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Abstract

Tularemia is a plague-like disease caused by the bacterium Francisella tularensis. In
Scandinavian countries tularemia transmission is clinically attributed to mosquitoes. To
examine the transmission of tularemia by mosquitoes I exposed Aedes aegypti and
Anopheles gambiae larvae to F. tularensis and tested all life stages for bacterial DNA
using real-time polymerase chain reaction (rtPCR). I fed adult A. aegypti and An.
gambiae a blood meal containing F. novicida and tested for DNA 24,48 and 72 hours
after feeding. Seventy-two hours after the F. novicida blood meal I allowed A aegypti
and An. gambiae to feed on a mouse. My results indicate that 1. Aedes aegypti and An.
gambiae larvae ingest F. tularensis but eliminate it from their system before maturing to
adults and, 2. F. novicida DNA is present in adults 72 hours after feeding, and 3. mice
remained healthy after multiple mosquitoes feeding on them. Although this implies F.
tularensis is not spread by A. aegypti and An. gambiae, it exemplifies the need to
investigate other subspecies o fi7. tularensis and other species of mosquito to eliminate
species dependence.
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CHAPTER 1: Introduction to tularemia and mosquitoes (Diptera: Culicidae)

TULAREMIA BACKGROUND
History
Tularemia, a zoonotic, plague-like disease, was first described almost a century
ago (20). Since then it has sporadically emerged in both endemic regions and areas
previously not at risk for this disease. Recent examples of tularemia cases in humans
reported in the literature include: 155 cases reported in 30 of the 50 United States in 2005
(32), 2,697 cases reported in Finland and 1,828 cases reported in Sweden from 20002005 (7). Spain experienced its first outbreak in 1997; Kosovo reported its first human
case in 2000 and in 2002 Australia reported its first human case of tularemia (29).
Tularemia has a history of being developed as a biological weapon, The
combination of high virulence (30-60% untreated fatality rate), low infectious dose (1025 colony-forming units (CFU) Cause disease (33)), and its ability to be easily aerosolized
qualifies the causative bacterium Francisella tularensis as a Category A bioterrorism
agent (10). It has been studied and developed as a weapon in the United States, Japan and
the former Soviet Union (5). In the 1940s and 1950s several governments devoted large
amounts of funding to develop offensive bioweapons programs using tularemia. The
United States military stockpiled it until the late 1960s (8).
Because of low numbers of tularemia infection in the United States, interest in
tularemia decreased until 2001, when interest and funding for research on tularemia was
boosted by the anthrax letters which renewed the fear of biological weapons (28). Recent
advancements in both molecular techniques and immunology have opened doors for
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extensive research and are enabling researchers to expand their inquiries beyond the
natural history of the bacterium, the main focus of Francisella research in the past.
These studies led to major advances in understanding Francisella genetics, pathogenesis
and host immune responses. The recent work provides tools for studying this fascinating
organism that evolved to cause disease in a wide variety of hosts such as lagamorphs,
rodents, beavers and muskrats (29).
Taxonomy
The causative agent of tularemia is the gram-negative, facultative, intracellular,
bacterium Francisella tularensis. Francisella is a member of the y-subdivision
Proteobacteria (10). Francisella philomiragia is the only other species in the genus
Francisella (35). Currently four subspecies (subsp.) of F. tularensis have been identified
and sequenced (33, 35). F. tularensis subsp. tularensis, also known as Type A, has the
highest mortality rate and is found mainly in North America. Type A is most commonly
associated with lagomorphs, rodents, and ticks (29). The current strain being used for
most F. tularensis subsp. tularensis research is Schu4 (28).
F. tularensis subsp. holarctica, also known as Type B, produces milder disease
symptoms in humans and is found throughout the Northern Hemisphere. Type B has
been isolated from ponds and streams (14) and is most frequently associated with water
dwellers such as muskrats, beavers, and mosquitoes (24). The Live Vaccine Strain (LVS)
is most often used in research on F. tularensis subsp. holarctica (28).
The subspecies mediasiatica and novicida have been identified in the Central
Asian republics of the former USSR (27) and in much of the rest of the Northern

Hemisphere and Australia respectively, but are less virulent to wildlife and rarely cause
human disease (29). F. tularensissubsp. novicida, U112 strain, is often used in
laboratory research because of its virulence in mice, lack of virulence in humans and its
genetic similarities to F. tularensis subsp. tularensis.
Genetic studies of F. tularensis have revealed a group of gene loci associated with
Francisella virulence called the Francisella Pathogenicity Island (FPI) (15).
Modification to specific genes within the FPI, or modifications to proteins regulating the
expression of the FPI genes, affect the virulence of the bacterium and its ability to
replicate within host cells (23). For example, when MglA, a transcriptional regulator of
the FPI genes, is genetically modified or removed the resulting bacterium is attenuated in
highly susceptible animals and can no longer replicate within macrophages, a preferred
host cell type (4).
Epidemiology
The bacterium has been isolated from over 250 species of wildlife (18); however,
an environmental niche where F. tularensis persists is unknown (28) and might be
different between strains and ecosystems or may not exist at all. F. tularensis can be
cultured in rich laboratory media but the organism’s nutritional requirements make it
unlikely to be free-living in the environment (28). Tularemia is an acute infection in
rabbits, hares and rodents (20) which makes these mammals an important source of
human infection but questionable true reservoirs. Coincidently, human tularemia
outbreaks often coincide with outbreaks in rabbits, hares and rodents (36). F. tularensis

has also been isolated from beavers and muskrats, but the infection does not seem to be
fatal in these animals (25).
Tularemia was first reported in 1911 (20) and since then has been reported
regularly in most of the Northern Hemisphere but rarely in the Southern Hemisphere
(28). Russia, Scandinavia and the United States have the highest incidence of disease;
within the United States most cases are in Arkansas, Missouri, Oklahoma and South
Dakota (2). In 2006 within the United States, 95 cases of tularemia were reported to the
Centers for Disease Control and Prevention (22). Because of the broad clinical spectrum
when the typical ulcer is absent it is unknown how many cases of tularemia go
undiagnosed each year (1) because the blood tests used to diagnose tularemia are not
always conducted.
Transmission
There are four known transmission routes for F. tularensis. The three most
common in the United States are through the handling of infected animal tissues, through
the consumption of contaminated food or water, or through arthropod bites from ticks,
mosquitoes, or other biting flies (33). The fourth form of transmission, inhalation of
contaminated aerosols (34), produces the worst form of the disease - pulmonary
tularemia. Other clinical forms of tularemia are ulceroglandular (the most common),
glandular, typhoidal, ocular and oropharyngeal (16).
During an outbreak of tularemia on Martha’s Vineyard in the summer of 2000
(29) pulmonary tularemia was caused by the death of an infected animal in a field, which
was later mowed over, causing the bacteria to be aerosolized. Subsequent inhalation of

the bacteria by professional landscapers led to pulmonary tularemia in multiple
individuals with one case being fatal.
Transmission by arthropod bite is less well understood. F. tularensis bacteria can
grow and survive inside ticks (Ixodidae) for more than 70 days, and ticks can transmit
tularemia through a bite at any point during infection (26).

Live mosquitoes have been

captured and tested positive for F. tularensis (24) and male mosquitoes have tested
positive after mating with females that have fed on an F. tularensis infected blood meal
(31). Mosquitoes that have been interrupted while feeding on an infected host have been
able to transmit tularemia to the second host when finishing their blood meal (31). These
results have led to the belief that transmission by mosquito is mechanical (26); however,
no experiments have been completed that demonstrate the location of F. tularensis on
mosquitoes during mechanical transmission, or the route of transmission from female to
male.
Tularemia as a clinical disease
Clinical symptoms of tularemia normally present 3-5 days after initial exposure,
and the first symptoms are general and non-specific, usually including fever, malaise,
chills and headache (12). More specific symptoms depend on the route of transmission
(28).
The typical tularemia ulcer will appear if transmission is through the skin or
mucous membranes, often the re su lt of contact with an infected animal or an arthropod
bite (33). The typical ulcer that develops at the site of infection is often a single papule
that becomes inflamed (28). This ulcer often goes unnoticed and heals within a week

(33). The lymphnodes draining the ulcer will then enlarge and become tender (12). This
often continues until antibiotics are administered (17). This scenario occurs in 30-40% of
cases and comprises more than 90% of European tularemia cases (33).
Inhalation of the bacteria often results in pulmonary or respiratory tularemia (28):
If F. tularensis subsp. holarctica are the bacteria inhaled the respiratory infection is most
often non-fatal (33). If F. tularensis subsp. tularensis are the bacteria inhaled, the
infection is acute and severe and is characterized by a high fever, malaise, chills and a
cough; it is sometimes accompanied by delirium and pulse-temperature dissociation and
has a high fatality rate (33).
Other clinical forms of tularemia can occur if the bacteria enter the body via other
portals. Infection in the eye is oculoglandular, characterized by conjunctivitis of one eye
and swelling of the eyelid, while oropharyngeal tularemia is the result of ingestion of F.
tularensis (28). Typhoidal tularemia describes patients with serious systemic symptoms
of tularemia but lacking signs of portal of entry (33).
MOSQUITO (Diptera: Culicidae) BACKGROUND
Taxonomy
Culicidae, the family of mosquitoes, contains approximately 3,500 species within
the order Diptera, or two-winged flies (6). All mosquitoes are slender and delicate with a
small subspherical head, elongate slender sucking mouth parts (proboscis) and tiny scales
covering their bodies, veins, and margins of their long narrow wings (21). The family
Culicidae is broken down into two subfamilies, Anophelinae and Culicinae (21), which
are further broken down into 41 genera (6).
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Life History
The mosquito life cycle is similar to that of other holometabolous insects: they
experience a metamorphosis from egg to larva to pupa and finally to the adult stage. The
egg5larva and pupal stages all take place in water. Depending on the species, eggs are
laid either on water or on moist soil or substrate around water. The eggs hatch when they
are submerged and are subjected to species appropriate nutrient and oxygen levels. The
larvae then live in water, feeding and breathing air from the surface. The larvae feed on
particulates in the water including algae, amoebae, bacteria, and decaying plants and
animals. After 4 instars (molting cycles) the larvae molt to pupae. As pupae they remain
in water, breathing and maturing, but are no longer feeding. The pupae undergo ecdysis,
and adults emerge from the surface of the water after sitting for a short time to allow their
wings to dry. The females emerge and start seeking a blood meal. Adult mosquitoes
feed on nectar as their main source of energy and are consequently pollinators of various
plant species. Females need a source of protein, found in a blood meal from a vertebrate.
The protein is necessary for the maturation of the eggs. A female can mate once and
produce a viable brood of eggs after every blood meal. Females live on average 30 days,
having many blood meals during that time and producing 300-600 eggs 24-48 hours after
each blood meal (6).
Disease Transmission
Mosquitoes are known to transmit viruses, parasites and occasionally bacteria,
causing more than 50 diseases (30). The most studied of these diseases are malaria,
yellow fever, dengue fever, and the various encephalitides (Australian Equine
Encephalitis, Eastern Equine Encephalitits, Japanese Encephalitis B, Western Equine

Encephalitis, and West Nile Encephalitis). Female mosquitoes feed many times during
their life but do not always feed on the same host species. Feeding is easier when the
host is ill and less likely to resist feeding. Therefore, diseases can be spread easily, with
relatively low risk to the mosquito, from sick to healthy animals, one species to another,
or animal to human. This transmission can be mechanical, on the proboscis through
interrupted feedings, or biological, with the infectious agent living inside the mosquito
(30).
One example of a disease caused by a pathogen with a developmental stage
adapted to replication in mosquitoes is malaria. Malaria is a disease caused by the
parasite Plasmodium falciparium. Anopheles mosquitoes, during their blood meal release
the sporozoite phase of the Plasmodium into their host. The sporozoite then moves to the
host’s liver where it becomes a merozoite, which infects red blood cells. Inside the blood
cells the merozoites mature to female or male gametocytes. The gametocytes are picked
up by mosquitoes during their blood meal. Inside the mosquito’s gut the female
gametocytes are fertilized becoming sporozoites. The sporozoites migrate to the
mosquito’s salivary gland and are transmitted to the next host during the blood meal (37).
Yellow Fever, Dengue Fever and Chikungunya Fever are caused by viruses that target the
salivary glands after being picked up by mosquitoes during blood meals (21). Rift Valley
Fever Virus (RVF) is yet another virus transmitted by mosquitoes; this virus however, is
more unique than the others mentioned. RVF virus is not only transmitted by mosquitoes
but is transferred transovarially from the female mosquito to its eggs, which then hatch to

larvae, become pupae and then adults already carrying the RVF virus, able to transmit
RVF to their first blood-meal host (19).
Mosquitoes and Tularemia
Little is known of the transmission of bacterial disease by mosquitoes. Wild
mosquitoes have been collected and tested positive for F. tularensis in the USSR (30).
Laboratory reared mosquitoes have been found to transmit tularemia up to 35 days after
feeding and maintain F. tularensis for up to 50 days, depending on the species (30, 31).
Brucellae is the only other mosquito-transmitted bacterium reported in the literature. The
transmission of Brucellae by mosquitoes has not been sufficiently studied; however,
Brucellae have been isolated from wild mosquitoes collected while feeding on infected
cattle in the USSR (30). Based on the limited number of reports the transmission of
Brucella by mosquitoes is more than questionable at this time.
In 1941 Olin (24) wrote an influential paper on the occurrence and mode of
transmission of tularemia in Sweden. This report led to the hypothesis that mosquitoes
transmit tularemia. Olin analyzed epidemiological data from 10 years of tularemia cases.
The outbreaks coincided with the time of year that mosquitoes are most prevalent and
their annoyance to humans is greatest. For the cases documented, over 80% of 401 cases
were females with lesions on the legs. This was in a region where females commonly
wore short skirts during the summer months, thereby exposing their legs. The remaining
20% of cases were male, with the majority of lesions on the hands, face, and neck. In
these regions males wore long pants and sleeves during the summer months. In addition,
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none of the interviewed patients remembered being bitten by any arthropods other than
mosquitoes (24).
More recently Eliasson et al. (9) outlined an outbreak of tularemia in Sweden in
the year 2000. This matched case-control study revealed a strong correlation of illness
and mosquito bites (odds ratio 8.8). Other risks were farming and cat ownership (odds
ratios 3.2 and 2.5 respectively). The majority of cases were within the peak mosquito
season and began to decline after the first frost (9), which reduces the mosquito
population (11). I could find no evidence of controlled laboratory experiments conducted
with mosquitoes and tularemia in Scandinavia.
Other Insect Models
Currently there are two insect models being used to study the pathogenesis of
tularemia in arthropods. These systems are mainly used as experimental models with
potentials for high throughput screening in studies of Francisella pathogenesis. Neither
of them represents model organisms for potential vector species. Drosophila
melanogaster has recently been described as a model for the interaction and analysis
between F. tularensis and its potential arthropod host (38). A recent study found that
LVS produces a humoral immune response when injected into D. melanogaster (38).
This same response was found both in vitro and in vivo (38). When LVS was fed to D.
melanogaster larvae it did not result in infection but it did illicit an immune response
(38).
The greater wax moth, Galleria mellonella has also been established as an
invertebrate model for infection and pathogenicity of LVS (3). When LVS is injected
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into the body of G. mellonella caterpiller (final larval stage) the death rate is dependent
on the bacterial dose injected and the incubation temperature after inoculation (3). In this
model the administration of antimicrobials (streptomycin, levofloxacin or ciprofloxacin)
was effective in prolonging survival of the caterpillars (3).
DISCUSSION
In the United States tularemia, F. tularensis subsp. tularensis, is spread mainly by
contact with infected terrestrial animals with few known cases of infections from tick
transmission. F. tularensis subsp. holarctica, however, is mainly spread via contact with
diseased aquatic animals. These forms of transmission are also similar to those suggested
by studies in other countries with the exception of Scandinavian countries. In the latter
region epidemiological data show mosquitoes are the most common connection with
ulceroglandular tularemia. The outbreak dates coincide with the mosquito season and in
each case the ulcer is on a body part (legs, arms, face and neck) where mosquito bites
commonly occur. Tick bites generally occur on the body trunk. The cases are also
geographically centered near large bodies of water known as breeding centers for
mosquitoes (24).
These data, when supplemented by research that F. tularensis can survive in water
for extended periods of time (13) suggest the hypothesis that mosquito larvae can be
exposed to F. tularensis and later transmit tularemia as adults during blood meals. A
possible mechanism for transmission is that mosquito larvae could eatF. tularensis
during the larval stage and the bacteria could persist into the host s adult form. The
females could then transmit tularemia during each blood meal. This would be an

important breakthrough in not only the transmission of tularemia but also in transmission
of a bacterial disease from the environment by mosquitoes.
Although epidemiological surveys suggest that mosquitoes can transmit tularemia,
laboratory data are needed to support this hypothesis. If mosquito transmission of
tularemia occurs, the route could be biological with the bacteria actively replicating
inside the mosquito, or mechanical where the bacteria are simply moved from one host to
another by adhering to the mosquito, especially to the mouth parts, which are inserted
into the blood meal host during the feeding of female mosquitoes. If tularemia is
transmitted via a biological route a more specific investigation is warranted. Knowledge
of the transmission route has the potential to yield many approaches for lessening disease
outbreaks. This information could help predict the timing and source of infections, and
allow officials to target intervention and disease control by keeping bodies of water free
of Francisella contamination, or by minimizing the local mosquito populations with
larvacide or insecticide treatments.
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CHAPTER 2: Aedes aegypti and Anopheles gambiae larvae exposed to Francisella
tularensis subsp. novicida do not transmit the pathogen to later developmental
stages
ABSTRACT
Tularemia is a plague-like disease caused by the Category A bioterrorism agent
Francisella tularensis. In Scandinavia tularemia transmission is attributed to mosquitoes
based on epidemiological surveillance. To examine the potential of transmission of
tularemia by mosquitoes in an easily accessible laboratory model, we exposed Aedes
aegypti and Anopheles gambiae larvae to F. novicida and tested all life stages for
bacterial presence using rtPCR (real-time polymerase chain reaction). Our results
indicate that larvae ingest F. novicida but clear it from their system before maturing to
adults. Although these data imply F. novicida is not spread efficiently in this manner by
these mosquito species, it exemplifies the need to investigate other subspecies of F.
tularensis and other species of mosquito to determine species dependence.
INTRODUCTION
Tularemia, a zoonotic, plague-like disease, is caused by the bacterium Francisella
tularensis. The combination of high virulence (30 - 60 % untreated fatality rate), low
infectious dose (10-25 colony-forming units (CFU) cause disease), and ability to be
aerosolized qualifies F. tularensis as a Category A bioterrorism agent.
Currently 4 subspecies (subsp.) of F. tularensis have been identified and their
genomes sequenced. Francisella tularensis subsp. tularensis, or Type A, has the highest
human mortality rate; is found mainly in North America; and is most commonly
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associated with lagomorphs, rodents, and ticks. Francisella tularensis subsp. holarctica,
or Type B, produces milder disease symptoms in humans and is found throughout the
Northern Hemisphere. Type B has been isolated from ponds and streams (7) and is most
frequently associated with water dwelling animals such as muskrats, beavers, and
mosquitoes (22). Francisella tularensis subsp. mediasiatica and F. tularensis subsp.
novicida have been identified in the Central Asian republics of the former USSR (24) and
in other parts of the Northern Hemisphere and Australia respectively, but are less virulent
and rarely cause human disease (26). Francisella tularensis subsp. novicida, U112 strain
(F. novicida), is often used in laboratory research because of its lack of virulence in
humans and its genetic similarities to F. tularensis subsp. tularensis. In addition, this
strain causes a disease in mice very similar to tularemia in humans.
Mosquitoes transmit viruses and parasites that cause more than 50 diseases (27).
The most studied of these diseases are malaria, yellow fever, dengue fever and the
various encephalitides (Eastern equine encephalitis, Japanese encephalitis B, Western
equine encephalitis, West Nile encephalitis). Female mosquitoes feed many times during
their life but do not always feed on the same species. Feeding is easier when the host is
ill and less likely to resist. Therefore, diseases can be spread easily between species,
from sick to healthy, or animal to human (18). Disease transmission can be mechanical,
on the proboscis through interrupted feedings without replication of the pathogen, or
biological, with the agent having a life stage inside the mosquito (27).
The transmission of tularemia by various tick species has been examined and is
well documented (1,2, 9,11-17,21,29, 30). Francisella tularensis cm reproduce and
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survive inside ticks (Ixodidae) for an extensive time (> 70 days) and can be transmitted
through a bite at any point during infection (23). However, transmission of tularemia by
mosquitoes was found to be mechanical (23). Live mosquitoes have been captured and
tested positive for F. tularensis (22). Mosquitoes that have been interrupted while
feeding on a F. tularensis-infected host can transmit tularemia to a second host when
finishing their blood meal (28). Although transmission by mosquitoes has been
documented in the laboratory in a few species of mosquito (27) it seems to be less
efficient in comparison to ticks.
In Scandinavian countries, where Type B is endemic, tularemia transmission is
attributed to mosquitoes. However, the evidence for mosquito transmission is
epidemiological and statistical (6,22). In order to determine transmission capabilities
and to establish an insect model for tularemia transmission I proposed that mosquito
larvae ingest the bacteria F. tularensis, harbor the bacteria through the pupal and adult
stages, after which females can transmit tularemia. To test my hypothesis in a laboratory
model, I exposed A aegypti and An. gambiae larvae to F. novicida and tested all life
stages for F. novicida DNA using rtPCR (real-time Polymerase Chain Reaction).
Francisella novicida DNA is not synonymous with viable bacteria or disease
transmission. However, ifF. novicida DNA is present it does indicate the possibility of
transmission, and if F. novicida DNA is absent it supports the lack of transmission
capabilities.
Aedes aegypti and An. gambiae mosquitoes were used because they were readily
available, protocols for their rearing have been documented, they are known to transmit

disease, and they would be unable to survive and establish in the subarctic environment
were they to escape the building. Aedes aegypti and An. gambiae mosquitoes are very
well studied and both of their genomes have been sfequenced. This makes these species
excellent laboratory models for studying infection and transmission of tularemia as well
as for studying the cellular and molecular mechanism of the host-pathogen interaction.
Francisella novicida strain U112 was used because it is readily available in our
laboratory, avirulent in healthy humans, and is known to cause disease in mice similar to
tularemia in humans. In addition more genetic tools exist for F. novicida than other more
virulent strains.
METHODS
Experimental Design
To determine if mosquitoes can transmit tularemia, healthy reproductive colonies
o f A. aegypti and An. gambiae mosquitoes were established. Larvae were exposed to F.
novicida strain U112 by adding it to their rearing water, and all life stages (larva, pupa,
and adult) were tested for bacterial presence using quantitative rtPCR.
General Mosquito (Diptera: Culicidae) Rearing
All mosquito related procedures were conducted in an approved BSL-2
(Biohazard Safety Level) laboratory modified to ACL-2 (Arthropod Containment Level)
insectary approved by the University of Alaska Fairbanks (UAF) internal biosafety
committee. The insectary was set to 22°C and a 12-hour photoperiod (6:00-18:00), and
all mosquito life stages were kept in an environment chamber at 28°C and 50% humidity.
Excess aquatic life stages were disposed of by adding the water containing larvae
or pupae to a 2000 ml beaker with 50 ml bleach and allowing it to sit for 24 hours before
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pouring down the drain; adult mosquitoes were frozen for 24-48 hours, autoclaved and
disposed. Excess life stages potentially containing F. novicida were frozen for 24-48
hours, autoclaved and disposed.
The mosquito cages containing live colonies were cleaned twice a week.
Cleaning procedures consisted of wiping down the bottom of the cage with a waterdampened paper towel, which removed frass and dead mosquitoes. New colonies were
established in fresh cages every 30 days. Previously occupied cages were cleaned with
70% ethanol.
Mouse Anesthesia and Euthanasia
Mice were cared for as required by protocols approved by the UAF Institutional
Animal Care and Use Committee (07-35 & 07-41). All mice were obtained from UAF
animal quarters from a local breeding colony. Mice were anesthetized by intraperatoneal
injection of Ketamine (70mg/kg) and Xylazine (lOmg/kg), and their eyes were covered
with an antibiotic salve to protect them from unnecessary discomfort during mosquito
feeding. After one hour, or upon arousal, each mouse was placed in a one-quart opaque
plastic container with a gauze pad soaked in Isoflurane (0.25ml) for euthanasia. After 10
minutes of exposure, their lungs were punctured (to prevent any possible revival) and the
mouse carcasses were returned to UAF animal quarters for disposal (as directed by
IACUC #70-35).
Artificial feeding
When possible, artificial blood meals were used for mosquito feeding using the
Mishra feeder method (20). The outside of a glass jar was wrapped with parafilm leaving
a small pocket in the center for blood. Warm water (40°C) was poured into the glass jar
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and 2 ml defibrinated sheep’s blood was injected between the parafilm and the glass jar
and placed directly on the mosquito cage.
Aedes aegypti Colonization
Aedes aegypti eggs were obtained from the Division of Vector Borne Infectious
Diseases, Centers for Disease Control and Prevention (DVBID, CDC) in Fort Collins,
Colorado. To hatch the eggs, a 4 cm piece of the egg strip was placed in 500 ml de
ionized water with 0.1 g rabbit food. Larvae were fed 0.1 g rabbit food daily the first 3
days and 0.3 g daily for days 4-7. When pupae were observed they were picked up with a
transfer pipette and placed in a petri dish inside a 30cm x 30cm x 30cm insect cage. All
remaining larvae were disposed of 1 week after the first pupae were observed in the tray.
Adults were fed a nectar substitute, 10 % sucrose solution, inside a 100 ml jar with a
gauze pad lid, turned upside down on top of the cage. The nectar solution was replaced
weekly.
The adults were allowed a blood meal once weekly. For mosquito feeding, a
mouse, or the Mishra feeder, was placed on top of the cage for one hour. Twenty-four
hours after feeding an oviposition site was inserted into the cage for 48 hours. The
oviposition site consisted of a 0.5 pt cup with 100 ml water, lined with a brown paper
towel (egg paper). The egg paper was removed from the cup and kept moist for 24 hours.
The egg paper was either placed in water for hatching, or stored for later use. For
storage, the egg paper was dried at 28°C and 50% humidity for five days and placed in
an envelope, at room temperature, for up to six months (8).
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Anopheles gambiae Colonization
Anopheles gambiae eggs were obtained from the DVBID, CDC in Fort Collins,
Colorado. To hatch, the egg paper was rinsed into a larva tray containing 500ml de
ionized water and trace amounts of ground fish food. On day 1 (Dl) after hatching
250ml of water and larvae from the larva tray were placed in a second larva tray and de
ionized water was added to each tray to bring the volume to 500ml. This process was
repeated for each larva tray on D2 and D3. Small amounts of ground fish food were
sprinkled on each tray on D1-D10. Pupae observed were picked up with a transfer
pipette and placed in a petri dish with a funnel lid, inside a 30cm x 30cm x 30cm insect
cage. A nectar substitute, 10% sucrose solution, inside a 100ml jar with a gauze pad lid
was placed upside down on top of the cage.
Adults were fed a blood meal twice a week. Twenty-four hours after feeding, an
oviposition site was placed inside the cage. The oviposition site consisted of a petri dish
containing cotton wool covered with filter paper and saturated with 35ml de-ionized
water. After 48 hours the oviposition site was removed and eggs were hatched within 24
hours.
Larvae Exposure
Less than 16 hours after hatching, 20-30 larvae were transferred to petri dishes
containing 50ml de-ionized water and the appropriate amount of food (previously
described). Half the dishes were supplemented with 500-1000^iL F: novicida grown in
tryptic soy broth (TSB) (24- 611 colony forming units (CFU)), and control dishes with
500-1 OOOfil TSB. After 3 to 5 days fourth instar larvae and pupae were removed using
screen dippers and placed into clean dishes containing 50 ml de-ionized water and

23
allowed to swim for 5 minutes. This washing step was repeated three times. Larvae
(n=100) and pupae (n=100) were separated for DNA extraction by placing them
individually into 1.5ml micro centrifuge tubes. These samples were again washed twice
with 500|iL phosphate buffer solution (PBS) and aspirated to leave a sample with no
liquid. The pupae (n=100) separated for adult DNA extraction were placed in a small
weigh boat containing 15ml de-ionized water, inside a 1-pint ice cream cup with a screen
lid, inside a 15cm x 15cm x 15cm insect cage. When all adults had emerged the cage was
placed in a freezer (-20°C). Adults were separated into individually labeled and dated
1.5mL micro centrifuge tubes.
DNA Extraction
All tissue samples were stored at -20°C until DNA extraction. For DNA
extraction, the Wizard ® Genomic DNA Purification Kit, animal tissue protocol
(Promega, Madison, WI) was used. All extracted DNA samples were stored at -80°C
until PCR analysis.
Real-time Polymerase Chain Reaction (rtPCR)
The ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Foster
City, CA) was used to test all DNA samples. FAM and SYBR® Green were used as our
fluorescence reporters. Two methods of detection were used to verify detection limits.
The TaqMan Assay was used to detect FAM fluorescence on the fopA gene
sequence of the F. tularensis genome (19). DNA samples, in 2|iL aliquots, were added to
wells containing 1.5^iL of 10|iM forward primer
(AACAATGGCACCTAGTAATATTTCTGG), 1.5^iL of lO^M of reverse primer
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(CCACCAAAGAACCATGTTAAACC), 1.25fiL of 5jj,M probe (FAMTGGCAGAGCGGGTACTAACATGATTGGT-TAMARA), 12.5^iL, 2x of TaqMan
Universal Master Mix (Roche, Basel, Switzerland) and 6.25|liL nuclease free water. The
UNG (uracil-DNA glycosylas) was activated at 50°C for 2 minutes and the Taq was
activated at 95°C for 10 minutes followed by 45 cycles of denaturing for 15 seconds at
45°C and annealing/extention at 60°C for 60 seconds. The procedure ended with 5
minutes at 45°C.
For identification of F. novicida by rtPCR, using SYBR ® Green as the reporter,
5|xL aliquiots of the extracted DNA were mixed with l|iL fopA-F (lOjiM), 1juL fopA-R
( I O jjM ) ,

12(iL (2x) Platinum® SYBR ® Green qPCR SuperMix-UGD with ROX

(Invitrogen, Carlsbad, CA) and 6[iL nuclease free water. The UGD was activated at
50°C for 2 minutes followed by ROX activation at 95°C for 10 minutes. The
denaturating and annealing cycle, 95°C for 15 seconds and 60°C for 60 seconds, was
repeated 45 times. A dissociation curve was produced by increasing the temperature to
95°C for 15 seconds, lowering to 60°C for 15 second and then increasing it slowly to
95°C to record the melting temperatures.
Larval Ingestion
To confirm the larvae were taking up the F. tularensis provided in their rearing
water a strain of U112 expressing green fluorescing protein (GFP) was used. The
plasmid pFNLTP-6 GroE GFP was provided by Thomas Zahrt, Medical College of
Wisconsin. Rebekah Hare-Sanford transformed the plasmid into F. novicida U112 using
standard chemical transformation methods for Francisella novicida to produce U112
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expressing GFP. Larvae were exposed to the U112 expressing GFP for three days after
which they were washed, mounted and viewed at 60x using an Olympus TE81
epifluorescence microscope with spinning disk confocal capabilities.
Calculations and Statistics
The amounts of DNA in picograms (pg) were converted to number ofUl 12
genomes using the following calculation: amount of DNA (bp) = (0.978 x 109) x DNA
(pg) (5). U112 has a 1,910,031 bp genome, therefore lpg U112 DNA is equivalent to 512
U112 genomes. Student’s T-test was used to determine statistical significance (p=0.05)
between sample groups.
RESULTS
Confirmation of Bacterial Ingestion by Mosquito Larvae
In order to establish a mosquito model for the transmission of tularemia, mosquito
larvae were exposed to various amounts (2 x 104 to 6 x 1011CPU) of F. novicida in the
water they were reared in. A wide range of CFU was used to show that the ingestion was
not related to the amount of bacteria available. To ensure larvae exposed to U112 were
ingesting F. novicida, larvae were initially exposed to a strain of U112 expressing GFP.
After three days of exposure the larvae were washed, mounted on a microscope slide, and
visualized using confocal microscopy. Examination of exposed larvae confirmed both
the A. aegypti and An. gambiae were in fact ingesting F. novicida (Figure 2.1 & 2.2).
Examination of control larva confirmed the absence of bacteria (Figure 2.3).
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Figure 2.1: Aedes aegypti larvae ingest U112 expressing GFP. The gut of an A.
aegypti larvae that has been exposed to a strain of U112 expressing GFP for 3 days. The
individual green fluorescent dots (arrows) indicate individual bacterium in the larval gut.
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Figure 2.2: Anopheles gambiae larvae ingest U112 expressing GFP. The gut of an
An.gambiae larvae that has been exposed to a strain of U112 expressing GFP for 3 days.
The individual green fluorescent dots (arrows) indicate individual bacterium in the larval
gut.
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Figure 2.3: Control larvae. The gut of an An. gambiae larvae that has not been exposed
to a strain of U112 expressing GFP. There are no individual green fluorescent dots
indicating no bacteria present. The light green glow in the picture is autoflourescence of
the larva.
Bacterial Maintenance to Pupal and Adult stages
Once it was confirmed that mosquito larvae ingest F. novicida, the next step was
to determine if they maintain the bacteria to the pupal and adult life stages. To determine
if pupae maintain F. novicida the pupae were separated and washed, and their DNA was
extracted for rtPCR analysis. Both A. aegypti and An. gambiae larvae eat F. novicida but
do not maintain F. novicida to the pupal or adult stages (Table 2.1 and Table 2.2). Very
few of the An. gambiae tested positive for F. tulavensis presence during the pupal stage
(not statistically significant compared to controls, p > 0.05); however, the quantities of
DNA in the positive samples were very low, with quantities of DNA measuring from 1
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CFU/pupa to 50 CFU/pupa (Figure 2.4) and most likely due to contamination at some
point during the extraction. There is also the potential for external contamination; the
bacteria could be located on the outside of the pupae resulting in a positive sample.
Another explanation for the positive pupae could be low levels of transmission from the
larval to the pupal stage but elimination before the adult stage (Figure 2.4). Minor
contamination could also explain the few negative control samples that also tested
positive (Table 2.1 and Table 2.2). One An. gambiae adult tested positive for U112
DNA, but the quantity measured was unrealistically high, with measured DNA at more
than 2 xl012 CFU for 1 adult mosquito; the result was treated as an error.

Table 2.1: Aedes aegypti larvae ingest U112. Percent of individual mosquitoes (A.
aegypti and An. gambiae) showing presence of F. novicida (U112) DNA at the larval,
pupal and adult stages, after being exposed to F. novicida in the larval rearing water.
CFU added varied from 2xl04 to 6xlOn . _______________________ ______________
F. tularensis exposed larvae (%)
Unexposed larvae (%)

Larvae

Pupae

Adults

Larvae

Pupae

Adults

A. aegypti

75.76

0

0

0.99

2.67

0

An. gambiae

82.18

7.92

0

4.95

2.00

0
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Table 2.2: Aedes aegypti and An. gambiae larvae do not carryover U112 to other life
stages. Total sample size for A. aegypti and An. gambiae larvae, pupae and adults tested
for F. novicida DNA presence using rtPCR. CFU added varied from 2xl04 to 6x1011;
•■.
Results listed as positive samples / total samples. _______________
F. tularensis exposed larvae
Unexposed larvae

Larvae

Pupae

Adults

Larvae

Pupae

Adults

A. aegypti

50/66

0 /137

0/101

1/101

4/150

0/100

An. gambiae

83/101

8/101

0/109

5/101

2/100

0* /100

* 1 adult tested positive but the quantity was unrealistic and was regarded as an error
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Figure 2.4: DNA at larval and pupal stages. Quantity of Ul 12 DNA as measured by
rtPCR, and calculated Ul 12 genomes, in positive samples of exposed life stages for two
mosquito species. Values shown in the plot are the maximum (top dot), 3r quartile (top
line), median (middle line), 1st quartile (bottom line), and minimum (bottom dot)
quantities of DNA for all positive A. aegypti larvae, An. gambiae larvae and An. gambiae
pupae. Aedes aegypti pupae and the adults of both species were all negative and are
therefore not included in this graph.
DISCUSSION
Mosquito larvae ingest amoeba, bacteria, and decaying organic matter as their
major food sources (3). Therefore, presence of F. novicida DNA in A. aegypti and An.
gambiae mosquito larvae was not unexpected. I anticipated that larvae would maintain
bacteria to the pupal stage. However, during the molting process from larva to pupa the
lining of the fore- and hind-gut is shed (3). If the bacteria were to persist in the pupae, it
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would suggest an intracellular stage, or existence of the bacteria in the hemolymph,
during the metamorphosis because external bacteria would not be maintained through
metamorphosis. During metamorphosis the shedding of the cuticle includes the shedding
of the inner lining of the stomach. It is during this phase that any ingested F. novicida is
most likely eliminated from the pupae.
Adult A. aegypti and An. gambiae tested negative for F. novicida DNA; thus, it is
unlikely that adult A aegypti and An. gambiae are able to efficiently transmit tularemia
when exposed to F. novicida as larvae. The inability of A. aegypti and An. gambiae to
efficiently transmit tularemia from larva to adult does not mean other species of mosquito
cannot do so. Many other disease-transmitting mosquitoes have species dependences
between virus strains or parasite species. Plasmodium falciparum, a parasite that causes
human malaria, matures from a non-infective gametocyte to a sporozoite inside
Anopheline mosquitoes (4). Rift Valley Fever virus (RVF) is also known to be carried by
female Aedes mosquitoes and is passed transoverially to the next generation, during
which RVF is transmitted to the adults’ first blood meal host (25). In this study I used A.
aegypti and An. gambiae mosquitoes instead of mosquitoes naturally occurring in
tularemia endemic areas because they were readily available, protocols for rearing have
been documented, and they are known to transmit disease. Aedes aegypti and An.
gambiae mosquitoes are also very well studied and both of their genomes have been
sequenced. This makes these species excellent laboratory models for studying infection
and transmission of tularemia, and the cellular and molecular mechanism for the hostpathogen interaction. My findings do not support transmission via this route. However,
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this does not mean other mosquito species cannot transmit via this route. To thoroughly
investigate the transmission capabilities, and examine the potential for species
dependence, numerous species of mosquitoes need to be exposed to the different
subspecies of F. tularensis.
Previous research tested whether adult mosquitoes could transmit tularemia (23,
28). In those studies, adult females (Aedes) fed on infected animals, and then fed on
uninfected animals. They did not transmit tularemia if allowed to finish their blood meal;
however, when feeding on an infected host was interrupted and the mosquito completed
the meal on an uninfected animal the transmission rate was approximately 2% (28).
Transmission rates were greater (10%) if the adult was interrupted during the infected
feeding and crushed by slapping during the completion of its blood meal on the
uninfected host (28).
Clinical evidence (10, 22,28) and epidemiological studies suggested adult
mosquitoes transmit tularemia (23) (6). In 2008 a 16-month old child in Germany
presented with a rash and a lesion due to a mosquito bite. Lymphadenopathy increased
for five weeks after the bite even though antibiotics had been administered. Physicians
ordered further tests and determined the child had Type B tularemia. The child had been
in constant supervision of an adult and had not been in contact with any animals. The
mother remembers being in a mosquito infested area and was also bitten but did not show
symptoms of tularemia (10). Outbreaks in Scandinavian countries coincide with the time
of year that mosquitoes are most prevalent. Within the documented cases (582 from
1931-1938), over 80% were women with lesions on their legs. This was in a geographic
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region where women commonly wore short skirts, baring their legs during summer
months. The remaining cases were men, with the majority of lesions on their hands, face
and neck; they wore long pants and sleeves. None of the patients interviewed
remembered being bitten by anything other than mosquitoes (22). A more recent study
outlined an outbreak of tularemia in Sweden in 2000; matched case-control studies
revealed a strong correlation of illness and mosquito bites. Most cases occurred during
peak mosquito season and declined after the first frost (6), which is known to greatly
reduce the mosquito population. There is potential for false attribution of tularemia
transmission to mosquitoes. Olin (22) attributed tularemia transmission in Scandinavia to
mosquitoes. Therefore, people diagnosed with tularemia may, after diagnosis, associate
the disease with mosquitoes and remember only occasions when they were bitten by
mosquitoes leading to false reports of transmission.
Despite evidence of transmission of tularemia by mosquitoes, the exact route of
transmission remains unknown. I demonstrated that A. aegypti and An. gambiae did not
harbor F. novicida as adults after being exposed as larvae, or if they did, a sample size of
100 was too low to detect. However, I emphasize the need to test other species of
mosquitoes and other subspecies of F. tularensis. Aedes aegypti and An. gambiae larvae
eat F. novicida and maintain the bacteria in their system until they pupate. Once exposed
larvae have entered the pupal stage, F. novicida DNA is no longer present throughout
their remaining life cycle. I conclude that adult A aegypti and An. gambiae cannot
transmit tularemia during blood meals after being exposed to F. novicida only as larvae.
Aedes aegypti and An. gambiae cannot transmit tularemia efficiently via this route;
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however, there is a noticeable difference between the A. aegypti and An. gambiae
mosquitoes in the maintenance of F. novicida from the larval to pupal stages. The A.
aegypti did not maintain F. novicida from the larval to pupal stages while 7.92% of the
An. gambiae pupae tested positive for F. novicida. This phenomenon implies the need to
test other species of mosquito and F. tularensis as there may be a species of mosquito
that can maintain F. tularensis from the larva to adult.
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CHAPTER 3: Mosquito (Diptera: Culicidae) transmission of Tularemia
Abstract
Tularemia is a zoonotic disease caused by the Category A bioterrorism agent
Francisella tularensis. In Scandinavian countries tularemia transmission is clinically
attributed to transmission by mosquitoes. To examine this mode of transmission I
allowed adult female Aedes aegypti and Anopheles gambiae mosquitoes to feed on blood
containing F. novicida and tested them at 24,48 and 72 hours post feeding for bacterial
DNA using real-time polymerase chain reaction (rtPCR). My results indicate that adult #■
A. aegypti and An. gambiae mosquitoes ingest blood containing F. novicida and maintain
small amounts of the bacterial DNA in their bodies 72 hours post feeding. However,
mosquitoes fed on F. novicida blood did not transmit tularemia when allowed to feed on
uninfected mice 72 hours after a blood meal containing Francisella,

INTRODUCTION
Mosquitoes transmit pathogens causing more than 50 diseases (5). The most
studied of these diseases are malaria, yellow fever, dengue fever and various
encephalitides (Eastern equine encephalitis, Japanese encephalitis B, Western equine
encephalitis, West Nile encephalitis and others). Female mosquitoes feed many times
during their life but do not always feed on the same species (2). Feeding is easier and
safer for mosquitoes when the host is ill and unlikely to resist; therefore, diseases can be
picked up easily and spread between species or animal to human (14). Disease
transmission can be mechanical, on the proboscis through interrupted feedings, or
biological, with the pathogen replicating inside the mosquito (22).

Agents completing a life stage inside the mosquito will enter the body of the
mosquito during a blood meal on an infected host (2). The infectious agent, whether viral
or parasitic, once inside the mosquito often migrates to the salivary gland at which point
it can infect the next host of the mosquito by being injected into the host with mosquito
saliva (5). The second way a mosquito can transmit pathogens is mechanical, with the
mosquito acting as a fomite, an inanimate object that transmits an infectious agent from
host to host. The pathogen will adhere externally to either the proboscis or the feet and
when the mosquito lands on the next host the agent is rubbed off during landing or
probing (23). Both of these routes are well known for various viruses and parasites but
bacterial disease are thought to be mechanically transmitted if they are transmitted by
mosquitoes.
Tularemia, a zoonotic, febrile disease, is caused by the bacterium Francisella
tularensis. The combination of high virulence (30 - 60 % untreated fatality rate), low
infectious dose (10-25 colony-forming units (CFU) cause disease in humans), and
ability to be aerosolized, identifies F. tularensis as a Category A bioterrorism agent as
defined by the Centers of Disease Control and Prevention (3).
Currently 4 subspecies (subsp.) of F. tularensis have been identified and their
genomes sequenced. Francisella tularensis subsp. tularensis, or Type A, has the highest
human mortality rate, is found mainly in North America, and is most commonly
associated with lagomorphs, rodents, and ticks (21). Francisella tularensis subsp.
holarctica, or Type B, produces milder disease symptoms in humans and is found
throughout the Northern Hemisphere. Type B has been isolated from ponds and streams
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(7) and is most frequently associated with water dwelling animals such as muskrats,
beavers, and mosquitoes (18). Francisella tularensis subsp. mediasiatica and F.
tularensis subsp. novicida have been identified in the Central Asian republics of the
former USSR (19) and in other parts of the Northern Hemisphere and Australia
respectively, but are less virulent and rarely cause human disease (21). Francisella
tularensis subsp. novicida, U112 strain (F. novicida), is often used in laboratory research
because of its lack of virulence in humans and its genetic similarities to F. tularensis
subsp. tularensis. In addition, this strain causes a disease in mice very similar to
tularemia in humans (13, 26).
In Scandinavian countries, where Type B is endemic, tularemia transmission is
attributed to mosquitoes. However, the evidence for mosquito transmission is clinical,
epidemiological and statistical (6, 10,18). I proposed that A. aegypti and An. gambiae
mosquitoes ingest the bacteria F. tularensis during a blood meal, harbor the bacteria, and
can transmit tularemia to their next host. To test this hypothesis, I fed female mosquitoes
on blood spiked with F. novicida and tested them at 24,48 and 72 hours for F. novicida
DNA using real-time Polymerase Chain Reaction (rtPCR). I tested the mosquitoes for up
to 72 hours after the initial feeding based on mosquito feeding, laying eggs 24-48 hours
after feeding and then feeding again after laying eggs if a host is available (2). Based on
the feeding regime in my insectary, female A. aegypti and An. gambiae will feed every 72
hours if allowed. I presumed that if F. novicida DNA was not detected after 48 hours it
was most likely that the mosquitoes digest or shed the bacteria before contacting a second
host and that this transmission route would be unlikely. F. novicida DNA was detected
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after 48 hours suggesting potential for transmission. However, DNA does not equal
viable bacteria so a definitive answer to transmission could not be derived without
feeding positive mosquitoes on an uninfected mouse.
Aedes aegypti and An. gambiae mosquitoes were used because they were readily
available, protocols for rearing have been documented, they are known to transmit
disease, and they would be unable to survive and establish in the Arctic environment
were they to escape the building. Aedes aegypti and An. gambiae were also used because
F. novicida replicates 'mAn. gambiae cell line (24) and if transmission is possible A.
aegypti and An. gambiae would be excellent laboratory models for studying the cellular
interactions between Ft novicida and vectors of tularemia. Francisella tularensis subsp.
novicida strain U112 was used because it is readily available in our laboratory and
avirulent in healthy humans and causes disease in mice similar to that in humans. In
addition F. novicida is more amenable to genetic manipulation that other Francisella
strains, making it an ideal laboratory model to study general Francisella biology.
METHODS
Experimental Design
Adult A. aegypti and An. gambiae mosquitoes were allowed to feed on a blood
meal containing F. novicida. Adults that had fed were tested using rtPCR to verify the
length of time the bacteria remained present in their bodies. After presence of bacterial
genomes in the mosquitoes was established, I allowed F, novicida fed mosquitoes to feed
on mice. The mice were observed for illness (bunched fur, swollen eyes and lack of
movement) for seven days and euthanized, and their blood and spleen were tested using
rt-PCR for the presence of F. novicida DNA.
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General Mosquito (Diptera: Culicidae) Rearing
All mosquito related procedures were conducted in an approved BSL-2
(Biohazard Safety Level) laboratory modified to ACL-2 (Arthropod Containment Level)
msectary approved by the University of Alaska Fairbanks (UAF) internal biosafety
committee. The insectary was set to 22°C and a 12-hour photoperiod (6:00-18:00), and
all mosquito life stages were kept in an environmental chamber at 28°C and 50%
humidity.
Excess aquatic life stages were disposed of by adding the water containing larvae
or pupae to a 2000 ml beaker with 50mL bleach and allowing it to sit for 24 hours before
pouring the solution down the drain; adult mosquitoes were frozen for 24-48 hours,
autoclaved and disposed. Excess life stages potentially containing F. novicida were
frozen for 24-48 hours, autoclaved and disposed.
The mosquito cages containing live colonies were cleaned twice a week.
Cleaning procedures consisted of wiping down the bottom of the cage with a waterdampened paper towel, which removed frass and dead mosquitoes. New colonies were
established in fresh cages every 30 days. Previously occupied cages were cleaned with
70% ethanol.
Mouse Anesthesia and Euthanasia
Mice were cared for as required by protocols approved by the UAF Institutional
Animal Care and Use Committee (07-35 & 07-41). All mice were obtained from UAF
animal quarters from a local breeding colony. Mice were anesthetized by intraperatoneal
injection of Ketamine (70mg/kg) and Xylazine (lOmg/kg) and their eyes were covered
with an antibiotic salve to protect them from unnecessary discomfort during mosquito
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feeding. After one hour, or upon arousal, each mouse was returned to its cage. Mice were
observed for up to seven days and then placed in a one-quart opaque plastic container
with a gauze pad soaked in Isoflurane (0.25mL) for euthanasia. After 10 minutes of
exposure, blood sample and spleen were collected and the mouse carcasses were returned
to UAF animal quarters for disposal (as directed by IACUC # 70-35).
Artificial feeding
Artificial blood meals were used for general colony maintenance and to
administer the F. novicida containing blood. The artificial method used was a modified
version of the Mishra feeder method (17). The outside of a glass jar was wrapped with
parafilm leaving a small pocket in the center for blood. Warm water was poured (40°C)
into the petri dish and 900

jliI

defibrinated sheep’s blood plus ,1'OOjiL Ul 12 culture (2xl04

—5xl06colony forming units (CFU)) was injected between the parafilm and the glass jar
and placed directly on the mosquito cage.
Aedes aegypti Colonization
Aedes aegypti eggs were obtained from the Division of Vector Borne Infectious
Diseases, Centers for Disease Control and Prevention (DVBID, CDC) in Fort Collins,
Colorado. To hatch the eggs, a 4 cm piece of the egg strip was placed in 500 ml 2-day
old tap water with 0.1 g rabbit food. Larvae were fed 0.1 g rabbit food daily the first 3
days and 0.3 g daily for days 4-7. When pupae were observed they were picked with a
transfer pipette and placed in a petri dish inside a 30cm x 30cm x 30cm insect cage. All
remaining larvae were disposed after 1 week of first pupae present in tray. Adults were
fed a nectar substitute, 10% sucrose solution, inside a lOOmL jar with a gauze pad lid,
turned upside down on top of the cage. The nectar solution was replaced weekly.
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The adults were allowed a blood meal once a week. For feeding a modified
version of the Mishra feeder (see above) was placed on top of the cage for one hour.
Twenty-four hours after feeding, an oviposition site was inserted into the cage for 48
hours. The oviposition site consisted of a 0.5pt cup with lOOmL water, lined with a
brown paper towel (egg paper). The egg paper was removed from the cup and kept moist
for 24 hours. The egg paper was either placed in water for hatching, or stored for later
use. For storage, the egg paper to was dried at 28°C and 50% humidity for five days and
placed in an envelope, at room temperature, for up to six months (9).
Anopheles gambiae Colonization
Anopheles gambiae eggs were obtained from the DVBID, CDC in Fort Collins,
Colorado. To promote hatching, the egg paper was rinsed into a larva tray containing
500mL de-ionized water and trace amounts of ground fish food. On day 1 (Dl) after
hatching, 250mL of water and larvae from the larva tray was placed in a second larva
tray, and de-ionized water was added to each tray to bring the volume to 500mL. This
process was repeated for each larva tray on D2 and D3. Trace amounts of ground fish
food were sprinkled on each tray on D1-D10. Once pupae appeared, they were picked
with a transfer pipette arid placed in a petri dish with a funnel lid, inside a 30cm x 30cm x
30cm insect cage. A nectar substitute, 10% sucrose solution, inside a lOOmL jar with a
gauze pad lid was placed upside down on top of the cage.
Adults were fed a blood meal twice a week. Twenty-four hours after feeding an
oviposition site was placed inside the cage. The oviposition site consisted of a petri dish
containing cotton wool covered with filter paper and saturated with 35mL de-ionized
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water. After 48 hours the oviposition site was removed and eggs are hatched within 24
hours.
DNA Extraction
All mosquito life stages were stored at -20CC until DNA extraction. DNA was
extracted using the Wizard ® Genomic DNA Purification Kit, animal tissue protocol
(Promega, Madison, WI). The extracted DNA samples were stored at -80°C.
Real-time Polymerase Chain Reaction (rtPCR)
The ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Foster
City, CA) was used to perform rtPCR analysis. FAM and SYBR® Green were used as
our fluorescence reporters.
The TaqMan Assay was used to detect FAM fluorescence on the fop A gene
sequence of the F. tularensis genome (16). DNA samples, in 2\xL aliquots, were added to
wells containing 1.5|nL of lOfiM forward primer
(AACAATGGCACCTAGTAATATTTCTGG), 1.5|xL of 10\jM of reverse primer
(CCACCAAAGAACCATGTTAAACC), 1.25jiL of 5\M probe (FAMTGGCAGAGCGGGTACTAACATGATTGGT-TAMARA), \2.5yL, 2x of TaqMan
Universal Master Mix. (Roche, Basel, Switzerland) and 6.25

nuclease free water. The

UNG (uracil-DNA glycosylas) was activated at 50°C for 2 minutes and the Taq was
activated at 95°C for 10 minutes followed by 45 cycles of denaturing for 15 seconds at
45°C and annealing/extention at 60°C for 60 seconds. The procedure ended with 5
minutes at 45°C.

For identification of F. novicida by rtPCR, using SYBR ® Green as the reporter,
5|iL aliquiots of the extracted DNA were mixed with I jlxL fopA-F (10|aM), 1|il. fopA-R
(10 fiM), 12(o.L (2x) Platinum® SYBR ® Green qPCR SuperMix-UGD with ROX
(Invitrogen, Carlsbad, CA) and 6\\L nuclease free water. The UGD was activated at
50°C for 2 minutes followed by ROX activation at 95°C for 10 minutes. The
denaturating and annealing cycle, 95°C for 15 seconds and 60°C for 60 seconds, was
repeated 45 times. A dissociation curve was produced by increasing the temperate to
95°C for 15 seconds, lowering to 60°C for 15 second and then increasing it slowly to
95°C to record the melting temperatures.
Calculations and Statistical analysis
The amounts of DNA in picograms (pg) were converted to number of U112
genomes using the following calculation (genome equivalents): amount of DNA (bp) =
(0.978 x 109) x DNA (pg) (4). U112 has a 1,910,03 lbp genome, therefore lpg U112
DNA is equivalent to512U112 genomes. Student’s T-test was used to determine
statistical significance (p=0.05) between sample groups.
RESULTS
Infected feeding
Aedes aegypti and An. gambiae were fed an artificial blood meal spiked with F.
novicida. Mosquitoes that had fed were separated and collected immediately (0 hours)
and after 24,48 and 72 hours for DNA extraction and rtPCR analysis. Mosquitoes were
positive at all time points forF. novicida DNA (Table 3.1); however, the quantity of
DNA did decrease through time (Figure 3.1 and Figure 3.2).
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Table 3.1: Presence of Francisella DNA in mosquitoes after infected blood meal. A.
aegypti and An. gambiae females allowed to feed on infected blood and tested at 24,48
and 72 hours after feeding for the presence of F. novicida DNA. Results listed as
positive samples/ total samples.
Ohrs

24 hrs

48hrs

72hrs

A. aegypti

4/ 4

14 /15

16/16

36 /42

An. gambiae

H I

17/18

16/16

44/49
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Figure 3.1: DNA present in A. aegypti at various times after infected feeding.
Quantity of U112 DNA as measure by rtPCR and calculated U112 genomes, measured in
A. aegypti mosquitoes fed on F. novicida spiked blood meals as tested 0 hours, 24 hours,
48 hours and 72 hours after feeding. Shown in the plot are the maximum (top dot), 3r
quartile (top line), median (middle line), 1st quartile (bottom line), and minimum (bottom
dot) quantities of DNA for all positive A. aegypti fed females. Letters indicate statistical
significance (p < 0.05) from the same letter.

o
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Figure 3.2: DNA present in An. gambiae at various times after infected feeding.
Quantity of U112 DNA as measure by rtPCR and calculated U112 genomes, measured in
An. gambiae mosquitoes fed on F. novicida spiked blood meals as tested 0 hours, 24
hours, 48 hours and 72 hours after feeding. Shown in the plot are the maximum (top dot),
3rd quartile (top line), median (middle line), 1st quartile (bottom line), and minimum
(bottom dot) quantities of DNA for all positive An. gambiae fed females. Letters indicate
statistical significance ( p < 0.05).

After confirming the presence of bacterial DNA at 72 hours in mosquitoes, I
proceeded with transmission experiments using mice as susceptible hosts. Mosquitoes
were once again fed on F. novicida spiked blood, only this time the mosquitoes were kept
for 72 hours and allowed to feed on a healthy mouse. Mosquitoes that fed on the healthy
mouse were frozen and separated for DNA extraction. The mouse was kept for 7 days
and observed for any signs of illness. Aedes aegypti and An. gambiae were allowed to
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feed on three mice each. For the A. aegypti feedings one mosquito fed on the first mouse,
four on the second and 9 mosquitoes fed on the third mouse. For the An. gambiae
feedings seven mosquitoes fed on the first mouse, seven on the second and 19 mosquitoes
fed on the third mouse. No signs of illness or changes in behavior were observed in any
of the mice. Blood and spleen were harvested from each mouse and tested by rtPCR for
F. novicida DNA and all samples were negative. Of the 14 A. aegypti mosquitoes that
fed on mice 10 tested positive for F. novicida DNA. Of the 30 An. gambiae mosquitoes
that fed on mice 19 tested positive for F. novicida UNA.
DISCUSSION
Mosquitoes maintained F. novicida DNA 72 hours after they were allowed to feed
on a blood meal spiked with F. novicida. This is not surprising based on the published
digestion kinetics of mosquito blood meals. Previous studies show various proteins, such
as antibodies, are present but decrease 72 hours after a blood meal (11, 15). Because the
mosquitoes still contained F. novicida DNA 72 hours after feeding the possibility of
transmission cannot be excluded. The presence of Francisella DNA does not equal
viable bacteria, but it does support the possibility that viable bacteria are still present after
feeding on Francisella containing blood. Testing for viable bacteria is a difficult task
because mosquitoes cannot be raised in a completely sterile environment. Plating the
mosquitoes to count colony-forming units (synonymous with viable bacteria) resulted in
the growth of many bacteria other than Francisella. It is possible to regulate the growth
of undesired bacteria by generating an antibiotic resistant Francisella strain and plating
the mosquitoes on growth medium with various antibiotics. However, creating antibiotic
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resistant F. novicida is not an alternative because of regulations on pathogens. There are
strict regulations on creating antibiotic resistant pathogens, especially those listed as
Category A agents (27). If research to create antibiotic pathogens were allowed, the
potential to create pathogens that could not be treated would be too great. Therefore
testing for viable F. novicida was not completed in this study.
Although DNA was present after 72 hours, the mosquitoes did not transmit the
pathogen to healthy mice. Two potential reasons can explain the lack of transmission by
mosquitoes that tested positive for Francisella. The first (addressed previously) is that
DNA does not equal viable bacteria; and the DNA present could have been from partially
degraded non-viable bacteria. The second possibility is that the bacteria were present and
viable in the mosquitoes but did not have a means of transmission from the mosquito gut
to the new host. Bacterial diseases have not been described in the literature as being
transmitted by mosquitoes. Of the arthropods that are known to transmit bacteria, biting
flies are thought to do so mechanically, with the bacteria adhering to the mouth parts and
transmitted via the harsh chewing of the skin during a bite (5). Mosquitoes do not chew
like the biting flies and therefore usually transmit disease when the pathogen can migrate
to the salivary gland and be inserted into the host with mosquito saliva (2). Ticks are
another arthropod capable of transmitting Francisella and other bacterial pathogens such
as Borrelia, the causative agent of Lyme disease. Ticks are known biological vectors, in
which Francisella crosses the barriers of the digestive track and replicates inside both
argasid and ixodid ticks (8,12). Based on my results that the mosquitoes did not transmit
F. novicida after 14 positive mosquitoes fed on one mouse, I conclude A. aegypti and An.
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gambiae do not efficiently transmit F. novicida and are not likely biological vectors. The
lack of efficiency rules out using A. aegypti and An. gambiae as models for the
transmission of tularemia. On the other hand, presence of F. novicida DNA 72 hours
after a F. novicida blood meal indicates bacterial presence. The location of these bacteria
and whether F. novicida is viable can be determined, and these mosquitoes can be used as
a model for investigation of the fate of F. novicida inside mosquitoes in future studies.
There are numerous publications suggesting tularemia can be transmitted by
mosquitoes. Olin (18) documents cases in Sweden from 1931-1941, and the majority of
these cases are attributed to mosquitoes. Philip (23) attempted to transmit by feeding
mosquitoes infected blood meals and allowing them to feed again on an uninfected
animal. Transmission occurred when the first infected feeding was interrupted and the
feeding was allowed to resume on an uninfected animal (one of eight guinea pigs, eight
infected mosquitoes feeding a second time). Transmission also occurred when the
infected fed mosquito was squished and rubbed into an open wound on an uninfected
animal (seven of 24 guinea pigs died) (23). This led Philip to suggest tularemia
transmission by mosquitoes was mechanical. Eliasson (6) and Hanke (10) documented
the most recent epidemiological and clinical evidence for mosquito transmission of
tularemia. Eliasson documented the 2000 tularemia outbreak in Sweden and concluded a
matched odds ratio of 8.3 connecting mosquitoes to tularemia. Hanke documented a case
of ulceroglandular tularemia, most likely caused by a mosquito, in an 18-month-old child
from Germany.
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These publications suggest transmission and my results support the potential for
transmission if the Francisella DNA detected is viable bacteria. Francisella novicida
DNA presence in females that fed on infected blood after 72 hours leads to the possibility
of a mosquito carrying Francisella feeding on another host. While feeding on that host
the mosquito might get slapped, putting the bacteria in direct contact with the opening in
skin created by the mosquito’s probing proboscis. Any additional scratching would open
the wound and facilitate Francisella entry. Francisella could then cause a tularemia
lesion and ulceroglandular tularemia. Less than 10 bacteria are necessary to transmit
tularemia (20). My results showed a median of 290 or more F. novicida genome
equivalents in both A. aegypti and An. gambiae 72 hours after feeding. If those genomes
are representative of viable bacteria this is a very possible scenario for the transmission of
tularemia by mosquitoes.
An alternative solution to the attribution of tularemia transmission to mosquitoes
and the lack of transmission in my research could be due to species dependence. The
mosquito species I tested and the mosquito species tested by Philip (23) do not exist in
Sweden (25) where most of the transmission is attributed to mosquitoes. I did not test
mosquito species present in Sweden because the laboratory methods for rearing Arctic
mosquitoes are not published. Many of the viral and parasite diseases transmitted by
mosquitoes are species specific and can only be transmitted by a given species of
mosquito (5). Various Plasmodium species are dependent on specific Anopheles species
(5), and Rift Valley Fever virus and Yellow Fever virus are both dependent on Aedes
genera (1). Bacterial diseases transmitted by mosquitoes are not well documented, and
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therefore species dependence between bacteria and mosquitoes is unclear. In order to
answer these questions research should be conducted to test the viability and location of
F. novicida inside An. gambiae and A. aegypti 72 hours after an infected feeding. An
investigation of various mosquito species and the length of time they maintain viable F.
novicida would also help answer whether mosquitoes transmit tularemia.
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CHAPTER 4: A Mosquito (Diptera: Culicidae) Model for the Transmission of
Tularemia
Mosquitoes transmit viruses and parasites that cause disease and death in more
than 1 million people annually (3). The most studied of these diseases are malaria,
yellow fever, dengue fever and the various encephalitides (Eastern equine encephalitis,
Japanese encephalitis B, Western equine encephalitis, West Nile encephalitis, and
others). Female mosquitoes feed many times during their life but do not always feed on
the same species. Feeding is easier when the host is ill and less likely to resist.
Therefore, diseases can be spread easily between species, from sick to healthy, or animal
to human (16). Disease transmission can be biological, with the agent having a life stage
inside the mosquito or mechanical, on the proboscis through interrupted feedings without
replication of the pathogen, (20).
Tularemia, a zoonotic, febrile disease, is caused by the bacterium Francisella
tularensis. The combination of low infectious dose (10-25 colony-forming units (CFU)
cause disease), high virulence (30 - 60 % untreated fatality rate), and ability to be
aerosolized, qualifies F. tularensis as a Category A bioterrorism agent (5).
The transmission of tularemia by various tick species has been examined and is
well documented (2,4, 7, 9-15, 17,23, 25). Francisella tularensis can reproduce and
survive inside ticks (Ixodidae) for an extensive time (>70 days) and can be transmitted
through a bite at any point during infection (19).
There are numerous publications suggesting tularemia can be transmitted by
mosquitoes. Olin (18) documents cases in Sweden from 1931-1941 and the majority of
these cases are attributed to mosquitoes. Philip (21) attempted to transmit by feeding
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mosquitoes infected blood meals and then allowing them to feed again on an uninfected
animal. Transmission occurred when the first infected feeding was interrupted and the
feeding was allowed to resume on an uninfected animal (one of eight guinea pigs, eight
infected mosquitoes feeding a second time); transmission also occurred when the infected
fed mosquito was squished and rubbed into an open wound on an uninfected animal
(seven of 24 guinea pigs died) (21). This led Philip to suggest tularemia transmission by
mosquitoes was mechanical. Eliasson (6) and Hanke (8) documented the most recent
epidemiological and clinical evidence of mosquitoes transmitting tularemia. Eliasson
documented the 2000 tularemia outbreak in Sweden and concluded a matched odds ratio
of 8.3 connecting mosquitoes to tularemia. Hanke documents a case of ulceroglandular
tularemia, most likely caused by a mosquito, in an 18-month-old child from Germany.
There are currently three insect models for tularemia; however, none of them
focus on transmission by mosquitoes. Aperis (1) describes a model using LVS and
Galleria mellonella (Lepidoptera: Pyralidae; the greater wax moth). In this model
caterpillars are injected with LVS and examined to gain insight to the in vivo effects of
antibacterial compounds onF. tularensis LVS. Vonkavaara (24) established a
Drosophila model to elucidate the interactions between the bacterium and its arthropod
vectors. This model focuses on the host’s immune response to LVS infection. The third
model is not a whole animal model but utilizes a mosquito cell line. Read (22)
demonstrated that F. novicida invades hemocyte-like cells of the SualB cell line derived
from An. gambiae and replicates efficiently within these cells. While this model
examines the interaction of Francisella with a mosquito species on the cellular level, it
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does not address the potential mechanism of transmission by mosquitoes. A model to
study the interaction of mosquitoes with Francisella is necessary to explore the important
question of Francisella transmission by mosquito under controlled laboratory conditions.
My research explored potential transmission routes of F. novicida by mosquitoes in
hopes of developing such a model.
I reared Aedes aegypti and Anopheles gambiae mosquito larvae in water
containing F. novicida and examined all life stages for bacterial DNA. The larvae ingest
F. novicida but do not maintain it to the adult life stage. I also fed adult A aegypti and
An. gambiae blood containing F. novicida and showed F. novicida DNA was present 72
hours after feeding. Aedes aegypti and An. gambiae adults that fed on F. novicida blood
were allowed to feed on healthy mice, the mice remained healthy and their blood tested
negative for F. novicida DNA 7 days after feeding.
The replication of F. novicida in the An. gambiae derived SualB cell line
supports the possibility that this pathogen can infect and replicate in this mosquito
species, ultimately leading perhaps to a laboratory model using this well studied
mosquito species. Anopheles gambiae is the only mosquito species with a published
whole genome sequence available in Genbank. This fact makes An. gambiae an ideal
model organism for these studies. My results that F. novicida is not present in An.
gambiae pupae and adults after larval exposure leads to the conclusion that even though
larvae ingest F. novicida the gut lining of the larvae is impermeable by F. novicida.
Adult An. gambiae can also ingest F. novicida during their blood meals and
maintain bacterial DNA for at least 72 hours, but the quantity decreases through time.
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This implies degradation of the bacteria not intra cellular replication. It seems that adult
ingestion ofF. novicida does not result in infected mosquitoes; however, the location of
the bacteria and bacterial viability need to be examined in future studies. If the bacteria
are intracellular and viable this would be a key to developing an effective model. If the
bacteria are not intracellular but are viable then transmission would be mechanical. No
matter what the case, examination of the defense mechanism for both mosquito larvae
and adults is important and could lead to future treatments for tularemia and other
intracellular pathogens.
Although my experiments with larval exposure to F. novicida and feeding adults
F. novicida blood meals did not lead to the desired laboratory model of tularemia
transmission by mosquitoes they were still important in investigating the transmission of
tularemia. Both A. aegypti and An. gambiae larvae will ingest F. novicida and adults can
ingest F. novicida during blood meals; however, neither of these methods lead to
transmission of tularemia in the described study design. These methods were either too
inefficient for me to detect transmission or there is species dependence either with the
mosquito species or the subspecies of F. tularensis. In order to determine if there is
species independence other species of mosquitoes and other subspecies of F. tularensis
need to be examined, especially those that co-exist in the same ecosystem.
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