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iBSTRACT
FITNESS, SURVIVAL AND RESISTANCE MANAGEMENT OF
THE YELLOW FEVER MOSQUITO, AEDESAEGYPTI (L.).
MAY 1999
LAURA C. HARRINGTON
B.S., ST.LAWRENCE UNIVERSITY, CANTON, NY
M.S., NORTH CAROLINA STATE UNIVERSITY, RALEIGH, NC
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor John D. Edman

Recent data show that wild Aedes aegypti feed frequently and almost exclusively
on humans without ingesting sugar for energy, and egg production is attributed to low
concentrations of isoleucine in human blood. However, human blood is reportedly suboptimal for Ae. aegypti compared with other types of blood. To understand why this
species prefers to repeatedly feed on blood that is reproductively sub-optimal, groups of
females were provided natural, low-isoleucine human blood, human blood supplemented
with isoleucine and natural chick and rodent blood in a series of experiments. Egg
production, energy reserves, feeding frequency and blood volume were compared. No
differences in egg production were found among females offered low isoleucine blood
compared with isoleucine-supplemented human blood, or among those offered chick and
rodent blood, contradicting previous reports. When females were maintained on both
sugar and blood (a common rearing practice, but unnatural wild behavior), rodent-fed
females produced more eggs than human-fed females. Greater energy reserves were
found in human-fed mosquitoes. Females ingested smaller meals from human hosts than

Vlll

rodents, yet fed with greater frequency on human blood. A life table study demonstrated
greatest survival and fitness with females offered human blood alone.
Field survival of Ae. aegypti was investigated. Two age cohorts (3 and 13 days)
were released and recaptured in 3 experiments in Puerto Rico and Thailand. Regression
analysis demonstrated a greater probability of daily survival for the older cohort. Greater
survivorship among older females changes the current view of dengue transmission
dynamics.
Collapsible black fabric resting boxes were evaluated for surveillance of adult Ae.
aegypti over a 10 month period in two regions of Thailand. Thirty percent of total

females were collected from two resting boxes in each house. Resting boxes, as a
surveillance tool, also decrease sampling time.
Satisfactory control of Ae. aegypti was not achieved with deltamethrin
impregnated resting boxes placed inside Thai houses. Females were susceptible to
topical application, but contact irritancy with deltamethrin-treated fabric was observed.
Lambdacyhalothrin treated boxes were more effective. Treated resting boxes place low
resistance selection pressure on populations and may be an inexpensive and sustainable
control method for Ae. aegypti.
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CHAPTER 1
LITERATURE REVIEW

Effect of isoleucine concentration in host blood on egg production by Ae. aesvvti
Some species of mosquitoes, e.g. Aedes aegypti, have a rather narrow host range.
Several factors working independently or in combination may drive such host preference,
[e.g., feeding success, host availability, host size, as well as other unknown factors (Kay
et al. 1979).] One explanation for host preferences in mosquitoes may be related to
fitness advantages in feeding on certain types of blood.
Ae. aegypti lives in close association with humans and prefers to feed on
humans, even when other hosts are available. This synanthropic association favors
multiple blood feeding (Scott et al. 1993a), primarily on human hosts (Scott et al. 1993b).
There may be an advantage for Ae. aegypti to feed on humans that ultimately maximizes
the production of offspring, an important component of fitness. One way in which this
can occur is if feeding on human blood causes greater egg production in Ae. aegypti.
Greater energy reserves also can augment survival and longevity, which may result in
greater production of offspring over a mosquito’s reproductive lifetime.
The potential for differences in mosquito egg production caused by qualitative
differences in host blood was first recognized by Geoldi (1905), who sought
(unsuccessfully) to demonstrate that mosquitoes utilize human blood more efficiently
than guinea pig blood for egg production. Mathis (1934) found 25% greater egg
production by Ae. aegypti fed on human blood compared with monkey, rabbit and guinea
pig. However, these results were not expressed per unit blood ingested, and,
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consequently, are difficult to interpret. Others have demonstrated the opposite result; i.e.
greater egg production by Ae. aegypti after feeding on non-human host blood sources.
(Woke 1937a,b, 1951, Woke 1956, Lea 1956, 1958, 1972, Chang 1976, Chang & Judson,
1976, Spielman & Wong, 1974, Nayar & Sauerman 1977, Briegel 1985). In all of these
studies, however, mosquitoes were offered sugar. If reproductive capacity is reduced
after ingesting human blood then there may be another advantage that has selectively
driven the evolution of this species to the highly anthropophagic state that it has reached
today. In fact, a recent life-table study demonstrated a greater reproductive output and
net replacement rate with groups of Ae. aegypti fed human blood rather than blood and
sugar (Costero et aL 1998).
After a female mosquito ingests a blood meal, there are three phases involved in
oocyte development: initiation of the oocyte which occurs quickly (within 12 hrs, Lea
1972) followed by vitellogenesis (trophic phase) and oocyte maturation (post trophic
phase) (Gillett 1956; Laurence & Simpson 1974; Clements 1992). This latter phase
results from the secretion of ovarian ecdysteroidogenic hormone (OEH) from the brain.
In Ae. aegypti stage III (maturing) oocytes cannot be observed until 18 hrs after ingestion
of blood at 27 °C (Nayar & Sauerman 1977). By feeding radioactive blood meals, Nayar
and Sauerman (1977) demonstrated uptake of radioactive material by the ovaries shortly
after blood meal ingestion. This suggested that nutrients in serum were taken up by the
ovaries, quickly initiating oogenesis and priming the oocyte for further yolk deposition.
Others have concluded that the physical act of blood feeding (abdominal distention)
causes release of endocrine factors that stimulate the ovarian capacity for yolk deposition
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(Koller and Raikhel 1991). The precise mechanism(s) of ovarian stimulation has yet to
be determined (Clements 1992).
Greenberg (1951) was among of the first to demonstrate the effect of nutrients on
egg development. He increased egg production in Ae. aegypti by adding protein or an
amino acid, isoleucine, to washed sheep erythrocytes. Lea and others (1958) further
demonstrated increased egg production with the addition of isoleucine. Other amino acid
mixtures fed per os to mosquitoes also have augmented egg production (Dimond et al
1956; Bellamy & Bracken 1971). Spielman and Wong (1974) demonstrated a positive
relationship between the proportion of females initiating oogenesis and the concentration
of serum injected via enemas into the midgut. Because isoleucine is found in very low
titers in human blood compared with other hosts, such as chickens and rodents, Spielman
and Wong (1974) suggested that isoleucine may be a limiting factor in egg production by
mosquitoes fed on human blood. The role of isoleucine was studied in greater detail by
Chang and Judson (1976). These authors demonstrated less follicular resorption in
female mosquitoes fed guinea pig blood compared with human blood. Chang and
Judson (1976) eliminated the potential role of isoleucine as a trigger for the endocrine
release of OEH, by demonstrating the equal effectiveness of low isoleucine human blood
and high isoleucine guinea pig blood in causing OEH release 2 hrs post-feeding. Chang
and Judson (1976) further demonstrated a higher rate of protein synthesis and amino acid
incorporation in fat body organ cultures incubated with isoleucine than those without
isoleucine. Briegel (1985) suggested that low isoleucine titers may effect the partitioning
of a blood meal between energy and egg production, by allowing more resources from the
blood meal to be utilized for energy rather than egg production since Ae. aegypti
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reportedly develops less eggs after feeding on human blood than other types of blood.
Ae. aegypti can, however, survive by synthesizing energy reserves from blood alone (Van
Handel 1965; Edman et al. 1992; Nayar and Sauerman 1994).

Estimating adult mosquito survival in the field
Obtaining accurate estimates of mosquito survival and longevity are essential to
the understanding of their capacity to transmit disease. Many important epidemiological
estimates of vector populations, such as population size, stability, capacity to increase,
and longevity are based on survival rates. Knowledge of mosquito survival is also
fundamental in understanding the impact of vector control strategies.
Aedes aegypti is a major vector of many diseases including four serotypes of
dengue virus. Adult survivorship of this species is a primary component of the
epidemiology of dengue. According to Watts et al. (1987), the extrinsic incubation
period for dengue 2 virus vnAe. aegypti is 12 to 25 days, for high and low doses,
respectively. The length of this incubation period is strongly dependent on temperature,
and decreases with increasing ambient temperature. Considering the age when most
female mosquitoes of this species ingest their first blood meal and the mean temperatures
in the tropics, only those individuals that are a minimum of 14 days of age or more are
considered potentially infective. Very few studies have focused on obtaining realistic
estimates of field survivorship beyond 15 days with this species. The impact of survival
on Ae. aegypti population parameters can be directly observed with recently developed
simulation models (Focks et al. 1993, 1995). These models assume a constant survival
rate, which may not be accurate.
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Indirect survival estimates
Determining the age of field captured mosquitoes is not an easy task. Indirect
methods, such the parous-rate, (Davidson 1954), uses knowledge of the proportion of
parous females in the population and the length of the gonotrophic cycle to calculate a
daily survival rate. This requires examining females for status of the ovariolar skeins
(Detinova’s method). These are tightly coiled terminations of tracheoles covering the
ovaries in females that have not developed eggs. The coils become irreversibly unwound
in females that have developed an egg batch. This method is poor for species such as Ae.
aegypti, with overlapping generations, that start blood feeding when they are 2 days old,
and can take frequent blood meals between gonotrophic cycles (McClelland & Conway
1971; Scott et al. 1993). Others have estimated survival rates based on the proportion of
individuals in the population with an age-related characteristic, such as green coloration
in newly emerged adults of Culex pipiens fatigans (Graham & Bradley 1972), or the
presence of certain life stages of parasites, such as malaria sporozoites (Macdonald 1952).

Direct survival estimates
The more common direct methods involve determination of physiological age of
wild mosquitoes by counting ovariolar dilatations and follicular relics (Polodova’s
method), which can indicate the number of gonotrophic cycles the mosquito has
undergone. Polodova’s method requires considerable dissection skills, and is not always
practical.
Other direct methods use mark-release-recapture techniques. Survival rates can
be estimated from multiple marking and releasing events based on knowledge of the
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number released and the proportion of surviving marked to unmarked recaptures over
time. The most commonly used models to estimate survival with multiple marking and
releases are the Fisher Ford and Jolly-Seber models. The Fisher Ford model, however
assumes that the daily survival rate is constant over the recapture period and compares the
expected and observed number of days the recaptured mosquitoes survived to provide a
“best fit” survival rate. The Jolly-Seber method estimates population size and survival
rates by maximum-likelihood. One major drawback of using these models is that they
require a great deal of handling of mosquitoes, which undoubtedly affects their survival.
The exponential model, which involves only one marking event and several recaptures
has been used more often in the literature than any other. This method estimates the
probability of daily survival from the antilog of the regression coefficient when the log
transformed number of recaptured mosquitoes is plotted against days after release. As
with other methods, the survival rate is considered to be constant for all age classes of
adults. With all mark-recapture models there are several basic assumptions that are not
always checked in the field. Service (1993b) provides a review of direct and indirect
methods for estimating survival in mosquitoes.
In many studies it is assumed that the probability of daily survival for Ae. aegypti
as well as many other species is constant over the lifetime of the individual. The
rationale for this assumption was explained by Macdonald (1952) and is often referred to
in the literature: that in nature most mosquitoes die of mortality factors, such as
predation, rather than old age. It is also assumed that losses due to emigration and
immigration are equal. Thus, the death rate should remain constant and independent of
age. Others have suggested that this assumption is made because there are no accurate
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methods available for analyzing the age of field collected mosquitoes (Trpis &
Hausermann 1986). Gillies (1961) was the first to use the exponential model to estimate
an average daily survival rate for Anopheles gambiae in Tanganyika, Africa. The author
suggested that the rate of emigration remained constant for each age class, therefore it did
not influence his assessment of the average daily survival rate. Gillies also recommended
removing the first 2 or 3 recapture days from the analysis. This advice has been followed
often in the literature. About 60% of published studies on mosquito survival estimates in
the field employed Gillies’ exponential model.
In 1981, Clements & Patterson reanalyzed published survivorship data for several
species and suggested two patterns of adult mosquito mortality and, consequently,
survival: one in which the mortality rate does not vary with age, and one in which the
mortality rate increases with age. The latter pattern can be described by the Gompertz
mortality function, which corresponds to an upward straight line when the natural log of
the difference between the number of mosquitoes at any two consecutive collection dates
is plotted on a log-scale against age on a linear scale. This was first described by
Gompertz (1825). Kershaw and others (1954) used the function to describe the mortality
of caged mosquitoes. Clements & Patterson (1981) provided a graphical and tabular
method for testing survival data to determine if it fit either of the two mortality patterns.
The graphical method was recommended for situations where the numbers are few or
highly variable. The initial step was to conduct a regression of the numbers of individuals
on a logarithmic scale against age on a linear scale. From this regression it can be
determined whether the data points fall along a straight line, if this is the case then the
data are likely to fit the exponential method (survival rate is constant). If this is not the
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case then the authors recommend drawing a curve through the data points and drawing
several tangents to the curve at evenly spaced intervals. An instantaneous mortality rate
can be calculated from the slope of the tangent. The slopes for each tangent are then
plotted on a logarithmic scale versus age on a linear scale. If a rising curve is obtained,
then mortality increases with age. Statistical checks should be made to confirm that the
Gompertz formula is appropriate. The authors reanalyzed published data on mosquito
survival for several species. In most cases they found that survival decreased with age.
The Gompertz mortality function was fitted to data for the following species: Anopheles
gambiae. An. funestrus. An. arabiensis. An. farauti. An. vagus, Culex quinquefasciatus,

and Mansonia uniformis, thus indicating that survival decreased with age for these
species. Re-analysis of data for Ae. aegypti (from Macdonald, 1977) and An. flavirostris
were consistent with the exponential model, thus having constant survival rates. Neither
functions fit the data for An. albimanus from Rachou et al. (1973) in El Salvador.
Haramis & Foster (1983) criticized Clements & Patterson because they re-analyzed data
only from tropical and subtropical studies where the ambient temperatures were fairly
constant. Haramis and Foster stated that fluctuating temperatures for studies in temperate
climates can have a great impact on capture rates for biting mosquitoes.

Survival analysis of wild populations of Ae. aegypti
The exponential model has been widely employed for studies with Ae. aegypti
(see Table 1 for a listing of published reports on survival of wild populations of Ae.
aegypti). Trpis & Hausermann (1986) calculated adult survival by methods slightly

different from Gillies’ 1961 method. They log-transformed the percentage of daily
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survival from records of last recaptured dates for individual mosquitoes. The number of
first day survivors was set to 100% and plotted against the recapture days. Linear
regression of percent survival over recapture days was calculated, but the data did not fit
the model well (r = 0.73 females, r = 0.50 males). Survival estimates were also obtained
from the Fisher Ford method and the Jolly Seber methods. The latter allows the
calculation of different survival rates for each day, however the rates fluctuated
considerably and did not appear to be realistic.
Macdonald (1977a) used the same approximation method for assessing the
survival of Ae. aegypti in Kenya. Several cohorts of adult mosquitoes were released at
two days of age and recaptured with landing-biting catches. Based on the percent of
recaptured mosquitoes a survivorship curve was established by setting the first collection
day recaptures to 100 %. The observed survival curve was plotted on a graph with the
expected survival curve, although the authors did not state how they arrived at their
expected survival estimates. It could have been derived from Fisher Ford method, which
was used to estimate the population size, or from the exponential method. The expected
and observed survivorship curves were very similar. Less than 5 % of mosquitoes
survived past 24 days. Interestingly, the author found a marked decrease in survival for
mosquitoes on the first two days after emergence, and attributed this to the fact that newly
emerged mosquitoes probably disperse farther than older ones. To test this assumption, a
second experiment was conducted. Three different age groups of female Ae. aegypti were
released (0, 2, 4 days old). The percent recaptured females from each cohort was similar
Macdonald felt that these results confirmed his conviction that survivorship is the same
for all ages. No breakdown on the percent daily recaptures was provided for each age
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cohort, however, therefore it cannot be determined if most of the mosquitoes from each
cohort were recaptured on the first day or on subsequent days.
Sheppard et al. (1969) studied the survival of adult Ae. aegypti, within a Buddhist
temple in Bangkok, for an entire year. The mosquitoes were captured, re-marked, and rereleased. It was not clear, however what the exact age of the mosquitoes was, since wild
adults were initially captured from bedrooms in the temple. Survival was estimated with
the Fisher Ford method. The authors were interested in detecting differences in
population size and survival over the course of the year to determine if these differences
were correlated with the seasonal incidence of dengue hemorrhagic fever. An attempt
was made to minimize error by estimating 24 hour survival rates over one month periods.
The rates were also corrected by taking into account emigration of mosquitoes outside the
study area. The authors concluded that there was no evidence that survival of adults
varied over the course of the year. It was assumed that there were small changes in
survival rates that could have large effects on the longevity of Ae. aegypti, and most
likely the methods used in this study were not sensitive enough to detect these changes.
Conway et al. (1974) estimated the survival of female Ae. aegypti from a markrelease-recapture experiments conducted in a scrap-heap surrounded by homes in
Tanzania. The study involved two experiments, one with daily releases and recaptures
and one with three separate releases and one single recapture. Survival rates were
estimated by a modified Fisher Ford method. The modification was made to allow for
blood feeding (taking into consideration both the interval between blood feeding and the
proportion of double feeders), since only host seeking females were recaptured. One
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problem with this method is that it may not reflect the accurate feeding pattern of Ae.
aegypti in this population.

Seawright et al. (1977) conducted two releases of Ae, aegypti in areas where this
species did not exist; Seahorse Key island off the Gulf coast of Florida, and Gainesville,
Florida. After release, survival of adult females was monitored with oviposition
containers placed around the release site. The number of eggs laid each day was recorded
and used to estimate the survival rate for females by performing a regression of the egg
total by day after release. The slope of this line yielded the average daily survival rate.
When the authors divided the y-intercept value of eggs by the mean number of eggs laid
per female on Seahorse Key, they should have obtained a value close to the number they
released, however this value was only 17 % of the total (the Gainesville data provided a
good estimation). One potential problem was a lack of hosts on the island. Two caged
rabbits were provided, but may not have been adequate. The authors explained the
discrepancy by stating that they might not have been sampling the entire release
population. Potential density-dependent mortality factors that prevented oviposition or
emigration were also suggested. The authors also stated (although they felt it was a weak
explanation) that the mortality rate might not be constant, and initial survival might be
low followed by higher survival rates on subsequent days.
Nayar (1981) studied a peridomestic population of Aedes aegypti near Vero
Beach, Florida, over a nine month period. Different age cohorts of released mosquitoes
were marked with 32P. Of the seven releases, six were with three-day-old mosquitoes,
and one with five-day-old mosquitoes. The author conducted a regression analysis of the
recapture data using the exponential model. The first 2 or 3 days after release were
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excluded from the regression analysis. No graphs were shown, but according to the
author, the data fit the linear model.

Nayar concluded with the generalization that the

longevity of most tropical mosquitoes is 7-14 days in the field. Nayar also found very
low rates of multiple blood feeding with this peridomestic population of Ae. aegypti.
Day et al. (1994) reported the results of a mark-release-recapture experiment with
Ae. aegypti in a rural Thai village. Gillies’ (1961) exponential model was used to

compare the 12 day survivorship of females released with different nutritional status. No
differences among the slopes of cohorts were observed. In some cases the data did not
appear to be linear.
Trpis et al. (1995) used a single release and multiple recaptures to estimate the
population size, dispersal and longevity of Ae. aegypti in Kenya. Survival was estimated
by plotting the percent recaptured over days. The first recapture day was set to 100%. It
was estimated that female longevity was at least 9 days. The authors found that they
were removing a significant proportion of wild mosquitoes from the population over
time, which would tend to underestimate survival.
Muir and Kay (1998) estimated the probability of daily survival, from antilog of
log-transformed regression coefficients, for male and female Ae. aegypti released and
then recaptured in northern Australia ranged from 0.86-0.91 and 0.57-0.70 for female
and males, respectively.

Survival estimates with other species of mosquitoes
A summary of the methods used to estimate survival with other species of
mosquitoes are provided in Table 2. Many researchers have used the exponential model
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to estimate survival (Gillies 1961, 1965; Lindquist et al. 1967,Wada et al. 1969, Dow
1971, Nelson et al. 1978, Reisen et al. 1978, Reisen & Aslamkhan, 1979, Reisen et al.
1980, Rawlings et al. 1981, Nayar 1982, Haramis & Foster 1983, Linthicum et al. 1985,
Reisen etal. 1986, Walker 1987, Rodriguez et al. 1992, Constantini et al. 1996). Other
methods used with these species included Jackson’s negative method (Reisen et al. 1978),
time series analysis (Holmes & Birley 1987), modified parous-rate estimates (Birley &
Rajagopolan 1981; Mutero & Birley 1987), and renewal equations (Saul 1987).
Sinsko & Craig (1979) used an isolated population of Aedes triseriatus to
compare commonly used population estimates. Most individuals in the population could
be counted, therefore yielding actual values for population size. The authors found that
the Jolly method was the most accurate for estimating population size compared with the
Bailey and Schnabel-Thompson methods. A hypothetical survivorship curve was created
based on the Jolly survival estimate and appeared to be lower than an independent curve
based on the cumulated production of female pupae, but it followed the same trends.

Greater survival in older mosquitoes
A few studies reported or suggested greater survival in a small group of older
mosquitoes (Seawright et al. 1977, Reisen et al. 1978, Haramis & Foster 1983, Reisen et
al. 1980, Constantini et al. 1996). Of these studies, only Seawright et al. (1977) was
conducted with Ae. aegypti, and although the authors hypothesized that there could be a
greater survival rate in mosquitoes that survived past the first oviposition, they felt that
this explanation was weak.
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Regression of mark-recapture data by Haramis & Foster (1983) indicated that a
small group of Ae. triseriatus lived a long period of time (40-55 days after release). The
data from the entire recapture period did fit the exponential model, however.
Three studies reported a higher survival rate in a small group of older mosquitoes.
Reisen et al. (1978) found a significant linear fit for regression data from resting female
Cu. tritaeniorhynchus in Pakistan, but not for biting females. When plotted on a semilog

scale, the data from the biting collections appeared to be curvilinear. Constantini et al.
(1996) used the exponential model to determine survival of An. gambiae complex species
in the Sudan. They found that the relationship was not linear, and those mosquitoes
surviving past 9 days demonstrated a greater survival than would be expected if the
survival rate was constant. Reisen et al. (1980) also found that the regression of recapture
data did not appear to be linear past 9 days after release. From days 10-14, the data fell
along a nearly horizontal line when plotted on a semilog scale. A curvilinear least
squares fit was highly significant, however, and the authors concluded that overall
survivorship of this species was constant with age.
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Table 1.1. Studies conducted to estimate the survival of wild populations of Ae. aegypti.
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denotes single marking and release event with multiple recaptures
variable estimates

Methods for determining survival

Survival

rates
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Table 1.2. Studies conducted to estimate the survival of wild populations of other mosquito species.
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Methods used to estimate

Population abundance of Ae. aesvpti and thresholds for dengue transmission
Little is known about the threshold population of Ae. aegypti required to sustain
dengue transmission. Estimates from the literature vary from greater than 1.5 females
per person (Rodriquez-Figueroa et al. 1995) to less than 1 female per house (Ghosh et al.
1974, Chen et al. 1994).
Dengue outbreaks in Thailand are more common during the rainy season.

Ae.

aegypti is a domestic container breeding species that should not be impacted by rainfall as

much as other species that prefer to breed outdoors in natural containers. Rainfall has
been associated with dengue outbreaks, however (Gould et al. 1970, Foo et al. 1985).
Dengue outbreaks have occurred during dry periods (Gosh et al. 1974, Eamchan et al.
1989), and often no relationship could be found between Ae. aegypti abundance and
rainfall (Goh et al. 1987, WHO 1995). Temperature has more of an impact on the
mosquito.

Ae. aegypti physiology and development as well as the extrinsic incubation

period of the virus are all directly related to increasing temperature. High dengue
transmission season in Thailand corresponds with the hot dry and rainy seasons (Watts et
al. 1997).

Control with pyrethroid impregnated material
After failures to eradicate Ae. aegypti with DDT in the Americas in the early
1970s, community-based source reduction has become a common practice for reducing
populations of Ae. aegypti (Gubler 1989). Source reduction involves the reduction or
elimination of larval breeding sites. This method has met varying success around the
tropics where it has been implemented. Insecticides, oils and predacious organisms
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(Toxorhynchites sp. and Mesocyclops sp.) have also been used to control Ae. aegypti

larvae breeding in containers (Jennings et al. 1995; Reiter & Gubler 1997).
Unlike indoor surface spraying and impregnated bednets for control of Anopheles
vectors of malaria, control measures for the adult stage of Ae. aegypti have not involved
insecticide impregnated fabrics and there are no reports of this use in the literature. The
most commonly used method for deploying insecticides for adult control of this species is
with the use of aerosols. Compounds are applied in this manner, with hand held and
vehicle mounted machines, and often with very high concentrations of insecticide.
Pyrethroids are often used for adult mosquito control because of their rapid
knockdown effects. Numerous reports of pyrethroid resistance have appeared in the
literature (Malcolm 1988). Excitorepellency is a common effect of pyrethroids with
disease vectors as well as insects in general (Curtis 1990), and excitorepellency,
avoidance and deterrency (exiting behavior from huts impregnated with bednets) have
been reported several times with pyrethroid impregnated material and Anopheles spp.
(Darriet et al. 1984, Charlwood & Graves 1987, Lines et al. 1987, Miller et al. 1991,
Chareonviriyaphap et al. 1997). Evaluations of the responses of Anopheles gambiae, Cx.
quinquefasciatus and Ae. aegypti to permethrin impregnated material have demonstrated

that Ae. aegypti was more susceptible than the other two species (Houssain et al. 1988)
resulting in LC50 values of 0.2 to 0.9 gm/m2, depending on the type of fabric tested. A
recent laboratory study reported the susceptibility of Ae. aegypti to deltamethrin
impregnated materials ranged from LC50 of 5.24 mg/m2 on jute fabric to 10.7 mg/m2 on
cotton. Aedes aegypti females were less susceptible to lambdacyhalothrin with LC50
ranging from 21.7 on jute to 30.5 mg/m2 on cotton (Ansari et al. 1998).
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CHAPTER 2
EFFECT OF HIGH AND LOW CONCENTRATIONS OF ISOLEUCINE IN
BLOOD OFFERED ARTIFICIALLY AND FROM A LIVE CHICK AND HUMAN
HOST ON THE ENERGY RESERVES AND EGG PRODUCTION
OF AEDES AEGYPTI

Introduction
Spielman and Wong (1974) were the first to suggest that isoleucine may be a
limiting factor in egg production by mosquitoes that ingest human blood. Their
conclusion was based upon their own work and previous studies demonstrating that the
freely circulating plasma amino acid, isoleucine (ILE), was essential for egg production
by Ae. aegypti (Greenberg 1951; Lea et al. 1958). While other amino acids offered to
mosquitoes have augmented egg production (Dimond et al. 1956; Bellamy & Bracken
1971), Spielman and Wong (1974) demonstrated that only ILE was limiting. Chang and
Judson (1976) further investigated the role of this essential amino acid in the female
mosquito diet and concluded that ILE did not function as a trigger for endocrine release
of ovarian ecdysteroidogenic hormone, as postulated by Spielman and Wong (1974), but
that greater ILE concentration in the blood meal decreased the rate of follicular resorption
in the mosquito ovary.
The human hemoglobin molecule contains almost no ILE and human plasma
contains low titers of free ILE compared with other types of host blood such as chickens
and rodents. Although the concentration of ILE in plasma remains low in humans, this
low titer can vary depending on the individual’s gender, age and physiological status
(Dayhoff 1969).
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Aedes aegypti, the major urban vector of dengue and yellow fever viruses, has

evolved a close association with humans. This species prefers to feed on humans, rest in
human dwellings and oviposit in water containers used by humans for water storage or
discarded receptacles and tires. Recent observations have concluded that this species
ingests frequent (often non-reproductive) blood meals and seldom feeds on sugar in
nature (Edman et al. 1992; Chow et al. 1993; Scott et al. 1993a; Van Handel et al. 1994).
This blood feeding behavior appears to be paradoxical if human blood contains suboptimal quantities of ILE for egg production. The question then arises: what advantage
has driven the evolution of this species to the highly anthropophilic and anthropophagic
state it has reached today? Other driving forces for human blood feeding preference may
be related to greater nutritional value of human blood leading to increased survival rates
in adult females. Greater survival could compensate for lower fecundity after ingesting
human blood.
The purpose of this study was (1) to confirm the results reported in the literature
that female Ae. aegypti produce fewer eggs when fed on equivalent amounts of human
blood rather than other types of blood with greater ILE titers, and (2) to determine if there
is a nutritional advantage for this species to ingest human blood. The first experiment
was conducted to compare egg production between females offered human blood and
human blood supplemented with ILE. The second experiment compared egg production
as well as energy reserves in females offered low and high concentrations of ILE in
human blood.
In these first two experiments mosquitoes ingested smaller blood meals from the
artificial feeding system than they do from live hosts. A third experiment was conducted
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to address this issue by comparing egg production and energy reserves in females offered
human blood and human blood supplemented with ILE, as well as groups offered blood
from a live low ILE human host and a live high ILE chick host.

Materials and methods
Mosquitoes
A Thai strain of Ae. aegypti was reared from field-collected eggs at 27 ± 1°C and
a photoregime of 14:10 (L:D) h. Cohorts of large and medium size adults were obtained
by increasing or decreasing the density of larvae (large: 175 larvae; medium: 350 larvae)
in rearing trays (1000 ml water, 25.5 cm x 31.0 cm) and diet. Mosquitoes were offered a
diet of 1:1 lactalbumin:brewers yeast. Adults were held in rearing cages after eclosion
without sugar for 3 days. Wing length measurements of large and medium cohorts were
recorded.

Blood feeding and ILE supplementation
Fresh frozen plasma and expired red blood cells were thawed to room
temperature. ILE was added to one fraction of plasma to obtain a concentration three
times the median baseline level in human blood. Amino acid supplementation was
conducted following the method of Briegel (1985), by dissolving 1.3 mg of ILE in 2 ml
of 9% sodium chloride solution. One - two 1.5 ml aliquots of plasma were reserved and
frozen for later ILE quantitation. Blood was then reconstituted. Flasks containing stock
solutions of supplemented and un-supplemented blood stored at 10 °C for the remainder
of the experiment.
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Baseline ILE ranges were obtained from the New England Medical Center
Pediatric Amino Acid Laboratory (Boston, MA). The median of the ILE range for adult
humans (range = 0.46 - 1.28 mg/dl, median = 0.87 mg/dl - 66.3 nm/ml) was calculated
for 50 ml of human plasma.
Several pieces of hog intestine (Kwik-Fill brand hog casings, F. B. Casing Co.,
Brooklyn, NY) were thoroughly rinsed with water and placed around the base of glass
water-jacketed feeding apparatuses. The membranes were secured with rubber bands and
3 ml of blood was placed in each feeder. Blood was warmed to body temperature for 30
min by circulating water through the glass jacket from a hot water bath set at 37 °C.
Starved females were placed in either Plexiglas cages (with a screened aperture)
or 0.5 L cardboard ice cream containers with mesh lids. The glass feeders with warm
blood were placed on top of the mesh or screened aperture, allowing mosquitoes to feed
through the mesh lid for a period of 10-30 minutes. Any mosquitoes that did not feed on
the first day were reserved and weighed to obtain empty baseline weights and then
removed from the experiment. After the blood feeding period, females were returned to
an environmental chamber, and held at the above conditions with no water or oviposition
medium.

Measurement of ingested blood meal weight
After the first day of blood feeding, 10 engorged and 10 unfed females from each
treatment were briefly anesthetized on wet ice and weighed individually using an
automatic electrobalance (CAHN 27, Cahn Instruments, Cerritos, CA). The average
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difference in engorged and unengorged weights was calculated to estimate blood meal
size.

Oocyte quantitation and preparation of mosquitoes for nutritional analysis

After the blood feeding period (8 days in experiment 1, 7 days in experiment 2, 6
days in experiment 3), females were removed from cartons and chilled. The right wing
of each mosquito was reserved for wing length measurements. The ovaries of each
female were dissected from the body in phosphate buffered solution (PBS). The number
of mature and developing oocytes was recorded for each individual female. The cadaver
(body without ovaries) and ovaries of each mosquito were placed in separate test tubes
and labeled. Three ml of PBS was placed in each tube with dissected mosquitoes to
ensure equal volumes of liquid. The test tubes were then placed in an drying oven set at
70 °C until dry (approximately 2 hours).

Nutritional analysis

The methods of Van Handel (1985a, b) modified by Van Handel and Day (1988)
were employed to assay the amount of glycogen, sugar and lipid in each mosquito
cadaver and pair of ovaries. Dried samples were homogenized by hand with a glass
stirring rod. To separate the lipids and sugars from glycogen, 200 pi of a 2% sodium
sulfate solution followed by 1.5 ml of chloroform: methanol solution (1:2 ratio) were
added to each test tube. After gentle agitation, the glass stirring rods were removed and
the solution was centrifuged for 1 minute at a relative centrifugal force (RCF) of 450 x g.
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Supernatant containing lipid and sugars was removed from each sample with a Pasteur
pipette, divided in half and transferred into two new test tubes. Precipitate (containing
glycogen adsorbed to sodium sulfate) was reserved in the original test tube.

Glycogen

Three ml of anthrone reagent (150 ml distilled water, 380 ml sulfuric acid, 750 mg
anthrone) were added to each test tube containing precipitate. Test tubes were then
heated at 95°C for 17 minutes, vortexed, and cooled for 10 minutes. Optical density of
each sample was read at 625 nm with a Hitachi model U-1000/1100 UV/visible
spectrophotometer (Hitachi Instruments, Inc., Danbury, CT). A standard curve was
established using known amounts of glycogen. Glycogen content (pg) per mosquito
sample was determined by dividing the optical density by the slope of the standard curve.

Sugar

The sugar content (glucose, sucrose and trehalose) in each sample was determined using
the same method as described above for glycogen. The resulting optical density was
divided by the slope of the standard curve and then multiplied by two (because the
supernatant was divided in half) to achieve the final sugar content per sample.

Lipid

After lipid samples dried, 0.2 ml of sulfuric acid (95-98%) was added to each test tube
and heated at 95°C for 10 minutes. Hot sulfuric acid causes conversion of unsaturated
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lipids to sulfonic acid derivatives that are water soluble (Van Handel 1985). Three ml of a
vanillin-phosphoric acid reagent (100 ml distilled water, 400 ml 85% phosphoric acid,
600 mg vanillin) was then added to each tube and vortexed. Sulfonic acid derivatives in
each sample turned a pink-red color in the presence of this reagent. After 10 minutes the
optical density of each sample was read at 525 nm. These values were recorded and
divided by the slope of a curve of known standards, and then multiplied by two to obtain
the final lipid volume per sample.

Preparation of blood samples and ILE quantitation

Aliquots of human plasma samples with and without additional ILE
supplementation were shipped frozen to the Protein Chemistry Laboratory at the
University of Texas Medical Branch at Galveston for ILE quantitation. (Plasma samples
from the live human and live chick host in experiment 3 were not drawn). At the Protein
Chemistry Laboratory, plasma was thawed and prepared for analysis by combining 200
pi of plasma and 800 pi of 3.75% SSA with 2.5 nmoles of 4 PEC. The samples were
refrigerated for 30 min and then centrifuged at 6400 RPM (g not available) for 30
minutes. Twenty-micron filters (13 mm, Acrodisc PTFE) were used to filter the
supernatant. One hundred microliters of supernatant were loaded into sample loops of a
Beckman 6300 amino acid analyzer; 4-pyridylethyl-L-cysteine (4 PEC) was used as the
internal standard.
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Wing length measurements

The right wing from each female was removed and mounted on a glass
microscope slide. Each wing was measured from the humeral cross vein to the distal
apex (Nasci 1986).
Data analysis

Egg production was compared between females ingesting human blood vs. human
blood supplemented with ILE in experiment 1. In experiment 2 and 3, egg production
and nutrient reserves in mosquitoes offered high and low ILE titers in blood was
determined. Student’s t-test and Kruskal Wallis ANOVA were employed to compare
data.
Results
Blood meal size

In experiment 1, females in the high ILE treatment ingested significantly more
blood (2.32 ± 0.13 mg) than those in the low ILE treatment (1.20 ± 0.34 mg, t = -3.75, P
= 0.0016, df = 11). However, the sample size in the low ILE group was small (n = 3).
Weights were not taken in experiment 2. In experiment 3, no differences were observed
in blood meal volume ingested between females offered low natural vs. supplemented
high ILE human blood with the artificial feeding apparatus. No differences in blood
meal size were found between the high (chick) and low (human) ILE natural host groups.
However, mosquitoes offered a natural human or chick host consumed significantly
larger blood meals than those offered blood artificially through a natural membrane
(Fig.2.1).
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Egg production
No differences in egg production were found between mosquitoes offered low vs.
high ILE blood in experiment 1 (Table 2.1). Similarly, in experiment 2, no differences
were found between females offered low (57.0 nm/ml) vs. high ILE (172.2 nm/ml) with
both large (2.85 ±0.16 mm wing length) and medium (2.47 ± 0.11 mm wing length) size
mosquitoes. No significant differences in the number of eggs were found between the
low (natural = 41.7 nm/ml) and high (371.9 nm/ml) supplemented human blood
treatments offered artificially through a membrane as well as between the natural human
and natural chick blood treatments in experiment 3 (Table 2.3).

Energy reserves
Glycogen content
In experiment 2, significantly greater mean glycogen concentrations were found in the
ovaries of large-body low ILE group (13.5 ± 2.73 fig) compared with the large-body high
ILE group (6.6 ± 0.49 fig; t = 2.49, P = 0.01, df = 18). No differences in glycogen
content were found in the ovaries of medium sized females (Fig. 2.2).
The same trend was observed with the cadavers (remainder of body without
ovaries) of these groups. The large-body low ILE group cadavers contained significantly
more glycogen (17.4 ± 1.88 jig) than the high ILE group cadavers (10.8 ± 0.80 fig; t =
3.22, P = 0.002, df = 23). The medium-body low ILE females had significantly greater
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glycogen levels (15.2 ± 2.22 ^g) than the medium-body high ILE females as well (9.2 ±
1.39 jag; t = 2.29, P = 0.02, df= 21; Fig. 2.2).
No differences in glycogen concentration were in observed in experiment 3 with
mosquitoes in the artificial blood treatments. Significantly greater (P <0.01) glycogen
levels (at

oc

= 0.10) were found in mosquito cadavers from the human blood group (20.9

± 2.7 pg) compared with the chicken blood (high ILE group) (15.8 ± 4.6 pg; t = 1.66, P =
0.05, df = 56). No significant differences in ovary glycogen were observed between the
large-body natural host groups. Glycogen reserves in the medium size females offered
natural host treatments were not significantly different (Fig. 2.3).

Sugar content
Significantly greater sugar reserves was found in the ovaries of large-bodied low ILE
females (1.78 ± 0.31 pg) compared with large-bodied high ILE females in experiment 2
(1.18 ± 0.20 pg; t = 1.71, P = 0.047, df = 43). The difference between the two treatments
in the medium-bodied cohorts was not significant (Fig. 2.4).
No significant differences were found between the sugar content in the cadavers
of the large low ILE group and the large high ILE group in experiment 2 (4.48 ± 2.39 pg;
1.54 ± 0.38 pg, respectively). The concentrations in the cadavers of medium size cohorts
were different (low ILE: 3.14 ± 0.83 pg; high ILE: 0.88 ± 0.48 pg; t = 2.35, P = 0.01, df
= 19; Fig. 2.4).
Mosquitoes artificially offered normal human blood in experiment 3 had
significantly greater total sugar reserves (10.7 ± 2.6 pg) than those in the high
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(supplemented) ILE group (5.7 ± 0.73 pg; t = 1.82, P = 0.05, df =9; a = 0.10; Fig. 2.5).
This difference was attributable to cadaver rather than ovary sugar content. The natural
human treatment yielded greater sugar reserves (6.9 ± 1.12 pg) than the chick treatment
(4.8 ± 0.68 pg) for the larger bodied mosquitoes (t = 1.6, P = 0.055, df = 51, a = 0.10).
In contrast, the medium bodied mosquitoes fed on a live human host had significantly
lower total sugar reserves (3.1 ± 0.38 pg) than those offered chick blood (5.2 ± 0.63 pg; t
=. 2.91, P = 0.006, df=14; Fig. 2.5). This difference was due primarily to greater sugar
reserves in the ovaries of females offered the high ILE host.

Lipid content
Ovary lipid concentrations between the low (33.6 ± 2.5 pg) and high ILE treatments (30.9
± 2.1 pg) of the large cohort in experiment 2 were not significantly different. The same
trend was observed with the medium cohort (low ILE: 15.6 i 2.5 pg, high ILE. 19.4 i
3.1 pg) (Fig. 2.6). No differences were found among the cadaver lipid concentrations of
large bodied females (low ILE: 21.5 ± 2.1 pg; high ILE: 21.2 ± 2.7 pg). The same trend
was found with the medium size females (low ILE: 19.0 ± 4.5 pg; high ILE: 12.9 ± 2.4

Pg)Lipid reserves in the ovaries from large-bodied mosquitoes from the natural
human host treatment in experiment 3 (70.8 ±5.1 pg) were significantly greater than
reserves in the ovaries of large-bodied females offered a chick host (35.4 ± 1.8 pg; t =
5.84, P = 1.38 x 10”7, df =56). Less pronounced differences were found in the mediumbody females (low ILE: 18.6 ± 1.3 pg, high ILE: 13.6 ± 1.2 pg; t = 2.81, P = 0.007, df
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=14). No differences in reserves were found with the human blood and ILE
supplemented artificially offered treatments.
Lipid reserves in cadavers from large bodied mosquitoes from the natural host
human blood treatment (139.2 ± 12.3 pg) in experiment 3 were almost 3 times greater
than the chick treatment (52.0 ± 4.5 pg; t = 6.64, P = 3.03 x 1 O'8, df = 40) (Fig. 2.7). A
similar but less dramatic trend was observed with medium bodied mosquitoes;
significantly greater lipid content was found in the human blood group (35.0 ± 5.4 pg)
than the chick treatment (23.5 ± 4.6 pg; t = 1.65, P = 0.06, df = 14). No significant
differences in lipid content of cadavers were found between mosquitoes from low (38.5 ±
7.4 pg) and high ILE (43.6 ± 4.7 pg) artificial blood treatments. These mosquitoes
ingested smaller blood meal than those offered live hosts.

Partitioning of energy reserves
Mosquitoes in the natural human blood treatment partitioned more lipids to the
body than to the ovaries (64% body, 36% ovaries; Fig. 2.8) when compared with the
chick blood group (58.1% body, 41.9% ovaries; Fig 2.9).
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Table 2.1. Mean number of fully developed oocytes per
female Ae. aegypti offered low and high ILE human
blood artificially (experiment 1).

ILE

Body Size

Mean1 No. Eggs
± SEM (N)

Concentration
Low ILE (41.7 nm/ml)

Large

78.0 ±9.0 (15)

High ILE (163.2 nm/ml)

Large

62.2 ±4.9 (9)

'Means not significantly different from each other (Students t-test).
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Table 2.2. Mean number of developed oocytes per female Ae. aegypti offered low
and high ILE human blood artificially (experiment 2).

High ILE Blood

Low ILE Blood

Eggs

Body

Eggs

Size

(Mean ± SE)

No.

(Mean1 ± SE)

No.

Medium

24.2 ±4.1

15

28.8 ±3.8

10

Large

64.4 ± 4.3

18

62.8 ±3.6

28

'Means followed by the same letter are not significantly different from each other
(Kruskal Wallis ANOVA).
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Table 2.3. Mean developing oocytes per female Ae. aegypti offered low and high ILE
human blood artificially, and with representative low and high ILE natural hosts
(experiment 3).

Low ILE Blood

High ILE Blood

Eggs

Eggs

Body Size/Host

(Mean ± SEM)

N

(Mean ± SEM)

N

Medium/Natural host

35.9 ± 2.8a

9

35.7 ± 2.7a

7

Large/Natural host

84.1 ± 5.3b

34

83.6 ± 5.4b

25

Large/ Artificial

55.8 ± 10.6C

9

52.0 ± 4.4c

15

1 Means followed by the same letter are not significantly different from each other
(Kruskal Wallis ANOVA, P < 0.05).
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(experiment 3).

Figure 2.1. Mean blood meal weight ingested by female

aegypti offered low and high ILE blood artificially vs. naturally
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Figure 2.2. Comparison of the glycogen content of bodies and eggs of large and medium size Ae. aegypti fed low and high
concentrations of ILE (experiment 2). Standard error bars represent values for entire body (cadaver and ovaries).
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Figure 2.3. Comparison of the glycogen content of bodies and eggs of large and medium sizezle. aegypti fed low and high
concentrations of ILE (experiment 3). Standard error bars represent values for entire body (cadaver and ovaries).
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Figure 2.4. Comparison of the sugar content of cadavers and ovaries of large and medium Ae. aegypti fed low and high concentrations
of ILE (experiment 2). Standard error bars represent values for entire body (cadaver and ovaries).
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Figure 2.6. Comparison of the lipid content of bodies and ovaries of large and medium size Ae. aegypti fed low and high
concentrations of ILE (experiment 2). Standard error bars represent values for entire body (cadaver and ovaries).
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Figure 2.8. Percent of total lipid partitioned in the bodies and ovaries of female Ae. aegypti fed
low ILE human blood (A) and high ILE chick blood (B) from a live host.

Discussion
No differences in egg production were found when Ae. aegypti were offered ILE
supplemented and un-supplemented human blood in experiment 1 and 2.

Females

ingested smaller blood meals when offered human blood through the artificial feeding
apparatus used in these experiments than from a live host. Due to concern that smaller
blood meals may influence the results, experiment 3 was conducted with blood offered
both through membranes and from representative natural hosts (human and chick).
Again, no differences in egg production were observed between females offered a low
and high ILE live host. These results contradict the widely accepted view that egg
production by Ae. aegypti is regulated by the ILE content in host blood (Briegel 1985;
Clements 1992; Chang & Judson 1977; Chang & Judson 1979).
A nutritional advantage for females that feed on human blood was demonstrated
by these experiments.

Significantly greater glycogen, sugar and lipid reserves were

found in the body of females offered naturally low levels of ILE compared with ILE
supplemented human blood and a high ILE live chick host (approximately twice the ILE
of human blood).

These greater energy reserves were found primarily in body cadavers

rather than in the ovaries/eggs. Less pronounced differences were found with females
offered blood artificially and in the smaller body size group. Female Ae. aegypti
partitioned a greater proportion of lipid to the body than to the ovaries in the live human
host group compared with the live chick. This result supports the conclusion of Briegel
(1985, 1990) that females utilize human blood more efficiently for energy and that more
nutrients from human blood may be available for the energy needs of the mosquito.
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The most dramatic difference in energy reserves was found with lipids. Lipids (or
triglycerides) are the energy source most commonly used when mosquitoes are at rest,
whereas carbohydrates are used more efficiently for flight energy (Nayar & Van Handel
1971). Significantly greater lipid reserves rather than glycogen and sugar reserves may
be important for mosquitoes, such as Ae. aegypti, that feed, rest and oviposit in close
proximity to their host (Edman et al. 1998) compared with those that fly long distances.
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CHAPTER 3
IMPACT OF DAILY FEEDING ON LIVE LOW-ISOLEUCINE HUMAN AND
HIGH-ISOLEUCINE RODENT HOSTS ON THE FREQUENCY OF BLOOD
FEEDING, ENERGY RESERVES AND EGG PRODUCTION
OF AEDES AEGYPTI

Introduction
Experiments described in the previous chapter demonstrated no differences in egg
production between female Ae. aegypti offered low isoleucine (ILE) or ILE supplemented
human blood through a natural membrane. The same was true for live natural hosts with
varying ILE levels. Many of the studies citing greater egg production with Ae. aegypti
offered a rodent as the high ILE host (Speilman & Wong 1974, Chang & Judson 1977,
Briegel 1985). Rodent blood contains approximately 3 times the human concentration of
ILE, while chick blood contains approximately 2 times that amount. Another factor that
may have impacted on results reported in Chapter 2, was that estimates of daily blood
meal volume ingested (which impacts egg production) were not made and females were
not provided with an oviposition vessel, the latter forced them to retain their eggs over
the entire blood-feeding period. There may be a cumulative effect of blood feeding on
egg production; most reports in the literature cite egg production after only one blood
meal. The purpose of this experiment was to: (1) confirm the results from previous
studies that female Ae. aegypti produce equal numbers of eggs when fed on low ILE
human blood rather than high ILE blood using a rodent host, and (2) to determine if there
is an energetic advantage to feeding on human blood. To address these objectives, we
offered one group of female Ae. aegypti a human host and another identical group a
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rodent host daily for ten days, followed by assessment of egg production and energy
reserves in the two groups.

Materials and methods
Mosquitoes
A Thai strain of Aedes aegypti were reared at 27 ± 1 °C, 80 % RH and a
photoregime of 14:10 (L:D) h. Adults of uniform medium-large size were obtained and
held in rearing cages after eclosion for 3 days. Mosquitoes were not offered sugar, but
were allowed water for the first two days of the holding period.

Mice
Laboratory mice from a colony originally purchased from Charles River
Laboratories (Wilmington, MA) were used in this study. Five females and five males of
approximately the same age were used. Animals were maintained at the University of
Massachusetts Animal Care Facility and transported to the medical entomology
laboratory for daily blood feeds.

Blood feeding
Experimental containers for individual mosquitoes were fashioned out of
cardboard drinking cups (237 ml volume) fitted with mesh lids. A smaller plastic cup (60
ml volume) lined with paper toweling and filled with 30 ml distilled water was placed
inside each container for oviposition. Female Ae. aegypti were offered a blood meal daily
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from live hosts. The arm of L.C.H. was offered as the low ILE treatment and restrained,
unanesthetized laboratory mice were used for the high ILE treatment. Equal numbers of
male and female mice were used and allocated randomly each day for blood feeding. The
mice were placed in wire restrainers made of hardware cloth and placed abdomen side
down over the mesh tops of containers. Any mosquitoes that did not feed on the first day
were removed from the study. This was determined by shining a light on one side of the
lateral aspect of each mosquito, and viewing the illuminated abdomen through the pleural
membrane from the opposite side. Fresh blood meals (large and small) were clearly
evident as bright red in the distended abdomen. Egg production was noted each day at
time of feeding. Mosquitoes were offered human or rodent blood over the same time
period (15 minutes per container) on each day for ten days. Samples of approximately 20
mosquitoes were removed just prior to blood feeding on day 3, 7, and 11 (representing 2,
6 and 10 days of blood feeding) and stored at -70 °C for later analysis. After each blood
feeding period, containers with individual mosquitoes were returned to an environmental
chamber and held under the same conditions.

Measurement of blood meal ingested
After each day of blood feeding, 10 engorged and 10 unfed females were briefly
anesthetized on wet ice and weighed individually using an automatic electrobalance
(CAHN 27, Cahn Instruments, Cerritos, CA). The average difference in weight was used
to estimate blood meal size for each day.
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Oocyte quantitation and preparation of mosquitoes for analysis
Eggs laid on paper toweling were removed from the ovicups of mosquitoes frozen
on day 7 and 11. The number of eggs produced by each mosquito was recorded. Eggs
were then placed in test tubes and prepared for nutrition analysis. Developing oocytes
also were counted by dissecting ovaries of each female in phosphate buffered solution
(PBS). The number of developing oocytes and Christophers stage were recorded.
Cadavers (bodies without ovaries) and ovaries were placed in separate test tubes
for each mosquito. PBS buffer was added to each test tube so that all PBS volumes were
equal (3 ml). Samples were then dried in an oven at 70 °C until dry. Ten blanks of 3 ml
each of buffer alone were included as a control and prepared in the same manner. After
cooling test tubes were covered with Parafilm and placed in a refrigerator for later
analysis.

Nutritional analysis
The methods of Van Handel (1985a, b) as modified by Van Handel and Day
(1988), as described in Chapter 2, were employed to determine the amount of glycogen,
sugar and lipid in mosquito bodies, ovaries and deposited eggs.

Preparation of blood samples and plasma ILE quantitation
Human blood samples was drawn from both hosts during the experiment (human
on day 7, and rodent blood on day 11). Human blood (from L.C.H.) was drawn by the
University of Massachusetts Health Center; rodent blood was collected by M. Delano at
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UMASS Animal Care. Blood samples from male and female mice were pooled
separately. Plasma and blood cells were separated by centrifugation for 20 minutes with
a Sorvall Superspeed RC2-B automatic refrigerated centrifuge (Dupont, Wilmington, DE)
at 520 x g. Rodent plasma was placed into epindorf tubes and frozen at -70 °C along with
human plasma samples. Both types of plasma were shipped frozen to the Protein
Chemistry Laboratory at the University of Texas where they were thawed and prepared
for analysis. Two hundred microliters of plasma and 800 ul of 3.75% SSA with 2.5
nmoles of 4-Pyridylethyl-L-Cysteine were mixed together and vortexed. Samples were
refrigerated for 30 min and then centrifuged for 30 minutes. Twenty micron filters were
used to filter the supernatant. One hundred microliters of the supernatant was loaded into
sample loops of a Beckman 6300 amino acid analyzer; 4-Pyridylethyl-L-Cysteine (4PEC) was the internal standard. A print out of the concentration of ILE in each sample
was obtained.

Data analysis
Blood feeding frequency, egg production, mortality and estimates of blood meal
size were compared for each treatment. The concentration of energy reserves in the eggs,
bodies and ovaries of mosquitoes after 2, 6 and 10 days of blood feeding for each type of
host blood was also recorded.
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Results
ILE quantitation

Mean ILE content in the human plasma was 42.3 nm/ml (range 41.8 - 42.8)
compared with 117.9 nm/ml (range 96.7 - 139.0) in the rodent plasma. Differences were
found between mice gender. Male mice had ILE plasma concentrations in the high end of
the range, whereas female mice had concentrations in the low end of the range.

Blood meal size

Approximately 10 mosquitoes that ingested a blood meal and 10 mosquitoes that
had not ingested a blood meal from each host blood treatment were selected at random
after each blood feeding period (with the accidental exception of day 2) and compared.
Aedes aegypti in the rodent group took significantly larger blood meals (mean = 1.64

mg) over the 10 day feeding period than mosquitoes in the human blood group (mean =
1.20 mg) (t = -2.54, df = 16, P = 0.01) (Fig 3.1.).

Daily engorgement rate

Significantly higher rates of engorgement were observed in the human blood
group (mean = 52.4 %) compared with the rodent group (mean = 39.7%) (Fig 3.2).
Initially, the engorgement rate (percent of total mosquitoes feeding on respective hosts),
was similar for the human and rodent groups. After day 4, the frequency of engorged
females in the human blood group increased and remained greater than that for the rodent
group for the remainder of the experiment (until day 10). These data were not
significantly different, however (t = 1.53, df = 16, P = 0.07).
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Egg production

The mean number of eggs produced per mg blood in the human and rodent blood
treatments were similar (Table 3.1), and ranged from 24 to 29 eggs per mg of ingested
blood.

Mortality

The average daily mortality rate in the rodent group (14.1 %) was significantly
higher than in the human blood group (7.9 %; t = -1.74, df = 18, P = 0.049; Fig. 3.3).

Energy reserves
Glycogen content

Significantly higher glycogen content was found in the cadavers of mosquitoes fed on
human blood on day 2 (human: 31.1 ± 3.3 pg; rodent: 22.3 ± 2.9 pg; t = 2.23, df = 37, P
= 0.02) and day 6 (human: 25.9 ±3.3 pg; rodent: 16.9 ± 2.7 pg, t = 2.11, df = 33, P =
0.02) than those fed on rodent blood (Fig. 3.4). On day 10, mosquitoes from the rodent
group (14.1 ± 1.8 pg) had significantly greater glycogen reserves in the cadaver than
those from the human group (10.7 ±1.1 pg, t = -1.77, df= 26, P =0.04). No differences
in the amount of glycogen in the ovaries from the two groups was observed.
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Sugar content

No differences in the sugar content of cadavers and ovaries was observed among the two
groups, with the exception of day 10 when the sugar content in the cadavers of human
blood treatment (2.9 ± 0.4 pg) was significantly higher than in the rodent blood treatment
(2.2 ± 0.2 pg; t = 1.79, df =24, P = 0.04; Fig. 3.5).

Lipid content

Dramatic differences in lipid reserves were observed between the human and rodent
blood groups. Significantly higher lipid reserves were found in the cadavers of human
fed females compared with rodent fed females on day 2 (Human: 95.0 ± 6.6 pg ; Rodent
= 65 ± 7.2 pg ; t = 3.02, df =38, P = 0.002), 6 (Human: 112.3 ± 6.6 pg; Rodent = 86.8 ±
10.4 pg; t = 2.17, df = 32, P = 0.019). Significantly higher total body lipid reserves were
found in mosquitoes from the human group on day 10 (Human: 124.2 ± 10.2 pg ; Rodent
= 94.8 ± 15.7 pg ; t = 1.64, df =25, P = 0.056; Fig. 3.6).

Energy reserves per mg ingested blood

The mean content of glycogen, sugar and lipid per mg ingested blood was
determined for all females included in the study (those removed at 2, 6, and 10 days
combined). Significantly more sugar (1.7 ± 0.3 pg;t = 1.85, df = 82, P = 0.03) and lipid
reserves (33.5 ± 2.5 pg ; t = 2.66, df = 95, P = 0.005) were accumulated in those females
that imbibed human blood (Fig 3.7). Significantly higher glycogen reserves were found
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in females ingesting human blood (7.9 ± 0.8 jag) compared with rodent blood (5.4 ± 0.5
pg; t = 2.79, df = 87, p = 0.003).

Energy reserves in eggs

No significant differences in glycogen, sugar and lipids per egg were observed
with female Ae. aegypti fed on human blood compared with rodent blood (Fig. 3.8).
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Table 3.1. Total eggs (developing oocytes plus mature eggs) per female Ae. aegypti per
mg of human (low ILE) or rodent (high ILE) blood ingested. Females were sampled after
2, 6 and 10 days of blood feeding; no sugar was offered. Differences were not significant.

Day

No.

Human Host

No.

Rodent Host

Sampled

Females

Eggs/mg blood

Females

Eggs/mg blood
(mean ± SE)

(mean ± SE)
2

14

26.7 ±1.4

14

24.0 ±1.9

6

20

27.7 + 2.3

13

29.1 ±3.9

10

16

26.0 ± 2.8

12

27.9 ±5.7

Total

50

26.9 ±1.3

39

26.0 ± 2.5
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meal weights were not measured by mistake on day 2).

Figure 3.1. Blood meal size estimates over the blood feeding period for female Ae. aegypti offered human or rodent host (Note, blood
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Figure 3.2. Daily engorgement rate for female Ae. aegypti offered human or rodent blood.
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entire body (cadaver and ovary).

Figure 3.3. Cumulative percent mortality for female Ae. aegypti offered human or rodent blood. (Standard error bars represent SE for
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Figure 3.4. Mean glycogen content (jag per mosquito) of cadavers and ovaries of female Ae. aegypti fed on human or rodent blood.
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Figure 3.5. Mean sugar content (jag per mosquito) in cadavers and ovaries of female Ae. aegypti fed on human or rodent blood.

Q

O

c

o

00

o

VO

o

o

(N

o
o

o

00

VO

o

o

t3_

o

CN

ojinbsoj\[ jaj
(§n) *119*1103 pidiq uBap\[

65

■ Ovary □ Cadaver

a
<D

a

o

Q Pi

2
§

03
2

a

Q

cn

<N

§

Q ffi

Q &

vo

a

A
O

§
§

x

a

,S o
-r3

® Pi

§

a

§
Q £

<D
o 'TJ .5
oS £
aS
Q hJ> -O

s
0>
s

ts
u

H

(Standard error bars represent SE for entire body (cadaver and ovary).

Figure 3.6. Mean lipid content (pg per mosquito) in cadavers and ovaries of female Ae. aegypti fed on human or rodent blood.
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Figure 3.8. Energy content (pg) per egg from female Ae. aegypti fed human and rodent blood
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Discussion

The experiment confirmed previous results reported in Chapter 2, showing that
ILE concentration in host blood does not have an impact on Ae. aegypti egg production.
Due to the artificial feeding methods used in my initial experiments, additional
experiments were conducted, one with artificial and one with natural hosts representing
low (human) and high (chick) isoleucine titers. Again, no differences in egg production
were found. In these experiments, however, blood meal weights for the two host blood
groups were not recorded after the first day, and females were forced to retain their eggs
for the entire blood feeding period (a minimum of 6 days) because no oviposition
medium was provided. In this study, individual females that had imbibed a blood meal
and those that had not were weighed daily. Also, females were housed separately and
provided an oviposition medium during the entire holding period. In addition, the
cumulative reproductive and nutritional effect of ingesting different types of host blood
was investigated by analysis after 2, 6, and 10 days of blood feeding.
Female Ae. aegypti in this experiment ingested smaller blood meals from the
human hosts, but fed with greater daily frequency on human blood. This behavior
indicates a natural adaptation by this mosquito to frequently ingest small nonreproductive blood meals from its preferred host. The ingestion of larger blood meals by
females offered rodent blood may have been an attempt to compensate for the lower
nutritional value of rodent blood. The ingestion of multiple blood meals by this species
has been documented in the field (Chow et al 1993, Scott et al. 1993a).
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Higher mortality was observed in the rodent blood group compared with the
human group, suggesting that females in the rodent blood group were not able to meet
their energetic needs for survival when offered only rodent blood.
Energy reserves tended to be highest in both groups on day 6 and decreased on
day 10. Aedes aegypti is a mosquito that does not fly long distances and tends to rest
inside houses and remain in close proximity to its human hosts. Lipids are more
important for energy utilization while mosquitoes are at rest (Nayar & Van Handel 1971)
and the decline in lipid reserves (or lack of ability to create adequate new reserves) in the
rodent group over time may have contributed to the greater mortality observed in this
group.
Differences in energy reserves between females from the two host groups was
less pronounced when calculated per mosquito. Due to differences in blood meal
volume ingested by females when offered rodent and human blood, however, it is much
more precise to calculate energy reserves per unit of blood ingested (albeit more labor
intensive). When energy reserves per mg blood ingested were calculated the differences
between treatments were more apparent.
No differences in energy reserves in the deposited eggs produced by female
offered human or rodent blood was observed, suggesting that the nutritional benefits of
human blood feeding are used for adult maintenance, with no detriment to maternal
reserves.
This study supports the result of earlier experiments demonstrating higher energy
reserves in mosquitoes fed a low ILE diet (human blood). In earlier studies, the benefit of
low ILE blood was apparent even when all other factors were equal (females were offered
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human blood or human blood supplemented with ILE). Rather than facilitating the
deposition of egg protein or impacting on the partitioning of a blood meal for egg
production and energy, as has been suggested by others (Chang & Judson 1976, Briegel
1985), high titers of free plasma ILE may play a role in decreasing the efficiency with
which blood is utilized for energy by Ae. aegypti.
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CHAPTER 4
EFFECT OF SUGAR FEEDING PRIOR TO A BLOOD MEAL ON EGG
PRODUCTION IN AE. AEGYPTI

Introduction
Results from previous chapters have demonstrated that increased concentration of
isoleucine (ILE) in blood does not augment egg production by female Aedes aegypti.
This result is contrary to the widely held concept that egg production is regulated by ILE
content in host blood (Briegel 1985, Clements 1992, Chang & Judson 1977, 1979). It is
common practice to maintain experimental mosquitoes on sugar during laboratory
studies. We now know that such sugar-feeding behavior may seldom occur in nature
with urban populations of Ae. aegypti (Scott et al. 1993a, Edman et al. 1992, Chow et al.
1993, and Van Handel et al. 1994). All studies reporting greater egg production from
non-human blood sources with greater ILE concentration used mosquitoes maintained on
sugar or blood-fed only once (Woke 1937b, Greenberg 1951, Lea et al. 1956, Speilman
& Wong 1974, Chang & Judson 1977, Briegel 1985). The lack of differences in egg
production between females offered human or rodent blood in studies reported in the
literature may have been due to differences in rearing and maintenance of these
mosquitoes (such as providing sugar). The following experiment was conducted to
investigate the impact of ingesting a sugar meal prior to a blood meal on egg production
by Ae. aegypti.
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Materials and methods
Mosquitoes
A Thai strain of Ae. aegypti were reared as described in previous chapters. After
emergence, males and females were maintained in holding cages in two groups. One
group was offered a 20% sugar water solution for three days after eclosion by placing
several wick-fed vials of sugar solution in the cage. The other group received only
distilled water in the same manner. Mosquitoes were kept in holding cages for three days
to improve the chances that those from in the sugar group ingested a sugar meal. On day
4, prior to blood feeding, females in both groups were transferred individually to 0.5 L
cardboard cartons with an oviposition vessel as described above. Mosquitoes were not
provided with sugar or water from day 3 until blood feeding on day 4.

Blood feeding
The same human and mouse hosts were offered to female Ae. aegypti as
described in Chapter 3. Mosquitoes were offered blood once, 4 days after eclosion.

Measurement of blood meal size
Engorged females were weighed immediately after feeding. An aliquot of unfed
mosquitoes from both the sugar and water only groups were also weighed at the same
time to obtain empty baseline weights. Any mosquitoes that did not feed were then
discarded. After blood feeding and weighing, mosquitoes were returned to individual
cardboard containers, provided with an oviposition vessel, and held until egg laying was
complete (5 days).
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Egg production
Eggs deposited on paper toweling were removed from cartons after the holding
period. The number of eggs deposited by each mosquito was recorded. Females were
not dissected to look for and count retained and mature oocytes.

Data analysis
The blood meal size (in mg) ingested by mosquitoes in the sugar-fed and the
water-fed group was estimated by subtracting the mean empty weight from the mean
engorged weight of mosquitoes from the two respective groups. The mean number of
eggs produced per mosquito in the sugar and water-fed groups was compared as well as
the mean number of eggs produced per mg blood ingested. Comparisons were made with
Kruskal Wallis non-parametric test and separation of means.

Results
Blood meal size
Estimates of mean blood weight varied by treatment. These weights were
estimated by subtracting the mean engorged weight of mosquitoes in each group by the
mean empty weight. Because the blood meal weights were taken within 30 minutes of
blood feeding, loss via defecation was negligible. Significantly more blood was ingested
by the human blood only group (3.92 ±0.18 mg) when compared with the human blood
with sugar group (2.38 ± 0.11 mg), and with the rodent with sugar group (2.52 ± 0.09).
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No difference was found in the amount of blood ingested by the rodent blood only
treatment (3.68 ±0.18) than the human blood only treatment (Fig. 4.1).

Mortality
The number of dead Ae. aegypti in each carton was recorded at the end of day 5,
after egg laying was completed. The mortality at the end of day 4 was as follows: human
blood alone 10%, human blood and sugar 10%, rodent blood alone 30%, rodent blood
and sugar 5%.

Egg production
Significantly greater egg production per female was found with the rodent and
sugar treatment (116 ± 2.2; Kruskal Wallis test, P < 0.05). No significant differences in
egg production per mosquito were found among the human blood alone (58.4 ± 6.1),
rodent blood alone (79.4 ± 6.4), and human blood and sugar (78.6 ± 4.2).
To minimize the variability in the blood meal volume ingested, egg production by
mosquitoes per mg of ingested blood was compared (Table 4.2). To obtain these values,
the total number of eggs produced per mosquito was divided by the estimated blood meal
weight ingested by each mosquito. Females in the rodent blood with sugar treatment
(47.7 ± 2.2) produced significantly more eggs per mg blood ingested than the human
blood with sugar treatment (32.4 ± 2.2; Kruskal Wallis test and separation of means, P <
0.05). No differences were found in egg production between the rodent blood alone (19.8
± 1.8) and the human blood alone (13.6 ± 1.5) groups.
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Table 4.1. Effect of sugar feeding on egg production (per female) with high and low
isoleucine (ILE) host blood (single meal).

Treatment

No.

Mean No. Eggs Per

Females

Mosquito ± SEM

Mean Rank1

Human blood alone

36

58.4 ±6.1

41.la

Human blood and sugar

36

78.6 ±4.2

54.7a

Rodent blood alone

27

79.4 ± 6.4

62.8a

Rodent blood and sugar

37

115.9 ±2.2

112.4b

'Mean ranks followed by the same letter are not significantly different from each other
(P < 0.001, Kruskal-Wallis test).
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Table 4.2. Effect of sugar feeding on egg production (per mg ingested blood)
with high and low isoleucine (ILE) host blood (single meal).

Treatment

No.

Mean1 no. eggs per

Females

mg ingested blood
± SEM

(mean rank)

Human blood alone

36

13.6 ± 1.5

(29.2)a

Human blood and sugar

36

32.4 ± 1.9

(80.6)b

Rodent blood alone

27

19.8 ± 1.8

(44.3)a

Rodent blood and sugar

37

47.7 ± 2.2

(112.6)°

'Mean ranks followed by the same letter are not significantly
different from each other (P < 0.001, Kruskal-Wallis test).
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Figure 4.1. Mean blood meal volume ingested by Ae. aegypti fed sugar or water prior to a human or rodent blood meal.
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Discussion

These results support the data of others who compared egg production with
mosquitoes offered these types of host blood after being maintained on sugar, and
indicates that sugar feeding prior to the ingestion of high ILE host blood significantly
increases egg production in Ae. aegypti.
Previous reports of greater egg production from non-human blood (Woke 1937b,
Lea et sA. 1956, Spielman & Wong 1974, Chang & Judson 1977) used laboratory
mosquitoes maintained on sugar. In reality, female Ae. aegypti in the urban environment
seem to rarely seek a sugar meal (Edman et al. 1992). The physiological mechanism for
increased egg production after ingestion of sugar meals prior to a blood meal is unclear
since egg development requires protein, not carbohydrate. One explanation for why both
human and rodent blood and sugar diets resulted in greater egg production than blood
alone, may be that the sugar was utilized for energy by mosquitoes in these groups,
allowing more blood protein to be available for yolk deposition. It is possible that high
ILE levels in the presence of sugar prevents resorption of the follicles after activation.
Another plausible explanation may be some sort of interference in the conversion of
blood protein to energy with sugar in the crop.
Bauer and others (1977) demonstrated a decrease in the rough endoplasmic
reticulum (ER) located in the posterior aspect of the midgut epithelial cells after female
Ae. aegypti were starved or sugar fed. The posterior aspect of the midgut is the site of

blood digestion (Gooding 1972). This reduction of ER was reversible in sugar-fed
females. This decrease could slow the digestion or reduce the efficiency of conversion
of the blood meal to energy, therefore allowing more nutrients to be allocated to the
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ovaries for development of eggs. It is possible that this effect may be enhanced by ILE.
The physiological changes in midgut epithelial ER may be a mechanism regulating
digestion of either sugar or blood depending on what is available or preferred by the
mosquito.
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CHAPTER 5
A LIFE TABLE STUDY COMPARING THE SURVIVAL AND FITNESS OF
FEMALE AE. AEGYTI OFFERED HUMAN BLOOD OR RODENT BLOOD
DAILY WITH AND WITHOUT SUGAR

Introduction
Fecundity and survival are both important components of fitness. Experiments
discussed in previous chapters have demonstrated no significant reproductive advantage
for female Ae. aegypti offered either low ILE human or high ILE rodent blood. However,
for females offered low ILE blood, a significant advantage in nutrient reserves was found
as well as decreased mortality. This life table study was conducted to investigate in
greater detail the potential advantage of low ILE human blood feeding for Ae. aegypti by
comparing mosquitoes offered human blood alone, human blood with sugar, rodent blood
alone and rodent blood with sugar.

Materials and methods
Mosquitoes
A Thai strain of mosquitoes was reared as described in Chapter 4. After
eclosion, females were allowed to mate and then placed individually into cardboard
drinking cups (237 ml volume) fitted with mesh lids. One group was offered a 10%
sucrose solution, while the other group was offered water only. Smaller cups (60 ml
volume) lined with paper toweling and filled with 30 ml of distilled water were placed
inside each container as an oviposition site as described in Chapter 4.
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Blood feeding
A human arm (G.A.) was offered as the low ILE host. A restrained mouse was
used as the high ILE host, as described in Chapter 3. Mosquitoes were offered human or
rodent blood daily over the same time period (15 min) until all mosquitoes died.
Blood meal weights were measured and the number of eggs deposited on paper
toweling was recorded as described previously. No nutritional analyses were conducted
on mosquitoes from this experiment.

Plasma ILE quantitation
Human blood was drawn by the University of Massachusetts Health Center and
rodent blood was collected by Dr. M. Delano at the University animal care facility as
described in Chapter 3. Rodent blood was centrifuged at 1105 x g for 55 min at 0°C;
plasma was decanted, placed in epindorf tubes, and frozen at -70 °C. Human blood was
centrifuged to separate plasma and stored frozen at the University Health Center. Both
types of plasma were then shipped to the Protein Structure Laboratory at the University of
California, Davis, where they were thawed and prepared for analysis. Samples were
diluted 1:1 with AGP A dilution buffer and vortexed. Fifty microliters of solution were
loaded into a Beckman 6300 amino acid analyzer and the concentration of isoleucine was
recorder for each sample. A computer print out was obtained for the ILE concentration
in each sample.

Data analysis
Data for each experiment were checked for conformation to the assumptions of
normality and homoskedasticity. When the assumption of equality of variances was
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violated with normal data, a t-test using unpooled variances was employed. Other
comparisons of non-normal data were conducted with Mann-Whitney and Kruskal-Wallis
non-parametric methods (Sokal & Rohlf 1981). To estimate the relative fitness of
mosquitoes fed on different types of host blood in the life table experiment, the age
specific survival (lx), expected number of daughters (mx), net replacement rate (Ro), and
intrinsic rate of increase (r) were calculated (Southwood 1978). The intrinsic rate of
increase (r) was first estimated from the natural log of the net replacement rate divided by
the generation time Tc. The actual value of r was then calculated in an Excel spreadsheet
using successive approximation. Life table parameters were compared among groups
with the Kruskal Wallis method.

Results
ILE concentration in plasma
The ILE content in the human plasma was 74.8 nm/ml (1 sample) compared with
a mean of 130.4 nm/ml (range 118.1-130.4) in the mouse plasma.

Blood feeding frequency
For the first ten days, daily frequency of blood feeding was greater in the human
blood alone group (44%) compared with the rodent blood alone group (31%, P = 0.03,
Mann-Whitney test, Fig. 5.1). These results agree with earlier findings reported in
Chapter 4.
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Blood meal volume ingested
Significantly larger blood meals were ingested by females offered rodent blood
alone than the other three groups when blood meal weights were compared over the first
10 days (Kruskal Wallis ANOVA, P < 0.10, Table 5.1).

Egg production
Mosquitoes that fed on the first ten days were analyzed for the number of eggs
produced per mg of blood in their initial batch of eggs. Females in the rodent blood plus
sugar treatment produced significantly more eggs per mg of ingested blood (49.8 ± 5.01),
than the other three groups (human blood = 19.2 ± 1.9, rodent blood = 28.1 ± 4.1, human
blood plus sugar = 18.8 ± 3.2) (P < 0.0001, Kruskal Wallis test, Table 5.2). These results
also support earlier findings reported in Chapter 4. Sugar meals had a significant impact
on egg production when Ae. aegypti ingested high ILE blood .

Life table parameters
A 1:1 ratio of male to female offspring was assumed for life table calculations.
Large sample sizes were used, beginning with 63, 71, 68 and 70 mosquitoes for the
human blood, human blood plus sugar, rodent blood and rodent blood plus sugar groups,
respectively. Females in the human blood cohort had the greatest age-specific survival
(lx), followed by the human blood plus sugar, rodent blood plus sugar and the rodent
blood only groups (Fig. 5.1). The difference between the age specific survival of human
blood and rodent blood groups was significant (Kruskal-Wallis test, P < 0.003). The
estimated reproductive output of females in the human blood group (mx) (Kruskal Wallis
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test, P < 0.01) and the cumulative net replacement rates (Rq) (Kruskal Wallis test, P <
0.0001) also were greater for human blood-fed mosquitoes (Figs. 5.2 - 5.3). Although the
rodent blood plus sugar treatment produced significantly more eggs, the net replacement
rate was lower than for the human blood groups. The intrinsic rate of increase also was
lower for the rodent blood plus sugar group (r = 0.4866) than for the other three groups
(human blood alone, r = 0.7342; human blood plus sugar, r = 0.7300; rodent blood alone,
r = 0.7126).
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Table 5.1. Volume of blood ingested by female Ae. aegypti
offered human or rodent blood with and without sugar over
the first 10 days of blood feeding.

Mean1 Blood Meal Weight
Treatment

Mg ± SEM

Human blood alone

1.49 ± 0.3a

Human blood and sugar

1.27 ± 1.9a

Rodent blood alone

1.81 ± 1.8b

Rodent blood and sugar

1.60 ± 2.2a

‘Mean ranks for groups followed by the same letter are not
significantly different from each other (P < 0.05, Kruskal Wallis test).
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Table 5.2. Egg production by female Ae. aegypti offered human
or rodent blood with and without sugar.

Treatment

No.

Mean1 no. eggs per

Females

mg ingested
blood ± SEM

Human blood alone

28

19.2 ± 1.9a

Human blood and sugar

16

18.8 ± 3.2a

Rodent blood alone

19

28.1 ± 4.0a

Rodent blood and sugar

20

49.8 ± 5.0b

'Mean ranks for groups followed by the same letter are not significantly,
different from each other (P < 0.05, Kruskal Wallis test).
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Figure 5.1. Blood feeding frequency of female ^e. aegyprt offered a live human or rodent host daily with or without sugar
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Figure 5.2. Age specific survival (1J of.de. aegypti offered a human or rodent host daily with and without sugar
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Figure 5.3. Expected number of daughters (mj of Ae. aegypti offered a human or rodent host daily with and without sugar
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Figure 5.4. Cumulative net reproductive rate (R*) of Ae. aegypti offered a human or rodent host with and without sugar
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Discussion
The results of this experiment re-confirmed earlier results, demonstrating that Ae.
aegypti females consume smaller, but more frequent blood meals when offered human
blood compared with rodent blood.
No difference in egg production between females offered low ILE human and
high ILE rodent blood without sugar was confirmed. Increased egg production with high
ILE rodent blood and sugar was demonstrated.
The life table study proved that there is significantly greater age specific
survival of female Ae. aegypti offered human blood, with human blood-fed females
surviving almost twice as long as the rodent blood alone group. It has been
demonstrated that female Ae. aegypti can synthesize energy reserves from blood alone
(Van Handel 1965, Nayar & Sauerman 1975, Edman et al. 1992, Scott et al. 1993b and
Van Handel 1994), but rodent blood appears to be less suitable for survival. Day et al.
(1994) reported lower survivorship of female Ae. aegypti fed blood alone rather than
blood with sugar. Chicken blood was used in this study, however, and with the results
reported here, it is likely that the high ILE chicken host was nutritionally inadequate for
Ae. aegypti female survival compared with those offered chicken blood supplemented
with sugar meals. Briegel (1985) has demonstrated that this species utilizes human blood
with much greater efficiency than other types of blood. Although sugar supplementation
augmented egg production in the rodent plus sugar group, these mosquitoes did not live
as long and therefore produced fewer total eggs (expected number of daughters) than the
human blood group. The culmination of survival and reproduction parameters
(Cumulative Net Replacement Rate) demonstrated dramatic differences between groups.

91

Aedes aegypti fed only human blood had a significantly greater net replacement rate than
all other groups.

These life table parameters clearly demonstrated a significant fitness

advantage for female Ae. aegypti provided low ILE rather than high ILE host blood. As
previous experiments have demonstrated, this advantage results from the accumulation of
greater energy reserves by females offered human blood rather than sources of high ILE
blood such as chicks and rodents.
Of all the hosts (human, dog, cat, rodent, bovine, porcine, avian) available to this
mosquito in its natural village and urban environments, humans are the most abundant
and reliable. Thus, there is an evolutionary advantage to feed selectively on human
blood. This feeding strategy appears to be an adaptation to a highly domesticated
lifestyle that has been adopted by only a few mosquito species. In this situation,
sustained flight is no longer required and humans provide all the requirement for mating,
resting, feeding and oviposition. This diurnal mosquito is successful at obtaining blood
from defensive hosts because of its unusually stealthy approach and painless bite.
Survival and feeding frequency are among the most important components of
vectoral capacity in mosquitoes, and combine to dramatically increase the efficiency of
Ae. aegypti to transmit human disease agents like dengue and yellow fever viruses.
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CHAPTER 6
INCREASED SURVIVAL RATE AMONG OLDER FEMALE AE. AEGYPTI:
MARK-RECAPTURE RESULTS FROM PUERTO RICO AND THAILAND

Introduction
Aedes aegypti is the major mosquito vector of all four serotypes of dengue virus
and yellow fever in urban settings (Monath 1989, Gubler 1989). Adult survivorship of
this species is a primary component of the epidemiology of dengue. According to Watts
et al. (1987), the extrinsic incubation period for dengue-2 virus in Ae. aegypti at < 30 °C
is 12 days or more. The length of the incubation period decreased with increasing
ambient temperature and was shortest, 7 days, at 32 - 35 °C. The earliest age when
females of this species ingest their first blood meal is 2 days post emergence
(Christophers 1960). Thus individuals that are greater than or equal to 14 days of age are
potentially infective. From an epidemiological perspective, therefore, it is the older
mosquitoes that are most important, because they are most likely to be infective and to
transmit a pathogen.
Traditionally, the probability of daily survival in Ae. aegypti has been thought to
be constant and independent of age. This concept was first proposed by Macdonald
(1952) because in nature most vectors are thought to die of mortality factors such as
predation or environmental factors, rather than old age. It has been further assumed that
losses from the local population due to emigration and immigration are equal, so that they
negate each other and do not influence assessment of average daily survival rates (Gillies
1961).
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Clements and Patterson (1981) described two possible patterns of adult mortality
in previously published data. In the first, mortality rate does not vary with age and can
be estimated using an exponential model. That is, daily survival rates are estimated in
mark-release-recapture experiments from the antilog of the slope of a simple linear
regression of the log10 transformed number of mosquitoes recaptured over time.
Alternatively, mortality can increase with age. This pattern of change is described by the
Gompertz mortality function (Gompertz 1825), which corresponds to a positive linear
relationship when the loge of the difference between the number of mosquitoes at any two
consecutive collection dates is plotted on a log-scale against age on a linear scale, e.g.,
mortality increases with advancing age. The only Ae. aegypti data reanalyzed by these
authors were Macdonald’s (1977), which were consistent with the exponential model.
These studies are cited frequently as supporting evidence for the assumption of constant
survival rates fov Ae. aegypti (Clements & Patterson 1981, Focks et al. 1993, 1995).
Saul (1987) created a series of renewal equations to estimate the survival, feeding
cycle duration, population size, and capture efficiency for haematophagous insects.
These equations, however, can only be used for bait captured mosquitoes. This method
also relies on estimates of the probability that a mosquito will feed and remain in the
study area each night.
Gillies (1961) introduced the exponential model to estimate an average daily
survival rate of Anopheles gambiae in Tanganyika, Africa. The Gillies exponential
model was applied in numerous published mark-release-recapture studies on mosquitoes
between 1961 and 1996 (Gillies & Wilkes 1965, Lindquist et al. 1967, Wada et al. 1969,
Dow 1971, Macdonald 1977, Seawright et al. 1977, Nelson et al. 1978, Reisen et al.
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1978, Reisen & Aslamkhan 1979, Reisen et al. 1980, Nayar 1981, Rawlings et al. 1981,
Nayar 1982, Haramis & Foster 1983, Linthicum et al. 1985, Reisen et al. 1986, Trpis &
Hausermann 1986, Walker 1987, Rodriquez et al. 1992, Day et al. 1994, Constantini et al.
1996). The exponential model is not highly sensitive because it relies on the marking,
release, and subsequent recapture of mosquitoes, which often leads to small sample sizes.
Furthermore, other difficult to meet assumptions made in mark-release-recapture
experiments, including: (1) marking does not affect the survival or behavior of
mosquitoes, (2) marked individuals mix at random with the wild population, (3) the
sampling method is not biased towards the capture of marked or wild mosquitoes, (4)
collections are made at short, discrete time intervals, and (5) migration can be measured
(Southwood 1978). However, even with these drawbacks, the exponential model is one
of the few methods suitable for mosquitoes species that are gonotrophically
disconcordant. Estimations based on oviposition cycles are inappropriate for mosquitoes
that take multiple meals in a single gonotrophic cycle, such as Ae. aegypti (Trpis &
Hausermann 1986, Scott et al. 1993a).
In a noteworthy study that did not involve mosquitoes, Carey et al. (1992)
reported that medfly mortality leveled-off or decreased for older flies rather than
increasing with age. This study was based on an extremely large study population (1.5
million). Although mortality rates and the probability of survival are not interchangeable,
these experiments were designed to detect small but significant changes in age-specific
mortality. These rates must become constant or decrease at older ages to support the
leveling off or increase in survival rates (Carey et al. 1992).

95

Several studies provide data consistent with the notion that as mosquitoes grow
older, their daily probability of survival changes. Reisen et al. (1984) reported that
following an initial decrease, expectation of life for captive Culex tarsalis leveled off and
then increased at 40-50 days of age. In mark-release-recapture studies of Anopheles
gambiae (Constantini et al. 1996), An. culicifacies (Reisen et al. 1980), Culex
tritaeniorhynchus (Reisen et al. 1978), and Aedes triseriatus (Haramis and Foster 1983)
survivorship was not constant over the recapture period and survival began to increase
after a certain age. Seawright et al. (1977), hypothesized that there could be a higher
probability of survival for Ae. aegypti that live beyond their first oviposition, but
subsequently dismissed this explanation because their results could be explained by either
emigration of mosquitoes beyond the study area, or the availability of alternate and
undetectable oviposition sites.
The focus of my experiments was to investigate the dynamics of mosquito vector
survival in two regions of the world were dengue viruses are endemic (Thailand and the
Caribbean, Puerto Rico) The assumption that estimates of daily survival do not change
with increasing mosquito age was tested. This concept has been the primary hypothesis
promulgated in the literature for more than 20 years since it was first proposed by
Macdonald (1977).

In Puerto Rico, two different age cohorts of Ae. aegypti were

released simultaneously and the estimated survival patterns between old and young
cohorts were compared over a ten day recapture period. The sampling design used for
the Thailand experiments was modified in an attempt to overcome some potential
problems with the previous mark-release-recapture experiment in Puerto Rico. One
important issue is the great amount of variability in the mean number of female Ae.
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aegypti found from house to house in the field. Another issue is the potential for
excessive removal of females resting in houses with the aspirator collection method,
resulting in underestimated survival rates.

To address these issues in the two Thai

experiments, mosquitoes were collect in different houses on a 4-day rotation.

Materials and methods
Puerto Rico
Field site
The experiment in Puerto Rico was conducted in the Yanes III sector of the municipality
of Florida from July 21-30, 1996. During a 1991 dengue outbreak, this municipality
reported the highest incidence of dengue cases on the island (Rodriguez-Figueroa et al.
1995). The study area was located in a region with eroded karst topography. Study
houses were situated at one end of the community, bordered on three sides (south, east
and west) by large limestone hills that constituted physical barriers to mosquito dispersal.
Mosquitoes were released in six houses and daily collections were begun in twenty-one
houses within the study area the day after the release. Most houses were constructed of
cement with open space between the walls and ceilings. None of the six release houses,
and only three of fifteen neighboring recapture houses had screens on some of the
windows.

Mosquitoes
Aedes aegypti eggs from Yanes III, were collected using enhanced ovitraps (Reiter et al.
1991) and hatched in the insectary of the Dengue Branch of the Centers for Disease
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Control and Prevention in San Juan. Larvae were reared at room temperature (27 °C) in
enamel pans, and fed a standard diet of rabbit chow pellets (Pan American Grain Rabbit
Feed) to produce large mosquitoes (Day et al. 1994). The 3-day-old mosquitoes were
held after eclosion in 45 cm square screen rearing cages with access to water but no food.
Adult mosquitoes in the older cohort (13 days old at release) also were held in rearing
cages but were fed warmed (37 °C) pig blood, through a natural membrane (sausage
casing) approximately every three days. The older group was allowed to freely oviposit
during the holding period. Both age groups were fed on the arms of the authors on the
day prior to and on the day of release. Females that did not take a human blood meal just
prior to release were discarded and not released.

Marking
On the day prior to release, mosquitoes were marked with a single spot of a non-toxic,
fluorescent water-based paint on the thorax. Six unique colors were used, a different
color designated each release house. The paints were applied using a single bristle in a
small paint brush. The brush was dipped in liquid detergent, blotted and then dipped in
the paint. Small individual beads of paint that formed on the bristle were touched to the
dorsal aspect of the thorax of cold-anesthetized females. The detergent acted as a
surfactant by spreading the paint out on the thorax. Mosquitoes with the same color
markings were placed in groups of 25 in 0.5 L cardboard ice cream containers with a
mesh top.
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Two different fluorescent powders were used to mark the two age cohorts. The
mesh lids of the ice cream containers were covered in clear plastic wrap. Fluorescent
powder was placed in a 5 cc disposable syringe fitted with a 25 gauge needle. The needle
was pushed through the base of the containers and the syringe plunger rapidly depressed.
This created a fine cloud of fluorescent powder inside the container that settled on the
mosquitoes. Mosquitoes were marked with paint one day prior to release and dusted on
the day of release.

Release
Between 20-25 mosquitoes in each age cohort (122 total of old and 142 young) were
released inside the central part of each release house between 1700 and 1800 hrs on July
20, 1996.

Thailand
Field site
Experiments were conducted in Village 6 of Hua Sam Rong, Amphur Pleangyao,
Chachoengsao Province, Thailand in November 1998. Release houses were located in
the west end of the village, which formed a “peninsula” of houses jutting out into rice
field. Thus, the release houses were surrounded on 3 sides by rice fields and on just one
side by a single row of adjacent houses. Mosquitoes were released in 20 of 26 houses in
this cluster of houses. Collections were conducted beginning the day after the release in
20 release houses and 15 non-release houses. The 15 non-release houses were located
among the release houses (5 houses) and in the area adjacent (within 0.25 km) to the
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release houses. Release houses were stratified into two homogenous groups of ten, based
on the mean number of wild female Ae. aegypti captured in them previously (see data
analysis section below). The following sampling schedule was used:

Day 1 (after release) collections from 15 non-release houses
Day 2, collections from the first 10 release houses
Day 3, 15 non-release houses
Day 4, collections from the second 10 release houses
Day 5, 15 non-release houses
Day 6, the first 10 release houses
Day 7, 15 non-release houses
Day 8, the second 10 release houses
Day 9, 15 non-release houses
Day 10, first 10 release houses
Day 11,15 non-release houses
Day 12, second 10 release houses

The same schedule was used for the second release with the exception that the
order of the two groups of recapture houses was reversed. With the above collection
schedule, the issue of removing too many females during the early daily collections, from
the same houses was addressed by collection in each group of release houses only three
times at four-day intervals. The two replicates of the experiment were conducted on 315 and 17-29, November, 1998.
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Village houses were either elevated wooden structures or one to two-story cement
style construction. Only one of the release houses was partially screened (bedrooms
only); the remaining houses had no screens on any windows.

Mosquitoes
Aedes aegypti pupae were collected from water containers in Village 6 in late September

and early October. Emerged adults were offered human blood daily (from the leg of
L.C.H.) and were allowed to oviposit in containers lined with brown paper towels. Paper
with eggs were removed from cages daily and held moistened for one day before drying
and storage in plastic bags and conditioned for at least 6 days before hatching.

Rearing
Conditioned egg papers were immersed in water overnight with a pinch of ground fish
food (Sakura Gold See-All Aquariums Co., Ltd, Bangkok). On the following morning,
first instars were picked up into a glass Pasteur pipette in groups of 10 and transferred
into water inside gallon size plastic bags (2000 larvae per bag). Larvae were dumped into
80 L ceramic water storage jars filled with water to ca. 75% capacity. Two-thousand
larvae were reared in each jar. The jars were covered with a fine piece of mesh secured
with elastic around the lip of the container. Ground fish food was added to each jar daily
according to the following feeding schedule:
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Day 1: 1.0 gm food
Day 2: 1.0 gm food
Day 3: 2.0 gm food
Day 4: 3.0 gm food
Day 5: 2.0 gm food

Pupation began early on day 5 and pupae were collected that evening and held in
a separate cage. Most of these were males. The remaining pupae were collected from
jars in the evening of day 6. These pupae were placed in 2 L plastic buckets with water
and placed inside 60 cm3 mesh rearing cages. Females began emerging on the morning of
day 7.

Emerged females were provided with water only (no sugar) on moistened cotton.

Approximately 1500 females emerged in each cage.

Beginning on day 2 after

emergence, females in the old cohort were offered a human leg (L.C.H.) daily for a 30
minute period either in the morning or afternoon. Mosquitoes in the young cohort were
reared so that emergence occurred 3 days prior to release. These females were placed
together in one rearing cage and offered blood on day 2 after release. All mosquitoes
(young and old cohorts) were offered a final blood meal after marking just prior to
release.

A total of 4 cohorts of mosquitoes were reared (two for each release).

Marking
On the morning, adults were placed in groups of 25 in 0.5 L cardboard ice cream
containers with a mesh top. Females were then marked with two different colored
fluorescent powders to identify the two age cohorts (release 1: green dust, young cohort;
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pink dust, old cohort; release 2: orange dust, young cohort; yellow dust, old cohort.
Mosquitoes were marked with fluorescent powder as described in the Puerto Rican
experiment.

Release
Mosquitoes were released on 3 November (experiment 1) and 17 November (experiment
2) from 1600 -1730 hr. A total of 25 mosquitoes from each cohort (50 total) were
released in each of 20 houses. A small number of mosquitoes that appeared moribund
were retained in the containers and subtracted from the total to determine the final
number released from each cohort.

Collecting in Puerto Rico and Thailand
Battery-powered backpack aspirators (John C. Hock, Gainesville, Florida, USA)
were used to recapture mosquitoes for 10 consecutive days after release in Puerto Rico
and 12 consecutive days in Thailand. This highly effective method captures all
physiological stages of mosquitoes observed in the house within a brief period of time, ca
10-15 min (Edman et al. 1992; Scott et al. 1993a; Scott et al. 1993b; Clark et al. 1994,
Van Handel et al. 1994). Captured mosquitoes were first anesthetized with carbon
dioxide and then placed on wet ice in plastic tubes for at least 30 minutes in the Puerto
Rico study.

In the experiments conducted in Thailand, cartons with mosquitoes were

placed in coolers lined with bags of crushed ice, transported back to the field laboratory,
anesthetized with carbon dioxide and then placed on wet ice in plastic tubes. Each female
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Ae. aegypti was examined carefully under a dissecting microscope for paint and/or
fluorescent dust markings. The number of marked and wild Ae. aegypti was recorded
daily for each collection house.

Data analysis
Stratification of release houses in the Thailand study site
Initial stratification of houses in the Thai study site was based on the mean number of
wild female Ae. aegypti collected from houses in the study area over a previous ten month
period. The houses were divided into two groups of ten by selecting houses with low,
medium and high mean female Ae. aegypti populations. The resulting mean number of
females captured from the two groups of ten houses combined was 3.430 and 3.425, for
groups 1 and 2, respectively. During the first collection period, group 1 was sampled on
days 2, 6 and 10, while group 2 was sampled on days 4, 8 and 12. For the second
release, the order was reversed so that group 1 was sampled on days 4, 8 and 12, while
group 2 was sampled on days 2, 6 and 10. This stratification was conducted to address
issues that arose with the non-stratified sampling plan used in the Puerto Rican
experiment.

Regression analysis
Daily recapture data from Puerto Rico and Thai experiments were loge transformed.

To

estimate and compare daily survival rates, regression lines were generated for each cohort
and slopes of the lines were compared using a t test following the methods of Zar (1984).
Average daily survivorship estimates were generated for each cohort by calculating the
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antilog of the regression coefficient for each age group (Gillies 1961). The significance
of regression was determined by comparing the significance of F statistics.

Differences between recapture rates
The differences between the overall recapture rate for the young and old cohort in both
field sites were compared for each release with the G-test (analogous to x2 test). The test
statistic was adjusted for one degree of freedom with Williams’ correction factor. The
G-test statistic and the regression analysis described above were conducted with the aid
of a Microsoft Excel (Microsoft Corporation) spreadsheet.

Resampling analysis
An additional resampling method (bootstrapping) was employed to detect differences in
recapture rates between the two cohorts (Efron and Tibshirani, 1985). The program
Resampling Stats (Resampling Stats, Arlington, Virgina, USA) was used to sample the
aggregate recapture distribution with replacement one thousand times. The program used
the overall counts for the two age cohorts on each day as the reference distribution. The
samples were drawn randomly creating data sets of the same magnitude as the actual
sample size for each day. The sum of the absolute deviations between recapture rates for
the two age cohorts was calculated and compared with the data from Puerto Rico (these
values for every two days combined were compared for data from Thailand). The
resulting frequency distribution was plotted. A P-value was calculated, from the number

105

of times that computer generated sampling resulted in outcomes as extreme or more
extreme than that of the result from the mark-release recapture study.
An additional program was written to resample linear regressions of the non-log
transformed Thai data. Regressions were generated 1000 times for each age cohort given
the number released and the percent recaptured in each cohort. The slope and intercept
for each regression was recorded and the difference of the two slopes was calculated. The
number of times that a difference in the two slopes of the young and old age cohort
regression lines was found that was as great or greater than the difference found with
actual data (non-log transformed) was recorded out of 1000 times.

Results
Puerto Rico
Recapture rates
Of the 142 young and 122 old mosquitoes released, 50 and 19 were recaptured
respectively (Table 6.1). Sixteen percent of the older cohort (those released at 13 days of
age) were recaptured compared with 35% of the younger age cohort (those released at 3
days of age) (Gadj = 13.4, df = 1, P < 0.0003). The overall recapture rate for both cohorts
over the ten day period was 26%.

Survival
The regression models for each cohort showed good fit and were significantly greater
than zero for both age cohorts (3 day, F = 9.21, df (1,8), P = 0.016; 13 day, F= 10.63, df

106

(1, 8), P = 0.012). Daily survival estimated by the exponential model of the 13 day
cohort (81%) was significantly greater than survival of the 3 day cohort (74%, t =
-2.43, df = 16, P < 0.05; Fig. 6.1).
The resampling method yielded significant differences between the two cohorts (P
< 0.025). This method only detected differences in daily recapture rates between these
groups; it did not provide insight into the probability of daily survival. This test did,
however, provided additional evidence that the differences in recapture rates observed
between the two age groups were not due to random variation.

Dispersal
Seventy-seven percent (53 of 69) of the mosquitoes recaptured over the ten day collection
period were captured in the same houses in which they were released (Table 6.2). The
greatest detected movement by a mosquito from its release site was 79 m. The greatest
distance between the release and any recapture house, i.e. the greatest distance at which
we could have detected dispersal, was 169 m. Of the 16 mosquitoes recaptured in houses
other than their release site, only 25% (4 of 16) were from the older cohort as compared
to 75% (12 of 16) from the younger cohort. Of the mosquitoes that moved, 75% of
females from the older cohort were captured at distances greater than 50 m from their
release site (Gadj = 3.79, df = 1, P < 0.05). These data suggests age related differences in
dispersal behavior, and suggests the potential for older mosquitoes to have moved out of
the study area.
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Thailand
Recapture rates
The combined recapture rate for both cohorts over 12 days was 9% (compared with 26 %
in Puerto Rico). Similar results were obtained after the second release with 11.7%
(58/498) of the young cohort captured, compared with 6.9% (34/492) of the older cohort.
As with the first release, these recapture rates were significantly different from each other

(Gadj = 6.62, df = 1, P = 0.01). Raw survival curves for both age cohorts based on
recaptured females are presented in Figs 6.2 and 6.3. A greater percent of the young
cohort (11.5%, 57/494) were recaptured over the 12 collection days in release and non¬
release houses, compared with the old cohort (7.3 %, 36/493) during release 1. These
overall rates were significantly different (Gadj = 5.15, df = 1, P = 0.023).
Two 3-day cohort females from the first release were collected on recapture day 2
of the second release. These mosquitoes were 19 days old at the time of recapture.
These females were excluded from calculations of recapture rate for the first release.

Marked females collected from non-release houses
A small but consistent percent of marked females was captured in non-release houses
(total young cohort = 9 or 16 % of total\ total old cohort — 3 or 8 % of total) during
release 1 (Table 6.3). The same trend occurred during release 2 with a total of 12
captured from the young cohort (21% of total), and 4 captured from the old cohort (12 /o
of total) (Table 6.4). These differences in the number of females recaptured from release
versus non-release houses was not significantly different for both experiments.
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Survival
Regression analysis of the log transformed +1 number of marked females collected in the
study area every two days demonstrated good fit for regression models of both cohorts (3
day: F = 326.3, df = 1,4, P < 0.001; 13 day, F = 23.8, df= 1,4, P = 0.008). Based on the
antilog slope of the regression line, the estimated probability of daily survival was greater
for the older cohort (83 %) than the younger cohort (77 %) (Fig. 6.4). The slopes of these
regression lines (and thus, the survival rates) were significantly different (Zar's test, twotailed t = - 4.61, df =8, P = 0.003).
Results from the second release were consistent with those from the first release.
The regression of log transformed recaptures was significant for both age cohorts (3 day:
F = 24.4, df = 1,4, P = 0.008; 13 day, F = 9.1, df = 1,4, P = 0.039). Survival of the 13 day
cohort (84 %) was greater than the 3 day cohort (75 %) (Fig. 6.5). The two regression
lines were significantly different from each other (Zar s test, t

2.91, df — 8, P — 0.019).

Resampling analysis
Resampling analysis of the recapture rates of old versus young cohort females using sum
of absolute deviations for both releases did not indicate a significant difference between
the two cohorts (release 1: P = 0.705, release 2: P = 0.655) (Figs. 6.6 and 6.7).
When generations of regression of non-transformed data were conducted using
log +1 transformed generations of each cohort 1000 times, were still not significant
differences between young and old cohorts with release 1.
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One-hundred-one of 1000 generations were as great or greater than the difference
in slopes found with the actual data (P = 0.147, Fig 6.8). Resampling did not yield
significant differences between cohorts in release 2 as well (P = 0.119, Fig. 6.9).
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Table 6.1. Daily recapture rates of two age cohorts of marked female Ae. aegypti in
Yanes III of Florida, Puerto Rico, during July, 1996.

13 day cohort
(n= 122)
Day

No. recaptured

3 day cohort
(n= 142)

% of total

No. recaptured

% of total
recaptures

recaptures
1

13

68

20

40

2

3

16

15

30

3

1

5

9

18

4

1

5

0

0

5

0

0

3

6

6

0

0

0

0

7

0

0

1

2

8

0

0

1

2

9

1

5

0

0

10

0

0

1

2

Total (%)

19(16)

50 (35)

Ill

Table 6.2. Distances from release site where marked female Ae. aegypti
were recaptured in Yanes III of Florida, Puerto Rico, during July, 1996.

Distance traveled1
Cohort
3 day
13 day
Total

1-50 m

50-100 m

Total

10 (83%)

2(17%)

12

1 (25%)

3 (75%)

4

11

16

5

‘Differences were not significant, G-test, Gadj - 3.79, df—1, P — 0.05.
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Table 6.3. Marked female Ae. aegypti recaptured in release vs. non-release
houses in Hua Sam Rong, Thailand, during November, 1998; Release 1.

Cohort

Captured in

Captured in

non-release house

release house

Total

3 day

9 (16%)

48 (84%)

57

13 day

3 (8%)

33 (92%)

36

Total

12(13%)

81 (87%)

93

'Differences were not significant, G-test, Gadj - 0.86, df-1, P - 0.35.

Table 6. 4. Marked female Ae. aegypti recaptured in release vs. non-release
houses in Hua Sam Rong, Thailand, during November, 1998; Release 2.

Cohort

Captured in

Captured in

non-release house

release house

Total

3 day

12 (21 %)

46 (79 %)

58

13 day

4 (12 %)

30 (88 %)

34

16(17%)

76 (83 %)

92

Total

’Differences were not significant, G-test, Gadj - 1.20, df-1, P - 0.27.
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Table 6.5. Daily recapture rates of two age cohorts of marked female
Ae. aegypti Hua Sam Rong, Thailand, during November, 1998; Release 1.

13 day cohort
(n = 493)

3 day cohort
(n = 494)

Day

No. recaptured

No. recaptured

1

0

3

2

14

24

3

1

1

4

8

12

5

0

3

6

5

7

7

2

0

8

3

4

9

0

2

10

1

0

11

0

0

12

2

1

Total

36

57
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Table 6.6. Daily recapture rates of two age cohorts of marked female
Ae. aegypti Hua Sam Rong, Thailand, during November, 1998; Release 2.

13 day cohort
(n = 492)

3 day cohort
(n = 498)

Day

No. recaptured

No. recaptured

1

1

3

2

14

22

3

1

4

4

5

7

5

1

2

6

7

8

7

0

3

8

1

6

9

0

0

10

2

3

11

1

0

12

1

0

Total

34

58
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Figure 6.1. Estimated survival based on recapture of young and older age cohorts of Ae. aegypti, released at 3 and 13 days of age,
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Figure 6.2. Release 1. Non-transformed survival curves based on the recapture of young and older age cohorts ofAe. aegypti, released
in Hua Sam Rong, Thailand during November 1998 (data were combined for every 2 recapture days).
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Figure 6.3. Release 2. Non-transformed survival curves based on the recapture of young and older age cohorts of Ae. aegypti,
released in Hua Sam Rong, Thailand during November 1998 (data were combined for every 2 recapture days).

<N

ts
o

O
o

00

\r>

(N

O

(j+ p34n;dB334 #) Soq

120
xfi

dj

&

O

m

m
Vh

a
CD

a
• fH

c«

%
u
I

{/5

©
PH

ts

o

o
o

t3
cn

&

b

Figure 6 4 Release 1 Regression of log-transformed data based on the number of female Ae. aegypli recaptured after release at 3 and
13 days of age in Hua Sam Rong, Thailand (PDS = probability of daily survival; data were combined for every 2 days).
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Figure 6.5. Release 2. Regression of log-transformed data based on the number of female Ae. aegypti recaptured after ]
13 days of age in Hua Sam Rong, Thailand (PDS = probability of daily survival; data were combined for every 2 days).
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Figure 6.6. Release 1. Resampling generation of absolute deviations about the mean for 1000 generations of data using overall counts
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Figure 6.7. Release 2. Resampling generation of absolute deviations about the mean for 1000 generations of data using overall counts
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Figure 6.8. Release 1. Resampling generation of log+1 linear regression about the mean for 1000 generations of data using overall
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Discussion
Our results provide evidence for age-related differences in survival of female Ae.
aegypti in the field. Using linear regression to analyze mark-recapture data, the estimated

daily survival rate of older mosquitoes (13-23 days old) was significantly greater than
survival of those in the younger group (3-13 days old) in both Puerto Rico and Thailand.
In order to compare low frequency recapture data between the two age cohorts
with greater confidence, we employed a resampling method (bootstrapping) that samples
the recapture distribution with replacement 1000 times. This method, like the actual field
data, yielded significant differences between age cohorts in Puerto Rico. While the
results from the Thai experiments were not significant at a = 0.10 level, they were low
suggested a differences between cohorts.
Our results also indicate that adult female Ae. aegypti do not disperse far by
flying. Although our study was not designed to determine dispersal distances and rates,
the greatest movement we detected in Puerto Rico was 79 m. These results are consistent
with the findings of others (Morlan & Hayes 1958, Christophers 1960, Sheppard et al.
1969, Trpis & Hausermann 1986). We did not measure the distances between houses in
the Thai site and, therefore were unable to evaluate distances moved. Twenty three
percent of mosquitoes that were release in Puerto Rico were captured in non-release
houses. In Thailand, a smaller proportion of females were captured in non-release houses
(13 % release 1, 17 % release 2) than in Puerto Rico. The houses in Thailand were further
apart than those in Puerto Rico, which may have contributed to the difference between
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these study areas. Varying environmental influences may exist in these two regions that
resulted in differences in the proportion of females moving away from release houses.
More accurate estimates of survival rates for epidemiologically important ages of
Ae. aegypti would be invaluable in assessments of population size, stability, capacity to
increase, longevity and the impact of vector control strategies (Miller et al. 1973, de
Moor & Steffens 1970, Onori & Grab 1980, Clements & Patterson 1981). However,
there are some inherent problems with using the exponential model to assess survival.
The assumption of a constant daily probability of survival can be strongly influenced by
initial high recapture rates and low frequency recaptures later. For example, the slope of
the regression line for older mosquitoes in Fig. 6.3 changes if the one recapture for day 9
is excluded. However, even if that 1 recapture is eliminated, the slopes of the two
regression lines remain statistically significantly different, and survival of the 13 day
cohort remains greater than the 3 day cohort. Excluding the first day recaptures in the
regression, also does not affect differences between the two age cohorts (3 day: y =
-0.1052x + 1.0433, estimated daily survivorship = 79%; 13 day: y = -0.0502x + 0.4683,
estimated daily survivorship = 89%). Another inherent problem with mark-recapture
studies is the difficulty in obtaining large enough recapture sample sizes. The lower
overall recapture rate for the older cohort of mosquitoes in each experiment may have
been due to behavioral differences in older females. Older mosquitoes may be more
prone to disperse or to disperse farther than younger ones, although this was not detected
with the methods used in this study. Older females could be less likely to be captured if
they tend to be outdoors more than the younger cohort. However, our relatively high
recapture rate (26% overall in Puerto Rico, and 9 % in Thailand) in this and other studies
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WrihAe. aegypti (Edman et al. 1998) suggest that this domestic species may constitute a
unique system for studying mosquito survival in natural settings.
The exponential model still appears to us to be the best available method for
analyzing mark-recapture data. Survivorship of adult Ae. aegypti may be linear along
discreet age intervals, where the application of this model is useful and appropriate.
Despite its shortcomings, it considers recapture rates over intervals and survival estimates
can be calculated from the regression coefficients (Gillies 1961). Although greater
estimates of daily survival for the older cohort of females was obtained, the rate of
recapture for this group was lower than for the 3 day cohort (as determined by G-test, but
was not significantly different with resampling analysis) in all three experiments. The
recapture rate for this older group increased towards the end of the collection period
compared with the younger group, however. This significantly important effect was
largely responsible for the greater recapture rates in the older cohort. The differences in
recapture rates could have resulted from differences in the behavior of the two age groups
if older females disperse farther (although we did not detect this with the methods used in
the study reported here) or spend more time outside then younger females. Another
possible explanation may be that the threshold age for “greater survival” may be at an age
beyond 13 days.

If the latter is true, then future experiments should investigate relative

survival rates with even older groups of mosquitoes.
The sampling design used for the Thai experiments was modified in an attempt to
overcome some potential problems with previous mark-release-recapture studies. One
important issue is the great amount of variability in the mean number of female Ae.

aegypti found from house to house in the field. Released females may gravitate towards
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more ideal houses in which to rest. To overcome this situation, we used data from resting
collections conducted in the release village over a 10 month period prior to this study to
stratify the recapture houses into two groups. These two groups were equally
represented by houses with high, medium, and low wild Ae. aegypti populations.
Another issue is the potential for excessive removal of females resting in houses
with the aspirator collection method. If many females are removed early, which may
have survived for several more days after recapture, then survival rates tend to be
underestimated.

To address this issue in the Thai study, we released mosquitoes and

waited two days before collecting in half of the recapture houses and four days before
collecting in the other half. After this initial recapture, females were collected in release
houses every four days in each group. This design allowed for less removal pressure of
females from the population and more accurately measures natural survival after several
days in the field.
Unlike our results from Puerto Rico, resampling analysis did not detect
differences in the recapture rates of the two cohorts in the Thai study. This method,
however does not allow us to estimate and compare survival rates.

We did detect

differences in survival rates, with linear regression. Regression analysis by transforming
recapture data for each cohort allows for a standardization of the recaptures over time,
and allows for comparison of two groups. This transformation also allows for the
estimation of a rate, such as the probability of daily survival, from the two sets of data.
This rate is an estimate that allows for relative comparisons between the two groups. It
was not our intention to determine precise survival rates.

In fact, determining the exact

rate of survival is a nearly impossible task given the current tools available for use in the
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field. Methods such as counting follicular dilatations are a futile exercise for determining
survival rates in mosquitoes such as Ae. aegypti that are gonotrophically discordonant.
Using human bait collections to estimate survival of marked females also is less
insensitive because it only captures blood-seeking females. Consequently, regression
analysis of data from the capture of blood-seeking females during bait collections is
limited. Our methods captured all physiological stages, thereby overcoming the
limitations of bait collections.
The possibility that a small group of older mosquitoes may survive for long
periods of time, has tremendous implications for the dynamics of the diseases that they
transmit, because only older mosquitoes are likely to be infective. Estimates of vectorial
capacity (C), from the equation developed by Garrett-Jones (1964), increase dramatically
with only slight increases in the probability of daily survival of the mosquito vector. The
components of the vectorial capacity equation are the number of bites/man/day (ma), the
proportion of exposed mosquitoes becoming infective in the population (b), the extrinsic
incubation period in days (n), and the probability of daily survival (p). If, for example,
ma = 1, b = 0.20, n = 10 and p = 0.80, then the vectorial capacity (C = ma2 pn b/-loge p) is
estimated to be 0.096. If the estimate of daily survival, p, is increased by 0.05 to p =
0.85, then C increases 2.5 times to 0.24. For dengue and other diseases, such as
Anopheles -borne malaria, that have relatively long extrinsic incubation periods
(Macdonald 1957, Watts et al. 1987) and vectors which tend to feed frequently
(Macdonald 1956, Sheppard et al. 1969, McClelland & Conway 1971, Pant & Yasuno
1973, Boreham et al. 1979, Trpis & Hausermann 1986, Scott et al. 1993a), very low
threshold numbers of older mosquitoes may be all that is required to sustain disease
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transmission within a human population. This may be due to the potential for a large
number of host contacts among a relatively small number of older infective female
mosquitoes, that are experiencing a low probability of mortality.
My data suggest an increase in the estimated probability of survivorship with age
among Ae. aegypti. Increasing probability of survival with age has been reported for
other species of diptera (Pearl et al. 1923, Krainacker et al. 1987, Curtsinger et al. 1992,
Carey et al. 1992). If survivorship increases with age, rather than decreasing or
remaining the same as is the current assumption with Ae. aegypti and most other
mosquito vectors (Clements & Patterson 1971), our estimates of the efficiency for this
species to transmit viruses increases in a positive, non-linear fashion. This, in turn, will
significantly impact the manner in which we view not only pathogen transmission but the
deployment of vector control strategies for disease prevention. If survival is non-linear
and greater among older mosquitoes, then dengue transmission may occur at much lower
mosquito population densities than previously thought.
It is difficult to obtain precise data on the components of the vectoral capacity
equation without violating assumptions of the model (Dye 1990, 1994). It may be more
appropriate to examine non-linear properties of the model s components, such as
dynamics of survival, with comparative investigations like the one we described in this
study that lead us to qualitative answers about the importance of different parameters,
rather than trying to obtain precise measurements (Dye 1994).
In summary, these data provide strong evidence that survival rates for Ae. aegypti
are not constant over time in Puerto Rico and Thailand. Greater survival among older
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females may help to explain why this mosquito is such an efficient vector of the dengue
viruses.

CHAPTER 7
SEASONAL ABUNDANCE OF THE DENGUE VECTOR, AEDES AEGYPTI,
IN TWO REGIONS OF THAILAND

Introduction
A worldwide resurgence of mosquito-borne dengue has occurred in the past 30
years, especially in the New World within the past ten years. The four recognized
serotypes of this virus cause illness in humans after transmission from the bite on an
infected mosquito. Dengue and its more severe manifestations dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS), are particularly serious in Asia, the South
Pacific, and now, in the Americas as well. Dengue is one of the most important
childhood diseases in Thailand, and considerable health resources are devoted to
treatment and control each year. Aedes aegypti has evolved a close, synanthropic
association with its human host. Female mosquitoes lay their eggs near the waterline in
man-made containers in and around houses.
With no licensed vaccine currently available for dengue, prevention and control
are aimed at the mosquito vector. Still, little is known about the threshold population
level of Ae. aegypti required to interrupt dengue transmission. Estimates from the
literature vary from greater than 1.5 females per person (Rodnquez-Figueroa et al. 1995)
to < 1 per house (Ghosh et al. 1974, Chen et al. 1994). Dengue outbreaks clearly can
occur at low vector densities.
While this species is a container breeder, largely sustained by water storage jars in
South East Asia, rainfall has been associated with dengue incidence by some workers
(Gould et al.1970, Foo et al. 1985). Dengue outbreaks can occur in dry areas, however
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(Gosh et al. 1974, Eamchan et al. 1989), and in some regions no relationship between Ae.
aegypti abundance and rainfall could be identified (Goh et al. 1987, WHO 1995).
Temperature impacts the physiology and development of the mosquito, as well as the
extrinsic incubation period of dengue virus.

The higher the temperature, the more

rapidly the virus develops in the mosquito and the shorter the interval from ingestion of
an infected blood meal to virus dissemination (Watts et al. 1987). A few short term
abundance studies have been conducted in Puerto Rico and other regions using the same
type of collection device as was used in this study, but few studies have reported the
abundance of indoor resting mosquitoes over several months.

Collections of indoor

resting females may be less biased than bait collections or man-biting rates as indexes of
abundance.
As part of a larger study to evaluate pyrethroid impregnated and unimpregnated
resting boxes, collections of Ae. aegypti mosquitoes were conducted over a 10 month
period in two different areas of Thailand. These areas represented regions where dengue
viruses commonly circulate and dengue is endemic.

One objective of this study was to

determine the seasonal population dynamics of Ae. aegypti collected from two untreated
(without insecticide-impregnated resting boxes) villages in Chachoengsao and Tak
Provinces.

Mosquito abundance during the three climatic seasons as well as the high and

low dengue transmission seasons were compared.

The relationship between climatic

factors and female abundance was analyzed in detail for the (Hua Sam Rong,
Chachoengsao) study site only.
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Material and methods
Field sites
Due to considerable variability in Ae.aegypti population densities among areas in
Thailand as well as among individual villages and houses, two study sites were selected
for this research project. They were located in Chachoengsao and Tak provinces and
represented two locations where dengue hemorrhagic fever is endemic.
The Chachoengsao site (ca. 100 km east of Bangkok) was located in Amphur
Pleangyao, Tambon Hua Sam Rong in Village 2. The study site in Tak Province was
located ca. 500 km northwest of Bangkok in Amphur Mae Sot, Tambon Maekasa. Data
from Namdib Village were used in this study. Both villages were used as untreated
controls for a larger study on the effectiveness of impregnated resting boxes for Ae.
aegypti control (Chapter 9).

Mosquito collections
Twenty houses were selected at random using a computer program with a file of
all houses available for sampling (Resample Stats, Arlington, Virgina, USA). Collections
were made with a CDC battery-powered, back-pack aspirator in the Mae Sot site and-a
modified vacuum cleaner (National MC 3500 Airpower 170, 1000 Watt) in the Hua Sam
Rong site. Sampling began on 3 October in Mae Sot and 28 October, 1997 in Hua Sam
Rong. The last collections were conducted on 31 July in Mae Sot and 17 August, 1998 in
Hua Sam Rong. Collections were be made about, every 14 days in the Hua Sam Rong
site, and about every 30 days in the Mae Sot site. Total house collections included

135

mosquitoes were first collected from each of the resting boxes (see Chapter 8) and then
from the remainder of the house.
Mosquitoes in collection cartons were transported to the field laboratory,
anesthetized with carbon dioxide, and placed in small test tubes on wet ice. After cold
anesthetization, mosquitoes were sorted and identified with the aid of a dissecting
microscope.
The number and frequency of other medically-important species collected also
was recorded. These data are reported in Appendix A.

Weather data
The daily maximum and minimum temperatures, maximum and minimum relative
humidity and daily rainfall was analyzed for both study sites.

Data analysis
Mean collections of Ae. aegypti male and females were compared over all
collection dates for the entire 10 month collection period. The data were analyzed to
determine the mean capture of female and male Ae. aegypti on each sampling date, at
each site, and in each village. Comparisons of population abundance were made among
the 3 climatic seasons in Thailand (rainy season: July - November; cool season:
December - February; hot-dry season: March - June), and between the low and high
dengue transmission seasons (low transmission season: December - May, high
transmission season: June - November; Watts et al., 1987). Data were checked for
conformation with the assumptions of normality with Wilk-Shapiro plots and Lin-
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Mudholkar normality test (Statistix Analytical Software 1996) and, when appropriate,
non-parametric methods (Kruskal Wallis and G-test) were employed.
To examine periods of greatest abundance, the number of Ae. aegypti captured on
each sampling date was expressed as a percent of the total captured over the entire study
period.
Linear regression analysis was conducted to determine the strength of
relationships between female Ae. aegypti abundance and individual climatic factors such
as rainfall, temperature, and humidity.

Results
Mean collections ofAe. aegypti over time
Hua Sam Rons site
The untreated village had high means of male and female Ae. aegypti at the beginning of
the sampling period in October 1997. This decreased into late November and early
December and then increased again in January to high and fairly stable levels; through
April, and then there was a slight reduction in May, followed by a peak from late June to
early July (Fig 7.1).

Mae Sot site
The Ae. aegypti population in Namdib in the Mae Sot area was extremely low for the
entire study. It was difficult to draw conclusions about vector abundance due to this
problem, but a peak in female abundance also occurred in July in this study site (Fig.
7.2).
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Overall abundance of Ae. aegypti
Hua Sam Rong site
To examine the periods of greatest abundance, the number of Ae. aegypti captured on
each sampling date was expressed as a percent of the total captured over the entire study
period (Fig. 7.3).

The times of greatest abundance in Village 2, Hua Sam Rong,

occurred in August, October, February, April and June through July. The period of
lowest abundance occurred in December and January.

Mae Sot site
Although the population remained low throughout the study, the highest numbers of Ae.
aegypti were collected at the end of June (Fig. 7.4)

Weather data
Climatic seasons
Average daily rainfall, maximum and minimum temperatures and maximum and
minimum humidity are provided in Table 7.1 for the Hua Sam Rong site. Three seasons
are recognized in Thailand: rainy, cool-dry and hot-dry.

Data from July to November

inclusive were grouped in the rainy season. This group included data from 1997 and
1998. Climatic data from December to February inclusive were grouped in the cool-dry
season.

Data from March to June were classified into the hot-dry season.
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Weather data for Mae Sot are provided in Table 7.2. These data represent
monthly means during each climatic season over the study period. Minimum temperature
in Mae Sot in the cool dry season were considerably lower than at Hua Sam Rong.

Transmission seasons
Rainfall, temperature and humidity were also compared during the high and low dengue
transmission seasons. These represent periods when the incidence of dengue cases is
high or low in Thailand, respectively (Watts et al., 1987).

Aedes aegypti abundance in houses during climatic seasons
Hua Sam Rong site
Mean numbers of female Ae. aegypti collected from houses in Village 2, Hua Sam Rong
were lowest during the cool season (Kruskal-Wallis test, P < 0.05). No significant
differences in mean females collected between the rainy and hot-dry seasons were
observed. The same trend was found with male Ae. aegypti (Table 7.3).

Mae Sot site
In the Namdib Village no significant differences in male or female Ae. aegypti
populations were found over any of the seasons (Table 7.4). This may have been due to
the low population size.
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Ae. aegypti abundance in houses during dengue transmission seasons
In Thailand the low transmission season for dengue viruses occurs from
December to May.

Dengue cases occur in the population during this time, but not in

such frequency as during the high transmission season from June to November (Watts et
al., 1987).

The mean^e. aegypti collections during these seasons in Hua Sam Rong are

provided in Table 7.5. Abundance of both male and female Ae. aegypti were
significantly greater during the high dengue transmission season (Gadj =15.0, df=1, P =
0.0001).

The mean collections of female Ae. aegypti per house were almost double in

the high transmission season. Differences in males collected resting in houses by season
was less pronounced (t = 3.24, df = 324, P = 0.0011) than the differences with females (t
= 5.45, df= 375, P< 0.00001).
Collections from Mae Sot are recorded in Table 7.6. No significant differences
were found in mean collections of male and female Ae. aegypti by season. This may have
been due to the low overall numbers collected.

Impact of individual climatic factors onAe. aegypti abundance
The average monthly rainfall, temperature and humidity for the Hua Sam Rong
area were plotted in Fig. 7.5. To illustrate relationships, the mean monthly rainfall and
mean collections of male and female Ae. aegypti were plotted in Fig. 7.6 Linear
regression analysis of mean female Ae. aegypti (non-transformed data) from Hua Sam
Rong and climatic data by month revealed the strongest relationship between female
abundance and rainfall (F = 8.74, df = 9, P = 0.0182; Fig. 7.7), followed by minimum
temperature (F = 6.00, df = 9, P = 0.0266; Fig.7.8), and minimum humidity (F = 7.4, df =
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9, P = 0.026; Fig. 7.9).

Maximum humidity was also related to population abundance

but not strongly associated (F = 6.00, df = 9, P =0.04). No relationship was found
between female abundance and maximum temperature.
The weather data for Mae Sot are presented in Fig. 7.10. Regression analysis was
not performed on the Mae Sot data due to the low sample size; however, a trend between
rainfall and population abundance was seen (Fig. 7.11).
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Table 7.1. Mean daily rainfall, maximum and minimum temperature and
humidity in Hua Sam Rong during the study period.

Season
Weather variable

Rainy

Cool-dry

Hot-dry

Rainfall (mm)

6.5 ± 1.8'

0.5 ± 0.3

3.510.8

Maximum Temperature

33.2 ±0.2

34.3 ± 0.2

35.510.3

Minimum Temperature

24.610.1

21.510.1

24.810.1

Maximum Humidity

97.1 ±0.2

95.910.2

96.610.1

Minimum Humidity

60.911.2

39.910.8

49.511.2

•Mean per day ± standard error of the mean.
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Table 7.2. Mean daily rainfall, maximum and minimum temperature and
humidity in Mae Sot during the study period.

Season
Weather variable

Rainy1

Cool-dry2

Hot-dry2

4.9

0 ± 0.0

7.1 ± 1.0

Maximum Temperature

32.2

33.7 ±0.9

36.3 ±1.2

Minimum Temperature

23.6

15.7 ±0.1

22.9 ± 1.2

Maximum Humidity

93.6

89.8 ±2.4

83.0 ±3.6

Rainfall (mm)

'Collections made for one month in rainy season (no standard error).
2Mean per day ± standard error of the mean.
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Table. 7.3. Mean number of female Ae. aegypti collected by
season in village 2, Hua Sam Rong, Thailand.

Season
Rainy1

Cool-dry

Hot-dry

Female

5.48 ± 0.48a

2.30 ± 0.35b

3.95 ± 0.32a

Male

1.83 ± 0.16a

0.98 ± 0.10b

2.25 ± 0.36a

1 Kruskal-Wallis test, P < 0.05, differences in mean ranks for
each row are indicated by different letters.
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Table. 7.4. Mean number female Ae. aegypti collected by
season in the village of Namdib, Mae Sot study site.

Season
Rainy

Cool-dry

Hot-dry

Female

0.46 ±0.10

0.33 ± 0.06

0.34 ±0.08

Male

0.50 ±0.10

0.35 ±0.07

0.56 ±0.10

*(NS, Kruskal-Wallis test, P < 0.05).
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Table. 7.5. Mean number of female Ae. aegypti collected per house
per day by transmission season in the Village 2, Hua Sam Rong.

Season
Low Transmission

High Transmission

(Dec.- May)

(June - Nov.)

Female

2.910.2'

5.7 ±0.4

Male

5.9 ±0.4

7.5 ±0.6

'Abundance of males and female was significantly greater during the high
dengue transmission season (Gadj = 15.0, df = 1, P = 0.0001).
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Table. 7.6. Mean number of female Ae. aegypti collected by
transmission season in Namdib, Mae Sot.

Season
Low Transmission

High Transmission

(Dec.- May)

(June - Nov.)

Female

0.32 ±0.1'

0.31 ±0.1

Male

0.53 ±0.1

0.41 ±0.1

’Abundance of males and female was not significant among
transmission seasons.
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Figure 7.1. Mean ± SEM of female and male Ae. aegypti captured in untreated resting boxes and houses combined, Village 2, Hua
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Fig. 7.3. Percent of total Ae. aegypti captured in houses over all sampling dates by sampling date in village 2, Hua Sam Rong.
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Figure. 7.4. Percent of total Ae. aegypti captured overall by sampling date in Namdib, Mae Sot
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Figure 7.5.

Climatic variables over the study period in Hua Sam Rong, Thailand.
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Figure 7.7. Linear regression of mean female Ae. aegypti captured by house on rainfall (mm) in Hua Sam Rong
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Figure 7.8. Linear regression of mean female Ae. aegypti captured by house on minimum temperature (°C) in Hua Sam Rong.
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Figure 7.9. Linear regression of mean female Ae. aegypti captured by minimum percent relative humidity in Hua Sam Rong.
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Figure 7.10.

Climatic variables over the study period in Mae Sot, Thailand
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Mean daily rainfall and mean females collected per house in Namdib, Mae Sot
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Discussion
Analysis of climatic data from two study areas in Thailand yielded expected
differences in rainfall, temperature and humidity among season. Rainfall was greatest
during the rainy season in Hua Sam Rong, followed by the hot dry season. No
appreciable differences were found among mean maximum temperatures in this study
area, but the mean minimum temperature was lowest in the cool dry season. The same
trend was observed with maximum humidity and maximum temperature, yet the lowest
minimum humidity was found in the cool dry season. The same trends were found in the
Mae Sot area. This region, which lies in higher elevation at the foothills of mountains
shared by Thailand and Burma, had much lower minimum temperatures during the cooldry season (15 °C). No data were available for minimum humidity in this region. These
climatic trends and differences among study regions are important, because climatic
conditions appear to influence Ae. aegypti population abundance. Dengue is still
common, however, in the Mae Sot region.
Ambient temperature has several important effects on the physiology of female
Ae. aegypti related to transmission of dengue viruses. The extrinsic incubation period
increases with increasing ambient temperature, thereby reducing the time from when a
female first ingests an infected blood meal until it can competently disseminate virus to
humans through an infective bite (Watts et al. 1987).

Increasing temperature is also

directly proportional to increasing development of the mosquito, often resulting in
smaller adult body size. It has been demonstrated that female Ae. aegypti with smaller
body size ingest blood with greater frequency than larger ones (Focks et al. 1995; Jetten
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& Focks 1997). Increasing temperature may also decrease the length of the gonotrophic
cycle increasing the rate of ingestion of both reproductive and non-reproductive blood
meals (Pant & Yasuno 1973). Humidity, rather than rainfall may increase survival of
adult females as well (Halstead 1997).

Computer models have demonstrated the

theoretical impact that these variables have on dengue virus transmission (Focks et al.
1995; Focks et al. 1997).
It was interesting to note that the only confirmed dengue case occurring in
Namdib Village over the study period was in a 13 yr old child who traveled to Mae Sot
daily to attend school.

Several confirmed cases of dengue occurred in Village 2 of Hua

Sam Rong. While many factors, suspected, confirmed, and yet unknown, influence
dengue outbreaks, differences in female abundance between the two study areas may
have contributed to these differences in dengue incidence. Mean numbers of female Ae.
aegypti captured resting in houses in Village 2, Hua Sam Rong ranged from 2.9 to 5.7 per
house, but were very low (0.31 to 0.32 females per house) in Namdib, Mae Sot.
Minimum threshold values for female Ae. aegypti in terms of dengue transmission have
not been determined, and, in fact, may not exist as a magic number, but may vary
depending on other dynamic factors. More females were collected in Hua Sam Rong in
the non-transmission season than in Namdib in the transmission season.
The results of this study, using in-house resting collection data, demonstrated
greater female and male Ae. aegypti abundance during the rainy and hot-dry seasons and
during the high dengue virus transmission season in Thailand.

The high transmission

season includes the entire rainy season and one month of the hot dry season. Female
abundance was most strongly related to rainfall, followed by minimum temperature and
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minimum humidity.

These climatic variables may be the most useful predictors of

seasonal population abundance of this dengue vector in Thailand.
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CHAPTER 8
UNTREATED RESTING BOXES FOR SURVEILLANCE OF THE DENGUE
VECTOR, AEDES AEGYPTI

Introduction
Adult female and male Ae. aegypti live and remain in close proximity to their
human host. This species rests indoors in sheltered areas, often on dark non-reflective
surfaces (Muir et al. 1992). It appears to have an affinity for resting on clothing,
especially dark clothing. Observations of this behavior led to the first resting boxes
designed to facilitate collections of Ae. aegypti inside houses in Thailand (Edman et
al. 1997). Further investigations of resting boxes were conducted in Thailand
(Kittayapong et al. 1998). Monitoring populations of Ae. aegypti is difficult. Diurnal
species do not enter light traps and, consequently, human biting collections are used.
The human biting method is labor intensive, variable and dangerous. Presently the most
commonly used surveillance method in Thailand is a calculation of larval index based on
the number of containers infested with larvae. The presence of adult female mosquitoes
is the important factor for potential dengue transmission, however, and no relationship
has been found between larval indices and adult female abundance (Focks et al. 1981,
Subra 1983, Tidwell et al. 1990, Tun-Lin et al. 1995). Adult collections with CDC
battery powered backpack aspirators (Clark et al. 1994) are one method that is relatively
quick and efficient. Collections of resting adult mosquitoes can be made in an entire Thai
house in about 15-20 minutes. A few previous studies with resting boxes have shown
that they have promise to further facilitate aspirator collections by attracting and
concentrating mosquitoes in a house (Edman et al. 1997, Kittayapong et al. 1998).
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The purpose of this study was to determine the attractiveness of a new resting box
design for Ae. aegypti and other medically important mosquito species in Thailand. The
designed was intended to be inexpensive light weight and portable for easy use and
removal from houses. This study was conducted as part of a larger project to evaluate
the impact of insecticide impregnated boxes on control of Ae. aegypti. This is the largest
and longest running evaluation of attractant resting boxes for Ae. aegypti to date. In this
study, the attractiveness of different sizes of resting boxes also was compared.

Material and methods
Preliminary experiment in Puerto Rico
A preliminary study was conducted in Puerto Rico in July 1996. A resting box
design was created (54 cm x 29 cm x 29 cm) with a 100 % black cotton covers. It was
stretched over a collapsible wire frame and was tested with and without the addition of
hanging fabric panels inside. One resting box was placed in each of five houses and
mosquitoes were collected from boxes with a CDC style back pack aspirator over seven
days. The total number of male and female Ae. aegypti captured in resting boxes and in
the remainder of the house was compared over the collection period. The attractiveness
of boxes with or without hanging fabric panes was also compared.

Thai field sites
Two study sites in Thailand were selected for this research project. They were
located in Chachoengsao province and Tak province and represented two locations where
dengue is endemic.
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The Chachoengsao site (ca. 100 km east of Bangkok) was located in Amphur
Pleangyao, Tambon Hua Sam Rong in Village 2. The study site in Tak Province was
located ca. 500 km northwest of Bangkok in Amphur Mae Sot, Tambon Maekasa. Data
from the village of Namdib was used in this study. Both villages were used as untreated
controls for a larger study on the effectiveness of impregnated resting boxes for Ae.
aegypti control (Chapter 9).

Resting box design and placement in houses

The resting boxes were rectangular (23 cm x 23 cm x 45 cm tall) with all cm x
23 cm opening in the front (bottom aspect), and an open bottom (Fig. 8.1). The cloth
covers were made of black 7(k30 cotton! polyester blend material and fit over an
aluminum wire frame. The collapsible frames opened to form a self-standing box shape
that was placed in a shallow plastic tray of water (27 cm x 36 cm x 5 cm, Picnic Ware
Brand 3011, purchased from a plastic distributor in Bangkok). The presence of water
increased the attractiveness especially of the box to older, ovipositing females (Edman et
al.,1997). (Early data from this study with boxes resting in trays with and without water
also supported this conclusion). Initially the water trays were covered with a black cotton
material with the hope that the material could be easily removed, along with larvae, while
retaining dead mosquitoes that fall into the water. This was found to be unsatisfactory, as
the cloth harbored ants and other animals and acted as a wick pulling water out of the
trays and onto the floors of houses. Black plastic trays were not available; so, all trays
were painted with a matte black spray paint (ATM Spray acrylic lacquer, Urai Phanich
Co., LTD, Thailand). The painted trays were used in houses beginning on 21 January in
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Hua Sam Rong and 30 January in Mae Sot. Paint chipping became a problem over time,
and the area of the tray that held water was re-painted with a water-resistant black paint
(Lobster black gloss enamel, Urai Phanich Co., LTD, Thailand), followed by black matte
spray over the rim and outer sides of the tray.
Resting boxes were placed inside houses in dark comers when possible. Two
untreated resting boxes were placed in twenty randomly selected houses in the untreated
study village one day prior to collection and removed after collections had been
completed.

Mosquito collections

For each collection date, twenty houses were selected at random from all available
houses in the villages using a computer program with a random generator function
(Resample Stats, Arlington, Virgina, USA). Collections were made with a CDC batterypowered, back-pack aspirator in the Mae Sot site and a modified vacuum cleaner
(National MC 3500 Airpower 170, 1000 Watt) in the Hua Sam Rong site. Sampling
with resting boxes began on 1 February, 1998 in Mae Sot and 28 November, 1997 in Hua
Sam Rong. The last collections were conducted on 31 July in Mae Sot and 17 August,
1998 in Hua Sam Rong. Collections were made about, every 14 days in Hua Sam Rong,
and about every 30 days in Mae Sot. Mosquitoes were first collected from each of two
resting boxes in each house (placed in separate cartons), followed by collection from the
remainder of the house (total of 3 cartons/house).
Mosquitoes in collection cartons were transported to the field laboratory,
anesthetized with carbon dioxide, and then placed in small tubes on wet ice. After cold
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anesthetization the samples were sorted and identified with the aid of a dissecting
microscope.
The number and frequency of other medically important species collected in
resting boxes also was recorded and is reported in Appendix A.

Comparison of box size on attractiveness

The attractiveness of three different sizes of resting boxes was evaluated in Hua
Sam Rong. The standard box size (= medium, 45 cm tall x 23 cm square ) was compared
with one approximately 50% shorter (= small, 26 cm tall x 20cm square) and one
approximately 50% taller (= large 68 cm tall x 35 cm x 35 cm). The three different size
boxes were placed together in each house. Five houses were selected in a different
nearby village (Village 7) for the experiment. An attempt was made to position the
resting boxes at three equidistant locations inside the house. The same standard size tray
(as used in the larger evaluation; 40 cm x 55 cm x 5 cm) was filled with water and placed
beneath each resting box. Collections were made from the boxes daily for 6 consecutive
days using a modified vacuum cleaner aspirator described above. Each box collection
was placed in a separate carton, followed by collection from the remainder of the house.
The boxes were rotated to the next location after collecting each day.

Impact of climatic conditions on attractiveness

The daily maximum and minimum temperatures, maximum and minimum relative
humidity and daily rainfall was analyzed for both study sites (see Chapter 7). The
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relationship between temperature, humidity and rainfall on mosquito collections from
resting boxes was evaluated.

Data analysis

The attractiveness of a standard resting box design was evaluated over the entire
sampling period by comparing the proportion of female Ae. aegypti captured in boxes
with those collected from the remainder of the house. Proportions were arcsine
transformed and subject to ANOVA (Sokal & Rohlf, 1981).
The data for resting box size comparison were analyzed with ANOVA. The
effect of box size, location and house were examined, as well as potential box by location
interaction.
Regression analysis was conducted to determine the relationship of females
entering boxes and climatic variables such as temperature, humidity and rainfall.

Results
Preliminary experiment in Puerto Rico

The total number of female Ae. aegypti captured in black resting boxes placed
inside houses in the preliminary Puerto Rico study was 8.1 % of the total females
captured in houses. Sixteen percent of total male Ae. aegypti collected were captured in
resting boxes. Abundance of Aedes mosquitoes in houses with resting box traps was
quite low, making evaluation difficult. No difference in the attractiveness of boxes with
or without the hanging fabric panels was observed (x2 = 0.02, p = 0.90, df = 1). No
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difference was found in the numbers of male and female mosquitoes captured in boxes (t
= -0.377, p = 0.35, df = 24). Tremendous numbers of Culex mosquitoes were captured in
the resting boxes. A total of 803 female and 1122 male Culex (1,925 total) were captured
in resting boxes over a 7 day period.

Number of females captured from resting boxes

In the Hua Sam Rong site, female Ae. aegypti collected in resting boxes vs. the
remainder of the house were plotted in Fig. 8.2. The proportion of females collected
from 2 resting boxes in each house in Village 2 was 33 % (454/1370) over all sampling
dates. When the proportions were arcsin transformed and then subjected to ANOVA,
significantly more females were collected from the remainder of the house rather than
two resting boxes (ANOVA, F= 58.36, P < 0.0001, df= 35, LSD separation of means
test, P < 0.05). No differences were found between the frequency of collection of male
compared with female Ae. aegypti in boxes or the remainder of houses (Gadj = 2.18, df=
1, P = 0.14) (Table 8.1).

Collections of Ae. aegypti in resting boxes by season

Significantly lower numbers of male and female Ae. aegypti were collected from
resting boxes during the cool dry season than from the rainy and hot seasons (Table 8.2;
Kruskal Wallis test, P < 0.05). The same trends were found with mosquitoes collected
from the remainder of the house and from total house collections by season (see Chapter
7).
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Impact of climatic conditions on efficacy of resting boxes

In general, the abundance of females in resting box collections did not follow a
pattern different than the overall abundance of females from entire house collections
reported in Chapter 7.

Larger collections from resting boxes alone did appear, however,

to be positively related to the minimum percent relative humidity, but not related to the
maximum humidity when the values were plotted on the dates that sampling was
conducted (Fig. 8.3). However, regression analysis did not reveal a significant
relationship between adult female collections from resting boxes and humidity or any
other variables (Fig. 8.4).

Comparison of box size on attractiveness

No significant differences were found among the three different box sizes with
respect to the number of Ac. ctegypti males or females collected from them (Fig. 8.5).
The sample size collected was very small, however. The mean number ± SEM of females
collected from the small, medium and large boxes was 0.60 ±0.16, 0.77 ± 0.23, 0.83 ±
0.20, respectively. These values, for each individual resting box, were significantly lower
than that for the remainder of the house collection at 2.3 ± 0.56 females. Significantly
more male Ae. aegypti were captured from the medium size boxes (mean = 1.23 ± 0.42)
than small or large boxes. Equal numbers of males were collected from the large (0.97 ±
0.37) and small boxes (0.97 ± 0.31), respectively. No significant location interaction was
found. There was a significant house effect, however. It was interesting to note that the
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mean number of females collected declined steadily over the sampling period (6 days),
suggesting that there was a removal effect from our repeated daily sampling.
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Table 8.1. Mean number of female Ae. aegypti collected in resting boxes
compared with the remainder of the house in the village 2, Hua Sam Rong.

Collection site
Remainder of house

2 Resting boxes'
Female

0.63 ± 0.05a

[454]

2.56 ± 0.17b

Male

1.03 ± 0.08a

[738]

3.73 ± 0.3lb [1336]

[916]

'Mean ± SEM, and [Total] aMeans followed by the same letter are
not significantly different from each other (ANOVA of arc transformed
proportions, F = 58.5, df = 35, P < 0.0001).
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Table 8.2. Mean number of female Ae. aegypti collected in resting boxes
compared with the remainder of the house by season in Village 2, Hua Sam Rong.

Season
Rainy

Collection Site
2 Resting Boxes

Remainder of House

Cool Dry

Hot

Female

0.72 ± 0.08a

0.5 ± 0.1lb

0.66 ± 0.07a

Male

1.20 ± 0.12a

0.8 ± 0.19b

1.07 + 0.1 la

Female

2.94 ± 0.26a

1.28 + 0.13b

2.25 ± 0.16a

Male

3.90 ± 0.43a

1.87 ± 0.20b

3.22 + 0.31a

'Mean ± SEM. aMeans followed by the same letter are not significantly different from
each other (Kruskal Wallis test, P < 0.05).
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Figure 8.1. Resting box design used for the study (11 cm x 23 cm opening in the front).
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Figure 8.2. Percent of total female Ae. aegypti collected from resting boxes vs. remainder of the house in Village 2, Hua Sam Rong,
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Figure 8.3. Relationship of humidity and percent Ae. aegypti collected from resting boxes in Hua Sam Rong, Thailand
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Hua Sam Rong, Thailand.

Figure 8.4. Linear regression of minimum relative humidity and proportion of female Ae. aegypti collected from resting boxes in
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Discussion
These results demonstrated that 33% of all females collected from a inside a
house were captured resting in boxes. This proportion varied from house to house,
probably due to differences in the degree of competition from other attractive resting sites
in houses.

Collection from each resting box required a maximum of 2 minutes, whereas

collection from an entire house required a minimum of 15 minutes. Collection from
resting boxes alone, therefore, would greatly facilitate the number of houses that could be
sampled in a single day. This aspect is an important advantage because Ae. aegypti
abundance varies from house to house and the more houses sampled, the more accurate
estimates of population size obtained. Placing more resting boxes in a house may further
increase the number of mosquitoes recovered with small increases in time investment. It
also may be important to place more resting boxes in houses that have multiple rooms
than in houses with one or a few large rooms.
Male Ae. aegypti as well as other medically important species were also attracted
to resting boxes. No differences in attractiveness were found with boxes of small,
medium and large sizes with females; however, significantly more Ae. aegypti males
were attracted to medium (standard) size boxes.
Surveillance of Ae. aegypti populations in relation to dengue outbreaks is often
focused on larval container indexes. No relationship has been found between these
indexes and adult abundance however (Focks et al. 1981, Subra 1983, Tindwell et al.
1990, Tun-Lin et al. 1995).

Sampling of resting adult females is a much more precise

surveillance method. However, it is often not conducted because larval indexes are less
labor intensive and quicker than adult collections.
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Indoor aspirator collections can be

greatly facilitated with the use of resting boxes, and this method shows promise as a tool
for monitoring adult Ae. aegypti population abundance and thresholds for dengue risk.
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CHAPTER 9
EVALUATION OF PYRETHROID IMPREGNATED RESTING BOXES FOR
CONTROL OF THE DENGUE VECTOR, AEDES AEGYPTI

Introduction
The previous chapter (Chapter 8) reported the effectiveness of black fabric resting
boxes for attracting male and female Ae. aegypti. Observations such as this and earlier
studies with resting boxes (Edman et al. 1997, Kittayapong et al. 1998) provided the
impetus to investigate the effect of pyrethroid impregnated fabric on resting boxes for the
control of this dengue vector.

Dengue control in many regions of the world, such as in

Thailand, has not progressed much in the past 30 years.

When a marked increase in

cases occurs, the response is often to treat the area with malathion or another type of
insecticide delivered by ULV. There is considerable debate about the effectiveness of
this method. In fact, no well-documented proof exists that this method kills enough adult
female Ae. aegypti to interrupt dengue transmission during an epidemic (PAHO 1994).
Several evaluations in Puerto Rico, have demonstrated negligible reductions in vector
populations with aerial and ULV dispensed insecticide (Reiter & Gubler 1997). Few of
the aerosol particles may reach resting Ae. aegypti inside houses, especially in areas
where houses are less open. There is an urgent need for an effective control strategy for
adult female Ae. aegypti that is cost effective, easy to use, and sustainable. The ideal
method would kill mosquitoes inside houses where they rest and feed and also address
the challenge of insecticide resistance.
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While several large scale studies have been initiated by the World Health
Organization to evaluate the efficacy of pyrethroid impregnated bednets for control of the
Anopheles vectors of malaria, little has been done with insecticide impregnated materials

for control of other disease vectors.
The objective of this study was to evaluate the use of insecticide- impregnated
resting boxes to control Ae. aegypti in two different regions of Thailand. The dark
resting boxes included a water source to enhance attraction of gravid females. This stage
is most important because gravid females are most likely older, thus potentially virus
infected. The strategy was to attempt to selectively target older females, thereby reducing
resistance selection pressure on the entire mosquito population.

Materials and methods
Field sites
The study was conducted in the same field sites in Thailand as described in
Chapters 7 and 8. Village 6 in Hua Sam Rong was used as the treated resting box
village, while Village 2 was the untreated control village. In Mae Sot, the village of
Koko was used as the treated site and the village of Namdib was the untreated control.

Resting box design and placement in houses
The resting boxes were rectangular (23 x 23 x 45 cm tall) with a 11 x 23 cm
opening in the front (bottom aspect), and an open bottom. The black cloth covers were
made of a 70:30 cotton: polyester-blend and fit over an aluminum wire frame. The boxes
were placed over black plastic trays of water inside houses as described in Chapter 8.
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Resting boxes were situated in dark comers whenever possible. In the Hua Sam
Rong site, boxes were placed in 54 of 61 houses in the treatment village (89% of the total
inhabited houses). In the Mae Sot site, boxes were placed in 106 of 115 houses (92% of
all inhabited houses) in the treatment village.
Untreated resting boxes were placed in 20 randomly selected houses in untreated
study villages one day prior to collection. The untreated resting boxes were also set in
trays of water. They were removed after collections were complete for each sampling
interval.
Initially, the water trays were covered with black cloth before filling with water.
Due to difficulties in getting black cloth covers made in time, only one tray with water
was placed in each house for the first 4 sampling dates. The collections from boxes with
and without a water tray were noted. The first collections with water below both resting
boxes was on January 22, 1998 in Hua Sam Rong. Not enough covers were available to
place two boxes in every house in the Mae Sot site in December, therefore two boxes here
placed in 40 houses at one end of the study village and then one box was placed in the
remainder of the houses. On January 2, 1998, the remaining boxes were placed in
houses.
The second batch of resting box frames that were made for the Mae Sot site were
smaller by several centimeters than the first batch that was used for the Hua Sam Rong
site. In an attempt to keep the box dimensions uniform, local people were hired to make
a bamboo frame of the correct dimensions that was placed on top of the smaller frame.
The covers were then placed over this frame.

Impregnation of resting box material

The resting box covers were initially impregnated with deltamethrin (K-Othrine
SC 1% , donated by AgrEvo Thailand, Ltd.) at a rate of 25 mg ai/m2. The recommended
label rate for this product is 10-15 mg ai/m2 for impregnated bednets. The decision to use
the 25 mg rate was based upon a review of the literature on rates actually used for
impregnated bednets, and discussion with people working with deltamethrin for Ae.
aegypti control. An unpublished AFRIMS study found that rates of 30 mg ai/m2 or

higher were repellent to Ae. aegypti (Col. Ken Linthicium, personal communication).

Determining absorbency of material

Water absorbancy was determined by soaking 20 covers in a known amount of water and
then calculating the mean amount of water absorbed by the material. Each cover consists
of 0.3076 m2 of material. The water absorbency of this material was calculated to be
162.9 ml/ m2.

Calculation of the application rate of deltamethrin

The following formulae were created to expedite calculations for re-impregnation of
covers:
Dilution number = [(concentration of K-Othrine: mg ai/m2) x (water absorbency

of material: ml/m2)]/(desired rate of deltamethrin: mg ai/m2)
1/dilution number = % active ingredient of deltamethrin to use for the desired

rate
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Mix size = (the number of covers to be treated) x (water absorbency of each cover

in ml) x 2
Amount of K-Othrine = (% ai to use for desired rate) x (mix volume in liters) =

liters of product
Amount of water to use = final volume size - liters of product

Treatment of resting box material

K-othrine was shaken vigorously and poured into a cup pre-calibrated to the desired level.
The deltamethrin was added to water in a large plastic tub and stirred for several minutes.
Covers were soaked in the insecticide solution in batches of ten for ca. 10 minutes. The
material was formed into a ball, gently wrung and laid to dry on plastic sheets. The
covers were dried for several hours in a protected area out of direct sunlight. Boxes with
impregnated material were placed in houses the following day. Cloth samples for HPLC
analysis were wrapped in tinfoil and stored at room temperature in a plastic bag.

Frequency of treatment

The covers were treated twice (on 14 November and 20 January in Hua Sam Rong, and 7
December and 29 January in Mae Sot). Not enough covers were available to place two in
every house in the Mae Sot site in December, therefore two boxes were placed in 40
houses at one end of the study village and then one box was placed in the remainder of
the houses. When we returned at the end of January with adequate number of covers, all
the covers were removed and re-impregnated together and then placed two each in every
house.

The cover material became very dusty after being in houses for just a short period
of time (2 months). Before re-impregnation in January the material was washed in a mild
detergent solution and rinsed several times and dried. Untreated covers were washed and
dried in the same manner. Dust was shaken from the covers on a weekly basis at the
same time the water trays are changed.

Confirmation of treatment rate

Each time covers were re-impregnated, additional pieces of impregnated material or
covers were sent to AgrEvo for HPLC analysis of deltamethrin residue. Covers were
also analyzed in May to determine how much material was removed after soaking them in
soapy water for two hours.

Degradation of deltamethrin on resting box material

To investigate the degradation of deltamethrin on the resting box material over time and
whether concentration differed according to location on the surface of the cover, samples
of extra material were impregnated with the covers on the first treatment date in Hua Sam
Rong (14 November), dried and cut into 5 x 5 cm strips. The strips were pinned to the
inside or outside of the top, back and sides of resting box covers in randomly selected
houses (approximately 20 pieces of material for each location). The material was
removed after 2 months and sent to AgrEvo for analysis of deltamethrin concentration.
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Mosquito collections

Twenty houses were selected at random from all available houses to be sampled
in the treated and untreated villages (20 houses = 37% of all houses in village 6, Hua Sam
Rong and 19 % in Koko, Mae Sot). Collections were made with a CDC battery powered
back-pack aspirator in the Mae Sot site and a modified vacuum cleaner (National MC
3500 Airpower 170, 1000 Watt) in the Hua Sam Rong site. Pre-study sampling was
conducted prior to the placement of resting boxes inside houses (26 - 28 October, 12-13
November, Hua Sam Rong, 3 October, 4 - 5 December, Mae Sot). In Hua Sam Rong,
collections were made ca. every 14 days, beginning 14 days after the impregnated boxes
are initially placed in houses. Collections were made ca. every 28 days (1 month) in the
Mae Sot site. Mosquitoes were first collected from each of the resting boxes and then
from the remainder of the house. Samples were placed in separate cartons, transported to
the field laboratory and anesthetized with C02. Mosquitoes were then transferred into
small tubes with a mouth aspirator and placed on wet ice. Samples were then sorted and
identified with the aid of a dissecting microscope.

Resting box deltamethrin rate comparisons
Within-house comparison

To examine whether the current rate of deltamethrin impregnated covers were repellent to
Ae. aegypti, a comparison of the number of mosquitoes collected from resting boxes with

and without deltamethrin impregnated covers was conducted. A total of three different
resting boxes (rates) were placed in each house. If the treated boxes were repellent, we
would expect to collect fewer mosquitoes from these boxes than from untreated boxes.
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Box covers

The untreated covers were soaked in water and dried one day prior to placing them in
houses. At the same time, five covers were treated with deltamethrin at a rate of 25
mg/m2. Five additional covers were removed from houses in village 6 to represent the
highest rate (ca. 60 mg ai/m2). A small paper label with the representative treatment
number was pinned to the back of each cover. The treated covers were stored in tinfoil at
room temperature prior to placement in houses.

Houses

Five houses were selected in Village 7 for the experiment. An attempt was made to place
the boxes at three equidistant locations within each house. On the first day, the untreated
resting box was placed in the first location to the right upon entering the house (location
1), followed by the box from Village 6 (location 2), and the box covers treated at 25
mg/m2 was placed in location 3. After collecting mosquitoes each day, the boxes were
rotated to the next location in a counter-clockwise fashion.

Collection

Mosquitoes were collected with a modified vacuum cleaner aspirator at the same time
(8:30 AM to 10:00 AM) each day for 5 consecutive days. Four collections were made in
each house. A separate carton was used for each resting box, followed by collection from
the remainder of the house. The mosquitoes were transported to the field laboratory,
anesthetized with C02, and placed on wet ice as described above. The number of female
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and male Ae.aegypti, Culex quinquefasciatus, and other species was recorded for each
collection. Collection data for other species are given in Appendix 1.

Bioassay with resting box material

On day 5, a bioassay was conducted with one of the resting boxes to determine if the
treated material was effective. Female Ae. aegypti and Cx. quinquefasciatus collected
from untreated houses on day 4 and were retained alive for bioassays. Additional
mosquitoes (FI generation) were obtained from village 6 collected adults. These
mosquitoes were held in one-liter cardboard containers and offered a 20% sucrose
solution during the holding period. A section of the cloth cover from each treatment
(untreated, 25 mg ai/m2, and ca. 60 mg ai/m2) was used to line the inside of a clear plastic
container (15 cm x 12 cm) with a mesh lid. The material lined the entire inside except for
a 2 cm opening for the introduction of mosquitoes. The lid was closed over the fabric and
the remainder of the material was secured behind the container with a rubber band.
Unanesthetized mosquitoes were introduced into the fabric-lined containers. Periodically
the container was tapped to ensure that mosquitoes contacted the material surface, as
several were observed resting on the mesh lid. After one hour mosquitoes were
transferred to 1 liter cardboard cartons and offered 20% sucrose. Knockdown and
mortality was recorded at 1 and 24 hours, respectively.
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Screened enclosure comparison of resting box rates

A Camp Trails ® screened enclosure (4.1 m long x 2.9 m wide x 2.2 m high) was placed
in a room inside a vacant building on the Hua Sam Rong health clinic (Anamai) grounds.
The room was surrounded on three sides with shuttered windows. Three of the six
windows were left open to obtain moderate light inside the room. The floor inside the
enclosure was lined with white material. One resting box frame with a treated cover was
placed in a tray of water at the center of the enclosure. Twenty-five, 4-6 day-old gravid
female Ae. aegypti were released into the enclosure. Mosquitoes were released between
0700 and 0900 hours and collected 24 hours later with a modified vacuum cleaner. Any
mosquitoes that were dead or knocked-down were also collected. The number of alive ,
dead, and knocked-down mosquitoes was recorded for each treatment. Rates of 0.5, 5,
10 and 90 mg ai/m2 were replicated twice.

Dose-response of deltamethrin impregnated cloth
Impregnated material assay 1

Small sections (33 cm x 15cm) of extra resting box cloth were treated with formulated
deltamethrin. K-Othrine (12.50 ml) was added to 987.50 ml of water to obtain a rate of
35 mg ai/m2. The following dilutions were made from this 35 mg rate: 30, 25, 20, 15,
10, and 5 mg. Plain water was used for the untreated control. The cloth was soaked in
solution for 10 minutes, and then wrung in the same manner as the resting box covers.
The material was dried on a sheet of plastic in the shade for several hours, and then
folded and placed inside one liter cardboard cartons. Sugar-fed, 3-4 day old female
mosquitoes reared from eggs of field-collected adults in Village 6, were used for this
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bioassay. These larvae were reared in the field laboratory, and were transferred as pupae
to a 25 x 32 cm round plastic rearing cage. The unanesthetized females were first
aspirated into small glass test tubes (to avoid contamination of the aspirator tip with
insecticide) and then added directly from the test tube to the carton. They were
introduced into the cartons working from the lowest dose to the highest. After 1 hour,
mosquitoes were removed from the exposure cartons and placed in plain cartons. They
were offered a cotton pledget soaked in a 20% sucrose solution. Mortality was recorded
at 1 and 24 hours after treatment.

Impregnated material assay 2

In assay 1, females could avoid contacting the material by resting on the untreated mesh
of the lid of the cartons. All rates used in this first assay proved to be too high. The
second assay was set up to address these issues. Small pieces of impregnated material (6
x 1.5cm) in glass test tubes (7.5 x 1.0 cm). Dilutions of deltamethrin formulated product
(K-Othrine SC) were made in water. Deltamethrin (0.01 ml) was added to 3.24 ml water
in a 5 ml capacity vial to obtain a rate of 5.0 mg ai/m2. A series of log dilutions were
made from this dose to ensure the inclusion of an effective dose. The following rates
were used: 5.0, 0.5, 0.05, 0.005 mg ai/m2, and water alone for the untreated control.
Pieces of material were added to the vials and soaked in the solution for 10 minutes. The
material was removed and dried on a plastic sheet, and placed in a labeled test tube for
each rate. The tube was sealed with parafilm and wrapped in aluminum foil. On the
following day, mosquitoes (N = 7 - 11, 5-6 day old sugar and blood fed F,‘s from Village
6) were aspirated into each tube. The end of the tube was plugged with a piece of cotton
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and test tubes were held for 1 hour. The close proximity of mosquitoes to material in the
narrow test tube (1.0 cm diameter) insured that all females came in contact with the
surface of the material. After the exposure period, mosquitoes were transferred to 0.5
liter cardboard cartons and held for 24 hours. A 20% sucrose solution was provided on a
moistened cotton pledget. Knockdown (kd) and mortality was recorded 1 and 24 hours
after treatment at each rate.

Impregnated material assay 3

A second replicate of assay 1 was conducted with much larger sample sizes (> 66 females
per treatment). Material was impregnated as described above and added to glass testtubes. Mosquitoes were exposed to the material and mortality was evaluated as described
above.

Choice tests with deltamethrin impregnated and non-impregnated cloth

Two clear plastic storage containers (14.5 cm x 11.5 cm) with screw top lids were
used to make an exposure chamber for this experiment. A 10 cm diameter section on one
side of each container was removed and covered with 1.5 mm mesh screen. A ca. 8 cm
diameter opening was made in the top of the two lids and then they were melted together
with the end of a wood engraving tool. In one of the base sections a hole was made and
covered with dental dam to allow the introduction of mosquitoes. In the other base
section a strip of paper towel (25 x 12 cm) was taped to the inside. Two 8 x 8 cm squares
of extra resting box material were tacked to the paper towel (ca. approximately 4 cm
apart). One piece of material was treated with deltamethrin at a rate of 25 mg ai/m2, and
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the other piece was untreated (soaked in water only). A small label was placed beneath
the fabric to identify the treated from the untreated material.
Three to five day old blood and sugar fed females reared from field collected eggs
in Koko, Mae Sot were introduced into the chamber one at a time. The type of material
that females chose to land on initially was recorded. A stopwatch was used to record the
time elapsed (sec.) from introduction into the chamber until first landing on material.
The duration of time resting on material was also recorded. Each female was observed
for 5 minutes.
The type of fabric mosquitoes chose to land on initially, the amount of time
resting on the treated and untreated material, the mean number of times landing on each
type of material, and the time to take-off after first landing were analyzed.

Effect of exposure time to deltamethrin on mortality of female Ae. aegypti

Two to three day old Fj generation mosquitoes from field collected pupae (Village
6) were used in an experiment to determine how much time a female must rest on
material to induce mortality. Many females may rest only briefly on the impregnated
boxes in houses before flying off, especially if contact irritation occurs. This experiment
was conducted to determine how many females could survive brief contact with a high
rate of deltamethrin. Mosquitoes were aspirated from rearing cartons and placed in small
test tubes, as described above, with material impregnated at a rate of 25 mg deltamethrin
ai/m2. A stopwatch was used to record the time from mosquito entry into the test tube
(last mosquito to enter) until release into a holding container. The mosquitoes were
released into the container through an opening by inserting the end of the test tube in the
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opening and tapping it lightly. The following time intervals were evaluated, 7.5 sec, 15
sec, 30 sec and 60 sec. The time interval of 7.5 sec was the shortest interval that was
technically possible. Mosquitoes were kept in disposable clear plastic drinking cups (12
cm x 8 cm) with mesh lids. A hole large enough for the aspirator and exposure tubes was
made in the side of the containers and plugged with cotton. All mosquitoes were
provided with a cotton pad soaked in 20% sucrose solution. The untreated control group
was not exposed to material, but held in containers under the same conditions as the other
treatments. Knockdown and mortality were recorded at 30 and 60 minutes, and 24 hours.

Effect of impregnated resting boxes on female parity
Reducing age structure is an important factor in the control of dengue
transmission since only older mosquitoes are capable of transmitting the virus (Watts et
al, 1987). The proportion of parous vs non-parous females was assessed by examining
them for the presence or absence of tracheolar skeins, using the method of Detinova
(1962) as described by Service (1993). All non-gravid female Ae. aegypti in collections
were dissected.
The ovaries were removed in purified drinking water while the samples were still
fresh (within 1 or 2 days of collection). In early collections (November to February), the
ovaries were placed on a microscope slide to dry for later examination. On subsequent
sampling dates the parity was determined at the time of dissection.
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Dose-response assays with topically-applied deltamethrin
The response of female Ae. aegypti to deltamethrin was monitored at intervals in
both study sites for the duration of the project. Initial topical bioassays were performed
to determine the baseline levels of susceptibiligy to deltamethrin at the beginning of the
study.

Stock solutions and dilutions
Several batches of technical grade deltamethrin were weighed using an electrobalance in
a Bangkok laboratory, and then placed in amber glass scintillation vials. These vials were
transported to the field and stored in a dark container in a refrigerator at 10 °C.
The use of hexane as a solvent for the stock solutions was found to not be
practical for field work due to the necessity of using heat and agitation to bring the
technical material into solution. This concern, compounded with concerns over the
tendency of deltamethrin stock solutions to racemize when stored over time resulting in a
loss of potency, led us to select acetone as a solvent for stock solutions. Deltamethrin is
more soluble in acetone than in hexane. Using acetone allowed the storage of dry pre¬
weighed material in the field.

Stock solutions were made directly by adding acetone just

prior to making dilutions. One problem with using acetone rather than hexane was the
rapidity with which acetone evaporates, potentially concentrating the solutions. To avoid
this problem, great care was taken to make sure that dilution vials were tightly capped at
all times, except when removing liquid for dilutions and loading syringes.
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Mosquitoes
Aedes aegypti pupae and 4th instar larvae were collected from as many different houses as
possible in the treated and untreated villages and held in one 0.5 liter ice-cream
containers until emergence. Mosquitoes from each village were held in separate
containers and offered a 20% sucrose solution after emergence. Due to difficulty in
obtaining a large enough sample size with this method, the F! generation reared from
these adults were used in later assays. Bioassays were performed when mosquitoes were
3-4 days old.

Topical bioassav
Females were aspirated from cardboard containers and placed in small test tubes on wet
ice for ca. 30 minutes. Placement of the tubes on ice was staggered so that mosquitoes
were not chilled too long, which could affect their mortality. Acetone was placed in an
amber scintillation vial with the pre-weighed technical grade deltamethrin to create a
stock solution of deltamethrin. Log and serial dilutions were performed with acetone to
acquire the desired range of concentrations. Care was taken to always keep vials capped
to minimize evaporation. Dilutions were made with small capacity (5,10 and 25 ul)
disposable wiretrol micropipettes. The initial assay involved a wide range of doses (from
1 x 10‘2 to 1 x 1 O'7 mg/0.5 pi), which was subsequently narrowed to a more discriminating
range. Deltamethrin solutions were topically applied, beginning with the untreated
control (acetone alone) and ending with the highest concentration. The solutions were
shaken vigorously in a capped vial, and then loaded into a Hamilton gas-tight syringe
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fitted with a calibrated dispenser. Because of the reported photolability of technical
deltamethrin, care was taken to keep the vials of deltamethrin solution in a darkened
container when not in use. Cold-anesthetized mosquitoes were gently tapped onto a glass
surface in groups of 10 from a chilled test tube. The mosquitoes were placed ventral
aspect up using a soft pair of forceps. The dispenser with deltamethrin solution was held
several cm above the mosquito abdomen and depressed. The droplet of liquid that
formed on the tip of the needle was quickly touched to the distal aspect of the venter.
The mosquito adhered to the syringe needle for a few seconds until the solution dried.
One-half microliter of test solution was applied to the abdomen of each female in this
manner. A few seconds were allowed for drying and then the treated mosquitoes were
gently tapped into cardboard ice cream cartons fitted with mesh lids. This process was
repeated in batches often until all mosquitoes in each dose group were treated. A
different syringe and dispenser was used for each concentration each time the assay was
performed. Mosquitoes were immediately provided with a sucrose soaked cotton
pledget, which was placed on the mesh lids of containers.
Mortality, knockdown (defined as able to respond to a stimulus, but unable to
support its body weight) and number of live mosquitoes was recorded at 30 minutes, 1
hour and 24 hours. Temperatures during application and holding period were recorded.
One potential difficulty with using ice to anesthetize mosquitoes for these assays
is the inverse relationship between temperature and pyrethroid toxicity. It was also
difficult to determine if initial knockdown was due to mosquitoes simply recovering from
the effects of being cold anesthetized or the insecticide itself. (In general, 20-30 minutes
is usually required for cold anesthetized Ae. aegypti to fully recover.) Untreated controls
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were monitored in the same fashion to help clarify this issue. To address the temperature
issue, carbon dioxide was used in later trials to anesthetize mosquitoes. Temperature in
the laboratory was recorded prior to performing each bioassay. Mortality was the main
factor assessed at 24 hours after treatment.

Data analysis
Overall reduction of Ae. aeevpti populations

Data were analyzed to determine the mean capture of female and male Ae. aegypti on
each sampling data, at each site, and in each village. The proportion of females and
males captured in treated boxes vs. the remainder of the house were arcsine transformed
and subjected to ANOVA (Sokal & Rohlf, 1987). Average capture numbers in treated
and untreated villages were compared over all dates.

In-house rate comparisons

An analysis of variance model was used to examine differences among the mean number
of mosquitoes collected from each type of resting box. The potential interaction between
treatment and location was also examined. The following main effects and interaction
terms were included in the model: treatment, location, house, collection date, and
treatment by location interaction. For comparison of the resting boxes with each other,
the data for the remainder of the house was omitted.
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Impact of resting boxes on parity
The data were analyzed with a chi-square test to determine if the proportion of parous
females was reduced in the treated resting box site, compared with the untreated site. The
proportion of parous females in boxes versus the house was also compared by ANOVA
after arcsine transformation.

Bioassavs with deltamethrin
Data from topical bioassays were analyzed with the computer program POLO-PC, which
conducts a logistic regression analysis of dose-response data. The LD10 LD50 LD90at 30
minutes, 1 hour and 24 hours after treatment was calculated. The POLO-PC program fits
binary response data at the different doses used and fits it to a logit model by maximum
likelihood. Separate logit regression lines were generated for each dose and then the lines
were tested to determine if they were equal and/or parallel (of equal slope). In initial
studies, less than three doses were tested. These early data couldn’t be analyzed because
a range of at least 3 doses must be used in order to have enough degrees of freedom to
test the suitability of the regression model with the computer program. Subsequent
assays were conducted with 4 doses and an untreated control.

Choice tests with deltamethrin impregnated and non-impregnated cloth
Data were analyzed by t-test.
In general, data for each experiment were checked for conformation to
assumptions of normality and when appropriate non-parametric methods were employed
(Kruskal Wallis, Mann-Whitney U test).
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Results
Confirmation of deltamethrin rate applied to boxes
HPLC results of impregnation of the first batch of resting box covers on 14 November in
Hua Sam Rong determined a rate of 28 mg/m2. This actual rate was close to the
calculated rate of 25 mg/m2. Two pieces of material treated along with the new covers on
January 20, 1998 had a mean of 30.17 mg ai/m2. One of the re-impregnated covers was
analyzed as well; it had a rate of 60.85 mg/m2. These results indicated that re¬
impregnation within 2 months doubled the rate of active ingredient on the resting box
material. This also indicated that, within this time period, little to no deltamethrin
degradation had occurred.
HPLC analysis conducted at AgrEvo determined that washing the covers with
detergent, on May 11, 1998, reduced the deltamethrin concentration from 60 mg ai/m2 to
20 mg ai/m2.

Degradation of deltamethrin applied to cloth
Results from cloth pieces that had been pinned to various locations on the cover and
remained in houses for 2 months are shown in Table 9.1. It is clear that little to no
breakdown of the compound occurred over the 2 month period. The greatest reduction in
deltamethrin concentration occurred on the outside side and outside of boxes on the sides
and top. These areas were generally most exposed to natural light inside the houses.
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Aedes aegypti abundance in treated vs. untreated study villages
Hua Sam Rons study site
A total of 1,012 female Ae. aegypti were collected in the treated resting boxes in village
6, over 19 sampling dates (380 houses, 2.53 ±0.18 per house); 1,655 females were
collected from untreated resting boxes in Village 2 (378 houses, 4.15 ± 0.25 per house) in
Hua Sam Rong. In Village 6, 1,307 male Ae. aegypti were collected (3.27 ± 0.32 per
house) compared with 2,442 from control houses in Village 2 (6.14 ± 0.37 per house).
No reduction in female Ae. aegypti abundance over time occurred in the village with the
treated resting boxes.

The dates when box adjustments were made are noted in Fig 9.1.

Direct comparison of the average number of females collected in the treated and untreated
villages is represented in Fig 9.2. Untreated Village 2 had a greater abundance of females
during the two pre-treatment sampling dates (28 Oct and 13 Nov), and this trend
remained the same over the course of the study. This difference in population size
between the two study villages was significant (U = 89.5, P<0.03, Mann-Whitney U-test).
To examine the periods of greatest abundance, the number of Ae. aegypti captured
on each sampling date was expressed as a percent of the total captured over the entire
study period (Fig. 9.3). The times of greatest abundance in both villages occurred in
February, April and May 20 through July 21. The period of lowest abundance occurred
in November, December and January, which is the coolest season.
To obtain an indirect measure of the killing effect of impregnated boxes, the
proportion of females captured from resting boxes vs. the remainder of the house was
compared in houses with treated and untreated resting boxes (Figs. 9.4 and 9.5). (Note:
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this may also be an indication of the repellency of the treated boxes.) There was an
initial reduction in the proportion captured in boxes after the first treatment and the
second treatment with deltamethrin. For example on 22 Jan only 10% were collected
from resting boxes in the treated village compared with nearly 40 % in the untreated
village. On 18 Feb, 20% of females were collected from treated resting boxes while
nearly 70% were collected from untreated resting boxes. Nearly the same trends in
proportion of females collected from boxes was observed from April to early July.
Significantly fewer females were collected from impregnated resting boxes (241/879,
27.0 %) than untreated boxes (454/1370, 33.0 %) over all sampling dates (x2 =8.13, P =
0.004, df = 1). When just the dates after the box height was reduced were compared, a
greater percent of females were captured from the untreated boxes (94/218, 43%,x2 =
10 76 P = 0.001, df = 1), but a smaller proportion of females were collected from treated
boxes than before frame reduction (39/182, 21%).
When the proportions were arcsin transformed and then subjected to analysis of
variance, no difference in the collections from resting boxes between the two villages
were detected.

Significantly greater numbers were collected from the remainder of the

house rather than the boxes in both treated and untreated villages (ANOVA, F= 54.36, P
< 0.0001, df = 71, LSD separation of means test, p = 0.05).

Mae Sot Study site
The Ae. aegypti population in Mae Sot was extremely low for the entire study. It was
difficult to draw conclusions due to this problem (Figs. 9.6 and 9.7). Direct comparisons
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of the mean number of females collected in the treated and untreated resting box site are
shown in Fig. 9.8.
The mean number of females collected from the entire houses (resting boxes and
remainder of house) was reduced from 0.66 ± 0.24 during the pre-treatment period (2
sampling dates) in Koko to 0.37 ± 0.07 during the post-treatment period (8 sampling
dates). These differences were not significant, however, due to the low numbers of
females collected and the high variances (Table 9.2).
Too few Ae. aegypti were captured to make comparisons between the number
collected in resting boxes vs. the remainder of the house (Figs. 9.9 and 9.10).
Although the population remained low throughout the study, the highest numbers
of Ae. aegypti were collected at the end of June in both villages (Fig. 9.11 to 9.12).

Comparison of different deltamethrin rates used on resting boxes
Within-house comparison of two rates and untreated boxes
No differences in the mean number of female and male Ae. aegypti were found among the
untreated and treated (25 mg ai/m2 and ca. 60 mg ai/ m2) resting boxes placed in the same
house (Table 9.3).
Significantly more females (mean = 4.0 ± 0.55) and males (mean = 3.3 ± 0.62)
were captured in the remainder of the house than from the resting boxes. No significant
differences were found among the 3 box locations within the house, although more
females were collected from location 3 (Table 9.4). Other main effects analyzed were
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house and date. None of these were significant for Ae. aegypti males or females. The
results did not suggest an interaction between treatment and location.

Bioassay of cloth
The treated resting box material used in the study above was evaluated in the laboratory
after the completion of the study. Impregnated resting box material at both rates was
effective in killing 100% of Ae. aeygpti twenty-four hours after contact.

Screened enclosure comparison
Average mortality rate for females released inside a large screened enclosure with a
resting box impregnated at 0,0.5, 5,10,25 and 90 mg ai/m2 rates are presented in Fig.
9.13. Mortality after 24 hr was consistently low (20% or less) over a wide range of rates
between 0.5 mg and 90 mg ai/m2. This suggests that there may be some pre-landing
repellency, especially at the three highest dosages tested. Deltamethrin was completely
ineffective at rates below 0.5 mg ai/m2.

Dose-response with deltamethrin impregnated cloth
Three dose-response experiments were conducted with impregnated material. All
rates (5, 10, 15, 20, 25, and 30 mg ai/m2) used for the first experiment were too high.
Complete mortality of all mosquitoes occurred 24 hours after treatment with the
exception of the untreated control. This result was unexpected particularly at the lowest
concentration (5 mg ai/m2). Differences in doses were apparent initially, as the
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mosquitoes at the highest doses were knocked-down much faster than those at the lower
doses. It was also noted in some of the higher dosages that mosquitoes were reluctant to
enter the cartons from the test tube.
The second experiment was conducted with lower rates of deltamethrin (Table
9.5). No mortality was found in mosquitoes exposed to the untreated control and the
lowest dose (0.005 mg ai/m2). Based on these results, the approximate LC50 appeared to
fall between 0.05 and 0.5 mg ai/m2. Percent knockdown after 1 hour was 57 % at 0.5
mg, and 100 % at 5.0 mg ai/m2. No knockdown was observed at the 0.05 and 0.005 mg
ai/m2 rates.
A third experiment confirmed the low mortality induced by resting box material
(Table 9.6). No mortality was observed at 0.25 mg ai/m2 but increased with increasing
concentration to 100 % mortality at 5.0 mg ai/m2(Fig. 9.14). Mortality at 0.5 mg ai/m2
was much lower in experiment 3, but much larger sample sizes were used for this
experiment than for experiment 2.

The reason for lower knockdown at 2.5 than 1.0 mg

ai/m2 was unclear (Fig.9.14).

Choice tests with deltamethrin impregnated and non-impregnated cloth
Slightly more mosquitoes (60%) chose to rest on the deltamethrin-treated material
at first landing, while 40% initially selected the untreated material initially.
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Amount of time resting on cloth
Females spent significantly more time resting on the untreated material (89.4 ± 29.5 sec)
than the treated fabric (30.6 ± 4.2 sec) (t = 1.97, df = 11, P = 0.037) (Fig 9.15).

Mean number of times landing on cloth
Aedes aegypti females landed twice as many times on the treated material (mean = 1.73
landings per mosquito ± 0.4) than on the untreated material (mean = 0.87 ± 0.31) (t = 1.73, df = 11, P=0.047; Fig. 9.16).

Time to take-off after first landing
Mosquitoes first landing on the untreated material (mean = 125.5 sec ± 27.25) spent a
significantly longer time to take-off than the treated material (mean = 37.2 sec ± 15.00) (t
= 2.56, df = 8, P = 0.02) (Fig. 9.17). The time to take off after first landing has been used
as a measure of excitorepellency with An. stephensi exposed to pyrethroid impregnated
bednets (Hodjati & Curtis 1997). This behavior suggests that material impregnated at 25
mg deltamethrin/m2 may induce contact irritancy response.

Effect of exposure time to deltamethrin on mortality of female Ae. aegypti
Mortality was high in groups of mosquitoes exposed to material impregnated with
25 mg ai/m2 even for a brief interval of time, 7.5 sec (77% mortality at 24 hours after
exposure). The rate of knockdown at 30 minutes after exposure was also high, reaching
100 % at 15, 30 and 60 seconds of exposure (Fig. 9.18).
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Effect of impregnated resting boxes on female parity
To determine if impregnated resting boxes effectively reduced the population of
older, more medically important, females the physiological status of each female
collected in the Hua Sam Rong study site was determined. The percentage of total parous
and gravid females were combined to represent the potentially DEN-infected mosquitoes.
This proportion of the collection is plotted for each sampling date in Fig 9.19. No
significant differences were found between the number of parous and gravid Ae. aegypti
captured from the treated resting box village (568/716, 79.0 %) compared with the
untreated village (878/1079, 81.3 %). To determine if the deltamethrin rate reduction on
11 May 1998 had an impact on the proportion of parous females, just the sampling data
from 20 May to August 1998 were compared. Again, no significant differences were
found between the proportion of gravid and parous females captured in the treated
(265/340, 77.9 %) and untreated village (393/508, 77.3 %).
When data for the proportion of gravid and parous females on each set of
collection dates were compared between the treated and untreated villages in Hua Sam
Rong, no differences were found (data were arcsine transformed and subject to ANOVA).
The data also were compared separately between villages over the first half and second
half of the collection dates (28-29 November to 19-20 March = first half; 1-3 April to 1517 August = second half). Again, no differences in the parity rates in and untreated
village were found.
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A lower percentage of parous females was captured in the treated resting box
village in the Mae Sot study site (38/48, 79 %) than in the untreated village (33/36,
91.7%), however, this difference was not significant (yj= 1.63, P = 0.20, df=1).

Dose-response to topically-applied deltamethrin
Topical bioassavs with deltamethrin
These bioassays were conducted on 19 Nov and 19 Dec, 1997, 2 February and 8 July
1998 in Hua Sam Rong . Only those females from pupae collected in the study villages
were tested. Results of the topical bioassays conducted in Hua Sam Rong are provided in
Table 9.7. The LD50 after 24 hours was approximately 4.0 x 10 7 mg/mosquito. No
differences in tolerance of female Ae. aegypti over time were detected. Consequently all
of the dose-response data were combined to obtain a larger sample size for analysis.
In Mae sot, topical bioassays were conducted on 23 April and 30 July with
technical grade deltamethrin applied to the abdomen of anesthetized females. The results
for the topical bioassays are provided in Table 9.8. Ae. aegypti from both treated and
untreated villages demonstrated consistently high sensitivity to topically applied
deltamethrin. Results from Mae Sot were consistent with the results from the Hua Sam
Rong study site. The LD50 after 24 hours was approximately 3.0 x 10 7 mg/mosquito.
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Table 9.1. HPLC results of deltamethrin rate per square meter
on material from resting boxes placed in houses for two months.

Location

No. of

Rate of deltamethrin

replicates
outside side

7

26.03 mg/m2

inside side

8

27.56 mg/m2

outside top

8

26.44 mg/m2

inside top

8

26.58 mg/m2

outside back

8

28.31 mg/m2

inside back

9

29.89 mg/m2
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Table 9.2. Mean collection of female Ae. aegypti before and after placing deltamethrin
treated resting boxes inside houses in Mae Sot, Thailand.

Village

Koko

Namdib*

Total

No. Sampling

Mean ± SEM

Dates

per house

pre-treatment

2

0.66 ± 0.24

21

post-treatment

8

0.37 ± 0.07

59

pre-treatment

2

0.34 ±0.15

11

post-treatment

8

0.31 ±0.05

47

Collection Period

* All resting boxes in Namdib were untreated, but the periods reflect those in which
treated boxes were placed in Koko.
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Table 9.3. Collection of Ae. aegypti from treated (2 dosages) and untreated resting boxes
placed in the same house.

Ae. aegypti Males

Ae. aegypti Females

25mg

House

Untreated

60mg

25mg

House

Untreated

60mg

24

25

25

24

24

25

25

24

Total

9

8

6

96

11

7

5

80

Mean

0.38

0.32

0.24

4.00

0.50

0.30

0.20

3.33

SEM

0.15

0.10

0.09

0.50

0.20

0.30

0.17

0.62

Treatment
N
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Table 9.4. Collection of mosquitoes resting boxes within the house, Village 7, Hua Sam
Rong.

Ae. aegypti Males

Ae. aegypti Females
1

2

3

1

2

3

24

25

25

24

25

25

Total

7

5

11

9

8

6

Mean

0.29

0.20

0.44

0.38

0.32

0.24

SEM

0.09

0.08

0.14

0.15

0.13

0.17

Location
N
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Table 9.5. Dose response tests with deltamethrin impregnated material. Experiment 2:
Mortality of Ae. aegypti females exposed to deltamethrin impregnated resting box
material.

Time
1 hr

Treatment

Total

No. Kd

No. Dead

Untreated

11

0

0

11

0

0

9

0

0

9

0

0

7

0

0

7

0

1

7

4

0

7

0

6

11

11

0

11

9

11

24 hours
1 hr

0.005 mg ai/m2

24 hours
1 hr

0.05 mg ai/m2

24 hours
1 hr

0.5 mg ai/m2

24 hours
1 hr
24 hours

5.0 mgai/nr
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% Mortality

0%

0%

14%

86%

100%

Table 9.6. Dose response tests with deltamethrin impregnated material, Experiment 3:
Knockdown and mortality of Ae. aegypti females exposed to deltamethrin impregnated
resting box material.

Time
1 hour

Rate

Sample size (n)*

% Kd

% Dead

% Dead + % Kd

UTC

75

0.0

0.0

0.0

75

0.0

0.0

0.0

75

1.0

0.0

0.0

75

0.0

0.0

0.0

68

12.0

0.0

12.0

68

1.5

3.0

5.9

“~66

24.0

0.0

24.0

66

17.0

3.0

19.7

72

72.0

0.0

72.0

72

8.0

40.0

48.6

71

79.0

0.0

79.0

71

70.0

23.0

93.0

24 hours
1 hour

0.25 mg ai/nT

24 hours
1 hour

0.5 mg ai/nT

24 hours
1 hour

1.0 mg ai/m2

24 hours
1 hr

2.5 mg ai/m2

24 hours
1 hr
24 hours

5.0 mg ai/m2

* Three replicates were used for each treatment.
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(units expressed in mg deltamethrin per mosquito).

Table 9.7. Deltamethrin topical assays of female Ae. aegypti from the Hua Sam Rong study site
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Figure 9.4. Percent of^4e. aegypti females captured from resting boxes vs. house in the treated study site, Village 6, Hua Sam Rong.
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Figure 9.5. Percent of Ae. aegypti females captured from resting boxes vs. house in the untreated study site, village 2, Hua Sam Rong.
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Fig. 9.6 Mean ± SEM of female and male Ae. aegypti captured in treated resting boxes and houses combined, Koko, Mae Sot.
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Fig. 9.7. Mean ± SEM of female and male Ae. aegypti captured in untreated resting boxes and houses combined, Namdib, Mae Sot.
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Fig.9.9. Percent of Ae. aegypti females captured from resting boxes vs. house in the treated study site, Koko, Mae Sot.
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Fig. 9.10. Percent of Ae. aegypti females captured from resting boxes vs. house in the untreated study site, Namdib, Mae Sot.
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Fig. 9.11. Percent of total ,4e. aegy/tf/ captured overall by sampling date in treated resting box village (Koko) Mae Sot.
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Fig 9.12. Percent of total Ae. aegypti captured overall by sampling date in untreated resting box village (Namdib) Mae Sot.
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Fig. 9.13. Mortality of Ac. acgypti exposed to a deltamethrin impregnated resting box inside a screened enclosure for a 24 hr period.
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Figure 9.14. Percent knockdown and mortality of Ae. aegypti females 24 hours after exposure to deltamethrin impregnated material,
experiment 3.
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Figure 9.15. Mean time female Ae. aegypti spent resting on deltamethrin treated or untreated fabric.
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Fig. 9.16. Mean number of times Ae. aegypti females landed and flew off treated vs. untreated fabric.
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Fig. 9.17. Time to take-off after first landing on treated vs. untreated material.
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Figure 9.18. Effect of exposure time to deltamethrin impregnated material at 25 mg ai/m2 on mortality of female Ae. aegypti.
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Discussion

Data were summarized and analyzed periodically during the course of my study.
It was realized after the first few months that the resting boxes were not having a
noticeable impact on the Ae. aegypti population. It was thought that too little insecticide
was on the resting box material, so the covers were retreated on 20 January. GLC
analysis of sample covers (conducted by Agrevo Thailand) concluded that retreating
nearly doubled the rate to 60 mg ai/m2. Sampling was continued, yet reduction was still
not observed. This was during a season when populations of Ae. aegypti often low. It
was thought that the populations may be so low that the boxes were not having a
measurable impact. Sampling was continued until the wet season. On 11 May 1998, the
rate of deltamethrin on resting boxes was reduced to 20 mg ai/m2 by soaking in a soapy
solution for several hours and then rinsing. Female Ae. aegypti were still collected in
resting boxes treated with the lower rate of deltamethrin (although significantly fewer
than in untreated resting boxes). Because the impregnated box was situated above the
water level in the trays, it was possible for females to enter the tray below the box without
landing on the material itself. To encourage females to land on the box material when
flying toward the water trays the height of the frames was reduced to 33 cm on all boxes
in the treated village on 15 July 1998. This change still had no impact on the mosquito
population in the insecticide treated village, and on 18 August 1998, the project was
discontinued.
In order to understand why better control was not achieved with the resting boxes,
several experiments were conducted in houses, in a large screened tent enclosure, and in

235

the laboratory. While no differences were found in the number of females captured
resting on untreated or treated resting boxes (at rates of 25 mg ai/m2 and 60 mg ai/mg2)
placed together inside houses, laboratory evaluations confirmed the efficacy of
deltamethrin for Ae. aegypti. Behavior bioassays demonstrated that females had no
initial preference for resting on treated or untreated material. However, contact irritancy
occurred however after females landed on treated fabric (at 25 mg ai/m2) and females
flew off more frequently than after landing on treated material. Material dose response
assays conducted in the field laboratory, where females were forced to contact
impregnated material, also demonstrated that deltamethrin was effective in killing Ae.
aegypti females at rates as low as 5.0 mg ai/m2 (93-100% mortality). These results all

provided further evidence that avoidance or contact irritancy of Ae. aegypti to
deltamethrin may have led to ineffective control with the impregnated resting boxes.
Insect repellency is common with pyrethroids when used at high rates. The
traditional use of impregnated materials (bednets and curtains) has been for control of
malaria vectors {Anopheles spp.). Impregnated bednet campaigns are now widespread in
many malarious regions. Impregnated materials are rarely used for Ae. aegypti control
and as a consequence little information is available on their response to deltamethrin
impregnated material in the field. Excitorepellency, avoidance, and deterrency (exiting
behavior from huts with impregnated bednets) have been reported several times in the
literature with pyrethroid impregnated material and Anopheles spp. (Darriet et al.1984;
Charlwood & Graves 1987; Lines et al. 1987; Miller et al. 1991; Chareonviriyaphap et al.
1997; Hodjati & Curtis 1997). However, this is not a pressing issue in the bednet
strategy, because repellency may improve the efficacy of the bednet. However, for a
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resting box strategy however, this is clearly a problem so the ideal insecticide or rate of
insecticide would be one that causes quick knockdown without repellency.
The topical bioassays proved to be a viable option for use in the field given the
methods we employed. The use of insecticide impregnated papers (a test that has been
promulgated by the World Health Organization) is one of the most common resistance
monitoring methods in the field. Topical bioassay is more sensitive than impregnated
papers, but it may be preferred to use both methods together when monitoring for
resistance as long as adequate sample sizes can be obtained because the topical bioassay
method is more sensitive, yet the impregnated paper method is more similar to how the
insecticide is deployed. Identifying a LT99 would be more precise for monitoring
resistance, and would require responses to only one diagnostic dose. The assays reported
here demonstrated consistent susceptibility of Ae. aegypti to deltamethrin in both study
sites.
Although the resting box design used in this study was clearly attractive to male
and female Ae. aegypti when untreated, the efficacy of insecticide impregnated resting
boxes for control of Ae. aegypti remains to be demonstrated. Types and classes of
insecticides that do not elicit an irritancy response from mosquito vectors should show
more promise with this type of control strategy.
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CHAPTER 10
COMPARISON OF DELTAMETHRIN AND LAMBDACYHALOTHRIN FOR
CONTROL OF THE DENGUE VECTOR, AEDES AEGYPTI

Introduction
Results reported previously (Chapter 9) demonstrated irritancy effects of
deltamethrin (DM) when female Ae. aegypti were exposed to DM impregnated cloth.
Another pyrethroid, lambdacyhalothrin (LC), has been used recently in bednet
campaigns. Anopheles gambiae exhibit lower irritancy when exposed to LC impregnated
nets than to permethrin nets . (Miller & Gibson 1994).
The purpose of this study was to evaluate the efficacy of LC as a potential
alternative to DM for use with resting boxes for Ae. aegypti control. An impregnated
cloth dose-response assay was conducted to determine the efficacy of different rates of
the compound on material for inducing mortality when females were forced to contact the
material. Results of this experiment were compared with results for DM. An additional
experiment was conducted inside a large screened enclosure to evaluate the efficacy of
LC impregnated resting boxes on females exposed for 24 hr periods.

Materials and methods
Impregnation of cloth with LC
Resting box cloth was impregnated with LC (Icon CS, 25 g/L, donated by Zeneca,
Ltd.), at rates of 1, 5, 10, 15 and 20 mg ai/m2. The recommended label rate for this
product was 10-15 mg ai/m2 for impregnated bednets.
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The same formulae were used as described in Chapter 9 to obtain the desired
rates. Resting box covers were soaked in insecticide solution and then spread to dry on
plastic sheets in a shaded area. After drying a small paper label with the rate was pinned
to each cover and the covers were wrapped in aluminum foil until use.

Laboratory material dose-response assay
Small pieces of resting box cloth were cut with scissors and placed in glass test
tubes (7.5 x 1.0 cm). A piece of material from an untreated resting box (soaked in water
only) was used for the untreated control. A minimum of 40, 3-5 day old blood and sugarfed female Ae, aegypti were exposed to the material in each treatment by placing them (in
groups of 5 at a time) in test tubes with the treated material for 5 min. The open end of
the test tube was plugged with cotton during the exposure period. After exposure, the test
tube was inserted into a 0.5 L cardboard carton through a dental dam sealed aperture and
females were tapped gently from the test tube into the bottom of the carton. Mosquitoes
were held in the cardboard cartons for 24 hrs and provided with a 20% sucrose soaked
cotton pledget. Knockdown and mortality were recorded for mosquitoes in each dosage
group, 1 and 24 hrs after treatment.

Evaluation of LC impregnated resting boxes in a screened enclosure
Females were released inside a screened enclosure (4.1 m long x 2.9 m wide x 2.2
m high) with a LC impregnated resting box as described previously for experiments with
DM (Chapter 9). Twenty, 3-5 day old gravid females were released into the enclosure
for each replicate. Mosquitoes were released between 0700 and 0900 hrs and collected

24 hrs later with a modified vacuum cleaner. Any dead or knocked-down mosquitoes
were picked up from the floor of the enclosure with a soft pair of forceps and recorded.
The water tray beneath the resting box was also examined for dead or moribund females.
Rates of 1, 5, 10, 15 and 20 mg LC ai/m2 were tested as well as an untreated control cover
(soaked in water alone). Exposure of females to rates of 0, 1 and 5 mg ai/m2 were
replicated twice, and 10, 15 and 20 mg ai/m2 were replicated three times.

Data analysis
Mortality and knock-down (kd) of females exposed to LC impregnated covers
was calculated for each rate after exposure for 24 hrs.

Results
Laboratory material dose-response assay
The response of females to rates of 0, 1, 5 and 10 mg ai/m2 are provided in
Fig. 10.1. All rates induced some mortality in females. At the highest dose (10 mg), 60%
mortality was observed.

Resting box rate comparison with DM and LC
A comparison of DM and LC is provided in Fig. 10.2. The response of female
Ae. aegypti exposed to LC was different than with DM; mortality was lower for LC. It
was observed (at 30 and 60 min) that more LC- exposed mosquitoes were knocked down
initially, but had recovered after 24 hrs than with DM-exposed females.
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Evaluation of LC impregnated resting boxes in a screened enclosure
Mortality of females exposed to LC impregnated resting boxes inside a large
screened enclosure was greater than for DM (see Chapter 9). The greatest mortality (8090%) was achieved at doses of 10 and 15 mg ai/m2 LC (Fig. 10.3). Mortality at 20mg
ai/m2 (55%) was less than at 10 and 15 mg. There may be irritancy effects with this
compound at higher rates, leading to reduced mortality compared with lower rates.
Interestingly greater mortality was found in the tent exposure assay at the 10 mg rate than
in the cloth dose response experiment.
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Lambdacyhalothrin

Figure 10.2. Comparison of the mortality (knock-down and mortality) of female Ae. aegypti exposed to DM and LC impregnated
resting boxes (LC was not tested at 2.5 mg rate).
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Figure 10.3. Mortality (including kd) of gravid female Ae. aegypti exposed to a LC impregnated resting boxes.

bD

Discussion
These experiments with LC (Icon CS) suggest than this pyrethroid compound may
be a more appropriate candidate for use with attractant resting boxes to control Ae.
aegypti. Although females were less sensitive to LC than DM in the material doseresponse assay, more effective control was achieved with LC impregnated resting boxes.
Rates of 10 and 15 mg ai/m2 resulted in 80-90% mortality of gravid females expose to
resting boxes over a 24 hr period.

The highest mortality achieved with DM impregnated

resting boxes in the same screened enclosure experiment was 22%.
Reduced sensitivity of Ae. aegypti to LC compared with equivalent rates of DM
may have been due, in part, to the encapsulated formulation of Icon CS. Studies
conducted by Zeneca have demonstrated that females pick up capsules on their setae, and
there is a slow release of toxicant from the capsule over time. The high efficacy of LC in
the screened enclosure experiment also suggests less contact irritancy with this compound
than with DM.
LC is now being used as an alternative to permethrin in some bednet campaigns
for malaria control, primarily due to reduced efficiency of vectors to permethrin.
Moreover, it has been demonstrated, that this compound causes less irritancy to An.
gambiae than permethrin (Miller & Gibson 1994).
The experiments reported here indicate that lambdacyhalothrin may be a highly
effective compound for use with the impregnated resting box strategy. These results and
those reported with deltamethrin in Chapter 9 underscore the importance of considering
not only the toxic effects of insecticides but also the behavioral response of the target
vector, when evaluating compounds for use with new control strategies.
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APPENDIX A
OTHER MEDICALLY IMPORTANT SPECIES COLLECTED FROM RESTING
BOXES IN THAILAND

Introduction
The resting boxes described in previous chapters proved to be attractive to other
medically important species from Thailand in addition to Ae.aegypti. Collections of
mosquitoes resting in houses were conducted over a 10 month period in two areas. In
Thailand alone there are more than 412 recognized species of mosquitoes. Of these
species, approximately 40 are considered important disease vectors (Rattanarithikul &
Panthusiri 1994).

Materials and methods
Aspirator collections of mosquitoes resting in houses were conducted every two
weeks in the Hua Sam Rong area and once monthly in the Mae Sot area over a 10 month
period using the methods described previously (see Chapters 6-9). The main focus was to
determine the number of male and female Ae. aegypti collected, but other species of
mosquitoes were identified and recorded. Representative samples of reshly collected
specimens were mounted with glue onto pinned cardboard points and stored in Schmitt
boxes. The following keys were used to identify other species: Rattanarithikul &
Panthusiri 1994, Harrison & Scanlon 1975, and Sirivanakam, 1976. Confirmation of
identifications was made by Dr. Rampa Rattanarithikul and Mr. Chumnong Noigamol at
the Armed Forces Institute of Medical Research Laboratory (AFRIMS) in Bangkok.
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Results
The other medically important species collected in houses from the Hua Sam
Rong, Chachoengsao Province study site are listed in order of collection frequency in
Table A. 1. The most predominant species was Culex quinquefasciatus (reported in more
detail in Appendix 2-4), followed by Cx. vishnui, Cx. tritaeniorhynchus, Anopheles
subpictus, Cx. gellidus, Mansonia uniformis, Armigeres subaltimus, An. barbirostirus.
Culex vishnui, tritaeniorhynchus, and gellidus are all confirmed vectors of Japanese
encephalitis virus in Thailand. Mansonia uniformis. An. subpictus, An. barbirostirus, Ar.
subaltimus, as well as Cx. quinquefasciatus, are considered important for their potential
to transmit the agent(s) of human filariasis.
In Mae Sot, Cx. quinquefasciatus, again, was the most predominant species.
Culex vishnui, Ar. subaltimus, and malaria vectors, An. minimus and An. sundiacus, also
were collected from resting boxes (Table A.2). The collection of An. minimus from
houses in Thailand may be a new record. Anopheles dir us, which rarely leaves its
forested habitat is currently considered the most important vector of malaria in Thailand.
The incidence of malaria was high in the study area and An. minimus may be playing an
important role in transmission within the village area. Anopheles minimus larvae
(confirmation of identification made by Dr. Rattanarithikul at AFRIMS) were found
breeding in small pools next to the Maelamo river that flowed by the village.

An.

minimus and An. sundiacus with fresh blood meals were found inside houses.
Ae. albopictus, a rural vector of dengue viruses, was present in both study areas,
but was rarely captured indoors. This species was never collected resting in houses in the
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Hua Sam Rong study area, although larvae were collected from containers during surveys
in this region and adult feeding (on the author) outdoors was noted especially during the
late afternoon near bamboo thickets. Only four adult Ae. albopictus were captured
resting indoors in the Mae Sot study area during the entire sampling period. A large
proportion of the Aedes spp. larvae collected from containers outside houses was Ae.
albopictus. Larvae of this species were commonly collected from the lemongrass
soaking jars found in the open kitchen areas of many houses.
Other mosquitoes species collected from resting boxes that are not currently
considered medically important are listed in Table A.3.
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Table A. 1. Other medically important mosquitoes collected from Hua Sam Rong,
Thailand.

Species

Abundance1

Importance as a vector in
Thailand2

Culex quinquefasciatus

Very abundant

Filariasis (confirmed vector)

Culex vishnui

Abundant

Japanese encephalitis virus
(confirmed vector)

Culex tritaeniorhynchus

Common

Japanese encephalitis virus
(confirmed vector)

Anopheles subpictus

Common

Malaria (potential vector),
Filariasis (potential vector)

Culex gellidus

Common

Japanese encephalitis virus
(confirmed vector)

Mansonia uniformis

Uncommon

Filariasis (confirmed vector)

Armigeres subaltimus

Uncommon

Filariasis (confirmed vector)

Anopheles barbirostirus

Uncommon

Filariasis (confirmed vector),
Malaria (potential vector)

'General abundance over all seasons (abundance varied for certain species in different
seasons. Potential indicates not a confirmed vector in Thailand, but a demonstrated
vector elsewhere.
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Table A.2. Other medically important mosquitoes collected from Mae Sot, Thailand.

Species

Abundance1

Importance as a vector in Thailand2

Culex quinquefasciatus

Very common

Filariasis (confirmed vector)

Culex vishnui

Common

Japanese encephalitis virus
(confirmed vector)

Anopheles minimus

Common

Malaria (confirmed vector)

Armigeres subaltimus

Uncommon

Filariasis (confirmed vector)

Anopheles aconitus

Rare

Malaria (confirmed vector)

Anopheles sundiacus

Rare

Malaria (potential vector)

Aedes albopictus

Rare

Dengue (confirmed vector)

'General abundance over all seasons (abundance varied for certain species in different
seasons. Potential indicates not a confirmed vector in Thailand, but a demonstrated
vector elsewhere.
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Table A.3. Other mosquitoes collected from resting boxes not considered of medical
importance.

Species

Abundance1

Site Collected From

Anopheles vagus

Very common

Hua Sam Rong

Anopheles barbirostirus

Common

Hua Sam Rong

Culex brevipalpus

Common

Hua Sam Rong, Mae Sot

Culex sitiens

Uncommon

Hua Sam Rong

Anopheles peditaniatus

Uncommon

Hua Sam Rong

Aedes lineatopennis

Rare (1 collection)

Hua Sam Rong

Culex fuscocephala

Rare

Hua Sam Rong

’General abundance over all seasons (abundance varied for certain species in different
seasons.

Discussion
These results confirm that resting boxes may be useful for monitoring several
types of medically important mosquito vectors resting inside houses in Thailand. Many
females of these species were collected with fresh blood meals, suggesting that blood
feeding may occur indoors. Among the most important species collected were those
confirmed vectors of malaria: An. minimus and An. sundiacus, and the vectors of
Japanese encephalitus; Cx. vishnui, Cx. tritaeniorhynchus, Cx. gellidus.
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APPENDIX B
RESTING BOXES FOR MONITORING CULEXQUINQUEFASCIATUS

Introduction
The resting boxes described in previous chapters proved to be attractive to other
medically important species from Thailand in addition to Ae.aegypti. Seasonal data for
Culex quinquefasciatus also was collected during the course of the resting box study.

This mosquito co-inhabits houses with Ae. aegypti, but often occurs at greater densities.
It is a night-biting species that can be a serious nuisance, as well as an important vector of
human filariasis (although not in Thailand). Culex. quinquefasciatus may play a role in
transmission of some viruses in Thailand such as Japanese Encephalitis. This species is
not a vector of dengue virus.

Materials and methods
Collections were conducted over a ten month period (see p. 259 and Chapters 69). The number of Cx. quinquefasciatus captured from resting boxes and from the
remainder of the house in the untreated village (Village 2) was compared over the
sampling period.

Results
Number of females captured from resting boxes
A large proportion of the Cx. quinquefasciatus females were collected from
resting boxes (1141/1659, 69 %) compared with the remainder of the house (Fig. B.l).
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Fig. B.l. Percent of Cx. quinquefasciatus females collected from resting boxes vs. house in Village 2, Hua Sam Rong, Thailand.
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Discussion
Resting boxes appear to be highly attractive to Cx. quinquefasciatus and may be a
useful tool for monitoring population abundance for this species.
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APPENDIX C
CONTROL OF CULEXQUINQUEFASCIATUS WITH PYRETHROID
IMPREGNATED RESTING BOXES

Introduction
The impact of pyrethroid impregnated resting boxes on Culex quinquefasciatus
females was evaluated in addition to Ae. aegypti populations.

This species is a nuisance

and important vector of human filariasis and encephalitis viruses.

Materials and methods
Male and female Cx. quinquefasciatus were evaluated from collections in a
treated and untreated village in Hua Sam Rong, Thailand over a 10 month period, and
data were analyzed as described in Chapter 9.

Results
Culex quinquefasciatus abundance in treated vs. untreated study villages
As with the Ae. aegypti population, fewer Cx. quinquefasciatus were found in
Village 6 than Village 2 initially (before adding impregnated boxes on 13 and 15
November, 1997). This trend remained for the course of the study (Fig. C.I.). A total of
802 Cx. quinquefasciatus female were collected in Village 6 over 19 sampling dates (378
houses, 2.17 ± 0.23 per house) and over twice as many females from village 2 (1,702
from 380 houses, 4.48 ± 0.30 per house). No apparent reduction of female Cx.
quinquefasciatus occurred over time in the impregnated resting box village.
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The dates

when operational adjustments were made are noted in Fig C.2. This difference in
population size between the two study villages was significantly different (U = 7.79, P <
0.00001, Mann-Whitney U-test). To examine periods of greatest abundance, the number
of Cx. quinquefasciatus captured on each sampling date was expressed as a percent of the
total captured over the entire study period (Fig. C.3). The times of greatest abundance in
both villages occurred in January, February, April and late June through July. The period
of lowest abundance occurred in early November, May and August.
The proportion of females captured from resting boxes vs. the remainder of the
house was compared in the treated and untreated study sites (Figs. C.4 and C.5).
Significantly fewer females were collected from impregnated resting boxes (516/816, 63
%) than untreated boxes (1141/1659, 69 %) over all sampling dates (x2 =7.18, P = 0.007,
df = 1 [applying Yates’ correction]). Note that the proportion of Cx. quinquefasciatus
females captured from resting boxes in both study sites was twice that of female Ae.
aegypti collected from these same locations.
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Hua Sam Rong.

Fig. C.l. Mean + SEM of female and male Cx. quinquefasciatus captured in treated resting boxes and houses combined. Village 6,
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Fig. C.3. Percent of total Cx. quinquefasciatus captured overall sampling dates (box + house) by sampling date in treated resting box
Village 6, Hua Sam Rong.
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Fig. C.4. Percent of Cx. quinquefasciatus females captured from resting boxes vs. house in the treated study site, Village 6, Hua Sam
Rong.
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Fig. C.5. Percent of Cx. quinquefasciatus females captured from resting boxes vs. house in the untreated site (Village 2), Hua Sam
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Discussion
No reduction in the Cx. quinquefasciatus population in Village 6, Hua Sam Rong,
was found over the study period. Fewer females were collected from resting boxes
treated with deltamethrin than untreated boxes; however, proportionately more Cx.
quinquefasciatus were captured from treated boxes than Ae. aegypti. The optimal rate of

deltamethrin impregnated resting boxes for killing Cx. quinquefasciatus is unknown and
should be determined in addition to evaluation of behavioral response of this species to
deltamethrin and other pyrethroids. Untreated resting boxes were highly attractive to Cx.
quinquefasciatus and indicate that if used with the proper insecticide and at an effective

rate, impregnated resting boxes may be a useful tool for controlling populations of this
species that co-inhabit houses with Ae. aegypti.
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