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Analysis of cuticular hydrocarbon profiles of adult

Culiseta melanura (Coquillett) from New Hampshire, Vermont

(new record), and Florida showed no evidence of cryptic

species. Variation (within site) was as great as variation

between sites. Cuticular hydrocarbon profiles are also

illustrated for Culex territans Walker, Uranotaenia

sapphirina (Osten Sacken), and Cs. melanura from New

Hampshire. Percent composition of hydrocarbons showed

seasonal variation in Cs. melanura from Lake Butler, Florida.

Larval rearing temperature is one factor contributing to

variation in hydrocarbon profiles.

Larval rearing temperatures produced intra-specific

variation in body size, palpal surface area, and the number

of sensory structures within Ae. aegypti (Linnaeus) and Cs.
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melanura. Palpal configurations and surface area are

presented for Cs. melanura. Cs. inornata Williston, Culex

territans. Cx. restuans Theobald, Cx. quinquéfasciatus Say,

Cx. salinarius Coquillett, Cx. niqripalpus Theobald, Cx.

tarsalis Coquillett. Uranotaenia sapphirina. Psorophora ferox

(Humboldt), Ps. ciliata (Fabricius), Aedes aegypti. Ae.

albopictus (Skuse), Ae. canadensis Theobald, Ae. vexans

(Meigen), Ae. triseriatus (Say), Ae. infirmatus Dyar & Knab,

Ae. atlanticus Dyar & Knab, Ae. sticticus (Meigen), Ae.

mitchellae Dyar, Ae. sollicitans (Walker), Ae.

taeniorhynchus (Weidemann), and Orthopodomyia signifera

(Coquillett).

A correlation exists between sensory capabilities of

mosquitoes and the size range of preferred hosts as defined

by host body weight and surface area. Estimates are given

for respired volumes of gases and surface area for selected

animals. Sensory capabilities are defined as palpal surface

area containing olfactory structures/number of sensory

structures per palp, compared to the volume of air sampled

between palpi during flight. Evidence for a morphological

basis for host preference and host preference shift is

presented. Host preference is proposed to be a function of the

volume of host emanations of common compounds, rather than

specific odors. Variation in host preference is correlated

with seasonal change in adult mosquito structure. A

hypothetical cycle involving host preference shift is

vm



presented to demonstrate the possibility that a single species

such as Cs. melanura may be capable of vectoring diseases such

as Eastern Equine Encephalomyelitis from birds to mammals.
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CHAPTER 1

INTRODUCTION

The structures involved in host seeking are only now

beginning to be recognized. The chemical aspects of host

detection and location are not at all understood. Preference

for different hosts is suggested by bloodmeal analysis, but

the criteria for one host being preferred remain unclear.

Females of most mosquito species will seek a blood meal

at some time during their adult life. Autogenous species may

postpone blood meals until the second gonotrophic cycle

(O'Meara, 1985). The presence or absence of autogeny within

a population may in part be due to larval nutrition and

density (Lounibos et al., 1982). Various factors such as

chemical attraction, possible host specificity, physiological

age, host availability, and environmental conditions, interact

in various combinations to accomplish host seeking and a

successful blood meal. Mosquito species vary in nutritional

requirements for egg development (Woke, 1937). The genus

Toxorhvnchites has females which never take a blood meal.

Mosquitoes will feed on sugar in addition to blood, using

nectar from flowers as the sugar source (Bidlingmayer & Hem,

1973; Magnarelli, 1977b, 1980; Nasci & Edman, 1984; Nayar

& Sauerman, 1975; Philip, 1941; and Van Handel, 1972, 1985).

1
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Seasonal distribution, habitat preference, and host

behavior influence host seeking and behavior. It is this

host seeking behavior that adult mosquito surveillance

attempts to exploit.

Numerous references in the literature document species

composition of mosquito collections. Many different

collecting techniques are employed, including light traps,

C02 baited traps, animal baited traps, resting boxes, and ramp

traps (Bast & Rehn, 1963; Bellamy & Reeves, 1952; Breeland

& Pickard, 1965; Bidlingmayer & Hem, 1981; Davis, 1978; Edman

et al., 1968; Furlow & Young, 1970; Gui et al., 1942 ;

Gunstream & Chew, 1967; Harden et al., 1970; Harrison et al.,

1982; Hauff & Burgess, 1960; Huffaker & Back, 1943; Kinzer

et al., 1978; Meyer, 1977; Minson et al., 1970; Provost,

1959; Schreck et al., 1972; Service, 1976; Stryker & Young,

1970; Vickery et al. , 1966; and Villavaso & Steelman, 1970).

Reports in these publications reveal that no single trap type

collects all species, and therefore one collection technique

will not adequately sample the mosquito fauna of a given area.

Adult surveillance assumes those species present will be

collected. During discussion of New Jersey traps for sampling

mosquito populations, Huffaker & Bach (1943) stated the

following:

It has been assumed by the great majority of
mosquito control workers using the trap that,
because of the very nature of the method, the
various species are caught in numbers proportional
to their respective occurrences in the heterogeneous
mosquito population.
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This assumption is based upon fallacious grounds .

. . the mosquitoes possess all degrees of variation
particular to common living things ... it would
be hard to see why it is not wholly logical to
expect that different species of mosquitoes will
exhibit marked variations in their responses . . .

It is, furthermore, a fundamental biological
principle that ecological variation is not a
respecter of phylogenetic ties. Hence, it may be
expected that marked differences in behavior exist
even within a genus.(p.561)

The same may be said for all current sampling techniques.

Additional "ground truthing" by larval sampling will usually

reveal the presence of other species that for various reasons

are not being collected in the traps being used. Recognition

of these difficulties results in the following observation.

We really do not understand the complex actions involved in

host seeking by even one species of mosquito.

Before we are able to analyze the behavior of a

particular species, correct recognition (identification) of

that species is essential. Unfortunately, adult mosquitoes

are very fragile insects, easily dismembered and denuded of

the very structures used to identify them. Personal

experience has revealed an alarming incidence of

misidentification of specimens used in reports of surveillance

collections. In the absence of voucher specimens, the

researcher has to consider the possibility of

misidentifications when interpreting reports in the

literature.

Several available techniques are currently being used for

species recognition. All named forms of mosquitoes for the
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entire world are listed in Knight and Stone, 1977. Knight

(1974) reviewed the history of mosquito taxonomy in the United

States. Identification manuals for North American mosquitoes

include Darsie & Ward (1981) and Carpenter & LaCasse (1955).

Southeastern United States is covered in King et al., 1960.

These manuals include morphological keys to adults and larvae,

and are the standard identification manuals for North American

mosquito workers (Zavortink, 1974) . Keys to the pupae of some

mosquitoes were presented in Tinker and Stojanovich (1962).

Additional techniques are being used to study intra-specific

variation more closely, sibling species, and species complexes

in insects. Among these are chromosomal cytogenetic studies

(Kitzmiller et al., 1967; Rao & Rai, 1987), amino acid

identification (Ball, 1952; Ball & Clark, 1953; Micks &

Ellis, 1951; Micks et al., 1966) cuticular hydrocarbon

analyses (Castner & Nation, 1984; Carlson, 1982, 1983; Carlson

& Bolton, 1984; Carlson & Walsh, 1981; Carlson & Service,

1979, 1980; Carlson & Yocom, 1986; and Milligan et al., 1986),

electrophoretic comparisons (Ayala and Powell, 1972; Makela

& Richardson, 1977),and comparison of sensory structure

arrangement on antennae in Anopheles (Ismail & Hammond, 1968).

Integration of these techniques should provide the taxonomic

detail necessary for analysis of behavior of a particular

species (Barr, 1974; Eldridge, 1974; Faran, 1979; Rogers,

1974). Interpretation of behavioral data is done with more

confidence when specimens are identified accurately.
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Host seeking by female mosquitoes is in part dependent

upon the physiological age of the insect. Various techniques

for the determination of the physiological and chronological

age (age grading) of insects have been employed (Biscoe-

Tyndal, 1984; Christophers, 1911; Corbet, 1960, 1962;

Detinova, 1962, 1968; Hitchcock, 1968; Johnston & Ellison,

1982; Lewis, 1958; Magnarelli, 1976; Magnarelli & Anderson,

1981; Magnarelli et al., 1984; Mullens & Schmidtmann, 1982;

Rosay, 1961; Schlein, 1979; and Schlein & Gratz, 1972). If

it is possible to determine the approximate physiological age

of adult mosquitoes, then it may become possible to make

predictions concerning host seeking and population dynamics.

Field observations on the parity of biting flies have included

studies by Scholl et al., 1979; Samarawickrema, 1968; and

Magnarelli et al., 1984. Age grading of mosquitoes has been

done by ovarian examination. Mer (1936) found that ovarian

dissection could be used to recognize prehibernation females

of Anopheles elutus Edwards. Corbet (1960) determined that

adult mosquitoes parasitized by water mites were nulliparous

98% of the time. Lanciani (1979a, 1979b, 1986), Lanciani &

Boyett (1980), and Lanciani & Boyt (1977) determined that

water mite parasitism affected adult longevity.

Each physiological stage of an adult female (nulliparous,

parous, gravid, bloodied) elicits a behavioral shift that

greatly influences (bias) interpretation of any one trapping

technique. Host-seeking females are generally those
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mosquitoes that are collected in baited traps. Resting boxes,

truck traps, ramp traps, and malaise traps are assumed to be

less biased in their collections, but even these may be shown

to attract disproportionate numbers of certain physiological

states of adults. Therefore, several techniques must be

employed simultaneously, and each collection compared. Then

a more representative sample of the age structure of a given

population will be achieved.

Since most adult females will at some time seek a blood

meal, the type of blood meal sought may help explain the

functional significance of different sensory structures known

to exist on the mouthparts and antennae of biting flies,

including mosquitoes. Bloodmeal analysis reveals an apparent

wide host range. Host records range from amphibians and

reptiles to birds, fish, and mammals, including man. While a

complete review of bloodmeal records is not the intention of

this paper, the following citations will give the reader a

representation of the variety of host preference records, as

well as some of the discrepancies regarding the application

of the term host preference. Articles dealing with bloodmeal

analysis include the following: Anderson, 1967; Beir et al.,

1988; Bertsch & Norment, 1983; Boorman, 1961; Boreham & Snow,

1973; Brown, 1966; Burkot & DeFoliart, 1982; Chandler et al.,

1975; Christopher & Reuben, 1971; Crans, 1964, 1965, 1970;

Crans & Rockel, 1968; Davis, 1940; Dow et al., 1957; Downe,

1960, 1962, 1963; Edman, 1971, 1974, 1979a, 1979b; Edman &
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Bidlingmayer, 1969; Edman & Downe, 1964; Edman & Haeger,

1977; Edman et al., 1972; Gunstream et al., 1971; Hayes,

1961; Hayes et al., 1973; Hopla, 1965; Irby & Apperson,

1988; Laarman, 1955, 1958; LeDuc et al., 1972; Magnarelli,

1977a; McClelland & Weitz, 1963; Mclver, 1968; Means, 1968;

Murphey et al., 1967; Nasci, 1982b, 1984, 1985, 1986b; Nasci

& Edman, 1981a; Nolan et al., 1965; Rempel et al., 1946;

Schaefer & Steelman, 1969; Shalaby, 1969; Shemanchuk, 1969;

Smith & Weitz, 1959; Snow & Boreham, 1973; Suyemoto et al.,

1973; Takahashi & Shimizu, 1971; Tempelis, 1970, 1975;

Tempelis et al., 1967, 1970; Washino & Tempelis, 1983; Woke,

1937; and Wright & DeFoliart, 1970. Some species appear

restricted to cold-blooded vertebrates (Crans, 197 0) . Others

use a wide range of hosts, exhibiting a marked seasonal host

shift (Edman & Taylor, 1968). Culiseta melanura is considered

to be an avian feeder, but records exist for other hosts,

including man and horses (Edman et al., 1972; Hayes & Doane,

1958; Joseph & Bickley, 1969; Moussa et al., 1966; and

Schober, 1964). Much speculation exists as to the nature of

attractiveness of different hosts. The recognition of a

particular vertebrate species by a mosquito is a function of

the combined senses of olfaction, thermal reception, and

visual cues (Altner & Prillinger, 1980; Sippell & Brown,

1953). We are currently unable to state with certainty which

of these factors are most important at any particular

distance. Only a few of the many structures on the surface
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of the adult mosquito have been studied. Among these are the

carbon dioxide receptors on the palpi, and thermal receptors

and other olfactory structures on the antennae. Their

chemical thresholds have not been determined, but indirect

evidence suggests that the numbers of these structures are

somehow related to the amount of chemical odor detectable by

the individual mosquito (Chapman, 1971). Variation in

perceived host preference has been considered by some to be

a reflection of host availability. However, for the present

I will consider host preference a real phenomenon, and will

examine the implication of such a phenomenon. If in fact host

preference exists, then the ability to discriminate between

hosts must exist. If this ability to discriminate exists, it

should be revealed in some variation of sensory structures

used in host seeking and location. What are the stimuli

believed to be important in host seeking? How and where are

these received?

In order to analyze seasonal host preference records for

any species of mosquito, seasonal variation in adult behavior

and morphology should be considered. Smith (1961) noted that

the site of resting places for An. gambiae Giles and An.

pharoensis Theobald were seasonally different. Michener

(1945) observed that in mosquitoes the winter individuals of

a species are often larger than the summer ones, as well as

being differently colored. He noted that overwintering forms

of An. maculipennis freeborni Aitken were larger and darker
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than the summer ones. The same appeared true for An.

cruadrimaculatus Say. Even more striking were the seasonal

morphs of Culex apicalis (= territans) and Cx. nicrripalpus.

The seasonal forms of these species were sufficiently

different to pose a problem in correct identification.

Seasonal variation in size has also been reported in Cx.

tarsalis (Boch & Milby, 1981) , with the smallest individuals

occurring in the hottest months. Associated with reduced size

in Cx. tarsalis was a decrease in attractiveness to traps of

the same type that were attractive during the cooler months

when larger individuals were present.

Fish (1985) noted significant variability in the size of

biting females of many vector and pest species of mosquitoes.

Citing Takahashi (1976), Baqar et al. (1980), and Grimstad &

Haramis (1984), Fish stated that it was becoming apparent that

vector competence can be affected by the size of individuals

comprising a population. He concluded that an analysis of

size variation for natural populations of vector species

should be a first step in the study of vectorial capacity in

mosquitoes. Haramis (1985) noted that larval nutrition had

a direct effect on fitness of adult mosquitoes, with small

adults having reduced survival and fecundity, but transmitting

Lacrosse virus more effectively than large mosquitoes.

Landry et al. (1988) noted significant seasonal variation

in the size of adult female Aedes triseriatus. Craig and

Vandehey (1962) noted that rearing temperatures affected
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certain color mutations in Ae. aegypti. Zuska and Berg (1974)

documented seasonal temperature as one of the primary factors

affecting color variation in South American Tetanoceroides

(Diptera: Sciomyzidae). Rearing temperature affected the rate

of loss of teneral characters in Ae. nigromaculis and Culex

pjpiens guinguefasciatus. with rotation of male genitalia

occurring 12 hours after emergence at 28 °C, but not for 51

hours at 17°C (Rosay, 1961).

The ability of mosquitoes to become infected with and

transmit viruses has also been shown to be temperature-

related (Turell et al., 1985). Since the size of individual

mosquitoes is related to the seasonal temperatures, and the

ability to transmit also is temperature-related, it follows

that viral activity would be predicted to be highest during

the summer months. This is known to be true for many of the

encephalitis viruses (Hess et al., 1963). Grimstad (1983)

proposed a reduced gut barrier to viral particles in smaller

individuals as the mechanism behind higher infection rates in

smaller individuals. These same smaller individuals also were

shown to take proportionately more infectious viral particles

in a bloodmeal. Included among viral diseases transmitted by

mosquitoes is eastern equine encephalomyelitis (EEE). This

virus is believed to involve an enzootic cycle maintained

within avian hosts by one or more species of aviphilic

mosquitoes, then somehow transmitted to larger mammalian hosts

such as man and horses, where fatalities are frequent. The
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mechanism behind transmission to dead-end hosts is as yet

unknown. The primary enzootic vector is believed to be Cs.

melanura. although approximately twenty species of insects

have had the virus of EEE isolated from them.

The study site for this research was 3 km east of Lake

Butler, Florida,in Union Co., on the property of John

Whitehead. This farm was chosen because of 2 confirmed cases

of EEE that occurred in 1985 and 1986. Field studies had

demonstrated a stable population of Cs. melanura on the

property. A wide variety of animals, including a herd of

cattle, horses, dogs, pigs, guinea fowl, deer, turkey and

rabbits was found within the confines of the property. Three

chicken houses contained 75,000 chickens during part of the

year. Large open tracts of pasture were surrounded by pine

woods, red-maple and gum swamps, and river flood plain.

Preliminary data and personal field observations

indicated the presence of a larger, darker winter form of Cs.

melanura which was gradually replaced by a lighter, smaller

summer form. Adult seasonal variation in size and

susceptibility to C02-baited CDC miniature light traps were

the main catalysts behind the research. If vector

surveillance for mosguitoes is so dependent upon collecting

particular species, the mechanisms behind a behavioral shift,

either in terms of host preference, or in terms of

attractiveness to traps, need to be investigated and

understood.
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My original purpose for working at this study site was

to collect adult female mosguitoes for virus isolation.

Presumably those mosquitoes transmitting EEE to horses would

be collected and identified as the vector(s) by virus

isolation. Therefore, the first object of this research was

to determine the mosquito species that occurred at the study

site. A preliminary year of collection data confirmed the

existence of approximately 30 species of mosquitoes. These

included: An. crucians. An. punctipennis. An.

quadrimaculatus. Toxorhvnchites rutilus. Ae. aeqypti. Ae.

triseriatus. Ae. hendersoni. Ae. sticticus. Ae. mitchellae.

Ae. dupreei. Ae. atlanticus. Ae. infirmatus. Ae. vexans. Ae.

canadensis. Ae. fulvus pallens. Psorophora howardii. Ps.

ciliata. Ps. columbiae. Ps. ferox. Cx. quinquefasciatus. Cx.

salinarius. Cx. nigripalpus. Cx. pilosus. Cx. territans. Cx.

restuans. Cx. erraticus. Cs. melanura, Cs. inornata.

Uranotaenia sapphirina. Ur. lowii, Orthopodomyia signífera.

and Coquillettidia perturbans.

Of these, only eight were definitely present throughout

the entire year. These were An. crucians, An. punctipennis.

An. quadrimaculatus. Cx. quinquefasciatus. Cx. salinarius. Cx.

nigripalpus. Cx. territans. and Cs. melanura. Additionally,

Cx. erraticus. Aedes aeqypti. Orthopodomyia signífera, and

Aedes triseriatus may have been present all year. Since both

Aedes species and Orthopodomyia are seldom collected as

adults, their presence throughout the year was not confirmed.



13

Sampling techniques for Cs. melanura consisted of larval

collections to verify breeding, adult collections from resting

boxes (Edman et al., 1968) and CDC miniature light traps

baited with dry ice as a C02 source. Resting box collections
were made on the same days that CDC collections were made.

Unfortunately, at the end of the seventh month of this

research the swamp being used for collections was clear-cut

for eventual planting of pine. As a result, collections that

previously were being made in wooded areas became open area

collections. I chose to leave traps and resting boxes in the

same locations for the remainder of the year. The data for

these collections are only used here to confirm the presence

of adult Cs. melanura throughout the year. No statistical

analysis of the collection data is possible due to the

complete disruption of the study site for one-third of the

collection period.

Many investigations into the occurrence of EEE have

correlated the presence of Cs. melanura with viral activity

(Bryant et al., 1973; Chamberlain, 1958; Chamberlain et al.,

1951, 1954; Dardiri et al., 1957; Dougherty & Price, 1960;

Feemster, 1938, 1957; Ferguson, 1954; Goldfield & Sussman,

1968; Grady et al. , 1978; Grimstad, 1983 ; Hayes et al.,

1962; Jaynes et al., 1962; Kelser, 1933; LeDuc et al.,

1972, 1975; Main et al., 1979; Muul et al., 1975; Oglesby,

1948; Srihongse et al., 1980; Stamm et al., 1962; Sudia et

al., 1968; Wallis, 1959; Wallis et al., 1958, 1974; and
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Williams et al., 1971, 1972, 1974). Some investigators feel

that the presence of this species is necessary for the virus

to cycle within resident bird populations, to later somehow

be transmitted to other hosts. One measure for estimating

potential viral activity involves monitoring populations of

Cs. melanura. I decided to monitor the seasonal occurrence

of this species at the Lake Butler site. To insure that

behavioral and structural comparison were reported accurately,

one of the first questions to be answered was what insect

species was actually being studied? A necessary part of this

study was to insure that in fact Cs. melanura was, by all

available parameters, the Cs. melanura described in the

literature. With this in mind, I obtained collections from

the type locality (New Hampshire) for comparison. No

morphological differences were apparent between New Hampshire

and Florida specimens. Since evidence exists for cryptic

species within other mosquito species complexes, I felt that

an additional comparison would reinforce my belief that only

one species was in fact involved here. Cuticular hydrocarbons

were chosen for further comparisons. These comparisons are

presented in Chapter 3. As a result of these comparisons,
several questions arose concerning variation in the adult

hydrocarbon patterns? Was this variation correlated with the

two seasonal morphs in the wild populations of Cs. melanura

at Lake Butler? If seasonal shifts in hydrocarbon patterns

occur, how might this affect the use of this technique to
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solve taxonomic problems? How much of a difference would be

necessary to correctly interpret species differences?

Cuticular hydrocarbons constitute a part of the chemical

makeup of individual insects. Chemical composition within a

species may be environmentally changed (Bryant, 1974). I felt

that if the chemical identity of a species could be

environmentally shifted the possibility certainly must exist

for behavioral changes also being influenced by environmental

parameters. Before conducting experimental analysis of the

effect of one environmental parameter (temperature) on adult

mosquito olfactory structures, I reviewed host preference

records to search for suggestion of seasonal differences.

Host preference records are numerous in the literature.

However, most reports are based on pooled samples collected

over several years from several locations. While these reports

document host preference variation, they seldom discuss

seasonal host preference variation. By reanalyzing the data

from several different authors, trends in host preference

began to emerge, and seasonal patterns were suggested. These

patterns are discussed in Chapter 4.

The morphology of sensory structures in mosquitoes

reveals much interspecific variation. Do structural

differences affect the ability to select certain hosts? Could

the morphological variation be correlated with seasonal

behavioral changes? Could host detection capabilities be

correlated with morphology? If morphology could be correlated
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with host preference, what effect might a change in morphology

have on host preference? What might be a practical method to

measure sensory capabilities?

Based on the possibility of morphological variation

within host detection sensory structures, I decided to look

at the variation within the overall configuration of these

same structures in several species. The actual structures

involved in host detection are illustrated and discussed in

detail to clarify the shape and configurations that occur in

mosquitoes. A thorough understanding of the structures

involved is necessary to understand host preference.

Interspecific variation in these structures is discussed in

Chapter 5. Having documented variation between species, and

using the suggestions that resulted from data presented in

Chapter 3 regarding the effect of temperature on the chemical

makeup of cuticular hydrocarbon profiles, I then compare the

effect of varied larval rearing temperature on the sensory

structures of Ae. aeqypti and Cs. melanura. Aedes aegypti was

chosen because of its rapid development time, ease in rearing,

and accessibility. Wild Cs. melanura were chosen to determine

if field observed variation could be duplicated in the lab.

These results are presented in Chapter 6.

Variation within the number of sensory structures within

a species left unanswered the question of how to quantify the

effect of changes in morphology on host detection

capabilities. I decided to estimate the surface area of the
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palpal segment that contains the C02 receptors, and to see how
this was affected by changes in the size of the adult females

that were produced at varied temperatures. Using these

calculations, I then decided to look for correlations between

surface area and host preference. Recognizing that the

surface of the palp that contacts air for host detection

actually represents the inner half of each palp, and that the

volume of air that is sampled by a female mosquito is a

function of the volume of air contained between the palpi at

any point in time, I compared the volumes of air sampled by

various sized palpi. These comparisons are presented in

Chapter 7.

My hypothesis is that host preference records for various

mosquitoes are attributable to the morphology of the female

mosquito and to the volume of odors given off by various

animals. In order to compare these two factors, a measure of

host emanations must be estimated. I calculated volume of

respired gases for a wide range of animal species, and then

arranged them by groups according to similar amounts of

expired volume. These calculations were then compared with

reported host preference records. Three factors, host surface

area, host respired volume, and respired volume of C02/minute,

were found to be correlated with host preference. From these

comparisons a pattern emerged that is proposed as an

explanation for host preference and as a means to reexamine

trap design.
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The application and testing of the ideas presented here

will involve long-term studies, involving many different

disciplines. What began as a simple examination into the

behavior of a single species has raised guestions concerning

the concepts of trap design and the validity of the term host

preference. I hope that the documentation and comparison

(interspecific and intraspecific) of sensory structures known

to be involved in host seeking will form the basis for

investigations into various attractants, and possibly offer

an explanation for the variation in host preferences that have

been reported in the literature. Based on the few common

emanations that occur in mammals, a design should be possible

to maximize the attraction and collection of mosguitoes that

prefer a certain host size range. This in turn should

maximize our ability to survey for vectors of diseases such

as encephalitis.



CHAPTER 2

BIOLOGY AND SEASONAL ABUNDANCE OF Culiseta melanura AT
LAKE BUTLER, FLORIDA

General Biology

Culiseta melanura occurs as far north as eastern Canada,

as far west as the Mississippi River, and as far south and

east as Texas to the Gulf of Mexico and Florida (Darsie &

Ward, 1981). This species has been a popular insect to study

since its implication as the enzootic vector of Eastern Equine

Encephalomyelitis (EEE) in Louisiana (Chamberlain et al.,

1951). Among the species of Florida Culicini mosquitoes, Cs.

melanura females are easily recognized by their uniform dark

brown color, lack of dorsal abdominal banding patterns,

extremely long curved proboscis, and a tuft of several long

setae on the underside of the wing at the anterior proximal

margin of the subcostal vein. Males are less easily

recognized, but may be identified by palpi extending beyond

the proboscis, no dorsal abdominal banding pattern, uniform

color, and the same tuft of hair on the underside of the

wings. Larvae are readily recognized in the field, being very

elongate, having a long slender siphon, and characteristically

colored with a horizontal banding pattern caused by

pigmentation of each segment. Larvae that are collected from

19
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burrows are typically very pale, while those collected from

open pools are much darker.

Culiseta melanura have a characteristic egg raft unlike

any other mosquito observed in Florida (Fig. 2-1). Eggs are

attached in a circular doughnut-shaped, concave raft.

Numerous papers have been written dealing with various aspects

of the biology of this species. The reader is referred to

these for a comprehensive review: (Burbutis & Lake, 1956;

Edman et al., 1968; 1972; Favorite & Davis, 1958; Hayes, 1958;

1961; 1962; Joseph & Bickley, 1969; Lake et al., 1962; Love

& Goodwin, 1961; 1963; Mokry, 1984; Morris & Srihongse, 1978;

Morris et al., 1976; 1980; Moussa et al., 1966; Muul et al.,

1975; Nasci & Edman, 1981a; 1981b; 1984; Reeves et al., 1948;

Scott et al., 1984; Siverly & Schoof, 1962; Spielman, 1964;

Wallis, 1954; 1962; Wallis & Whitman, 1967; and Wirth, 1947).

This species has been reported from all but one county of

Florida, although voucher specimens are lacking to confirm

most records. Because of the difficulty in separating

specimens that have been damaged in trap collections, the

southern distribution of this species in Florida awaits

confirmation. Adult activity occurs throughout the year in

Florida. The number of generations per year must vary

according to seasonal fluctuations in rainfall and

temperature. A minimum number of 2 generations per year

occurs. Gravid females are present throughout the year.

Since adults are known to live for several months, and since



Fig. 2.1. Egg raft of Culiseta melanura. 4 hours old. Gravid
female collected in resting box, Lake Butler, Florida.
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populations tend to be overlapping with little apparent

synchrony in Florida, the actual number of generations becomes

difficult to determine. There are, however, 2 distinct

seasonal morphs in Florida which replace each other. A large

dark cool weather morph appears in early winter and is the

predominant form until late spring and early summer, where it

is gradually replaced by a smaller lighter form. Replacement

is never absolute, perhaps owing to the longevity of adult

females.

Seasonal abundance

Collections were made weekly to determine seasonal

abundance at the study site. These collections included four

CDC miniature light traps baited with 5 pounds of dry ice per

trap, and resting box collections. Each CDC trap had a

resting box (Fig. 2.2) placed nearby. Trap collections were

pooled by months collected. Several notable events occurred

during the study period. The primary collection site centered

around a small cypress dome surrounded by pine flatwoods.

Typically this habitat dries completely during the early

summer months. Periods during which no water was present in

the swamp occurred in April,May, and June. Unfortunately

during November the pine woods were clear cut, exposing the

cypress and leaving the cypress dome as a small island in the

middle of a vast expanse of open field. Catches declined

dramatically following the loss of surrounding woods.

Although the site continued to be a source of Cs. melanura,



Fig.2.2.
RestingboxforcollectionofCulisetamelanura.
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larval populations declined steadily, and now only a few

larvae may be found there. This is perhaps due to the

unattractiveness of the open habitat. Larvae may only be

found there in stump holes (Fig. 2.3) and under root systems

(Fig.2.4). Prior to the clear-cut operations, larvae were

abundant in the open but shaded pools throughout the cypress

dome. As water levels receded, larvae were found closer and

closer to the overhangs of the hummocks that were occupied by

Vaccinium sp. Adult populations retreated to woods that were

left undisturbed by the logging operations. There adult

populations were sampled regularly by the methods described

above. Numerous burrows within these woods provided abundant

oviposition sites, and larval populations were present as long

as water levels were high enough to pool water at the ends of

the burrow systems. When water levels dropped below the level

of the burrow systems, larvae were absent. However, larvae

reappeared very soon after burrows became reflooded.

Resting box collections dropped dramatically after the

woods were cut, but C02-baited trap catch numbers rose. This

may represent more host-seeking activity into the now exposed

open areas. Previously adults may have left the swamps to

venture into the open woods in search of a blood meal.

Personal experience has demonstrated that the poorest bait

collections are made close to the oviposition sites for Cs.

melanura. Conversely, these are the preferred sites for

maximum resting box collections. These factors influence the

effectiveness of surveillance techniques.



Fig. 2.3. Rot hole at base of pine tree, leading down to
underground larval collection site of Culiseta melanura.
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Fig. 2.4. Rotted stump cavity in which Culiseta melanupa
adults and larvae were collected throughout the year at Lake
Butler, Florida.
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To illustrate the seasonal collection records for Cs. melanura

at Lake Butler, Florida, data are presented in Tables 2.1 &

2.2. Table 2.1 consists of a comparison between total monthly

catches (male & female) using CDC miniature bait traps and

resting boxes. Table 2.2 is a further breakdown of the female

monthly resting box catches subdivided into physiological

states. Since the habitat was altered severely in November,

these data are presented to illustrate the fact that C02-

baited traps alone appear to miss periods of summer activity

of Cs. melanura in Florida, whereas resting boxes may do the

same in winter. Location of these traps presumably plays a

significant role in the effectiveness of either technique.

Larvae were abundant during February 1986. The swamp

gradually dried up until in late April no surface water was

present. Egg rafts were present in March and early April

right up to the time that surface water disappeared. The

swamp remained dry for the month of May. Heavy showers

occasionally pooled water for a few days, but no permanent

water was present until June. Larvae were not present (Cs.

melanura) until July. These were early instar. Whether these

were the result of oviposition in April, or from recent

oviposition is unclear. During the drought I dug down to

water level, a depth of 30 inches. At about 10 inches the

leaf litter and detritus was possibly sufficiently moist to

sustain larvae during drought periods. Early instars were

collected from the freshly dug holes. I cannot say for
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Table 2.1

Seasonal abundance of Culiseta melanura at Lake Butler, Florida
(Feb. 1986 - Mar. 1987)

CDC-CO-, Restinq Boxes

Month Males Females Males Females

February 0 2 10 5
March 1 20 139 123

April 0 63 195 230

May 0 134 86 398
June 0 8 42 230

July 0 5 28 77

August 0 0 10 65

September 0 15 156 290

October 0 19 289 277

November* 0 2 8 9

December 0 9 68 26

January 0 77 26 9

February 0 77 13 12

March 0 178 7 3

* swamp clear-cut

certain that oviposition did not occur in the holes. However,

later rearing experiments with Cs. melanura demonstrated that

even after 2 months at moderate temperatures (up to 30°C) and

in the presence of food, some larvae appeared to be still

second instar despite the fact that the majority of their

siblings had pupated. This may offer a mechanism for larval

survival during extended drought. If larval dormancy is

partially induced by high temperatures in Florida (as it

apparently is cold-induced in the north), the larvae might

survive for several months below the surface of the ground,

sustained by high humidity in moist detritus, but otherwise

remaining inactive. This is a matter that merits further

investigation.
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One of the important factors that needs to be monitored

in female mosquitoes is their physiological state. Periods

of host-seeking activity will be followed by the presence of

gravid and ovipositing females. The timing of these

activities is better monitored by resting box collections.

Light trap collections usually consist of nulliparous females

that are presumed to be seeking hosts. Gravid and bloodied

females are rarely attracted to baited traps. Host seeking and

bloodfeeding apparently occurred throughout the year at the

study site in Florida. Yearly resting box collections for

females are presented in Table 2. About 50% of the females

collected were graded as non-blooded and non-gravid. This

classification does not distinguish between those females that

were taking their first or second bloodmeal.

Resting box collections provided the largest collections

of Cs. melanura at the Lake Butler site. Evidence of year

round biting activity, as well as presence of males, indicates

tremendous plasticity within this species. Peaks of adult

abundance (Tables 2.1 & 2.2.) correspond to May/June and

September/October. Miniature CDC traps (Table 2.1) support

the May/June period of activity. However, the single large

collection of Cs. melanura females in May occurred on a night

in which the first rainfall in several weeks fell. This

agrees with numerous reports in the literature that Cs.

melanura adults are most active during periods of rain and

inclement weather. The November destruction of the collection
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Table 2.2
Seasonal abundance and physiological state of Culiseta
melanura females collected from resting boxes, Lake Butler,
Fla. (Feb. 1986 - March 1987). nbg=non blooded, non-gravid;
b=blooded; bg=blood--gravid; g==gravid; n=tota1/month
percent of monthly total
Month nbg b bC[ 3 n

February 2(50) 2(50) 0 0 4

March 114(74) 15(9.7) 8(5.2) 17(11) 154

April 166(72) 2(1) 22(9.5) 42(18) 232

May 311(80) 4(1) 34(8.7) 41(10.5) 390

June 104(47) 5(2.2) 51(23) 61(27.6) 221

July 39(49) 3(3.8) 11(14) 26(33) 79

August 34 (52) 8(12.3) 19(29) 4(6) 65

September 171(60) 4(1.3) 70(24) 42(14.6) 287

October 142(52) 2(1) 72(26.4) 57(21) 273

November 0 0 0 2(100) 2

December 12(50) 5(21) 3(12.5) 4(16.7) 24

January 8(62) 1(7.6) 3(23) 1(7.6) 13

February 11(92) 0 1(8) 0 12

March 2 (50) 0 0 2 (50) 4

site occurred at just the time when a seasonal shift should

have been most apparent. This re-emphasizes that trapping

data are biased by environmental conditions. In this example

one day of rainfall following an extended drought totally

shifted the response to baited traps. From the above data

the following points may be made. Year round activity of Cs.

melanura occurred at the Lake Butler study site. Males were

present throughout the year. There is a suggestion of

seasonal variation in the attractiveness of C02-baited traps.

Based on the resting box collections, male densities appeared

to peak one month prior to female densities. CDC collections

were greatest on nights with some precipitation. Male Cs.

melanura are not attracted to CDC C02-baited traps in any

numbers. This fact was later determined to be a function of
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the trap design. Simple inversion of the CDC trap (Fig. 2.5)

so that the fan pulled upwards increased all catches,

including males of other species that are normally not

collected.

During subsequent years (1988-1989) much oviposition was

noted during October, November, and December. Adults were

again present throughout the summer, and bloodfed females were

collected throughout the year. Larval activity was not

apparent during the summer months. Either larval activity

is restricted to subsurface water levels or larvae suspend

development until late summer when rains raise water levels.

Other species occurring with Cs. melanura at Lake Butler,

Florida were Cx. territans. Anopheles crucians , and

Uranotaenia sapphirina. Culex territans and Ur. sapphirina

also occurred with Cs. melanura at the New Hampshire locality.

During periods of high water in summertime, Cx. pilosus

(Dyar & Knab) occurred in larger pools of open areas at the

margin of the swamp, as did various Aedes and Psorophora

species. However, within the restricted habitat of stump

holes and burrows, Cs. melanura was either the sole occupant

or occasionally shared the habitat with Cx. territans.



Fig. 2.5. Inverted CDC miniature light trap at Lake Butler,
Florida.
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CHAPTER 3

VARIATION IN CUTICULAR HYDROCARBON PROFILES
IN Culiseta melanura

Introduction

Cuticular hydrocarbon composition is an expression of a

genotype, thus making it a potential taxonomic character.

Lockey (1988) reviewed insect cuticular lipid composition,

stating that hydrocarbon composition is related to

taxonomically grouped species, and that closely related

species tended to have qualitatively similar hydrocarbon

patterns, with different proportions. Less closely related

species tended to have hydrocarbon patterns differing both

qualitatively and quantitatively. Within mosquitoes, species

separation has been confined to the genus Anopheles (Carlson,

1982, 1984; Carlson & Service, 1979, 1980; Milligan et al.,

1986). Despite similarities in chromatograms, species

separation within the Anopheles gambiae complex was achieved

by comparing the relative abundance of selected peaks (Carlson

& Service, 1979, 1980). Using percentage composition of

various classes of hydrocarbons, Lockey (1978, 1988) was able

to separate 3 species of Tenebrionidae.

When hydrocarbon profiles are applied to cryptic species

or to analysis of intraspecific variation, the mechanism
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behind such comparisons is typically a quantitative

(statistical) comparison of peak ratios between selected

hydrocarbons. These are identified by a 4 digit number, their

Kovats Index (Kovats, 1965). Larger peaks constitute the

major percent composition of a particular sample.

Underlying statistical comparison of peak percentages or

peak ratios is the major assumption that the variation in

these values is normally distributed. In order to apply most

standard statistical comparisons, normality of distribution

of the variable of interest is assumed. Knowledge of the

normality of a sample may confirm or reject certain hypotheses

about the factor affecting the phenomenon of interest. If

non-normal distribution is found, this may indicate certain

factors affecting the variable of interest (Sokal & Rohlf,

1969). If normal distribution is assumed, predictions and

tests of hypotheses are based upon this assumption.

Statistical conclusions are only as valid as our assumptions

about the data.

Adult specimens of Cs. melanura were collected from

various localities at different times of the year. As part

of the ongoing study concerning the behavior and ecology of

hostseeking in mosquitoes, I decided to characterize Cs.

melanura by means of hydrocarbon profiles. Since the only

published data relating hydrocarbon patterns in mosquitoes was

for the genus Anopheles. I felt that the new information

provided by this technique would provide a baseline for
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further investigations into the usefulness of this technique

for comparison of mosquito species other than Anopheles. I

was also interested in determining whether or not any evidence

existed to suggest a polytypic species. Preliminary field

observations had revealed a larger, darker winter form of this

species in Florida. To illustrate congeneric differences, I

compared Culiseta melanura chromatograms with those of Cs.

inornata. To illustrate intergeneric differences, Culex

territans and Uranotaenia sapphirina were compared from the

same habitat and location as Cs. melanura.

The type locality for Cs. melanura is New Hampshire

(Knight & Stone, 1977) . Specimens were collected from New

Hampshire and Vermont (new collection record) and compared

with Florida specimens. Since one of the reported advantages

of hydrocarbon analysis is that the patterns are stable,

regardless of the age of the specimen, it was felt that a

comparison between geographic extremes of the range of this

mosquito species might reveal maximum differences (geographic)

as well as possibly revealing the existence of cryptic

species. As more and more hydrocarbon profiles were compared,

variation appeared to be at least as extreme within one site

as between geographic limits. This perplexing situation led

to the following attempt at isolating some of the sources of

variation seen in wild specimens. Before I could characterize

Cs. melanura by this technique, I felt that an attempt should

be made to explain as much of the individual variation as



41

possible. I present preliminary data here and suggest partial

explanations for the hydrocarbon profile variability. Also,

I discuss the implication of this variability relative to the

application of this technique to the solving of taxonomic

questions.

Methods and Materials

Wild adult Cs. melanura were collected in resting boxes

(Florida) and by CDC miniature light traps (New Hampshire &

Florida). Dry ice was added to the CDC traps in Florida, with

nightly amounts being approximately 5 pounds per trap. This

bait was suspended beside the trap, and traps were placed

about 2 feet above the ground. Because I had no previous

indication of seasonal variation in hydrocarbon patterns,

collections were made as material was needed. Specimens from

the same collection date were later pooled for analyzing

seasonal variation.

Cuticular hydrocarbons were extracted by soaking

individual mosquitoes in hexane for at least ten minutes.

This extract was then cleaned by passage through a silica-gel

hexane column. This column permitted the passage of the non¬

polar hydrocarbons, but retained the polar lipids and fats.

The extracted hydrocarbons were collected into 3 ml of hexane

extract, then concentrated by evaporation with nitrogen gas.

The final extract was re-constituted and 1/10 microliter was

injected into the gas chromatograph (GC) by an on-column

injector(SGE). A Varian Model 3200 flame ionization GC
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instrument was used. The column type was a 3 0 meter DB-1,

0.32 mm. diameter capillary tube. The carrier gas was helium.

The oven temperature was programmed from 60 °C to 320 °C at

12°C/minute for 35 minutes. The GC was coupled through a 760

series interface and a Nelson Analytical System to an IBM

PC/XT computer, an Epsom FX 80+ printer, and a Hewlett-Packard

7470A plotter for data quantification and output. Samples were

compared with alkane standards (C14 - C44) for calculation of

their respective Kovats Index (KI).

Frequency distribution normality for peak percent

composition was tested using the graphic ranked deviates

(rankits) of Sokal & Rohlf (1969). Ranked deviates were

plotted for wild adult females of Cs. melanura. After

determination of non-normal distribution within the wild

sample, additional statistical comparisons were made for wild

individuals and for individuals from known environmental

conditions. Initial statistical comparisons were made between

wild New Hampshire and Florida females. Since a non-normal

distribution was suggested by the ranked deviate test, a non-

parametric ANOVA and Kruskal-Wallis test were conducted on

these data. These tests were expanded to include comparisons

between Florida samples categorized by months collected, as

well as between specimens reared at 2 different temperatures.

Discriminant analysis was performed on data from all sample

categories (New Hampshire, Florida by months, and 2 rearing

temperatures) to look for trends in similarity measured by
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mean square distances. From these comparisons I was able to

correlate variation within samples with seasonality and to

suggest temperature variation as a factor influencing change

in hydrocarbon profiles. To test for the effect of

temperature upon the KI peaks of interest, 6 females from each

adult population of 15 °C and 3 0 "C reared larvae were compared.

Actual percent composition for peaks with KI 3100, 3135,

3165, 3300, 3335, 3365, 4225, 4245, 4280, 4425, and 4445 were

examined initially. These 11 peaks were then made to equal

100 percent composition and adjusted percentages were

calculated for each of these peaks. These adjusted values were

used in all statistical tests, as well as in all graphs and

tables presented here.

Field-collected gravid females were placed in cages for

oviposition. These cages were plexiglass with dimensions of

45cm X 37cm X 37cm. Oviposition was at first unsuccessful

since most of the females died before laying eggs. This was

partially resolved by placing filtered water from field

collection larval sites into black oviposition jars. Some

oviposition was obtained. However, a high mortality still

occurred among gravid females. Culiseta melanura adults in

the field had been observed hanging suspended on the upper

roof of the mammal burrows that they frequented. Oviposition

cups were then modified to include a lid that covered one half

of the overall opening to the water. A higher percentage of

oviposition was achieved quickly. This technique is strongly
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suggested for those interested in obtaining large numbers of

egg rafts from wild gravid females.

Egg rafts obtained in this manner were hatched in

filtered water from the Lake Butler site. Larvae were reared

in water collected from underground burrows at the same site.

These burrows consistently harbored adult and larval Cs.

melanura for more than three years. Larval rearing was

accomplished in both enamel pans and 1 liter plastic bottles.

Since the burrows are seldom if ever exposed to direct light,

larval rearing was conducted in darkened rooms at 2 different

temperatures (15°C & 30°C). Ground hog chow was added

initially to larval rearing water, but proved to foul rearing

containers guickly. Therefore, feeding consisted of the

addition of field-collected water from the same habitat,

replacing equally the water volume lost by evaporation.

Larvae reared at 30 °C required 2 weeks from egg hatch to

pupation, while those reared at 15"C required 4-6 weeks.

Variation in development time within the colder temperature

was quite evident. In every case, at time of initial pupation

of the cold temperature larvae there would also be larvae that

appeared to still be 2nd instar. This was rarely seen at

3 0°C, but did also occur. Larvae that were reared at the

warmer temperature were well synchronized.

Egg rafts were hatched at room temperature (27°C), then

split into 2 approximately equal batches to examine the effect

of temperature on larval development and hydrocarbon profiles.
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One half was reared at 30°C, the other half was reared at

15 ° C.

Results

Intergeneric differences in hydrocarbon profiles are

illustrated in Fig. 3.1. Culex territans. Ur. saoohirina.

and Cs. melanura are all guite different, both qualitatively

and quantitatively.

Intrageneric differences between Cs. melanura and Cs.

inornata are illustrated in Fig. 3.2 (males) and Fig. 3.3

(females). Again, differences are readily observed between

these species. However, when the distribution frequencies of

selected KI peaks 3100, 3135, 3165, 3300, 3335, 3365, 4225,

4245, 4280, 4425, and 4445 were examined within Cs. melanura,

considerable variation was seen to exist.

Initial comparisons between specimens from New Hampshire

and Lake Butler, Florida showed similarities between the sexes

(Fig. 3.4 & Fig. 3.5). No obvious geographic variation was

suggested from the chromatograms. Comparisons between sexes

from the Florida site showed little to suggest obvious sexual

dimorphism. However, if the relative percent composition for

any of the larger peaks had been compared, it might have been

possible to separate males and females. Gas

chromatography/Mass Spectroscopy data on this await

interpretation. Examination of Fig. 3.6 shows KI 3100 peak

in males to be significantly larger than the same peak in

females. Similarly, KI 3300 peak is virtually absent in



Fig. 3.1. Cuticular hydrocarbon profiles for adult female
Culex territans. Uranotaenia sapphirina. and Culiseta melanura
from Durham, New Hampshire. Specimens were collected
September 15, 1988, near Spruce Hole bog.
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Fig. 3.2. Cuticular hydrocarbon profiles for adult Culiseta
inornata and Cs. melanura males from Florida. Cs. inornata
specimens were field-collected as pupae, Gainesville, Florida,
January, 1989. Culiseta melanura specimens were collected as
pupae, Lake Butler, Florida, January, 1989.
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Fig. 3.3. Cuticular hydrocarbon profiles for adult Culiseta
inornata and Cs. melanura females from Florida. Culiseta
inornata specimens were field-collected as pupae, Gainesville,
Florida, January, 1989. Culiseta melanura specimens were
collected as pupae, Lake Butler, Florida, January, 1989.
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Fig. 3.4. Comparison between cuticular hydrocarbon profiles
of adult female Culiseta melanura from New Hampshire and
Florida.
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Fig. 3.5. Comparison between cuticular hydrocarbon profiles
of adult male Culiseta melanura from New Hampshire and
Florida.
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Fig. 3.6. Comparison between cuticular hydrocarbon profiles
of adult male and female Culiseta melanura from Lake Butler,
Florida.
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females, but present in males. The KI 3410 peak is obvious in

males, but absent in females. These differences, if

considered mathematically, might be shown to be significantly

different. Variation of this magnitude within samples of the

same species necessitated the test for non-normal frequency

distribution.

Sufficient variation existed in values for relative

percent composition for the 11 KI peaks to require further

investigation. Table 3.1 illustrates the means and standard

deviations for KI peaks from wild specimens separated by

locality and by month. Much overlap exists between

collections, but a shift in mean values is also suggested.

Two of the larger peaks (KI 3365 and 4280) were selected for

testing for normal distribution frequencies. Raw data used

for the Rankit test for normality for peaks KI 3365 & KI 4280

are presented in Table 3.2. These data are plotted in Fig.

3.7 and Fig. 3.8. As revealed by the graphs, the data are not

normally distributed. Distribution frequencies are considered

to be non-normal if the line of plotted rankit values is not

straight. If any points deviate from a perfect linear

relationship, the distribution is considered non-normal.

These same wild caught-females used in the ranked deviate

test were plotted by months of capture to see if a seasonal

shift in values in percent composition occurred. These values

are plotted and graphed in Fig. 3.9. To check for

corresponding seasonal variation in geographic location,
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Table 3.1

Mean and Standard Deviation of KI values of Wild Culiseta
melanura.

KI
3100

AVG
STD

NH

Sept
0.78
0.31

FLORIDA
March April
2.66 0.96
5.36 0.51

May
2.71
2.14

August
1.44

0.55

FL

1.93
3.17

3135
AVG
STD

5.64
0.81

4.56
0.60

4.13
1.47

5.58
1.36

5.47
0.92

4.79
1.33

3165
AVG
STD

3.89
3.68

1.84
0.37

1.40
0.72

2.02
0.47

1.05
0.37

1.63
0.63

3300
AVG
STD

0.45
0.45

2.15
3.51

0.37
0.29

3.02
2.00

2.35
3.66

1.80
2.74

3335
AVG
STD

5.11
0.83

5.73
0.80

6.22

2.94
7.74
2.26

11.80
1.28

7.24

2.92

3365
AVG
STD

20.43
3.40

16.53
2.71

14.24
6.95

17.19
3.68

19.59
2.14

16.36
5.02

4225
AVG
STD

7.30
0.88

6.22
1.13

6.60
1.12

6.15
0.87

4.71
0.88

6.12
1.20

4245
AVG
STD

8.91
1.14

8.76
1.17

8.42
1.97

6.32
1.64

3.71
0.84

7.34
2.35

4280
AVG
STD

5.97
2.45

8.50
2.06

8.20
3.24

4.58

2.11
2.71

0.89
6.64
3.30

4425
AVG
STD

22.16
2.19

23.65
3.27

28.47
4.67

26.06
2.64

29.12
3.19

26.61
4.25

4445
AVG

STD
19.36
1.74

19.40
2.41

20.98
4.14

18.61

1.66
18.05
1.86

19.55
3.12
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Table 3.2. Rankit values for percent composition of KI 3365
and 4280 among wild adult female Culiseta melanura. (Bi =
Rankit value)

KI 3365 Bi KI 4280 Bi

Comp.
30.37 2.66

%Comp.
12.87 1.99

25.82 1.75 12.85 1.98

24.26 1.44 12.02 1.72
23.48 1.29 11.36 1.51
22.87 1.16 11.27 1.48

22.81 1.15 11.20 1.46
22.54 1.10 10.74 1.32
22.46 1.08 10.62 1.28
22.02 1.00 10.44 1.22

21.96 0.98 10.16 1.14
21.49 0.89 9.77 1.01

21.30 0.85 9.67 0.98

20.95 0.78 8.40 0.58

20.00 0.59 8.11 0.49

19.76 0.55 7.89 0.43

19.49 0.49 7.75 0.38
19.30 0.46 7.54 0.32

18.84 0.36 7.43 0.28
18.83 0.36 7.27 0.23

18.57 0.31 7.22 0.21

18.10 0.22 6.77 0.07

17.96 0.19 6.77 0.07

17.47 0.09 6.73 0.06

17.14 0.03 6.69 0.05
16.95 -0.01 6.67 0.04

16.54 -0.09 6.42 -0.04

16.23 -0.16 6.30 -0.07

16.20 -0.16 6.05 -0.15

16.08 -0.18 6.05 -0.15

16.05 -0.19 5.99 -0.17

15.77 -0.25 5.94 -0.19

15.34 -0.33 5.32 -0.38

14.85 -0.43 4.90 -0.51
14.47 -0.51 4.82 -0.54

14.46 -0.51 4.50 -0.64

14.19 -0.56 4.43 -0.66
13.96 -0.61 4.03 -0.78

13.77 -0.64 4.00 -0.79

13.63 -0.67 3.64 -0.91

13.60 -0.68 3.36 -0.99

13.59 -0.68 3.24 -1.03

13.06 -0.79 3.21 -1.04
12.70 -0.86 3.06 -1.09

12.62 -0.87 3.02 -1.10

12.21 -0.96 2.60 -1.23

9.43 -1.51 1.74 -1.50
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Table 3.2 (cont.)

KI 3365 KI 4280

Comp. Bi % Comp. Bi
8.17 -1.76 1.65 -1.53

6.91 -2.01 1.58 -1.55

6.27 -2.14 1.38 -1.62
5.83 -2.22 1.20 -1.67

17.01 6.53
5.03 3.19

male samples from New Hampshire and Florida were also compared

(Fig. 3.10) with females (Fig. 3.11). In all samples plotted

seasonal variation appeared in percent composition values for

KI peaks presented. Since seasonal variation occurred within

my Florida site, statistical analyses (1 Way ANOVA and

Kruskal-Wallis test) were conducted to determine whether these

observed differences were statistically significant. These

results are presented in Table 3.3. Several factors could

explain this variation. Among the possibilities are age, and

temperature. Since differences were seen in seasonal

patterns, and since I already knew of the existence of 2

seasonal morphs for Cs. melanura in Florida, an obvious factor

to test for was the effect of temperature on hydrocarbon

profiles.

Comparisons between KI 3100, 3135, 3165, 3300, 3335,

3365, 4225, 4245, 4280, 4425, and 4445 relative percent

composition for males and females reared at 15"C and 30"C are

illustrated in Fig. 3.12. The relative percent composition

of KI peaks 3335 and 3365 are higher at 30°C than 15°C, and

the reverse is true for KI peaks 4280 and 4445. Chromatograms
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Table 3.3
ANOVA and Kruskal-Wallis results of comparisons between New
Hampshire versus Florida wild caught female Culiseta melanura
and Florida population separated by months.

NH vs FL
ANOVA

FL by Months
ANOVA

KI
3100

F
1.0080

P
0.3204

K-W
0.0853

F
0.8700

P

0.4649
K-W

0.0121

3135 2.9320 0.0933 0.0310 3.4300 0.0265 0.0094

3165 13.2380 0.0007 0.0005 5.1440 0.0044 0.0041

3300 1.8350 0.1819 0.0236 2.1970 0.1042 0.0004

3335 4.0300 0.0503 0.0253 11.2890 0.0001 0.0011

3365 4.6330 0.0364 0.0229 1.8170 0.1605 0.0615

4225 6.7910 0.0122 0.0129 4.3000 0.0105 0.0127

4245 3.2540 0.7750 0.0955 16.1540 0.0001 0.0001

4280 0.2900 0.5928 0.5082 10.7910 0.0001 0.0001

4425 8.0100 0.0068 0.0046 4.3590 0.0098 0.0108

4445 0.0260 0.8726 0.7508 1.8090 0.1619 0.2334

illustrating the effect of temperature on hydrocarbon profiles

are presented in Fig. 3.13 and Fig. 3.14. Statistical

comparisons (1 Way ANOVA and Kruskal-Wallis) between hot

(30°C) and cold (15°C) showed statistically significant

differences at the 0.05 level for 7 of the 11 peaks compared.

These results are presented in Table 3.4. Since hydrocarbon

profile variation appears to be at least in part affected by

larval rearing temperature, I then reexamined wild caught

females by month of capture.
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Table 3.4
ANOVA and Kruskal-Wallis results of comparisons between

Laboratory Culiseta melanura at two different temperatures.
Hot = 30°C, cold = 15"C

HOT VS COLD
ANOVA Kruskal-Wallis

KI
3100

F
5.8230

P

0.0250 0.0045

3135 12.5440 0.0019 0.0037

3165 0.3530 0.5588 0.6983

3300 0.5750 0.4566 0.5184

3335 44.1060 0.0001 0.0002

3365 3.8320 0.0637 0.0527

4225 8.0170 0.0100 0.0067

4245 28.1240 0.0001 0.0004

4280 10.1750 0.0044 0.0016

4425 0.9940 0.3302 0.6985

4445 6.1500 0.0217 0.0012

Discriminant analysis was applied to each of the samples to

classify specimens into seasonal categories, and to look for

trends in groupings. Table 3.5 shows how each sample is

broken down by season, illustrating areas of overlap and

separation. Table 3.6 illustrates the generated squared mean

distances for each class of specimens.



Fig.3.7.GraphofplottedRankitvaluesusedintheRankittestfornormalityfor frequencydistributionoftheaveragepercentcompositionofhydrocarbonKI3365forwild adultfemaleCulisetamelanura.
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Pig.3.8.GraphofplottedRankitvaluesusedintheRankittestfornormalityfor frequencydistributionoftheaveragepercentcompositionofhydrocarbonKI4280forwild adultfemaleCulisetamelanura.



Rankits

2

RankitTestForNormalityforKI4280 Avg.PercentComposition



Fig.3.9.Seasonaldistributionofrelativepercentvaluesforselected valuesforwildFloridaadultfemaleCulisetamelanura.8=August,5;
3=March.

hydrocarbonKI
:May,4=April,
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Fig.3.10.SeasonaldistributionofrelativepercentvaluesforselectedhydrocarbonKI valuesforwildadultmaleCulisetamelanura.12=December(Florida),9=September(New Hampshire),8=August(Florida).
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Fig.3.11.SeasonaldistributionofrelativepercentvaluesforselectedhydrocarbonKI valuesforwildadultfemaleCulisetamelanura.12=December(Florida),9=September (NewHampshire),8=August(Florida).
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Fig.3.12.EffectoftemperatureontherelativepercentofselectedhydrocarbonKI valuesforadultmaleandfemaleCulisetamelanura.30=30degreescentigrade,15=15 degreescentigrade,M=male,F=female.
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Fig. 3.13. Cuticular hydrocarbon profiles of adult female
Culiseta melanura reared at 15°C and 30°C, compared to wild
adult female from Lake Butler, Florida (winter specimen).
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Fig. 3.14. Cuticular hydrocarbon profiles of adult male
Culiseta melanura reared at 15°C and 30°C, compared to wild
adult male from Lake Butler, Florida, (winter specimen).
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Table 3.5

Discriminant Analysis Classification Summary for Culiseta
melanura. Number of Observations and Percentages Classified
by month:

MONTH APR AUG COLD HOT MAR MAY NH Total

APR 6

42.86
1

7.14
4

28.57
0

0.00
1

7.14
2

14.29
0

0.00

14

100.00

AUG 0

0.00
6

100.00
0

0.00
0

0.00

0

0.00
0

0.00
0

0.00

6

100.00

COLD 1

6.67
0

0.00
11

73.33
1

6.67
1

6.67

0

0.00

1

6.67
15

100.00

HOT 1

12.50
0

0.00
0

0.00

7

87.50
0

0.00

0

0.00

0
0.00

8

100.00

MAR 1
8.33

0
0.00

0

0.00
0

0.00

11

91.67

0
0.00

0

0.00

12

100.00

MAY 1

10.00
0

0.00
0

0.00

0

0.00

0
0.00

8

80.00
1

10.00

10

100.00

NH 0
0.00

0
0.00

0

0.00
0

0.00

0
0.00

0

0.00

8

100.00

8

100.00

Total
Per.

10
13.70

7
9.59

15
20.55

8

10.96

13
17.81

10

13.70

10

13.70
73

100.00
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Table 3.6

Generalized Squared Distance to each corresponding Cluster.

REG APR AUG COLD
APR 0 15.76 2.77
AUG 15.76 0 20.61
COLD 2.77 20.61 0
HOT 20.63 7.53 20.19
MAR 2.82 23.69 7.91
MAY 6.70 14.09 11.83
NH 15.01 42.88 21.02

HOT MAR MAY NH
20.63 2.82 6.70 15.01
7.53 23.69 14.09 42.88

20.19 7.91 11.83 21.02
0 33.69 24.14 54.38

33.69 0 7.20 10.14
24.14 7.20 0 11.76

54.38 10.14 11.76 0

Conclusions

Hydrocarbon profiles do in fact show clear species

differences between non-closely related species. However,

within species variation is sufficient to merit further

consideration. My specimens were separable statistically by

month of collection and by rearing temperature. Both of these

results are new to science. When samples are measured by

discriminate analysis, degree of similarity is measured by

close values in squared mean distances. From this we see that

April specimens are equally close to cold (15°C) and March

specimens. May follows April which is followed by New

Hampshire, August, and finally hot (30°C). This suggests that

the variation seen in the winter and spring months is due to

cooler temperatures, and the summer-fall variation is due to

warm temperatures. Hydrocarbon profiles do not appear fixed

within a species, but are subject to significant variation due

to at least 1 factor, temperature. The warm months 8(August)

and 5(May) showed patterns similar to 30“C reared larvae, and

the colder months 4(April) and 3(March) showed patterns
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similar to 15 "C larvae. This suggests a seasonal shift in

hydrocarbon profile patterns that would vary in timing from

year to year depending on water level and temperature.

Discussion

Considerable variation between individuals suggests the

need for further investigation into the role of such factors

as nutrition (larval and adult), age, sex, and water guality

on the hydrocarbon profile of any particular species. Caution

is advised in interpreting differences between individuals on

a purely statistical basis. Other criteria such as structure,

behavior, seasonality, and geographic distribution need to be

considered when attempting to distinguish forms. Interaction

between these factors is likely, and needs to be addressed.

A re-examination of published articles on the use of

hydrocarbon profiles as taxonomic tools shows that variation

exhibited by specimens may not fit within the expected normal

frequency distribution pattern. This may be due to the small

sample size that was available for analysis. A 1-way ANOVA

was typically used for comparisons. This test has several

assumptions, one of which is normality of distribution.

When dealing with closely related species or suspected

siblings, sample size becomes the major factor in the ability

to separate similar forms. Since the percent composition will

be a function of quantitative differences, researchers are at

the mercy of the specimens provided and the accuracy of data

that accompanies insects. Species that are considered to be

less closely related show qualitative differences in their



83

respective GC peaks. However, closely related species appear

to show only small quantitative differences. As presented

here, sufficient variation exists within GC peaks to cause

overlap of data sets. Once the relationship between GC

profile, temperature of larval development, adult age, and

adult nutrition are understood, precise definition of a

particular species may be possible.



CHAPTER 4
HOST PREFERENCE IN MOSQUITOES, A REVIEW

Introduction

One method of discussing host preference is to analyse

the numerous articles published on the subject. I believe

that sufficient data are available in the literature to

develop an argument for host preference being other than

preference for a species of animal. This chapter contains

condensations, re-examinations, and summaries of a few

publications dealing with the subject of host preference. I

have tried to provide sufficient examples to illustrate

diversity of hosts for particular species, as well as citing

inconsistencies in applying the term host preference. This

review is presented to develop the hypothesis that host

preference involves something more than recognition of a

particular animal species. Host preference implies that the

mosquito somehow prefers certain animals for bloodmeals. If

blood alone is the primary motivating factor, then logically

almost any animal would do.

Florida has 71 known species and subspecies of

mosquitoes. Of these, 20 never bite man. This means that for

one or more reasons man is neither a suitable host nor a

preferred host for 28% of the Florida mosquitoes. For the

84
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remaining 50 species, man is at times an acceptable host, but

no species uses man for bloodmeals to the exclusion of all

other animals .

Host preference records are usually determined by

bloodmeal analysis, preference being determined by calculated

percentages of types of animal blood meals from collections

of bloodied female mosguitoes.

Literature Review

Crans (1965) divided mosguito populations into 4 major

categories according to their bloodmeal sources: (1) mammalian

feeders which only occasionally fed on birds; (2) avian

feeders which rarely feed on mammals; (3) general feeders

which are indiscriminate feeders on either mammals or birds;

and (4) amphibian feeders which feed primarily on cold-blooded

animals.

Rempel et al. (1946) studied the feeding habits of some

Saskatchewan Aedes mosquitoes and concluded that none of the

species studied showed a host preference. The degree to which

a species fed upon a particular host appeared to be a function

of the availability of that host. Multiple bloodmeals (from

multiple hosts) were detected in one third of the samples

studied. Examination of their data showed that for the 4

study sites Aedes spencerii (Theobald) showed average

preferences for equine (24%), human (16%), bovine (9%), and

avian hosts (9%) .
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Downe (1960) concluded that host preference for mammals

was correlated with body surface area of the hosts, and that

the Aedes species studied had no preference for particular

mammals. When there were 2 or more mammals close together,

larger hosts were chosen only by chance. He also noted that

bloodmeal records did not appear to be correlated with the

weights of the animals. Dow et al. (1957) reported the numbers

of Culex tarsalis (Cog.) attracted to birds to be proportional

to the size of the birds. They also stated that birds of

different species but of similar sizes attracted similar

numbers of Cx. tarsalis. Downe (1962) studied Coguillettidia

perturbans (Walker)and reported a decided preference for

birds, with some mammalian bloodmeals. He reported a

considerable number attracted to mammal hosts without feeding.

In contrast, the majority attracted to birds took bloodmeals.

Multiple feedings were common suggesting that Cg. perturbans

may be unable to complete a successful bloodmeal on a

mammalian host. This capacity for mammalian-bird multiple

feeding makes this species a prime candidate as the vector of

EEE.

Hayes & Doane (1958) reported the first record of

Culiseta melanura biting man. No bloodmeal was taken, but

skin penetration was accomplished, resulting in swelling at

the site of the bite. Culiseta melanura is considered to be

almost exclusively a bird-feeder.
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Karstad (1961) studied reptiles in southeast Georgia.

He found snakes, turtles, and alligators to possess

significant EEE antibodies, indicating exposure to the virus.

Very few mosquitoes are thought to feed on reptiles.

DeFoliart (1967) reported Ae. canadensis readily feeding on

a variety of turtles. Crans (1964) reported the following host

bloodmeal records from New Jersey: Anopheles guadrimaculatus

preferred mammal blood, mostly deer but included man and dogs;

Cq. perturbans preferred mammals (deer & rodent), with only

a single bird record. Aedes sollicitans fed mainly on deer,

but also on larger shore birds, humans, rabbits, and pigs.

Culiseta melanura fed almost exclusively on passerine birds,

but also fed on larger birds, deer, opossum, rodents, raccoon,

and frogs. Culex pipiens was exclusively a bird feeder.

Culex salinarius fed equally on mammals and birds, and Cx.

territans fed mostly on frogs, but also on birds, rodents,

raccoon, and turtles.

Crans (1970) studied Cx. territans in New Jersey. Of 315

bloodmeals, 279 were amphibian, 19 were reptile (6 turtle, 3

snake), 6 were avian, and 2 mammalian (rabbit & rodent). Most

often the frogs being fed upon were the bullfrog Rana

catesbeiana Shaw and the green frog R. clamitans Latreille.

Other frogs included the spring peeper (Hyla crucifer Weid.),

the southern leopard frog (Rana pipiens Schreber) and the

carpenter frog (R. virgatipes Cope). Means (1968) however

reported Cx. territans biting man.
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Murphey et al. (1967) studied 14 species of mosquitoes

and their attraction to bird, mammal, and reptile-baited

traps. Bird hosts included mallard duck, Canada goose, common

egret, barn owl, red winged blackbird, turkey vulture, and

chicken. Mammal hosts included woodchuck, muskrat, raccoon,

opossum, red fox, meadow vole, river otter, and guinea pig.

A breakdown of some of their data is presented in table 4.1.

Although various mosquito species were collected, no distinct

host preference pattern was seen by the authors. What was

apparent was that if mosquitoes came to these hosts, most

took a bloodmeal on that particular host. The diversity of

hosts that are acceptable to the species (see table 4.1) would

suggest no host preference, as reported by the authors.

However, as shown in Chapter 7, these animals have much in

common, and in fact the data suggest a preference by the

mosquitoes for amount of respired volume of gases. Not all

hosts were used for the same number of trapping nights. The

number collected in Table 4.1 represents the number collected

per night per trial for that particular host. If the total

number of mosquitoes collected per host is divided by the

number of trials for that host, the resulting number collected

per trial per host becomes mallard (110), Canada goose (117),

common egret (128), barn owl (85), red winged blackbird

(128), turkey vulture (108), chicken (164),

muskrat (168), raccoon (150), opossum (140), red fox (97),

meadow vole (144), river otter (85), and guinea pig (180).
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Table 4.1

Species of mosquitoes attracted to various hosts

Species
Mosquitoes
Cx. salinarius

Ae. sollicitans

Ae. cantator

Ae. vexans

Cx. pipiens

Bird
Bait Host

Number
/Niqht

%
Fed

Mammals Number
Bait Host /niqht

%
Fed

mallard 19 79 woodchuck 37 91

goose 21 95 muskrat 35 84

egret 36 94 raccoon 27 82

owl 17 94 opossum 24 92

blackbird 25 84 red fox 24 79

vulture 18 100 vole 30 87

chicken 41 89 otter 28 86

guinea pig 29 86

mallard 14 86 woodchuck 45 89

goose 18 92 muskrat 33 91

egret 15 93 raccoon 29 91
owl 20 80 opossum 32 91

blackbird 28 87 red fox 14 86

vulture 16 94 vole 29 90

chicken 21 91 otter 21 90

guinea pig 37 89

mallard 14 64 woodchuck 26 81

goose 11 41 muskrat 19 87

egret 13 92 raccoon 19 91

owl 6 100 opossum 21 90

blackbird 14 92 red fox 17 94

vulture 18 89 vole 13 92

chicken 18 84 otter 9 78

guinea pig 37 91

mallard 9 78 woodchuck 21 84

goose 9 76 muskrat 24 88

egret 10 100 raccoon 21 89

owl 8 86 opossum 20 85

blackbird 13 79 red fox 13 69

vulture 7 86 vole 19 89

chicken 12 83 otter 10 70

guinea pig 13 81

mallard 7 83 woodchuck 8 34

goose 27 70 muskrat 6 33

egret 7 83 raccoon 5 81

owl 12 100 opossum 4 50

blackbird 13 94 red fox 2 0

vulture 12 100 vole 2 50

chicken 29 84 otter 3 33

guinea pig 10 45
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Table

An. quad. mallard
goose
egret
owl
blackbird
vulture
chicken

Coq. perturbans mallard
goose
egret
owl
blackbird
vulture
chicken

An. crucians mallard

goose
egret
owl
blackbird
vulture
chicken

Cx. restuans mallard

goose
egret
owl
blackbird
vulture
chicken

An. punctipennis mallard
goose
egret
owl
blackbird
vulture
chicken

(Cont.)

12 woodchuck 17 81
79 muskrat 21 83

83 raccoon 12 87
100 opossum 14 83

80 red fox 15 87
100 vole 21 81

76 otter 4 50

guinea pig 6 81

71 woodchuck 11 80
95 muskrat 14 89
85 raccoon 16 93

62 opossum 4 75
88 red fox 6 100
88 vole 5 80
90 otter 0 0

guinea pig 6 83

100 woodchuck 9 83
69 muskrat 13 85
70 raccoon 14 84

100 opossum 11 94

82 red fox 5 40
100 vole 19 84

76 otter 9 78

guinea pig 2 83

17 woodchuck 0.7 66

79 muskrat 0.5 100
75 raccoon 0.5 100
67 opossum 0 .33 100
78 red fox 0 0

50 vole 0 0

84 otter 0 0

guinea pig 0 0

50 woodchuck 4.8 68
0 muskrat 1 100
0 raccoon 3 42

33 opossum 4 75

50 red fox 1 100
0 vole 2 100

58 otter 1 100

guinea pig 7 71

4.1

17
7
7
2
6

4
8

17
10

8

13
10

17
12

1
6

10

1
6
3

10

6

7
12

3
7
4

11

4
0.5

2
3
6
6

3

Far fewer mosquitoes were attracted to reptiles. Those species

that showed some attraction to reptiles included Cx.
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territans. An. quadrimaculatus. Ae. sollicitans. Cq.

perturbans. Cx. pipiens. and Cx.salinarius. Culex salinarius

and Cx. pipiens failed to bloodfeed on the reptiles, while Cq.

perturbans fed on snakes but not on turtles. Aedes

sollicitans fed on a kingsnake and snapping turtle, but not

on a watersnake and box turtle. Anopheles quadrimaculatus

fed on a watersnake, snapping turtle, and box turtle. Culex

territans fed on a kingsnake, watersnake, snapping turtle, and

box turtle. The total numbers of mosquitoes attracted to

reptiles were Cx. territans (104). An. quadrimaculatus (11),

Ae. sollicitans (25), Cq. perturbans (14), Cx. pipiens (19),

and Cx. salinarius (15). Culex territans was not collected

in mammal baited traps. All of the above data were extracted

from various total numbers reported by Murphey et al.(loc.

cit.). The authors attempted to correlate mosquito species

with host preference but were unable to do so.

Edman & Taylor (1968) documented a seasonal shift from

bloodfeeding on birds to mammals in Cx. nigripalpus. Increase

in mammal-feeding started in early summer, reached a maximum

between July and October, and was followed in the fall by a

return to mainly avian hosts during winter and spring. The

shift in feeding could not be related to any shift in the

availability of hosts at either study site. Rabbits were

frequent hosts at one site but were replaced by armadillos at

the other. The authors suggested that since seasonal

abundance of hosts did not explain the shift, perhaps seasonal
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weather conditions (temperature and moisture) might influence

feeding behavior or the ability to find one class of hosts

more readily than the other.

Nolan et al. (1965) recorded Ae. canadensis and Ae.

triseriatus feeding on turtles on the Pocomoke Swamp,

Maryland, in June. The painted turtle and box turtle were

hosts. A single Ae. triseriatus was collected, while 43 Ae.

canadensis were collected.

Gunstream et al. (1971) studied blood meals for 6 species

of California mosguitoes. Aedes dorsalis (Meigen) fed mainly

on cattle (47%), followed by horse (29%), dog (16%), human

(3%), and rabbit, cat, pig, and chicken (1%). Aedes vexans

fed on cattle (40%), horse (25%), dog and humans (10%), rabbit

(7%), chicken (3.4%), and passeriform birds (1.7%).

Psorophora confinnis (= columbiae) fed on cattle (49%), horses

(32%), dogs (9%), pigs (2.8%), and humans, rodents, and birds

(0.3%). Culex ervthrothorax Dyar fed on cricetid rodents

(34%), cattle and rabbit (1.5%), chicken (3%), columbiform

birds (13.4%), passeriform birds (10.4%), ciconiiform birds

(22.4%), gruiform and anseriform birds (1.5%) . Culex tarsalis

fed on cattle (18.2%), horses (10.9%), rabbit (2.4%), human

(2%), chicken (14.6%), guail (1.2%), columbiform birds (3.2%),

passeriform birds (15.8%), gruiform birds (2.4%), and

anseriform birds (1.6%). Culiseta inornata fed on cattle

(56.2%), horse (25.2%), dog (6.2%), rabbit (4%), and chicken

(4.2%).
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While Cx. tarsalis totaled a near 1:1 mammal - to - bird

feeding ratio, the seasonal ratios of mammal/bird were 11:43

(fall & winter), 68:63 (spring), and 40:14 (summer). The

authors attributed the shift to seasonal changes in host

availability.

Tempelis et al. (1967) studied Cx. tarsalis. Cx. pipiens.

Cs. inornata. Aedes vexans, Ae. sticticus. Ae. dorsalis. and

Ae. melanimon from Colorado. Cattle were the predominant

blood meal for all Aedes tested, with only 3 of 934 bloodmeals

avian. Culiseta inornata fed principally on horses and

cattle; less than 1% on birds. Culex pipiens had 95% avian

bloodmeals, predominantly columbiformes. Culex tarsalis had

69% avian feeding.

Four species of mosquitoes were studied in Hawaii for

their bloodfeeding habits (Tempelis et al., 1970). Culex

quinquefasciatus fed mainly on birds but also on a wide range

of mammals including dogs and cattle. Aedes vexans fed only

on mammals, mainly cattle and horses. Aedes albopictus

(Skuse) and Ae. aeqypti fed almost exclusively on mammals,

with Ae. aeqypti feeding mainly on man but also feeding on

dogs and a wide range of other mammals. Birds were not favored

by either Ae. aeqypti or Ae. albopictus.

Suyemoto et al. (1973) looked at 700 blood meals for 28

species of mosquitoes from 4 southern and southwestern states

for July and August. Little host specificity was observed.

However, preference for mammals vs. birds was observed. Aedes
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atlanticus-tormentor had 14/16 bloodmeals mammalian (rabbit

6, human 3, bovid 1, deer 1, dog 1, opossum 1) with 1

bloodmeal identified as gruiform bird. Aedes dupreei had both

meals mammalian (rabbit 1, deer - goat - bovine 1) . Aedes

fulvus pallens had rabbit bloodmeals. Aedes nigromaculis

preferred horse (20), goat - sheep (17), deer (6), bovine (1),

pig (1), rabbit (9), and deer - goat - bovine (14). Aedes

thelcter had 7/9 bloodmeals rabbit. Aedes vexans had goat -

sheep (38), horse (15), deer - goat - bovine (36), rabbit

(7), deer (6), bovine (1), and cat (1). Anopheles crucians

had goat - sheep (1) , horse (1) . Anopheles pseudopunctipennis

(Theobald) had 1 horse bloodmeal. Anopheles punctipennis had

1 rabbit bloodmeal. Anopheles guadrimaculatus had 1 deer and

1 pig bloodmeal. Culex coronator Dyar & Knab had 7/7

bloodmeals rabbit. Culex salinarius had 132/137 mammalian

bloodmeals with 2 bird and 3 reptile bloodmeals. Mammalian

bloodmeals consisted of goat - sheep (32), deer (30), rabbit

(12), horse (1), opossum (3), pig (1), raccoon (1), dog (5),

and bovine (4). Culex tarsalis had 20/26 mammalian

bloodmeals, with 6 avian bloodmeals. Mammalian bloodmeals

consisted of goat - sheep (5), bovine (4), horse (2), rabbit

(2), opossum (1), pig (1), deer - goat - bovine (6), and dog(1). Psorophora ciliata (Fabricius) had 3 mammalian

bloodmeals analyzed: goat - sheep (1) and deer -goat -bovine

(2) . Psorophora confinnis (=columbiae) had 67/72 mammalian

bloodmeals, with 5 reptile bloodmeals also. Mammalian



95

bloodmeals were goat - sheep (29), horse (19), rabbit (7),

bovine (3), deer (2), and human (1). Psorophora cvanescens

(Coquillett) had 108/114 bloodmeals mammalian, horse (69),

rabbit (13), deer (6), goat - sheep (9), human (4), opossum

(1) , and pig (2) . Psorophora ferox (Humboldt) had 1 human and

1 rabbit bloodmeal. Psorophora signipennis (Coquillett) had

horse (4), rabbit (6), pig (1), goat - sheep (1).

Hayes et al. (1973) studied host preference in Hale

County, Texas over a period of 4 years. Seven species of

mosquito were analyzed for blood meal type. Aedes vexans had

95% mammalian, 5% avian bloodmeals. Culex tarsalis had 31%

mammalian, 68% avian. Culex quinquéfasciatus had 96% avian

bloodmeal, 3% mammal. Psorophora siqnipennis and Cs. inornata

were 100% mammalian feeders. Mammalian bloodmeals for Cx.

tarsalis and Ae. vexans consisted primarily of bovine and

equine. Avian bloodmeals for Cx. tarsalis consisted of

chickens and passeriform birds.

Magnarelli (1977a) studied host feeding patterns of

Connecticut mosquitoes. Among the Aedes species, Ae.

abserratus (Felt & Young) showed a marked preference for horse

(24%), bovine (18%), and deer (17%). Other mammals included

humans (4.3%), dog (8.6%), rabbit (2.9%), cat (1.4%), mouse

(1.4%), raccoon (1.4%), sheep (4.3%), and birds (8.6%). Aedes

canadensis had a bloodmeal composition of dog (13.5%),

squirrel (13.5%), sheep (10.8%), human, bovine, horse, rabbit,

and raccoon all 5.4%, deer (2.7%), birds (8.1%), and frog
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(5.4%). Aedes cantator had bovine (32.8%), passeriform birds

(12.9%), human (10%), horse (10%), rabbit (7.9%), dog (7.1%),

sheep (7.1%), goat (1.4%), and raccoon (1.4%). Aedes cinereus

(Meigen) had bovine (18%), dog (18%), horse (12%), rabbit

(12%), mouse (12%), raccoon (6%), goat (6%), deer (6%), and

bird (1%). Aedes excrucians (Walker) had sheep and bovine

(16%), horse (20%), rabbit (12%), raccoon (4.2%), and goat

(4.2%). Aedes stimulans (Walker) had dog (36%), human

(18.2%), sguirrel (18.2%), and opossum (18.2%). Aedes

sollicitans had bloodmeals of dog (25%) , bovine and horses

(18%), rabbit (12%), sheep (12%), and human (6%). Aedes

triseriatus had bloodmeals of dog (35%), mouse (28%) , sguirrel

(14%), and raccoon (7%). Aedes vexans had bovine (41%) , horse

(16%), sheep (14%), deer (4.8%), human, rabbit, cat, and mouse

each 1.6%, and bird 3%. Culex pipiens had all avian

bloodmeals, with 69% passeriform and 25% columbiform. Culex

restuans also had 100% avian bloodmeals, with 83%

passeriforms. Culiseta melanura had 95% passeriform birds.

Culiseta morsitans had 94% passeriforms. Coguilleftidia

perturbans had human (9%), dog (14%), bovine (19%), rabbit

(9%),and raccoon (5%). Psorophora ferox had bloodmeals of

humans (25%), dogs (16%), bovine (18%), horse (15%), deer and

raccoon (6%), and passeriform birds 6%.

Wright & DeFoliart (1970) studied Wisconsin mosquitoes

and their associated vertebrate hosts. Their mosquitoes were

collected into a large cage inside which different hosts were
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placed. The counts of numbers attracted vs. number engorged

for each species showed that some animals were very attractive

but do not appear to be suitable as hosts for bloodmeals. If

a breakdown of their data by number of specimens attracted to

each host vs. percent engorged is analyzed, the following

pattern emerges. Whitetail deer fawn attracted 2362 Aedes

comprising 8 species with an engorgement rate of 65%. Two

species (Ae. trivittatus and Ae. triseriatus) did not engorge

on the deer. Raccoons attracted 5005 specimens representing

8 Aedes species, with an engorgement rate of 50%. However,

in spite of making up 20% of the total numbers attracted to

raccoon bait, Ae. stimulans and Ae. vexans only averaged 23%

engorgement.

The following pattern emerged for the 20 species

collected in the study. Each species of host was attractive

to most of the mosquitoes, but the numbers of attracted

females did not correlate with the percent engorgement for

each host and species of mosquito. If the relative size of the

animal is compared to the number attracted for the Aedes,

whitetail deer attracted Ae. sticticus (1804), Ae. vexans

(386), Ae. canadensis (111). Ae. cinereus (18), Ae. stimulans

(15), and Ae. abserratus - punctor (25). The raccoon

attracted Ae. sticticus (1887), Ae. trivittatus (1194), Ae.

vexans (800), Ae. stimulans (313), Ae. cinereus (373), Ae.

canadensis (332) , Ae. triseriatus (54), and Ae. abserratus-

punctor (102). The authors concluded that the population
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levels of mosquitoes exerted an influence on the type of host

used. They theorized that in the presence of large

populations of mosquitoes, hosts were fed upon that normally

are not used when populations are lower. Larger hosts seemed

to show a higher attack rate for the Aedes. The authors

coined the phrase host acceptability in place of host

preference. What emerged from their study was the fact that

a variety of different hosts will attract a mosquito species

into a cage, but actual engorgement rates were varied. Among

the Cx. pipiens attracted, the largest numbers were attracted

to the smallest mammals, but the highest engorgement rate

occurred on birds. This suggests that body size (warmth) is

the initial distance attractant. Body size is correlated with

body surface area. Olfaction and proper amount(volume) of

chemicals take over at close range and influence host

selection once the mosquito has been drawn to the properly

sized animal.

Tempelis (1975) expanded the categories for host ranges

of mosquitoes to 9 from the 4 proposed by Crans (1971) . These

include (1) almost entirely mammals, (2) entirely birds, (3)

both birds and mammals, (4) exclusively amphibian, (5)

predominantly reptiles but occasionally warm-blooded, (6)

entirely on fish (Ur. lateralis) , (7) cold and warm-blooded

animals, (8) birds in spring, mammals in summer and fall, and

(9) exclusively mammals in 1 area, birds in another. Tempelis

(1975) recorded feeding preferences for various species of
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mosquito to illustrate each of the above categories. Among

Florida species he compared An. crucians which Edman (1971)

stated used rabbit as the primary host, but which Schaefer &

Steelman (1969) reported using cattle as the primary host in

Louisiana. Anopheles quadrimaculatus was reported as

preferring bovines in Louisiana and ruminants in Florida.

Tempelis (loc. cit.) reported domestic mammals (cattle in

Illinois, horses in Minnesota) for An. punctipennis. He stated

that little doubt exists about hosts preferred by Anopheles

being dependent upon the availability of certain mammals.

Culex tarsalis was again noted for its spring bird feeding and

shift to mammals in mid-July lasting until the end of the

summer. He also noted that as with Cx. tarsalis. the seasonal

shift reported in Cx. nigripalpus could not be attributed to

changes in host availability and behavior. Culex pipiens and

pipiens quinquefasciatus are reported by Tempelis to differ

in feeding preference. Culex pipiens prefers birds

exclusively, while pipiens quinquefasciatus feeds readily on

birds and mammals. Among the other Culex species Tempelis

(1975) reported the following as avian feeders: Cx. restuans.

Cx. erraticus. Cx. peus. and Cx. thriambus Dyar.

Culex salinarius from Louisiana were found to feed on

mammals 99% of the time, primarily cattle (Schaefer &

Steelman, 1969) . This same species in Texas was found to have

fed entirely on mammals, but in Minnesota was found to be

principally a feeder on passeriform birds (Tempelis, 1975).
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In New Jersey Cx. territans had 88% amphibian bloodmeals

(Crans, 1970). California specimens of Cx. apicalis Adams fed

on reptiles in one area and passeriform birds in another.

Culex ervthrothorax from 3 western states showed 3

different feeding patterns; birds in Utah, mammals in the San

Joaquin valley, and equally birds and mammals in southeastern

California (Tempelis, 1970; Gunstream et al., 1971).

Aedes aeqypti fed on man in Hawaii 53% of the time and

83% in Florida (Tempelis, 1970). Domestic mammals were also

used as hosts, and feeding by Ae. aeqypti on birds is rare

under most circumstances. In Africa a wide range of hosts was

reported for this species, with man the primary host but

including also bovine and rodents. Twenty five percent of

specimens collected in one village had fed on reptiles

(McClelland & Weitz, 1963). Aedes albopictus feeds on domestic

mammals and man as well, with a much lower percentage feeding

on birds.

Aedes vexans is a pest of large domestic mammals and man

(Horsfall et al., 1973; Takahashi et al., 1971). In Canada,

however, Ae. vexans were attracted to and fed on chicken-

baited traps (Shemanchuk,1969).

Burkot & DeFoliart (1982) analysed bloodmeal sources in

Ae. triseriatus and Ae. vexans in southern Wisconsin. Deer

made up 65% of bloodmeals for Ae. triseriatus and 95% of

bloodmeals for Ae. vexans. Of 196 bloodmeals identified from

Ae. triseriatus 127 were deer, 2 dog, 2 raccoon, 5 human, 5
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rabbit, 15 chipmunk, 32 gray squirrel, 2 woodchuck

(grounghog) , 4 mouse, 2 bird, and 1 reptile/amphibian.

However, approximately 45% of the bloodmeals tested for these

two species were not reactive to the antisera used.

Bertsch and Norment (1983) studied host-feeding patterns

of Cx. guincruefasciatus in Mississippi. They observed a

preference for avian bloodmeals, but with a marked decrease

of bird feeding during the warmer months. Of the mammal

hosts, equine and bovine were preferred, with June, July, and

August being the months of highest mammalian feeding activity.

Rabbit-feeding was greatest at the end of the large-mammal-

feeding period, reaching its highest level in September. No

data were collected for the period October -February. Chicken

bloodmeals were the highest during the same months as larger

mammals, with the highest percentage occurring in the fall.

Passeriform bird bloodmeals were taken in highest numbers in

late fall.

Nasci (1982b) studied hosts for Ae. triseriatus and Ae.

hendersoni in Indiana. He found that Ae. triseriatus fed

predominantly on chipmunk and deer. Aedes hendersoni fed

mainly on tree squirrels and raccoon. Nasci (1984) also

studied Ae. vexans and Ae. trivittatus (Coquillett) feeding

patterns in Indiana. Aedes vexans preferred large mammals

(deer, cow, and horse), with lesser attraction to dog, rabbit,

humans, pig, and goat. Aedes trivittatus preferred dog,

rabbit, and cat at one site; horse, deer, and raccoon at
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another, and deer and raccoon at a third site. These host

preferences varied over such a short distance that Nasci floe,

cit.) suggested that the variation in feeding was in response

to environmental factors such as differences in host density

and weather factors. Fluctuating host densities appeared to

be the cause of daily variation in bloodfeeding. He also

stated that while Ae. vexans appeared to be an opportunistic

feeder on available large mammals, the opportunistic feeding

did not appear to include feeding on other types of hosts such

as smaller mammals and birds. In discussing these

discrepancies and differences between the two species, Nasci

suggested that the possibility exists that Ae. vexans and Ae.

trivittatus search for hosts in different habitats, or that

they respond to different images, or that they have different

thresholds to C02 sensitivity. This concept of host image and

C02 sensitivity is the concept that will be developed in the

later chapters here. Nasci (1984) is the first reference

encountered that has tried to use a combination of host image

and C02 sensitivity of the mosguito to explain host

preference. All that is lacking here is the mechanism behind

the different sensitivity capability of mosguitoes and the

relationship between host image and C02 levels. A hypothesis
for this relationship is presented and analyzed later.

In a series of papers (Edman, 1971, 1972, 1974, 1979b;

Edman & Haeger, 1977) the feeding preferences for Florida

mosguitoes were examined. The genus Wyeomyia contains 3
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species in Florida. Of these, Wy. mitchelli (Theobald) and

Wv. vanduzeei (Dyar & Knab) were found to prefer rabbits.

These two species occur in the southern half of peninsular

Florida and oviposit in bromeliads. The third species (Wv.

havnei Dodge) oviposits in the pitcher plant Sarracenia

purpurea L. that grows in bogs in north-west Florida all the

way north to the New England states. This species is totally

autogenous in the north portion of its range, but will take

bloodmeals in the southern portion of its range.

Bloodmeals for the anautogenous species of Wveomyia

included raccoon, armadillo, ruminants (possibly also deer),

and birds. These species are daytime biters.

Culex (Melanoconion) were discussed by Edman (1979b).

The species Cx. erraticus and Cx. iolambdis Dyar fed primarily

on the Ciconiiformes (herons, storks, & egrets), Cx. peccator

Dyar & Knab and Cx. pilosus fed primarily on reptiles. Culex

opisthopus Komp fed primarily on small mammals, especially

rodents. A further breakdown of bloodmeals from Cx. erraticus

revealed 80% bird (Ciconiiformes), 19% mammal (including

rabbit, ruminant, raccoon, opossum, armadillo, & rodent), and

2 reptiles (turtle and snake). Culex pilosus had 28% mammal

(rabbit, ruminant, & raccoon) and 71% reptile and amphibians

(mostly snakes and lizards). Culex peccator had 36% birds,

57% snakes, and 7% mammals.

Edman (1974) looked at host-feeding in Culex and

Neoculex. Culex territans was identified as a cold-blooded
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animal feeder. Culex pjpiens guinguefasciatus was a general

feeder on domestic birds and mammals, as well as passerine

birds. Culex salinarius was a general feeder, but fed

primarily on mammals in certain habitats. Culex nigripalpus

had a wide variety of hosts including cattle, rabbits,

ciconiiform, passerine, and galliform birds. As discussed

earlier, Cx. nigripalpus shows a seasonal host shift. Edman

(1974) discussed the possibility of 2 distinct seasonally

adapted biotypes within Cx. nigripalpus. each having a

different host preference and season of abundance. No direct

differences were seen between feeding habits of Cx.

nigripalpus when they were offered marsh rabbits and cockerels

(birds) as hosts.

Other Florida genera (Aedes, Psorophora. Anopheles,

Coguillettidia. and Mansonia were compared for host preference

(Edman, 1971). As noted from the the many earlier papers,

discrepancies between host availability and host preference

were noted. Some species of common mammals were rarely used,

while other mammals were at times fed on disproportionately

to their numbers. Despite absences of certain hosts within

a radius of up to 5 km, these hosts were found in blood meal

analyses, indicating at least a 5 km radius of host seeking

by some mosguitoes, despite the apparent abundance of a

variety of other hosts. The only mosquito species collected

at all study areas was Ps. confinnis ( = columbiae). In area

1 Ps. confinnis showed a preference of rabbits to ruminants



105

in a 2:1 ratio; in area 2 the ratio was 54% ruminants, 45%

rabbits and armadillos; and in area 3, 27% ruminants, 69%

rabbits and armadillos. Several other species had feeding

patterns which appeared aberrant with respect to mammalian

abundance. Psorophora howardii. An. crucians. and Ae.

sollicitans showed disproportionately greater feeding on

rabbits, while Mansonia titillans and Ps. ciliata showed

minimal feeding on this host. Similarly, Ae. atlanticus. Ae.

infirmatus. and especially Ae. fulvus pallens fed on

armadillos more frequently than any other species. Aedes

vexans and Ps. howardii rarely engorged on armadillos.

Edman (loc. cit.) noted that many mammals, though

abundant in study areas, were seldom fed upon by mosquito

species. He proposed 3 reasons they were inaccessible; (1)

defensive anti-mosquito behavior (2) physical location

(burrows, trees) made them unavailable and (3) the least

likely possibility. that they were unattractive to the

mosquitoes.

Irby and Apperson (1988) analyzed the bloodmeals from 24

species of North Carolina mosquitoes. Notable among these

were Ps. ferox which fed mostly on mammals, of which 81% were

deer. Aedes atlanticus had 50% deer, Cx. salinarius had 83%

dog/fox, Ae. fulvus pallens had 7 dog/fox, 3 deer, and 2

rabbit, Ae. hendersoni had 13/13 mammal bloodmeals of rabbit,

Ae. triseriatus had 10 rabbit, 5 dog/fox, and 3 deer, and all

bloodmeals of Ae. dupreei (Coquillett) were passerine birds.
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Host Preference In Culiseta melanura & Cs. inornata

Culiseta inornata is apparently a winter immigrant into

central Florida, arriving soon after the first few nights of

freezing temperatures. No records exist for this species

occurring in Florida during summer and fall. During warm

winters this species may be totally absent locally. The few

records of host feeding indicate a preference for large

mammals in Florida (Edman et al., 1972). Culiseta melanura

by all accounts is predominantly an avian feeder. Florida

feeding records (Edman et al., loc. cit.) showed 98% avian

bloodmeals, primarily passeriform, but also including

ciconiiform. Other records include ruminant, rabbit, rodent,

snake, and lizard.

Nasci & Edman (1981a) analysed bloodmeals for Cs.

melanura in Massachusetts. Again, 98% bloodmeals were avian,

predominantly passeriform. Non avian bloodmeals included dog,

rabbit, cat, snake, reptiles, and amphibians. The first

report of man being bitten by Cs. melanura was by Hayes and

Doane (1958). Schroeber (1964) reported man as a host in New

York. Moussa et al. (1966) reported a high percent of mammal

blood meals in Maryland in the fall for Cs. melanura. All

reported human bloodmeals have been in September.

Perhaps the most comprehensive study of Cs. melanura was

that of Joseph & Bickley (1969). Their study took place in

Maryland. During the years of their study overall bloodmeal

for this species were largely avian. However, exceptions were
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noted. Single host records were obtained for man and a horse.

They reported a collection station where 60% of the specimens

were bird-fed, but 39% were also mammalian (including dogs

and cats). Precipitin data by their own account showed a

lower percentage of bird-feeding in September. The authors

noted a slight seasonal shift in feeding habits, with a

decrease in birdfeeding from May to July, reaching a seasonal

low in September.

Discussion

From all of the above discussion numerous discrepancies

emerge regarding species host preferences. Seemingly,

depending on geography and seasonality, host preference may

be totally different. What also emerges is the suggestion

that host availability is probably not the single most

important factor in defining host preference. In the

following chapters I will examine the type of host, the

morphology of the host detection structures, and the gaseous

discharges from various hosts to see if a pattern emerges.

From these data some predictions should be possible regarding

host preference, species of mosguito, and attractants to be

used in traps.



CHAPTER 5

MORPHOLOGY OF SENSORY STRUCTURES

Introduction

Bloodmeal-taking and apparent host preference are the

end result of a series of events that begins with host-

detection, leads to host-location, host-selection, and finally

host-feeding. Distance attractants are most likely thermal

(radiant energy) and possibly olfactory. At close range

olfaction is most likely the process that determines the

suitability of a host. The known locations of sensory

structures used in host seeking occur on the antennae and

palpi. Receptors for other than host olfaction (tactile,

thermal, and chemical) may be located on the legs, proboscis,

and abdomen. As far as is known, all distance chemoreceptors

occur on the antennae and palpi of adult mosquitoes. Males

have the same type of sensory structures as the female,

although fewer in number (Mclver, 1982).

The types of sensory structures are similar between

species of mosquitoes. Anopheles are unique in their

coeloconic sensilla on antennal segments (Fig. 5.1). The non¬

bloodfeeding Toxorhynchites lacks several of the structures

associated with host seeking. Of the species examined by me,

only the number and location of sensory structures varied

108
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between species. No unusual type of structure was unique to

any species examined by me. What did emerge was a pattern of

palpal and antennal configuration more or less unique to each

species. This interspecific variation in the arrangement of

common structures suggested a correlation with host preference

and morphology.

Taxonomic use of sensory structures in mosquitoes has

been limited to Anopheles (Ismail, 1962; 1964; Ismail &

Hammond, 1968). Palpal differences are seldom used in North

American mosquito taxonomy. The most extensive use of palpal

morphology was seen in the treatment of the mosquito fauna of

Japan and Korea (Tanaka et al., 1979). Here is to be found

the first major use of palpal morphology for taxonomic

separation of species. To better understand palpal structure

the reader is referred to the Taxonomist's Glossary of

Mosquito Anatomy (Harbach & Knight, 1980). The following

discussion of palpi and their application to taxonomy is taken

from Tanaka et al. (loc. cit.). The palpus in mosquitoes may

consist of 1 to 5 segments. Segment 1 is considered to be

part of the stipes and usually has no setae or scales. Many

setae are present on the apparent segment 2 , except among some

species of Culex. Males generally have 5-segmented palpi.

Females may appear to have 4 to 5 segments, depending on the

presence or absence of a minute apical segment. However, the

true number of segments is 3 to 4. The third segment is

always the longest, with the 4th minute or lacking. Within
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the Culicini female palpi are 3-4 segmented. Male palpi are

extremely variable.

Within the genus Culiseta palpal segment 4 is present in

the form of a small papilliform knob. The genus Orthopodomyia

has a long palpus, with segment 4 frequently present and

scaled. Adults do not bite man, but are attracted to and bite

chickens. The feeding habits of this genus are undocumented

in North America, although the species are believed to be

canopy bird feeders. Mansonia and Coquillettidia also have

palpal segment 4, as either a small knob or a conical

projection. Culex (sensu latu) generally lacks a segment 4

on female palpi. I have not observed any segment 4 on Florida

Culex. Within the Japanese fauna, Cx. tritaeniorhvnchus Giles

is the known vector of Japanese Encephalitis virus. Females

of this species are severe man-biters, but also feed on

livestock and birds, and occasionally on reptiles. Among the

subgenus Neoculex are species which do not bite man, just as

in the North American fauna.

Segment 4 is frequently present among Aedes. Aedes

esoensis Yamada was reported as an aggressive biter of man

(Hattori, 1958), but other authors (Kamimura, 1976) claimed

it does not bite man.

Within the Uranotaeniini the palpus is unsegmented, with

the male's palpus resembling the female's. Females are

attracted to light traps, and adults are common in shrubbery

along streams. In North America the genus Uranotaenia is
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believed to be exclusively a cold-blooded host feeder (King

et al., 1960).

Within the Sabethini the palpus is from 1 to 3 segments.

This tribe contains the bizarre genus Malaya which obtains its

food from ants. This mosquito has modified mouthparts that

enable it to take food directly from the mouths of

Crematogaster ants. Within Florida this tribe contains the

single genus Wveomvia.

The Florida genera Psorophora and Deinocerites do not

occur in Japan and Korea. The shape and descriptions of the

palpal morphology of the genera of female mosquitoes from

these two regions (southeast Asia and North America) are

virtually identical.

Even though the proboscis is involved in actual feeding,

I will be concerned here with factors influencing detection

of the host. Friend & Smith (1977) reviewed factors affecting

actual feeding once the host has been located. The reader

should consult this article for further information. They

concluded that 3 factors (temperature, olfactory, and visual

signals) are involved in detecting and locating a host.

The location of thermal and olfactory receptors on

insects has been studied by many people. Insects other than

mosquitoes that have been studied are Hemiptera: Reduviidae

(Mclver & Siemicki, 1984a, 1985); Cimicidae (Steinbrecht &

Muller, 1976); Coleóptera: Chrysomelidae (Rees, 1969);

Scolytidae (Moeck, 1969); Orthoptera: Blattidae (Tominaga &
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Yokohari, 1982; Yokohari, 1978, 1981); Díptera:

Ceratopogonidae (Chu-Wang et al., 1975; Rowley & Cornford,

1972; Jobling, 1928); Simuliidae (Mercer & Mclver, 1973;

Sutcliffe et al., 1987); and Hyxnenoptera: Apidae (Yokohari et

al., 1982; Yokohari, 1983).

Slifer (1970) reviewed the structure of arthropod

chemoreceptors. She stated that insect chemoreceptors are

composed of 3 types of parts; cuticular parts, sensory

neurons, and sheath cells. The cuticular parts were

classified into thick walled and thin walled chemoreceptors.

Thickwalled chemoreceptors take the form of hairs, pegs, or

papillae. Aedes aeqypti was reported as having no thick

walled chemoreceptors on the antennae, but with some on the

tarsi. These are considered contact chemoreceptors (Slifer,

loc. cit.). Thin walled chemoreceptors are abundant on the

antennae of insects, including mosguitoes. These may take the

form of hairs, pegs, or plates. Thin walled chemoreceptors

may be separated from thick walled chemoreceptors by their

difference in uptake of crystal violet stain (Slifer, loc.

cit.) . Grooved pegs are found on the antennae of Ae. aegypti.

Zacharuk (1980) described the ultrastructure and function of

chemosensilla, concluding that the effectiveness of "stimulus

trapping" was related in part to the number and distribution

of chemosensilla. Altner & Prillinger (1980) presented a

broad overview and discussion of chemo-, hygro-, and

thermoreceptors of invertebrates. Steward & Atwood (1963)
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detailed the sense organs of antennae of adult male and female

mosquitoes. They found 7 types of setae on the antennae.

Differences were found in numbers and location of sensilla

between the sexes. Also, Anopheles were determined to have

a unique type of sensillum, termed sensillum coeloconicum,

occurring on both female and male antennae (Fig. 5.1) . Ismail

& Hammond (1968) used the number of sensilla coeloconica on

antennal segments to separate members of the Anopheles qambiae

Giles complex. Additional studies on mosquito antennae

include the following: Boo, 1980a, 1980b; Boo & Mclver,

1975, 1976; Mclver, 1969, 1970, 1971, 1973; Mclver &

Hutchinson, 1972; Ismail, 1964; and Lacher, 1969.

Both antennae and palpi are used in host seeking. Roth

(1951) demonstrated by removal of various combinations of

antennae and/or palpi (Ae. aeqypti and An. quadrimaculatus) that

eyes were not necessary for host location, that females with

partially removed antennae were capable of locating a host and

feeding, that females with totally removed antennae remained

quiescent but would feed when placed upon a host, that females

lacking terminal palpal segments were attracted to and fed

upon a host, that removal of antennae and palpi eliminated

probing, and that removal of antennae destroyed thermal

attraction. The conclusion of this study was that antennae

possess sense organs which receive host stimuli from a

distance, that antennae function as directional distance

thermoreceptors, and that antennae and palpi are the chief
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organs used to locate a host. He also determined that unlike

Ae. aegypti. An. quadrimaculatus may use its hind legs as

sense organs near the host. This work was carried out in a

small cage, so the results must be considered carefully.

However, additional work by several authors supported many of

Roth's conclusions. Studies on the function and morphology

of mosguito palpi include the following; Chaika (1977), Omer

& Gillies (1971), Kellogg (1970), Mclver (1971, 1972),

Mclver & Hudson (1972), and Mclver & Siemicki (1984b).

In an extensive review article, Mclver (1982) summarized

information pertaining to sensilla on mosquitoes. She stated

that the palpi were sites of mechano- and olfactory

perception. Experimental studies have demonstrated that C02

concentrations are in fact detected by the palpi. Antennae

possess 5 types of sensilla: sensilla chaetica, sensilla

trichodea, grooved pegs, small sensilla coeloconica, and

sensilla ampullacea. The large conspicuous sensilla

coeloconica (Fig. 5.1), are lacking in culicines and

toxorhynchitines. Sensilla chaetica are probably

mechanosensilla (Fig. 5.2). Small sensilla coeloconica

(culicine mosquitoes) are located at the tips of antennae of

both sexes and are probably heat sensitive (Fig. 5.3). These

have been demonstrated electrophysiologically (Davis &

Sokolove, 1975) to consist of warm sensitive and cold

sensitive receptors, able to detect temperature differences

as small as 0.2 degrees centigrade. Sensilla ampullacea are
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also suspected to be heat sensitive, but this has yet to be

confirmed. Large sensilla coeloconica in Anopheles are

probably olfactory. Grooved pegs (Fig. 5.4) are chemically

sensitive, having responded to ammonia and fatty acids.

Lactic acid and C02 did not appear to stimulate grooved pegs.

Sensilla trichodea (Fig. 5.5) are olfactory, and occur in two

shapes. Long pointed trichodea (Fig. 5.5) are excited by

fatty acids, especially long chain fatty acids. Blunt tipped

trichodea (Fig. 5.5) respond to chemicals known to be used in

location of oviposition sites. No response occurred in blunt

trichodea to host related stimuli and repellents. The blunt-

tipped trichodea in male Ae. aegypti are sensitive to

oviposition attractants, but also to floral and other plant

derivatives (geraniol and amyl acetate). In female Ae.

aegypti plant related odors are detected by long-pointed

trichodea (Lacher, 1969).

Mclver (1982) listed 5 types of stimuli used to locate

hosts; vision, water vapor, heat, C02, and body odor. Carbon
dioxide detection is accomplished by capitate pegs on the

inner surface of the palpi (Fig. 5.6). The number of palpal

and antennal sensory structures varies between species as well

as between sexes of the same species. Mclver (loc. cit.)

summarized the number of palpal and antennal sensory sensilla

for 34 species of mosquitoes. In all species studied males

had fewer palpal pegs than females, and no two species had the

same number. Despite the variation in number



Fig. 5.1. Coeloconic sensilla on antennal segments of
Anopheles punctipennis adult female from Lake Butler, Florida.
Phase contrast microscopy (300X). Cs = coeloconic sensillum.



 



Fig. 5.2. Antennal segments of adult
quinquefasciatus from Lake Butler, Florida,
microscopy (300X). Sc = sensillum chaeticum.

female Culex
Phase contrast
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Fig. 5.3. Scanning electron micrograph of antennal tip of
adult female Culiseta melanura. Line = 5 microns. Arrow
indicates the location of heat sensitive small sensilla
coeloconica.



 



Fig. 5.4. Scanning electron micrograph of grooved antennal
pegs on antennae of adult Culiseta melanura. This structure
is believed to be the site of detection of lactic acid. Line
= 5 microns.



123



Fig. 5.5. Scanning electron micrograph of antennal segment
of adult female Culiseta melanura. Line = 5 microns. Lp =
long pointed trichodea; Bp = blunt pointed sensilla trichodea;
Gp = grooved peg.
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Fig. 5.6. Scanning electron micrograph of inner surface of
palpus of adult female Culiseta melanura showing capitate pegs
known to be the site of C02 detection. Cp = capitate peg.
Line = 50 microns.
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Mclver was unable to associate sensory structure numbers with

host preference. The variation in these numbers was not

discussed in any detail, nor were the possible evolutionary

consequences of varied host detection capabilities

mentioned.

Methods and Materials

Species variation in palpal morphology was studied from

field-collected female mosquitoes. Specimens were collected

alive in the field, brought back to the lab, and decapitated.

The entire head with mouthparts were placed into a drop of

Euparol mounting medium, covered with coverslip, and placed

on a slide warmer for 24 hours. Compression of the head

capsule obscured mouthparts, so eyes and proboscis were teased

away from the antennae and palpi with insect pins. Slides

were ready for examination approximately 1 day after mounting.

Slides were photographed on a Zeiss Photomicroscope II.

Measurements and counts were taken from slides and compared

with photographic enlargements of the slides. For

calculations of the surface area of palpi, measurements were

taken directly from photographs. This was done to standardize

measurement error that may be caused by the orientation of the

slide.

Results

Even though all host-seeking females appear to have the

same types of sensory structures on their antennae and palpi,

the shapes of these supporting structures vary between
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species. Within a genus several species may appear very

similar, other quite different. If the 2 species of Culiseta

that occur in Florida are compared, their palpal shapes are

quite different (Figs. 5.7 vs. Fig. 5.8). If , however, we

compare Culiseta melanura (Fig. 5.7) and Orthopodomyia

signífera (Fig. 5.9) much similarity is evident. Culiseta

melanura is known to be an avian feeder, but the preferred

hosts for Orthopodomy ia are only suspected to be avian.

Comparisons of their mouthparts would suggest similar host

types. Both species have long palpi, with segment 3 by far

the longest and with an obvious knob (segment 4) at the apex

of each palp. If species of Culex are compared, the most

obvious difference from the above 2 genera is the lack of an

apical knob on the palpi in all Florida Culex. However, among

the species that are believed to prefer birds for at least

part of the year (Cx. restuans (Fig. 5.10), Cx. salinarius

(Fig. 5.11 & Fig. 5.12), Cx. quinqué fascia tus (Fig. 5.13 &

Fig. 5.14), and Cx. nigripalpus (Fig. 5.15 & Fig. 5.16), two

different palpal morphs are evident. Specimens of Cx.

quinquéfasciatus and Cx. salinarius occur with longer palpi

(Fig. 5.13 & Fig. 5.11). Individuals with dramatically

shorter palpi (Fig. 5.14 & Fig. 5.12) also occur. Culex

tarsalis has palpal shape shown in Fig. 5.17. Within Aedes

many species have a well defined palpal knob and fairly long

segment 3. Representative species are illustrated in Figures

5.18 to Fig. 5.28. Psorophora ciliata is a species that
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approaches the size of Toxorhvnchites. Despite its large size

and long palpi, the C02 receptors are clustered onto a small

area near the apex of segment 3 (Fig. 5.29). Psorophora ferox

was first seen to have palpal shape of Fig. 5.30, but

additional specimens showed a wide range of overall shapes

(Figs. 5.31 & 5.32). The effect of this variation was felt

to somehow be connected with host preference. The search for

the source of this variation led to the experiment presented

in the next chapter.

Uranotaenia sapphirina is primarily a frog feeder. Its

palpal configuration (Fig. 5.33 ) consists of a single segment

with very few hairs but larger setae and approximately 20 C02

capitate pegs per palp.

Having examined the variation that exists within palpal

size and shape, I question the impact this variation has on

the mosquito's ability to detect and locate a host. Since

temperature (larval rearing) appeared to be one factor

contributing to the variation in cuticular hydrocarbon

profiles, I decided to investigate whether or not larval

temperature affected the size and number of sensory structures

on the palpi of adult female mosquitoes. This is presented

in the following chapter.



Fig. 5.7. Palpi of adult female Culiseta melanura from Lake
Butler, Florida, January, 1989. Phase contrast microscope,
3 00X.
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Fig. 5.8. Palpus of adult female Culiseta inornata from
Gainesville, Florida, January, 1989. Phase contrast
microscope, 300X.
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Fig. 5.9. Palpus of adult female Orthopodomyia
from Gainesville, Florida, March, 1988. Phase
microscope, 300X.

signífera
contrast
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Fig. 5.10. Palpi of adult female Culex restuans from Lake
Butler, Florida, January, 1989. Phase contrast microscope,
3 00X.



 



Fig. 5.11.
salinarius.
microscope,

Palpi of larger winter form of adult female Culex
Lake Butler, Florida, March, 1988. Phase contrast
3 00X.
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Fig. 5.12. Palpi of small summer form of adult female Culex
salinarius. Lake Butler, Florida, August, 1988. Phase
contrast microscope, 300X.



 



Fig. 5.13. Palpi of larger winter form of adult female Culex
quinquefasciatus. Lake Butler, Florida, January, 1989. Phase
contrast microscope, 300X.
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Fig. 5.14. Palpi of small summer form of adult female Culex
quinquefasciatus. Lake Butler, Florida, August, 1988. Phase
contrast microscope, 300X.
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Fig. 5.15. Palpi of larger winter form of adult female Culex
niqripalpus. Lake Butler, Florida, December, 1988. Phase
contrast microscope, 300X.
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Fig. 5.16. Palpi of small summer form of adult female Culex
niqripalpus. Lake Butler, Florida, August, 1988. Phase
contrast microscope, 300X.



150



Fig. 5.17. Palpi of adult female Culex tarsalis
US DA, IAMAL, Gainesville, Florida. Phase contrast
3 00X.

, colony at
microscope,
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Fig. 5.18. Palpi of adult female Aedes vexans. Lake Butler,
Florida, March, 1988. Phase contrast microscope, 300X.
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Fig. 5.19. Palpi of adult female Aedes triseriatus, Lake
Butler, Florida, March, 1988. Phase contrast microscope,
300x.
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Fig. 5.20. Palpi of adult female Aedes sticticus
Gainesville, Florida, San Felasco Hammock, March, 1988
Specimen collected biting a horse. Phase contrast microscope
3 00X.



 



Fig. 5.22. Palpi of adult female Aedes atlanticus. Lake
Butler, Florida, March, 1988. Phase contrast microscope,
3 00X.



 



Fig. 5.21. Palpi of adult female Aedes infirmatus. Lake
Butler, Florida, March, 1988. Phase contrast microscope, 300X.
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Fig. 5.23. Palpi of adult female Aedes mitchellae. Lake
Butler, Florida, March, 1988. Phase contrast microscope,
3 00X.



 



Fig. 5.24. Palpi of adult female Aedes canadensis. Lake
Butler, Florida, March, 1988. Phase contrast microscope,
3 00X.
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Fig. 5.25. Palpus of adult female Aedes sollicitans. pupa
collected 9 miles south of Steinhatchee, Florida, December,
1988. Phase contrast microscope, 300X.



 



Fig. 5.26. Palpi of adult female Aedes taeniorhynchus. colony
USDA, IAMAL, Gainesville, Florida. Phase contrast microscope,
3 00X.
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Fig. 5.27. Palpi of adult female Aedes albopictus. colony
US DA, IAMAL, Gainesville, Florida. Phase contrast microscope,
3 00X.
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Fig. 5.28. Palpi of adult female Aedes aegypti, Gainesville,
Florida. Phase contrast microscope, 300X.
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Fig. 5.29. Apex of palp of adult female Psorophora ciliata,
Lake Butler, Florida, July, 1988. Phase contrast microscope,
300X.
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Fig. 5.30. Palpi of adult female Psorophora ferox
Gainesville, Florida, March, 1988. Collected biting a horse
Phase contrast microscope, 300X.



 



Fig. 5.31. Palpi of adult female Psorophora ferox, Lake
Butler, Florida, March, 1988. Phase contrast microscope,
3 00X.



 



Fig. 5.32. Palpi of adult female Psorophora ferox
Gainesville, Florida, March, 1988. Phase contrast microscope
300X.
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Fig. 5.33. Palpi of adult female Uranotaenia sapphirina, Lake
Butler, Florida, December, 1988. Collected in CDC light trap.
Phase contrast microscope, 300X.
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CHAPTER 6
LARVAL REARING TEMPERATURE AND ITS EFFECT ON ADULT MOSQUITO

MORPHOLOGY, ESPECIALLY PALPAL OLFACTORY STRUCTURES

Introduction

Maxillary palpi of adult mosquitoes are the sites of many

olfactory receptors that are involved in host detection.

Recent investigations (Mclver, 1982) have determined that a

major activator of host-seeking and host-location is the

concentration of C02 given off by an organism. The structures

responsible for this detection are capitate pegs (Fig. 6.1)

located on at least the subapical segment of the maxillary

palpi of most adult female (and some male) mosquitoes.

Kellogg (1970) determined that each capitate peg is innervated

by 3 neurons, with just 1 being C02 sensitive. These pegs are

porous (Fig. 6.2), and arranged in ill-defined rows along the

inner surface of each palp. Dorsally the palpi are covered

with scales (Fig. 6.3) that occupy the surface that capitate

pegs might otherwise use. Each palp may consist of up to 5

well defined segments (Anopheles) , but usually only 3 or 4

segments are present. The genus Uranotaenia has a single

palpal segment (Fig. 5.33). Some genera contain species that

have well defined apical palpal knobs, while other species

within the same genus seem to lack these knobs. Within the

genus Anopheles capitate pegs are found on palpal segments 3

185
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and 4 (Fig. 6.4). Among the genera with 4 palpal segments the

capitate pegs are only found on segment 3. This includes

those species that have an apical knob which is considered to

be segment 4. Those genera without apical knobs have the

capitate pegs restricted to the apical or segment 3. With the

exception of Anopheles all other genera have the C02 receptors

located on a single segment. These pegs are not uniformly

distributed over the entire surface of the palpal segment on

which they occur, occupying the inner 1/2 of the palpal

surface, with numbers decreasing as you get further away from

the apex of the palp. Some species have all capitate pegs

concentrated in a small area near the apex. This is seen in

Psorophora ciliata (Fig. 5.29). Others have capitate pegs

fairly uniformly scattered over the entire inner surface as

seen in Cx. tarsalis (Fig. 5.17) . The capitate pegs are known

to be sensitive to C02, n-heptane, acetone, and amyl acetate

(Kellogg, loc. cit.). Sensitivity of the capitate pegs is

such that an increase of only 0.01% C02 concentration may be

detectable. This response is approximately logarithmic from

a concentration of 0.01% C02 to a saturation level of 0.05 to
0.5%. Concentration levels of 10% elicit little additional

response. Carbon dioxide acts as either an attractant or a

repellent, depending on the species of mosquito. However,

since the biological range of C02 concentrations within animal

species is between 3% and 5%, it is not surprising that levels

as high as 10% elicit little additional response.
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Fig. 6.1. Scanning electron micrograph of capitate pegs on
palpi of adult female Culiseta melanura. Pg = capitate peg.
Line = 5 microns.
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Fig. 6.2. Scanning electron micrograph of capitate pegs
showing porous surface. Adult female Culiseta melanura. Line
= 5 microns.
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Fig. 6.3. Scanning electron micrograph of dorsal surface of
palpi of adult female Culiseta melanura showing covering of
scales and the position of palpi at rest. Line = 50 microns.
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Fig. 6.4. Phase contrast microscope (300X) of the palpi of
Anopheles guadrimaculatus. adult female, showing location of
capitate pegs. Cp = capitate pegs.
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This alone is a strong argument to rethink our concept

of what C02 concentrations are really being used in our traps.

In reality the concentration at the source approaches 100%

C02, far removed from the biological realm. A likely

consequence of this is that most mosquitoes are following the

diluted C02 plume to the vicinity of the trap, but never

actually getting close enough to be collected. Personal

observations of the palpal morphology of field-collected

material have revealed a wide variation in palpal

segmentation, size, and olfactory structure configuration.

Mclver (1982) reported that the number of capitate pegs on the

maxillary palps ranged in females from 36 per mosquito

(Uranotaenia lateralis) to 204 (Culex torrentium Martini) .

In males the range was 16 (Aedes communis DeGeer) to 56

(Culiseta bergrothi (Edwards)).

Many studies have been conducted involving the

relationship between rearing temperature and resulting adult

size in insects (Akey et al., 1978; Barnes, 1976; Bock &

Milby, 1981; Haramis, 1985; ). Increase in body size has

generally resulted in increased fecundity and parity (Haramis,

1983; Nasci, 1986a; LePrince & Jolicoeur, 1986). Nasci

(1986b) found that small Ae. aegypti females exhibited reduced

blood-feeding success and most likely reduced survival when

compared with larger adults. He also found that nulliparous

host seeking females were significantly smaller than parous

host-seeking females.
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This investigation was initiated to determine the effect

of larval rearing temperature on the resulting adult female

population as measured by 2 guantitative factors, body size

and number of capitate pegs, and 1 gualitative factor, the

presence or absence of an apical palpal knob.

If the surface area of the palpi is taken into

consideration when analyzing host detection, then the larger

the surface area the greater volume of air that would be

sampled at any one time. If, however, a decrease in body size

is also accompanied by a decrease in surface area as well as

a decrease in number of structures, then logically the ability

to sample air volume will have been diminished by some factor

involving number of structures and surface area. Therefore,

larvae of Ae. aegypti and Cs. melanura were reared at 20"C and

34°C and compared for surface area of palpi.

Methods and Materials

For the 3 different temperatures the source of mosquitoes

was a colony strain of Ae. aegypti maintained at the USDA,

Insects Affecting Man and Animals Laboratory, Gainesville,

Florida. Eggs from this colony were hatched at room

temperature (27°C). Equal numbers (100) of newly hatched

larvae (<2 hours old) were placed in enamel pans with 500 ml

of water. Food was supplied in excess to eliminate nutrition

as a factor. Larvae were reared to pupation at 20°C, 27°C,

and 34°C. Daylight/dark was 12 hr/12hr. Adults that emerged

were decapitated and mouthparts were placed on slides with
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Euparol for slide mountant. Both wings of each individual

female were mounted on the same slide with the mouthparts.

Mouthparts were examined with phase contrast microscopy. Wing

measurements were made with an ocular micrometer at 10X

magnification. Units for the wing length measurements are

micrometer units and have not been converted to any particular

unit of measurement. These rearing combinations were

replicated 4 times. A subsample from 1 trial was randomly

collected, scored, and analyzed for statistical differences.

Both the number of olfactory capitate pegs and wing length of

adult females were analyzed (1 way ANOVA; SAS Proc. GLM). The

counting of the capitate pegs was extremely difficult due to

the three dimension shape of the palpi, and the fact that the

structures are present on a curved surface. Scoring was

accomplished by focusing up and down through different planes,

taking 3 counts per palp, and averaging this number. On other

species this was not a difficult task due to the shape of

palpi. After this initial comparison of three different

temperatures, I decided to rear this species and also Cs.

melanura at 20°C and 34 °C to compare the effect of rearing

temperature on the surface area of the palpi. These 2

temperatures were chosen because I believe that they approach

the seasonal extremes that perennial species are exposed to

in Florida. Within the Culicini C02 olfactory receptors are

restricted to palpal segment 3, which is also the longest

segment. Initially the shape of this segment was believed by
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me to approximate the shape of a right cylinder cone.

However, as palpal measurements were taken I determined that

the shape of a palpal segment more closely approximated that

of the frustum of right cylinder cone. Using the formula for

the lateral surface area of the frustum of right cylinder cone

as defined in Figure 6.7, dimensions were taken from

photographs of palpi of female specimens of Ae. aegypti and

Cs. melanura for the various rearing temperatures. Since the

C02 receptors on the palpi are not uniformly distributed over

the entire surface of palpal segment 3, a necessary comparison

is the actual total surface area of the palpal segment with

the area covered by the C02 receptors. Within species such as

Ps. ciliata the palpi are guite long in comparison with other

species. However, only a small portion of the apex of segment

3 contains all the C02 receptors (Fig. 5.29). Simply

comparing the total surface area of these palpi with other

species would be misleading. A subjective assessment of the

surface occupied by these structures indicates that most

species have proportionately more receptors as the apex of

palpal segment 3 is reached. However, decreasing numbers of

receptors often are found scattered almost to the base of

segment 3. Therefore, unless an obvious clustering of

structures is indicated in such species as Ps. ciliata. I

consider one half of the total surface area of palpal segment

3 as a fair approximation of the surface area occupied by the

C02 receptors. Since each member of the pair of palps on a
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mosquito will have the same surface area, an approximation of

the total surface area covered by C02 receptors will be

considered equal to the total surface area of 1 entire palpal

seqment 3. With these assumptions and definitions I then

calculated the surface area for wild specimens of various

species.

Palpal surface area and volume calculations were made

using the formulas for calculation of lateral surface area

(Fig. 6.7) and volume of a frustum of a right circular

cone(Fig. 6.7). Formulas are illustrated in Fig. 6.7, Fig.

6.8, and Fig. 6.9, and actual calculation for a female

Culiseta melanura are presented in Table 6.3. This shape

(frustum of right circular cone) most closely approximates the

shape of the segment that bears the C02 receptors, and the

shape of volume of air contained during times when palpi are

laterally extended (for volume calculations). When the

mosquito is at rest the shape of volume of air contained by

the palpi form a right cylinder, whose volume is also

calculated by formula in Fig. 6.8. Measurements were taken

from photographs of the individual specimens.

Results

Larval mortalities between temperatures and within each

temperature were not significantly different. The first pupae

at 34 ° C appeared in just three days, those at 27°C in 4 days,

and those at 20°C in 8 days. Pupation was complete in 7 days

at 34 ° C, in 8 days at 27°C, and in 15 days at 20°C.
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Larvae of the mosquito Aedes aegypti were reared at 20 °C,

27 °C, and 34°C. The adults from these temperatures were

measured and compared for differences in wing length and

number of maxillary palpal C02 olfactory capitate pegs. Size

(wing length) and number of pegs were significantly different

(p< 0.0001) for each temperature. Surface area of palpal

segments containing C02 receptors was calculated for adult

Aedes aegypti and Cs. melanura from larvae raised at 20°C and

34 "C. Surface area of palpal segments were also significantly

different (p< 0.05) for each temperature. Surface area and

number of olfactory pegs decreased with an increase in larval

rearing temperature.

Representative data from the above trials are listed in

Table 6.1 for 1 of the 3 temperatures that Ae. aegypti were

reared at.
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Table 6.1
Values for wing length and no. of capitate pegs
for adult female Aedes aegypti reared at 20"C

Wing Length No. CO.

180 22

182 20

175 18
181 18
180 14
180 22

179 18

190 15
185 18
190 19
188 21

185 18
177 15
180 17

179 18
178 19

187 17

178 16

175 20

183 18

The effect of temperature on adult wing length in Ae. aegypti

is illustrated in Fig. 6.5. Corresponding effect on numbers

of C02 receptors is illustrated in Fig. 6.6.

Both the number of olfactory capitate pegs and wing

length of adult female Aedes aegypti were found to be

significantly different for each temperature (P < 0.0001).

The resulting linear regressions for wing length as a function

of temperature was Y = -2.49188X + 232.1785, and the number

of olfactory pegs, Y = -0.51623X + 28.64285. The Waller-

Duncan K-ratio T test determined the mean wing length and mean

number of olfactory pegs to also be significantly different

for all 3 temperatures.



Fig.6.5.
EffectofrearingtemperatureonwinglengthofadultfemaleAedesaegypti.
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Fig.6.6.EffectofrearingtemperatureonthenumberofpalpalC02receptorsinadult femaleAedesaegypti.
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Fig.6.7.Illustrationoftheshapeofageneralizedpalpalsegment,illustratinghowthe formulasforlateralsurfacearea(S)andvolume(V)areappliedtothecalculations describedinthetext.S=lateralsurfacearea,h=lengthofpalpalsegment,s=slant height,rlandr2aretheradiiofthepalpalsegmentattheapexandbase.
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Fig. 6.8. Illustration of palpal dimensions used to calculate
the volume of air contained between palpi of an adult female
Culiseta melanura at rest. See text for details.
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Fig.6.9.Illustrationofchangeinvolumeofaircontainedbetweenpalpiofadultfemale Culisetamelanuraasthepalpiareextendedlaterallythroughvariouspositionsof(a) restingposition,(b)10degreesextension,and(c)30degreesextension.
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The above data suggest that smaller individuals have

fewer olfactory structures, therefore reducing the sensory

capabilities of the individual.

Table 6.2
Surface area of palpal segment 3 (sguare microns)

Temperature

Avg.

2 0 ° C

33,898
30,743
27.256
29,666
36,461
34.257
32,950
28,342
28,887
32,930
29,364
35,445
37,793
31,692
33.410

32,182*

34 °C

25,159
31,110
24,168
30,643
28,236
27,177
28,235
30,590
30,590
27,467
32,990
29,665
30,763
26,819
32,906

29,101

*temperature regulator failed to keep rearing temperature
below 25"C.

The mean values of the above data were compared using a t-test

with 14 degrees of freedom, and found to not be significantly

different (p< 0.05). However, a trend is indicated for a

decrease in surface area of palp with an increase in

temperature, despite an inconsistent maintenance of the lower

larval rearing temperature. This rearing experiment was

repeated 3 additional times, and each time the surface area

decreased with an increase in larval rearing temperature, with

the average surface area for 20“C rearing equal to 34,322

square microns, and 27,548 square microns for 34 °C. The 3
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replicates in which temperature control was successful were

compared by the same t-test. Their mean differences were

significantly different (p< 0.05), indicating different

surface area for palpi according to rearing conditions of the

larvae.

Of equal interest to me was the determination of whether

or not similar variation might be seen in wild specimens of

other species. I then collected specimens of various species

to see if interspecific differences occurred. These results

are presented in Table 6.3. The same rearing experiment was

conducted with Cs. melanura. A much more dramatic difference

was evident between the resulting surface areas of palpi at

the 2 temperatures. Those larvae reared at 34 °C produced adult

females with palpal segment 3 surface area averaging 26,393

square microns, and 49,606 square microns at 20°C.

The volume of air being sampled at any one moment by the

female mosquito is determined by the overall length of palpi

and the surface area of segment 3 that contains the C02

receptors. Therefore, if an estimation is made of both the

total volume of air contained between the palpi, and the

volume of air contained by the palpal segments with the C02

receptors, we will be able to estimate the actual air being

sampled by the C02 receptors relative to the total air
available between palpi. The calculations for this estimation

are illustrated in Table 6.4. Examples are given for various

angle of palpal extension for Cs. melanura. Measurements were
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Table 6.3

Surface Area of Palpal Segment 3

Species

Culiseta melanura
Orthopodomvia siqnifera
Psorophora ferox
Ps. ciliata
Aedes triseriatus
Ae. infirmatus
Ae. atlanticus
Ae. sticticus
Ae. canadensis
Ae. vexans

Culex salinarius
Cx. territans
Cx. quinquefasciatus
Cx. nigripalpus
Cx. tarsalis
Cx. restuans
Uranotaenia sapphirina

Area(square microns)

48,251
56,172
76,204

348,318
65,445
45,275
46,566
35,032
41,609
54,133
41,969
28,786
39,254
28,289
39,278
43,049
16,764

taken from a female specimen collected during the winter at

Lake Butler, Florida. Using formulas from Fig. 6.8 and Fig.

6.9, the palpi of a female Cs. melanura were measured and

found to have the following dimensions. If we compare these

figures with the calculation of the volume of air contained

within the region of just the C02 receptors, the following

example shows the dramatic shift from rest to flight that

accompanies an extension of the palpi. At rest, using the same

specimen, the volume of air for the region of the segment 3

becomes a function of the following values. The vertical

height becomes 366 microns. The volume becomes 2,874,557 cubic

microns, compared with the 4,971,570 cubic microns for the

entire palp. This means that at rest 58% of the air space

between the palpi can potentially pass over the C02
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Table 6.4

Calculation of volume of air between palpi at rest and in
flight (Culiseta melanura female)

1. Total length of palpi = 633 microns
2. Length of segment 3 = 366 microns
3. Distance between palpi = 100 microns
4. Radius = 1/2 (lOOmicrons) = 50microns
5. Volume of air between palpi at rest with above dimensions

is equal to 4,971,570 cubic microns using formula from Fig.
6.8.

6. If the palpi are opened 10 degrees (Fig. 6.9, position b),
the formula for calculating the volume becomes the
volume of frustum of right cylinder cone (Fig.6.7, no.3).

7. Using trigonometric function for sine of angle of right
triangle = side opposite/hypotenuse, cosine of same angle
= side adjacent/hypotenuse, the resulting dimension for a
10 degree palp extension become rl = 50 microns, r2 =
50+107, = 157 microns; h = 633 microns, and vertical height
of figure = 620 microns. The vertical height replaces h
in the calculations, and has to be recalculated for each
shape change. The resulting volume of air between the
palpi with 10 degrees of extension V= 22,960,518 cubic
microns. Calculated volumes for 20 degrees, 30 degrees, 40
degrees, and 45 degrees are V= 53,569,522 cubic microns,
V= 89,746,913 cubic microns, V= 1,170,000,000 cubic
microns, and V= 1,300,000,000 cubic microns, respectively.

receptors. However, when the palps are extended 10 degrees

laterally, the volume between the palpal segments 3 becomes

18,266,738, or 80% of the air volume is now contained between

the C02 receptors. At a lateral extension of 30 degrees, the

volume between palpi segment 3 becomes 78,614,391 cubic

microns, or 88% of the total air volume between the palpi.

This value increases until at 40 degrees almost 95% of the air

volume between the palpi is contained between the C02

receptors.
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Conclusions

Change in available sensory surface area is proposed as

the mechanism behind host preference shift. Host preference

changes within a population of mosquitoes is proposed to be

a function of the size range of the adult females and the size

range of potential hosts. Smaller individuals have a

decreased sensitivity level to olfactory cues due to a

reduction in sensory structure numbers. This suggests larval

environmental conditions as a possible explanation for

reported intraspecific host preferences.

Since the volume of air sampled by the palpi during rest

or during flight is directly related to the length of palpal

segments and the surface area containing olfactory structures,

I estimated the volume of air contained between palpi at any

point in time. The volume contained between the palpi is

dependent upon the angle of the palpi in relation to the axis

of flight. I calculated representative volumes for different

angles using specimen data from Cs. melanura. The proportion

of air actually sampled by the olfactory structures is

dependent upon the volume of air that passes over the surface

which contains the C02 receptors. Therefore, I compared the

total volume of air contained within the palpi at various

angles of palpal extension, and then compared the volume of

air contained within just the area with C02 receptors. This
revealed that when the insect is at rest approximately 58% of

the air volume contained between the palpi is also being
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exposed to C02 receptors. However, a lateral extension of

only 10 degrees from resting position raises this to 80%, and

by 30 degrees, almost 90% of the air within the palpi is also

exposed to the olfactory receptors.

Discussion

This pilot study suggests the following: 1) larvae that

develop at higher temperatures result in smaller individuals

even when food resources are not a limiting factor; 2) the

number of olfactory pegs decreases with a decrease in body

size and 3) these morphological changes fit a predictable

model involving temperature of water that larvae develop in.

The possibility now exists that observed host preference

differences (both inter- and intraspecific) may be

attributable to a morphological change in host-seeking ability

and detection capability as influenced by body size and number

of olfactory structures. This correlation should be expressed

by a seasonal host shift in records of host-feeding in

relation to the warmer months versus cooler months. Larvae

that develop during warmer months should produce smaller

adults with reduced sensory capabilities requiring larger

amounts of attractant to be present to elicit a response. This

would mean that smaller individuals within a population of

mosquitoes will seek a different host size than larger

individuals, which in turn means that a species which

normally feeds on small mammals and birds should show a shift

to larger animals during the warmer months of the year.
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A wide variation in surface area of palpal segment 3 is

apparent from the above examples. However,equal surface area

may occur on 2 differently shaped objects. Therefore, surface

area alone will not be a sufficient character for comparison

among species. Since we are trying to establish a

relationship between number and location of C02 receptors and
host preference, the number of receptors must also be taken

into account. Mclver (1982) listed the number of capitate

pegs for 34 species of mosquitoes. Among the species listed

were the following; Cx. territans (39/palp), Cx.

tarsalis(72/palp), Cx. restuans (89/palp),and Cx. pipiens

(78/palp; 88/palp). To these I add from Florida; Cx. restuans

(35/palp), Cx. tarsalis (51/palp), Cx. quinquéfasciatus (36-

56/palp) , Cx. niqripalpus (30/palp), Cx. salinarius (62/palp),

Cs. melanura (74/palp), and Uranotaenia sapphirina (18/palp).

The threshold level that receptors respond to is a

function of the number of receptors, the volume of gas, and

the concentration of particular compounds.

Based on the above illustrations it becomes possible to

estimate the differences between species and the relative

amounts of air that might be sampled by their olfactory

receptors both at rest and in flight. These differences will

be part of the reason for mosquitoes being attracted to

various hosts, for the ability to sample the host emanations

will be determined by the amount of host volume given off and

the size of the palpi and antennal lengths that contain the
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various receptors. Numbers and arrangement of C02 receptors

have been shown to differ. Generalizations from these

examples would suggest that the longer the palpi the more air

that could be sampled, and the less necessary to be given off

by hosts. This would mean in simplest terms that the

mosquitoes that respond to small hosts should have longer

palpi than those that respond to larger hosts, all other

factors being equal. However, interjected into this are the

variations in number of receptors and their location on the

palpi. The length of the segment that contains the C02

receptors has been shown to determine what percent of the

total air volume is sampled. If a mosquito has short palpi,

the segment with the C02 receptors may sample almost 100% of

the air at rest, with little extension necessary. The number

of C02 receptors should determine the relative volume of host
emanation required to elicit a response. A minimum number of

neurons will have to be stimulated before a response is

generated. Combinations of numbers of receptors, volume of

air, and size of palpi will interact to determine the host

detection capability. This should mean that trapping

techniques need to be reevaluated, especially the combinations

and volumes of odors used for attraction. The reasons for

this are discussed in the next chapter.



CHAPTER 7

QUANTIFICATION OF HOST EMANATIONS, TYPES, AND THE
IMPLICATION FOR ATTRACTION OF ADULT MOSQUITOES

Introduction

Biting flies, including mosquitoes, are attracted to

hosts by several different means, including heat and chemicals

given off by each animal. One of the more abundant components

of respired gases is carbon dioxide (C02) . This gas is used

as attractant in most baited traps and surveillance programs.

Typically dry ice (variously sized chunks) are placed in a

container and suspended fairly close to the trap. Mosquitoes

are attracted to the trap vicinity where they are pulled into

the trap by fans or directed into collection devices by

funnels. However, many species do not respond well to the

frozen chunks of dry ice. Other species are collected in

relatively large numbers. The population density of host¬

seeking females will greatly affect the numbers that are

collected. An attractant such as C02 may be very attractive
in the concentrations or volumes used, but will not appear so

if there are few females in the vicinity of the trap. The

amount of C02 given off by the trap may attract or repel,

depending on the species of mosquito. A prior knowledge of

the abundance of any species of mosquito is necessary.

220
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A great many articles have been published dealing with

the relative attractiveness of various concentrations of C02.

A few selected references are listed here: Barynin & Wilson

(1972); Brown (1966); Fallis & Smith (1964); Gillies (1980);

Gillies & Wilkes (1969, 1970, 1972, 1974); Hansell (1969);

Harden et al. (1970); Hocking (1963); Kellogg (1970);

Kennedy (1978); Omer & Gillies (1985); Price et al. (1979);

Reeves (1951, 1953); Schreck et al. (1972); Service (1976);

Snow (1970, 1976); Stryker & Young (1970); Vale (1980,

1983); Vickey et al. (1966); Warnes & Finlayson (1985);

Wensler (1972); and Wilson et al. (1966).

The authors of many of these articles use concentration

and flow rate interchangeably. This leads to the

misconception that change in flow rate from a C02 source is

the same as a change in concentration. Concentration is a

measure of the number of molecules of a compound (in this case

gas) per unit volume. When an author states that he is using

a concentration of 250 ml/min. of C02, what is really

occurring is a flow rate of 250ml/min. of 100% C02. Variation
of this flow rate does not change the concentration of C02 at

the source. As the C02 is dispensed it is quickly diluted
until at some distance from the source it becomes the same as

background C02 or between 0.03% and 0.04% concentration. From

the source of C02 (100 %) to the dilution point of 0.04% C02

a gradient of concentration levels is created that varies with

the distance from the source. The biological range of C02
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levels of animal emanation falls between 3% and 4%, a 100-

fold increase above background levels of C02, but well below

that of our traps. Respired C02 is pure C02, but this respired
volume of C02 is mixed with the overall volume of respired

gases given off by the organism, resulting in a 3% - 4%

concentration level of respired C02 at the source. The rate

of respired C02 respired may approach or exceed the release

rate used in our traps, but the concentration levels in an

animal never come close to the ranges used by us in our traps.

Do different vertebrates have different odors that are

perceived by mosquitoes as part of their apparent host

selection mechanism? In other words, does a mouse smell

differently from a chicken to a mosquito? Mclver (1968)

studied host preference and discrimination by Ae. aegypti and

Cx. tarsalis. Animal odors were collected and separated from

carbon dioxide. The mosquitoes were unable to separate mouse

odor from chick odor when present in equal amounts. Human

odor of the forearm was as attractive to Ae. aegypti as chick

odor. No attractive odor was discovered for frogs or lizards.

Culex tarsalis was attracted to amphibians, but still

preferred mice or chicks. Mclver (loc. cit.) concluded that

with all factors being equal, the mosquitoes preferred

whichever odor was most abundant. The addition of C02

increased the relative attractiveness of mouse odor. However,

once the threshold level of C02 was achieved (5 ml/min.) , more

C02 did not increase attraction. Mclver suggested that host
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discrimination may really be a preference for the amount of

odor rather than type of odor.

Reeves (1951) demonstrated that several species of

mosquitoes were attracted to C02 gas. He suggested that C02

chemotropism might be a large portion of host selection.

Reeves (1953) compared 3 different rates of C02 and their
relative attractiveness to various species of mosquitoes.

Using 25 ml/min. (= chicken), 250 ml/min. (= man), and 2500

ml/min. (= horse or cow) , he found that increased C02 rates

attracted proportionately more Cx. tarsalis, but decreased the

attractiveness to Cx. quinquefasciatus. Aedes nigromaculis

and Ae. dorsalis were attracted in largest numbers to the

highest rate (2500 ml/min), but almost none of these were

collected at the low rate (25 ml/min.). Reeves (1953) stated

the following:

It is possible that Ae. nigromaculis is not attracted to
birds because this mosquito may not be able to detect the
relatively small amounts of carbon dioxide released by
chickens and smaller birds, and finds them only occasionally
and by accident in a random search for hosts. As
concentrations of the stimulant are increased, as though by
larger hosts, the range of detection is entered and the hosts
are easily found; the optimum range may be the amounts of
this gas given off by larger animals.

In contrast are the reaction of Cx. quinquéfaseiatus and
Cx. tarsalis. The relatively lower concentrations of carbon
dioxide given off by avian hosts may have the maximal
attractiveness for the first of these two species, which
apparently is attracted less as concentrations increase. A
pattern of this type would be expected of an aviphilic
species.(p.328)

However, Reeves (1953) also observed that Cx. tarsalis was

collected in large numbers at all levels of C02, increasing
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proportionately with increase in C02.

A mosquito must first be able to detect a host before

being able to locate it. Various authors have debated whether

C02 is really an attractant or merely an activator. In a

series of publications, Gillies & Wilkes (1969, 1970, 1972,

1974) concluded that most species in their study were

orienting to the bait from a distance of 20 to 40 meters, and

that host emanations other than C02 were of little importance
within this range. However, female Anopheles melas appeared

to be able to orient to animal baits at greater distances than

believed reached by C02, suggesting long range orientation to

other olfactory cues in this species. Using rates of 250

ml/min.(=man) and 500 ml/min. (=large animal) Gillies & Wilkes

(1972) determined that female mosquitoes responded to a 2 -

animal bait from up to 20 - 30 meters, 1 - animal bait up to

18 meters. Approximately the same response was indicated for

equivalent rates of C02 (250 ml/min. = 1 animal). However,

certain species of Culex and Coquillettidia showed little or

no response to either the calf-baited or C02-equivalent-baited

traps. They observed that C02 rates used in this study were

10 - 25 times those given off by a large fowl, but then

suggested that olfactory cues other than C02 must be involved

here. They made no mention of the possibility of too high a

flow rate acting as a repellent, as probably happened for the

avian feeders. Also, they observed that females parasitized

by mites were almost exclusively nulliparous. Curiously the
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mite-infested females responded differently to the baits than

did the non-infested females. C02 thus appeared to be a

distance stimulus, affecting various species according to

concentrations (actually flow rates) being emitted.

Snow (1970) demonstrated that carbon dioxide has little

effect on response to close range stimuli. He found that

significantly fewer mosquitoes of 2 species approached the

host with a reduced C02 output, but reduced C02 output had no

effect on the proportion of mosquitoes attempting to feed once

within close range of the host. C02 thus appears to be at

least a medium range attractant to many species of mosquitoes.

Host emanations (especially C02)-quantity and detection
We now know that C02 is detected by capitate pegs found

on the palpi of adult mosquitoes. Mclver (1982) reported

variation in number of these structures for 34 species of

mosquitoes. Although she could show interspecific difference

in number, she was unable to correlate numbers with host

preference. If the numbers of receptors alone are not obvious

indicators of host preference, than alternative hypotheses

must be looked for. How do numbers relate to detection

capabilities? The relationship between concentration levels

of a substance and the ability of a structure to detect the

substance was summarized by Chapman (1971):

For a response to occur a given number of molecules of
the stimulation odor must impinge on the receptor sites (this
is facilitated by the large number of sensilla usually
present, by the presence in each sensillum of a number of
sensory neurons, and by the multiplication of nerve endings
in the wall of the sensory peg.



226

Correlated with this it appears that thresholds to smells
are lowest when the number of sensilla present is highest,
and, perhaps also reflecting differences in the numbers of
sensilla, the different organs of an insect have different
sensitivities. The number of impulses produced is
proportional to the concentration of stimulating substances.

The effect of stimulation by odours is to promote
activity; some substances attract insects, some lead to
rejection or an attempted avoidance of the stimulus, while in
some cases the response varies with the concentration of the
odour.

Whether a stimulating odour is attractive or repellant
is determined by the genetical constitution of the insect,
(p.626-627)

If the above theory is applied it to C02 detection, then

the probability of a molecule of C02 being detected by a

receptor would be a function of the concentration (sensu

strictu), the volume of respired gases, and the number of

structures present on the surface of the palpi. Therefore,

an approximation of the surface area of the palpi, the

location and number of C02 receptors, and a measure of the

respired volumes of various gases by various animals should

begin to give a clearer picture of what host preference

actually involves. One additional factor must be considered.

While at rest the female mosquito holds the palpi parallel

and close to the proboscis. Since the C02 receptors are on

the inner surface of the palpi, little if any host detection

by the C02 receptors is likely while the mosquito is at rest.

However, while in flight the palpi and antennae are held out

at an angle of approximately 45 degrees to the direction of

flight. The volume of air sampled by the mosquito at any

moment becomes a function of the volume of air contacting the
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surface of the palpi. Since the surface area of the palpi

which contain the C02 receptors may be approximated, a

mechanism now exists to test for host detection capabilities

in relation to size of mosquito as measured by palpal length,

surface area of palpi, number of receptors, and volume of

respired gases for various animals. From this emerges a

relationship that connects host emanations, host size,

mosquito size, and sensory structures with a reinterpretation

of what is meant by host preference.

Quantification of host emanations, especially C0-,

Each animal gives off a certain volume of respired gases,

variously measured by different authors. A measure of breath

intake and output for one time is called the animal's tidal

volume. Respired gases for a period of time may be calculated

and expressed in ml/min. Blood gases are assumed to be at

equilibrium with alveolar pressures expressed in mm of Hg.

These measures provide a means of calculating concentration

levels of respired gases that are contained in known volumes

of expired gases by the animal. As an example, if the total

respired volume of gas in an animal is 200 ml/min., and its

blood C02 has a tension of 28mm. Hg, then 28/760 (760 mm Hg
= 1 atmosphere) gives an approximation of the percent

concentration of C02 contained within the total respired
volume of gases. If in this example the fraction obtained

from 27/760 is multiplied by the volume (200 ml) we find that

for 1 minute the animal respires 0.036 x 200, or 7 ml of C02
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in one minute. The concentration of C02 during this minute is
3.6%. This method is used in an article dealing with the

relationship between expired volumes of gases and body size

in birds and mammals (Lasiewski & Calder, 1971).

According to Lasiewski & Calder (loc. cit.) the volume

of gases given off by birds and mammals fits allometric

equations using body weight as the variable. Using the

allometric equations of these authors, it is possible to

calculate minute volume of respired gases for birds (Y = 284

x body wt. in kg raised to 0.77 power) and for mammals (Y =

379 x body wt. in kg raised to 0.80 power). Thus from body

weight alone an estimate is arrived at for respired volumes.

Once the total respired volume has been determined, an

estimate of respired volume of C02 in ml/min. may be

calculated using arterial C02 tension (Lahiri, 1975). If

equilibrium is assumed between arterial C02 and alveolar

surface, than the ratio of blood C02 to surface pressure in
mm Hg will provide the factor by which the total respired

volume can be multiplied to approximate C02 volume respired

per minute. Birds average a blood C02 of 28mm Hg, mammals

average 41mm Hg. (Chiodi & Terman, 1965; Calder & Schmitt-

Nielsen, 1968; Tenney & Bartlett, 1967).

Lahiri (loc. cit.) questioned the values for mammals.

He calculated that body weight was a significant factor in

explaining blood C02 in small mammals (< 200 g) , but was less

significant in larger animals (2.8 - 50 kg). However, while
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he disagreed with the value of 41 mm Hg for all mammals, his

range was from 29.4 mm. Hg (cat)to 45mm Hg (sheep). Man had

a blood C02 of 38mm Hg at 37 °C. For the purposes of my

estimates here I chose to use 4 0mm Hg for mammals at 7 60mm

pressure, and 28mm Hg for birds at 7 60mm pressure. These

provide values of 5% C02 by volume for mammals and 3.7% C02

by volume for birds. Using these figures, I calculated total

respired volume for various species of animals, then C02

respired volume per minute for each of the animals. These

calculations are presented in the following table. Since body

surface area is also considered a factor in host preference

(Downe, 1960) , I calculated body surface area for the same

animals using the allometric equations of Y = 0.11 x body wt.

in kg raised to 0.65 power (mammals) and Y = 0.09 x body wt.

in kg raised to 0.74 power (birds) (Lasiewski & Calder, loc.

cit.).

Calculation of respired volumes of gases and C0-,

The determination of respired volumes of gases is a

function of the size of the individual. All animals exhibit

a size range that begins at birth and changes until adult size

is reached. Within adults there are obvious size ranges. For

this reason alone the size range even within one species must

be considered when comparing host records for mosquitoes.

Therefore I have calculated a range of values for each animal

to illustrate the overlap that occurs in host emanation

amounts between diverse groups of vertebrates. From this



230

emerges the indication that mosquitoes that seem to prefer one

host or a few hosts actually prefers an amount of attractant,

not a species of animal. This is the phenomenon of host

attraction, and will be discussed following the presentation

of the calculated volumes of gases and surface areas for the

animals below.

Table 7.1

Amount of respired gases for various vertebrates

Animal Wt.(kg) Tot. resp. CO., vol.
ml/min. ml/min.

Moose 455 60872 3200
Horse 136 - 455 19296 - 60872 1022-•3200
Bear 136 - 273 19296 - 33695 1022 - 1785
Cow 136 - 273 19296 - 33695 1022 - 1785
Ostrich 88 8924 330
Calf 52 - 91 8942 - 13991 474 - 742
Deer 52 - 91 8942 - 13991 474 - 742
Fawn 1.4 - 6.8 496 - 1760 26 - 93
Goat 25 4977 263

Sheep 33 6215 329
Man 52 - 91 8942 - 13991 474 - 742

Coyote 23 4705 249
Beaver 12 - 30 2767 - 5759 146 - 305
Bobcat 7 - 20 1798 - 4163 95 - 220

Dog 9 - 27 2198 - 5293 116 - 280

Turkey 10 1672 62
Goose 6.8 1242 46
Otter 5 - 9 1373 - 2198 72 - 116

Gray Fox 3 - 6 912 - 1200 48 - 63
Raccoon 4 - 12 1149 - 2766 61 - 146
Red Fox 4 - 5 1149 - 1373 61 - 73
Skunk 1 - 3.4 379 - 1008 20 - 54
Duck 1.6 407 15
Cat 2.6 814 43
Chicken 2.6 592 22
Armadillo 1.4 - 4.5 485 - 1262 26 - 67

Opossum 1.8 - 5.5 606 - 1482 32 - 78
Woodchuck 2.7 - 5.5 838 - 1482 44 - 78
Muskrat 0.7 - 1.8 285 - 606 15 - 32
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Rabbit

Table

3 - 4.5

7.1

912

(cont.)

- 1262 48 - 67

(domestic)
(cotton t. )0.8 - 1.3 317 - 468 17 - 25

Squirrel 0.9 - 1.2 348 - 438 18 - 23

(fox)
Guinea pig
Squirrel

0.7

0.3 - 0.7
275
145 - 285

15
8 - 15

(gray)
Pigeon
Squirrel

0.4
0.16- 0.2

127
87 - 104

5
4.6 - 5.5

(red)
Bird (sm.)
Weasel

0.14
0.06 - 0.2

63

40 - 105
2.3

2 - 5.5

Chipmunk 0.07 - 0.11 45 - 65 2.4 - 3.4

Squirrel 0.05 - 0.07 35 - 45 2 - 2.4

(flying)
Mouse 0.02 - 0.03 17 - 23 0.9 - 1.2

(deer)
mouse 0.02 - 0.03 17 - 23 0.9 - 1.2
Shrew 0.01 9.5 0.5

(s. tail)
Vole 0.02 - 0.06 17 - 40 2.1

(meadow)

Based on body weight smaller individuals of any particular

species (especially young) would fall well outside the range

of adults in terms of C02 production. If volume of C02 is a

factor in host preference, then we would predict that we might

see a supposed bird feeder with mammal blood meals, in this

case it might be a small mammal or a larger bird.

Unfortunately there are no tests currently available to

distinguish the bloodmeals of young animals from those of

adults. Based on the above data a small bird-feeder should

be equally attracted to small rodents and weasels. Given the

range in body size and volume of C02 given off, many different
animals should be equally attractive to a mosquito that

selects for amount of odor rather than type of animal. After
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calculating the body surface areas for the above animals, I

will examine the literature to see if evidence exists for

amount of odor preference rather than type of host preference.

Calculation of body surface for various animals

As mentioned earlier, body surface area for mammals may

be calculated from body weight (kg) using the allometric

equations of Y = 0.11 x body wt. in kg raised to the 0.65

power (mammals) and Y = 0.09 x body wt. in kg raised to the

0.74 power (birds).

Table 7.2

Body surface area for various vertebrates

Animal Body wt. (kcr) Surface area

Moose 455 5.88
Horse 136 - 455 2.68 - 5.88

Bear 136 - 273 2.68 - 4.22

Cow 136 - 273 2.68 - 4.22
Ostrich 88 2.47

Calf 52 - 91 1.43 - 2.06

Deer 52 - 91 1.43 - 2.06

Fawn 1.4 - 6.8 0.14 - 0.38

Goat 25 0.89

Sheep 33 1.07
Man 52 - 91 1.43 - 2.06

Coyote 23 0.84
Beaver 12 - 30 0.55 - 1.00
Bobcat 7 - 20 0.39 - 0.77

Dog 9 - 27 0.46 - 0.94

Turkey 10 0.49
Goose 6.8 0.37

Otter 5 - 9 0.31 - 0.46

Gray Fox 3 - 6 0.23 - 0.35
Raccoon 4 - 12 0.27 - 0.55

Red Fox 4 - 5 0.27 - 0.31

Skunk 1 - 3.4 0.11 - 0.24

Cat 2 . 6 0.20

Chicken 2 . 6 0.18

Armadillo 1.4 - 4.5 0.14 - 0.29

Opossum 1.8 - 5.5 0.16 - 0.33
Woodchuck 2.7 - 5.5 0.21 - 0.33
Muskrat 0.7 - 1.8 0.09 - 0.16

Duck 1. 6 0.13
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Table 7.2 (Cont.)

Rabbit 3 - 4.5 0.22 - 0.29

(domestic)
(cotton tl.) 0.8 - 1.3 o.io - 0.13

Squirrel 0.9 - 1.2 0.10 - 0.12

(fox)
Guinea pig
Squirrel

0.7
0.3 - 0.7

0.09
0.05 - 0.09

(gray)
Pigeon
Squirrel

0.4
0.16 - 0.2

0.05
0.03 - 0.04

(red)
Bird (small)
Weasel

0.14
0.06 - 0.2

0.02
0.02 - 0.04

Chipmunk 0.07 - 0.11 0.02 - 0.03

Squirrel 0.05 - 0.07 0.02

(flying)
Mouse (deer) 0.02 - 0.03 0.01

(house) 0.02 - 0.03 0.01
Shrew
Vole

0.01
0.02 - 0.06

0.006
0.01 - 0.02

(meadow)

Size ranges for the various animals listed above are taken

from various wildlife handbooks. The majority of mammal sizes

came from Godin (1977) .

There are several physiological differences between the

respiratory systems of birds and mammals. In birds the total

respiratory system volume is 3 times that of a comparable size

mammal. However, their respiratory rate is 1/3 that of a

similar size mammal. Therefore, their respired volume per

minute ends up being less than that of a comparably size

mammal due to their lower blood C02 (28mm Hg vs. 40mm Hg in

mammals). In addition to the respiratory portion of the lungs

in birds there are membranous air sacs which are filled at

inspiration and that sweep the used air out of the lungs at
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expiration, thus avoiding the dead air space of unrespired air

which is considerable in mammals (Young, 1962) . When the bird

is at rest the air sacs contain air with a high content of

C02, but during periods of activity the air sacs contain
little C02.

Little information was found concerning the respiration

of amphibians. The frog has a very vascular skin, especially

in the region of the buccal cavity. This plays a large part

in respiration, actually serving to remove more C02 than do

the lungs. There is little power to vary the amount of

exchange through the skin, which is therefore constant

throughout the year (Young, loc. cit.).

From the above tables are seen that various sizes of

vertebrates give off different amounts of C02. However, most

importantly, a wide variety of animals may be included within

the same range in amount of respired volume of gases. This

is a strong indication that the concept of host preference

needs to be redefined according to amount of respired gases,

not type of animal. Based on the above comparisons many

different species of animals will appear the same to a

mosguito that perceives its host by the volume of respired

gases including levels of C02. This is the primary reason

that I believe obvious host preference has not been detected.

There does not appear to be any species of mosquito that is

specific to one species of animal. Many mosquitoes, however,

are able to detect various quantities of odor, including C02.
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If, as suggested by Downe (1960) that what really is

important is the surface area of the host, and not the

specificity of the host, then host preference may be able to

be re-interpreted as host size. The surface area of an

organism certainly appears to be correlated with the amount

of bodily aroma given off.



CHAPTER 8

DISCUSSION, SUMMARY,PROPOSAL FOR FUTURE RESEARCH

Discussion and summary

From the preceding chapters suggestions of the

interaction between host size, volume of respired gases, size

of mosquito, and resulting morphological changes in sensory

configuration that accompanies change in adult size are seen.

If host preference records are re-examined based on 1)

grouping hosts by size and volume of respired gases and 2)

mosquito species by season and/or size measured by palpal

configuration, the following pattern emerges for female

mosquitoes.

Crans (1964) listed host records for several species.

Anopheles quadrimaculatus had hosts of deer, man, and dogs.

Examination of Table 7.1 reveals that these animals all

overlap in amount of respired volumes of gas and amount of

C02. Therefore they are equivalent in terms of their respired

gases that are known. This same principle is seen throughout

the literature. Using the table in chapter 7, a common theme

is revealed. Despite a wide range of species as host for

blood meals, the majority will cluster into 1 or 2 groups

based on respired volumes and body surface area. Since most

records of bloodmeal analysis are not separated by season, nor

236
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are they able to distinguish between young (smaller) and older

(bigger) individuals of the same species, this proposal is

based upon mathematical and morphological grounds. The

behavioral evidence to support this hypothesis will require

many individuals and much time . Much speculation exists

concerning the transmission of viruses such as equine

encephalitis. People generally assume that the virus is

maintained within the bird population by 1 or more species of

mosquito, then somehow gets to the dead end host by another

mosquito. Implicated as the vector to horses and man are

Aedes vexans. Aedes sollicitans, and Coquillettidia

perturbans. These have been implicated for 2 major reasons.

The most abundant mosquito at the time of outbreaks becomes

the likely candidate for vectoring the disease. Secondly, the

virus has been recovered from these species. However, the

virus has also been recovered from 19 other species of

mosquito. Does this mean that 22 species are vectoring the

disease. The answer is most likely no.

Laboratory tests have shown that although the virus may

be recovered from the mosquito, not all mosquitoes have good

vectorial capacity. Additionally, within species that will

experimentally transmit the virus, it is the smaller

individuals that appear to be the best vectors. Smaller

individuals are produced during the warmer months as mentioned

above and shown by rearing experiments. The warmer months are

the months during which host shift occurs in species such as
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Cx. tarsalis. Cx. nigripalpus, and suggested for Cs. melanura.

Therefore, although many species have been exposed to a virus

in the wild, only a few appear to be able to transmit to other

hosts. I would present the following scenario as the most

likely to lead to the transmission of this virus from birds

to mammals by a single species of mosquito. This is not to

rule out the possibility that other mosquitoes do not at times

transmit a disease.

A mosquito species must occur throughout the year in

order to exhibit seasonal host shift. This means that the

short lived Aedes and Psorophora are unlikely candidates for

transmission of the disease unless some mechanism allows the

virus to survive as in eggs. During the winter (cooler)

months a mosquito such as Cs. melanura feeds primarily on

small birds. Adults that develop in the south are larger and

darker in the cooler months. As waters warm up and larvae are

exposed to spring and gradually warming conditions, smaller

individuals begin to emerge. These individuals will seek

larger animals (either larger birds or smaller mammals).

During this time the virus may reside in various hosts that

cover a wide range of sizes. As summer months approach with

hotter temperatures, smaller individual mosquitoes will

emerge, resulting in a gradual shift in host preference. This

shift will be gradual due to the longevity of the adults and

the locations of the mosquito larvae. It will be during this

shift to larger and larger hosts that the virus transmission



239

will occur. Smaller mosquitoes will take blood from larger

shore birds which have 2 characteristics. They are of the same

size range as mammals such as small humans and small horses,

and they harbor the virus. Examination of medical records

show that the individuals that typically die from the virus

are small children and young horses. This has been attributed

to the immune system deficiencies of young animals.

Accompanied by this are the physiological differences between

young and old individuals. Younger animals give off different

amounts of various body emanations. So do healthy and sick

individuals of the same age (Sastry et al., 1980).

The records of host shift in mosquitoes have been

restricted to members of the culicine mosquitoes. These are

also the known vectors of many viral diseases. A high

correlation exists between the persistence throughout the

year, host preference shift, and transmission of disease.

Even in the north where some species must overwinter, adults

that emerge from warmer months are probably the most likely

candidate for transmission of encephalitis.

Species that show a shift to larger hosts in the summer

are also known to gradually shift back to smaller hosts and

birds as the fall and winter approach. This would keep the

cycle of transmission going both within the reservoir host and

its disease vector in the summer months.

Tropical species would not appear to be exposed to

extreme temperature shifts. What mechanism would produce the
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same morphological shift as the one proposed above? Changes

in larval densities would also produce reduced sized

individuals, both in the tropics and elsewhere. Therefore,

a mechanism exists for possible disease transmission under

crowded larval conditions as well as under warmer conditions.

These factors should be considered when modelling disease

transmission probabilities within mosguitoes.

Proposal for future research

Many areas of research will be necessary before the

suggestion and hypotheses presented here are tested. Of

utmost importance is the guantification of the maximum

attractive amount of odor for collecting adult mosquitoes.

A mixture of several compounds will no doubt be optimal.

Since the concentration levels of living animal gases vary

only between 3% and 5%, traps will have to consider volume of

respired gases that will produce this concentration at the

correct volume of the animal size range being tested. A

plastic bottle of 1 liter volume was tried at my study site.

I filled the bottle to various volumes of water, leaving a

known volume of air space. My outside C02 source was piped
into the bottle at known flow rates, through a tubing that

released the gas beneath the surface of the water. Bubbled

C02 mixed with the volume of air and exited via a tube of
identical size at the top of the bottle. A replacement source

for displaced air consisted of a tube leading to the outside

of the bottle, entering the bottle in a position where the
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exiting mixed gas would not interfere with the incoming air.

To this combination various amounts of attractants may be

added to the known volume of water and air, and thus able to

simulate the respired volumes and concentration levels of

different animals. This design needs to be further refined

and tested, but catch results were very encouraging.

The major premise behind this dissertation is that the

size of the individual mosquito directly effects the selection

of host odor amounts. What will be needed in the future will

be carefully controlled tests where mosquitoes are reared

under controlled conditions, offered various hosts to

determine if size of host matters, and to test for responses

to different amounts of attractants.

Most importantly, if the ideas presented here are able

to be confirmed, then a mechanism to start understanding

attraction has been found. If attraction is understood, then

the problem of developing adequate repellents becomes

solvable. This is the major practical long term research that

may come form this. Along with this hopefully will be the

development of much more sophisticated approaches to

attraction, trapping, and surveillance for vector individuals

within a population. I hope that these proposals will be

pursued in the near future.
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