in parentheses indicated the percentage ofa species that tested positive for
a particular host.

8.man Rat Mo.se Cow Pig Dog Cat Total

Indoor Collection
Anopheles yestjtjpennjs 150(88%) 2(1%) 2 (1%) 0 3(2%) 8(5%) 5(3%) 170
Angpheles darUnai 7 (100%) 0 0 0 0 0 0 7

O.tdoor Collection
Anopheles vestjtipenojs 67 (62%) 0 0 9(8%) 9(8%) 23 (22%) 0 108
Ano.pheles darlin&i 2 (67%) 0 0 1 (33%) 0 0 0 3

Backpack Aspiration
Anopheles yestitjpennjs 180 (44%) 0 0 175 (43%) 48 (12%) 4(1%) 0 407
Anopheles albimanus 24 (11%) 0 0 148 (68%) 40(18%) 5(3%) 0 217
Anopheles punctimacula 0 0 0 4 (57%) 3 (43%) 0 0 7

Car Top Trap
Anopheles Yestjtjpennis 52 (31%) 0 0 108 (65%) 3(2%) 4(2%) 0 167
Anopheles albimanus 0 0 0 98 (95%) 1(1%) 4(4%) 0 103
Anopheles punctjmacula 1 (1%) 0 0 87 (97%) 0 2(2%) 0 90

w
8
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Table 7. Numbers ofanimals observed from within 100 meters ofthe Rancho site in
southern Belize where the indoor/outdoor collections and the backpack aspirations were
conducted from October 1997 to November 1998.
Animal Type

Human

Rat

Mouse

Cow

Dog

Pig

Cat

Chicken

Horse

Number ofHosts Observed from
Indoor/Outdoor and Back Pack
Aspiration Collection Sites

12

NA

NA

40

6

6

2

25

I

Number ofHosts Observed from
Mobile Car Trap Collection Sites

21

NA

NA

40

8

12

5

45

1



Table 9: Feeding Indices for Angpbeles albimanus based on method ofcollection ofblood engorged specimens.
Collections were made from October 1997 to November of 1998 in southern Belize.

Number of Blood Engorged Feeding Index
Collection
Method Human Cow Pig Dog Cow:Human Cow:Pig Cow:Dog
Backpack 24 148 40 5 1.85 .55 4.44
AspiratioD

Car Top 0 98 I 4 ...._.-.... 29 4.9
Trap

Table 10: Feeding Indices for Anopheles punctjmacula based on method ofcollection ofblood engorged specimens.
Collections were made from October 1997 to November of 1998 in southern Belize.

Number of Blood EDgorged FeedlDllDdex
Collection
Metbod Human Cow Pig Dog
Backpack 0 4 3 0
Aspiration

Car Top I 87 0 2
Trap

Cow:Human

45.8

COW:PiI
.40

Cow:Dol

5.44

w
<:>w



Table II: Foraging ratios for anopheline mosquitoes collected from October 1997 to November
1998 in southern Belize using three different collection techniques. Amwbeles have been
separated on the basis ofcollection method.

Human Cow Pig Dog Cat

Indoor Collections
Allopheles vestitipel",;s 7.5 -- 0.6
Allopl.eles darlingi 7.69 0 0

Outdoor Collection
Allopheles veslilipe,,,lis 5.3 0.2 1.3
Anopheles darlingi 5.2 0.8 0

Backpack Aspiration
Allopheles veslilipennis 3.76 1.1 1.3
Allopheles albinrallus 0.73 2.3 2.0
Allophe/es punclimacula -- 1.5 7.2

Car Top Trap
AIlopheJes veslilipennis 2.0 2.2 0.2
Anopheles aJbima"us -- 3.2 0.1
Anopheles punclimacula 0.07 3.2

0.8 0.6
o 0

3.3
o 0

0.16
0.33

0.4
0.65
0.37

w
2
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Chapter 6

A Comparison Study of House Entering and Exiting Bebavior of
Anopbeles vestitipennis (Diptera:Culicidae) Using Experimental Huts
Sprayed with DDT or Deltametbrin in the Southern District of Toledo,

Belize, C. A.
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ABSTRACT

An investigation ofthe house entering and exiting behavior ofAnopheles

vestitipenojs Dyar and Knab was undertaken in the Toledo District ofBelize, Central

America between March and December of 1998. Three untreated experimental huts were

fitted with either exit or entrance interception traps or used as a control for human

landing collections. In the later part of the study (November and December of 1998), one

hut was sprayed with DDT, one with deltamethrin and the third hut was left untreated to

serve as a control. Throughout these collections, meteorological data were collected to

detennine ifbehavior was affected by a number ofenvironmental parameters to include

temperature, relative humidity, wind speed and periods of rain.

Pre-spray human landing collections showed that AD. albjmanus exhibited a

bimodal biting pattern with the evening peak commencing 2 hours after sunset and the

morning peak occurring 1 hour prior to sunrise. The data is strongest from the outdoor

collections due to the very small number ofAn. albjmanus collected indoors. This is

evident from the 0:1 ratio of 1:0.1 calculated for this species. Anopheles punctirnacula

showed a single peak ofactivity with continued low levels ofbiting throughout the

remainder of the night. This species began biting 1-2 hours after sunset and then

continued at very low levels until 1 hour prior to sunrise. This pattern ofactivity was

exhibited in both the indoor and outdoor collections. This species also showed a stronger

exophagic behavior with an 0:1 ratio of 1:0.4.

Pre-spray:. human landing collections showed that An. yestitipenois exhibited a

high level ofbiting activity shortly after sunset and continued biting at high levels

throughout the night. Anopheles vestitipennis also demonstrates a strong endophagic
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behavior with an 0:1 ratio of 1:0.9. Under unsprayed conditions, the use of exit and

entrance interception traps demonstrated that doors, windows and eaves were the primary

mode ofentry; whereas, cracks in the walls served a secondary role. The peak entlance

time for AD. yestjtipennis occurred between 6:45 P.M. and 9:45 P.M. and a peak exit time

occurred between 11:45 P.M. and 4:45 A.M. Additional trials were conducted after

spraying one of the huts with DDT and another with deltamethrin. The excito-repellent

properties ofdeltamethrin did not influence entrance times but did result in a peak of

exiting behavior that was 5 hours earlier than under pre-spray conditions. Deltamethrin

also exhibited a repellency effect, showing 66% fewer AD. YCstjtipennis entering the hut

2 weeks post spray. DDT had an even more powerful repellency effect resulting in a

97% post-spray reduction ofAD. YCstjtjpennis females entering the hut up to 2 weeks

post-spray. The control hut showed only a 37% reduction in human landing collections

as compared to pre-spray conditions. This reduction was most likely due to a natural

decrease in population densities during this time ofyear.

Collections conducted both pre- and post-spray showed that house-entering

behavior by An. yestjtjpennjs was effected by wind speed and rain. A positive

correlation was demonstrated between increased wind speeds and bouts of rain with

collection of increased numbers ofAn. Ycstitipenois in the entrance traps. This is most

likely due to the resting period that was exhibited by the species prior to its feeding.

They rested mainly on the thatch and outer wall surfaces prior to entering and feeding.

Both rain and wind disturbed these resting sites and motivated the females to move

indoors.
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Introduction

The resurgence ofmalaria in tropical regions ofCentral and South America has

created a renewed urgency for infonnation pertaining to Anapbeles vectors (PAHO

1994). This is evident in Belize and many other countries of the Americas where the

prevalence of malaria has increased. This increase is associated with a reduced emphasis

on vector control measures, primarily house spraying with residual insecticides (Roberts

et al. 1997).

A number oftenns, such as behavioral resistance, repellency, irritancy, and

excito-repellency, have been used in the literature to describe the behavior ofvectors in

response to insecticide application. A briefdescription of these tenns is required to

understand their effect on the vector population. The tenn, behavioral resistance, implies

an evolutionary basis in which the insect has evolved the ability to protect itself against

lethal contact with naturally occurring plant toxins (Chareonviriyaphap et a1. 1997), and

has been documented in early studies dealing with anopheline vectors and malaria

transmission (Kennedy 1947, Muirhead-Thomson 1960, Elliott and de Zulueta 1975).

The term repellency is used to describe oriented movements of avoidance made by the

insect in response to a chemical stimulant without having made tarsal contact with the

chemical (Roberts et al. 2000). Irritancy refers to oriented movements by the insect away

from a chemical stimulus only after making tarsal contact with the chemical (Roberts et

al. 2000). Excito-repellency is a chemical stimulus, which induces a series oforiented

avoidance behavior with or without having made tarsal contact with the chemical

(Roberts and Andre 1994).
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A long-standing beliefwas that the only true action ofan effective malaria

campaign was the reduction ofthe vector population. This belief is based on

Macdonald's early mathematical models (1950, 1957) which emphasize the relationship

between decreased vector survival and reduced rates ofmalaria transmission. These

models pointed out that any effect which decreases the probability of a lethal contact with

the insecticide would negatively effect the reduction in malaria transmission. This notion

led to the assumption that behavioral avoidance ofresidual insecticides would, in

essence, protect the vectors and, therefore, prevent overall reductions in the vector

populations (Muirhead-Thomson 1950). This assessment, however, overlooks the

possibility that prevention of indoor biting and resting behaviors might be an effective

approach to reducing malaria transmission. Others have also stressed the relationship

between altered behavioral patterns, due to interaction with insecticides, and the control

of vector-borne disease (Cullen and deZulueta 1975, Hamon et a1. 1970, Elliott 1972,

Gillies 1988). Indeed, present understanding ofdisease transmission indicates that the

disruption ofthe host-vector interaction may be more important than an actual reduction

in mosquito populations.

DDT has demonstrated a long residual life in a number ofstudies. Taylor et a1. in

1981 showed the affects ofDDT lasted up to 2 years post-treatment with An. arabiensis.

Others have also showed the continued effects ofDDT, both contact toxicity and excito

repellency, long after spray (Roberts et a1. 1984, Reid and Wharton 1956, Rozendaal

1990). Others (Sharp et al. 1990) showed surfaces treated with DDT 8 to 12 months prior

exhibited 100% kill.
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Research efforts in Belize have focused on four anopheline species, which have

been incriminated in the transmission ofhuman malaria; including: An. albimanus

Weidemann; AD. darlinKi Root; An. pSeudoPllDctipenois Theobald; and An. yestitipeonis

Dyar and Knab. Both AD. darlin&i and AD. psevdopunctipenois have shown the ability

to transmit malaria in areas ofCentral America (padilla et al. 1992, Roberts et al. 1987)

but Anopheles aJbjmaous is widely believed to be the primary vector in this region

(Ramsey et al. 1994). Although this species readily feeds on humans, recent studies in

Belize have indicated that it exhibits a weak endophagic behavior (Bangs 1999, Roberts

et al., unpub. data). Very little, however, is known ofthe vectorial capacity ofAD.

Yestitipennis.

Although AD. vestitipennjs is found throughout the coastal regions ofMexico,

Central America, regions ofnorthern South America, Cuba, Dominican Republic and

Puerto Rico (Loyola et al. 1991, Mekuria et aI. 1991, Padilla et a1. 1992, Marquetti et al.

1992), until recently, its role as an important vector ofhuman malaria has not been well

established. In fact, Boyd (1949) reported that AD. yestjtjpennjs is of little importance in

the transmission ofmalaria. Loyola et al. (1991), however, observed'this species to be

both endophilic and endophagic, and found native populations ofAD. yestitipennis in

Chiapas, Mexico positive for Plasmodjum max. In a malaria vector survey conducted in

Belize, Kumm and Ram (1941) found malaria sporozoites in the salivary glands ofAn.

yestjtipennis and AD. darlinai, but not in AD. albimanus. More recently, naturalE.

falcipaDlm infections in AD. yestitipennis collected from Belize have been identified by

sporozoite ELISA (Achee et al. 2000). These data indicate that AD. yestitipennis had a

higher minimum field infection rate (0.282%) than either AD. albimanus (0.126%) or AD.
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darlinai (0.271%). Evidence for the role ofAD. yestitjpengis as a vector ofmalaria in

Belize has been mounting from thorough documentation ofhuman-vector contact

(Roberts et ala 1993, Bangs 1999), documentation ofrelatively high natural infection

rates (Achee et al. 2000), and documentation ofmalaria sporozoites in naturally infected

salivary glands (Kumm and Ram 1941). Taken together, these observations incriminate

AD. yestitipengis as one of three important malaria vectors in Belize.

In laboratory studies, AD. albjmanus has proven to be a poor host for the malaria

parasite (Warren et aI1977). In host preference studies this species exlubits a greater

tendency to feed on cattle than on humans (Breeland, 1972). Differences occur within

and between populations ofAD. albimanus and the differences seemed to be linked to

morphologic variants within the species. The susceptibility of three strains ofAD.

albjmanus (white-striped, green and brown) to two phenotypes ofE. yiyax (VK210 and

VK(47) was examined in southern Mexico (Gonzalez-Ceron et a1. 2000). The white

stripe phenotype had a higher susceptibility to !.l1DX parasites than either of the green

or brown phenotypes (Chan et a1. 1994; Gonzalez-Ceron et a1. 2000). The presence of

variants within a population may explain differences seen in behavioral patterns as well

as differences in susceptibility to !.l1DX and !. falciparwn. This may also explain the

differences seen by some researchers who have shown different levels ofsusceptibility to

various insecticides in populations obtained from different regions ofBelize

(Chareonviriyaphap et al 1997). Similar types ofintraspecific variation also has been

demonstrated for the Angpbeles maculipennis complex in Europe and more prominately

in the An. iambiae complex in Africa.
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The main goals of this study were to 1) detennine the house entering and exiting

behavior ofAn. yestitipeuojs under natural conditions, 2) determine environmental

factors associated with increases or decreases in entry/exit behavior and, 3) evaluate the

effects spraying with DDT and deltamethrin had on these behaviors. Low population

densities ofAn. albjmanus and An. punctjmacu1a at the experimental hut site, prevented

detailed documentation of insecticide impacts on house entering and exiting behaviors.

However, data was available for defining the all night biting activity ofboth species.
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Materials and Methods

Study IIrell:

In the early part of 1998, an experimental hut study was undertaken to detennine

the house entering and exiting behavior ofAD. vestitipennis in the Toledo District,

located in southern Belize (Figure 1). The study was conducted in the village ofRancho

(N 160 09.954, W 88 0 50.529) which was composed of 166 houses with a total

population ofapproximately 824 people based on survey statistics from 1998. The village

was located about 4 miles from the GulfofHonduras near the town ofPunta Gorda.

Study site selection was based on the Belize Ministry ofHealth's classification ofRancho

as one ofthe five most malarious areas within the Toledo District. Site selection was also

based on preliminary surveys which detected large numbers ofAn. vestitipennjs larvae

and adults.

The rainy season in the southern portion ofBelize generally begins in late April

and continues through December. The average yearly rainfall in the south is generally

greater than 400Omm. The coolest temperatures occur from November to December with

an average temperature of24°C. May through September are traditionally the warmest

months with temperatures averaging 2rC. The prevailing winds blow off the Gulfof

Honduras from the Southeast during January through August. In September the winds

shift direction and blowout ofthe Northwest until the end ofDecember.

A portable weather atation (Davis Instruments, Weather Monitor IT) was affixed

to the control hut for the purpose ofcollecting measurements ofmeteorological dat~

including temperature, wind speed and direction, relative humidity and barometric

pressure. Measurements were stored in the archive memory of the weather station at 15
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minute intervals to coincide with times mosquitoes were collected. Temperature

readings were also obtained from a maximum/minimum thennometer (Taylor®, Model

5458, Fletcher, North Carolina) in case ofa power failure on the weather station. The

relative humidity at the start and end ofeach night's collection was also measured using a

sling psychometer (Bacharach Inc., Pittsburgh, PAl in order to detennine the accuracy of

the weather station. At the end ofthe collection, the weather station was returned to the

laboratory and the data was downloaded to a computer database (pC compatible

Weatherlink software).

Three identical huts (Figure 2) were constructed for experimental purposes and

for a series of 15-hour collections. Huts were modeled after the basic design ofa Mayan

house that is common in southern Belize. The walls ofthe hut measured 7.8 m long x 4.2

m wide x 2.1 m high and consisted ofplank wood walls, dirt floor and a thatch roof

constructed from cahune palm, Orbipya cohune. The apex of the angled roofmeasured

4.5 m from the floor of the hut. A walkway running lengthwise down the center ofeach

hut was constructed 3 m above the floor to enable examination of the thatch during

collection. Each hut had three windows and a north-facing door. In addition, each hut

was equipped with a small, auxiliary door (0.5 m wide x 1 m high) through which

collectors could enter or exit the huts without removing the traps. This door remained

shut and locked except when collectors were rotated. All three huts were constructed to

accommodate window and door intercept traps. Each hut was identically furnished with

a stool for the collector and a small wooden table for storage ofcollection equipment.
.

The huts were situated in a triangle (Figure 3) with the most northern house (Hut

A) positioned 15 m from the other two structures and Hut B and Hut C positioned 30 m
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from each other. Two additional huts, that housed the collectors and their families and a

small animal shed, were located about 40 m and 50 m, respectively, from the

experimental hut site. Approximately 100 m to the West of the experimental huts was the

Jacinto River. A flooded forest area was located 6 m to the south ofHuts B and C.

Routine larval collections from this habitat resulted in the collection ofmoderate numbers

ofAD. yestitipennis larvae. To the North ofHut A was located a marshy depression

which produced some AD. albirnanus during the rainy season.

Interception Trllps:

With minor modifications, window and door intercept traps were constructed

according to the design ofMuirhead-Thomson (Figure 4). The window traps were 0.6 m

x 0.6 m x 0.6 m boxes and were constructed with lengths of 1.3 cm PVC pipe. The door

traps were constructed in a similar fashion and measured 1.8 m x 0.9 m x 0.9 m. Both

traps types were covered by green polyester insect netting (Bioquip Products Inc.) and

were sewn into place. The front ofthe trap was left open to fonn a five-sided box.

Sleeve material was attached over a hole in the rear of the trap to facilitate the removal of

resting mosquitoes. Initial efforts were made using a funnel in the front of the trap to act

as a one way baffle. After a number of trials, this apparatus was removed as an obstacle

to mosquito passage. Additionally, a 3 m x 0.3 m x 0.3 m eave trap and a 3 m x 1.8 m x

0.8 m wall trap were constructed to aid in determining the mode of entry into the huts.

These traps were constructed in a similar fashion to that used for the window and door

traps.



316

CoUection Method:

Simultaneous collections were conducted using all three huts. During a single

night's collection (4:30 P.M. to 7:30 A.M.), one hut waS affixed with exit traps while

another was affixed with entrance traps. The third hut was maintained as a control hut at

which an indoor/outdoor landing collection was conducted. The type ofcollection

conducted at each hut was rotated on subsequent nights to quantifY variation ofAn.

yestitipeoois behavior and population densities between huts prior to spray. A host

presence was established in each hut prior to the collection by placing collectors in the

huts one hour before the beginning ofthe collection period. Two collectors were placed

in the center of each trap hut to act as bait during the collection.

Human-baited landing collections at the control hut were conducted for 30

minutes each hour. Indoor collectors were positioned in the center of the hut while

outdoor collectors were positioned on the side of the house at least 3 m from any house

opening. Collections consisted ofcollectors aspirating mosquitoes from their exposed"

lower legs for a 30-minute time period. Indoor collectors switched with outdoor

collectors halfway through each 30-minute collection period. All collectors rotated their

positions between huts throughout the night to eliminate the possibility ofcollector bias.

Post-spray collections were conducted with traps being placed in the same position (i.e.

both with exit traps or both with entrance traps.) on the two sprayed huts. Post-spray

human biting collections were conducted at the control hut in the same manner as

described above.

Resting mosquitoes were collected from the interior aspects of the traps using a

mouth aspirator for a period of30 minutes every hour. Collected mosquitoes, from both
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human landing and intercept traps, were placed in cardboard cages and labeled with the

date, time and hut location for each collection period. Each hour represents the 30

minute sampling period, which occurred beginning at the top of that hour. Mosquitoes

were killed with chlorofonn vapor and species were identified the following morning.

Mosquito Idelltijiclltio" IIIId Processi"g:

All AnQpbeJes collected in both the human landing collections and from the

exit/entrance traps were identified to species using standard morphological characteristics

(Wilkerson and Strickman 1990). Pools ofadults (no more than 20/pool) were placed in

eppendorfvials which were labeled with the date, time, species and location ofcollection.

These vials were stored over desiccating silica gel in Rubbermaid screw top containers

until they could be tested using the sporozoite enzyme-linked immunosorbent assay

(ELISA). An Excel data file containing this information was also maintained to coincide

with the vials. Due to the large number ofmosquitoes collected in the hut study, only a

representative sample (10%) of the Anopheles were tested in the sporozoite ELISA.

Circllmsporozoite protei" ELISA:

A modified sandwich sporozoite ELISA (Wirtz et al. 1987; Beach et a1. 1992)

was perfonned on a sub-sample ofthe adult, female AnQpheles collected from this study.

All procedures conducted in the course of this assay were performed at room temperature

(23-26°C). The mosquitoes were dissected, and only the heads and thoraxes were used in

the ELISA assay. A maximum of 10 individual specimens of the same species were

pooled for the assay. All samples were ground in 50 ul ofblocking buffer (BB) and an
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additional volume of 150 ul was added to bring total volume to 200 u1. The blocking

buffer was made by dissolving 0.5% casein in 0.01 M Dulbecco's phosphate-buffer saline

(PBS) and was adjusted to a pH of7.4. An aliquot of0:002% phenol red was added to

the BB solution to serve as an indicator ofa change in pH. The BB also contained 0.5%

Igepal CA-630 (Sigma, S1. Louis, MO). Samples were stored in the -20°C freezer for no

more than 2 weeks prior to testing in the assay.

The sandwich sporozoite ELISA was performed in polyvinyl chloride, V-shaped

96-well microtiter plates (Costar, Cambridge, MA). All outside wells were left empty to

reduce the effects ofevaporation and to cut down on background when reading the final

plate. Separate plates for each Plasmodium species were initially coated for one hour

with SO ul ofcapture monoclonal antibodies of the following Plasmodium species:

Plasmodium falcipwm (2AI0; 4ugl ml PBS), j!. .n:xax 210 (NSV3; 0.5 ugl mt PBS) and

j!. max VK247 (2471012; 2ugl mi PBS). The capture antibodies were aspirated from

the wells and replaced with 250 ul ofBB. The blocking buffer was allowed to incubate

for the period ofone hour at the end ofwhich it was aspirated and replaced with SO ul

aliquots of either the unknown mosquito sample, a negative control or a positive control.

Five negative controls were tested per plate. The negative controls consisted of 10

pooled, laboratory reared An. albjmaous from the Walter Reed Army Institute of

Research which were ground in 50 ul ofBB with an additional 150 ul ofBB added after

grinding (total volume = 200 ul). In addition, five positive controls were tested per plate.

Positive controls consisted of lyophilized recombinant proteins from e. falciparum

10Opg/50ul BB; j!. .n:xax 210 4Opg/50ul BB or synthetic peptide f. vivax VK247
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.
200OpglSOuI DD. The samples and positive/negative controls were covered and allowed

to incubate for 2 hours.

At the end of the 2-hour incubation, the plates were aspirated, and the wells were

washed three times with PBS containing the detergent Tween 20. To each well on their

respective plate was added SO ul ofa homologous monoclonal antibody conjugated to

horseradish peroxidase (Kirkegaard & Perry Laboratory, Gaithersburg, MD) (lug/Ml BB

f. falciparum and f. max 210; 2 uglml DB f. max VK247). The conjugate was

allowed to remain in the plate for 1 hour after which time it was aspirated, and the plate

was washed three times with PBS containing Tween-20. The final step in the analysis

was the addition of 100 ul ofan enzyme substrate solution (2,2'-azino-di (3-ethyl-

benzthiazolinesulfonicacid [ABTS]) in buffered hydrogen peroxide (Kirkegaard & Perry

Laboratory, Gaithersburg, MO). Those samples testing positive elicited a green color

change.

After addition of the peroxidase substrate, absorbency values were read at a

wavelength of414nm at 15,30 and 60 minutes using an ELISA plate reader (Titertek

Multiskan, Flow Laboratories, McLean, VA). Values obtained at the 30-minute time

interval were used in detennining positive samples. Those mosquito triturates whose

absorbency values were equal to or greater than 3 times the standard deviation of the 5

negative controls were detennined to be positive and were re-tested. Samples testing

positive a second time were deemed to be true positives.
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Illsecticide Applictltioll:

On November 27, 1998, after the initial pre-spray trials had been completed,

trained personnel ofthe Belize Malaria Control Program sprayed two ofthe huts with

insecticide following established protocol. The interior walls, lower 1 meter ofthatch

and outside eaves ofHut C were sprayed with DDT wettable-powder (75% wdp) which

had been suspended in clean water to make a 4% (technical grade) formulation. SpraYing

was conducted using a Hudson X-Pert compression sprayer equipped with an 8002E

Teejet nozzle in order to obtain a fan application to all hut surfaces. Hut B was sprayed

in an identical manner as that applied to Hut C except using a 5% deltamethrin wettable

powder. Four ounces ofwettable-powder were suspended in 4 gallons ofclean water.

The application rate is 2 grams per square meter. Both huts were allowed to dry

completely (for no less than 12 hours) before a collection was performed.
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Results

Meteorologictll Conditions:

Data presented in Table 1 summarize the temperatures and rainfall from the

Rancho area from March to December of 1998. Rainfall levels were not available for the

months ofSeptember through December. The total rainfall from January to August was

recorded at 1780.6 mm with a maximum one-day rain total of 131.3 mm which occurred

on 29 June 1998. The wettest months were July and August with rainfall levels of 552.0

and 90.1 mm, respectively. Although there are no official recordings, rainfall levels

remained high until December when they dropped offconsiderably and remained low

throughout the dry season. Overall temperatures during the study ranged from 17.2

35.5°C. The coldest temperatures occurred in the predawn hours in early December. The

wannest temperatures were recorded during the months ofApril, May and June with

daytime highs reaching the mid- to upper 30's.

The meteorological data gathered during the collections is presented in Figures 5,

6 and 7. The highest temperatures (34°C) readings occurred just prior to sunset.

Temperatures showed a gradual decline throughout the course of the night with the

coolest temperatures (23°C) occurring just prior to sunrise. Relative humidity levels

showed a steady increase throughout the night with humidity levels at the beginning ofa

collection averaging 80-81% and increasing to complete saturation (1000/0) by 4:00 A.M.

The widely variable ranges observed are due to frequent periods of rain that would

periodically occur during the collections. No consistent pattern was observed in the

wind speeds. There did seem to be consistently stronger winds just after sunset. As with
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.
the highly variable humidity levels, the wind speeds were greatly influenced by nightly

storms over the study site.

Pre-spr. collections:

A total of26 all-night pre-spray human landing collections were conducted from

February to December 1998 yielded the following anopheline species, in order of

abundance collected: An. yestitjpennis (23,087), An. punctimacula (437), An. albjmauus

(158), An. apicimacula (17), AD. pbaJdoni (10), AD. darJjnii (3) and An. oejyai Howard,

Dyar & Knab (1). Analysis of 5 preliminary all night landing human landing collections

performed at all three huts simultaneously indicated the mean number of anopheline

mosquitoes collected at the three huts were not significantly different (F value = .03; p<.

001).

Anopheles yestitipeonjs showed a constant high level of landinglbiting activity

beginning shortly after sunset and continuing until approximately 1 hour prior to sunrise

(6:00 A.M.) (Figure 8). An examination of the indoor/outdoor biting populations showed

no significant difference between the number ofAD. vestitjpennis collected inside the

huts (11,220) compared to outside the hut (11,867), for an 0:1 ratio of 1:0.9.

The nightly biting activity of the other anophelines found at the study area

conform to what is already found in the literature (Hobbs 1989, Taylor 1966, Rachou et

aI. 1965, Muirhead-Thomson et al. 1952). The majority ofAn. albimauus were collected

in the early part of the year (March and April). Populations of this species collected in

the human landing collections conducted at the experimental huts dropped off

considerably during the months from July to December. Outdoor populations ofAn.
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alhimanus demonstrated a bimodal pattern ofbiting activity (Figure 9). The peak

occurring shortly after sunset (7:45 P.M.) and a smaller secondary peak ofactivity ,

occurring at sunrise (5:45 A.M.). The density ofoutdoor and indoor biting populations

exhibited a marked difference with 910/0 (144) ofthe population being collected outside

and only 9% (14) of the population being collected inside. The 0:1 ratio for An.

albjmanus was 1:0.1.

Both indoor and outdoor biting populations ofAD. pUDctjmacula exhibited a peak

ofbiting activity at sunset (Figure 10). Continued low levels ofbiting activity, however,

persisted throughout the remainder of the night. As demonstrated by An. alhjmaous, An.

punctjmacula also exhibited a greater propensity for biting outdoors with 71% (309) of

the biting population being collected outdoors and only 29% (128) being collected

indoors. These data translate into an 0:1 ratio of 1:0.4. The remaining four species, An.

apjcimacula, AD. aabaldooj, An. darljnm and An. nejvai were all collected in outdoor

collections.

Mode ofEntry:

Studies on mode ofentry into the hut employed the simultaneous use of3

window traps, 1 door trap, 1 wall trap and 1 eave trap. Overall, intercept traps were

effective collecting devices for An. yestitipennis mosquitoes. The traps collected more as

exit traps (3929) than as entrance traps (2807).

The pre-spray trap collections ofAn. vestitjpennis were conducted over 21 trap

nights between August and November of 1998 and consisted of multiple collections each

night. The collection totals were averaged by time period and graphed against the
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midpoint for that time interval. Peak entering occurred between 6:45 P.M. and 9:45 P.M.

(Figure 11). The vast majority of the entering population was collected in the first halfof

the night with 91% of the AD. yestitipeDnis being collected before midnight. Peak exiting

began at approximately 11:45 P.M. and continued until 4:45 A.M. (Figure 12). Exiting

AD. ycstitipennis were primarily collected during the latter halfof the night. Only 31%

ofall exiting AD. yestitipennjs were collected prior to midnight while 69% were collected

between midnight and 6:45 A.M.

Only 3 anophelines collected from all the traps were blood fed (0.1%). Two of

these were An. punctimacu)a and only one was AD. yestitipennis. For this reason, the

gonotrophic status of the mosquitoes collected were classified as unfed. The door and

window openings clearly proved to be the preferred mode of entry with 1,044 anopheline

mosquitoes (35.3%) being collected from the window traps and 1,760 (59.5%) being

collected from the door trap (Figure 13). The eaves and walls appeared to contribute

very little to the overall buildup ofentering anopheline mosquitoes, with 4.4% (130)

entering through the eaves and 0.8% (24) entering through cracks in the wall. These

traps only sampled 1/8 of total wall or eave space in the house (3 m of 24 m ofwall or

eave space). Assuming random movement into the house, the number ofmosquitoes

entering the other areas ofeave or wall should be proportional to that obtained from the

trapped portion. For this reason, collections from the eave and wall were adjusted to

reflect the true size of these entry points. After adjustment, the doors and windows

remained as primary modes ofentry (43.6% and 25.9%, respectively). The eaves also

showed to be a primary mode ofentry after adjustment (25.7%). The walls contributed

very little to the overall indoor population ofanopheline mosquitoes (4.8%).
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An analysis ofthe affects of temperature, relative humidity, wind speed and rain

is presented in Table 2. A positive correlation was demonstrated between increased

entrance trap collections and both wind speed and rain fall (Spearman's rho values

0.617; p<O.O1 and 0.423; p<O.OS, respectively). Temperature and relative humidity seem

to have no effect on entrance trap collection totals. None of the meteorological

parameters recorded had an effect on the exit trap collection totals.

EntrylExit Times (Post-sprq):

All night post-spray collections (5 entrance and 5 exit) were conducted between

November and December of 1998. The pattern ofAD. yestitipeoois biting activity was

similar to pre-spray patterns of activity. Biting began shortly after sunset (6:45 P.M.) and

continued at a high level throughout the remainder of the night in the control hut (Figure

14). The 0: I ratio was calculated to be 1:0.8. Numbers ofAD. yestitipennis collected in

the unsprayed hut, compared to pre-spray collections, showed a 37.4% reduction.

Both the DDT and the deltamethrin sprayed huts exhibited a reduction in

population levels from pre-spray trials. Numbers ofAD. yestitipennis collected in pre

spray traps compared to the numbers trapped post-spray documented a 66% reduction in

the deltamethrin hut and a 97% reduction in the DDT hut. Trap data for the DDT hut

showed that two of the nights with the largest collections occurred with winds ofgreater

than 5 mph and bouts ofheavy rain.

The numbers ofAD. yestitipennis that entered the DDT hut post-spray were very

low and only small peaks ofentrance/exit activity occurred in the early hours after sunset

(5:45 P.M. to 7:45 P.M.) (Figure 11 and Figure 12). The deltamethrin hut, however,
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continued to have substantial numbers ofAn. yestitipenuis enter the house after spraying.

In the deltamethrin-sprayed hut, the peak: entrance time generally followed the same

pattern as that seen in the pre-spray trials. A peak occurred between 6:45 P.M. and 9:45

P.M. (Figure 11, 12 and 15). The exit times, however, demonstrated a dramatic shift to

earlier in the evening. In addition visual examination of the unsprayed portions of the

thatch during the collection indicated that there were no mosquitoes resting on these

surfaces during the course of the night. After spraying, the peak in exit activity occurred

between 8:45 P.M. and 11:45 P.M. Almost all mosquitoes had exited the deltamethrin

sprayed hut by midnight.

An ANCOVA analysis was perfonned on the entrance activity to examine the

affect population density had on trap collection totals (Figure 16). The analysis

compared both pre- and post-spray entrance trap collection totals to the population

density on the same night based on the human-landing collection from the control hut.

As population densities increased, the collection from the entrance traps also increased

for both pre-spray huts and for the post-spray deltamethrin hut. The slope of the DDT

hut regression line was not significantly different from zero (P> 0.05)"and therefore

represented no increase in entrance activity with increased population density.

eire.",sporoz.oite protein!blood meIII ELISA.:

A total of3051 mosquitoes were tested in the sporozoite ELISA: A.D. vestitipennis

(2950), A.D. punctirnacula (50), An. albjmanus (20), A.D. apicimacula (17), A.D. iabaldoni

(10), An. darJin&i (3) and A.D. neiyaj (1). Of these, none tested positive for f . .rivIx: 210,

.e..rivIx: (247) or f. falciparum.
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The three, blood-engorged specimens collected from the entrance traps were of

two species: AD. punctimacula (2) and AD. vestitjpennjs (1). Both of the AD.

PunctimacuJa tested positive for dog blood. The only An. yestitipenuis collected tested

positive for human blood. The specimen ofAD. vestitipeonis was collected at a time of

high wind and most likely was blown into the trap after taking a blood meal.
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Discussion

Experimental hut studies provide critical information on the behavioral activities

ofvector populations in malarious areas. The present study demonstrates the differences

in the biting activities ofthree anopheline species commonly found in the southern

regions ofBelize. Ano.pheles yestitipeonis more frequently entered houses than other

potential vectors. Anapheles albimanus showed a stronger exophagic behavior than

either An. vestjtipennis or AD. punctimacula. Anopheles PUDctimacula. however,

showed a greater tendency towards exophagy than AD. yestitipennis, with only 29% of

the biting females collected indoors.

At the Rancho study site, AD. yestitipennis was collected in the greatest

abundance and therefore provided the most data for analysis. Continuous high levels of

biting activity occurred throughout the night both indoors and outdoors. Activity began

shortly after sunset and continued until just prior to sunrise. This species demonstrated

the strongest endophagic behavior with a calculated 0:1 ratio of 1:0.9, clearly

documenting this species' strong tendency to enter a house and feed.

Data on the mode ofentry into huts show that the door, window and eaves all

contribute to the overall indoor population ofAn. yestitipennis. The door, windows and

eaves present very large portals ofentry. A host seeking mosquito would find little or no

obstacle to house entry when presented with one of these openings. The openings

between wall boards, on the other hand, are very narrow (ranging from 1 to 2 cm wide).

Anopheles yestitipennis were observed to land on the exterior wall surface prior to house

entry. After a short outdoor resting period, the mosquito would again take flight,

bouncing along the wall in either a horizontal or vertical pattern. It would continue this
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movement until it reached either a window, door or eave opening. It is possible that

during this behavior a proportion ofmosquitoes would locate a suitable opening in the

wall and thus account for a small number ofanophelines being collected from the wall

trap.

Entrance trap collections from unsprayed huts showed that the majority ofAn.

yestitipennis entering the house were collected during the first six hours after sunset. Of

those mosquitoes entering the hut, 91% were collected prior to midnight. While peak

entering occurred shortly after sunset, the biting activity continued at a high level

throughout the night. This implied that a large proportion of the host seeking female

population rested within the interior of the hut prior to obtaining a blood meal. Under

identical conditions, exiting of.An. yestjtipepnis females occurred during the last 6 hours

before sunrise. Those An. yestjtjpeoojs. which entered the unsprayed hut, peaked in

their exiting behavior at 3 to 4 hours before sunrise, at which time they returned to the

outdoor environment in search ofsuitable resting sites.

Anopheles yestitipepnis demonstrates a distinct outdoor resting period prior to

feeding. Host seeking females could be observed resting on the exterior aspects of the

house, most notably the walls, thatch and stools. After a short resting period, they would

either bite the outdoor collector or proceed to enter the house. I observed that

disturbances of their outdoor resting posture on the thatch and walls often stimulated a

premature entry of the house. These disturbances often came in the form of gusts ofwind

or downpours ofrain. Strong gusts ofwind had the added affect of forcing some

mosquitoes to enter the house which may not have nonnally done so. This is

demonstrated by the Spearman's values that show a relation between increase entrance
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trap collection and both wind and rain. There does not seem to be a meteorological factor

that influences the exiting ofa house. One factor which needs to be investigated further

is the effect that increasing light intensities have on the"exiting behavior ofAn.

yestitipenois.

A similar indoor resting behavior also was observed for AD. yestitipennis. Once a

bast-seeking female entered the bouse, it would adopt a resting posture on the walls or

furnishing within the house prior to biting. Most resting females were found resting

below 3 meters but occasionally they could be found resting on ceiling posts and wall

surfaces which were slightly higher than 3 meters. The central walkway allowed for

Periodic aspiration ofthe interior aspects ofthe thatch with the backpack aspirator. No

resting Anapbeles mOSQuitoes were ever collected in this manner.

After deltamethrin application, time ofpeak exiting ofAn. vestjtipeMis

populations was shifted to earlier in the night, by approximately 5 hours. Examination of

the thatch during the collection indicated that there were no mosquitoes resting on the

unsprayed portions of the thatched roof.. This shift, in conjunction with very little

deviation from pre-spray entrance behavior, indicated that An. vestjtjpeonjs was

sufficiently irritated or repelled by deltamethrin to leave shortly after entering the hut.

Although this effect was observed, there still remained a 2-hour period between peak

time ofentering and peak time ofexiting in which biting occurred, allowing for the

possibility ofmalaria transmission to also occur. It should be noted that a common

practice during insecticide application is the removal ofpersonal items from inside the

hut prior to spraying the walls, beams and ceiling. When returned to the hut, these items

provide suitable untreated resting sites. Any unsprayed surfaces may decrease the overall
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initancy effect, as well as, allow mosquitoes to avoid contact with the chemical, and

thereby avoid uptake ofa lethal dose of insecticide.

After spraying with DDT, there was a reduction of97% in the total population of

An. vestitipenuis coming to the treated hut. This equates to the collection ofan average

of4.9 mosquitoes per night at the DDT hut. This is compared to a 66% reduction (or an

average nightly collection of55.4 mosquitoes/night) in the deltamethrin hut and the 37%

reduction (or an average nightly collection of465.9 mosquitoes/night) in the control hut.

This illustrates a strong repellency effect due to the DDT, and a lower but, perhaps

important level ofdeltamethrin repellency. A reduction in the number ofmosquitoes

actually coming into the hut indicates a clear reduction in the vectorlhost interaction and

a potential break in the transmission cycle.

Pre- and post-spray variations in AD. yestitipeunis collected from the entrance

traps were not due to natural changes in population density as determined by the

ANCOVA analysis. Both pre-spray huts demonstrated increased trap collections in

association with increasing population densities. This same positive linear trend was also

seen after deltamethrin application. The DDT treated hut, however, showed no increase

in the number ofAD. yestitipennis collected from the entrance traps as the mosquito

population levels increased. This suggests that the number ofAD. yestitipeDnis entering

both untreated and deitamethrin treated huts will increase as mosquito densities increase.

In contrast, An. yestitipennis but will be repelled from entering a DDT treated hut

regardless ofvector population levels.

Roberts et a1. (2000), developed a.probability model which illustrates (Figure 17)

the endophagic behavior of a host seeking Ano.pbeles mosquito. This model operates on
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the premise that an efficient vector will move to a house, enter and bite the inhabitants

indoors. There is a probability associated with each ofthese actions. These are

conditional probabilities because each action requires that the previous action has already

taken place. When dealing with a sprayed house, an additional probability of leaving the

house and surviving is added. By altering an initial step in the process, such as house

entering, you greatly reduce the probability for malaria transmission potential. The

results ofthis study and others (Roberts et aI. 1984) show that the non-contact repellent

actions ofDDT alter the transmission cycle by breaking the host/vector interaction at a

critical step, house entering. In the case ofdeltarnethrin, even though the vector may pick

up a lethal dose ofchemical while in the house, the mosquito still has the opportunity of

biting and transmitting malaria. There is also the chance that the mosquito will not pick

up a lethal dose or land on untreated surfaces such as furnishings and personal

belongings.

In conclusion, An. yestitipeoois in southern Belize exhibited a strong endophagic

behavior. This species readily fed indoors and is a persistent biter throughout the night.

The deltarnethrin hut showed a definite irritancy effect. Although the chemical did not

alter the pattern ofhouse entering activity, it did alter the time ofexiting. DDT on the

other hand proved to have a very powerful repellency effect. Under nonnal reduced

population levels (37.4% in control hut), deltamethrin only exhibited a 66% reduction

while DDT showed a reduction of97%. This effect goes contrary to earlier observations

made by Roberts et at (1993) that An. vestitipeoois was undeterred by DDT residues.

These early observations were based on 45 minute indoor/outdoor human landing

collections conducted in houses that where last sprayed with DDT months prior to the
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.
actual collection activity. The present study sampled anopheline populations throughout

the night and was conducted for 2 weeks after the initial spray. Differences in the house

entering behavior ofAD. vestitipennis documented by these two studies is clearly

associated with the duration ofthe residual effect ofDDT. Due to the short time frame of

the post spray observations in the present study, it is clear that additional studies are

required to examine the residual effects ofboth DDT and deltamethrin in order to

determine their long-tenn effectiveness.

The repellency effect documented in the DDT-sprayed house essentially excluded

human-vector contact within that house. Reduced levels ofmosquitoes entering and

biting will strongly reduce the potential for malaria transmission. While the irritancy

effect ofdeltamethrin reduced the potential window ofopportunity for transmission, it

did not preclude transmission from occurring within the house during those few hours in

which AD. yestitjpepnis females were in contact with humans.
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Table 1: Summary ofthe monthly meteorological data collected from March 1998 to
December 1998 at the Rancho site, Toledo District, southern Belize.
Month Mean Temperature (SO) Precipitation Precipitation

Max Min Range mm(SD) Maxmm
March 31.1 (2.3) 23.3 (3.0) 32-21.6 116.3 (13.1) 48.1

April 34 (1.8) 24.4 (2.4) 35.5-23.3 56.1 (10.1) 26.7

May 33.8 (2.2) 25 (3.6) 35-22.7 100.9 (20.4) 49.9

June 33.3 (3.6) 23.3 (2.7) 35.5-21.6 320.8 (31.5) 131.3

July 32.7 (2.5) 23.8 (1.3) 34-23.3 552 (16.8) 60.5

August 31.1 (3.1) 22.2 (4.2) 32.7-20 390.1 (24.7) 97.6

September 30 (3.9) 21 (4.1) 33.3-18.8 NA NA

October 28.8 (4.6) 20 (3.3) 32.7-18.3 NA NA

November 27.7 (4.2) 18.8 (2.5) 32-17.7 NA NA

December 26.6 (5.1) 17.7 (1.2) 31-17.2 NA NA
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Table 2: Spearman's rho values showing the relationship between entrance and exit
intercept trap collections and meteorological conditions during all night collections at the
Rancho site.

Spearmap', rho yalues

EDtraDee Exit

Rain (0.423;p<0.OS) (0.281 ;p>o.05)

WiDdSpeed (0.617;p<0.01) (0.430;p>O.05)

Relative (O.023;p>O.OS) (0.221;p>o.OS)
Humidity

Temperature (0.241;p>o.OS) (0.S22;p>O.01)
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Figure 1. Map of the Taiedo District in Southem Belize. The IOClIion of the experimental hut site is indicated by
the star.
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Figure 2. Basic design ofthe experimental hut study used in the study conducted at
Rmcho Village, Toledo District, sontbem Belize showing the placem.cm ofthe
one door aDd tbr= wiDdaws fitted with exit iD.taccpt traps..
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Figure 5: Average temperature readings over 36 collection nights during which collections
were made at the experimental huts from March to December of 1998. Range bars
indicate the maximum and minimum temperatures recorded at that time during any
collection.
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Figure 6: Average wind speeds recorded over 36 collection nights during which collections
were made at the experimental huts from March to December of 1998.
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Patterns of indoor host-seeking behaviors of Angpheles mosquitoes, illustrating primary schemes of endophagic
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Chapter 7

Comparative susceptibility of three species of Anopheles from Belize,
Central America to Plasmodium falciparum (NF-54)



359

Abstract

In August of2000, a comparative susceptibility study was conducted using 3

species ofAnopheles mosquitoes from Belize, Central America and a control species

obtained from a colony reared population ofAn. stephensi. Populations of these

mosquitoes were fed infected blood containing a cultured Plasmodium falciparum from a

membrane feeder. The main goals of this study were to 1) confirm the ability ofAn.

vestitipennis to become infected by f.. falciparium, 2) compare the rates of infection

maintained in three vector species from the country ofBelize and 3) chart the rate of

oocyst development between the three species.

Results indicate that the control population ofAn. stephensi exhibited the highest

level of infectivity with 73.8% ofthose mosquitoes dissected exhibiting sporozoites in

the salivary glands. Those An. stephensi testing positive also showed heavier sporozoite

loads with 74.0% ofsalivary gland infected mosquitoes having greater than 200

sporozoites. Anopheles darlingi showed the next highest infectivity rate with a 41.0%

salivary gland infection rate. Again, this species exhibited high numbers ofsporozoites

in the salivary glands (>200). Anopheles vestitipennis had a low salivary gland infection

rate of9.3% and moderate numbers of sporozoites (i.e. 85.7% containing 50-250

sporozoites). Anopheles albimanus was the least susceptible to infection. No specimens

ofAn. albimanus from the Golden Stream population developed sporozoites in the

salivary glands yet 20.7%) of those dissected had positive midgut infections. The Buena

Vista population showed similar results with only a 2.2% salivary gland infection rate,

but a 21.5% midgut infection rate.
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The oocyst growth curves in all four mosquito populations show similar patterns

ofdevelopment until day 10 post infectious blood meal. After day 10, the oocysts in An.

stephensi show a 20% greater increase in size over its development during the first 10

days. Development peaked at day 12 with a mean oocyst diameter of58 microns, as well

as, first observation ofoocyst differentiation. Anopheles vestitipennis showed slower

oocyst development until day 10. After day 10, there was a 53% increase in oocyst

development over the previous 10 days. Oocyst differentiation was not observed until

day 13 post feed. Both populations ofAn. albimanus showed similar slow rates ofoocyst

development as that seen in An. vestitipennis, however, no dramatic growth increase

occurred after day 10. The oocysts in the Golden Stream An. albimanus population

exhibited a cessation ofgrowth after day 10, peaking at a mean of 30 microns. The

Buena Vista population did not exhibit the same level ofreduced oocyst development. A

gradual increase in growth continued until days 13 and14 (36.7 and 35.7 microns

respectively).

As in other parts of its range, An. darlingi shows a high level of susceptibility to

Plasmodium falciparum. Susceptibility to infection plus its endophilic and endophagic

behaviors incriminate this species as an extremely important vector off. falciparum in

southern Belize. Although the rate of infection for An. vestitipennis is low, its strong

endophagic and anthropophagic behaviors augment its overall vector potential. This

species clearly demonstrates characteristics ofan important vector ofmalaria in Belize.

The opposite appears to be true ofAn. albimanus. A low infection rate and both

exophagjc/zoophagjc behaviors reveal this species to be a poor vector ofP. falciparum.

From the oocyst growth curve, it appears that some factor acts on the oocyst and prevents
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completion ofdevelopment. In order to obtain a true picture of the transmission potential

of these species, further studies with local strains of the Plasmodium parasite are needed.

It would also be valuable to conduct similar studies using the other Anopheles species

found in Belize (i.e. An. pseudopunctipennis, An. crucians, An. punctimacula etc.) and

both f. vivax 210 and f. vivax 247.
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Introduction

The resurgence ofmalaria in tropical regions ofCentral and South America has

created a renewed urgency for information pertaining to Anopheles vectors (PAHO,

1994). A control program should be based detailed knowledge of the transmission

dYnamics occurring in the field (Collins and Paskewitz, 1995). An integral part of the

transmission dynamics is the bionomics ofthe vector species. Although behavioral and

physiological characteristics ofa species can incriminate it as a competent vector, only by

coupling this information with finding sporozoites in the salivary glands can a strong

argument be made for vector status. Four species have been incriminated in the

transmission ofmalaria in Belize: Anopheles albimanus Weidemann, An.

pseudopunctipennis Theobald, An. darlingi Root and An. vestitipennis Dyer and Knab.

The aim ofthis research project was to conduct a comparative susceptibility study on

three potentially important vector species in Belize; An. albimanus, An. darlingi and An.

vestitipennis. In performing this study, the following goals will be achieved: 1) confirm

the ability ofAn. vestitipennis to become infected by P. falciparium, 2) compare the rates

of infection maintained in the three vector species and 3) chart the rate ofoocyst

development in populations ofAn. vestitipennis, An. albimanus from Belize, and a

colony strain of An. stephensi.

It is still unclear why only a limited number ofAnopheles species are able to

efficiently transmit malaria parasites. Differences in susceptibility ofAnopheles to

human Plasmodium, however, have been documented for all taxonomic levels of

Anopheles mosquitoes (Warren et a1. 1977). Even within a single species, there may be

large differences in susceptibility between mosquito strains, as well as, variations in
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susceptibility over time (Rutledge et aI. 1969, Collins et aI. 1986). The high level of

behavioral variability associated with these mosquito species adds to the importance of

determining local and individual vector potentials so that effective control measures can

be developed.

Under ideal conditions, it would be desirable to conduct infection studies using

direct feeds on malaria infected patients. Such studies more accurately reflect the true

infection potential obtained under natural conditions (Galun 1975). This method of

infection is, however, not well received by the study participants and is increasingly

difficult to get approved by human use committees (Novak 1995). A membrane feeding

system is easier to use and more acceptable to all individuals involved in the study. A

major concern, however, ofconducting comparative susceptibility studies using a

membrane feeding system is the validity of the data as compared to studies conducted

using direct patient feeds (Bonnet et al 2000). Reliable comparisons are required to

accurately understand the epidemiological differences in malaria transmission. Bonnet et

al (2000) compared direct patient feeds to membrane feeds to determine their

effectiveness in infecting mosquitoes. They found that direct feeds showed significantly

higher infection rates in mosquitoes than did membrane feeding. They did report,

however, that the sensitivity of the two techniques was the same. Because proportions of

infected mosquitoes between the species are the same for both membrane and direct feed,

accurate comparisons can be made without having a concordance between level of

infection in the laboratory and from patient fed mosquitoes.

Membrane feeding sys'(ems have been extensively used with blood sucking

arthropods to conduct transmission studies ofbacterial, viral and protozoal agents. This
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feeding method reduces the need for having an animal model and allows one the ability

to easily manipulate the dosage of the infectious agent (Novak et at 1991). Not all

mosquitoes, however, will membrane feed. Conditions'must closely mimic the

conditions ofa natural system such as temperature and viscosity of the blood meal (Galun

1967). The type ofmembrane will also influence success of a feeding experiment. A

large variety ofdifferent membranes were tested by Tarshis (1958). He found that

animal derived versus synthetic membranes exhibit the greatest success. Novak: et a1.

(1991) showed that animal derived membranes were more successful than latex condoms.

Some success was achieved with Parafilm in feeding An. stephensi (Rutledge et al

1964). This success is increased if the Parafilm is placed in contact with exposed human

skin for 30 minutes or more prior to feeding (Dowler pers comm 2000).

One membrane that has shown a great deal ofsuccess is the Baudruche

membrane. This membrane is made from ox intestine and has demonstrated a high

degree ofpenneability to aqueous substances. The success of animal derived membranes

has been attributed to their permeability to water and water soluble materials (Rutledge et

al 1964). It is believed that some compound in the blood is able to defuse across the

membrane, activate chemoreceptors and stimulate the mosquitoes to begin probing.

Other researchers have demonstrated increases in mosquito probing and feeding due to

the simple process ofwetting the membrane with tap water prior to using (Awono-

Ambene and Robert 1998). Again, this is seen as a means of increasing the diffusion of

some volatile chemical across the surface of the membrane. The Baudruche membrane

has become a routine and effective medium for achieving successful mosquito feeds

(Awono-Ambene and Robert 1998).
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Not only does the type ofmembrane effect the success ofexperimental feeds but a

number ofchemical and physical factors also affect the successful engorgement of

mosquitoes on a membrane feeder (Galun 1975). The effectiveness ofthe feeding

response was shown to increase in the presence ofadenine nucleotides. Galun (1975)

demonstrated that adenosine triphosphate (ATP) induced a higher feeding response than

did either adenosine diphosphate (ADP) or adenosine monophospate (AMP). Based on

this infonnation, many researchers have incorporated ATP into the blood meal to serve as

a phagostimulant (Galun and Rice 1971; Cosgrove and Wood 1995). The membrane

feeding response also is influenced by temperature. Cosgrove and Wood (1995) showed

a correlation between increased probing and increased temperatures. This feeding

response was seen to be associated with a temperature differential between the membrane

and the surrounding air temperature rather than the absolute temperature of the

membrane. Price et a1. in 1979 suggested that there are factors other than C02, water and

temperature involved in mosquito attraction. One suggestion is that other volatile

chemicals that have been isolated from human skin could increase the effectiveness of the

membrane feeding system (Schreck et al 1990).

Another factor influencing the success or failure ofmembrane feeding

experiments is the infectivity ofblood used in the system. For many years, researchers

relied on the use ofvenous blood obtained from infected patients (Graves 1980). With

the advent ofcultured Plasmodium parasites, however, it has become easier to conduct

susceptibility studies. One such cultured parasite is the Amsterdam airport strain ofNF

54. This parasite was first cultured by Ponnudurai et al. in 1982. Since that time it has
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been used extensively in a number ofvaccine trials and susceptibility studies (Jensen and

Trager 1978, Campbell 1984, Trager 1990).

Another parameter that can influence the success ofa membrane feeding

experiment is the effect ofcrowding. Edman et al. (1975) reported that blood feeding

was prematurely interrupted when too many Culex nigripalpus were kept in the feeding

chamber. This same result was observed by Samish et al. (1995) with crowded

conditions involving An. stephensi. Interrupted feeding also was shown to occur in

mosquito populations that were presented with restrained animals or animals that had an

extremely aggressive defensive posture (Klowden and Lea 1979, Waage and Nondo

1982). It is believed that this crowding effect occurs due to host seeking females

disturbing actively feeding females. The disturbed female will terminate the feeding

session prematurely and not return to the feeder for a considerable length of time. From

observations made at Walter Reed Army Institute ofResearch, where routine feeds are

conducted, this crowding affect will occur when a gallon carton contains more than 300

mosquitoes (Dowler pers comm. 2000).

Once a successful feeding system is established, one must turn to the development

of the parasite. The sporogonic development of the human malaria parasite can only

occur in the midgut of the Anopheles mosquito (pathak 1993). This process entails the

presence ofboth male and female gametocytes in the infective blood meal. The zygotes

fonned by the union of the gametes in the midgut ofthe mosquito, quickly develop into a

motile ookinete. The ookinetes travel to the lining of the midgut where they penetrate the

gut and develop into haploid oocysts. The oocyst will continue to grow and develop into

a mature, sporozoite filled oocyst. Depending on temperature and other environmental
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factors, this oocyst will rupture, releasing sporozoites into the hemolymph. The

sporozoites will migrate to the salivary glands of the mosquito where they will penetrate

the glandular tissue, thus rendering the mosquito infective. Under ideal conditions this

process generally takes about 14-16 days, provided the mosquito is susceptible to the

parasite.

A refractory mosquito species is one in which this cycle will not be completed

(Rosenberg 1985). Some physiological mechanism prevents maturation of the parasite

in refractory species. A number ofcell free or humoral mechanisms are utilized by the

insect in an attempt to defend themselves against bacterial, viral and protozoal agents.

Many of these mechanisms, however, are circumvented by the parasite through

biochemical pathways (pathak 1993). The ability to successfully control and impede

these parasitic invasions through physiologic mechanisms operates at the population level

and thus creates differences in susceptibility between species (Pathak 1993).

A number of factors are involved in the interaction of the malaria parasite and the

vector mosquito. Barriers to the parasite can be host related, vector related or even

parasite related (ponnudurai et al 1982). These factors can involve host complement in

the blood meal, digestive enzymes in the gut of the mosquito, soluble factors associated

with the erythrocyte, the speed ofperitrophic membrane formation, factors associated

with midgut epithelial cells, or any combination of the above factors (ponnudurai et al.

1988). Recent research has focus on the function of recognition receptors associated with

the peritrophic membrane. Studies have shown that there are lectin-binding sugars

associated with -the peritrophic membrane which may be used by the parasite to recognize

and invade mosquito tissues by the malaria parasite (ponnudurai et al 1988).
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Human host factors also influence the process ofmosquito infection. Some

component of the vertebrate immune system such as anti-gametocyte antibodies or

cytokines are responsible for inhibited infection rates in" the vector population (Lensen

1996). These components ofthe blood meal bind to the parasite in the mosquito midgut

and inhibit parasite development.

All ofthese factors work to create barriers that thwart parasite invasion ofvector

tissues (Rosenberg 1985). These barriers have been coined for the tissue beyond which

the parasite is unable to proceed. Two such barriers occur in the gut and two occur in the

salivary glands. The,gut barriers can either be infection barriers or escape barriers. The

gut infection barrier implies that the parasite can not penetrate the gut lining and begin

oocyst development. In this instance, microscopic examination of the midgut would

result in an absence ofoocysts. The gut escape barrier would indicate that the ookinete

would be able to penetrate the gut and begin oocyst formation, however, some

biochemical or physiological mechanism would prevent maturation and rupture of the

oocysts. The other two barriers involve similar properties in the invasion and escape

from the salivary glands.

Rosenberg (1995) investigated the inability ofPlasmodium knowlesi to infect the

salivary glands ofAnopheles freebomi despite formation of large numbers ofoocysts in

the midgut of infected mosquitoes. Previous studies showed that rarely were sporozoites

found in the salivary glands of infected mosquitoes and never was an infected mosquito

able to transmit the parasite by bite. Through the transplantation ofsalivary glands from

An. freebomi into a completely ,susceptible species, An. dirus, and vice versa, Rosenberg

found that a recognition factor existed between the sporozoite and the glandular tissue.
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Glands from An. dims which had been transplanted to An. freebomi would become

infected but glands ofAn. freebomi that were transplanted into An. dims would not.

Mosquito Vectors:

Anopheles albimanus is widely believed to be the primary vector ofhuman

malaria in Central America (Ramsey et ale 1994). Morphological variations have been

observed in the larval stages ofAn. albimanus (Georghiou et al. 1967, Warren et al.

1975), leading to the identification of four strains ofAn. albimanus: white-striped, green,

brown striped and brown (Warren et al. 1979). Distinct differences in susceptibility of

these various strains to Plasmodium infection have been reported (Warren et a1. 1977,

Warren et al. 1979, Gonzalez-Ceron et a1. 2000). However, in several of these studies

researchers have had difficulty in duplicating the experimental results, so further

evaluation is required. In one study, the white variant showed the highest susceptibility

while in a subsequent study, the green showed the highest susceptibility. In all of these

studies, however, An. albimanus exhibited a higher infection rate with ~. vivax than with

~. falciparum. In addition, Gonzalez-Ceron et al. (2000) demonstrated an adaptation of

local strains of An. albimanus to local strains of~. vivax parasites, so differences in strain

ofparasites and vectors may account for some variability in test results.

The potential for An. albimanus to be a vector of~. vivax has been well

documented (Jeffery et a1. 1954; Ramsey et al. 1994, 1996; Warren et at. 1975, 1977;

Collins et a1. 1976; Chan et a1. 1994; Gonzalez-Ceron et ale 1999,2000). Very little has

been done with ~. falciparom and An. albimanus. Studies that have been conducted have

relied on detecting oocysts in the midgut as a confirmation of infection (Warren et ale
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1975, 1977). Very few studies have included salivary gland dissections to show the

mosquito was infe~tious,even though finding oocysts on the midgut does not insure

salivary gland infection (Warren et aI1977).

Several studies dealing with the susceptibility ofAn. albimanus to ~. falcipanun

(NF-54) did show that this species could become infected with cultured parasites

(Vaughan et al. 1994, Hurtado et a1. 1997). Hurtado et al. (1997) isolated sporozoites

from the salivary glands of two populations ofAn. albimanus after dissecting mosquitoes

that fed on cultured parasites. One An. albimanus population was obtained from a highly

endemic region in Colombia and the other population was from Guatemala. Hurtado et

al. (1997) reported that the salivary gland infection rates and the sporozoite loads in

infected mosquitoes were relatively low for both populations. They also found that An.

albimanus from Colombia had higher infection rates than did the Guatemalan

population. They attributed this difference in susceptibility to geographic differences in

the 2 populations.

In Belize, populations ofAn. albimanus have demonstrated week anthropophagic

behaviors (Bangs 1999). Throughout its range, An. albimanus is primarily exophagic and

zoophilic (Elliott 1969, 1972, Garrett-Jones 1964, Breeland 1972, Garrett-Jones et al.

1980, Frederikson 1993, Roberts et al. 1993, Roberts et al. 2000, Bangs 1999). Achee et

al. (2000) showed that 8 of 10 sporozoite infected An. albimanus were collected from

outside the house, and both ~. falciparum infected An. albimanus were also collected

outdoors. In previous studies (Horsfall 1955, Warren et al. 1975, Ramsey et a1. 1986,

Fredrickson 199~), the natural sporozoite infection rates have been extremely low

(between 1-2%). It is believed that this species is an important vector only when it is
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very abundant (Elliott 1972, Loyola et alI993). In addition, this species has also

demonstrated a clear avoidance behavior to particular insecticides such as DDT

(Gabaldon 1952, Brown 1958, Hecht and Hernandez 1960, Quinones and Suarez 1989,

Chareonviriyaphap et al. 1997).

Anopheles vestitipennis has long been suspected to be a vector ofmalaria.

Although some down play the importance ofthis species in the transmission ofmalaria

(Boyd 1949), others have shown it to be a probable vector based on favorable vector

characteristics (Kumm and Ram 1941, Padilla et a1. 1992, Rodriguez and Loyola 1990,

Loyola et at. 1991, Arredondo-Jimenez et aI. 1998, Roberts et al. 1993). Loyola et al.

(1991) observed this species to exhibit both endophilic and endophagic behaviors.

Endophagic and anthropophilic behaviors seem characteristic of this species throughout

its range: Mexico (Loyola et al. 1991), Costa Rica (Kumm et at. 1940), Guatemala

(Richards et aI. 1994) and Belize (Roberts et al. 1993). Arredondo-Jemenez et al 1998

showed that female longevity and multiple blood feeding habits increase the vector

potential of An. vestitipennis. Studies conducted in the Dominican Republic showed that

An. vestitipennis readily fed on humans and demonstrated a higher human biting index

than An. albimanus (Mekuria et aI. 1991).

Strong endophagic behaviors and positive ELISA results for f. vivax in native

populations ofAn. vestitipennis have served to incriminate An. vestitipennis as an

important vector ofmalaria in Chiapas, Mexico (Loyola et al. 1991). This type of

assessment provides a useful perspective for Kumm and Ram's (1941) observation that 1

of41 specimens ofAn. vestitipennis collected from Belize were positive for Plasmodium

spp. by salivary gland dissection. Achee et al. (2000) found this species to have a
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relatively high MFIR (minimum field infection rate) in relation to the other anopheline

species collected in Belize. In this study the MFIR for An. vestitipennis was (0.282%)

which was higher than either An. albimanus (0.126%) or An. darlingi (0.261%). Few,

relatively successful, infection studies have been conducted with An. vestitipennis

females (Simmons 1941, Horsfall, 1955); however, Carr and Hill (1942) did demonstrate

development ofoocysts in the midgut in 1 of 12 mosquitoes fed on an infective patient in

Cuba.

Anopheles darlingi was first incriminated as a vector ofmalaria by finding

sporozoites in the salivary glands ofdissected specimens, in 1931 in the Para state of

Brazil (Davis 1931). Since then others have confinned these findings using

radioimmunoassays and enzyme linked immunosorbent assays (ELISA) (Deane et a1.

1946, Causey et al. 1946, Arruda et al. 1989, Tadei et al. 1988, Deane et al. 1988,

Lourenco-de Oliveira et al. 1989). The assay data along with other behavioral factors

strongly incriminate An. darlingi as a malaria vector in Central and South America. This

species shows both a strong attraction for feeding on humans as well as strong

endophagic behaviors (Deane et at 1946, Roberts et aI. 1987, Klein and Lima 1990,

Rozendaal 1989). Klein et at (1991a) stated that An. darlingi is the primary vector of

malaria in Costa Marques, Rodononia, Brazil based on seasonal distribution, relative

abundance, peridomiciliary and biting behavior, host contact and high natural field

infection rates. Klein et al. (1991a, 1991b) conducted a comparative susceptibility in

Brazil and showed that An. darlingi exhibited high levels of infection after patient feeds

with both ~. falciparum and P. vivax.
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This species has recently been re-described for the country ofBelize after its

initial description in 1946 (Harbach 1994, Roberts et ale 1993). In a survey of

anophelines conducted in Belize from 1994 to 1997, Achee et a1. (2000) demonstrated

that An. darlingi had a higher minimum field infection rate than An. albimanus (0.261 %

and 0.126% respectively). This same study showed a single pool tested positive for ~.

falcipanam in a population of female An. darlingi from an indoor collection.

The main goal of the present study were to 1) confinn the ability ofAn.

vestitipennis to become infected with ~. falciparium parasites, 2) compare the rates of

infection maintained in three vector species from the country ofBelize and 3) chart the

rate ofoocyst development in the three species.
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Materials and Methods

Mosquito Collections:

In June of2000, human landing collections were conducted in Belize to obtain

populations ofAnopheles for comparative susceptibility testing. Three localities within

the country were sampled: Buena Vista, Golden Stream and Rancho. The species

collected were Anopheles vestitipennis, An. albimanus, An. darlingi, An. punctimacula

and An. crucians. An Fl population was obtained from all species by providing the

females with a daily blood meal. Only An. crucians was unable to be tested due to the

small number ofcollected females. Mosquitoes found dead in the field population

cartons were removed and promptly identified. The An. albimanus collected from Buena

Vista (BV) and from Golden Stream (GS) were kept separate because previous studies

reported differences in their susceptibilities to pesticides (Chareonviriyaphap et al 1997).

Mosquitoes collected from these sites were placed in cardboard collection cups

that were labeled with the date and locality ofcollection. To minimize mortality, no

more than SO mosquitoes were placed in each cup to minimize mortality. Each carton of

mosquitoes was provided a daily blood meal. Two days after the initial feed, small cups

lined with cones of filter paper were placed in each carton for eggs. When eggs were

observed on the filter Paper, the egg containers were removed and replaced with new

clean cups. The egg-laden papers were placed in air-tight containers. These containers

were then placed in a Rubbermaid™ cooler for easy transport. Water soaked cotton balls

were placed on the tops of the adult mosquito cups and they were placed in an ice chest

for transport back to the Unifonned Services University of the Health Sciences in

Bethesda, Maryland.
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At the university the filter papers were placed in separate pans ofdeionized water

and kept in either a walk-in incubator at 30°C or an exterior holding room at 25-26°C. A

higher batch success rate was observed to occur at the higher temperature and eventually

all eggs were batched in the incubator at 30°C. Once the eggs hatched, larvae were fed a

diet ofcatfish chow which had been ground to a fine powder with a mortar and pestle.

After the adults emerged they were identified to species. Groups ofF 1 females ofeach

species were placed in separate gallon cartons in preparation for the artificial membrane

feed. A single cohort consisted of5-day old mosquitoes. No more than 250 females

from a single cohort were placed in a carton to minimize the effects ofcrowding (Dowler

pers comm. 2000). Sugar pads were placed on top ofall cartons for 96 hours. All

Anopheles were starved for 24 hours prior to membrane feeding. After feeding, both

sugar and water pads were placed on top of the cartons. Cartons were placed in clear

plastic bags and were maintained at a mean temperature of2S ± 2°C and an artificial light

cycle of 12:12 light/dark. Separate feeds were conducted for each of two lots of

mosquitoes. In addition to the four field populations tested, a colony strain ofAn.

stephensi was used as a control population.

Membranefeeds:

Two lots ofmosquitoes were fed on two separate occasions, one feeding per lot.

Experimental feeds were conducted with four feeders being used each time. Since only 4

cartons could be fed at one time, the An. darlingi were placed in the carton with a species

that could easily be distinguished from it (Le. An. vestitipennis). After the feed, blood

fed An. darlingi specimens which had fully engorged were removed to a separate carton.
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Cultured Plasmodium falciparum (NFS4-strain) maintained at the Walter Reed

Anny Institute ofResearch (WRAIR) was used as the infective blood meal. At each

feeding. four groups ofmosquitoes were fed simultaneously from feeders joined in series

to a circulating water bath. The feeders used in this study were ofa modified Rutledge

type and had a feeding surface of3 cm2
• The temperature of the water bath was

maintained at 37°C. The membrane used was a Baudroch membrane which was affixed

to the feeder using a rubber band. The feeders remained on the tops of the cartons for a

period of 1hour and 30 minutes. At the end of the feeding session. unfed mosquitoes

were removed from the cartons and placed in the freezer.

All mosquitoes were maintained in the gallon cartons in which they had been fed

and were sealed in clear plastic bags. Each carton was provided with a sugar pad and a

water pad. The sugar pads were changed every 2 days to prevent the buildup ofmold and

bacteria. A water soaked gauze pad also was placed on the screen to ensure high

humidity levels inside the plastic bag and also was changed every 2 days to minimize the

growth of mold. The mosquitoes were maintained in a room with a 12:12 light/dark

cycle and a temperature of2S-26°C. All mosquitoes were maintained under these

conditions until time ofdissection.

Preparation ofNF-54 parasite:

Cultures of the NF-S4 strain of Plasmodium falciparum used in this study were

maintained in tissue culture flasks in an incubator at 37°C at the Walter Reed Army

Institute ofResearch. The in-vitro cultures were maintained on units ofexpired whole

tilood. In order to insure the production ofgametocytes, the cultures were maintained at
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37°C with daily changes ofthe media. Cultures were maintained for 13-16 days until
111

mature gametocytes were obtained. The flasks were checked for gametocytes prior to use

to insure that the cultures were infective to the mosquitoes.

On the day ofuse, the flasks were removed from the incubator and rocked in a

gentle fashion to insure all red cells were separated from the interior surface of the flask.

The culture was then transferred to a SO ml centrifuge tube and spun at 1000 rpm for 10

minutes to separate the sera from the red cells. The top layer ofsera was then aspirated

from the tube using a vacuum aspirator. Fresh sera and whole blood were warmed to

37°C in a water bath. The pelleted red cells were resuspended in 3 ml of the warmed sera

and 1 ml ofwhole blood and the tube was inverted several times to insure a proper

mixture. Each feeder was filled with approximately 2.5 mls of the cultured parasites. A

thick smear was made from a small amount of the blood and examined immediately in

order to detennine the level ofexflagellation. Throughout the feeding process the feeders

were tilted, causing an agitation of the blood and thus preventing settling of the red cells.

During the first feed, the culture used was in its fifth pass while the second feed was

conducted using a culture in its seventh pass.

Oocyst examination:

Dissection and examination of the midguts began on day 3 after the blood feed.

On day 3, fifteen mosquitoes from each species were dissected. A determination was

made that this rate ofdissection would deplete the infected population prior to day 14.

Therefore, the maximum number ofeach species dissected per day was reduced to 10

mosquitoes. The dissection process entailed small aliquots ofmosquitoes from each
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species being removed, knocked down on dry ice and their midguts removed.

Dissections for a particular species were stopped for a given day when the total oocyst

count reached one hundred. This number was only achieved for An. stephensi. All

dissections took place in phosphate buffered saline (PBS) and midguts were stained with

a 1.001'0 Mercurochrome solution (Byles 1950) after which they were examined with a

light microscope. The number ofinfected mosquitoes, the number ofoocysts per

mosquito and the diameter of the oocysts (under 400x magnification) were measured and

recorded. These dissections were continued until day 14 post feed. Those mosquitoes

that remained alive until day 16 were dissected to determine salivary gland infection.

Electronic images ofboth the oocysts and the salivary glands were captured using an

Olympus DP-t 0 digital camera system and were downloaded directly to a laptop

computer. Manipulation of images was performed using the Digital Vision Software

package version 3.0.

Salivary gland examination:

On day 16, the salivary glands were removed from the mosquitoes in PBS. The

glands were washed with PBS and cover slipped. A slight pressure was applied to the

cover slip with the tip of the forceps to rupture the glands and release the sporozoites.

The resulting salivary gland was observed under a light microscope at 400x. The

sporozoite positivity rate and level of infection was recorded. The level of infection was

categorized based on the number of sporozoites found in the salivary glands: 1 (I-50), 1+

(5l-l00), 2 (101-150),2+ (151-200),3 (201-250), 3+ (251-300),4 (300+). Ifa salivary

gland was found not to be infected, the gut was dissected to determine midgut infection.



379

All infected salivary glands and uninfected glands ofmidgut infected mosquitoes were

washed into eppendorf tubes with 1SO ul ofPBS and were stored at -70oe as a source of

known infected material.
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Results

Mosquito Collection:

Three sites were sampled during the course ofcollecting mosquitoes for this

research endeavor. A total of320 Anopheles were obtained from a single collection

conducted at Buena Vista ofwhich 296 (92.5%) were An. albimanus, 16 (5.0%) were An.

punctimacula and 8 (2.5%) were An. crocians. A single collection at Golden Stream

resulted in 123 Anopheles mosquitoes composed of96 (78.0%) An. albimanus, 17

(13.8%) An. darlingi, 7 (5.7%) An. vestitipennis and 3 (2.5%) An. punctimacula. Two

collections were conducted at the Rancho location with a total of438 Anopheles

collected. The majority of the mosquitoes collected were An. vestitipennis (398; 90.9%)

with the remaining mosquitoes comprised of24 (5.5%) An. albimanus and 16 (3.6%) An.

punctimacula.

An overview of the salivary gland dissection data is presented in Table 1. The

control population of An. stephensi showed the highest salivary gland infection rate at

73.8% as well as the highest midgut infection rate of 78.5%. This equates to 94.1% of

An. stephensi females which demonstrated a midgut infection also showing a salivary

gland infection.

Of the Belizean populations, An. darlingi exhibited the highest infection rates for

both salivary gland (41.0%) and midgut (53.1%) infection rates. In the experimental

population ofAn. darlingi, 76.5% of specimens with midgut infection also demonstrated

salivary gland infection. The populations ofAn. vestitipennis showed a low salivary

gland infection rate with only 7 of7S (9.30/0) mosquitoes testing positive. The midgut

infection rate was higher (25.3%) and this resulted in only 36.8% of the midgut infected
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population obtaining a salivary gland infection. The species which exhibited the lowest

infection rates was An. albimanus. Both the Golden Stream and Buena Vista populations

showed extremely low salivary gland infection rates (0.0% and 2.2%, respectively) and

yet exhibited moderately high midgut infection rates (20.7% and 21.5%, respectively).

Only the Buena Vista population exhibited salivary gland infection and only 10% of

those with midgut infections also developed salivary gland-infections.

Table 2 shows sporozoite load in the salivary glands based on estimates of

numbers of sporozoites observed. The An. albimanus (BY) populations had the lowest

number ofsporozoites ofall species dissected. One sample (50%) had a count of 101

150 while the other sample (50%) had a count of 1-50 sporozoites per gland. The other

three species dissected in this study presented much higher numbers ofsporozoites in the

salivary glands. Anopheles vestitipennis and An. darlingi presented similar counts with

the majority ofboth species (42.8% and 38.4%, respectively) containing between 200 to

250 sporozoites per infected mosquito. The level of infection in An. stephensi was higher

than all field collected populations. This species had the highest sporozoite counts with

37.5% ofthe experimental population exhibiting between 250 and 300 sporozoites per

infected mosquito.

Table 3 presents the midgut infection rates, percentage of the each population

containing categorized oocyst counts and the mean number ofoocysts per infected gut.

Again, the number ofoocysts in the two infected An. albimanus populations were very

low. The majority of both populations contained 10 or fewer oocysts per midgut. The

mean number oIoocyst for the Buena Vista population was 10 while the mean number

for the Golden Stream population was even lower, 8 oocysts per midgut. Anopheles
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vestitipennis populations varied from 5 to 38 oocysts per midgut. The mean was 22

oocysts per midgut and the majority ofspecimens (32.4%) contained between 10 and 15

oocysts. Again, Anopheles stephensi showed the highest midgut infection levels, with a

mean of27 oocysts per midgut and the majority had 20 to 25 oocysts.

Table 4 shows the measurements for the oocyst diameters ofparasites found in

each mosquito species on days 4 through 14 after infection. The mean diameter of

oocysts in An. stephensi ranged from 6.2 microns on day 4 up to 56.3 microns on day 14.

Anopheles vestitipennis showed similar growth rates with the means ranging from 6.2

microns on day 4 up to 51.3 microns on day 14. Oocyst differentiation was visible on

day 12 for An. stephensi and on day 13 for An. vestitipennis. The measurements for the

two populations ofAn. albimanus were similar to each other but different from either An.

vestitipennis or An. stephensi. The means ranged from 6.2 microns on day 4 for both

populations to 35.7 microns in the Buena Vista population and 30.6 microns in the

Golden Stream population on day 14.

Photographs have been included in order to illustrate the chronological

development of the parasite in An. vestitipennis. Figure 1 shows the size and intensity of

the midgut infection found in An. vestitipennis on days 4 and 8 post infection. The

oocysts stain darker than the surrounding midgut tissue in the presence of the 1.0%

mercurochrome stain. Figure 2 shows the relative size obtained by the oocysts on days 9

and 11 post infection. There is a 53% increase in rate ofoocysts growth after day 10

compared to the first 7 days ofgrowth. Mean size ofoocysts on day 9 was 20.2 microns

as opposed to 50.4 microns on day 11. On day 11 there was a large variation in oocyst

sizes with a range in diameter from 32.1-59.1 microns. Figure 3 illustrates the size of the
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oocyst on day 12 and oocyst differentiation on day 13 post infection in midguts of An.

vestitipennis. The day 13 photograph shows a ruptured oocyst and the release of

sporozoites. Figure 4 illustrates two separate sets of ruptured salivary glands from An.

vestitipennis showing the release ofsporozoites from infected glands on day 16 post

infection. The top photograph is taken at 200x power while the bottom photograph was

taken at 400x power.

Figures S, 6 and 7 graphically illustrate the rate ofoocyst growth seen in the three

mosquito populations compared to oocyst growth in An. stephensi. Range bars show the

wide variation in size ofoocysts. Considerable overlap in oocyst growth rates can be

seen between mosquito species. Another feature evident from the graphic representation

ofoocyst growth rates is a retardation ofoocyst growth after day lOin An. albimanus

(GS). The An. albimanus (BV) population exhibits slowed growth, but no differentiation

was ever observed. The oocysts in An. albimanus (BV) never reached the size ofmature

oocysts observed in An. vestitipennis or An. stephensi.

The growth curve ofAn. vestitipennis illustrates a constant growth rate until day

10 post infection. At this point in oocyst development, a considerable increase in size is

observed from the growth curve. The growth observed between days 10 and 11 is 53%

greater than demonstrated in the previous 10 days. Anopheles stephensi also shows a

spurt in growth after day 10, but it is only a 20% increase in growth as compared to the

preceding days.

Both An. vestitipennis and An. stephensi show a decrease in the mean oocyst size

on day 14, even though the range for both species remains the same. This phenomenon is

most likely due to a decrease in the larger, mature oocysts which have released their
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diameters.
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Discussion

Infonnation on vector competence ofAn. vestitipennis for human malaria in

Central America is sparse. For this reason, vector studies are needed to better

understand the transmission dynamics ofmalaria in areas where An. vestitipennis is

present. The comparative susceptibility study described here was conducted to: 1)

detennine the ability ofAn. vestitipennis to become infective with a cultured strain of

Plasmodium falciparum, 2) compare the susceptibility ofAn. vestitipennis, An. darlingi,

and An. albimanus from Belize and a colony population ofAn. stephensi and 3) chart the

rate ofgrowth of the oocysts in An. vestitipennis, two populations ofAn. albimanus, and

a colony population ofAn. stephensi.

The control population of An. stephensi clearly shows a high level of

susceptibility to the cultured strain ofPlasmodium falciparum (NF-S4). Clearly there has

been an effective selection process to find a species (An. stephensi) that becomes

infectious with this strain ofparasite. The fact that 78.5% ofAn. stephensi showed

midgut infections and, of those, almost 94% developed salivary gland infections bears

this out. In addition to having a high susceptibility to infection, the oocyst and sporozoite

loads for infected individuals was extremely high.

Only a few studies have actually found sporozoites in the salivary glands ofAn.

vestitipennis (Kumm and Ram 1941, Carr and Hill 1942). Of these, only Carr and Hill

(1942) could confirm that the sporozoites were ofhuman origin (Le., they fed

mosquitoes on infected patients). There have been many more reports of this species

testing positive for malaria by the ELISA (Mekuria et al 1991, Bangs 1999, Achee et a1.

2000). The present study is the first to document salivary gland infection ofAn.
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vestitipennis with a cultured strain ofPlasmodium falciparum. Although the salivary

gland infection rate was low (9.3%), the sporozoite loads in those glands were relatively

high. Within the infected glands, 57% showed sporozoite counts greater than 200.

Anopheles vestitipennis also demonstrated higher numbers ofoocysts in the midgut than

did either population ofAn. albimanus. A total of55.9% ofthe An. vestitipennis that had

positive midguts, contained between 10 and 25 oocysts per gut. This is in contrast to An.

albimanus (BV) in which 83.8% contained 10 or fewer oocysts per gut or An. albimanus

(OS) in which 78.8% contained 10 or fewer oocysts per gut. The clear message is that

An. vestitipennis can maintain a high midgut infection and is able to carry the infection

through to the salivary glands and become infectious.

Although the salivary gland infection rate was quite low for An. vestitipennis, its

behavior increases its vector potential. In Belize, An. vestitipennis has demonstrated

both an endophagic behavior and a propensity for feeding on humans (Bangs 1999). In

light of these behaviors and the fact that this species demonstrates the ability to become

infected with a cultured strain of~. falciparum, there is a strong likelihood that An.

vestitipennis plays a greater role in the transmission ofmalaria in southern Belize than

previously believed. Additional infonnation must be obtained on the susceptibility of

this species in regard to local strains ofPlasmodium parasite.

The results for An. albimanus are quite different. This species showed an

extremely low level ofsalivary gland infection (An. albimanus (BV) 2.2%; An.

albimanus (GS) O.O°A,). In addition, positive mosquitoes exhibited few sporozoites in the

salivary glands (<200). The midgut infection rates were similar to those seen in An.

vestitipennis, yet the salivary gland infection rates were much lower. Warren et a1.
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(1975,1977) also showed populations ofAn. albimanus with similar midgut infection

rates. However, Warren et al.(1975, 1977) did not perform salivary gland dissections to

detennine the rates for complete maturation ofthe parasite in the vector population.

Low salivary gland infection rates in An. albimanus have been reported by

Hurtado et al. (1997). Their conclusion is similar to the one proposed here, Le., An.

albimanus is a poor vector of~. falciparum NF-54 and that there is considerable

variability in the susceptibility ofgeographic isolates ofmosquitoes to parasites. The

present research indicates that there is some type ofgut escape barrier, or some

combination ofgut escape barrier plus a salivary gland infection barrier acting on the

parasite to prevent successful completion ofthe parasite's development in An. albimanus.

Another possible explanation is that the parasite takes more than 16 days to develop in

An. albimanus and dissections were not carned out long enough for the parasite to mature

to the salivary glands. Again, it was not possible to perform the required number of

dissections due to the low number ofspecimens available.

The extremely low infection rate is evidence enough that An. albimanus is not an

efficient vector ofF. falciparum (NF-54). Even if low salivary gland infection rates were

due to a longer time requirement for oocyst development, this delayed development also

would decrease vector potential ofAn. albimanus populations. The longer it takes a

parasite to complete its development in the vector the greater the likelihood that that

vector will not survive to transmit the parasite. In addition to poor susceptibility,

exophagic and zoophagic feeding behaviors exhibited by this species further decrease the

likelihood that An. albimanus is an effective vector of falciparum malaria.
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The fourth species tested in this study, Anopheles darlingi, is clearly an efficient

vectorofP. falcipamm. This conclusion is consistent with data from other areas of its

geographic range (Deane et a11946, Causey et a11946,-Arruda et a11989, Tadei et at

1988, Deane et al1988, Lourenco-de Oliveira et al 1989, Klein et a11991a, 1991b). The

high salivary gland infection rates and high midgut infection rates observed for An.

darlingi indicate that it can readily be infected with~. falciparum (NF-54). The low

numbers ofAn. darlingi available for this study prevented observations on the rate of

oocyst growth. Consequently, the study needs to be repeated with larger numbers of

specimens to increase the level ofconfidence in test results.

The oocyst growth curve ofAn. albimanus (OS) clearly shows a cessation of

development after day 10, post infection. Again, this suggests that there is some

physiological factor associated with the mosquito which is acting to prevent maturation

of the parasite. This is an imponant issue that requires further study. By identifying the

mechanism which prevents the maturation of the parasite in An. albimanus, genetic

manipulation ofother more competent species may be possible to break the transmission

cycle. The most likely place to begin looking is the midgut epithelial cells which seem to

allow infection but somehow inhibit oocyst maturation.

The An. albimanus (BY) population is slightly different in that there does appear

to be continued slow oocyst growth through day 14. This population also showed low

levels of salivary gland infection. These data agree with the salivary gland infection data

and may indicate a slower rate ofgrowth that could eventually lead to salivary gland

infection, given enough time. Higher salivary gland infection rates may have been

observed if the dissections had been carried out for additional days post infection.
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.
Additional days ofobservation were not possible due to the limited number of

mosquitoes available for this study. Survivorship ofcolonized An. albimanus appears to

decrease rapidly after day 14. Reduced survival would be even more likely with natural

populations which would be subjected to harsh environmental conditions and predation.

Therefore, those An. albimanus which do live long enough to become infective (ifeven

possible) would have only a small window ofopportunity to effectively transmit the

parasite.

The growth curve ofoocysts in An. vestitipennis is very similar to that ofthe

control population of An. stephensi. The only difference is that An. vestitipennis exhibits

a slow rate ofgrowth until day 10 after which there is a dramatic increase in size of the

oocyst. By day 12, the mean size ofoocysts in both An. vestitipennis and An. stephensi

were almost identical. A high midgut infection rate and quick oocyst development rate

coupled with a low salivary gland infection rate suggest that there may be an inhibitory

factor associated with the salivary gland tissue ofAn. vestitipennis. This apparently

allows only a small proportion of the population to become infective. Higher rates of

salivary gland infections in An. vestitipennis compared to An. albimanus, appears to

result from higher numbers ofoocysts developing and maturing on the midgut ofAn.

vestitipennis.

If these susceptibilities hold true for local strains of~. falciparum and ifAn.

albimanus is more susceptible to ~. vivax, an interesting scenario presents itself. Given

the exophagic behavior of this mosquito species, a spray campaign utilizing indoor house

spraying may do little to control biting populations ofAn. albimanus. It would however

control malaria transmission by An. vestitipennis and An. darlingi, which show strong
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endophagic behaviors. At the same time these two Anopheles species show higher

susceptibilities to f. falciparum. Ifan extensive indoor spray campaign was undertaken,

one would expect to see f.. falciparum levels fall while ~. vivax levels remain unchanged.

This appears to be the case with the data for malaria rates in Central America (Roberts

pers comm). Another implication ofthis research is that residual house spraying must

continue in order to effectively target those mosquito species that feed indoors and that

are responsible for the transmission off. falciparum.

Although this infonnation is a valuable indicator ofthe susceptibility of these 4

Anopheles species to Plasmodium falciparum (NF-S4), different outcomes might occur if

the study were conducted with a local strain ofP. falciparum or with local strains off.

vivax. Several things, however, are clear from the present study. Anopheles

vestitipennis can become infected with f. falciparum (NF-S4) and can develop large

numbers ofsporozoites in its salivary glands. Anopheles albimanus appears to exhibit

either slowed parasite development or inhibited development of~. falciparum (NF-S4)

oocysts. Anopheles darlingi from Belize is clearly an efficient vector off. falciparum

(NF-S4).

In conclusion, the data suggest that An. darlingi is an efficient vector ofmalaria in

Belize, both from the standpoint ofsusceptibility to the parasite and conducive behavior

that favors malaria transmission (Le. endophagic and anthropophilic). Anopheles

vestitipennis is less susceptible to the parasite but its behavior increases its vector

potential by maximizing opportunities for spatial and temporal association with preferred

hosts (Le. indoors while people are sleeping). Although An. albimanus has long been

considered the primary vector ofmalaria in Belize, the results of this infectivity study
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and results ofother field studies document the low vector potential for this species.

Anopheles albimanus is almost refi'actory to infection with ~. falciparum (NF-54).

Additionally, it bites outdoors and is predominately zoophagic. Finally, it is evident from

the data presented here that greater attention must be paid to the vector status of

An.vestitipennis, and further research on this and the other Anopheles in Belize must be

conducted.
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TableI: Infection data from a comparative susceptibility study conducted using Plasmodium falciparum (NF-S4). Data based on two
membrane feeds conducted with two culture populations (ES and E7t.
Species #dissected # ofmosquitoes with % salivary gland

infected salivary glands infection
Anopheles vestitipennis 75 7 9.3
Anopheles albimanus (BV) 93 2 2.2
Anopheles albimanus (GS) 111 0 0.0
Anopheles darlingi 32 13 41.0
Anopheles stephensi 130 96 73.8
I Cultures indicate the number ofpasses that the parasite hild been thiough before use in the membrane feeding.

# infected
midguts

19
20
23
17

102

% midgut infection

25.3
21.5
20.7
53.1
78.S

Table 2: Salivary gland infection data showing the level of infection based on an estimate ofthe number ofsporozoites
observed in the glandular tissue. Data based on two membrane feeds conducted with two culture populations (ES and E7t.
Species Proportion infected

n

% Salivary
Gland
Infeclion

Level ofsalivary gland infectionb

I 1+ 2 2+ 3 3+ 4
Anopheles vestitipennis 75 9.3 0.0 14.3 14.3 14.3 42.8 0.0 14.3
Anopheles albimanus (BV) 93 2.2 50.0 0.0 50.0 0.0 0.0 0.0 0.0
Anopheles albimanus (GS) III 0.0
Anopheles darlingi 32 41.0 0.0 0.0 23.1 7.7 38.4 7.7 23.1
Anopheles stephensi 130 73.8 0.0 0.0 14.6 11.4 32.3 37.5 4.2
i Cultures indicate the number ofpasses that the parasite had been through before use in the membrane feeding.
b Salivary gland infection ratings: I (I-SO), 1+ (51-100),2 (101-150), 2+ (151-200),3 (201-250), 3+ (251-300),4 (>300+).

.,.
o
w



Table 3: A break down ofthe proportion ofmosquitoes which exhibited oocyst counts in designated categories and intensity of
infection based on mean number ofoocyts per midgut. Data based on one membrane feed.
Species Proportion infected

n % Midgut
Infecton % postive guts with oocyst counts

Intensity of infection
Oocystsper

Mosquito'

xSS 5 < x S 10 10<xSIS IS<xs20 20<IS2S 25<1 S30 1>30

Anopheles vestitipennis 135 0.20 13.5 7.2 32.4 20.1 13.4 7.6 5.8 22 ± 10.6
Anopheles albimanus (BV) 137 0.17 49.6 34.2 19.7 4.9 1.6 -- -- 10 ± 12.3
Anopheles albimanus (OS) 140 0.15 52.3 26.5 12.4 4.6 4.2 -- -- 9 ± 14.1
Anopheles stephensi 78 0.71 3.2 5.4 10.6 12.2 29.8 26.7 12.1 27 ±25.4
i Means are based on the number ofoocysts divided by the number ofpositive mosquitoes dissected.

•
~



· Table 4: Oocyst diameters of Plasmodium falciparum (NF-54) in 4 groups ofAnopheles mosquitoes fed from cultured
parasites via a membrane feeder. Measurements were nlade under 400x and are presented in microns.
Days Anopheles vestitipennis Anopheles albimanus (BV) Anopheles albimanus (OS) Anopheles stephensi
after
infection No.- Range Mean No.- Range Mean No.- Range Mean No.- Range Mean

4 SI 4.1-9.3 6.2 40 3.7-8.0 6.2 47 3.7-8.2 6.2 101 3.7-8.6 6.2
5 80 3.2-14.8 6.6 32 3.7-9.8 6.5 33 4.3-8.8 6.7 104 4.9-13.5 9.4
6 75 4.6-19.7 9.1 31 3.7-12.3 7.8 47 3.9-10.1 8.0 116 7.4-18.4 13.4
7 55 6.6-27.9 16.7 42 9.8-18.4 13.8 33 9.8-14.7 14.0 103 9.8-34.2 20.1
8 82 10.1-31.2 17.9 29 9.8-30.7 17.2 40 9.8-31.8 17.5 108 14.8-38.1 26.8
9 77 13.5-34.3 20.2 45 12.3-30.5 19.7 41 12.3-28.3 18.7 III 17.3-40.2 32.3
10 73 14.6-44.8 26.7 37 10.5-37.4 27.4 28 12.8-40.4 30.4 104 17.4-56.0 38.5
11 79 32.1-59.1 50.4 33 14.8-45.5 30.2 31 15.2-46.1 30.7 102 18.1-65.4 53.6
12 67 44.5-60.8 57.6 22 22.4-49.3 34.2 41 18.6-46.7 29.7 100 18.4-68.2 58.1*
13 69 42.1-61.6 57.5* 32 23.8-50.2 36.7 39 20.1-41.1 30.9 102 24.3-69.0 58.6* .

14 70 36.3-59.0 51.3* 25 22.7-47.9 35.7 30 18.5-52.5 30.6 98 22.6-67.3 56.3*
Numbers ofoocysts measured fiom a maximum of 10 mosquitoes dissected.

* Point at which oocyst differentiation was observed.
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Figure 1: Digital images ofoocysts of Plasmodium taiciparum in
infected midguts of :-\0.. vestitipennis. Top most image
shows oocysts on midgut at 4 days post infection (200x).
Bottom image shows oocysts at 8 days post infection
(200x). Scale bar = S0J.1m.
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Figure 2: Digital images of oocysts of Plasmodium falciparum in infected
midguts of:\n. vestitipennis. Top image shows oocysts on midgut
at 9 days post infection (200x). Bottom image shows oocysts at 11
days post infection (200x). Scale bar = 50J,Lm.
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Figure 3: Digital images ofoocysts of Plasmodium falciparum in
infected midguts ofAn. vestitipennis. Top image shows
oocysts on midgut at 12 days post infection (400x). Bottom
image shows a ruptured oocyst and release ofsporozoites
from a differentiated oocyst at 13 days post infection (400:-<).
Scale bar = 50 J.1Ill



Figure 4: Top image is a digital image of Plasmodium falciparum
infected salivary glands ofA..n. vestitipennis (200x). Scale
bar =l00JJ.m. Bottom image off. talciparum infected
salivary glands ofAn. vestitipennis (400x). Scale bar =
501Jl11. Numerous sporozoites can be seen being released
from both sets of salivary glands.
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Conclusion

The present research was undertaken in the hopes ofclarifying the malaria vector

situation in Belize, Central America. Very little infonnation is available on the mosquito

species from this region (Roberts et al. 1993). By gaining additional infonnation on the

bionomics and vector competence ofthe Anopheles species in Belize, it may be easier to

focus our control efforts thereby reducing costs while effectively reducing vectorlhuman

contact. With the increased international pressure to ban critical elements ofour control

strategy (Le., DDT), it becomes imperative to further our understanding ofnot only the

vectors but of the actions and effectiveness of the insecticides that are being using to

control them.

Presently, the literature is full of statements that refer to An. albimanus as the

primary vector ofmalaria in Central America (Warren et al. 1975, 1977, Horsfall 1955,

Komp 1942, Ramsey et al. 1994, Faran 1980, Breeland 1980). These statements were

made even though this species continually exhibits weak vector-associated behaviors

such as exophagic and zoophilic feeding behaviors (Elliott 1969, 1972, Garrett-Jones

1964, Breeland 1972, Garrett-Jones et at. 1980, Frederikson 1993, Roberts et a1. 1993,

Roberts et at. 2000, Bangs 1999). There are statements indicating this species will only

transmit malaria when it occurs in high population densities (Elliott 1972, Loyola et al.

1993). This type ofstatement seems to suggest that this species is not a competent vector

ofmalaria and may serve a secondary role in malaria transmission where it occurs. If this

is the case, then there are more efficient vectors in Central America that are responsible

for the majority ofmalaria transmission. It is in the best interest of the public health
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community to detennine the primary vector species so that a targeted control strategy can

be developed be minimize the threat ofmalaria transmission.

One likely candidate for primary vector status is An. vestitipennis. Previous data

have sho~An. vestitipennis to be naturally infected with Plasmodium spp. and to

exhibit strong vector-associated characteristics such as endophilic and anthropophilic

feeding behaviors (Achee et a1. 2000). This species also has been classified as a primary

vector ofmalaria in southern Mexico (Loyola et a1. 1991) and yet has drawn little

attention in other areas of its range. Despite these findings, very little cail be found in the

literature about this species and this is particularly true for the country ofBelize. For this

reason, the present research has focused more heavily on the vector potential ofAn.

vestitipennis than ofAn. albimanus in Belize.

The data presented in this dissertation reveal that An. vestitipennis is a competent

vector ofmalaria based on the criteria for vector incrimination: 1) demonstration that

members of the suspected vector species is commonly found feeding on the vertebrate

host of the pathogen, 2) demonstration ofa biological association in time and space with

the suspected vector and clinical or subclinical infection in the host, 3) demonstration that

natural populations of the suspected vector contains the infective stage of the pathogen,

and 4) demonstration of infection and transmission by the suspected vector under

controlled experimental conditions (Eldridge and Edman 2000). This species shows an

association in time and space with cases of~. vivax at the village level as demonstrated

by the seasonality study. At the house level, this species exhibits a strong tendency to

feed indoors throughout the night increasing the likelihood ofuncontested feeding offof

sleeping inhabitants. The feeding preference study showed this species to feed
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preferentially offofbumans over other wild and domestic animals at the study site.

Natural populations ofAn. vestitipennis tested positive for ~. vivax by ELISA. This

species even shows a high MFIR of 1.0% from a region where the incidence ofmalaria is

fairly low. Finally, confirmation ofsalivary gland infection was made in the laboratory

using a cultured strain ofP. falciparum (NF...S4). Although transmission studies were

unable to be performed, finding hlgh numbers ofsporozoites in the salivary glands of this

species clearly indicates a strong potential for transmission.

The opposite argument can be made for the vector potential ofAn. albimanus in

Belize. From data presented in this dissertation, it is clear that this species demonstrates

a poor vector potential in light ofthese four criteria. Although an association was

determined to exist between abundance ofthis species and cases off.. vivax, no

specimens tested positive by ELISA at either Golden Stream or Rancho, even though

these were two of the five highest villages for malaria cases and this species was second

in abundance at both locations. This species also demonstrated exophagic and zoophilic

feeding behaviors, characteristics that are not indicative ofan efficient malaria vector.

Finally, laboratory...detennined'salivary gland infection rates by f.. falciparum (NF...S4)

were extremely, low with only 1.0% ofall An. albimanus tested showing a salivary gland

infection.

Many ofthe statements that can be found in the literature concerning the vector

status ofAn. albimanus are based on research conducted half a century ago. These early

findings have been accepted and broadened to incriminate An. albimanus in all areas

where this mosquito species occurs (Warren et a1. 1977). With modem technology,

however, we are discovering genetic variants in both parasite and mosquito populations.
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These variants demonstrate varying levels of infectivity and susceptibility. Therefore, to

make blanket statements about the vector potential ofparticular species over vast and

diverse ecological regions would be an egregious error that may detrimentally affect our

control efforts. In light ofthe latest technologies we, as researchers, must strive to

continually reevaluate the vector situation in malaria endemic countries. We also must be

mindful not to formulate conclusions beyond the scope ofthe data, for ifwe do, we may

be causing a greater bann to occur.

Much work remains to be done to clarify the transmission dynamics ofmalaria in

Belize. In some regards, this study creates more questions than answers with regards to

the vector potential ofthe Anopheles species. in the southern portion ofthe country.

Although An. albimanus is a vector ofmalaria in Belize, its behavior and low infectivity

rates show this species to have poor vector potential and therefore its role in the

transmission ofmalaria is secondary to other species such as An. vestitipennis and An.

darlingi. Therefore, additional information needs to be obtained regarding the bionomics

of these other species in order to adjust control efforts to more focally target the primary

vectors.

Experimental huts were extensively used in this study to determine times of

entering and exiting ofhouses before and after spraying. This marks only the second

time that experimental huts have been used to evaluate the effects of insecticides on

vector populations in the country ofBelize and the first time they have been used in the

southern ponion of the country. The experimental huts were critical to our understanding

of these behaviors under natural conditions. Although other means may be employed to

quantify these behaviors, nothing can compare to what occurs under nonnal conditions in .
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a natural setting. These studies clearly show the effects these chemicals exert on the

behavior ofentering and exiting populations ofAn. vestitipennis.

Early researchers focused primarily on the killing action of insecticides believing

that avoidance behaviors served to reduce the effectiveness of insecticides (Muirhead

Thomson 1947, de Zulueta 1962, MacDonald 1950, 1957). The effects that these

chemicals have goes far beyond the reduction of the vector population due to the killing

action of the insecticides. Recently there has been a renewed interest in the association

between alterations in mosquito behavior and the reduction in malaria transmission

(Roberts and Andre 1994). The changes exerted on the behavioral patterns of the

mosquitoes are equally as important in disrupting disease transmission as a reduction in

mosquito abundance due to chemically induced mortality. These behavioral

modifications function by disrupting the vectorlhost contact thereby reducing the

potential for transmission. The ultimate goal needs to remain focused on the reduction of

disease and not the reduction ofthe mosquito population (Gabaldon 1953).

The evaluation ofbehavioral patterns post-spray documented the strong repelJent

action exerted by DDT. The reduction on entering populations ofAn. vestitipennis by

97% clearly shows that this insecticide dramatically interrupts the indoor vectorlhost

contact, thereby preventing transmission ofmalaria when humans are most vulnerable

(i.e., while they are sleeping). Similar changes in behavior have previously been

observed after spraying huts with DDT (Roberts et al. 1984). This study, however, is the

first study conducted that gives a side by side comparison ofthe effects ofDDT and

deltamethrin on both the entering and exiting behavior ofAnopheles species in the

country of Belize. In regards to the effects exerted by deltamethrin, this study clearly
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documents the irritancy effect this insecticide has on An. vestitipennis. Very little

alteration ofentering behavior was observed while, clearly, a premature exiting behavior

occurred. Those An. vestitipennis that entered the hut exited approximately 2 hours later.

During this time, however, mosquitoes continued to bite potentially allowing malaria

transmission to occur.

A major issue used by groups looking to ban the use ofDDT is the concept of

insecticide resistance. In some areas where DDT is used as a residual house spray,

mosquito populations have become genetically resistant to the killing effects of the

insecticide primarily due to agricultural use affecting larval forms. The lack ofa lethal

consequence associated with insecticide avoidance behavior eliminates the selection

pressure that would stimulate genetic selection against this attribute being perpetuated.

An argument could be made that the selection pressure placed on the population would be

against house entering of sprayed houses due to the killing action exerted on those that

are not repelled. Therefore, those individuals who claim that DDT is a less effective

chemical because of insecticide resistance are not taking into account its primary mode of

action which is as a repellant.

The present claims made about the detrimental effects ofOOT on human health

as used in the public health arena are largely unfounded (Davidson, 1989). The effects

this chemical has on the formation ofegg shells in many avian species, however, has

been well documented (Lundholm 1997, Lundholm and Bartonek 1992, Khan and

Cutkomp 1982, Lindvall and Low 1980). These findings, however, were the result of the

large-scale use of the chemical for the control ofagricultural pests such as the cotton boll

weevil. During the 1940's and 1950's, this chemical was used by the ton to control a
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variety ofagricultural pests. The use ofDDT strictly for the purpose ofresidual house

spraying contributes very little to the environment, and therefore should not accumulate

in the food chain as previously observed from its agricultural use. Many countries where

DDT is presently used, rely on this chemical because of its low cost, long residual life

and high level ofeffectiveness. International pressures, however, are aimed at banning

DDT by threatening to withhold international aid while at the same time offering no

viable alternative insecticides to replace it. This leaves third world countries with the

choice between decreased international aid or suspension of their residual spray

programs. For many countries that rely heavily on international aid there is no real

choice to be made. Reductions in residual house spraying have been linked to dramatic

increases in malaria rates (Roberts et al. 1997). For this reason, the use ofDOT must

continue for public health purposes until a more cost effective and sustainable alternative

can be found.

This study also documents for the first time the use of a vehicle mounted trap in

the country ofBelize. This collection method proved valuable for two reasons: 1) it was

an unbiased sampling method which allowed for the collection of several Anopheles spp.

over a large area, and 2) it proved useful for the collection ofblood engorged specimens

ofall mosquito species sampled. One aspect of this study that requires further

investigation is the disparity in collection times for mosquitoes containing human and

non-human blood meals. This collection technique could be useful in future studies to

determine mosquito movement from breeding or resting sites towards a host source (i.e.,

houses, stables, etc.) by choosing routes at varying distances from the host source. This
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trapping technique also may proye useful for sampling marked populations in order to

detennine nightly movements.

The colony data presented in this dissertation serve only to add to the large

amount ofdata already available for this species. The true value of this information will

come when attempting to colonize this species. Future efforts need to focus on a

comparison study of life table attributes using An. albimanus and An. vestitipennis under

controlled conditions. It is only through a comparison of these life table attributes for

these two species that we can gain valuable information needed regarding the longevity

and fecundity ofthese species.

It is with great hope that the present research has shed light on the transmission

dynamics of malaria in the country ofBelize. Further studies must be undertaken to

bolster the data presented in this study, as well as, to clarify issues that remain

unanswered. Specifically, there needs to be additional comparative susceptibility studies

conducted using local strains off. falciparum and f. vivax. It also would be interesting

to look at genetic issues involved with those species used in this study. A number of

studies (Warren et at. 1975, 1977, Gonzalez-Ceron et al. 2000) have demonstrated

varying levels of susceptibility to infection with ~. vivax and ~. falciparum by different

strains of An. albimanus. Verification ofgenetically different populations may clarify the

differences observed between the two An. albimanus populations. It is also important to

determine if there are sibling species issues in the An. vestitipennis population as has

been previously reported in southern Mexico (Arredondo...Jimenez et a1. 1996). Any

information pertaining to malaria transmission in the country ofBelize will benefit the



422

control efforts which should, in time, reduce the morbidity and mortality from the

disease.

In regards to DDT and deltamethrin, further studies are required to better

understand the repellent and irritant effect of these insecticides. It would be desirable to

reproduce this study at a location with a greater species diversity to add to our knowledge

of the effects that these chemicals have on other Anopheles species. One aspect of

particular importance is the long-term residual effects of these chemicals. Additional

studies must be conducted to evaluate their effectiveness 6 months to a year after

spraying. It is only through a thorough understanding of the mode ofaction and long

term effectiveness of these chemicals that we can hope to design successful, sustainable

control strategjes.
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Date:__'__..J1,__

Distance to forest eclge m

Sample Number: _

Collectors: INSIDE OUTSIDE _

Name of Village: Name River/Creek: _

Village Number: _

Time started: ----:amlpm Time ended: -:amlpm

GPS (UTM Coordinates): N W _

Distance to River m

House Number: _

Elevated Bouse: YIN

Household Name: _

., Endosure: - Walls F100r Root
planks planks IbaJch

# of Occupants: conaeteiciDdc:r concrete CDIlCft:te
bamboo slats split bamboo me1al

# of Houses sticks dirt 1i1e
<at family site): piaster . i

I
# of Penons treated
for Malaria in last month: Windows Doors.. ..
Use Bednets?: YIN *open # open

# screened #sa=ned
Insecticide Sprayed?: YIN ...

Date Last Sprayed:----l----l Wind Precip. Cloud
none none clear .

Name of Insecticide: light ligbtlmist fog
gusts drizzle pdycloudy
stroDg rain cloudy

heavy full overcast
Numbers Collected

""')II'T~IIJI( IN~II}E

AIL. ...
An. ve

. .
nnis ReI. Humidity:

An. darlintri
AlL. ~ Temperature:
An. nseudonunct.
.&1. nbaldoni 41's & kinds of ani~ present:
&. . . .
An. crucian§ I
An. ar2Vritilrsis i
UlHER

!
I I
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HUMAN USE INFORMATION AND AGREEMENT

Consent form for voluntary participation in a scientific investigation of malaria
mosquito vecton in Southern Belize

Study tide: "Comparison study ofthe house entering and exiting behavior ofAn.
yestitjpennis before and after spray with DDT and Deltamethrin in the Toledo
District, Belize, Central America.

Background:
Malaria is a serious problem in the country ofBelize. Because Anopheles
mosquitoes transmit malaria, the best and most efficient way to control this
disease is to control the mosquito. Effective control measures which use
insecticides or other means requires detailed knowledge of the biology and
behavior ofthe anopheline mosquitoes involved in transmission. The
transmission potential ofAn. yestitipennis is not well documented in Central
American but it appears that this species is a competent vector. The purpose of
this study is to determine the entering and exiting behavioral response of this
species to huts sprayed with DDT and Deltamethrin. Other studies will be carried
out in conjunction with this one in order to obtain information on the biology and
ecology ofthis and other anopheline species in the region. The infonnation
obtain from this project, with the aid ofyour participation, will be ofgreat benefit
to your community and the country ofBelize in their efforts to control malaria.

Participation information:
You have been asked to voluntarily participate in a scientific research study to be
conducted in Belize. Please read and understand the following:
1) Your participation is voluntary.
2) You will be compensated at an agreed upon daily rate for each collection

period.
3) You may withdraw from participation in this study or any part of the study at

any time. Refusal to participate will involve no penalty or loss ofbenefits to
which you are otherwise entitled.

4) The details ofthis study will be explained to you. You will be free to ask
questions at any time before or during the study that will allow you to clearly
understand aspects of the investigation.

S) There will be no cost to you for your participation.

Duration of participation:
The study will last for a period of up to one year, with varying intervals ofactivity
Depending on the study requirements. Your participation can continue until you
withdraw, are removed earlier by a physician because ofhealth reasons or for
inability to perfonn the required tasks.
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Procedures:
Before agreement to participate, you will be interviewed and informed of the full
scope of the activities requirements and risks involved. Ifacceptable by both
parties, you will be given the opportunity to be trained and begin the study.

Activities:
You will be asked to collect mosquitoes from your exposed lower legs using a
mouth aspirator and flashlight. Collections will be performed both inside and
outside oflocal houses or specially constructed experimental huts during night
time hours. Maximum periods per collection will be 13 hours. You will be
provided with all necessary supplies (flashlight, batteries, cups, aspirator, etc.).

Risks, Hazards and Diseomforts:
You will be asked to collect mosquitoes landing on your exposed skin. During
the collection period, you will not be allowed to apply repellents or smoke
tobacco. Depending on the number ofmosquitoes landing on your legs and your
skill ofcapturing them, some ofthese mosquitoes will have the opportunity to bite
and cause local irritation. Other exposed parts ofyour body (Le. face, hands etc.)
may be exposed to bites as well. Depending on the amount ofmalaria in the
study area, you may be at an increasing risk ofacquiring malaria parasites from
the infective bite ofcertain mosquitoes.

Benefits:
Upon request or if you fall ill, your blood will be checked for malaria infection. If
you are infected, you will be given treatment by a physician monitor until you are
completely cured in accordance with the policies of the Belizean Ministry of
Health. Malaria treatment will be free ofcharge.

Confidentially:
All records relating to your participation as a research subject will remain
confidential. Your name will not be used in any report resulting from the study
without your consent. A statement ofyour participation in the study will be given
to you.

Circumstances under which you participation may be terminated without your
consent:

1) Conditions which might occur that would make your participation detrimental
to your health

2) Unable to comply with the activity requirements.

Maximum number of study subjects: 8
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Medieal eare for injury or illDess:
You will be entitled to free medical care through a government health care facility

for the treatment ofclinically diagnosed malaria or injury as a direct result ofyour
participation in this study. Points ofcontact are available ifyou have any questions
concerning the medical research or you rights as a subject under this agreement. If you
become ill during the study, either due to malaria or to the medications used to prevent or
treat malaria., please contact one ofthe listed investigators.

Points ofContaet:
John P. Grieco (Principle Investigator)
Herbert Lenares (Director, Vector Control Program)

I have read! had read to me the Consent Fonn in a language I understand. Additionally, I
h~ve been given the opportunity to ask questions and have received satisfactory answers
to all questions. The general purpose of this study, and risks and benefits to me are fully
understood. I understand that participation will entitle me to malaria treatment should the
need arise and that I may withdraw from this study without prejudice at any time.

Having been fully informed, I consent to participation in this study.

Subject
Signature and Date

Project Supervisor
Signature and Date

Witness
Signature and Date
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ABSTRACt': An investigation ofthe houseentering and exiting behaviorofAnopheles vestitipennis Dyar
and Knab was undenaken in the Toledo DistrictofBelize,Centtal America. between March and December
of1998. Three untreatedexperimental huts wereeithertitted withexitorentrance interception traps orused
as a control for human landing collections. Human landing collections showed that An. vutitipennis
exhibited a high level ofbiting activity shonly after sunset and continued biting at high levels throughout
the nighL Under unsprayed conditions. the use ofexit and entrance interception traps demonstrated that
doors, windows, andeaves were the primary mode ofentry; whereas, cracks in the walls served a secondary
role. The peak entrance time for An. vestitipennis occurred between 6:45 PoM. and 9:45 P.M. and a peak
exit time occurred between 11:45 P.M. and 4:45 A.M. Additional trials were conducted after spraying one
of the huts with DDT and another with deltamethrin. The excito-repellent propenies ofdeltamethrin did
notaffectentrance times butdid result in a peakexiting behavior that was five hours earlier than under pre
spray conditions. Deltamethrin also exhibited a repellency effect, showing 66% fewer An. lItJstitipennis
entering the hut two weeks post-spray. DDT had an even more powerful repellency effect resulting in a
97% post-spray reduction ofAn. lIestitipennis females entering the hut up to two weeks post-spray. The
control hut showed only a 37% reduction in An. vestitipennis as compared to pre-spray conditions.

Keyword Index: Anophtlles, behavior, DDT, deltamethrin, Belize.

INTRODUCTION

The resurgence of malaria in tropical regions of
Central and South America has created a renewed
urgency for information pertainingtoAnophelesvectors
(PAHO 1994). This is evident in Belize and many other
countries of the Americas where the prevalence of
malaria has increased. This increase is associated with
a reducedemphasison vectorcontrolmeasures, primarily
house spraying with residual insecticides (Roberts etal.
1997).

A number of terms, such as behavioral resistance,
repellency, irritancy, and excite-repellency, have been
used in the literature to describe the behaviorof 'lectors
inresponse to insecticideapplication. A briefdescription
of these terms is required to understand their affect on
the vector population. The term. behavioral resistance,
implies an evolutionary basis in which the insect has
evolved the ability to protect itselfagainst lethal contact
with naturallyoccurringplanttoxins (Cbareonviriyaphap
et aI. 1997), and has been documented in early studies
dealing withanophelinevectorsandmalariatransmission

lDisclaimer: The views expressed are those of the authors and do not reflect the official policy or position oCthe
USUHS, the Department of Defense, or the United States GovemmenL
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(Kennedy 1947, Muirhead-Thomson 1960, Elliott and
de ZUlueta 1975). The term repellency is used to
describe oriented movementsofavoidance made by the
insect in response to a chemical stimulant without
baving made tarsal contact with the chemical (Robens
et aI. 2000). Initancy refers to oriented movements
made by the insect away from a chemical stimulus only
after making tarsal contact with the chemical (Roberts
et aI. 2000). Excito-repelJency implies a series of
oriented avoidance bebavion made with or without
tarsalcontacttoachemicalstimulus(Roberts and Andre
1994).

A long-standing beliefwas that the only true action
of an effective malaria campaign was the reduction of
the vector population. This belief is based on
Macdonald's early mathematical models (1950. 1957).
which emphasize the relationship between decreased
vectorsurvivalandreducednucsofmalariatransmission.
These models pointed out that any effect that decreases
the probability of a lethal contact with the insecticide
would negatively effect the reduction in malaria
transmission. This notion led to the assumption that
behavioral avoidance ofresidual insecticides would. in
essence. protect the vectors an~ therefore, prevent
overall reductions in the vector populations (Muirhead
Thomson 1950). This assessment. however. overlooks
the possibility that prevention of indoor biting and
resting behaviors might be an effective approach to
reducing malaria transmission. Othershavealsostressed
the relationship between altered behavioral patterns
associated with insecticide interaction, and to their
implications forconcrol ofvector-bome disease (Cullen
and De Zulueta 1962.. Hamon etal. 1970; Elliott 1972,
and Gillies 1988). Indeed. present understanding of
disease transmission indicates that the disruption ofthe
host-vector interaction may be more imponant than an
actual reduction in mosquito populations.

Research efforts in Belize have focused on four
anophelinespecies. which have been incriminated in the
transmission of human malaria including: Anopheles
albinumllS Weidemann; An. darlingi Root; An. pseruio
puncripennis Theobald; and An. vestitip,nnis Dyar and
Knab. Both An. darlingi and An. pseruiopllllctipennis
have shown the ability to transmit malaria in areas of
Central America (padilla et al. 1992) while Anopheles
albinumllS is widely believed to be the primary vector in
this region (Ramsey et a1. 1994). Although this species
readily feeds on humans. recent studies in Belize have
indicated that it exhibits ~weak endophagic behavior
(Bangs 1999. Roberts et aI., unpub. data).

Anopheles vestitipennis is found throughout the
coastal regions ofMexico. Central America. regions of
northern South America. Cuba. Dominican Republic.

andPuertoRico <Loyolaetal. 1991.Mekuriaetal. 1991.
Padilla et aI. 1992. Marquetti et ale 1992), and until
recently, its role as an imponaDt vector of human
malaria has not been well established. In fact. Boyd
(1949) reponed that An. vestitipennis is of little
importance in the transmission ofmalaria. Loyola et aI.
(1991), however. observed this species to be both
endophilicandendopbagic, and found nativepopulations
of An. venitipennis in Chiapas. Mexico. positive for
Pltumodillm"wax. Ina malariavectorsurveyconducted
i~ Belize, Kumm and Ram (1941) found malaria
sporozoites in the salivary glands of An. vestitipennis
and An. dDrlingi. but not in An. a/bimanus. More
recently. natural P. falciparum infections in An.
vestitipenniscollected from Belize have been identified
by sporozoite ELISA (Achee et aI.• unpub. data). 1;his
data indicates that An. vesritipennis had a higher
minimum field infection rate (0.282%) than either An.
albimamu(O.126%)orAn.darlingi(O.271%). Evidence
for the role ofAn. vestiripennis as a vector ofmalaria in
Belizehas been mounting from thoroughdocumentation
ofhuman-vectorcontact (Robens etaI. 1993 and Bangs
1999). relatively high natural infection rates (Achee et
aI.• unpub. data). andconfinnation ofmalariasporozoites
in naturally infected salivary glands (Kumm and Ram
1941). Taken together. these observations incriminate
An. vestitipennis as one of three imponant malaria
vectors in Belize.

MATERIALS AND METHODS

Study Area
In the early part of 1998. an experimental hut study

was undenaken to detennine the house entering and
exiting behavior of An. vestitipennis in the Toledo
District, located in southern Belize (Fig. 1). The study
was conducted in the village ofRancho (N 16° 09.954.
W 88°50.529). which wascomposedof166houses with
a total population ofapproximately 824peoplebased on
survey statistics from 1998. The village was located
about four miles from the Gulf of Honduras near the
town ofPuntaGorda. Study site selection was based on
the Belize Ministry ofHealth•s classification ofRancho
as one of the five most malarious areas within the
Toledo Districtand preliminarysurveys which detected
large numbers ofAn. vestitipennis larvae and adults.

The rainy season in the southem portion of Belize
begins in late April and continues through December.
The average yearly rainfall in the south is generally
greatertban 160inches. Thecoolest temperatures in the
region occur from November to December with an
average temperature of 24°C while the warmest
temperatures occur May through September (average



436
64 Jolll7llJl ofVector Ecology Iune,2000

S

Caribbean Sea

I I I • I • I

o 30km

fA Elevations>1000 feet

••..•
Oraa.. Walk District :

#
#

•••

Figure 1. Map of the Toledo District in Southern Belize. The location ofthe experimental hut site is indicated by
the star.
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temperature of27°C). The prevailing winds blow offof
the GulfofHonduras from the Southeast from January
tbroughAugustandshiftoutoftheNorthwestbeginning
in September.

Three identical huts were constructed for experi
mental purposes and for a series of IS-bourcollections.
Huts were modeled after the basic design of a Mayan
house that is common in southern Belize. The walls of
the butmeasured 7.8 m long x 4.2 m wide x 2.1 m higb
and consisted of plank wood walls. din floor. and a
thatch roofconstructed from Cahunepalm. The apex of
theangled roofmeasured 4.5 m from the floor ofthe hut.
A walkway running lengthwise down the center ofeach
hut was constructed 3 m above the floor to enable
examination of the thatch during collections. Each hut
bad three windows and anonh-facingdoor. Inaddition.
each hut was equipped with a small auxiliary door (0.5
m wide x 1mhigh)tbroughwhichcollectorscouldenter
or exit the huts without removing the trapS. This door
remained shut and locked except when collectors were
rotated. All three huts were constructed to accom
modate window anddoor intercepttraps. Thehuts were
situated in a lriangle with the most northern house (Hut
A) positioned 15 m from the other two structures and
ButB and HutC positioned 30 m from each other. Two
additional huts. that housed the collectors and their
families. were located about 40to SO m from the experi
mental hut site.

IDterceptiOD Tnps
With minor modifications, window and door

intercept traps were constructed according to the design
ofMuirhead-Thomson (19S0). The window traps were
0.6 m x 0.6 m x 0.6 m boxes and were constructed with
lengths of 1.3 em PVC pipe. The door traps were
constructed in a similar fashion and measured 1.8 m x
0.9 m x 0.9 m. Both trap types were covered by green
polyester insect netting (BioQuip Products Inc.) and
were sewn into place. The front of the traps were left
open to form a five-sided box. Sleeve material was
attached overa hole in the rearofthe trap to facilitate the
removal of resting mosquitoes. Initial efforts were
made using a funnel in the front ofthe trap to act as a one
way baffle. Aftera numberoftrials, this apparatus was
removed as an obstacle to mosquito passage. Addi
tionally, a 3 m x 0.3 m x 0.3 m eaves trap and a 3 m x 1.8
m x 0.8 m wall trap were constructed to aid in
determining themode ofentry into the huts. Thesetraps
were constructed in a similarfashion to that used for the
window and door traps.

CoUection Method
Simultaneous collections were conducted using an

three huts. Duringa single night's collection (4:30P.M.
to 7:30 A.M.). one hut was affixed with exit traps while
another was affixed with entrance traps. The third hut
was maintained as a control hut at which an indoorl
outdoorhuman landing collection was conducted. The
type ofcollection conducted at each hut was rotated on
subsequent nights in order to minimize slight variations
between the huts. A bost presence was established in
each hut prior to the collection by placing collectors in
the buts one hour before the beginning ofthe sampling
period. Twocollectors were placed in the centerofeacb
trap hut to act as bait during the collection.

Human landing collections at the control hut were
conducted for 30-minutes eacb hour. Indoor collectors
were positioned in the center of the hut while outdoor
collectors were positioned on the side ofthe hut at least
3 m from any openings. Collections consisted of
collectors aspirating mosquitoes from their exposed,
lower legs for a 30-minute time period. Indoor
collectors switched with outdoor collectors halfway
througb each 30-minute collection period. All
collectors rotated their positions between huts
throughout the night to eliminate the possibility of
collector bias. Post-spray collections were conducted
with traps being placed in the same position (i.e., both
with exit traps or both with entrance traps) C'n the two
sprayed huts. Post-spray human landing collections
were conducted at the control hut in the same manneras
described above.

Resting mosquitoes werecollectedfrom the interior
aspects ofthe traps using a mouth aspirator for a period
of30 minutes every hour. Collected mosquitoes, from
both human landing and intercept traps, were placed in
separate cardboard cages and labeled with the date.
time, and hut location for each collection period. Each
hour represents the 30-minute sampling period, which
occwred beginning at the top of that hour. Mosquitoes
were killed with chloroform vapor, and species were
identified the following morning.

1Dsecticide Application
On November 27, 1998. after the initial pre-spray

trials had been completed, trained personnel of the
BelizeMalaria Control Program sprayed two ofthe buts
with insecticide following established protocol. The
interior walls, lower 1 m ofthatch, and outside eaves of
Hut C were sprayed with DDT wettable powder (75%
wdp) that had been suspended in clean water to make a
4% (technical grade) formulation. Spraying was con
ducted using a Hudson X-Pert compression sprayer
equipped with an 8002E Teejet nozzle in orderlo obtain
a fan application to all hut surfaces. HutB was sprayed
in an identical manner as that applied to Hut C except
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using a 5% deltamethrin wettable powder. Four ounces
ofwettable powderwere suspended in 4galJonsofclean
water. The application rate was 2 srams per square
meter. Bothhuts were allowedtodrycompletely (forno
less than 12 hours) before a collection was perfonned.

RESULTS

Pl'e-Spray CoUectioas
A total of 26 pre-spray human landing collections

wasconduetedfromFebruary toDecember 1998resuJted
in !he conection of the following anopheline species
placed inorderafabundance:An. vtlsritiptlMis(23,087),
An. PlUlclimtlcula (437), An. albim.anus (158), An.
apicimacula (17), An.. gabaJdoni (to). An. darlingi (3)
and An. neivaiHoward, Dyar &. Knab (1). Analysis of
five preliminary all-night human landing collections
performed at all three huts simultaneously indicated the
mean numberofanopheline mosquitoes collected at the
three huts were not significandy different(Fvalue=.03;
p>O.05).

Anopheles 'IIestitipennis showed a constant high
level of landinglbiting activity beginning shonly after
sunset and continuing until approximately one hour
prior to sunrise (6:00 A.M.) (Fig. 2). Anexamination of
the indoor/outdoor biting populations showed no
difference between the number of An. 'IItlstitipennis
collected inside the huts (11.220) compared to outside
the hut (11,867), for an 0:1 ratio of 1:0.9.

The nighdy biting activity ofthe other anophelines
found at the study area conforms to what is already
found in the literature (Hobbs et al. 1986, Taylor 1966.
Rachouetal. 1965 and Muirhead-Thomsonand Mercier
1952). Outdoor:indoorratios, however, wereca1culated
for the other anopheline species collected during this
study to document the behavior ofthese species for !he
southern portionofBelize,CenttalAmerica.Thedensity
ofoutdoorandindoorbitingpopuIatioDSofAn.albinIQIUU
exhibited a marked difference with 91% (144) of the
population being collected outside and only 9% (14) of
the population being collected inside. The 0:1 ratio for
An. albimanus was 1:0.1. Anophelespunctimacula also
exhibited a greater propensity for biting outdoors with
71% (309) of the biting population being collected
outdoors and only 29% (128) being collected indoors.
These clara translate into an 0:1 ratio of 1:0.4. The
remaining fourspecies,An.apicimacula.An. ga/baldoni.
An.darlingi. andAn. neivaiwere all collected inoutdoor
collections.

Mode of EDb'y
Studies on mode ofentty into the hutemployed the

simultaneous use ofthree window traps, one door trap,

one waJI trap, and one eaves trap. Overall. intercept
traps were effective collecting devices for An.
vestitipennis mosquitoes. The traps were. however.
more effective as exit traps (3.929) than as entrance
traps (2,807). .

The pre-spray trap collections ofAn. vestilipennis
were conducted over21 trap nights betweenAugust and
Novemberof1998 and consisted ofmultiplecollections
each night. 'The collection totals were averaged by time
period and graphed against the midpoint for that time
interval. Peakenteringoccurred between 6:45 P.M. and
9:45 P.M. (Fig. 4). The vast majority of the entering
population was collected in the first bail of the night
with 91% oftheAn. 'IIestitiptlnnis being collected before
midnight. Peak exiting began at approximately 11 :45
P.M. andcontinued until 4:45A.M. (Fig. 5). ExitingAn.
'IIestitiptlnnis were primarily collected during the latter
halfofthe night. Only31% ofaJIexitingAn. 'IIestilipoznis
were collected prior to midnight while 69% were
collected between midnight and 6:45 A.M.

Only three anophelines collected from all the
entrance traps were blood fed (0.1 %). Two of these
were An. punctimacula and only one was An.
'IItlstitiptlnnis. For this reason, the gonotrophic status of
!he entering mosquitoes collected was classified as
unfed. The door and window openings clearly proved
to be the preferred mode ofentry with 1,044 anopheline
mosquitoes (35.3%) being collected from the window
traps and 1,760 (59.5%) being collected from the door
trap (Fig. 3). Theeavesand walls appeared to contribute
very little to the overall buildup ofentering anopheline
mosquitoes. with 4.4% (130) entering through the caves
and 0.8% (24) entering through cracks in the wall.
These traps only sampled tl8 oftota! wall oreaves space
in the house (3 m of 24 m of wall or eaves space).
Assumingrandom movement into the house, the number
of mosquitoes entering through other areas, such as the
eaves or walls should be proportional to that obtained
from the trapped portion. For this reason, collections
from the eaves and wall were adjusted to reflect the true
size of these entry points. After adjustment. the doors
and windows remained as primary modes of entry
(43.6%and2S.9%,respectively). Theeavesalso showed
to be a primary mode ofentry after adjustment (25.7%).
Only the walls continued to contribute very little to the
overall indoor population of anopheline mosquitoes
(4.8%).

Entl'ylExit Times (Post-Spray)
All night post-spray collections (5 entrance and 5

exit) wereconducted between NovemberandDecember
of 1998. The pattern ofAn. 'IIestiripennis biting activity
was similar to pre-spray patterns of activity. Biting
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Figure 2, Average numberofAllopheles'VI!stitipenniscollected from human baited collectionsduring 26 collection
nights at Rancho. Toledo District, Belize. from March to November of 1998. Each collection was
conducted for 15 hours by twocollectors collecting for 30 minutes each hour throughout the night. Data
is ploned against the midpoint ofeach 3O-minute sample period.
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It') It') It') It') It') It') It') It') It') V"l It')
'Ill' "lit 'Ill' ~ "lit' ":I: "lit 'Ill' "lit "lit' 'Ill'
Oci e-; C - :E N N ~ i:i .n ..c- - -..(

68

I: 16.g
]

14a
=·5 12
e
~

10~
&:

.~.! 8
:i>

:i 6~-Q..
.8 4e=z

2:0e
u
> 0<

It') It') It') It')

.~ "lit' "lit' "lit'

:E"Iit' .n ~ r.:
a.;

Joumtll o/Vt!ctor Ecology

440
Iune.2000

...... DDT
-II- Deltamethrin
~Pre-s ra

It') It') It')

'Ill' ":I: 'Ill'

2 ::EN
TJDle ..(

Comparison of the average number of Anopheles veslitipt!nnis collected under pre- and post-spray
conditions from exit interception traps conducted during 21 and S collection nights, respectively, at
Rancho. Toledo Disuict. Belize. from August to Novemberof 1998. Each collection was conducted for
15 hours by two collectors collecting for 30 minutes each hour throughout the night. Data is plotted
against the midpoint ofeach 30-minute sample period. During a single night's collection, both sprayed
huts were affixed with exit traps and a buman baited collection was conducted at the conD'ol hut.
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conditions from enttance interception traps conducted during 21 and 5 collection nights. respectively, at
Rancho, Toledo Disuict. Belize, from August to Decemberof 1998. Each collection was conducted for
IS hours by two collectors collecting for 30 minutes each hour throughout the night. Data is plotted
against the midpoint ofeach 3Q-minute sample period. During a single night's collection, both sprayed
huts were affIXed with entrance traps, and a human baited collection was conducted at the conD'ol but.
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began shortly aftersunset (6:45 P.M.) and continued at
a hip level throughout the remainderofthe nigbt in the
control but (Fig. 6). The 0: I ratio was calculated to be
1:0.8. Numbers of An. vl!slilipl!nnis collected in the
unsprayed but, compared to pre-spray collections,
sbowed a 37.4t;L reduction.

Both the DDT and the deltametbrin sprayed buts
exhibited a reduction in population levels from pre
spray trials. Numbers ofAn. 1I1!stitipeMis collected in
pre-spray traps compared to the numbers trapped post
spray documented a 66% reduction in the deltametbrin
but and a 97t;L reduction in the DDT but. Trap data for
the DDT but showed that two of the nights with the
largest collections occurred with winds of grater than
5 mpb and bouts of beavy rain.

The numbers of An. vl!stilipennis that entered the
DDThutpost-spray were very lowand only small peaks
ofentrance/exitactivityoccurred in the early bows after
sunset (5:45 PoM. to 7:45 PoM.) (Figs. 4 and 5). The
delta-methrin hut. bowever, continuedtohavesubstantial
numbers of An. vesritipennis enter the bouse after
spraying. In the deltametbrin-sprayed hut, the peak
entrance time generally followed the same pattern as
that seen in the pre-spray nials. A peak occurred
between 6:45 P.M. and 9:45 P.M. (Figs. 4, S, and 7). The
exit times, however, demonstrated a dramatic shift to
earlier in the evening. In addition visual examination of
the unsprayed ponionsofthe thatcbduringthecollection
indicated that there were no mosquitoes resting on these
surfaces during the course ofthe night. After spraying,
thepeak in exitactivity occurred between 8:45 PoM. and
II:45 P.M. AJmost all mosquitoes had exited the
deltamethrin-sprayed but by midnight.

An ANCOVA analysis was performed on the
entranceactivity toexamiDe theaffectpopulationdensity
had on trap collection totals (Fig. 8). The analysis
compared both pre- and post-spray entrance trap
collection totals to the population density on the same
night based on the human-landing collection from the
conttol hut. As population densities increased, the
collection from the entrance traps also increased for
both pre-spray huts and for the post·spray deltamethrin
hut. The slope ofthe DDThut regression line, bowever,
was not significantly different from zero (p> 0.05) and,
therefore, represented no increase in entrance activity
with increased population density.

DISCUSSION

Experimental hut studies provide critical infor
mation on the behavioral activitiesofvectorpopulations
in malarious areas. The present study demonstrates the
differences in the biting activities of three anopheline

species commonly found in the southern regions of
Belize. AnDpheles albimo.nllS sbowed a much stronger
exopbagic behavior than either An. vestitipennis or An.
punCtirrlDcllla. Anopheles pu.nctimacu/Q, however,
showed a greater tendency towards exophagy than An.
vutitipennis, with only 29% of the biting females
collected indoors.

At the Rancho study site, Anopheles vestitipennis
was collected in the greatest abundance and, therefore,
exhibited the strongest trends. Continuous high levels
of biting activity occurred throughout the night both
indoors and outdoors. Activity began shortly after
sunset and continued until just prior to sunrise. In
addition. this species demonstrated the strongest
endophagic behaviorwitha calculated0:1ratioof1:0.9.
clearly documenting this species' strong tendency to
enter a bouse and feed.

Data penaining to the mode ofentry into the huts
sbow that the door, window, and eaves all connibute to
the overall indoorpopulationofAnopheles vestitipennis.
Thedoor, windows, and eaves present very large portals
ofentry. A host-seeking mosquito would find little orno
obstacle to houseentry when presented withoneofthese
openings. The gaps between the slatesofthe wall, on the
other hand, are very narrow (ranging from 1 to 2 cm
wide). Those few mosquitoes entering through the wall
may be host·seeking females that accidentally find one
of these cracks in the process of trying to locate a
window or door. Anopheles vestitip~nnis, for example,
were observed to land on the exterior wall surface prior
to house entry. After a shon outdoor resting period. the
mosquito would again take flight. bouncing along the
wall in either a horizontal or vertical pattern. It would
continue this movement until itreachedeithera window.
door. or eaves opening. It is possible that during this
behavior a proponion of mosquitoes would locate a
suitable gap in the wall. This may account for the small
numberofanophelines that were collected from the wall
trap.

Entrance trap collections from unsprayed huts
showed that the majority ofAn. vestitipennis entering
the bouse were collected during the fU'St six hours after
sunset. Ofthose mosquitoes entering the hut. 91 % were
conectedpriortomidnight. 'Whilepeakenteringoccurred
shortly after sunset, the biting activity continued at a
high level throughoutthe night. This implied that a large
proportion ofthe host seeKing female population rested
within the interior of the hut prior to obtaining a blood
meal. Under identical conditions. exiting of An.
vestitipennis females occurred during the last six hours
before sunrise. Those An. vestitipennis. which entered
the unsprayed hut. peaked in their exiting behavior at
three to four hours before sunrise, at whicb time they
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returned to the outdoorenvironment in searchofsuitable
resting sites.

Afterdeltamethrin application. timeofpeakexiting
forAn. vestitipennispopulations was shifted toearlier in
the night. by approximately five bours. Examination of
the thatchduring thecollection indicated that there were
no mosquitoes resting on the unsprayed portions ofthe
thatched roof. This shift. in conjunction with very little
deviation from pre-spray entrance behavior. indicated
thatAn. vesritipenniswas sufficiently iniwedorrepelled
by deltamethrin to leave shortly after entering the bUL
Although this effect was observed. there still remained
a two-hour period between peak time of entering and
peak time ofexiting in which biting occurred. allowing
for the possibility ofmalaria ttansmission to also occur.
In addition. it should be noted that a common practice
during insecticide application is the removal ofpersonal
items from inside the hut prior to spraying the walls.
beams. and ceiling. When returned to the hut. these
items provide a number of suitable. untreated resting
sites. These unsprayed surfaces may decrease the
overall irritancy effect. as well as. allow mosquitoes to
avoid contact with the chemical. and thereby avoid
uptake ofa lethal dose of insecticide.

After spraying with DDT. there was a reduction of
97% in the total population ofAn. vesriripennis coming

to the treated hut. This equates to the collection of an
average of 4.9 mosquitoes per night in the DDT hut.
This is compared to a 66% reduction (or an average
nightly collection of S5.4 mosquitoes/night) in the
deltamethrin hut and a 37% reduction (or an average
nightly collection of 46S.9 mosquitoes/night) in the
control hut. This illustrates a strong repellency effect
due to the DDT. and a lowerbut. perhaps importantlevel
ofdeltametbrin repellency. A reduction in the number
of mosquitoes actually coming into the hut indicates a
clear reduction in the vectorlhost interaction and a
potential break in the transmission cycle.

Pre- and post-spray variations in An. vestitipennis
collected from theenttance traps were notdue to natural
changes in population density as determined by the
ANCQVA analysis. Both pre-spray huts demonstrated
increased trap collections in association with increasing
population densities. This same positive linear trend
was also seen after deltametbrin application. The DDT
tteated hut. however, showed no increase in the number
ofAn. vestitipennis collected from enttance traps as the
mosquito population levels increased. nus means that
the number of An. vestitipennis entering a hut will
increase in both untreated and deltamethrin treated huts
as mosquito densities increase butwill be repelled from
entering a DDT treated hut regardless of vector
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population levels.
In conclusion. An. vecstitipennu in southem Belize

exhibited a sttoug endopbagic behavior. This species
readily fed indoors and was a persistentbiterthroughout
the night. The dellalDethrin hut showed a definite
irritancy effect. Although the chemical did uotalter the
pauem ofhousc enteringactivity I itdid alter the time of
exiting. DDT on the other hand proved to have a very
powerful repellency effect. Under normal reduced
population levels (37.4% in conttol hut). delramethrin
only exhibited a 66% reduction, while DDT showed a
reduction of 97%. This effect goes conttary to earlier
observations made by Robens et aI. (1993) that An.
vecftitipennis was undeterred by DDT residues. These
early observations were based on 45 minute indoorl
outdoorhuman landingcollections conducted in houses
that wbere last sprayed with DDT months prior to the
actual collection activity. The present study sampled
anopheline populations throughout the night and was
conducted for two weeks after the initial spray.
Differences in the house entering behavior of An.
vecsritipecnnis documented by these two studies are
clearly associated with theduration ofthe residual effect
ofDDT. Due to the short time frame of the post-spray
observations in the present study. it is clear that
additional studies are required to examine the residual
effects of both DDT and deltamethrin in order to
determine their long-term effectiveness.

The repellency effect documented in the DDT
sprayed house essentially excluded human-vector
contact within that house. Reduced levels of
mosquitoes entering and biting will strongly reduce the
potential for malaria transmission. While the irritancy
effect ofdeltametbrin reduced the potential window of
opportunity for ttansmission, it did not preclude
transmission from occurring within the house during
those few hours in whicbAn. vecsfitipecnnis females were
in contact with humans.
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