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Abstract 

 

 Ectoparasites play a critical role in affecting the health and economic prosperity of both 

human and animal populations. This thesis presents a study focusing on two prominent 

ectoparasites within Auburn, Alabama: horn flies (Diptera: Muscidae: Haematobia irritans 

irritans) and mosquitoes (Diptera: Culicidae: Culex erraticus). The objective of this study was to 

elucidate the efficacy of a novel vaccine for cattle against Haematobia irritans irritans and to 

determine the viral profile within Culex erraticus found within the Auburn Fisheries.  

This thesis encompasses a comprehensive literature review, field collections, RNA 

extractions, Next Generation Sequencing, and live animal investigations. The goals were to 

determine the physiological effects vaccinated cattle play in feeding behavior of Haematobia 

irritans irritans and gather information on the viral profile of Culex erraticus found in the 

Auburn Fisheries. Both horn flies and mosquitoes are ectoparasites that can have major 

economic consequences in the livestock industry, but also play a negative role in a medical 

(human and veterinary) context by spreading disease.  

Findings revealed vaccinating heifers against thrombostasins altered horn fly feeding 

based upon smaller blood meal volumes in the midguts of horn flies that fed on vaccinated 

animals versus ones that fed on control animals. This is done by measuring the blood volume of 

horn fly mid guts after a 12 hour starve followed by a 25-minute feeding challenge. Consistent 

with this finding, horn fly mortality was higher in flies feeding on vaccinated heifers during a 3-

day cage challenge compared to flies feeding on control animals during the same challenge. This 

suggests vaccination induced a negative energy balance in flies that resulted in a shorter life 

spans. The viral profile of Culex erraticus has yet to be determined, but high quality Culex RNA 
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samples have been successfully sequenced and the resulting sequence data set is currently 

undergoing bioinformatic analysis.  

The knowledge gained from this research provides important support for the 

commercialization of the vaccine which would provide novel tools for cattle producers to use 

against horn flies.  Furthermore, full sequencing of the Culex erraticus will result in 

characterization of viruses found in mosquitoes which is vital information needed to develop 

sustainable management practices for mitigating the negative effects of these ectoparasites on 

both human and animal populations. By generating this knowledge, we will be better able to 

manage and protect not only our livestock, but ourselves as well.   
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Chapter 1 

Literature Review 

1.1.1 Introduction  

The motivation for this research is to first educate and protect ourselves from the 

escalating threat of vector borne zoonotic disease due to agricultural expansion. Another 

motivator is to validate more efficient ways to increase cattle production to reduce financial loss, 

combat global food insecurity, and decrease insecticide resistance. This will be accomplished by 

first investigating the viral profile within Culex erraticus, a common mosquito found around the 

Auburn fisheries; as well as determining the efficacy of a novel recombinant protein vaccine by 

comparing the physiological effects of Haematobia irritans irritans, horn flies, feeding off 

vaccinated or unvaccinated cattle. 

According to the Food and Agriculture Organization of the United Nations, global food 

security is a rising problem as 9.2% of the global population faced hunger in 2022. This number 

has risen since 2019 when hunger was faced by 7.9% of the world’s population (FAO et al. 

2023).  Food security is greatly impacted by the growing global population, but also challenged 

by climate change, which can make crops more difficult to grow and animals more difficult to 

raise (Ericksen et al. 2009).   

The ever-growing need for food and shelter has led to the expansion of human societies 

into previously wild territories and has promoted the use of more insecticides. These actions 

often lead to an abundance of novel issues which include unsustainable farming habits, habitat 

loss, increased contact between humans and wildlife, which in turn leads to a higher risk of novel 
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and re-emerging disease transmission (Barbier 2021), and insecticide resistance. All of which 

ultimately negatively impact human health and are exacerbated by climate change and 

globalization. 

1.1.2 Introduction to Vector Borne Diseases  

Zoonotic diseases are illnesses caused by pathogens that make the jump between animals 

and humans. They are caused by harmful microbes including fungi, bacteria, viruses, and 

eukaryotic parasites (CDC 2021) Zoonotic diseases are not only transmitted through direct 

contact with infected animals, their bodily fluids, or their environment, but also through indirect 

contact such as consumption of contaminated food, water, or vector bites, such as mosquitoes 

(CDC 2021). Many of these diseases have animal hosts, which are known as reservoirs. These 

animals are where the pathogens naturally reside without serious symptoms of illness. However, 

occasionally there are spill over events between these animals to humans, which may cause 

serious and deadly diseases (Ellwanger and Chies 2021).  

As stated by the Centers for Disease Control and Prevention (CDC 2019), scientists have 

estimated that out of every 10 infectious diseases found in people, more than 6 can be spread 

zoonotically and out of every 4 emerging infectious diseases, 3 are of zoonotic origins. 

According to the World Health Organization, the risk of zoonotic diseases occurring increases 

along with urbanization and destruction of natural habitats due to the increased contact between 

humans and wild animals (WHO 2020).  

A recent example of a deadly zoonotic disease in an agricultural context would be the 

virus responsible for the 2009 Swine flu outbreak, H1N1 (Dotis and Roilides 2009). The disease 

originated in swine and jumped into people causing an outbreak similar to the influenza in 
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Mexico mid-February 2009 (Al Hajjar and McIntosh 2010). Due to airline travel and 

globalization, the virus spread at unprecedented rates and became a global pandemic of the 

highest degree by June of 2009 (Mena et al. 2016). The likelihood of pathogens jumping from 

animal to human is more likely to occur when people come in contact with animals. This can 

happen when they encounter new environments and/or can also happen when they surround 

themselves with animals in high numbers (as in agriculture). Interactions as such are bound to 

increase when humans encroach further into wild territories due to urbanization for shelter, food, 

and agriculture. This is a growing concern as food insecurity continues to rise (Baquedano et al. 

2021).  

Infections can be spread by direct contact with infected animals, indirect contact through 

objects and surfaces that have come in contact with infected animals, contaminated food or 

water, and lastly vector borne (CDC 2023).This last method of transmission is typically 

facilitated by hematophagous ectoparasites feeding first on an infected animal, picking up the 

pathogen, and passing it to another host through their next feeding. Some examples of these 

pathogens and their vectors would be plasmodium which causes malaria and is transmitted by 

mosquitoes, African swine fever through ticks, Rickettsia prowazekii, which causes typhus and is 

spread by fleas, and filarial nematodes which can be transmitted by horn flies  (Hibler 1966). To 

elaborate on the dangers and damages of vector borne diseases, African swine fever was first 

identified in the early 1900’s and believed to have originated in warthogs (Sánchez-Cordón et al. 

2018). This disease is a fatal virus transmitted to domestic pigs through soft bodied ticks 

(Sánchez-Cordón et al. 2018) and in 2021 a loss of 43.46 million domestic pigs was estimated 

due to disease or culling (You et al. 2021). Pathogens can also be transmitted mechanically by 
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direct contact. Insects disperse said pathogens by depositing it in food, water, or orifices of their 

victims. An example of this would be foodborne E.coli by cockroaches (Donkor 2020).  

An important distinction to note is that not all vectors borne diseases are zoonotic. An 

example of a deadly vector borne disease within humans would be Malaria. According to the 

World Health Organization in 2023, the estimated number of deaths caused by Malaria was 

619,000 and nearly half of the world’s population are at risk of this disease (WHO 2023). 

However, Plasmodium falciparum, the deadliest malaria parasite, can only be found in humans 

and mosquitoes (WHO 2023). Whereas a vector borne zoonotic disease such as Eastern Equine 

Encephalitis can affect birds, humans, and horses.  

Vector borne zoonotic diseases require a susceptible host and vector. The virus 

responsible for this ailment is transmitted by different species of mosquitoes and is picked up 

from its natural reservoir, songbirds, and waterfowl. Reservoirs are long-term hosts in which the 

virus can be maintained. Reservoirs may show signs of disease; however, it is usually not fatal. 

On the other hand, in susceptible or dead-end hosts like humans and horses, Eastern Equine 

Encephalitis is a fatal arboviral disease that can pose life threatening symptoms and permanent 

neurological damage (Banda and Samanta 2023).  

1.1.3 Introduction to Agricultural Ectoparasites   

Ectoparasites are organisms that require a host to survive. They are detrimental pests that 

live on the surface of their hosts, usually only infecting the superficial layers of skin and obtain 

their sustenance by feeding on the blood, flesh, or hair from their hosts (Muhammad et al. 2021). 

A host is the organism the ectoparasite feeds on and can range from invertebrates to vertebrates, 

however this thesis will only focus on humans and cattle as hosts. Some examples of 
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ectoparasites include fleas, ticks, mites, lice, and even mosquitoes in a broader scope. In 

agriculture, these pests can have a significant impact on livestock production and their quality of 

life, leading to decreased productivity, weight loss, depression, and in some cases even death 

(Nicoletti 2020). The presence of ectoparasites can have serious economic consequences for 

farmers as well, particularly those raising livestock for meat, dairy, or wool. These pests can 

severely impact and decrease the quality of life for animals causing tissue damage, irritation, 

inflammation, loss of weight gain, lameness, anemia, fetal abortions and disease, thereby 

lowering the quality and quantity of production (Lehmann 1993). If the infestation is significant, 

damage to the skin and hair of the animal can also decrease the value of hide in the market. In 

1992 ectoparasites were estimated to cause over 2.6 billion in damages (Byford et al. 1992). This 

report was taken over 30 years ago and according to the SmartAsset inflation calculator, since 

1992 there has been a 107.89% increase in cumulative inflation. When adjusted for inflation in 

2023, the damages are estimated to be over 5.4 billion. These expenses also did not include the 

costs of insecticides used to treat animals against these pests. 

1.1.4 The Importance of Climate Change on Geographical Range of Insects  

Climate change is another important factor to take into account when considering 

ectoparasites. This is because insects are highly adaptable organisms and populations are attuned 

to environmental temperatures (Skendžić et al. 2021). As temperatures continue to rise, it can be 

expected that the geographic range of insects will expand. Warmer temperatures can also impact 

overwintering survival and increase the number of generations within a year. This can lead to 

higher ectoparasite populations with an expanded range for longer periods of time, resulting in 

higher instances of disease spread (Colón-González et al. 2021) and larger amounts of stress in 

people and livestock.    
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To further gauge the importance of ectoparasites in agriculture in Alabama, one must 

consider the major problems caused by these pests. This thesis will focus particularly on two 

different insects within the order Diptera. One is Culex erraticus, a mosquito known to transmit 

zoonotic flaviviruses frequently found in the southeast. The other is Haematobia irritans irritans, 

a cattle parasite. Both of which are hematophagous ectoparasites of medical and veterinary 

importance and contribute to the spread of disease, economic loss, insecticide resistance, and 

ultimately can have a negative impact on overall human health.         

1.2.1 The Importance of Culex erraticus  

As mentioned prior, mosquitoes are considered the most dangerous animal to man due to 

its ability to transmit pathogens. However, as a society our knowledge is limited to those that 

cause symptomatic diseases. New technology such as Next Generation Sequencing (NGS), has 

paved a way to exposing and expanding our knowledge of the diverse viruses and pathogens 

carried by insects (Brinkmann et al. 2016). Previously, these pathogens went “under the radar” if 

they did not cause significant disease symptoms to warrant intensive investigation. Our ability to 

identify these underlying pathogens presents new opportunities to examine their interactions with 

ectoparasites and their hosts. 

This thesis will focus mainly on Culex erraticus, a small dark mosquito within the 

Melanoconion subgenus. This species is one of the most common of mosquitoes within the 

southeast US and often found at many enzootic sites (Bingham et al. 2016). They are generalist 

with a pattern of feeding on avians such as waterfowl and passerines earlier in the season before 

transitioning to feeding on mammals later on in the season (Oliveira et al. 2011). Avians, 

especially waterfowl, are often reservoirs for deadly vector borne diseases such as West Nile 
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Virus and Eastern Equine Encephalitis that can be picked up by Culex erraticus (Bingham et al. 

2016; Cupp et al. 2004). Importantly, many of these waterfowl are attracted to and gather at fish 

farms for roosting and foraging opportunities (Callier et al. 2018). Both viruses can also be 

transmitted to humans and other animals of agricultural importance such as chickens, causing 

disease and potentially death (Guy et al. 1994). As the geographical range of Culex erraticus and 

human society continue to overlap causing an increase of interactions between vectors and hosts, 

the potential for major health and food security concerns caused by novel or re-emerging disease 

outbreaks to occur grows with it.  

Fortunately, with the use of NGS, scientists may be able to discover and study pathogens 

before they make the jump to humans and animals of importance. By making these discoveries 

before pathogens reach global importance, societies will have more time to create methods and 

countermeasures to protect against and lessen the effects of future outbreaks.     

1.2.2 Distribution & Seasonality of Culex erraticus 

Mosquitoes within the subgenus Melanoconion are generally found in North and South 

America with most species residing in tropical and subtropical spaces (Subgenus Melanoconion 

Theobald, 1903 ). Unlike other species within this subgenus, Culex erraticus is more widely 

distributed yet still considered a rarity in the northeast (Nordgulen et al. 2022). However in 

recent years, established populations can be found as far north as Ontario, Canada (Hunter et al. 

2015) and due to temperature rises, the geographical range of Culex erraticus is expected to 

expand (Hunter et al. 2015). These mosquitoes are also considered the most abundant mosquito 

species in the southeast US (Bingham et al. 2016).  
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Culex erraticus is frequently found in a variety of different habitats, but most commonly 

in freshwater hardwood swamps and marshes (Burkett-Cadena 2013). In states like Alabama, 

populations fluctuate depending on temperature with peaks in population most likely to occur 

during the summer and fall months in the southeastern US (Nordgulen et al. 2022). During the 

colder months, adult females are able to overwinter in caves and hollow trees only to emerge 

Mid-March once air temperature reaches between 18 to 22 degrees Celsius (Burkett-Cadena et 

al. 2011). In warmer areas such as southern Florida, Culex erraticus do not need to overwinter 

and have active year-round populations (Bingham et al. 2014).  

1.2.3 Characteristics of Culex erraticus 

Culex mosquitoes can be easily identified by their short palps and rounded abdomen tip. 

However, it can be rather difficult to distinguish Culex mosquitoes down to species. Culex 

erraticus are small and dark in color with broad pale scales lining the edge of their compound 

eyes (Nordgulen et al. 2022).  Mosquitoes have piercing and sucking mouthparts that extend 

forward (Zahran et al. 2022). These proboscises are utilized by adult females to discreetly take 

blood meals to provide nutrients for egg development (Nordgulen et al. 2022). Similar to all 

other mosquitoes, Culex erraticus are holometabolous with immature aquatic life stages 

(Nordgulen et al. 2022). According to the CDC, mosquito eggs can hatch within 48 hours with 

larvae developing into pupae in as little as 5 days. Adults emerge from pupae in about 2 to 3 

days, concluding the life cycle from egg to adult to be a total of 7 to 10 days total depending on 

temperature(CDC 2022).  
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1.2.4 The Importance of Culex erraticus found in Auburn Fisheries  

Female Culex erraticus are aggressive biters. As mentioned before, they often feed on 

avians early in the season before transitioning to feeding on mammals. This allows for a higher 

chance for these mosquitoes to pick up zoonotic pathogens and pass them to humans. Another 

concern for Culex erraticus is that they are generalist feeders with the ability to take blood meals 

from avians, reptiles, amphibians, and mammals (Robertson et al. 1993). This is a concern 

because there is potential for viruses to come from different species that are not yet known.  

The Auburn fisheries is a point of interest because of its attraction to waterfowl and 

proximity to a natural preserve and urban communities. This positioning allows for various 

species of uncommon wildlife to encounter Culex erraticus and a potential for pathogens to be 

picked up and transmitted to people and or farmed fish. Wherever animals intersect, the 

possibility of disease transmission is present. 

1.3.1 The Importance of Haematobia irritans irritans  

The horn fly is a hematophagous obligate ectoparasite and is one of, if not, the most 

important cattle pest in the world. Both male and female horn flies have piercing/ sucking 

mouthparts that help slash through the thick hide of cattle to feed on their blood. They can blood 

feed up to 24 to 38 times a day (Harris et al. 1974) with each feedings lasting about 10 minutes 

(Controlling Horn Flies on Pastured Ca...). Each fly requires an average of 10 μL of blood every 

day (Russell et al. 2013). When cattle are not available, they will also feed on dogs, goats, and 

horses. Horn flies often occur in large numbers with intense infestations reaching up to 4,000 

flies per cow (Showler et al. 2014). This intimate relationship between cattle and fly, especially 

when fly populations are high, causes a tremendous amount of stress and annoyance in cattle 
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resulting in production reduction and major financial loss to producers, increase in disease 

transmission, and has led to higher rates of insecticide resistance due to insecticide use. These 

are all alarming issues that have direct and indirect impacts on food production and must be 

addressed when dealing with feeding the growing human population. 

1.3.2 Distribution & Seasonality of Haematobia irritans irritans   

Haematobia irritans irritans were first introduced in the United States from southern 

France before 1886. Since their introduction, they have rapidly spread throughout the continental 

US and Canada. A major contribution to this is due to their ability to travel distances of over 6 

kilometers to reach a herd of cattle (Kunz et al. 1983). These pests can now be found globally 

throughout the Americas, Europe, Asia, northern Africa, and even the Hawaiian islands 

(Lancaster and Meisch 1986).  

Horn fly population numbers/densities rise and fall throughout the year and vary broadly 

depending on the climate. In cooler areas, there can be anywhere from 6 to 9 generations 

whereas in warmer more tropical regions one can expect 12 to 14 generations per year (Showler 

et al. 2014). In semiarid regions of northeastern Brazil, up to 30 generations were recorded 

indicating that in warmer regions horn flies are a constant obstacle that farmers and cattle face 

throughout the year (Melo et al. 2020). 

In relatively cold regions, horn fly populations substantially die off during the first frost 

allowing cattle and farmers a period of respite. These populations are renewed the following 

spring when pupae emerge from overwintering and adults come out of diapause. This is not 

always the case in warmer temperate and subtropical regions such as Alabama and Florida. In 

areas that have relatively warm winters, adult horn flies have persisted on cattle, albeit in lower 
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populations than in the peak times during spring to early fall (Showler et al. 2014). In the 

southern United States, neighboring states to Alabama such as Florida, and Missouri, have 

indicated that even during periods of low temperatures adult populations of horn flies have been 

reported (Koehler et al. n.d.) (Thomas and Morgan 1972). This is a costly problem for farmers in 

hotter regions such as Alabama, due to the persisting population of horn flies that continue to 

stress and annoy cattle during warmer winters.   

1.3.3 Characteristics of Haematobia irritans irritans   

Both adult male and female horn flies range from 3 to 5 mm in length, which is about 

half the size of a common housefly, Musca domestica (Mullen and Durden 2009). They are 

brownish- gray or black in color and have shiny slightly overlapping wings that hold out in an 

upside down “v” shape atop of their abdomen. There are no major patterns that stand out on the 

horn fly.   

Like other higher classifications of flies, horn flies can be sexed by the distance between 

their compound eyes. Males have eyes that are closely set together and nearly meet at the apex of 

their heads. They are thinly set apart by a single row of setae on either side of the midline 

between each eye, while females have compound eyes that are distinctly set apart (Brewer et al. 

2021).  

1.3.4 Life cycle of Haematobia irritans irritans   

Horn flies rarely leave their hosts. Even when disturbed, these flies will simply move to 

another location on the bovid to continue feeding. Horn flies mate on their hosts for several days 

after they have emerged as adults from their pupal stage. Females typically only leave their host 

to oviposit in fresh cow patties (Lancaster and Meisch 1986). Oviposition can occur as early as 3 
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days after emergence with some 5-day old females ovipositing daily (Krafsur et al. 1992). Horn 

flies are persistent egg layers and can oviposit at any point in the day and night with the highest 

number of horn flies laying eggs within the first 2 minutes after a fresh pat of manure is 

deposited (Sanders and Dobson 1969).  

Horn flies are holometabolous which means they undergo metamorphosis. They hatch 

from eggs as larvae and enter an inactive pupal phase before emerging as adults. Eggs are around 

1mm in length and are deposited on the edges and under freshly laid cattle dung. Approximately 

14 to 20 eggs are deposited in each batch with older females laying multiple times a day 

(Lancaster and Meisch 1986; Brewer et al. 2021). A single female horn fly can have 

approximately 15 batches of eggs totaling up to 360 to 400 eggs within her lifetime (Lancaster 

and Meisch 1986), this allows for the population to grow rapidly especially in warmer 

regions. Temperature and humidity are environmental factors that horn flies depend heavily on. 

During warm seasons, eggs can hatch in as little as 11 hours (McLintock and Depner 1957) and 

larvae can reach adulthood in as little as 7 to 11 days at optimal temperatures (Melo et al. 2020) 

allowing for more generations in a year and higher populations.          

1.3.5 Economic injury on Agriculture Caused by Haematobia irritans irritans  

In an economic impact study of cattle parasites in Brazil of 2014, scientists estimated a 

combined $13.96 billion loss. Of that grand total, $3.24 billion was caused by horn flies alone 

(Grisi et al. 2014). In the United States, the loss from horn flies was estimated to be more than 

$730 million a year, however these estimates were taken from a study in 1991 and are presumed 

to have increased over the last decades due to inflation and climate change. 

Horn flies can be found year round in certain areas of the world; in some cases when 

cattle are not a viable host, populations of these pests can be found feeding on other livestock 
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and domestic animals such as goats, horses, and dogs (Brewer et al. 2021). These pests can infest 

every part of the cattle’s body. They are typically found clustered along the backs, sides, and 

withers of cattle. As the days progressively get hotter, horn flies will migrate to the belly region 

of the host to continue feeding (McLintock and Depner 1957). It has been widely accepted that 

the economic injury and treatment level per cow is 200 flies per head of cattle (Gordon et al. 

2008). This means that the lowest population density of horn flies that will cause economic 

damage or justify the cost of control is 200 flies per cattle (Stern et al., 1959).  However, there 

have been reports of heavy infestations resulting in over 4,000 flies per cattle (Showler et al. 

2014).  

The direct economic impacts of horn fly feeding on cattle are seen through yield loss. 

Some examples of this include decreased weight gain, weaning weight, milk production, and 

feed efficiency (Brewer et al. 2021). These losses are attributed to blood loss, stress, and 

annoyance due to irritation. Cattle can often be seen flipping their heads, stomping, and flicking 

their tails to ward off flies. These actions cost energy and take away time from feeding leading to 

lower weight gain. In a study on cattle growth treated with insecticide against horn flies, those 

who received treatment showed an increase in weight gain when compared to cattle that did not 

receive insecticide treatment (Haufe 1982). Ectoparasites can also indirectly affect financial gain 

by increasing producer costs. These impacts are manifested through disease and insecticide use.  

Aside from stress and direct injury, horn flies are speculated to be vectors for pathogens 

such as bovine leukemia virus, fungus, and other harmful bacteria (Panei et al. 2019). Horn flies 

can introduce unwanted bacteria to sensitive parts of cattle such as the mammary glands causing 

infection and inflammation known as mastitis. This disease is one of the main causes for reduced 
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milk yield and quality leading to over $200 loss per cow annually in the dairy industry (Jeffrey F 

Keown 2007).  

Insecticides and labor associated with application on cattle against horn flies are another 

indirect cost. To assess their expenses on insecticide use in 2016, cow-calf producers in 

Tennessee and Texas were surveyed and an average of $9.50/ head and $12.40/head was spent 

respectively (Smith et al. 2022). These prices can easily add up and be a financial burden for 

farmers. To offset these costs, producers are willing to pay premium prices for bulls resistant to 

horn flies (Mckay et al. 2003).  

1.3.6 Management Methods of Haematobia irritans irritans  

Numerous amounts of products, traps, and strategies have been developed over the years 

to attempt to control horn fly populations. Producers have utilized management methods 

including chemicals and non-chemical strategies consisting of physical traps, biological control 

agents, and pasture management (Brewer et al. 2021). All of which have their own pros and 

cons.  

One of the most common methods to control horn flies is utilizing a variety of 

insecticides with different modes of application. Some methods require daily application which 

can be fulfilled with self-treating methods such as dust bags and back rubbers. These methods 

are most successful when animals are forced to pass through these devices to access water or 

other essentials, however they are more practical for smaller herds (Williams et al. 1985). On the 

other hand, whole animal sprays are applied every 2 to 4 weeks. Application is not as frequent; 

however, this method is very labor intensive since the animals need to be gathered and moved 

(Williams et al. 1985). Large herds of cattle and herds that graze on expansive rangelands may 
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not be well adapted to human care (Creamer and Horback 2021), therefore, spraying individual 

cattle in large herds may also be difficult. To counter these challenges, ear tags impregnated with 

insecticides were developed so that cattle could self-apply on the pasture. The downside is the 

continued use of these artificial chemicals, causing new obstacles to arise regarding insecticide 

resistance.         

1.3.7 Insecticide resistance  

Insecticide resistance is the reduction of susceptibility in a pest population when exposed 

to insecticides that have previously been more effective at controlling said population. It is also 

expected to develop rapidly for a number of reasons including intensity at which insecticides are 

used, intrinsic factors of pest populations such as genetic traits, and extrinsic ones due to 

incorrect use of insecticides by management (Denholm and Rowland 1992; Byford et al. 1999).  

There are a variety of ways in which resistance can develop. The most common methods 

include behavioral and genetic evolution (Oyarzún et al. 2008). Genetic evolution can be sped up 

by quick generation times. The more generations there are, the more likely insecticide resistance 

genes will emerge in a population (Insecticide Resistance Action Committee n.d.). Horn flies 

have demonstrated resistance to various insecticides including organophosphates, pyrethroids, 

and diflubenzuron, which may be attributed to their many generations in warmer regions 

(Oyarzún et al. 2008).     

1.3.8 Introduction to Saliva Vaccine 

Due to high management costs and the growing rate of insecticide resistance, scientists 

have pioneered new approaches to combat growing horn fly populations. One of these novel 

methods is the use of vaccines. Advantages of vaccine use is due to the long periods of 

protection and high species specificity they provide. These advantages aid in slowing the 
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development of resistance (Pruett 1999), while also theoretically combatting horn fly 

populations.  

 One promising vaccine was developed at Auburn University by Dr. Mary Cupp. This 

vaccine targets thrombostasin (TS), a salivary protein that inhibits thrombin in cattle (Cupp et al. 

1998; Zhang et al. 2002; Cupp et al. 2004; Cupp et al. 2000; Cupp et al. 2010). Thrombin is an 

enzyme found in blood plasma that is essential for hemostasis, otherwise known as the stopping 

of the flow of blood (Narayanan 1999). This protein turns fibrinogen into insoluble fibrin clots, 

which is vital for coagulation (Al-Amer 2022). By developing and utilizing thrombostasins, horn 

flies are able to blood feed unabated on their hosts.   

Unlike most other hematophagous arthropods, horn flies have lower diversity in anti-

hemostatic compounds (Cupp et al. 1998). In fact, thrombostasin seems to be the sole salivary 

protein responsible for anti-clotting in horn flies (Zhang et al. 2002). Due to this unique 

circumstance, the creation of a vaccine targeting TS, was considered a great opportunity to 

interrupt the feeding ability of horn flies without any off-target effects (Oyarzún et al. 

2008). This is because thrombostasins is a species-specific protein and the sole method of anti-

clotting horn flies use. By injecting cattle with the recombinant TS protein, cattle can develop 

antibodies against TS and inhibit the anti-clotting properties of the horn fly saliva preventing the 

flies from feeding as efficiently. By doing so, this would alter the feeding behavior of the horn 

fly and interrupt their life cycle by impairing reproductive fecundity.  

Dr. Mary Cupp first discovered thrombostasins in horn fly salivary glands in 1998 (Cupp 

et al. 1998) and purified through high performance liquid chromatography (Zhang et al. 2002). 

Since then, a viable recombinant protein vaccine has been developed, tested, and improved. This 

was done by expressing the thrombostasin isoforms in E. coli using the pET30a expression 
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plasmid within cloning site (NdeI-HIndIII). The proteins were then purified via affinity columns 

using the C-His6 tag. Initial experiments consisted of immunizing both cattle and rabbits with a 

recombinant thrombostasin vaccine and exposing them to lab reared horn flies. Vaccinated 

animals were tested for IgG titers to prove the development of antibodies against thrombostasin. 

Later, exposing the vaccinated animals to horn flies provided an idea that feeding behavior of the 

horn flies was impaired due to antibody response within the cattle. These tests were met with 

positive results and demonstrated that horn flies feeding on immunized hosts received smaller 

blood meals (Cupp et al. 2004) than those that fed on non-immunized hosts. It was also noted 

that a reduction in blood meals caused a delay in egg development, which could affect fecundity 

and ultimately impact horn fly populations (Cupp et al. 2004). These experiments proved 

promising for a novel method to combat horn fly populations.  

It was later discovered that horn flies carry multiple isoforms of thrombostasin within 

their population (Cupp et al. 2010). This meant horn flies carrying different isoforms of 

thrombostasin would not be affected by the vaccine. To address this, the vaccine became a 

cocktail of recombinant thrombostasin isoforms and requires further testing before it can be 

authorized for commercial use.        
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Figure 1.1 Map Depicting Location of Auburn Fisheries. The Auburn fisheries is located near 

a wildlife preserve.  
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Figure 2.1 Horn Flies on Auburn University cattle. This figure shows the high number of horn 

flies that can infest smaller and better managed cattle herds. 
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Chapter 2  

Horn Fly Feeding is Inhibited by Vaccination Against Thrombostasins in Cattle 

 

2.1 Abstract 

Horn flies are hematophagous ectoparasites that decrease milk and meat production in 

dairy and beef cattle. They are a significant economically detrimental pest within the cattle 

industry and are a threat to food security as the human population continues to grow. Traditional 

management methods such as insecticides have increasingly lost their potency due to the 

development of resistance to these agents in horn fly populations. New tools are needed in order 

to control these pests. To address this critical need, an experimental vaccine has been developed 

which targets thrombostasins.  To date, thrombostasins are the only known salivary protein 

family secreted by utilized by horn flies that can block the host clotting cascade. Thus, 

vaccinating cattle against thrombostasins is a potential strategy to interrupt horn fly feeding 

behavior and ultimately to impair the horn fly life cycle. To determine the clinical efficacy of 

this experimental vaccine a cohort of 4 vaccinated and 5 control heifers were created. Acute 

feeding challenges were conducted to measure the impact of vaccination status on horn fly 

midgut blood volume as a marker for feeding behavior and chronic feeding challenges were 

conducted to measure the impact of vaccination status on clinical dermatitis score in skin biopsy 

samples as a marker for the impact of fly biting on the host and on.fly mortality as an indirect 

marker of fly energy balance. These tests demonstrated that starved horn flies were unable to 

feed as efficiently on vaccinated cattle compared to unvaccinated controls. Starved flies that 

were allowed to feed on vaccinated heifers for 25 minutes displayed a 46% lower blood meal 

volume in their midguts compared to horn flies feeding on unvaccinated cattle for the same 
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duration. After a 3-day exposure to vaccinated or unvaccinated cattle, caged horn flies feeding on 

unvaccinated cattle had a 24% higher survivability than those that fed on vaccinated. This 

difference in mortality is consistent with decreased feeding in flies exposed to vaccinated hosts 

indicating vaccination against thrombostasins can negatively impact both horn fly behavior and 

physiology. These results suggest vaccinating cattle against thrombostasins inhibits horn fly 

feeding in a way that could alter the fly life cycle. These data provide a rational for commercially 

licensing this experimental vaccine. Doing so would providebe a new tool for farmers to help 

manage horn fly populations and increase cattle wellbeing.    

2.2 Introduction 

Causing losses to the cattle industry totaling billions of dollars annually, Haematobia 

irritans irritans, continues to be one of the most economically detrimental pests to manage 

across the world. These blood-sucking arthropods decrease milk and meat production by not only 

reducing weight gain and feed efficiency, but also through devaluation of byproducts, i.e. 

damaging leather quality (Byford et al. 1999; Guglielmone et al. 1999; Brewer et al. 2021). An 

economic impact study on cattle parasites conducted in Brazil during the 2014 growing season 

indicated that $3.24 billion in loss was attributable to horn flies alone (Grisi et al. 2014). 

Whereas in 1991, the United States recorded a loss of more than $730 million a year caused by 

horn flies, which translates to $1.65 billion in 2023 values according to the CPI inflation 

calculator. These are direct costs that do not consider the expenses for insecticides and other 

management investments utilized to control horn fly populations.  

The economic threshold whereby horn fly predation induces negative effects on the host 

and resulting economic losses is as low as 200 flies per head; however, depending upon the 

environment, the number of horn flies simultaneously feeding on the bovine host can exceed 
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4,000 flies per animal illustrating the magnitude of the problem caused by horn fly predation 

(Gordon et al. 2008; Showler et al. 2014). Unfortunately, horn flies are difficult to manage due to 

their ability to quickly develop tolerance against most classes of insecticides and apparent 

resistance to new products (Oyarzún et al. 2008). In warmer climates where temperatures remain 

high enough to preclude overwintering, horn flies may pose a problem to producers and cattle 

year-round (Thomas and Morgan 1972).   

Both male and female adult horn flies are obligate hematophagous ectoparasites of cattle. 

In laboratory reared settings, female horn flies feed an average of at least 10 times a day (Harris 

et al. 1974), whereas in the wild, they have been observed to feed between 20 to 38 times 

(Lancaster and Meisch 1986). Horn flies rarely leave their host, except when females lay eggs in 

fresh cow manure. A single female can lay up to 400 eggs within her lifetime and eggs can 

mature to adults in as little as 7 to 11 days at optimal ambient temperatures (Lancaster and 

Meisch 1986; Melo et al. 2020).  

To aid in their feeding behaviors, horn flies have saw-like proboscises through which 

they also secrete anticoagulation factors within their saliva that allow flies to feed on cattle 

unabated. This anticoagulation factor has been isolated and identified as a protein isoform within 

the thrombostasins family. Thrombostasins inhibit host circulating thrombin from hydrolyzing 

fibrinogen and thus prevents the clotting cascade (Cupp et al. 2000). After this initial discovery, 

multiple isoforms of thrombostasins have been identified within horn fly saliva. The most 

prominent are TB8, TS9, and TS10 (Cupp et al. 2010).  

Unlike most other hematophagous arthropods, horn flies are unique in that the possess a 

limited array of anti-hemostasis factors within their saliva and this may cause them to be 

susceptible to host hemostasis (Cupp et al. 2004).For this reason, multiple vaccines consisting of 
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different isoforms of recombinant thrombostasins have been created and tested in an effort to 

exploit this apparent vulnerability (Cupp et al. 2010). These experimental vaccines elicited an 

immune response in cattle and have shown varying ability to alter the feeding behavior of horn 

flies (Cupp et al. 2010). These studies led to the development of the current novel experimental 

vaccine, which is a cocktail of full length, purified recombinant TS8, TS9, and TS10. The 

efficacy of the experimental vaccine is not yet known, however a safety test in cattle at New 

Mexico State University demonstrated an immune response with robust antibody titers against 

the thrombostasins suggesting that it could be efficacious against horn fly predation 

(Unpublished data) 

Such robust IgG responses signify that the host’s immune system is responding to the 

antigen within the vaccine and producing antibodies against thronbostasins. However, the 

efficacy of this novel experimental vaccine against horn flies is still unknown. If the vaccine is 

viable, the antibodies should inhibit thrombostasins secreted within horn fly saliva resulting in 

altered fly feeding behavior and negative effects on fly physiology. The purpose of this study is 

to evaluate this vaccine by comparing its effects on horn fly feeding behavior through multiple 

assays meant to assess the impact of vaccination status on horn fly feeding behavior and 

physiology and on the clinical effect of horn fly exposure has on the bovine host. To measure the 

physiological differences between fly feeding on vaccinated or unvaccinated cattle, an assay 

comparing the blood volume of midguts following 25-minute feeding bouts was conducted along 

with a mortality test. Additionally, to gauge the clinical impact of horn fly exposure on cattle, a 

scoring system for dermatitis was developed and utilized to assess fly biting intensity between 

vaccinated and unvaccinated cattle. We hypothesize that if the vaccine will prevent the horn flies 

from feeding as efficiently, then the horn flies feeding on vaccinated cattle will have lower blood 
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midgut volume, higher mortality, and dermatitis of hosts will be different based on vaccination 

status. 

2.3 Materials & Methods 

2.3.0 Live animal husbandry  

All animal activities were approved by the Auburn University Institutional Animal Care 

and Use Committee, approval number PRN 2020-3777. During this experiment, 9 weaned 

prepubescent heifers of similar age and weight were individually housed in 8’ x 8’ penned 

enclosures on a concrete shaded paddock topped with cardboard shavings. These animals were 

fed 5lbs of concentrate once a day, hay twice daily, and had ad libitum access to water. 

Nutritional management was sufficient to meet the NRC requirements for growing heifers (NRC, 

2016). Animals were maintained on pasture when not used for fly challenges. 5 heifers were 

used as controls and the remaining 4 were vaccinated with the experimental vaccine.  Vaccinated 

animals received a priming dose of the experimental vaccine followed by a booster dose three 

weeks later via I.M. injection. The doses consist of 3 different full length, purified recombinant 

thrombostasins isoforms: Ts8, Ts9, Ts10, suspended in saline with ENABL. ENABL is a 

proprietary cattle vaccine adjuvant that will help stabilize the recombinant proteins as well as 

irritate the immune system. Control animals received phosphate buffered saline (PBS).   

The live animal experiments were conducted in two phases. Phase one was conducted in 

unvaccinated animals to assess fly cage design and to determine the optimal caged fly exposure 

that induces dermatitis in cattle. Phase 2 was conducted was conducted using cohorts of control 

and vaccinated animals to test the efficacy of the vaccine using an acute duration of fly exposure 

to assess midgut blood meal volumes and a chronic caged fly exposure to determine the impact 

of fly feeding on dermatitis score in the host.   
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In Phase 1, each individual served as its own control as cattle were exposed to 0, 40, and 

80 caged horn flies for 5 days. At the termination of the challenge skin biopsies were taken from 

each cage site to facilitate histology and development of a dermatitis scoring system. Phase 1 

also helped determine the optimal number of flies to be used for the next phase as determined by 

the impact of fly number on dermatitis score.  

During Phase 2, cohorts of control and vaccinated cattle were created as described above. 

Each heifer had 4 cages sutured along their midlines on their right side. Blood was drawn before 

and after the vaccine was given and sent to Colorado to measure serum IgG titers. Plasma 

samples were submitted to the Auburn University Clinical Pathology Laboratory for the 

determination of total Food Animal Blood panels and CBCs. For this phase, vaccine efficacy was 

tested using an acute and a chronic approach. To determine the acute impact of vaccination on 

fly feeding behavior, 40 starved horn flies were placed within a cage and allowed to feed 

unabated for 25 minutes. After this exposure, the cage was removed, and midguts were dissected 

from the flies to allow determination of midgut bloodmeal volume. In To determine the chronic 

impact of vaccination upon fly health and the clinical impact of fly biting upon the host 

vaccinated and unvaccinated cattle were exposed to 0 and 120 caged horn flies for 3 days. The 

control and fly containing cages were then removed and the alive and dead flies counted and 

sexed to calculate fly mortality. Immediately upon cage removal, three skin biopsies were taken 

from within each cage site. The biopsies were then fixed and utilized for the histological scoring 

of dermatitis.  
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2.3.1 Cage attachment and design  

First, cattle were administered a dose of xylazine via IV through the tail vein and 

lidocaine in an inverted “L” pattern. Xylazine is a sedative to reduce anxiety and lidocaine is a 

local anesthetic to numb the area before suturing cages on.  Cattle were then shaved along the 

midline and ribs where horn fly cages were anticipated to be placed and sutured with nylon 

surgical suture. After the cage attachment, individuals were given 2 days of rest to acclimate to 

the placement of the enclosures. On the 3rd morning, horn flies were introduced to the cages at 

the exposure numbers described above. During Phase 1 only 8 of the 9 heifers were utilized and 

3 horn fly enclosures were sutured onto the left rib cage along the midline of the cattle. The 

enclosures were constructed from 10cm diameter schedule 40 PVC pipe with 5cm of height. This 

created a surface area of 81cm2, resulting in 0.50 flies per cm2, or 1 fly per cm2. A 4cm hole was 

drilled into the center of the PVC ring to allow flies to be introduced. Following the introduction 

of flies into the cages, this hole was kept closed with a rubber stopper. The opening facing the 

dermis was constructed with window mesh in the center and a more durable plastic mesh as the 

outer ring for sutures to hold. The ring protruded about 4cm from the cage. Both meshes were 

secured to the opening of the cage with silicone caulk (GE All Purpose Silicone) and allowed to 

cure for at least 24 hours. Silicone was used because it is flexible, but also FDA regulated and 

considered food safe so as not to interfere with fly health. On the opposing end, the cage was 

also covered with window mesh and secured with hot glue.  

During Phase 2 slight modifications were made to improve the durability of the cages 

and to reduce the surface area available for horn flies to access the host dermis. The cages were 

reduced in size to 8cm in diameter, 4cm in height, with a surface area of 46cm2. This resulted in 

a more condensed area of 3 flies per cm2. Cages were then sewed together with fishing wire on 
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all 4 sides to prevent cages from coming apart. By decreasing the cage area and increasing fly 

numbers, the impact of fly exposure was increased. 

 

 

Fig. 2.1 Cage design: size alteration and modification between phase 1 (left) and phase 2 

(right). Phase 1 cages were 10cm in diameter with a surface area of 324cm2. Phase 2 cages were 

8cm in diameter, 4cm in height, with a surface area of 46cm2. 

 

2.3.2 Collecting of wild horn flies  

For these trials, horn flies were wild caught.  For the chronic exposure studies, wild horn 

flies were collected the morning of day 0, counted, and then loaded into cages on the heifers. For 

the acute study conducted to assess the impact of vaccination status on blood meal volumes, horn 

flies were caught at 6pm and placed overnight in fly enclosures where they were given access to 

water.  Following the overnight fast, horn flies were counted and loaded into cages for the 25-

minute refeeding challenge. Sweep nets were used to collect flies from wild populations found 
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on resident beef cattle at the Auburn University Beef Teaching unit. Horn flies were placed into 

a netted cage and counted with an HB8 insect aspirator (Bugdorm, Taichung, Taiwan).  

2.3.3 Vaccine and sham vaccine composition  

During Phase 2, all 9 heifers received an injection, however only 4 of the 9 heifers were 

given the thrombostasin vaccine. The vaccine is composed of 3 different solubilized, full length, 

purified recombinant thrombostasin protein isotypes, TS8, TS9, and TS10, suspended in an equal 

mixture of saline buffer with the licensed ENABL adjuvant. The recombinant thrombostasins are 

expressed in E. coli using the pET30a expression plasmid and purified via affinity columns using 

the C-His6tag to a purity that is greater than 80% as judged by SDS-PAGE analysis. The 

recombinant proteins are lyophilized after dialysis and are readily soluble in sterile water. The 

vaccine is created off site by TNG Pharma and sent to us in Auburn ready to use. Antigen levels 

per thrombostasin protein were 100ug each per dose. In this study the vaccine was administered 

in 2 separate doses, the priming and boosting dose, via intramuscular injection. Each animal 

received 2cc of the experimental vaccine per dose intramuscular through a 14-gauge needle. The 

animals were initially vaccinated in October and re-vaccinated again as naive animals in May. 

The priming dose was given on May 26, 2023 and the boosting dose on June 23, 2023. Heifers 

were given a week of rest before cages were attached for experiments.    

2.3.4 Quantitative comparison of blood volume in fly midguts  

For this experiment horn flies were collected from a wild population via sweep netting 

and placed in a netted cage to be starved with a cotton ball soaked in water for over 12 hours at 

room temperature. The preliminary experiment took place on day 9 of the experiment, after horn 

flies were starved overnight on day 8. On day 9 and 10 wild horn flies were caught and placed 
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into netted cages and starved overnight for over 12 hours. The experiment comparing blood 

volume of midguts occurred on day 10 and 11 of the experiment. 2 to 4 starved horn fly midguts 

were dissected and collected at the start of every replicate to demonstrate a baseline for empty 

midguts. 40 horn flies were then counted with a hand pump aspirator and placed into cages and 

allotted 25 minutes to feed on either a vaccinated or unvaccinated heifers. After 25 minutes, the 

cage was removed and placed immediately on ice to anesthetize the flies. Female horn flies were 

separated, and mid guts were surgically removed. All dissections were conducted under a stereo 

microscope with fly bodies immersed in 1x Phosphate-buffered saline. Each dissected midgut 

was placed into 250 µl of Drabkin’s reagent (Ricca Chemical, Arlington, TX) and homogenized 

with a battery-operated motorized pestle mixer (Cole-Parmer, Vernon Hills, IL). The samples 

were then incubated for 30 minutes upon which 200 µl of each homogenate was transferred to a 

96 well plate whereby sample absorbances were determined using a spectrophotometer at 540 

nm. A standard curve was constructed by assaying known quantities of fresh whole blood taken 

randomly from one of the heifers and mixed with EDTA to prevent coagulation. The blood was 

mixed with Drabkin’s reagent and homogenized with a motorized pestle and the standard curve 

was constructed using 0.125 µl, 0.25 µl, 0.5 µl, 1 µl, 2 µl, and 4 µl following the same procedure 

as the samples. 
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Fig. 2.2 Dissection of Midgut in female horn fly. The photo on the left depicts the ovaries, 

midgut, and hind gut of a female horn fly. The photo on the right depicts the bare midgut used in 

the blood volume challenge. 

 

2.3.5 Analysis of mortality rate between flies feeding on vaccinated or unvaccinated cattle  

In this experiment horn flies were collected from a wild population via sweep netting and 

promptly counted using a hand pump aspirator. On day zero, cages were sutured onto each heifer 

and on day two 120 horn flies were placed into cages attached to the heifers and left to feed 

unabated for three days. On the morning of day five, the sutures were clipped and the cages were 

removed to count the live and dead flies. This was done by placing the pvc cages into a netted 

cage and removing the top window mesh to release the live flies. Dead flies were counted, and 

live ones were briefly placed in a freezer to anesthetize the flies for easier counting. After live 

and dead horn flies were separated and placed into different bags, a cotton ball soaked in acetone 

was placed with the live ones to kill them. The originally live flies were then sexed under a 

scope.   
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2.3.6 Histology  

Once challenge cages were removed on day five, three 6mm skin punch biopsies were 

collected randomly from within each cage site and placed in formalin for at least 24 hours to fix 

samples. Each specimen was bisected and processed for routine histopathology. One half of each 

punch was cut into 4 micrometer thick slides and stained with hematoxylin and eosin. 

Photomicrographs were taken with an image viewer software (OlyVIA; Olympus) and digital 

slides were processed with a research slide scanner (Slideview VS200; OI).  

To determine a dermatitis scoring system, all slides were evaluated blindly by one 

pathologist (Dr. Rachel Neto). The pathologist utilized a semi quantitative histological analysis, 

which primarily focused on changes in dermal and subcutaneous inflammation through numbers 

of immune infiltrates such as eosinophils, lymphocytes, and plasma cells. The scoring system for 

dermal inflammation is represented in Table 2.1. 

2.3.7 Statistical Analysis 

  Data were analyzed as a completely randomized block design using a mixed linear 

model of SAS v9.2 (SAS Institute, Inc., Cary, NC, USA) with an individual animal serving as 

the experimental unit (i.e., individual block) for percent viability and mid-gut blood meal volume 

experiments.  Individual fly midgut served as the experimental unit for the initial Drabkin’s 

experiment comparing fed, fasted, and refed flies. Values presented are group mean ± SEM, with 

differing superscripts within a variable denoting difference between vaccination status for live 

animal experiments and differences between nutritional status for the initial Drabkin’s 

experiment., p < 0.05. 
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2.4 Results  

2.4.0 Development of dermatitis scoring scale and determination of optimal horn fly exposure   

To determine the appropriate horn fly exposure to induce clinical dermatitis and develop 

a dermatitis scale to measure in the bovine, we conducted a five-day caged fly challenge using 0, 

40, and 80 flies per 4 cm in diameter cages. Biopsies collected from under the cage at the end of 

the challenge sectioned, stained, and blindly scored by a histologist. Confirming skin biopsy 

quality, all three layers of the dermis were observed in stained sections allowing a scoring system 

based on upon eosinophil migration and presence within the representative field of views. This 

resulting semi-quantitative scoring system of subcutaneous leukocytes is depicted in Table 2.1. A 

visual representation of these scores is depicted in Figure 2.3.  Biopsy samples were then scored 

across 8 heifers. Dermatitis scoring was highly variable between heifers, however, in general, fly 

exposure associated with a change in dermatitis score when examined within animal (Figure 

2.4).  Upon consultation with the pathologist, it was determined that it was appropriate to 

increase fly exposure to induce a more definitive clinical dermatitis. This understanding led to 

changes in fly exposure to now reflect 120 flies per cage utilizing a cage design with a decreased 

surface are and total volume thus in affect increasing the fly exposure “dosing”.  
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Table 2.1 Scoring system for histopathology of cutaneous leukocytes.  

 

 

 

Fig. 2.3 Visual Representation of Dermatitis Scores. Dermatitis scoring was established by 

analyzing skin biopsies taken from the same heifer (H68) but at different locations (R1, R2, R3) 

in order to capture different densities of eosinophils, lymphocytes, and plasma cells within the 

scoring field of view. A score of 1 represents a mild dermatitis response, 2 represents a mild 

response, and 3 represents a marked response. These scores reflect those indicated in Table 2.1 

based upon eosinophils.    
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Fig. 2.4 Representation of the relationship between fly exposure and dermatitis scoring 

within an individual heifer. Shown are the dermatitis scores associated with 0,40, and 80 flies 

per 4cm diameter cage.  Representative graphs are associated with unvaccinated heifers H44, 

H46, H49, and H68. The y-axis demonstrates the blind score deemed by the histologist.     

 

2.4.1 Midgut blood volume determination  

An initial experiment was conducted to evaluate our ability to detect meaningful 

differences in midgut blood volume using the Drabkins assay approach and to ensure our fasting 

duration was not deleterious to the ability of horn flies to feed robustly during cage challenges. 

To accomplish this aim, three groups of wild caught horn flies were compared- 1) ones caught 

during feeding in real time on the midlines of cattle, 2) wild caught horn flies that were fasted 

overnight, and 3) fasted horn flies that were allowed to refeed unabated for 25 minutes while in 

fly cages. As shown in Figure 2.5A, dissected midguts from wild horn flies caught during a 

feeding bout on cattle and immediately dissected contained an average of .44 µl of blood. fasted 
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for 12 hours had a reduced midgut blood volume of 86% (0.062 µl/midgut; p < 0.05) when 

compared to wild flies caught directly feeding off of cattle. By comparison, allowing fasted flies 

to refeed unabated within cages for 25 minutes resulted in midgut blood volumes that were 

1161% higher (0.72µl/midgut) than their fasted (p < 0.001) and 62% higher (p < 0.05)th than 

their wild fed or fasted counterparts. The equation of the standard curve constructed to determine 

unknown values was y=0.3013 + 0.0014 and the R2= 0.991. 

Next, to determine if vaccination status of their hosts had an impact on midgut blood 

meal volume in horn flies, wild caught and fasted flies were placed in challenge cages sutured to 

vaccinated or naïve (control) heifers. As shown in the Figure 2.5B, vaccination status 

significantly impacted blood meal volume within the midgut of the horn flies that were refed on 

vaccinated cattle displaying a blood volume that was 46% lower than blood meal volumes in 

midguts of horn flies that were refed on control animals (p < 0.05). The equation for the standard 

curve utilized to determine unknown values was y=.2231 + .0021 and the R2 =.9999.   
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Fig. 2.5 Impact or nutritional and vaccination status on horn fly midgut blood volumes. 

Panel A depicts the impact average midgut blood volumes of horn flies that were 1) caught off 

the midlines of cattle and immediately dissected, 2) subjected to an overnight fast before midgut 

dissection, and 3) were fasted then refed within cages on cattle for 25 minutes. Panel B depicts 

the impact of vaccination status on the average midgut blood volume in wild caught flies that 

were fasted overnight and then allowed to refeed unabated for 25 minutes in cages on either 

control or vaccinated heifers.  Means represent n= 15-20 midguts (Panel A) and n=5, Control, 

and n=4, vaccinated (Panel B) Differences in means are denoted * (p < 0.05) or ** (p < 0.001).   

 

 

2.4.2 Mortality comparison between horn flies feeding on vaccinated and unvaccinated cattle.  

To evaluate the efficacy of the vaccine through fly mortality, 120 wild caught horn flies 

were placed into challenge cages of vaccinated and unvaccinated heifers for a duration of 3 

challenge days (Figure 2.6). Cages were then removed, and live/dead horn flies counted and 

sexed. Horn flies feeding on control animals had a 59.5% viability ± 4.6, while horn flies feeding 

on vaccinated had a 35% viability ± 13.3.  Horn flies feeding on the unvaccinated animals 

(control) showed a 24% higher viability when compared to horn flies feeding on vaccinated 

animals (p < 0.05).  
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Fig 2.6 Comparison of percent viability of horn flies feeding on vaccinated and unvaccinated 

cattle after 3 days. Following completion of the 3 day challenge, cages were removed and 

numbers of live versus dead flies were counted within each cage. Values are reported as the 

mean number of live flies divided by total flies per cage. The means represent the average of 5 

control animals and 4 vaccinated animals with differing asterisks denoting difference between 

variables (p < 0.05).   

 

2.5.3 Dermatitis scoring of vaccinated and unvaccinated cattle exposed to horn flies  

During phase 1, a dermatitis scoring system was developed to aid in scoring markers of 

dermatitis within bovine skin biopsies for phase 2. Each animal served as its own control which 

increases statistical power. with fly exposures increasing from 0, to 40, to 80 flies per cage 

within heifer. Although the outcome of dermatitis caused by horn fly dosage was inconsistent 

between cattle in phase one, increasing fly concentration tended to increase dermatitis score 

within each individual heifer.  The results of Phase 2, comparing the dermatitis scores between 

vaccinated and control animals exposed to 120 horn flies for 3 days is currently still being 

analyzed by the pathologist.   

3 Day Challenge   
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2.5 Discussion: 

Horn flies are one of the most economically important ectoparasites in the world. These 

hematophagous pests decrease cattle production efficiency, vector cattle diseases, and cause 

major financial loss for producers. These issues have both direct and indirect impacts on food 

production contributing to food insecurity as our population grows and demand for food 

continues to rise. The current management methods such as insecticides have lost potency as 

horn flies quickly develop resistance to such agents causing increasingly greater need for 

innovative solutions such as the thrombostasin vaccine to inhibit horn fly feeding (Oyarzún, 

Quiroz, and Birkett 2008).  

Thrombostasins are currently the only known salivary proteins utilized by horn flies 

capable of inhibiting blood clotting in cattle (Cupp et al. 1998). Therefore, the development of a 

vaccine against thrombostasins may represent a new tool that allows effective control of horn fly 

populations. Previous experimental studies have supported the idea that vaccinating cattle against 

different isoforms of thrombostasins results in altered blood meal uptake by horn flies (Cupp et 

al. 2010). These experiments demonstrate that vaccinating cattle against various recombinant 

thrombostasin isoforms induces elevated IgG titers for antibodies directed against thrombostasins 

in cattle suggesting the strategy is a viable way to induce immunity. These previous experiments 

also prove that the population of horn flies has multiple isoforms of thrombostasins. This has led 

to the development of a novel cocktail vaccine that is made up of TS8, TS9, and TS10. By 

creating a cocktail vaccine against multiple isoforms of thrombostasins, experiments can be 

conducted to test the efficacy of the vaccine against wild populations of horn flies within 

Auburn, Alabama.   
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An effective way to measure horn fly feeding behavior is to measure the blood meal 

content within the midgut immediately after feeding. Presumably, blood meal volume should 

correlate directly with feeding behavior. By dissecting out the midguts of anesthetized horn flies 

after feeding, a measurement of hemoglobin content can be determined with the use of Drabkin’s 

reagent (Cupp et al. 2010). The Drabkins method can measure all haemoglobin forms and 

consists of a cocktail of potassium ferricyanide, potassium cyanide and potassium dihydrogen 

phosphate which oxidizes haemoglobin to cyanmethemoglobin which is easily estimated at 

530nm (Balasubramaniam, P., and A. Malathi, 1992). Midgut blood volume can be considered a 

direct measurement of fly feeding behavior because there is an increase in midgut blood volume 

after feeding. This can be seen in Figure 2.5A where fasted horn flies demonstrate the lowest 

amount of midgut blood volume (0.062 µl) and fasted flies fed for 25 minutes demonstrate an 

11-fold increase in midgut volume (0.72 µl). These midgut blood volumes are consistent with 

literature even when collection approach differed. Field collected horn flies of mixed age and sex 

held approximately 1.5mg of blood per meal on average when measuring blood volume via an 

excreta-based strategy, which converts to approximately 1.5 µl of blood (Kuramochi and 

Nishijima 1980; Brewer et al. 2021). Previously, Drabkin’s reagent was utilized to compare 

blood uptake of horn flies fed on cattle vaccinated with different isoforms of thrombostasins for 

25 minutes and midgut volumes ranged from 0.3 µl to 1.1 µl (Cupp et al. 2010). These previous 

measurements of midgut blood volume are consistent with the volumes collected in this study. 

Fasting did not negatively impede health of the flies because they demonstrated a robust feeding 

behavior when placed within cages which provided unabated access to the host dermis as seen in 

Figure 2.5A. Our blood meal volumes generally agreed with those reported in the literature being 

lower than volumes derived from exreta-based methods but consistent with those estimated using 
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the Drabkin’s approach. Interestingly, fasted flies that were allowed to refeed for 25 minutes 

showed higher midgut blood volume when compared to midguts of wild caught flies.  This again 

suggests that fasting did not impact horn fly feeding behavior and our challenge design mimics 

robust fly biting.  

To test the efficacy of the vaccine on horn fly feeding, a comparison of midgut blood 

volume was conducted between starved horn flies that were allowed to refeed on either 

vaccinated or unvaccinated cattle. Since midguts were immediately dissected and blood volume 

quantified, the data should correlate directly with horn fly feeding behavior. Horn flies feeding 

on vaccinated cattle were unable to feed as effectively as those that were placed on unvaccinated 

animals as evidenced by significantly lower blood meal volumes being present in midguts 

dissected from flies harvested from the vaccinated hosts. This supports the hypothesis that 

vaccinating against thrombostasins can interrupt horn fly feeding.  

Consistent with the apparent interruption of fly feeding, caged flies exposed to vaccinated 

cattle for three days displayed greater mortality than their counterparts allowed to feed on control 

animals over this same duration. This suggests that interrupting fly feeding may induce 

physiological stresses such as negative energy balance which ultimately may impact fly 

longevity. The mortality test is beneficial because it provides a binary and definitive outcome 

concerning the impact of vaccination status upon the fly. One limitation to this experiment was 

that given the need to utilize wild caught flies as the fly source, fly samples represented cohorts 

with unknown mixed age and sex which could potentially impact both blood meal volumes and 

viability. However, a wild population may be the best model to use when testing a novel vaccine 

for commercial use given wild caught flies most closely model true production conditions in 

which the vaccine would be used. Regardless, the observed decrease in viability displayed by 
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horn flies exposed to vaccinated cattle is consistent with the hypothesis that vaccinating cattle 

against thrombostasins can alter the horn fly life cycle.  

The mortality test is an indirect measurement of horn fly feeding behavior that at best 

may correlate differences in feeding behavior to survivability as a marker of the potential impact 

of such differences on horn fly physiology. Horn flies that are unable to feed efficiently are more 

likely to have lower fecundity and survivability than those able to feed unabated. Indeed, such a 

relationship was observed in the present study as horn flies exposed to vaccinated cattle 

exhibited higher percentages of mortality than those that fed on unvaccinated cattle. This 

suggests that the vaccine inhibits feeding behavior enough to cause downstream physiological 

adaptations that are stressful enough to impact longevity of the horn fly. Such data provide 

tangible evidence to support licensing of the experimental vaccine for commercial use.  

(Clinical aspect/ dermatitis has yet to be scored)  

In summary, these data indicate that vaccinating cattle against thrombostasins directly 

impacts the feeding behavior and physiology of horn flies. These data support the model that 

antibodies produced by cattle after exposure to the vaccine prevents horn flies from feeding as 

effectively as they would on unvaccinated cattle; thereby leading to lower amounts of blood meal 

taken in the short term and higher rates of mortality in the long term. These data support our 

hypothesis that vaccinating cattle against thrombostasins is an efficacious strategy to control 

horn fly populations and provides positive evidence in support of its licensing for commercial 

use within the cattle industry. 
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Appendix 1 

Viral Profile of Culex erraticus  

3.1 Introduction  

Nearly 75% of emerging diseases are of zoonotic origin (Woolhouse and Gowtage-

Sequeria 2005) and 26% of all human pathogens are capable of infecting domestic and wild 

animals (Cleaveland, Laurenson, and Taylor 2001). Zoonotic diseases often develop from 

spillover events when a pathogen becomes capable of being transmitted from a wild host to a 

human (Ellwanger and Chies 2021). These diseases pose a huge threat to global health security 

and the emergence of these pathogens are only expected to increase as urbanization and human 

population continues to grow leading to an increase of interactions with wildlife (Narayan and 

Rana 2023). 

 Zoonotic disease transmission can also be facilitated by hematophagous ectoparasites 

such as mosquitoes (CDC 2023). Certain species of mosquitoes prefer more urban areas, whereas 

more uncommon species prefer tall grasses and forests. This is a concern because as humans 

encroach further into wild habitats, they run a higher risk of interacting with mosquitoes that 

have already fed on other animals and picked up a zoonotic disease. All mosquitoes are 

commonly found near stagnant water sources due to aquatic larval and pupal life stages 

(Nordgulen, Burkett-Cadena, and Mathias, n.d.).  

Due to these circumstances, a prime location to investigate mosquito viruses would be at 

the E.W. Shell Fisheries in Auburn, AL. This is because E.W. Shell Fisheries is composed of 

1600 acres of stock ponds, which provide ample habitat for mosquitoes and waterfowl. It is also 

located south of Kreher preserve, which provides wilder habitat and higher opportunity for 
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mosquito and wildlife interaction.  The fisheries are commonly frequented by students and 

researchers for maintenance and care of aquaculture, which overlap with wildlife and mosquitoes 

allowing for opportunities for zoonotic diseases to be transmitted.   

This study focuses on a particularly common mosquito species known as Culex erraticus. 

This species was one of the most common captured at the fisheries and is known to feed on avian 

hosts early in the season before transitioning to mammals (Oliveira et al. 2011). This species is 

also capable of transmitting zoonotic diseases including West Nile Virus and Eastern Equine 

Encephalitis (Bingham et al. 2016; E. W. Cupp et al. 2004). There is a chance that these 

mosquitoes can be harboring other viruses that may be detrimental to people or livestock. By 

using Next Generation Sequencing, a viral profile of this mosquito species can be uncovered and 

studied before it makes the jump to humans.  

  

3.2 Materials and Methods  

3.2.0 Study Site 

Mosquitoes utilized for this study were trapped at Auburn University, E.W. Shell 

Fisheries center located in Auburn, AL. USA. The E.W. Shell Fisheries center is a 1600-acre 

research station consisting of infrastructure and natural habitat. Man-made ponds facilitate 

studies utilizing diverse species of catfish and trout. The fisheries also provide a habitat for a 

variety of wildlife including Bald Eagles, Belted Kingfishers, blue herons, wading birds, 

songbirds, reptiles, and amphibians. The fisheries are located on AL- 147, Auburn, Alabama 

(Coordinates) south of the Kreher Preserve & Nature Center and north of Auburn campus. This 

unique location of the fisheries allows it to serve as a novel model representing the interface 
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between a more urban environment to the south and a more natural environment to the north. 

This location allows for a more biodiverse ecosystem to study zoonosis.  

 

Fig. 3.1 Mosquito Trap Locations. Figure 3.1A depicts the location of E.W. Shell 

Fisheries in Auburn, AL. It is positioned between the Kreher Preserve and more urban parts of 

town such as Publix Super Market. Figure 3.1B depicts the locations within E.W. Shell Fisheries 

at which the CDC miniature light traps were placed.   

  

3.2.1 Mosquito Collection and Taxonomic Identification 

Live adult mosquitoes were collected with the use of Centers of Disease Control 

miniature light trap Model 512 (John W. Hock) baited with CO2 emitted from ~2lbs of dry ice 

per trap. Traps were set at several sites within the E.W. Shell Fisheries in Auburn, Alabama and 

demonstrated in Figure 3.1B. These sites were located either along the edge of the fisheries and 

forests or at recently drained ponds to capture more diverse populations of mosquitoes. Traps 

were set overnight from 4pm until 10am the next morning and the collection period lasted 
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between late August through the end of October 2022. The live adult mosquitoes were then 

transported to the laboratory and killed by incubation at -20 degrees Celsius for 10 minutes. 

Mosquitoes were then sexed and morphologically classified by species with the use of a 

stereomicroscope. Each species and gender were grouped into pools with a maximum of 20 adult 

mosquitoes per pool. Each pool was submerged in 100% ethanol and kept in -20 degrees Celsius 

until nucleic acid extraction.  

 

Table 3.2 Mosquito Collection at the Fisheries. 

 

This table depicts the mosquito collections taken from E.W. Shell Fisheries between late August 

to late October in 2022.  

 

3.2.2 Viral RNA Extraction 

Female Culex erraticus mosquitoes were removed from ethanol and allowed to dry under 

a laminar flow hood for 10 minutes. Individuals were then pooled into four different groups 

ranging from 15 to 17 mosquitoes and placed into 1.5ml micrcentrifuge tubes. Samples were 

homogenized by pestle in liquid nitrogen and RNA was extracted from each group with 1ml of 

Trizol (Invitrogen, Waltham, MA) according to manufacturer’s instructions. Modifications to 
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manufacturer’s instructions were implemented to increase the yield and quality of RNA. These 

steps included repeating the chloroform extraction twice, conducting salt precipitation with 

100% Isopropanol and Sodium Acetate (pH 5.2), and 2 additional cold 70% ethanol washes.  

Total RNA concentration was quantified by nanodrop (Thermo Scientific, Waltham, MA) 

and ranged from 1600 ng/ul to 1800 ng/ul. The 260/280 ranged from 2.01 to 2.05 and 260/230 

ranged from 1.88 to 1.92. RNA samples from the four different collections were pooled to create 

1 sample for sequencing. Their concentrations were normalized, so that each sample contributed 

equally within the final pooled sample. Concentrations can be seen in Table 3.4.  

 

 Table 3.2 Mosquito used for RNA Extraction. 

 

This table highlights the 4 groups of collections in which the mosquitoes were taken for RNA 

extraction.  
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Table 3.3 Culex erraticus Extraction and Pooling. 

 

This table depicts the number of individual mosquitoes used for each of the 4 extractions. It also 

shows the quality (260/280), (260/230), and the concentration of each extraction. A total of 2 

samples were sent to SeqCenter for RNASeq using the same pooling strategy where equal 

amounts of nucleic acid were pulled from each sample. The first sample sent to SeqCenter was 

69ul and the second was 15ul after the extractions were pooled. 

 

3.2.3 Ribosomal RNA Depletion and Sequencing 

The total RNA sample was sent to SeqCenter (Pittsburgh, Pennsylvania) and prepared for 

RNA Seq through their traditional pipeline. The sample was treated with RNAse free DNase 

(Invitrogen, Waltham, MA) and library prepped using an Illumina Stranded Total RNA Prep 
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Ligation with Ribo-Zero Plus kit and 10bp unique dual indices (UDI) (Illumina, San Diego, 

CA).  Custom probes were designed to deplete host (Culex erraticus) ribosomal RNA. These 

probes were based upon 5.8s, 28s, and 18s rRNA sequences. The 5.8s of Culex erraticus was 

previously sequenced (Williams and Savage 2011) and used as a reference for the custom 

probes. However, the 28s and 18s of Culex erraticus have not yet been sequenced. References 

from Culex sp. within the same subgenus, Melanoconion (Burkett-Cadena et al. 2022), were 

compared through BLAST and determined to be the most similar to Culex erraticus. This 

resulted in the use of 28s and 18s sequences from a Culex (Melanoconion) sp. found in French 

Guinea (Koh et al. 2023). Sequencing was performed on a NovaSeq X Plus (Illumina, San 

Diego, CA). This produced paired end 150bp reads. Demultiplexing, quality control, and adapter 

trimming was performed with bcl-convert (v4.1.5) through SeqCenter.      

3.2.4 Bioinformatics  

              To first determine the quality of the reads we used FastQC. Based on the information 

provided by FastQC we trimmed and removed low quality RNA with BBMAP. Host RNA is 

then removed by aligning to a reference genome of Culex tarsalis mosquito using Kneaddata 

(Main et. al 2021). Bacterial, fungal, and remaining pathogens were then taxonomically 

identified and separated by KRAKEN 2.  

 

3.3 Results & Discussion 

3.3.0 RNA Extraction  

 The appropriate number of mosquitoes to use and the most efficient method in extracting 

RNA for sequencing was decided through a single replicate of tests. These tests were conducted 

with various numbers of mosquitoes consisting of 10, 20, and 50 individuals per extraction. The 
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quality (260/280) of the extractions ranged from 1.46 to 1.81 with concentrations between 790 

ng/ ul to 2070 ng/ ul. These readings were taken with a nanodrop and it was determined that 

nucleic acid concentration is dependent on the number of individuals used for each extraction 

However, quality remained relatively the same and was dependent on skill. Due to the limited 

number of mosquito samples collected, it was decided that 20 mosquitoes per extraction would 

be the best. By using this number, it would allow for more replicates for extraction.  

 Extractions were also completed with Trizol because the Quick-RNA Tissue/Insect Kit 

(Zymo Research, Irvine, California) did not perform well with Culex erraticus and it produced 

lower concentrations. The kit was able to extract RNA from 6 Aedes aegypti at a time and 

produce good quality results (260/280) was 2.11, (260/230) was 2.07, however, concentration 

was significantly lower at 116 ng/ul. Lower concentration means that not all nucleic acids were 

captured in the columns and viruses may have been removed in this process, which may create 

inaccuracies and bias when determining the viral profile of Culex erraticus. The columns in this 

kit were also not compatible with Culex erraticus and RNA could not be efficiently extracted. 

For these reasons Trizol was used for extractions.  

 The original protocol for Trizol produced good RNA quality (260/280) that ranged from 

1.9 to 2.1, however the (260/230) measured 0.9 to 1.2. These low numbers suggest organic 

contaminants which could interfere with reverse transcription when performing RNA Seq. To 

combat this, the chloroform wash step was separated into 2 separate steps and a salt precipitation 

was conducted with 100% Isopropanol and 3MSodium Acetate (pH 5.2). To ensure removal of 

organic contaminants 2 additional cold 70% ethanol washes were performed, and precipitates 

were allowed to dry for up to 45 minutes. This resulted in RNA measuring around 1.8 to 1.9 at 

(260/230), which is sufficient for RNASeq. 
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Table 3.4 Testing RNA Extraction Methods. 

  

The first test in this table depicts the quality and concentration of nucleic acid extracted from 10, 

20, and 50 Aedes aegypti mosquitoes. This was completed as a single replicate to determine the 

optimal number of individual mosquitoes to use per extraction. Test 2 compared different RNA 

extraction methods through Trizol and Quick RNA kit from Zymo. Although the kit was able to 

reduce contaminants it also significantly dropped concentration of nucleic acid and was not 

compatible with Culex erraticus. Test 3 compared 4 different methods of RNA extraction to 

optimize concentration and also reduce organic contamination. The new protocol includes a 

precipitation step with 3M sodium acetate (pH 5.2) and 2 additional 70% ethanol wash steps. 

The new protocol with additional chloroform step produced the highest quality RNA for 

RNASeq.  
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