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Malaria parasites have a complex life cycle involving sexual reproduction in

the mosquito vector and asexual proliferation in the vertebrate host.  Mosquito vectors

are therefore the definitive host of the malaria parasite.  The literature on avian malaria

parasites remains biased towards bird-parasite associations, and avian malaria vectors

are not well studied in this system.  My dissertation fills a gap in the current body of

avian malaria research by using molecular techniques to document 1) patterns in

phylogeographic structure of avian Plasmodium across geographic regions; 2) absence

of vector specificity in two common mosquito species in Ithaca, New York; and

3) evidence that local vectors amplify a local avian Plasmodium lineage.

In my first chapter, I review our current understanding about the associations

between avian malaria vectors and avian Plasmodium.  I synthesize this with literature

on human malaria-mosquito interactions and mosquito feeding preferences to argue

that it is crucial to study vector ecology to understand host-parasite dynamics.

Variation in mosquito ecology could help explain patterns observed in avian malaria

parasite infection.  In chapter 2, I document patterns of phylogeographic structure in

Plasmodium parasites sampled across the range of a single bird species.  I demonstrate

that geographic patterns in parasite lineage distribution are not solely attributable to

differences in the parasites found in different bird species.  In chapter 3, I describe the

avian Plasmodium lineages found in two abundant, local ornithophilic mosquito



species and show that parasites sampled from mosquitoes are represented by many

diverse cytochrome b haplotypes.  The most common of these haplotypes are shared

between mosquito species, and overlap only slightly with those previously isolated

directly from numerous bird species.  In chapter 4, I report results from a feeding

experiment using laboratory-reared mosquitoes and wild-caught birds naturally

infected with Plasmodium.  I examine the variation within Cx. pipiens in its ability to

be invaded by the parasite by conducting PCR on individual mosquitoes following

incubation with sufficient time to allow the complete digestion of the blood meal and

development of sporozoites in the salivary glands.
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PREFACE

Malaria parasites (Apicomplexa:  Plasmodiidae) have a complex life cycle

involving sexual reproduction in the mosquito vector and asexual proliferation in the

vertebrate host.  Mosquito vectors are therefore the definitive host of the malaria

parasite.  Although most work on malaria parasites has focused on their interactions

with their vertebrate hosts, increasing attention has been placed on vector-parasite

interactions, particularly in evolutionary studies of mammalian malarias.  The

literature on avian malaria parasites, however, remains biased towards bird-parasite

associations, and very little is known about the vector-parasite associations in this

system.

The advent of molecular techniques has recently revealed lineage diversity and

possible cryptic species in avian malaria parasites, but most molecular studies to date

have sampled parasites only from the blood of the vertebrate host.  Because the sexual

phase of the parasite’s life cycle is more important to lineage diversification than is the

asexual blood phase, it is crucial to elucidate mosquito-parasite interactions to

understand the ecological and evolutionary processes that lead to observed patterns in

parasite associations with hosts and across geographic regions.

Recent research on mammalian vector-parasite interactions has examined non-

human malaria parasite effects on human malaria vector species in the genus

Anopheles.  There are two ways in which these laboratory studies differ from natural

conditions:  1) mosquitoes maintained in colony over many generations are inbred,

which may affect the mosquito’s immune response to parasite infection; and 2) in the

wild, Anopheles species would not feed on the rodents typically used in the laboratory,

and this artificial vector-host combination thus overrides the potential effects of a

shared evolutionary history between host and vector.  Avian malaria provides the
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opportunity to pursue evolutionary questions in a natural transmission system with

local birds, mosquitoes and parasites.  My dissertation begins to fill a gap in the

current body of avian malaria research by using molecular techniques to document

1) patterns in phylogeographic structure of avian Plasmodium across geographic

regions; 2) absence of vector specificity in two common mosquito species in Ithaca,

NY; and 3) evidence that local vectors can mount an effective immune response

against avian Plasmodium infection.

In my first chapter, I review the literature about associations between known

avian malaria vector species and Plasmodium, and associations between vectors and

their avian hosts.  I use these examples to argue that it is crucial to study vector

ecology to understand host-parasite dynamics.  Consideration of ecological factors

such as changes in vector abundance over time and the behavior of mosquitoes in the

wild, including host feeding preferences, could help explain patterns see in avian

malaria parasite infection that cannot be explained by differences in host-parasite

interactions.

My second two chapters describe patterns in the lineage distribution of avian

malaria parasites. In chapter 2, I document patterns of phylogeographic structure in

Plasmodium parasites sampled from recently separated populations of a single avian

species, the house finch (Carpodacus mexicanus).  By focusing on native and recently

introduced populations of the house finch, I demonstrate that geographic patterns in

parasite lineage distribution are not solely attributable to differences in the parasites

found in different bird species.

In chapter 3, I describe the avian Plasmodium lineages found in two abundant,

local ornithophilic mosquito species, Culex pipiens and Cx. restuans, and show that

parasites sampled from mosquitoes are represented by many diverse cytochrome b

haplotypes.  The most common of these haplotypes are shared between mosquito
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species, and overlap only slightly with those already published for numerous bird

species.  These patterns of avian Plasmodium distribution across geographic regions

and among vector species could be driven by either intrinsic evolutionary interactions,

such as genetic or biochemical incompatibilities between vector and parasite, or

ecological factors, such as avian host feeding preferences.

To begin to tease apart these intrinsic and extrinsic factors, in chapter 4, I

conduct a feeding experiment using Cx. pipiens and wild-caught red-winged

blackbirds (Agelaius phoeniceus) naturally infected with Plasmodium.  I examine the

variation within Cx. pipiens in its permissiveness (ability to be invaded by the

parasite) by conducting PCR on individual mosquitoes following incubation with

sufficient time to allow dissemination (complete digestion of the blood meal and

development of sporozoites in the salivary glands).  My findings confirm that Cx.

pipiens is able to amplify a Plasmodium lineage common in local birds and

mosquitoes.

An important advantage of  using molecular methods in the study of avian

malaria is that they enable identification of parasites in their mosquito stages. Malaria

parasite taxonomy is based on the morphology of the parasite as it appears in

vertebrate blood, i.e., asexual stages.  Thus far it has only been possible to score the

presence or absence of Plasmodium in mosquitoes via dissection of midgut and

salivary glands, but it has not been possible to identify parasite genus or species in the

mosquito stages.  Identifying Plasmodium found in mosquitoes was previously

accomplished only by injecting a slurry of ground mosquito directly into naïve birds,

waiting for the infection to become patent, and examining stained bird blood cells.

Besides being arduous and time-consuming, this method was often unsuccessful

because the bird could either die from the infection or eliminate the infection by

mounting a strong immune response.  Molecular methods therefore provide a much
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more tractable route to identifying parasite taxa present in a sample of wild

mosquitoes whose feeding history is otherwise not known.

A second advantage of using molecular techniques is that they enable detection

of parasites in light infections in bird blood.  Identifying parasites in blood using

traditional microscopy techniques relies on the morphology of both schizonts and

gametocytes, two of the distinctive life stages found in blood.  It is difficult to identify

morphospecies in a light infection, because many infected cells representing different

blood stages must be examined.  Furthermore, wild birds may be infected with

multiple parasite species or, conversely, have so few cells infected that no

distinguishing features are captured.  Molecular techniques, especially PCR, are more

sensitive than traditional microscopy and provide information about parasites present

in submicroscopic (low parasitemia) levels.  Such light infections are not biologically

insignificant, since it is possible for the parasite to successfully infect a mosquito even

when gametocytes are subpatent, i.e., at low density such that they cannot be either

seen in a blood smear under a microscope, or detected by PCR.
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CHAPTER 1

THE IMPORTANCE OF VECTOR ECOLOGY IN AVIAN MALARIA HOST-

PARASITE DYNAMICS

Introduction

Understanding the drivers of avian malaria host-parasite dynamics requires

dissecting the complex three-way interaction among protozoan parasite

(Haemosporida:  Plasmodiidae), avian host and mosquito vector (Diptera:  Culicidae)

within their ecological contexts.  Avian malaria parasites are often regarded as

parasites of birds that rely on a mosquito vector for transmission.  As a consequence,

most research on this system has focused on bird-parasite interactions.  In actuality,

however, the mosquito is the definitive host and the vertebrate an intermediate host, as

sexual reproduction of Plasmodium occurs in the mosquito.  Despite increasing recent

interest in avian malaria in wild birds (Figure 1.2) and the important implications of

these parasites for avian ecology, evolution and conservation, the natural vectors for

most avian malaria parasites remain largely unknown.  The ecology of mosquito

vectors could have direct impacts on avian malaria host-parasite dynamics.

The ecology of arthropod vectors of avian malaria and other related parasites

may contribute to patterns of avian malaria infection seen among bird families and

species across broad geographic regions (White et al., 1978; Peirce, 1981), among bird

populations (Bennett et al., 1995; Merilä et al., 1995; Bensch and Åkesson, 2003) and

within populations (Wood et al., 2007).  In one study, vector abundance was positively

correlated with blood parasite prevalence in pigeons among sampling locations (Sol et

al., 2000).  Moreover, the absence of suitable vectors has been implicated (but not

explored) as a factor responsible for the absence of haematozoan parasites in avian
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hosts inhabiting tundra (Bennett et al., 1992) and wintering areas of long-distance

migratory bird species (Bennett et al., 1980; Bennett et al., 1991; Garvin et al., 2004).

Despite the potential for the abundance or absence of vectors to explain patterns of

parasite prevalence in birds, data on vectors are sparse.  In this review, I synthesize

current findings on vector-parasite and host-vector associations to explore the ways in

which interactions with vectors could ultimately influence avian malaria host-parasite

dynamics.  This synthesis highlights the importance of studying mosquito vectors in

concert with parasites and their avian hosts to explain the patterns in avian malaria

infection often seen across host taxa, across geographic regions, and over time.

Background

The haemosporidian avian blood parasites are assigned to three genera:

Plasmodium, Haemoproteus and Leucocytozoon whose Dipteran vectors belong to the

families Culicidae (mosquitoes), Hippoboscidae and Ceratopogonidae (louse flies and

midges) and Simuliidae (blackflies), respectively (Valkiunas, 2005).  Only the genus

Plasmodium includes species infecting non-avian vertebrate hosts, including mammals

and reptiles.  The term “malaria” technically applies only to human disease caused by

genus Plasmodium, but its common usage has expanded to include Plasmodium

infection in other vertebrate hosts, including birds.  Avian Plasmodium species were

historically named for their host species.  Consequently, every time a parasite was

identified from a new avian host it was given a new species name.  Current molecular

studies have shown that some Plasmodium lineages are shared across avian genera

(Bensch et al., 2000) and families (Waldenström et al., 2002; Szymanski and Lovette,

2005; Beadell et al., 2006), and some morphospecies are shared across orders, e.g., P.

elongatum in passerines (Valkiunas et al., 2008), raptors (Telford et al., 1997; Nayar et

al., 1998) and penguins (Herman et al., 1968; Stoskopf and Beier, 1979).  About 200
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avian Plasmodium species are defined by their blood stage morphology (Valkiunas,

2005); in contrast, just 4 species infect humans (Warrell and Gilles, 2002).  Recently,

results of DNA sequencing of avian malaria parasites sampled from bird blood

(primarily the mitochondrial cytochrome b gene but in some studies also independent

nuclear loci), suggested that many more unique DNA sequences exist than

morphospecies named (Bensch et al., 2004).  The question of whether these lineages

defined by unique DNA sequences represent reproductively isolated entities, however,

remains largely untested. Plasmodium parasites enter their vertebrate host via the

infective saliva of a blood feeding mosquito.  The parasites then undergo asexual

proliferation in the vertebrate host until ingested by another mosquito that feeds on

infected blood.  The parasites then enter the sexual stage of their life cycle, completing

development until they reach their infective (sporozoite) stage in the mosquito salivary

glands (Figure 1.1).  The fact that the parasite’s sexual reproduction occurs within the

mosquito, not the vertebrate host, makes the mosquito the primary host for

Plasmodium (Garnham, 1966).  Thus, Plasmodium relies on two hosts to complete its

development and therefore has opportunities to coevolve with both bird and mosquito.

For simplicity hereafter I will refer to the mosquito host as the vector to distinguish it

from the avian host.
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Based on the cosmopolitan distribution of avian Plasmodium parasites, and

their natural presence in nearly all avian taxa, we would predict that many bird-

feeding mosquito species should be vectors for avian malaria.  To date, however, only

15 mosquito species representing 6 genera have been identified as competent vectors,

mostly in the genus Culex (Table 1).  This small number is more likely a reflection of

the low number of mosquito species sampled rather than true rarity of competent

vectors.  Culex species tend to feed on birds, but some species in that genus feed on

both birds and mammals. For this reason, some Culex species have been the subject of

studies focusing on vectors of zoonotic (animal-to-human) infectious diseases.  The

efficiency with which Culex feeds on birds is evidence for the hypothesis that

members of this genus have only recently adapted to feeding on mammals; according

to one source, Culex species take a much longer time to locate a blood vessel on a

mammalian host than on a bird host (Marquardt et al., 2005).

sexual
process

MOSQUITO HOST

sporozoites in
haemolymph/ salivary
glands

gametes in midgut

ookinetes-oocysts penetrating
midgut

Figure 1.1  Avian malaria life cycle.

BIRD HOST

asexual reproduction

sporozoites-trophozoites-schizonts-
merozoites in

circulating blood/tissues

gametocytes
in circulating blood
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Table 1.1  Mosquito species incriminated as avian malaria vectors.  “Field” indicates
that avian Plasmodium was either 1) recovered from wild-caught mosquitoes or
2) transmitted by mosquitoes reared from field-collected eggs.  “Lab” includes studies
with mosquitoes or parasites obtained from colonies of unknown geographic origin.
Species indicated with an asterisk are known mammal feeders and do not feed on birds
in the wild.

Species Type of study
Culex p. quinquefasciatus lab (Huff, 1931)

field (Reeves et al., 1954; LaPointe et al., 2005)
Culex p. pipiens lab (Huff, 1929; Huff, 1934; Hunninen, 1953)
Culex stigmatosoma field (Reeves et al., 1954)
Culex nigripalpus lab (Nayar et al., 1982)

field (Forrester et al., 1980)
Culex restuans lab (Nayar et al., 1981)

field (Beier and Trpis, 2001)
Culex tarsalis lab (Chao and Ball, 1962; Work et al., 1990)

field (Reeves et al., 1954)
Culex salinarius lab (Nayar et al., 1981)
Culex (Melanoconion) ocossa field (Gager et al., 2008)
Culex saltanensis field (Grossman and Lourenco-De-Oliveira,

1996)
Aedes aegypti* lab (Kelly and Edman, 1992)
Aedes albimanus lab (Hunninen, 1953)
Anopheles freeborni* lab (Mok, 1951)
Culiseta morsitans lab (Meyer and Bennett, 1976)
Aedeomyia squamipennis field (Gager et al., 2008)
Mansonia perturbans* lab (Meyer and Bennett, 1976)

Only a handful of candidate vector species have been formally tested as avian

Plasmodium vectors.  More surveys of ornithophagic mosquito species for avian

Plasmodium infection are necessary to evaluate the degree of coevolution between

parasite and vector.  Such surveys are rare compared to the numerous surveys of avian

hosts for blood parasite infection (Figure 1.2).
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Figure 1.2.  Studies found in BIOSIS database search using keywords “avian malaria”
between 1995 and 2008, showing 1) increase in total number of studies between 1995
and 2008 and 2) consistently low proportion of studies focusing on vectors relative to
hosts.

Evidence for Plasmodium coevolution with hosts

Avian malaria and blood parasites often exert demonstrable fitness costs on

birds.  Captive birds without previous exposure are at great risk for malaria infection

when they are brought into zoos and other settings where they are maintained in

proximity to infected hosts and exposed to appropriate vectors (Fix et al., 1988;

Schrenzel et al., 2003).  Both correlative and experimental studies of wild birds have

shown that blood parasites result in reduced reproductive success in infected

individuals (Merino et al., 2000; Marzal et al., 2005).  Others have demonstrated

negative effects of infection on sexually selected traits such as bird song; for example,

blood parasite infection correlates with reduced paternity in sparrows singing nonlocal

songs (MacDougall-Shackleton et al., 2002), disrupts the development of the brain
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region that is involved in song complexity (Spencer et al., 2005), and reduces song

complexity (Gilman et al., 2007).  The immune response induced by blood parasite

infection in birds is thought to be energetically costly and may adversely effect birds’

timing of reproduction (Allander and Bennett, 1995) and parental effort (Richner et

al., 1995; Ilmonen et al., 1999; Tomás et al., 2007).  Despite the documented negative

fitness effects of Plasmodium infection, chronic infections are common and

widespread.  In Hawaii, lowland populations of native honeycreeper species that were

once scarce as a result of malaria infection have rebounded but maintain high rates of

chronic Plasmodium infection, suggesting that they have evolved resistance

(Woodworth et al., 2005).

Evidence for Plasmodium coevolution with vectors

Plasmodium infects both male and female birds.  However, Plasmodium can

only infect female mosquitoes, because males do not feed on blood.  Therefore, the

fitness costs to mosquitoes are quantified as direct costs on fecundity, longevity,

behavior relating to host seeking, blood feeding and oviposition.  The mosquito

immune response to Plasmodium infection and its genetic basis is a rapidly growing

area of research (Dimopoulos et al., 1997; Hill et al., 2005; Tripet et al., 2008).  There

are three poorly understood physical barriers to Plasmodium infection within the

mosquito, known as the midgut infection, midgut escape and salivary gland barriers.

The midgut infection barrier is comprised of the peritrophic membrane, which is made

up of chitins, proteins and proteoglycans.  This membrane matrix is secreted within

minutes of blood meal ingestion and completely encloses the blood bolus (Marquardt

et al., 2005).  The interaction between the time to completion of the peritrophic matrix

with the time to ookinete formation by the parasite (both of which vary among vector

and parasite species) could play an important role in maintaining the reproductive
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isolation of multiple malaria species within the gut (Alavi et al., 2003), but some

parasites use chitinase to dissolve and break through the peritrophic membrane (Huber

et al., 1991).  The second barrier is the midgut itself, which the developing oocyst

must penetrate before releasing sporozoites into the mosquito haemolymph.  The

salivary gland is the third barrier, through which sporozoites must enter in order to be

injected into a new host when the mosquito feeds (Marquardt et al., 2005).  To

successfully invade a mosquito the parasite must penetrate all three physical barriers

in turn and overcome the innate immune system of the mosquito.

The fitness costs of avian malaria infection to vectors are not as well studied as

fitness costs to birds.  Vector-parasite coevolution can be inferred by variation in the

rate at which different mosquito species are infected by avian Plasmodium species.

Many early experiments found that different avian Plasmodium morphospecies varied

in their ability to successfully infect and reach the salivary glands in different

mosquito species that fed on experimentally infected birds (Hunninen, 1951;

Hunninen, 1953).  Mosquitoes were believed to be specific to parasite species whereas

it was known that birds could host multiple parasite species simultaneously; passaging

parasites through a mosquito was suggested as a method for isolating a parasite

species of interest in a multiply infected avian host (Garnham, 1966).

After feeding on an infected bird in the laboratory, mosquito species vary in

their ability to be infected and in their parasite loads (Huff, 1930; Telford et al., 1997).

Early studies therefore concluded that vector competence (the ability of a vector to

harbor complete development of the parasite and to transmit the parasite successfully

to a new host) had a genetic basis (Huff, 1935; Manwell, 1938).  Vector competence

of individuals also varied within mosquito species (Huff, 1930), and lines of

competent and refractory female mosquitoes could be created by artificial selection
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(Huff, 1927; Huff, 1929).  All these experiments suggested that competence had a

genetic basis, but did not quantify fitness costs per se.

Our knowledge of fitness costs of malaria infection to mosquitoes comes

primarily from work with human malaria vector species in the genus Anopheles.

Infection with Plasmodium reduces fecundity in female Anopheles mosquitoes

(Ferguson and Read, 2002; Hurd et al., 2005).  Parasites also manipulate vector

behavior to enhance transmission.  Parasite strategies include increasing vector

longevity and increasing probing time (the amount of time females search for blood

vessels under the host’s skin).  The latter strategy increases the probability of the

parasite being injected into a new host (Hurd, 2003).  The ecological and evolutionary

similarities between avian and human malaria species would predict that they share

similar a coevolutionary history with their vectors.  The exclusivity of human malaria

species to members of the Anopheles genus suggest a coevolutionary history (Warrell

and Gilles, 2002), and a similar history may have led to members of the Culex genus

becoming dominant avian malaria vectors.

Importance of vectors in an ecological context

It is important to study mosquitoes in the field because laboratory competence

tests do not  address true competence in the wild.  The probability of transmission

among hosts in nature, however, depends on several other ecological factors,

particularly vector abundance and host preference (Eldridge, 2000).  Vector

abundance could affect parasite prevalence in birds by increasing the probability of

contact and eventually parasite transmission.  In addition, vector species that are not

highly competent in the lab can cause disease epidemics in a host population if vectors

become extremely abundant (Miller et al., 1989).  Another ecological factor, host
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preference, varies among mosquito species, and could result in higher parasite

prevalence in preferred or available host species.

The importance of coevolution between host and parasite is illustrated by the

avian malaria epidemic in Hawaii that has been implicated in large-scale extinctions of

the native avifauna (Warner, 1968; Van Riper III et al., 1986) and continues to

threaten native bird species (Freed et al., 2005).  The Hawaiian islands have no native

mosquito species.  The accidental human introduction in the early 1800s of a

competent vector, Culex quinquefasciatus, therefore had an enormous impact on

native birds that had not coevolved with Plasmodium.  Unlike most other regions

where avian malaria is endemic, Hawaii represents a situation where the vector was

introduced relatively recently, probably multiple times (Fonseca et al., 2000), enabling

the parasite, P. relictum, to jump from introduced birds to native birds.  Hawaii

currently has only one dominant avian Plasmodium vector species, Cx.

quinquefasciatus; two other abundant forest-dwelling mosquito species in Hawaii

were shown to be refractory to Plasmodium infection (LaPointe et al., 2005).

Many populations of Hawaiian birds perished from acute malaria infections at

lower elevations but some highland populations survived.  The low malaria prevalence

in the highlands has been attributed to the scarcity of vectors at higher elevations.

This scarcity could result from the lower temperatures at high elevations that limited

either the rate of development of the mosquito larvae or of the parasite in the mosquito

to the infectious stage (Freed et al., 2005).  Vector scarcity could also result from the

scarcity of larval habitat at high elevations, which was limited to water holding tanks

on the roofs of houses (Adak et al., 2005).  Recent investigations show that larval

habitat availability is more important than elevation per se in predicting vector

abundance in Hawaii (Aruch et al., 2007).  Mathematical models suggest that abiotic

factors such as rainfall and temperature interact with biotic factors such as larval
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density dependence to predict different responses in vector abundance to

environmental change at different elevations (Ahumada et al., 2004).  Results from

these and other studies on the Hawaiian system suggest that vector abundance directly

influences parasite prevalence in Hawaiian birds.  Hawaii, however, is unusual in that

it involves only one parasite and one mosquito vector species.  In most places, where

avian Plasmodium is endemic, multiple mosquito species frequently come into contact

with multiple parasite species, and thus these systems are potentially more

ecologically complex.

There are three reasons that it is important to study vectors in their ecological

context.  The first is that lab systems often involve unnatural parasite-vector

combinations, which differ from natural parasite-vector combinations because they

lack a shared coevolutionary history.  For example, the melanization response, which

blocks oocyst development, is induced in Anopheles by infection with a rodent-

specific Plasmodium species (P. chabaudi), but not by infection with the human-

specific Plasmodium species that it encounters in nature (Aguilar et al., 2005).  The

discovery that natural vector-parasite combinations induced a stronger immune

response than unnatural combinations (e.g. rodent parasites with human-feeding

vectors) has moved malaria vector-parasite evolution research forward towards field-

based rather than lab-based approaches (Cohuet et al., 2006; Tripet et al., 2008).  The

second reason to study vectors in an ecological context is that lab experiments often

use inbred mosquitoes or parasite lines.  Inbreeding could affect the expression of the

immune response, sometimes resulting in an overestimation of competence (Niare et

al., 2002).  Finally, lab studies often utilize model hosts, such as chickens, canaries or

ducks, and do not reflect the interactions that may occur based on the broader host

feeding preference of vector species.
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Transmission intensity is correlated with prevalence in hosts.  One study found

that the level of population genetic structuring of human malaria parasite P.

falciparum sampled from their vectors was higher in low transmission sites in South

America and Thailand than in high transmission sites in Africa and Papua New Guinea

(PNG).  This difference was attributed to high levels of outcrossing in Africa and

PNG, leading to more recombination, less structuring and higher diversity (Anderson

et al., 2000).  If this is a general pattern, then we might expect parasite genetic

diversity to be maintained in areas with low transmission, as measured by low

prevalence in hosts, such as in South America (Valkiunas et al., 2003) and other

regions where avian malaria prevalence is low.

The vector-host interaction:  host feeding preference

Host feeding preference is an integral part of the avian malaria life cycle.

Laboratory experiments demonstrate a mosquito’s vector competence by successfully

documenting complete development of the parasite life cycle (from gametocyte to

sporozoite, Figure 1.1) or successfully transmitting a parasite to a new experimental

host.  In the wild, however, parasites are transmitted only during a mosquito’s

successful blood feeding from a wide range of available avian hosts.  Blood feeding

must last long enough so that the mosquito can successfully inject enough infective

sporozoites into the host to cause an infection.  The outcome of vector-host

interactions could therefore affect the host range and ultimately the geographic range

of malaria parasites.  Competent mosquito species capable of feeding on a broad range

of avian hosts could disseminate parasites farther than those specializing on a narrow

range of hosts.  Mosquitoes may obtain blood meals from particular bird species for

several reasons:  1) mosquito and bird species overlap in space and time;



13

2) mosquitoes are preferentially attracted to those bird species;  or 3) those bird

species do not exhibit successful defensive behavior.

The recent emergence of several zoonotic vector-borne pathogens, particularly

those originating from birds (e.g., West Nile virus), has stimulated renewed interest

into mosquito feeding preferences (Molaei et al., 2006; Molaei et al., 2007; Patrican et

al., 2007; Hamer et al., 2008).  Most such studies infer host preference by analyzing

contents of mosquito blood meals to identify the bird species fed upon.  Results from

such surveys have shown clearly that certain bird species are better represented in

mosquito blood meals than others.

The differences in preferred avian hosts within mosquito species, and among

studies, suggest that host preference is variable and depends on ecological factors,

including host availability.  Mosquito blood meal identification studies with PCR and

DNA sequencing often find the most common bird species highly represented in most

mosquito blood meals.  Abundant bird species such as American robin (Turdus

migratorius), common grackle (Quiscalus quiscula) and Northern cardinal (Cardinalis

cardinalis) are highly represented in the blood meals of several Culex species in North

America (Savage et al., 2007); some of the same species were the most common avian

hosts found in blood meals of another ornithophilic mosquito species, Cs. melanura

(Molaei and Andreadis, 2006), while another study found a less abundant woodland

bird, wood thrush (Hylocichla mustelina), to be the most common host of Cs.

melanura and Cs. morsitans (Molaei et al., 2006).  However, another study examining

the blood meal contents of three mosquito species found variation in the most common

avian host; while T. migratorius was the most common host species represented in two

of the three mosquito species studied (Cx. pipiens and Cx. restuans), black-capped

chickadees (Poecile atricapilla) was the most common in the blood meals of Cx.

salinarius (Molaei et al., 2006).  Another abundant bird species, mourning dove
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(Zenaida macroura) was the most frequent host of Cx. quinquefasciatus (Molaei et al.,

2007).

Beyond simply feeding on the most abundant host, however, one study

indicated that mosquitoes do preferentially feed on certain bird species over others

regardless of relative abundance:  Carolina chickadee (Poecile carolinensis) and

yellow-crowned night heron (Nyctanassa violacea) were found in a high proportion of

blood meals of Culex erraticus, but found in low densities in bird surveys (Hassan et

al., 2003).  One study of another avian blood parasite genus, Leucocytozoon, showed

certain bird species represented in high frequency in the blood meals of simuliid

vectors, suggesting that vector-host specificity could hinder transmission of parasites

among host taxa (Hellgren et al., 2008).  Whenever possible, such studies should

include the calculation of forage ratios (Ponlawat and Harrington, 2005) by measuring

host abundance in order to determine true preferences.  Caution must be taken when

interpreting the results of blood meal analyses, as these reflect patterns of host feeding

rather than the specific attraction between mosquito and bird.

An alternative approach to blood meal analysis for assessing host preference is

to quantify the behavior of mosquitoes given a choice of different potential hosts.  In

host-choice experiments where mosquitoes had equal access to more than one type of

host, mosquitoes have discriminated based on species (chickens over quail, (Lord and

Day, 2000) and host age (adults over nestlings, (Scott et al., 1990; Griffing et al.,

2007).  Mosquitoes seek hosts guided by cues such as temperature, particularly in

nocturnal host-seeking species (Marquardt et al., 2005), and species-specific volatiles

or odors (Takken and Knols, 1999).  Some mosquitoes prefer some colors over others

in experiments (Brett, 1938), although plumage color failed to predict the likelihood of

haematozoan infection at the bird species level (Yezerinac and Weatherhead, 1995).

Disease infection status could also affect a bird’s attractiveness to mosquitoes.  For
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example, Anopheles mosquitoes flew more often towards the same human hosts when

they had elevated gametocytemia, relative to when they had lower gametocytemia

(Lacroix et al., 2005).  Other studies, however, that measured the attraction of

mosquitoes to birds infected with various arboviruses (Scott et al., 1990) or the

bacterium Mycoplasma gallisepticum (Darbro et al. 2007), did not find any significant

difference between attraction or feeding success on infected and uninfected birds.

While host preference has been documented in known avian malaria vector species,

the basis of host choice is not known.  Whether or not a mosquito feeds successfully

on a bird depends on the bird’s behavior as well as the mosquito’s host seeking cues.

Effects of bird behavior on host preference

The behavior of birds could influence their interactions with vectors, which in

turn could influence their probability of infection with blood parasites.  For example,

birds that form large nocturnal roosts could increase the probability that they are

infected by forming a larger source of heat and/or emitting more volatiles that could

attract host seeking female mosquitoes more readily than a single roosting individual.

This prediction was supported in one study, where mosquito abundance increased with

the size of an adjacent cliff swallow colony (Brown and Sethi, 2002).  Increased

mosquito abundance could increase the probability of blood parasite transmission by

increasing the number of potential bird-mosquito encounters, although this was not

explicitly tested in the cliff swallow study.  Aggregated birds may be more attractive

to host-seeking mosquitoes.  Common North American birds that form nocturnal

roosts are known to have high prevalences or high levels of mortality from

Plasmodium infection, e.g., T. migratorius (Beier et al., 1981) and red-winged

blackbird (Agelaius phoeniceus, Herman, 1938).  In one case, a shift in roosting

behavior was hypothesized to occur in response to the foraging height of host-seeking
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blackflies, vectors of Leucocytozoon species (Rohner et al., 2000).  The presence of

roosting birds is not always associated with high mosquito densities, however.  In one

study, mosquito abundance correlated more closely with canopy height than with

density of bird hosts, many of which formed large groups on the ground (Lothrop and

Reisen, 2001).

Whether or not a bird is able to evade a mosquito while it is attempting to feed

also affects how much blood is ingested, which in turn affects the probability of

ingestion of parasites.  Experimental feeding experiments show that mosquitoes (Cs.

melanura) obtain smaller blood meals from starlings than from other birds, which was

attributed to the tendency of starlings to exhibit defensive behavior resulting in

interrupted blood meals (Hodgson et al., 2001).  Defensive behavior could lead to

more parasites being disseminated because of the mosquito’s need to feed on several

hosts to obtain a full blood meal.  Defensive behavior varies within (Anderson and

Brust, 1997) and among (Darbro and Harrington, 2007) bird species.  The level of

defensive behavior can also be mediated by illness, as ill birds expend less energy on

defensive behavior (Darbro et al., 2007).  When given a choice between a free and an

immobilized bird, mosquitoes choose to feed on the immobilized bird regardless of the

species (Edman et al., 1974).

Effects of habitat choice on host preference

Mosquito species may also bite certain bird species more than others because

of overlap in habitat, regardless of feeding preference.  Sometimes a choice of hosts is

not available and mosquitoes may end up feeding on whatever birds are available.

Congeneric mosquito species, e.g., in Anopheles (Stoops et al., 2007), differ in their

habitat preferences.  Differences in habitat preferences result from a combination of

factors such as direct choice by ovipositing females and passive aggregation (e.g., via
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wind) and spatial patterns in adult mortality, as found in a tree-hole breeding mosquito

(Ellis, 2008).  Variation in mosquito abundance both within and among habitats could

in turn affect Plasmodium transmission probability to birds utilizing those habitats.

Moreover, mosquito habitat preferences could lead to the spatial structuring of

Plasmodium lineages if mosquito species were competent for different Plasmodium

lineages or encountered a different suite of potential avian hosts in their preferred

habitat.  Local adaptation between parasites and their hosts is well-documented in

many host-parasite systems (Lively and Dybdahl, 2000).  Local adaptation to two

allopatric variants of a human malaria species was seen in two Anopheles species that

differ in their ecological requirements, where parasite genetic subpopulations were

unable to infect allopatric mosquito species (Joy et al., 2008).

Variation in mosquito distribution among microhabitats coupled with parasite-

vector specificity may explain fine-scale geographic patterns in Plasmodium lineage

distribution seen in two bird population studies (Bensch and Åkesson, 2003; Wood et

al., 2007).  Because these studies focused on single bird populations, it was unlikely

that fine-scale host-parasite interactions were causing these patterns.   Geographic

patterns of Plasmodium and Haemoproteus lineage distribution was found among bird

communities on different Caribbean islands (Fallon et al., 2005), where the absence of

particular lineages on islands was attributed to host-parasite coevolution.  These

patterns might instead be explained by variation in the relative abundance of available

vectors among islands.

Mosquito phenology and temporal patterns of Plasmodium lineage distribution

Temporal patterns in avian host populations could be explained by changes in

vector species’ relative abundance over time.  A long-term study of a population of

blue tits in the UK showed that P. relictum prevalence stays constant over the season
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but P. circumflexum exhibits a bimodal peak, and that this peak did not correspond

with predicted changes in the birds’ immune system based on reproductive effort

(Cosgrove et al., 2008)  If these patterns are dependent on changing transmission

dynamics among seasons, and if P. relictum and P. circumflexum rely on different

vector species, then they could be explained by differences in the phenologies of these

vectors.  Mosquito species are known vary in their phenology patterns, with some co-

occurring species staying uniformly high through the season while others peak and

decline (Barker et al., 2003).  If mosquitoes were specific to Plasmodium lineages,

then variation in their phenology could be responsible for some of the temporal

patterns seen in parasite lineage composition within populations (Bensch and Åkesson,

2003; Fallon et al., 2004; Bensch et al., 2007) and changes in overall prevalence seen

in avian hosts over time (Bennett and Cameron, 1974; Allander and Bennett, 1994).

Conclusions and future directions

The ecology and evolution of vector-borne parasites are driven by complex

interactions among parasite, vector and host.  Most research on avian blood parasites

has focused on the host-parasite association.  However, vector-host interactions, such

as feeding preference, either innate or apparent, or the reciprocal effect of relative

abundances on vector and host populations, can ultimately influence the prevalence

and specificity of blood parasites in their hosts.  Vector-parasite interactions,

particularly vector-specificity, can influence the probability of emergence of parasites

into new avian host species, geographic regions, or populations.  More research on

vector-specificity is needed to assess the importance of vector ecology in the evolution

of avian Plasmodium; variation in phenology and geographic distribution of avian

Plasmodium could be more closely linked to variation in vector ecology if parasites

were vector-specific.  Inferred mechanisms of vector immunity and infection from
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rodent Plasmodium studies in the lab provide hypotheses that could explain temporal

and geographic variation in avian Plasmodium prevalence in their hosts in the field.

These hypotheses could then be tested with a combination of field sampling of

Plasmodium in mosquitoes and experiments to determine host feeding preference and

vector competence.

Future research should include field sampling of mosquitoes as well as birds to

determine which parasites are present in both vectors and hosts.  Few studies have

sampled diverse mosquito species across habitats to identify natural vectors (but see

Gager et al. 2008).  Besides identification of vectors, data on their host feeding

preferences at the community level are needed to understand how interaction with

vectors might facilitate or hinder a parasite’s access to new hosts.  The increased

application of molecular methods to arthropod vectors has revealed some surprising

parasite-vector associations as the discovery of a new clade of Trypanosome parasites

in Culex pipiens (Van Dyken et al., 2006).  These new associations will likely

accumulate as more vector species are studied.  Most of the current literature on vector

competence includes incrimination of mosquito vectors for particular parasite species;

field sampling of mosquitoes should complement these targeted transmission studies

to aid in our understanding of the importance of vector ecology in host-parasite

dynamics.
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CHAPTER 2

PHYLOGEOGRAPHIC STRUCTURING OF PLASMODIUM LINEAGES ACROSS

THE NORTH AMERICAN RANGE OF THE HOUSE FINCH

(CARPODACUS MEXICANUS)

Abstract

The determinants of the geographic distribution of avian haematozoa are

poorly understood.  Sampling parasites from one avian host species across a wide

geographic range is one approach to separate the potential influence of host species

distribution from geographic effects not directly related to host species biology.  We

PCR-screened samples for haematozoan infection from 490 house finches

(Carpodacus mexicanus) collected at 8 sites spanning continental North America.  To

explore geographic patterns of  parasite lineage distributions, we sequenced a portion

of the mitochondrial cytochrome b gene of Plasmodium infecting 77 house finches.

We identified 5 distinct Plasmodium haplotypes representing 3 lineages that likely

represent 3 species.  One lineage was common at all sites where we detected

Plasmodium.  The second lineage contained 3 haplotypes that showed

phylogeographic structuring on a continent-wide scale, with 1 haplotype common in

eastern North America and 2 common in western North America.  The third divergent

lineage was recovered from 1 individual host.  Considered together, the partial

phylogeographic structuring of Plasmodium cytochrome b lineages over the range of

the house finch suggests that parasite lineage distribution is not solely dependent on

host species distribution, and other factors such as arthropod vector competence and

distribution may be important.
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Introduction

Avian malarial parasites in Plasmodium are widespread and cosmopolitan,

occurring in virtually all bird species on every continent, except Antarctica

(Valkiunas, 2005).  Despite the ubiquity of avian Plasmodium, the geographic

distribution of particular Plasmodium species remains poorly understood.  For

example, the extent to which Plasmodium species distribution is influenced by the

distribution of 1, or more, of their avian host species is unknown.  One reason for this

lack of knowledge is the evolving state of haematozoan taxonomy.  Because most

molecular marker-based studies of parasites lack corresponding morphological data,

there is currently no robust definition of what determines a Plasmodium species based

on levels of genetic differentiation (Bensch et al., 2004).  Recent comparisons of

congruent mitochondrial and nuclear DNA variation in haematozoa infecting Old

World warblers suggests that parasite species diversity is much higher than previously

thought based on morphological descriptions alone, and that distinct mitochondrial

lineages probably represent reproductively isolated entities (Bensch et al., 2004).

Refining our understanding of the geographic distribution of parasitic organisms like

Plasmodium is important to studies of host-parasite relationships and parasite

community dynamics.  Previous molecular marker-based studies of relationships

between haematozoa and avian hosts have generally focused on either wide

geographic and taxonomic sampling of the hosts (Ricklefs et al., 2004) or intensive

sampling of multiple species in particular avian host communities (Beadell et al.,

2004; Fallon et al., 2003; Fallon et al., 2005; Szymanski and Lovette, 2005).

In general, a parasite’s geographic distribution may be influenced by the

distribution of its host species and arthropod vector species, by ecological variables

that show geographic variation, such as host or vector availability, or by interactions

between these variables.  A parasite may be limited geographically by a narrow host
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range (the breadth of species it infects) (Lajeunesse and Forbes, 2002).  For example, a

parasite that specialized on a single rare or endemic host would clearly have a more

restricted distribution than one that could infect a wide range of more broadly

distributed host species.  Alternatively, other environmental factors with a geographic

component could influence a parasite’s geographic distribution.  For example, Fallon

et al. (2005) found that even regionally common, host-generalist lineages of avian

haematozoa were absent from some islands in the Lesser Antillean archipelago despite

the availability of suitable avian host species on those islands and the presence of

those parasite lineages at high frequency on neighboring islands.

Teasing apart host effects from other geographic effects could be accomplished

by documenting the geographic distribution of haematozoa found in a single host

taxon that itself shows low genetic structuring across a broad geographic range.  The

house finch (Carpodacus mexicanus) is a common North American songbird whose

recent history makes it an appropriate model species for this study.  This host species

is native to western North America, but small numbers were introduced to eastern

North America approximately 60 yr ago (Elliott and Arbib, 1953) and subsequently

expanded their range so that the introduced eastern population now abuts the western

population (Fig. 2.1).  Compared to broadly distributed host taxa with much longer

tenures in their current distributions, house finches across their recent introduced

range are presumably genetically similar to their native western conspecifics, except

for modest differences in microsatellite (Hawley et al., 2006) and AFLP allele

frequencies (Wang et al., 2003) between native and introduced populations, that

probably stem from founder effects or local natural selection (Badyaev et al., 2002),

respectively.  Moreover, house finches are reported to be infected with species of

Plasmodium at high rates relative to other passerines (Greiner et al., 1975; White et

al., 1978).
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If avian host species distribution alone influenced parasite distributions, then

we would expect to see parasite haplotypes randomly distributed among house finch

populations across their transcontinental range; if other factors drove parasite

distributions, then we would see phylogeographic structure in parasite lineages.  Here,

we test these alternatives by describing the distribution of Plasmodium lineages in

house finch populations across the North American continent.

Materials and methods

We obtained house finch blood and/or tissue samples from eight sampling sites

covering most of the species’ range across the United States (Table I).  Most of the

blood samples were placed into Queen’s lysis buffer immediately after collection

(Seutin et al., 1991) and subsequently stored at –80 C.  The blood samples from some

of the New York and Georgia birds were centrifuged, the plasma removed for other

purposes, and the erythrocytes stored in their original collection hematocrits at –80 C

or 4 C until extraction.  Because house finches were sampled in Ithaca, New York

during the same years as Szymanski and Lovette’s study (2005), we combined our

data with theirs.

Genomic DNA was extracted from blood and tissue using an Eppendorf®

gDNA blood kit (Hamburg, Germany) following the manufacturer’s instructions.  We

amplified and sequenced 550 bp of cytochrome b using primers L15175B (5’

GTGCAACYGTTATTACTAATTTATTAT3’ modified from Ricklefs and Fallon,

2002) and H15725 (Ricklefs and Fallon, 2002).  An additional, overlapping fragment

of cytochrome b (478 bp) was sequenced using primers HaemF and HaemR2 (Bensch

et al., 2000) for one representative of each haplotype.  Both primer sets amplify

species of both Plasmodium and Haemoproteus, another common haematozoan genus.

All sets of PCR reactions included three negative controls using PCR water in lieu of
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template DNA and a positive control of a known infected avian blood sample.

Reactions were set up using aerosol barrier pipet tips for all samples and reagents.

Amplification volumes totalled 10 µl and included 1 µl purified DNA solution

(concentration variable), 1.0 µl 10X Sigma PCR Buffer, 2.5 mM MgCl2, 0.25 mM

dNTPs (Sigma, St. Louis, Missouri), 0.15 µM each primer, and 0.625 U Sigma

JumpStart Taq polymerase.  Reactions were denatured for 3 min at 95 C, followed by

35 cycles of 95 C denaturing for 50 sec, 53 C annealing for 30 sec and a 72 C

extension for 1 min, and terminated with a 5 min extension at 72 C.  Sequencing

reactions were conducted with ABI dye terminator chemistry (Applied Biosystems,

Inc., Foster City, California) following the standard ABI cycle sequencing protocol

and visualized on an ABI 3100 automated sequencer.  The resulting sequences were

aligned and assembled using Sequencher 4.2 (GeneCodes Corp., Ann Arbor,

Michigan).

We assessed phylogeographic structure in Plasmodium spp. using

cytochrome b sequence obtained from 77 individuals from 8 sites.  Because we did not

have morphological data for our DNA samples, we identified the parasites as species

of Plasmodium or Haemoproteus by their placement in a phylogenetic topology of

previously published sequences following Fallon et al. (2005).  We generated a

pairwise distance matrix in PAUP* (Swofford, 2003) using absolute number of

differences.  We used this matrix to draw a minimum spanning network of

Plasmodium cytochrome b haplotypes.  As the pairwise relationships among the few

haplotypes recovered were straightforward, this network was readily constructed by

eye.

We used Fisher’s exact test to determine whether haplotype proportions at each

site deviated significantly from a null expectation of random distribution across sites.
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We also conducted a power analysis to determine the required sample sizes to obtain a

power of 0.80 at the 0.05 significance level (Casagrande et al., 1978; Zar, 1984).

Results

Haematozoan prevalence

Of 490 house finches screened from 8 sites, parasite infection was detected in

232 individuals (Table I).  Sequences diagnostic of Plasmodium spp. were recovered

from 77 birds from 6 sites and sequences of Haemoproteus spp. from 28 birds at 2

sites.  Despite the high prevalence overall, all of the individuals we examined

appeared to be healthy.  This result was not unexpected as indications of infection are

sometimes caused by the high parasitemia that eventually renders birds immobile and

thus less likely to be captured in the wild (Valkiunas, 2001).  The highest prevalence

was found at the northern California site, with 95% of birds infected, whereas the

Arizona site had the lowest with 12.5% infected (Table I).  Prevalence data reported

here represent minimum prevalence because the repeatability of PCR for samples that

yield very weak bands tends to be low, and there is consequently a high probability of

mistakenly scoring weak infections as negatives.  Contamination that would have

resulted in false positives is less likely, however, because we employed rigorous

negative controls.

Haematozoan cytochrome b sequences

A number of samples yielded weak PCR amplifications, which resulted in

unreadable or poor-quality sequences.  We did not obtain strong amplification for

these samples following optimization of PCR conditions and use of alternative primer

sets as previously described (Szymanski and Lovette, 2005).  To avoid the high risk of

contamination when re-amplifying using PCR product as templates for secondary

amplifications, we sequenced only those samples that produced strong amplification in
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the initial PCR.  Of those samples that did yield sequence; we only included for

analysis those that were free of double chromatogram peaks, following the methods of

Fallon et al. (2003), as these samples are likely to represent multiple infections that

cannot be resolved without cloning the individual amplicons prior to sequencing

(Szymanski and Lovette, 2005).  Our data set was therefore biased in favor of those

lineages that amplified well.  Other lineages could have been undersampled in this

study because of low parasitemia or sequence differences at priming sites.

The neighbor-joining tree constructed with our cytochrome b sequences

combined with published haematozoan sequences from Szymanski and Lovette (2005)

consisted of the 2 reciprocally monophyletic clades previously reported for avian

species of Plasmodium and Haemoproteus (Bensch et al., 2004; Fallon et al., 2005;

Ricklefs et al., 2004).  Therefore we assigned our haplotypes to 1 of these 2 genera

according to whether they grouped with the Plasmodium or Haemoproteus clade

(Fig. 2).  Identification of Plasmodium species by visual examination of blood smears

from 2 New York birds was consistent with their assignment by DNA sequence, but

we did not have sufficient morphological information to identify these parasites below

the genus level.

Five unique Plasmodium cytochrome b haplotypes were defined by 39 variable

nucleotide sites.  Transition differences occurred at 15 sites and transversions at 22

sites, and 2 sites contained both transitions and transversions.  There were no

insertions or deletions and thus the nucleotide alignment was unambiguous.  Sequence

divergence among haplotypes (uncorrected “p” distance) ranged from 0.18% to 6.4%.

Patterns of nucleotide substitutions among haplotypes

The 5 Plasmodium haplotypes we recovered and the 1 previously recovered by

Szymanski and Lovette (2005) formed 3 clusters in the minimum spanning network

(Fig. 2.1b).  The common widespread haplotype E1 differed from F2 by 34 nucleotide
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substitutions.  Two haplotypes found in Idaho and California, F2 and F3, differed from

each other by 1 nucleotide substitution (0.18%), while F1 differed from F2 by 4

substitutions (0.73%).  Haplotype AZ differed from F1 and F2 by an intermediate

level of divergence of 12 to 13 substitutions (2.2% and 2.4%), respectively.

Employing the divergence threshold of 1.2% used by Ricklefs and Fallon

(2002), which defines strongly supported sister parasite lineages in a diverse avian

host range on a global scale, we detected 3 lineages of Plasmodium:  E1, F1-F2-F3,

and AZ.  House finches from the western region of North America (California, Idaho,

and Arizona) harbored 4 haplotypes representing 3 lineages; birds from the eastern

region (New York and Georgia) harbored 2 haplotypes representing 2 lineages.

Distribution of Plasmodium haplotypes among house finch populations

Haplotype E1 was found in high proportions in all house finch populations.

Haplotype F1 was detected only in New York and Georgia at lower frequencies than

E1.  Haplotypes F2 and F3 were detected only in California and Idaho (Fig. 2.1a).

Proportions of E1 and non-E1 haplotypes did not differ significantly between

New York and Georgia (Fisher’s exact test, 2-tailed P=0.13,) or between California

and Idaho (P=0.35).  We therefore pooled New York with Georgia (n=45) and

California with Idaho (n=28) and compared proportions of E1 between pooled sites.

Haplotype E1 occurred at a significantly higher frequency in New York and Georgia

than in California and Idaho (P=0.003).  Power analysis indicated that a sample size of

24 was required to detect differences in the proportions of E1 versus non-E1

haplotypes in each pooled population with a power of 0.80 at the 0.05 significance

level.
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Figure 2.1.  (a) Distribution of Plasmodium cytochrome b haplotypes among house
finch populations.  Haplotypes E1 and F1 were previously reported in house finches
by Szymanski and Lovette (2005).  (b) Minimum spanning network of Plasmodium
cytochrome b haplotypes.  Each circle represents a unique haplotype.  The size of each
circle is proportional to its representation in the total sample from all sites combined.
Numbers on the connecting lines indicate the inferred number of base pair changes
among haplotypes.

Discussion

Plasmodium cytochrome b haplotypes were distributed in a non-random

pattern across the North American range of the house finch, consistent with the idea

that geographic factors contribute to parasite phylogeographic structuring.  This

pattern of haplotype distribution suggests that host-parasite dynamics differ between

the eastern and western portions of the house finch’s range.  The genetic differences in

parasite haplotypes found in different house finch populations are unlikely to be due to

genetic variation among the birds, because eastern house finches are derived from a

relatively small number of recently introduced native western individuals.

An intensive survey of passerines in Ithaca, New York found 3 haplotypes of

Plasmodium infecting house finches (Szymanski and Lovette, 2005), of which we
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recovered two (E1 and F1).  Haplotype E1 was identical to PA of Fallon et al. (2004),

which they found in 2 avian host species on 5 islands in the Lesser Antilles (Coereba

flaveola, Bananaquit [Coerebidae] and Loxigilla noctis, Lesser Antillean bullfinch

[Emberizidae]), and to haplotype 56 of Ricklefs and Fallon (2002) which was

identified in Missouri, USA in Passerina cyanea (Indigo bunting [Cardinalidae]).

Moreover, a more recent, broader survey by Fallon et al. (2005) recovered E1 (PA)

from 52 individuals representing 27 host species from 9 locations in the Lesser

Antilles, North America and South America.  E1 was also previously found in three

other host species in New York besides house finches:  Tachycineta bicolor (Tree

swallow [Hirundinidae]) from New York and California, Dendroica petechia (Yellow

warbler [Parulidae]) and Melospiza melodia (Song sparrow [Emberizidae]); F1 was

found in T. bicolor and M. georgiana (Swamp sparrow [Emberizidae]), also in New

York, both distantly related to house finches (Szymanski and Lovette, 2005).

Haplotype E1 may, therefore, represent a Plasmodium species with a particularly

broad geographic and host distribution.

A study of haematozoan prevalence in house finches using blood smear

microscopy found 6% infected with P. relictum and 8% with H. fringillae in Georgia,

and 2% with P. relictum and 3% with H. fringillae in New York (B. Hartup, pers.

comm.).  Since P. relictum was the only species identified using morphological

criteria in house finches, and haplotype E1 occurs in such high frequency at the 2 sites

in Hartup’s study, we tentatively hypothesize that E1 represents P. relictum.  Blood

samples were not available from the individuals examined in Hartup’s study, however,

so we cannot definitively link this morphological species to mtDNA data.  At least 5

morphologically defined Plasmodium species are documented to occur in the house

finch:  P. relictum (= P. praecox), P. cathemerium, P. elongatum, P. vaughani (= P.

hexamerium) and P. nucleophilum (Bennett et al., 1982), but experimental infections
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under controlled conditions would be required to determine the degree of concordance

between morphological and molecular data in these parasite species.

Plasmodium relictum is 1 of 3 Plasmodium species that infects Passeriformes

on every continent (Valkiunas, 2005).  This cosmopolitan distribution would be

consistent with its broad representation in our study and others.  A recent study of the

distribution of haematozoa across the range of a long-distance migratory bird,

Luscinia svecica (Bluethroat), found a similar pattern in Leucocytozoon, with 1

widespread common cytochrome b haplotype and rarer haplotypes exhibiting

frequency differences among sites (Hellgren, 2005).  The similar breadth of host range

of haplotypes E1 and F1, considered with their different distributions and congruent

patterns with other haematozoan genera, further suggests that non-host geographic

effects could be important drivers of parasite geographic distribution.  Both spatial and

temporal variability in Haemoproteus cytochrome b haplotype distribution occur

across Scandinavian populations of the willow warbler, a long-distance migratory bird

(Bensch and Åkesson, 2003).  Because house finches are short-distance partial

migrants, with only eastern populations undertaking predictable seasonal movements

(Belthoff and Gauthreaux, 1991), they may harbor fewer haplotypes over time than

long-distance migratory bird species, which are known to acquire haematozoan

infections in both their breeding and over-wintering regions (Waldenström et al.,

2002).

If avian host species distribution is not the sole determinant of

phylogeographic structuring in Plasmodium spp., it is possible that vector interactions

are important.  The role of vectors in avian host-parasite associations has been

examined in a few pioneering studies (Yezerinac and Weatherhead, 1995; Fonseca et

al., 2000; Sol et al., 2000; Garvin and Greiner, 2003), but virtually nothing is known

about geographic variation in vector competence for avian haematozoan parasites or
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the level of vector specificity.  In most cases we do not even know which vector

species are competent for particular species of avian haematozoa.  Future studies

would benefit from a consideration of vector interactions with birds and parasites.

The high prevalence of Plasmodium species in house finches contrasts with

other studies that have found it to be uncommon in many avian taxa relative to other

haematozoa, especially Haemoproteus (Greiner et al., 1975; Valkiunas et al., 2003).

Because they are more sensitive and better able to detect chronic infections, PCR

assays consistently reveal higher prevalences than previously estimated using the

traditional method of microscopic examination of stained blood films (Perkins et al.,

1998; Richard et al., 2002; Jarvi et al., 2003; Fallon et al., 2004; Ribeiro et al., 2005).

PCR screening revealed prevalence in New York house finches of 39% compared to

7% found by B. Hartup using blood smears; in Georgia, 45% were found to be

infected using PCR and 17% using smears (Table I).  Different individuals were

sampled in these 2 studies, but the same locations were sampled over the same time

period.  Our prevalence may thus be elevated by the greater efficiency of detection by

PCR over microscopy, rather than reflecting a unique interaction between parasite and

host in this study.  Plasmodium spp. prevalence is often underestimated using blood

smear microscopy (Valkiunas and Iezhova, 2001).  This bias would be particularly

strong in the house finches in our study that were mostly sampled during the non-

breeding season, when parasitemia tends to be low.  One hypothesis is that malarial

parasitemia is highest during the breeding season because the physiological stress of

reproduction facilitates relapse (Richner et al., 1995), possibly due to hormonal

changes (Pearson, 2002).

Our finding of regional differences in disease dynamics among host

populations is not surprising given the wide range of environmental variation across

North America and the variable community composition of both alternate hosts and
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potential vectors.  Other house finch diseases have a geographic component.  For

example, avian pox is a viral disease whose prevalence is unusually high among house

finch populations in western North America, but which is virtually nonexistent in the

east  (although it has been recently reported in low prevalence in one eastern

population (Hartup et al., 2004)).  Another well-studied example is the different

susceptibility of eastern and western house finch populations to Mycoplasma

gallisepticum, a pathogenic bacterium that causes conjunctivitis that frequently leads

to host mortality.  Eastern populations are currently suffering an intense epidemic that

has not caused the same high levels of mortality in western populations (Dhondt et al.,

2005).  These continent-wide differences in pox prevalence, Mycoplasma sp.

susceptibility, and Plasmodium haplotype frequencies could be due to geographic

variation in ecological variables or differences in coevolutionary associations between

native and introduced populations of the house finch, or an interaction between these.

Ecological differences between regions, such as host or vector availability, are more

likely to explain differences in pox prevalence than native or introduced status,

however, as exemplified by introduced house finches on the Hawaiian islands that

harbor a high prevalence of pox infection similar to birds on their native range (Zahn

& Rothstein, 1999).

By demonstrating phylogeographic structuring of haematozoan lineages across

a single avian host species, we have shown that parasite distribution may be

influenced by geographic variables independent of host species distribution.  Further

study is needed to explore the relative importance of such ecological factors as

variation in the distribution, abundance, and competence of arthropod vectors,

different avian host communities, or evolutionary influences such as coadaptation

between parasite, vector and host in affecting haematozoan distribution among their

avian hosts.
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CHAPTER 3

AVIAN MALARIA PARASITES SHARE CONGENERIC MOSQUITO VECTORS

Abstract

Assessing a parasite’s specificity to vector species is crucial to understanding

the emergence  of vector-borne diseases into new hosts and the temporal and spatial

dynamics of parasite infections.  Avian malaria parasites in the genus Plasmodium

have a cosmopolitan distribution and broad avian host ranges, which together suggest

that they are likely vector-generalists.  We tested this prediction by asking if and to

what extent different mosquito species were naturally infected in the field with

identical avian Plasmodium lineages.   We sequenced a standard Plasmodium

cytochrome b marker from parasites infecting individuals of three ornithophilic

mosquito species abundant in the northeastern United States:  Culex pipiens pipiens,

Cx. restuans, and Ochlerotatus canadensis.  We found five clades of Plasmodium

haplotypes in these mosquitoes.  Four of these clades were found in both Cx. pipiens

and Cx. restuans, and one of these also infected Oc. canadensis.  The fifth clade was

found only in Cx. restuans.  One of the clades contained many unique haplotypes that

did not match any previously known avian Plasmodium sequences, suggesting that the

diversity of Plasmodium lineages is higher than has been found via limited sampling

avian communities.  One common Plasmodium haplotype found previously in birds

was also present in all three mosquito species.  However, another common

Plasmodium haplotype previously found in numerous bird species, occurred in low

frequency, and only in Cx. restuans.  We therefore found limited support for our

prediction that avian Plasmodium vector breadth accompanies host breadth.  The

association of both Culex species with four of five Plasmodium clades we found in our
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study, and the presence of a single parasite haplotype in three mosquito species

representing two genera, suggests that avian Plasmodium parasites have not tightly

coevolved with their vectors at lower taxonomic levels.

Introduction

Vector-borne parasitic diseases present a major challenge to understanding

host-parasite dynamics, because vector-parasite as well as vector-host interactions

must be considered.  Many vertebrate parasites rely on blood-feeding insect vectors

for transmission to new hosts.  A parasite ingested in a blood meal must evade the

insect’s immune system and complete development while the insect remains alive long

enough to feed on another host.  In the case of malaria (Haemosporida:

Plasmodiidae), vector-parasite associations are particularly important because the

sexual reproduction of the parasite occurs in the mosquito vector (Diptera:  Culicidae),

making the vector the definitive host.

Malaria is a particularly well-studied vector-borne disease in humans, but also

has enormous impacts on the health of humans and wildlife.  Despite many years of

research and eradication efforts, however, human malaria has experienced a major

resurgence (Lindsay and Martens, 1998).  In many cases, the interactions between

malaria parasites and their mosquito vectors are complex:  they can be affected by

both genetic and environmental factors as well as interactions among them (Tripet et

al., 2008).  Crucial to understanding the potential role of vectors in influencing the

dynamics of vector-borne diseases is assessing the parasite’s specificity to the vector

as well as to the host.  Parasites able to exploit a wider range of vector species gain

access to a higher diversity of potential hosts, and thus could be expected to emerge

into new host populations or species more readily than would vector specialists.
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Malaria epidemics have had profound impacts on birds as well as humans; for

example, the inadvertent introduction in the early 1800s of the avian malaria vector,

Culex quinquefasciatus, and subsequent emergence of Plasmodium relictum into the

native avifauna on the Hawaiian islands has been implicated in the extinction of many

bird species in that archipelago (Atkinson et al., 1995).  In zoos, naïve birds become

vulnerable to avian malaria when they are brought into captivity in close proximity to

infected birds and local mosquito vectors (Fix et al., 1988; Schrenzel et al., 2003).  In

nature, avian malaria parasites in the genus Plasmodium have a cosmopolitan

distribution and occur naturally in nearly all avian taxa (Valkiunas, 2005).  The

relative scarcity of data on the ecology of vectors of avian malaria and other related

blood parasites seems particularly acute given the recent attention to the role of these

parasites in the ecology and evolution of birds (Hamilton and Zuk, 1982; Ricklefs,

1992; Martin et al., 2001; MacDougall-Shackleton et al., 2002; Waldenström et al.,

2002; Marzal et al., 2005; Møller and Nielsen, 2007; Marzal et al., 2008).

Avian Plasmodium lineages form geographic patterns in single avian host

species, at both large and small geographic scales (Beadell et al., 2006; Kimura et al.,

2006; Wood et al., 2007), suggesting that these patterns may be driven by variation in

vector ecology across geographic regions.  Two recently published long-term studies

of avian host populations have revealed temporally fluctuating patterns of prevalence

in different Plasmodium lineages that may be tied to variation in vector phenology

(Bensch et al., 2007; Cosgrove et al., 2008), but data on vectors are needed to evaluate

their importance in these systems.  Vector ecology could be a particularly important

factor in the dynamics of avian blood parasites in their hosts if parasite species

exhibited vector-specificity.  Spatial variation in vector community composition could

be caused by variation among mosquito species in the specificity of their oviposition

sites (Eldridge and Edman, 2000), resting sites, canopy height (Lothrop and Reisen,
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2001), passive aggregation (e.g. via wind) or spatial patterns in adult mortality (Ellis,

2008).  These habitat differences could result in highly localized differences in the

transmission of different Plasmodium lineages.  Furthermore, mosquito species exhibit

variation in phenology, with some species maintaining high population densities

throughout the season and others showing a peak and decline (Barker et al., 2003).

Temporal patterns of the prevalence of vector-specific Plasmodium lineages could

likewise be driven by these differences in vector phenology.

Because many Plasmodium lineages show little specificity to avian species,

genus, family or sometimes order (Ricklefs and Fallon, 2002; Beadell et al., 2004;

Fallon et al., 2005; Beadell et al., 2006), even if avian host specificity had originally

facilitated the diversification of these parasites via cospeciation, subsequent host

switching and sharing have obscured most coevolutionary associations (Ricklefs et al.,

2004).  Evidence exists, however, for the coevolution of avian blood parasites with

their vectors.  A recent multi-gene phylogeny of many diverse avian and saurian

haemosporidian taxa showed that major deeper nodes in the tree correspond to

switches of parasites into families of Dipteran vectors (Martinsen et al., 2008).

Moreover, Gager et al. (2008) found unique avian Plasmodium lineages isolated from

two tropical mosquito genera, but the absence of infected congeneric mosquito species

in that study did not allow for a test of within-genus vector-specificity.  Human

malaria parasite species are known to be specific to mosquito species in the genus

Anopheles alone and these mosquito species are known to differ in their ability to

evade malaria infection (Ponnudurai et al., 1988).  To date, no studies have asked

whether avian Plasmodium lineages are shared among congeneric ornithophilic

mosquito species.

The broad avian host breadth and widespread geographic distribution of many

Plasmodium lineages could be mediated by a broad vector range, where parasites
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could exploit multiple vector species and ultimately gain access to diverse avian hosts

in different habitats.  The high lineage diversity found in avian Plasmodium coupled

with the absence of avian host specificity (Beadell et al., 2004), however, leads to the

opposite prediction:  that parasite-vector specificity reflects a close coevolutionary

history between parasite and vector.  In this study, we tested these opposing

predictions by asking if and to what extent different mosquito species are naturally

infected with identical avian Plasmodium lineages.  This study represents a step

towards understanding the evolution of avian malaria parasites across an entire natural

transmission system by explicitly asking whether avian malaria parasites in the genus

Plasmodium, some of which are known to be avian host-generalists, are shared among

vector species.

Materials and methods

Mosquito collection, species, and identification

Mosquitoes were collected in traps and resting on vegetation in aspirator

collections in 2003 and 2004 in Ithaca, New York, USA.  Two mosquito species,

Culex pipiens pipiens and Culex restuans, were caught in bird-baited traps from June

to September 2004, using Gallus domesticus (domestic chicken) or Passer domesticus

(house sparrow) as described by Darbro and Harrington (2006).  Only mated adult Cx.

p. pipiens females will seek a blood meal; consequently, we increased the probability

of sampling Plasmodium-infected individuals by utilizing bird-baited traps.  Standard

mosquito resting collection techniques, which involve aspirating mosquitoes from

their resting habitat, produce high numbers of mosquitoes including males (that do not

feed on blood) and virgin teneral females (that would not yet be seeking a blood

meal).  Females that have taken at least one previous blood meal represent the

proportion capable of transmission in subsequent blood meals.
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Individual mosquitoes were identified to species using standard taxonomic

keys and confirmed with molecular methods (for details, see Darbro & Harrington,

2006; Harrington & Poulson, 2008).  The two focal mosquito species were chosen

because they represented over 90% of the individuals captured in the bird-baited traps

throughout the sampling season.  We also included three other abundant mosquito

species, Ochlerotatus aurifer, Ochlerotatus canadensis and Culiseta melanura, which

were collected by aspirating resting individuals on vegetation.  These additional

species were readily identified morphologically using standard taxonomic keys

(Darsie and Ward, 2004).  We also included a smaller number of aspirated resting Cx.

pipiens and Cx. restuans individuals in our sample.  All five mosquito species occupy

similar forested habitat and utilize woodland pools or artificial containers for breeding,

so we expected that they would encounter a similar suite of potential avian host

species.

Culex pipiens is one of the best-studied candidate vector for avian

Plasmodium, in part because of its continuing medical importance in West Nile virus

transmission to humans (Turell et al., 2000), and because of its amenability to rearing

in the laboratory.  Most early laboratory avian malaria transmission experiments used

Cx. pipiens as a vector for P. relictum (Huff, 1929; Tate and Vincent, 1934) and P.

cathemerium (Huff, 1931).  Both Cx. pipiens and Cx. restuans were previously found

to be competent in the laboratory for P. elongatum in captive penguins (Beier and

Trpis, 2001), and Cx. restuans was found to be competent for P. forresteri, which

infects raptors (Telford et al., 1997).  Blood meal analyses have shown Cs. melanura

to be a strongly ornithophilic species, only occasionally feeding on mammals

(Magnarelli, 1977; Molaei and Andreadis, 2006; Molaei et al., 2006).  Little is known

about the host feeding preferences of Oc. aurifer or Oc. canadensis, although the latter

is known to feed on both birds and mammals (LeDuc et al., 1972).
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In mosquitoes, Plasmodium life stages develop after infected red blood cells

are ingested from an avian host.  The parasite gametes fuse to form a zygote within the

mosquito gut lumen.  Zygotes then form oocysts on the mosquito that penetrate the

mosquito midgut wall, eventually giving rise to sporozoites. Once sporozoites infect

the salivary glands, they can be transmitted to a new host during mosquito blood

feeding (Garnham, 1966).  Because we wanted to include in this study only those

parasites that had successfully reached the oocyst or sporozoite stage, rather than those

parasites ingested in a blood meal from a chicken or sparrow inside the traps, for bird-

baited mosquitoes we only sampled individual mosquitoes that 1) were physically

excluded from feeding on birds in the trap by a mesh barrier or 2) did not contain

blood in the abdomen upon visual inspection.  For individuals collected via aspiration

from resting sites, we only included individuals where 1) no blood was seen in the

abdomen or 2) the abdomen had been removed.

Molecular identification of Plasmodium from mosquitoes and birds

Because malaria taxonomy is based only on morphology in the vertebrate

blood stages, molecular methods are the only way to distinguish parasite taxa in their

mosquito stages.  Genomic DNA extracted from individual mosquitoes was screened

for Plasmodium infection using primers R2 (Beadell et al., 2004) and HaemF2

(GGATGGTGTTTTAGATATATGCATG, modified from Bensch et al. (2000), which

amplify 359 bp of Plasmodium cytochrome b, and where possible we sequenced an

overlapping fragment using primers F2.Plas.2 (modified from Beadell et al., 2004) and

H15725 (Ricklefs and Fallon, 2002), to obtain a total of 726 bp.  Our primers were

designed in regions of Plasmodium cytochrome b that are highly conserved among

parasites that infect birds and those that infect rodents (P. chabaudi, Perkins et al.,

2007).  The fact that the same primers we used in our study readily amplify

Plasmodium from infected bird blood samples suggests that these primers are robust
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enough to detect infection in a broad range of background host DNA, and a consistent

inability to amplify a particular parasite lineage from any given mosquito species most

likely represents the true absence of that lineage, not simple PCR failure.  We

employed a conservative standard for scoring individual mosquitoes as infected; we

only scored positive infections if we were able to obtain readable sequence.  Although

some samples showed faint amplification of a similar-sized fragment, we scored faint

amplifications as not infected.

Sequences were aligned using Sequencher 4.2 (GeneCodes Corp., Ann Arbor,

MI).  Because there are no taxonomic characters for Plasmodium taxa while they are

in the mosquito stages, lineages isolated from mosquitoes could not be assigned to

morphological species.  Where possible, we inferred taxonomic identity by assessing

the phylogenetic affinities of mosquito-isolated Plasmodium lineages with published

sequences from GenBank that were reliably identified to morphological species.  To

explore phylogenetic relationships among Plasmodium lineages isolated from

mosquitoes, we used MrModeltest v.2 (Nylander, 2004) to determine the appropriate

model of molecular evolution using hierarchical likelihood ratio tests.  We then

conducted a Bayesian phylogenetic analysis using MrBayes v.3.1.2 (Huelsenbeck and

Ronquist, 2001), with 2 simultaneous runs of 10 million generations, with four

incrementally heated chains, sampling trees every 2000 generations, and discarding

the first 5 million generations as burn-in.  We used 5 outgroup taxa:  one avian

haematozoan parasite species, Haemoproteus balmorali, and 4 Plasmodium species

infecting mammals:  P. reichenowi, P. falciparum, P. malariae and P. chabaudi.  We

performed another Bayesian analysis including all previously published avian

Plasmodium cytochrome b sequences that aligned with the fragment we used in this

study (tree not shown) to link these sequences to morphologically-defined
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Plasmodium species identified by microscopy, their avian hosts and their mosquito

vectors.

Results

Plasmodium prevalence in mosquitoes

A slightly greater proportion of Cx. pipiens (16.6%) than Cx. restuans (14.8%) yielded

readable Plasmodium sequence.  None of the vegetation-aspirated Cx. restuans

individuals were infected with Plasmodium, but aspirated Cx. pipiens were infected in

a similar proportion (13.3%) to the bird-baited Cx. pipiens.  Plasmodium infection was

detected in only 1 of the 181 Oc. canadensis screened.  We did not detect Plasmodium

infection in any of the Oc. aurifer or Cs. melanura individuals screened (Table 3.1).

Table 3.1.  Mosquito species included in this study and their respective prevalences of
Plasmodium infection.

Mosquito species n screened
n infected and
sequenced (%)

Culex p. pipiens 276 46 (16.6)
Culex restuans 150 22 (14.8)
Culiseta melanura 177 0
Ochlerotatus canadensis 161 1 (0.6)
Ochlerotatus aurifer 110 0

Total 813 68 (8)

Phylogenetic analysis and vector sharing across clades

The MrModelTest analysis indicated that GTR + I + G (general time-reversible +

gamma + proportion invariant) was the most appropriate model of evolution.  The

phylogenetic analysis revealed five well-supported clades (99-100% posterior

probability, Figure 3.1).  Clade A contained many unique Plasmodium cytochrome b

haplotypes not previously isolated from birds or assigned to morphospecies.  This
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clade included a single haplotype, Cx-1, found in high frequency in both Cx. pipiens

(n=22) and Cx. restuans (n=10).  Plasmodium isolated from both Cx. pipiens and Cx.

restuans were represented in clades A-D, while only Cx. restuans was represented in

clade E.

Figure 3.1.  Bayesian phylogenetic analysis of mosquito-isolated Plasmodium
cytochrome b (726 bp).  All haplotypes were found in a single mosquito unless
otherwise noted, with hatched triangles representing Plasmodium haplotypes isolated
from Cx. pipiens and filled circles Cx. restuans.  Major clades are indicated by letters.
Numbers at nodes indicate mean posterior probabilities, with values under 0.5 omitted.

Parasite associations with mosquito vectors and avian hosts

Two distinct mosquito-isolated haplotypes were identical to those previously

isolated from infected wild birds.  Haplotype E1, isolated in this study from Cx.

restuans only, was previously found in the same study area in bird species
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representing several avian families (Szymanski and Lovette 2005; also reported in

several bird species throughout N. America and the Lesser Antilles as haplotype PA

by Fallon et al. 2005).  Haplotype F1 was likewise isolated from bird species

representing different families (Szymanski and Lovette, 2005) and was the second

most common Plasmodium haplotype found in Carpodacus mexicanus (house finch)

populations in the eastern United States (Kimura et al., 2006).

Three mosquito-isolated Plasmodium haplotypes matched bird-isolated

haplotypes from this study (Table 3.2).  Haplotype Cx-3 was found in both Cx. pipiens

and Cx. restuans and a common local bird species, Turdus migratorius (American

robin).  Haplotype F1 was found in three mosquito species:  Cx. pipiens, Cx. restuans

and Oc. canadensis, and in three bird species, C. mexicanus, Melospiza georgiana

(swamp sparrow) and Tachycineta bicolor (tree swallow), from previous studies

conducted in the same study area (Kimura et al. 2006; Szymanski & Lovette, 2005).

Haplotype F1 grouped closely with haplotype GRW4, previously identified as P.

relictum and found to infect unrelated avian taxa across the globe (Waldenström &

Bensch, 2002; Beadell et al. 2006).  The most common haplotype isolated from both

Cx. pipiens and Cx. restuans, Cx-1, was not previously isolated from any birds in this

study or other studies.
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Table 3.2.  Avian hosts and Plasmodium morphospecies associated with clades A-E
from Figure 3.1.  Avian host associations with clades A-E are based on an additional
Bayesian phylogenetic analysis (tree not shown).  References are noted for previously
published GenBank sequences.

Clade A Clade B Clade C Clade D Clade E

Culicine hosts Cx. pipiens
Cx. restuans

Cx. pipiens
Cx. restuans

Cx. pipiens
Cx. restuans

Cx. pipiens
Cx. restuans
Oc. canadensis

Cx. restuans

Avian hosts T. migratorius1 C. mexicanus2,8

T. bicolor2

M. georgiana2

C.
mexicanus2,8

A. herodias7

T. bicolor2

M. melodia2

D. petechia2

P. cyanea1

C. flaveola3

L. noctis3

Plasmodium
morphospecies

P. relictum
(GRW4)4

P. circumflexum
(pTURDUS1)5

P. elongatum
(GRW6)6

1(Ricklefs et al., 2005); 2(Szymanski and Lovette, 2005); 3(Fallon et al. 2005);
4(Valkiunas et al., 2007); 5(Palinauskas et al., 2007); 6(Valkiunas et al., 2008);
7(Beadell et al., 2006); 8(Kimura et al., 2006)

In an ongoing effort to integrate molecular and taxonomic data on avian blood

parasites, recent studies have linked morphospecies to mtDNA cytochrome b

haplotype by subinoculating naïve birds with parasites of known morphospecies

(Palinauskas et al., 2007; Valkiunas et al., 2007).  We used the same species to

identify our mosquito-isolated Plasmodium lineages to species.  Our phylogenetic

analysis suggests that haplotype E1 corresponds to P. elongatum because both cluster

in clade E, differing by a single nucleotide change.  Both P. relictum, the most

common morphospecies infecting passerines, and P. circumflexum group together in

clade D.  None of the three morphospecies for which DNA sequences are available

falls into clade A.
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Discussion

Plasmodium lineages share vector species

We found moderate support for our prediction that host breadth accompanies

vector breadth, with one of the most common Plasmodium haplotypes infecting birds

(F1, possibly P. relictum) also infecting three mosquito species, but another

Plasmodium haplotype (E1, probably P. elongatum, widespread among bird taxa and

geographic areas) infecting just one mosquito species.  A previous study (Kimura et al.

2006) found E1 to be the most common Plasmodium haplotype occurring in C.

mexicanus in Ithaca, NY and at several other sampling sites across N. America;

Szymanski and Lovette (2005) isolated it from four avian host species (Tachycineta

bicolor, Melospiza melodia, Dendroica petechia and C. mexicanus) in the same study

area, and Fallon et al. (2005) found the same haplotype (“PA”) in both resident and

migratory birds on several islands across the Lesser Antilles.  The high Plasmodium

prevalence in Cx. pipiens and Cx. restuans relative to other abundant mosquitoes in

our study area suggests that they are important vectors.  A similar proportion of adult

female Cx. quinquefasciatus (12%) was found to be infected with P. relictum in

Hawaii, where they are known to be the dominant vector species (Reiter and LaPointe,

2007).  It is therefore curious that we isolated E1 just once from Cx. restuans and not

at all from Cx. pipiens.

The high level of sharing of Plasmodium lineages between Cx. pipiens and Cx.

restuans might be due to their similar ecology; they are known ecological competitors

in their larval stages (Reiskind and Wilson, 2008) and both feed primarily on birds

(Magnarelli, 1977).  Their high rate of capture in the same traps indicate that they have

similar foraging habits (Darbro and Harrington, 2006).  The finding of haplotype F1 in

two distantly-related mosquito genera (Ochlerotatus and Culex) further suggests that
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vector phylogenetic relatedness may not be a reliable index of their ability to become

infected with the same Plasmodium lineage.

The evolution of major clades of haemosporidian parasites correlates with

vector shifts into different Dipteran families, presumably by giving parasites access to

new hosts (Martinsen et al., 2008).  This has been shown on a broad phylogenetic

scale, and evidence exists for partitioning of lineages among divergent mosquito

genera (Gager et al. 2008).  Our data demonstrate that at least some Plasmodium

lineages are found across these congeneric and locally sympatric mosquito species.

The same Plasmodium haplotype, F1, was shared by two mosquito species (Cx.

pipiens and Oc. canadensis) representing two genera, showing that Plasmodium vector

sharing also occurs at the mosquito genus level.  More sampling of divergent mosquito

taxa needs to be added to the growing data set of vector-isolated Plasmodium to

understand patterns of Dipteran host sharing.  Although robust molecular phylogenies

for the Culex and Ochlerotatus genera are presently not available, one phylogenetic

hypothesis based on morphological characters suggests that Cx. pipiens and Cx.

restuans are not sister taxa (Miller et al., 1996).  The position of Ochlerotatus relative

to Culex is not known.

Differential Plasmodium prevalence in mosquitoes and evidence for local

transmission

Just 7 of 78 described species in the mosquito genus Culex have documented

competence for avian Plasmodium species, most commonly Cx. quinquefasciatus,

closely related to Cx. pipiens (LaPointe et al., 2005).  We were therefore not expecting

to find equal Plasmodium prevalences in all the mosquito species we tested.  Our

results confirm a general finding from other studies (LaPointe et al., 2005; Gager et

al., 2008) that vector competence, and by extension the probability of avian

Plasmodium infection, varies among mosquito species.  Our inability to detect
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Plasmodium infection in Oc. aurifer and Cs. melanura suggest that these species are

not as important as Cx. pipiens and Cx. restuans as competent vectors at our study site.

Given the high prevalence of Plasmodium (15-17%) in these two latter species, it is

unlikely that the absence of Plasmodium infection in the other species can be

explained entirely by the difference in sampling effort.

The occurrence of so many Plasmodium cytochrome b haplotypes in the two

most abundant ornithophagic mosquito species, and the co-occurrence of some of

those haplotypes in diverse avian host species at our study site, provide evidence that

transmission occurs at our study site.  This finding contrasts with the conclusion of

Bensch et al. (2000) that transmission of avian haemosporidia to migratory birds

occurs largely on the wintering grounds.  Other studies have inferred low rates of

transmission on the wintering grounds due to the low prevalence of infected migrants

sampled there (Bennett et al., 1980; Garvin et al., 2004).  Consistent with the results

from this study, Szymanski et al. (2005) concluded that transmission occurs on the

breeding grounds because they detected infections of both Haemoproteus and

Plasmodium species in recently fledged birds still in their natal area.  More sampling

of Plasmodium vectors in both breeding and wintering areas of migratory birds would

help to elucidate transmission dynamics over the annual cycle of migratory birds.

Patterns of Plasmodium lineage diversity

The high representation among mosquitoes of Plasmodium haplotypes forming

a clade not previously recovered from vertebrate hosts suggests that we did not sample

the relevant avian hosts in our system.  Testing this hypotheses would require future

studies to sample a greater diversity of hosts and other vertebrates in our study area,

and to conduct blood meal analyses to identify the range of hosts fed upon by local

mosquitoes.  Most studies on avian malaria parasite genetic diversity are heavily
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biased towards small passerine birds that are easily captured in mist nets, and our

results suggest that these may not be the most important hosts in our study area.

The high frequency of Plasmodium haplotype Cx-1 and closely related

haplotypes in our sample of mosquito-isolated Plasmodium and their absence in birds

to date suggests that avian Plasmodium is even more diverse, at least at the

cytochrome b locus, than previously realized. The elevated diversity in our sample

relative to that found by Gager et al. (2008) could simply reflect differences found in

the two study areas (temperate versus tropical).  It could also indicate the possibility

that pooling multiple mosquitoes during DNA extraction, as employed by Gager et al.,

reduces the probability of isolating unique parasite haplotypes by increasing the ratio

of mosquito background DNA in the sample.

Conclusions

The dynamics of vector-borne diseases depend upon a complex interaction

among host, vector and parasite.  Because many birds regularly migrate vast

geographic distances, the ability to infect different vector species could further

facilitate a parasite’s colonization of new hosts inhabiting different regions.  For

example, a broad vector range has been hypothesized to facilitate the radiation of

primate malarias in southeast Asia which may have led to the emergence of

Plasmodium in humans (Escalante et al., 1998).  Our results provide mixed support for

the hypothesis that avian Plasmodium vector breadth accompanies host breadth:  one

of the most common avian malaria parasite haplotypes was isolated from three

mosquito species in our study area, but the other was found in just one mosquito

species.  We have presented definitive evidence that avian malaria parasites infect

multiple vector species, that major parasite clades are shared between congeneric

mosquito species, and that mosquito vectors harbor a high diversity of avian malaria

parasites.
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CHAPTER 4

AMPLIFICATION OF AVIAN PLASMODIUM BY THE

CULEX P. PIPIENS MOSQUITO

Abstract

Most ecological studies of avian blood parasites have focused on bird-parasite

interactions to the exclusion of their Dipteran vectors.  For parasites in the genus

Plasmodium (Plasmodiidae), the mosquito is crucial not just to the transmission of

parasites among hosts but also for sexual reproduction and completion of the parasite

life cycle.  It is therefore important to consider whether parasite-vector interactions

influence which parasites ultimately infect birds.  We tested the hypothesis that

vectors limit Plasmodium infection in an avian community by experimentally testing

whether a common Plasmodium lineage found in wild birds in our study area exhibits

variation in its ability to infect a model avian malaria vector, Culex pipiens pipiens,

using adult mosquitoes reared from field-collected eggs.  A second aim of our study

was to assess the ability of local Cx. pipiens to amplify Plasmodium parasites in wild

birds with naturally occurring parasitemias.  Lab-reared adult female mosquitoes were

used in replicated feeding trials upon 4 wild-caught Red-winged blackbirds (Agelaius

phoeniceus) naturally infected with a locally common Plasmodium lineage.  The

polymerase chain reaction (PCR) was used to screen both blood meals and mosquito

bodies following incubation for the presence of Plasmodium infection.  The low (0-

17%) Plasmodium prevalence in female mosquitoes following incubation probably

reflects natural variation in avian gametocytemia and mosquito immune responses to

infection.
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Introduction

Malaria parasites (Plasmodiidae) impose fitness costs to both vertebrate host

and mosquito vector.  Parasite associations with both host and vector must therefore

be considered together as potential drivers of parasite evolution.  Most studies of avian

blood parasites have focused on assessing fitness costs to birds (Ots and Horak, 1998;

Merino et al., 2000; Marzal et al., 2005; Spencer et al., 2005; Tomás et al., 2007).  Our

limited knowledge of fitness costs to arthropod vectors comes from studies on

mosquitoes that are medically important to humans (Hurd, 2003).  For example,

malaria parasite infection can reduce Anopheles mosquito flight distance (Schiefer et

al., 1977), fecundity (Hopwood et al., 2001) and speed of response to vertebrate host

defensive behavior, which may in turn lead to increased mosquito mortality (Anderson

et al., 2000).

Laboratory experiments on captive birds have shown that Culex pipiens

pipiens is a competent vector species for several Plasmodium species that infect birds

(Huff, 1929; Valkiunas, 2005).  These experiments typically involved infecting a bird

by direct inoculation from an infected bird into a previously unexposed bird, waiting

for the parasite to amplify in the new host’s blood, then placing the bird into a cage for

mosquitoes to feed upon.  Experimental conditions necessarily departed from natural

conditions by utilizing 1) unnatural host-vector combinations,  2) manipulated

parasitemias, or 3) mosquitoes reared in small colonies for many generations,

potentially resulting in high levels of inbreeding.

In many cases parasitemias were manipulated (Work et al., 1990) and feeding

trials timed to occur when parasitemias are elevated  (LaPointe et al., 2005) to

maximize the probability that experimental mosquitoes ingested large numbers of

parasites with the blood meal.  Such studies laid the foundation for understanding

variation among mosquito and parasite species interactions, and were most valuable
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for eliminating possible vector candidates (i.e., those mosquito species that did not

become infected under ideal conditions were unlikely to be important in the wild).

It is rare that competence trials are conducted with the parasitemic levels found

in wild birds (0.1-13% erythrocytes infected, (Kirkpatrick and Sluthers, 1988), which

are often lower than those achieved by inoculating captive birds in the laboratory (up

to 63% erythrocytes infected, (Valkiunas, 2001).  Parasitemia is an important

consideration because it directly affects the probability that a female mosquito feeding

on a host will ingest both male and female gametocytes in its blood meal which are

required for the parasite to complete its life cycle in the mosquito.  Failure to ingest at

least a single male and single female gametocyte would eliminate any possibility of

transmission to a new host regardless of the mosquito’s physiological capacity to do

so.

The mosquitoes used for feeding trials often originate from captive breeding

colonies, which are inbred for many generations.  Recent molecular genetic and

genomics research on human malaria vectors has suggested that wild type Anopheles

gambiae is immune to Plasmodium infection and that susceptibility to infection, and

by extension vector competence, may be a result of loss of immune function (Riehle et

al., 2006).  Inbreeding may increase the frequency of such a loss of function in a

population.  Inbreeding has also been shown empirically to increase the mosquito’s

susceptibility to parasite infection (Niare et al., 2002).  Using inbred mosquitoes alone

for vector competence trials might therefore result in overestimating vector

competence.

Experiments demonstrating a mosquito species’ potential ability to be a vector

does not mean that it is an important vector in the wild.  Whether a mosquito species is

an important vector in an avian community depends on complex interacting factors

including vector and host density, host availability, feeding preference for particular
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hosts and a threshold reservoir of infected hosts.  Moreover, a single vector species

can exhibit intraspecific geographic variation in competence.  This variation may

represent genetic variation in competence among populations, or it might reflect

variation in vectorial capacity, which includes competence and other extrinsic factors

such as host and vector density (Frost, 1976).  It is therefore not always possible to

predict a vector species’ competence based on its performance under laboratory

conditions.

A previous study explored patterns of lineage distribution among avian malaria

vectors and revealed that a unique clade of Plasmodium cytochrome b haplotypes

sampled from mosquitoes largely excluded published Plasmodium haplotypes sampled

from birds, and that one mosquito species, Cx. restuans, harbored more parasite

haplotypes than Cx. pipiens (Kimura in prep.).  It is not clear whether this difference

in parasite-vector association is due to an intrinsic evolutionary interaction between

vector and parasites, or a reflection of differences between mosquito species in their

avian host feeding preference.  Analyses of mosquito blood meal contents show that

mosquitoes often prefer to feed on particular bird species, independent of the relative

availability of those birds (Hassan et al., 2003).  If Plasmodium parasites were specific

to bird species, and mosquito species were specific in their avian host feeding

preferences, parasites would be vector-specific, irrespective of any host preferences

among vectors.  Variation in vectorial competence (ability to transmit parasites to a

new host) could therefore contribute to observed patterns in avian malaria lineage

diversity and distribution across avian hosts and mosquito vectors.

Here, we test experimentally whether an abundant vector species, Cx. pipiens,

is able to amplify a Plasmodium lineage naturally found in local wild birds, using

adult mosquitoes reared from local field-collected eggs.



74

Methods

Molecular and morphological identification of Plasmodium in avian hosts.

Passerine birds were captured using mist nets in Tompkins County, NY in July

2007.  All bird handling procedures were reviewed and approved under Cornell

University Institutional Animal Care and Use Committee protocol #2006-0076.

Approximately 50 µL of blood per bird was taken by brachial venipuncture.  Genomic

DNA was extracted from the erythrocytes and using Perfect gDNA Blood Mini Kits

(Eppendorf), screened for Plasmodium infection via PCR, and the Plasmodium

sequenced following methods of Kimura et al. (2006).

In addition, thin blood smears were made (4 smears per bird), air dried, fixed

in 100% methanol for 1 minute and stained in 7% Giemsa for 1 hour.  At least 150

fields of each slide were viewed at high magnification (1000X) with approximately

250 erythrocytes per field.  Intensity of infection was estimated by counting the

number of parasites per 1,000 erythrocytes.  Parasites were identified to species or

subgenus level, where infection levels allowed, following Valkiunas (2005), so that

the morphology of the blood stages of the parasites could be related to their DNA

sequence.

Mosquito collection and rearing.

Egg rafts of Cx. pipiens were collected from peridomestic aquatic habitats in

Tompkins County, New York.  Each egg raft was placed individually in a container

with 1L deionized water containing approximately 20 ml diet slurry (1:2:1 fish food:

rabbit pellets: bovine liver powder) and held at 25°C until hatching.  After hatching,

sub-samples of 2-4th instar larvae from each egg raft were removed and identified to

species using standard taxonomic characters (Means, 1987).  Pupae were removed

from larval rearing trays on each day of pupation and placed into emergence bowls

inside mesh-covered 5-liter buckets.  To control for potential variation in feeding and
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competence among progeny of different females, pupae from multiple egg rafts were

combined into emergence bowls.  Emerging adults were provided with ad libitum 20%

sucrose. When adult females were between 4 and 14 days old, the sucrose solution

was removed for 24 hours before each feeding trial.

Mosquito feeding trials and detection of infection.

Four thin blood smears were taken from each bird within 5 minutes of the

feeding trials to assess parasitemia at the time of feeding.  An individual restrained

live bird was placed into a mesh-covered 5-liter bucket cage in a dark room with 40-50

adult female mosquitoes for 2-3 hours, or until most females were engorged or had

stopped feeding.  All unfed females were removed and discarded.  Engorged and

partially engorged females were placed into an environmental chamber under 70%

relative humidity and a 14L:10D photoregime at 25-28°C and provided with 20%

sucrose provided ad libitum on cotton wicks.  To confirm that females had ingested

blood stages of Plasmodium from the birds, engorged females from each bucket were

removed and frozen.  Genomic DNA was extracted from the whole mosquito body

using DNAzol reagent (Invitrogen, Carlsbad, CA) followed by ethanol precipitation.

The presence and identity of Plasmodium parasites in the blood meals were confirmed

via PCR and sequencing using primers R2 and HaemF2.  After 14 days of incubation,

the remaining gravid mosquitoes were frozen whole at -20C.  The right wing was

removed from each female and measured to estimate body size.  Genomic DNA was

extracted from ground whole mosquito bodies, and Plasmodium was detected via PCR

using the same method described for the blood meals.

Data analysis.

We used the exact logistic regression procedure in Stata version 10 because the

data were sparse.  Effects of individual bird, feeding trial replicate, and proportion of

mosquitoes that ingested Plasmodium in blood meals on day 0 were used as
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independent variables to predict the response variable of proportion of gravid

mosquitoes infected with Plasmodium on day 14.

Results

Infected birds.

Using PCR-based detection of Plasmodium DNA in avian blood, four red-

winged blackbirds (Agelaius phoeniceus) harbored infections of a common

Plasmodium cytochrome b haplotype and one was infected with Haemoproteus.  The

Plasmodium-infected birds were subsequently held in captivity for feeding trials.

None of the blood smears showed any cells infected with Plasmodium gametocytes,

the life stage of the parasite that would eventually lead to sexual reproduction in the

mosquito midgut, or schizonts, which would have facilitated assignment of the

parasites to morphological subgenus or species.  A previous study found P.

cathemerium and P. circumflexum naturally occurring in a population of red-winged

blackbirds in the northeastern United States (Herman, 1938).  Five additional

Plasmodium species are known to occur in red-winged blackbirds from around North

America:  P. elongatum, P. hexamerium, P. polare, P. relictum and P. vaughani

(Bennett et al., 1982).  The low parasitemias in our study birds did not allow

identification to morphospecies, however.

Mosquito feeding trials.

Three replicated feeding trials were conducted with Cx. pipiens mosquitoes

(n=368) on the four captive birds.  Overall, a lower proportion of mosquitoes was

found with disseminated Plasmodium infections (4%) than with blood meals

containing Plasmodium (38%) (Figure 4.1).  The proportion of mosquitoes infected

following incubation was lower than the proportion of blood meals infected at time of

feeding within each trial, with the exception of bird 41035 in replicate 2, where 10%
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of engorged mosquitoes contained Plasmodium at the time of feeding and 17.6%

disseminated Plasmodium following incubation.  Considerable variation existed

between individual birds in both the proportion of mosquitoes ingesting Plasmodium

in the blood meal (10-100%).  The logistic regression indicated a significant effect of

individual bird in predicting the proportion of mosquitoes with disseminated

Plasmodium following incubation (p= 0.01) as well as a significant effect of

individual bird (p=0.05).  The effect of feeding trial approached significance (p=0.06).

To ensure that low levels of infection following incubation were not due to insufficient

incubation time, in trial 3 we sampled female mosquitoes four more times, at days 19,

24, 29 and 33.  Increased incubation time did not increase the occurrence of infection,

as no mosquitoes fed on birds 41016 or 41026 sampled after day 14 were infected.  A

single mosquito that fed on bird 41033 showed infection on day 19.

Figure 4.1.  Summary of proportion of 1) blood meals and 2) mosquitoes following
incubation in which Plasmodium was detected by PCR after feeding on red-winged
blackbirds (n=368 mosquitoes).
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Discussion

In our study, the probability that a mosquito ingested Plasmodium during

feeding varied from 10-100%.  This variation was likely an artifact of low power due

to small sample sizes (n=2) of mosquito blood meals taken in trial 1.  Like other

studies, our study detected Plasmodium in bird blood using PCR even when infected

erythrocytes were not seen in microscopic examination of blood smears (Jarvi et al.,

2003).

The variation observed in Plasmodium presence in the blood meals and in the

mosquitoes post-incubation likely reflects variation in parasitemia either among

individual birds, or over time, or both.  Because a mosquito needs to ingest both a

male and female gametocyte to harbor the parasite’s development through the

sporozoite stage, and a single blood meal (about 3 µl) consists of only a minute sample

of the total blood volume of a single bird, gametocytemia would need to be relatively

high for transmission to be successful.

This reduction could result from mosquitoes ingesting only non-sexual stages

of parasites in the blood, detected by PCR in the blood meal, which would prevent the

parasite from starting its life cycle inside the mosquito.  Gametocytes typically occur

at a much lower level than non-sexual stages.  If gametocytes had been completely

absent, then we would not have observed any Plasmodium amplified in mosquitoes

after the incubation period.  However, Plasmodium did appear in  of the14 feeding

events for which we were able to compare infection at time of feeding to infection

following incubation.

The proportion of Cx. pipiens individuals amplifying the various Plasmodium

lineages found in local birds at our study site in a single feeding trial (0-17%) is not as

high as reported for the same mosquito species fed on an unnatural host (canary) when

feedings were conducted at a time where gametocytes could be seen and counted in
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blood films (Rosen and Reeves, 1954).  Our finding of relatively low rates of

amplification is consistent with other studies examining rates of amplification of

Plasmodium found at unmanipulated levels in human hosts (0-15%,  Shin et al. 2002).

This relatively low amplification rate could represent a more realistic approximation

of the natural amplification rate.  An earlier experiment found that Cx. pipiens could

become infected even when no gametocytes were seen by microscopic examination

(Tate and Vincent, 1934).  A similar ability to amplify submicroscopic infections is

seen in human malaria parasites (P. falciparum) in Anopheles mosquitoes (Schneider

et al., 2007; Shekalaghe et al., 2007).

One potential limitation of this study was our small sample size of mosquitoes.

Sample sizes of blood-fed mosquitoes were low in some groups because not all

mosquitoes offered a live bird actually took a blood meal.  We used a single avian host

species in this study so that that possible variation among individual birds could not be

attributed to variation among bird species.  Instead, the variation we found between

feeding trials could represent within-host community dynamics, such as competition

among lineages, that have been reported in human malaria parasites inoculated into

laboratory mice (de Roode et al., 2005; Bell et al., 2006; Wargo et al., 2007), in human

malaria in the field (Bruce et al., 2000a; Bruce et al., 2000b; Bruce and Day, 2003)

and hypothesized to occur in avian hosts (Fallon et al., 2003; Fallon et al., 2005).

Our study represents a first step towards understanding how mosquito vectors

may mediate host-parasite dynamics.  The typically high rate of Plasmodium infection

in birds at our study site (10-40%, Kimura et al. (2006), Szymanski and Lovette

(2005)) might predict high competence in one of the dominant ornithophilic mosquito

species at our site, Cx. pipiens, which was a likely candidate to be a highly competent

vector based on high levels of transmission with this species in previous laboratory

experiments.  This study adds to existing evidence from studies of other vertebrate



80

hosts of distantly-related Plasmodium species that amplification rates by mosquito

vectors of Plasmodium species is lower than expected from feeding experiments under

unnatural conditions in the laboratory.  Future work should explore the relative vector

competence  of other ornithophilic mosquito species.
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APPENDIX

PILOT EXPERIMENTS FOR MOSQUITO FEEDING TRIALS

Experiment 1.  The goal of the first pilot experiment was to compare the ability of two

putative avian Plasmodium vector species, Culex p. pipiens and Culex p.

quinquefasciatus, to amplify Plasmodium after feeding on naturally infected house

finches.  All animal handling was reviewed and approved under IACUC protocol

#2006-0076.

Methods.  Feeding trials were conducted using protocols described in

Chapter 4.  Five house finches were found to be infected with Plasmodium using PCR

protocols described in Chapter 2.  All mosquitoes were reared in the laboratory under

70% RH and a 14L:10D photoregime.  Cx. quinquefasciatus came from the SLAB, an

insecticide-resistant colony originally derived from California populations and

maintained in colony for more than 20 years.  Cx. pipiens were derived from wild

material collected in central New York State and augmented annually.  Female

mosquitoes were offered blood meals from a restrained chicken and provided with an

oviposition substrate 4 days later.  First instar larvae hatching from eggs were 3 days

old when they were placed in groups of 200 in 1L of distilled water and a dry food

mixture as described in Chapter 4.  Larvae were maintained in incubators under the

above conditions.  Following pupation, pupae were placed in containers in mesh-

covered bucket cages until eclosion commenced on day 14.  Because males emerge

before females, we discarded the adults that emerged from approximately the first

30% of the pupae.  The remaining pupae were moved into a new bucket provided with

20% sucrose ad libitum.  Adults in the second bucket were mostly females but

contained a sufficient number of males to ensure that all females in the cohort mated.
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When adult females were 3 days old, on day 18, sucrose solution was replaced with

distilled water.

To enhance the probability that these nocturnal mosquito species would

become infected, we exposed restrained birds to mosquitoes at 10 p.m., EST.  On day

20, five Plasmodium-infected house finches and one uninfected bird were placed

sequentially in two separate bucket cages with Cx. quinquefasciatus and Cx. pipiens

individuals for a 25-minute feeding interval.  Following the feeding period, birds were

removed from the buckets.  After 12 hours, unfed females and males were removed by

aspiration.  Engorged females were returned to the incubator, held between 24 and

28°C, and provided 20% sucrose on cotton pads ad libitum.  On day 11, females were

frozen for DNA analysis as described in Chapter 4.  Mature sporozoites have been

found in culicine vectors under laboratory conditions between 7 to 20 days following a

blood meal, so we assumed that 11 days was sufficient time to reach infectivity under

incubator conditions.

Results.  None of the incubated mosquitoes showed evidence of Plasmodium

infection by PCR.  Feeding rates varied between Cx. quinquefasciatus, mean=18.5%,

and Cx. pipiens, mean=48.3% (Table 1).

Table A1.  Percentages of female mosquitoes that fed upon restrained house finches in
pilot feeding trial.

Cx. quinquefasciatus 148 158 260 281 534 582
unfed females n/a 24 8 15 30 12
fed females 0 6 1 6 5 7

TOTAL females 0 30 9 21 35 19
percentage fed 0% 20.0% 11.1% 28.6% 14.3% 36.8%
Cx. pipiens

unfed females 15 23 14 65 26 26
fed females 25 46 5 30 22 34

TOTAL females 40 69 19 95 48 60
percentage fed 62.5% 66.7% 26.3% 31.6% 45.8% 56.7%
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Experiment 2.  The goal of this experiment was to induce high parasitemia in captive

naïve canaries by inoculating them with blood from a Plasmodium-infected bird.  All

animal handling was reviewed and approved under IACUC protocol #2006-0076.

Methods.  Captive house finches were screened for Plasmodium infection

following methods described in Chapter 2.  Once infected house finches were

identified, approximately 20 µl of blood were drawn from each of two infected birds.

The blood was immediately diluted with 1 part of 3.8% sodium citrate to 4 parts of

whole blood (G. Valkiunas, pers. comm.).  Within 10 minutes, approximately 50 µl of

citrated blood were injected into the pectoral muscle of 2 recipient canaries (each

canary was inoculated with blood from a different donor house finch).  Canaries were

bled and screened for Plasmodium infection 7 and 10 days following inoculation with

infected blood.  Individual Cx. p. pipiens were reared in the laboratory from field-

collected eggs.  After Plasmodium infection was detected in both canaries, mosquitoes

were fed on the restrained birds as described in Chapter 4.  On day 11 after incubation

at 25-28°, mosquitoes were frozen for DNA analysis as described in Chapter 4.

Results.  Thirty female Cx. pipiens were engorged from feeding on both

canaries.  None showed evidence of Plasmodium infection by PCR following the 11-

day incubation period.


