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ABSTRACT 

 

 Tropical diseases sicken millions of people annually.  Insect vector control is 

imperative for improving the quality of life for those at risk of contracting tropical 

diseases by reducing incidences of tropical disease.  However, current vector control 

programs could be at the brink of failure because chemical insecticides provide a 

substantial portion of modern-day control measures, but incidence of insect resistance 

completely threatens their effectiveness (Kuile et. al. 2003; Gullan and Cranston 2005; 

O‗Reilly et. al 2006).  New control methods and agents must be discovered, researched, 

and implemented, or the number of tropical disease cases will likely soar (Lacey et. al 

2001; Mohanty et. al 2007).  

 Biological control agents could be an essential part of these much needed new 

control methods.  Fungal biological agents comprise one of many types of biological 

control agents, and these are explored and reviewed in this thesis for their effectiveness in 

reducing populations of mosquitoes, triatomines, and tsetse and sand flies.  These insects 

vectors carry malaria, viral hemorrhagic fevers, arbovirus encephalitis, Chikungunya 
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fever, O'nyong-nyong, lymphatic filariasis, Chagas disease, African sleeping sickness, 

leishmaniasis, Bartonellosis, and other less common and widespread diseases.    

 Entomopathogenic fungi provide a multi-dimensional approach to insect control.  

They contain several destructive compounds that assist hyphal penetration of the insect 

cuticle.  Two species in particular, Metarhizium anisopliae and Beauveria bassiana have 

been researched extensively and could significantly aid in vector control; however, many 

different entomopathogenic fungal species exist and with proper research, some of these 

could become crucial in vector control methods (Scholte et. al 2004; Lacey et. al 2001). 

Any use of pathogens must be undertaken with care to avoid unintended and 

unwanted effects on environmental and human health.  Ultimately, evidence suggests that 

perhaps the most sensible use of entomopathogenic fungi would be in a multi-faceted 

control plan.  Such a plan could use as many available control techniques as possible, 

including physically minimizing insect habitats, using several different chemical 

pesticides in rotation, using insect repellants and barriers such as mosquito netting, and 

applying an array of biological control agents including fungal agents.  This is known as 

Integrative Vector Management and will likely provide the most successful tropical 

disease control measures possible, based upon current research. 
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All bolded words are defined in the glossary in Appendix A 

 

Chapter 1: Introduction to Chemical and Biological Control of 

Tropical Disease Vectors 

 
1.1 General Overview 

Entomopathogenic fungi 
1
 were first considered as possible disease vector 

control agents in the late 1800‘s (Prentiss 1880), but successful implementation of these 

pathogens began many decades later, during the 1950s (Golkar et al. 1993; Lacey et al. 

2001; Mohanty et al. 2007). Entomopathogenic fungal vector control research began with 

the identification of naturally-occurring pathogens, and the field has progressed to 

include mechanistic and biochemical studies of fungal colonization.  Interest in this area 

heightened in the 1980‘s upon recognition of detrimental side effects of chemical 

insecticides (Lacey et al. 2001).  Fungal biological control of vectors research has 

increased since then (Lacey et al. 2001; Mohanty et al. 2007).  Future research will likely 

continue and will examine the benefits of using fungal pathogens in conjunction with 

other vector control techniques (Lacey et al. 2001; Mohanty et al. 2007).  

Currently, vector-borne tropical disease control programs rely heavily on 

chemical insect control.  Chemical insecticide use expanded in the middle of the 

twentieth century and continues to be the most common form of insect control (Gullan 

and Cranston 2005).  Unfortunately, vectors have developed resistances to these 

chemicals, severely compromising the effectiveness of these programs (Lacey et al. 

2001; Scholte et al. 2004; Constant 2005; Scholte et al.. 2005). However, tropical 

diseases pose a large threat to the health of many countries, and some insect-borne 

tropical diseases are untreatable; therefore, vector control is essential. These vector-borne 

diseases include malaria, dengue fever, lymphatic filariasis, different encephalitises, 
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Chagas disease, leishmaniasis, and African sleeping sickness, all of which will be further 

discussed in Chapter Two. 

These diseases are caused by parasites or microbes that use insects as secondary 

hosts which then transfer the microorganism to the human host. If one were able to target 

a particular vector through biological control methods, such as the use of 

entomopathogenic fungi, insect-borne illnesses would decrease without adverse 

environmental and human health problems associated with chemical insecticides which 

are discussed in the next section (Scholte et al. 2005; Thomas and Read 2007). 

1.2 Chemical Insect Control: Dangers, Problems, and Limitations 

The first successful vector control programs involved chemical pesticides; 

however, they produced many unwanted side effects (Kuile et al. 2003; O‗Reilly et al. 

2006).  The most significant dangers of chemical pesticides include destruction and harm 

of non-target organisms, selection for pesticide-resistant insect strains and subsequent 

pest resurgence (Gullan and Cranston 2005). Additionally, outbreaks of new insects 

filling the now empty niche can arise, environmental degradation from soil, water, and air 

contamination can occur, and human health can be compromised (Gullan and Cranston 

2005).   

Chemical insecticides are divided into several classes and are typically either 

plant-derived or synthetically-devised.  The major classes used in vector control are 

plant-based pyrethrins and their synthetic counterparts, pyrethroids, as well as other 

synthetic insecticides, carbamates, organophosphates, and organochlorines (or 

chlorinated hydrocarbons) (Gullan and Cranston 2005).  Carbamates and 

organophosphates act by inhibiting acetylcholinesterase and organochlorines, pyrethrins, 
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and pyrethroids act by changing the normal opening and closing of sodium channels 

(Daly et al. 1998; Kuile et al.. 2003; O‗Reilly et al. 2006).  

Additionally, insects develop resistance to pesticides.  Some populations achieve 

resistance by genetic selection of resistant organisims within the group.  For example, 

metabolic resistance occurs when insects gain the ablity to detoxify themselves of the 

chemical.  Target site resistance results from acquiring decreased sensitivity to the 

insecticide (O‗Reilly et al. 2006).  Learned behaviors like avoidance of insecticides are 

also types of resistance that renders pesticides ineffective (Hoy et al. 1998).  Appendix B 

demonstrates the enormity of insect resistance studies by outlining some recent studies 

that have been completed thus far. 

Pyrethrins were the first successful vector control agent used to control mosquito 

populations beginning in the early 1900s (Kuile et al.2003). Then, chlorinated 

hydrocarbon compounds such as Dichloro-Diphenyl-Trichloroethane (DDT) and lindane 

were discovered and used following World War II.  Due to the environmental and health 

problems of pesticides like DDT, synthetic pyrethrins, known as pyrethroids, are the 

preferred chemical insecticides for vector control (Kuile et al. 2003; Waliszewski et al. 

2008).  However, developing countries still use a limited amount of DDT in vector 

control programs because it is much more effective at killing pests than any other 

pesticide and can kill insects for up to six months after application (Hargreaves et al. 

2000; Kuile et al. 2003; Pennetier et al. 2008; Gabianelle et al. 2009).   

Chlorinated hydrocarbon-based pesticides like DDT, polychlorinated biphenyls, 

carbamates, carbinols, and polycyclic aromatic hydrocarbon insecticides have been 

linked to severe environmental degradation as well as numerous health problems (Beard 
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et al. 2006; Mills et al. 2006; Belpomme et al. 2007). DDT, in particular, provides a 

dramatic example of the ill effects of chemical insecticidal treatments. It accumulates 

overtime in large quantities in animal fatty tissue which render even low doses harmful 

and animals can eventually die (Lundholm 1987; Beard et al. 2006). One well known 

effect of DDT is how it severely affects predatory birds' ability to form egg shells by 

slowing calcium metabolism (Cooke et al. 1970; Cooke et al. 1976; Lundholm 1987; 

Beard et al. 2006).  

DDT has been suggested as a causative agent of chronic fatigue syndrome 

(Racciatti et al.  2001), chronic renal failure (Wanigasuriyaa et al.. 2007), decreased 

neurobehavioral performance (Eckerman et al. 2007), diminished sperm count (Wonga et 

al. 2003), essential tremor disorder (Louis et al. 2006), Parkinson's disease (Menegon et 

al. 1998), cancer (Belpommea et al. 2007; Irigaray et al. 2007; Carozzaa et al. 2008; 

Fiorini et al. 2008) and intrauterine growth retardation (Levario-Carrillo et al. 2004). 

Malathion could also have significant detrimental health effects including intestinal 

problems (Wali et al. 1994), leukemia (Reeves et al. 1981), kidney damage (Albright et 

al. 1983) and chromosomal damage (Balaji 1993).  These problems are not limited to 

those who directly work with the pesticide since DDT can accumulate in the water supply 

therefore contamination can be widespread (Longnecker 1997).  For additional 

information on the health effects of DDT, the reader is referred to a lengthy database of 

articles on the environmental and human health effects of DDT compiled by Cornell 

researcher, Suzanne Snedeker (Snedeker et al. 2003).    

DDT was banned from most developed countries by 1970, but is still a vital 

method of mosquito control in developing countries with high Entomological 
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Inoculation Rates (EIR) (Beard et al. 2006). Houses in these countries are treated with 

DDT every six months (Matteson et al. 1998). These treatments are very vital to 

immediate human health of those within the region, but the aforementioned 

environmental and health problems will continue to be an issue as long as DDT is used 

(Beard et al. 2006, Carlier et al. 2008).  Malathion has also correlated with environmental 

degradation, but currently is more widely used than DDT (Thompson  et al. 2001; Relyea 

et al.  2004; Sinclair et al. 2009) 

In small doses, it causes low rates of toxicity; however, it can degrade within an 

organism into a more toxic compound, malaoxon (Sinclair et al. 2009).  Nontarget 

organisms such as honey bees and amphibians can be killed when Malathion is applied in 

areas around or within their habitats (Thompson et al. 2001; Relyea et al. 2004).  Wayne 

Sinclair, University of South Florida researcher, created a database on Malathion similar 

to Snedeker‘s database on DDT (Sinclair 2009). 

Lindane, the Cyclodienes (Endrin, Endosulfan, Aldrin, Dieldrin, Heptachlor, 

Chlordane, and Toxaphene), Chlordecone, Kepone, Mirex, and Hexachlorobenzene have 

all been shown to be endocrine disrupters and/or to be carcinogenic in animal models 

(Zaim and Gulliet  2002; Pennetier et al. 2008; Gabianelle et al. 2009).  Even 

pyrethroids, the only class of pesticides approved by the World Health Organization to 

treat mosquito nets, could potentially be detrimental to human health (Zaim and Gulliet 

2002; Pennetier et al. 2008; Gabianelle et al. 2009).  Over the short term, pyrethroids 

demonstrate low toxicity in mammals; however, the very long term effects of this 

pesticide are unknown (Gabianelle et al. 2009).  Research demonstrated that older rats 

continually exposed to permethrin (a type of pyrethroid) can present with oxidative 
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damage in the brain, liver, erythrocytes and lymphocytes, phagocyte respiration burst, 

and DNA damage (Gabianelle et al. 2009).  Human occupational exposure has lead to 

paresthesia and respiratory irritation, possibly due to continued firing of sensory nerve 

endings and massive exposure has resulted in human poisoning symptoms (Vijverberg 

and Bercken 1990).  Studies have also demonstrated that low level exposure to 

pyrethroids has caused chronic illnesses characterized by symptoms of fatigue, loss of 

memory, depression and reduced attention span, in some individuals (Kolaczinski and 

Curtis 2004).  However, this concept is debated, and it is important to consider the 

advantages and disadvantages of use case-by-case.  Pyrethroids can be invaluable when 

treating for malarial mosquitoes (Kolaczinski and Curtis 2004). 

An opposing theory is that mammals are able to detoxify themselves following 

pyrethroid exposure by rapidly metabolizing the components of pyrethroids into much 

less harmful compounds (Zain et al. 2000; Scollon et al. 2009). Studies in rat models 

have shown that certain enzymes degrade pyrethroids by hydrolyzing the active 

component into more benign substances (Scollon et al. 2009; Nakamura et al. 2007). 

Carboxylesterases within the liver may be responsible for detoxification (Ross et al. 

2006; Nishi et al. 2006).  Regardless, pyrethroids will continue to be used because they 

are considered to be among the least harmful of the effective pesticides (Zain et al. 2000).  

Biological control could reduce the amount of chemical insecticides used in countries 

with high EIR (Beard et al. 2006, Carlier et al. 2008). 

As previously mentioned, pesticides are also losing effectiveness. Insects 

reproduce in vast numbers; therefore the incidence of mutations is high. When mutations 

occur that reduce the binding or increase the metabolism of the chemical insecticide 
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typically uses to kill the insect, the mutant individuals survive and subsequently, the 

mutation can flourish in the population rendering the pesticide useless. Studies show that 

such mutations have occurred in many species of mosquitoes increasing the population of 

mosquitoes that are resistant to DDT and pyrethroids (Hargreaves et al. 2000; Guessana 

et al. 2007; Alout et al. 2008; Alout and Weill 2008; Enayati et al. 2008; Hall et al. 2008; 

Morou et al. 2008; Okoyea 2008).  This provides an additional reason for supporting 

research of new biological control agents over new chemical control agents. 

Vector control programs will become more effective when alternatives to 

chemical pesticides or more efficacious chemical pesticides are discovered (Zaim and 

Guillet 2002).   Insect resistance to insecticides severely compromises vector control 

efforts. Additionally, very few new cost effective vector-control chemical pesticides have 

been discovered since the 1970‘s (Zaim and Guillet 2002).  Biological control methods 

have a lower likelihood of insect resistance developement than chemical methods (Zaim 

and Guillet 2002).  Furthermore, insecticides are expensive and the countries where 

vector control is needed most are some of the poorest nations in the world (Zaim and 

Guillet 2002; Torr et al. 2007). 

1.3 Principles of Biological Control  

Biological control, integrated disease management (IDM) and integrated vector 

management (IVM), (types of integrated pest management or IPM) could provide 

healthy solutions for vector control. Biological control encompasses the regulation of pest 

populations using biological agents (Khan et al. 2007; Rhagu et al. 2007; Blair et al. 

2008). Ideally, IVM, IDM, and IPM use many strategies to create a comprehensive, 

multi-faceted control program using insecticides only after biological control, 
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environmental management and cultural methods have failed (Matteson et al. 1993). 

When vectors are involved, the management plan is known as IVM, a form of IDM 

(Matteson et al. 1993). For example, a mosquito control IVM would include techniques 

such as the release of biological control agents like bacteria, fungi and predatory fish, 

diminishing the amounts of standing water that serve as a breeding ground for 

mosquitoes, and lastly, application of chemical insecticides. Additional helpful measures 

include window screens and insect repellents (Matteson et al. 1993). 

Biological control systems generally utilize naturally-occurring interactions to 

control and kill unwanted vector populations. There are three different types: classical, 

augmentative, and conservative. The classical approach involves introducing a non-native 

species or pathogen into an environment to control an unwanted organism, whereas 

augmentative control simply increases the numbers or viability of native species or 

pathogens that alter the undesired population (Hoffmann and Frodsham 1993; Federici 

1999). Finally, conservative control protects, stimulates or supports existing populations 

of biological agents (Hoffmann and Frodsham 1993; Federici 1999).  Classical control 

requires careful evaluation because introducing exotic species could potentially wreak 

havoc on non-target populations and destroy entire ecosystems (Berner et al. 2005). 

Augmentative control works best in combination with low risk pesticides (Colliera et al. 

2004). 

The potential of naturally occurring control organisims such as nematodes, 

bacteria, predatory insects, viruses, protozoa, predatory fish, and fungi to kill vectors has 

been explored with some success (Lacey et al. 2001, Scholte et al. 2004; Hajek et al. 

2007). The first successful microbial biological pathogen used to control vector 
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populations was Bacillus thuringiensis Berliner (Bt), although scientists have tried to use 

fungi to ward off insects since the 19th century (Prentiss 1880; Luxananil et al. 2001; 

Bravo and Soberón 2008). Bt is a bacterium that produces Crystal Protein Receptor (Cry) 

toxins that are effective insect pathogens in the orders Lepidoptera, Diptera, and 

Coleoptera. Bt has been used to control Dipteran mosquito and black fly populations, 

Lepidopteran agricultural pests and many different larvae of Coleoptera have also been 

controlled (Schnepf et al. 1998). Unfortunately, resistance to the Cry toxins has 

developed in some insect species (Luxananil et al. 2001; Bravo and Soberón 2008).  

 Release of a variety of different predatory fish and the nematode, Romanomermis 

culicivorax Ross and Smith (Mermithidae), which prey upon insect larva has been 

explored (Scholte et al. 2004). Inundations of mosquito habitats with the nematode 

caused reductions in the mosquito populations (Shamseldean and Platzer 1989; Hajek et 

al. 2007). Densoviruses (viruses that infect insects) are an additional method being 

explored (Cook et al. 2008).  

Use of these pathogens could reduce chemical reliance, protecting the 

environment and safety of humans. Unfortunately, biological entomopathogenic 

interactions are complex and rather unpredictable because the pathogens often involve 

several chemical and physical methods to induce insect deaths.  Furthermore, 

environmental conditions required for successful use of biological control agents can be 

very specific. The extent of the complexities involved will become clearer in the 

discussions of entomopathogenic fungi in subsequent chapters.  

1.4 Entomopathogenic Fungi Biological Control 
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Entomopathogenic fungal vector control is an expanding field.  Continued 

research is justified because greater success with entomopathogenic fungi in controlling 

insects that cause lethal disease would save many lives.  To be an effective, successful 

mycoinsecticide, mortality levels of 50% or higher must be established (Da Costa et.al 

2003).  Perhaps the most challenging aspect of fungal entomopathogenic biological 

control is ensuring that the spores come into contact with the targeted insect (Scholte et 

al. 2004).  Both physical and chemical methods are used by these fungi during the 

process of fungal colonization (Scholte et al. 2004).  In Chapters Three, Four, Five, and 

Six, these methods will first be described generally and then individually for each 

specific fungus used to control tropical disease vectors.  The intended outcome of 

entomopathogenic fungal biocontrol is eradicating the secondary host insect thereby 

reducing incidence of tropical disease infection (Scholte et al. 2004).   

1.5 Overview 

The main goal of  subsequent chapters is to describe existing research that has 

explored fungal entomopathogens and their potential in reducing incidences of insect-

borne tropical diseases. In order to convey the significance of this topic, the pathology 

and epidemiology of major, life threatening insect-borne tropical diseases, and the 

relationship between the disease-causing microbes, the secondary insect host, and the 

primary human host will also be described. In the conclusion chapter, ideas for improving 

research and application of biological control will be offered. 

The vectors investigated in this thesis are mosquitoes, tsetse flies, and triatomines 

which were selected on the basis of available research on the fungal entomopathogenic 

control of the particular vector.  In addition, the World Health Organization‘s recognition 
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of these insects as significant vectors of medically important tropical diseases played a 

role in the selection process.  The next chapter will discuss these diseases and their 

relationship with the corresponding vector.   
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Chapter 2: Devastating Insect-borne Tropical Diseases 

 

Tropical diseases are frequently horrific and often difficult or impossible to treat.  

Many of these are spread by prolific insect vectors including malaria, dengue fever, 

lymphatic filariasis, different encephalitises, Chagas disease, leishmaniasis, and African 

sleeping sickness, all of which will be discussed in this chapter.  Vector control is 

currently the most effective way to manage several of these diseases because treatments 

for many do not exist or are difficult to access (Cook and Zumla 2003; Hunter et al. 

2003; Kwan-Gett et. al 2006).   

However, vector control is a multifaceted problem and requires careful 

consideration so that unwanted side effects are avoided.  Keating (2001) asserts that 

efficient use of chemical control along with insect repelling techniques that reduce 

contact between insects and humans (such as mosquito repellants, specialized clothing, 

insect netting, bed nets, and screens) would reduce disease-related illnesses and deaths.  

The addition of biological control to these methods may further reduce incidence of 

tropical disease.  The following discussion will explain the nature of these diseases and 

their effects to elucidate the need for vector control. 

2.1 Mosquito-borne Diseases 

 
Mosquitoes transmit many deleterious diseases including malaria, dengue fever, 

lymphatic filariasis, O'nyong-nyong virus, and a variety of tropical encephalitises, which 

collectively kill and sicken millions every year (Strickland et al. 2000; Eddleston et al. 

2005; Sachs 2005; Kwan-Gett et al. 2006). The most common mosquitoes species that 

carry tropical diseases are Aedes aegypti L, which carries yellow fever and dengue 

(Venzanni et al. 2005; Kwan-Gett et al. 2006; Charlwood JD 1997); Aedes aegypti 
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simpsaloni L, Anopheles africanus Meigen, and Anopheles gambiae Giles, which 

transmit malaria and dengue fever (Strickland et al. 2000; Eddleston et al. 2005; Kwan-

Gett et al. 2006; CDC 2008); and Aedes polynesiensis Marks, Aedes albopictus Skuse, 

and Anopheles funestus Giles (Scholte et. al 2008), which carry dengue fever as well 

(Strickland et al. 2000; Eddleston et al. 2005; Kwan-Gett et al. 2006; CDC 2008). Figure 

2.1 shows one example of a vector, Ae.agypti. 

 
Figure 2.1 Ae. agypti feeding on human arm (CDC 2008). 

 

2.1.1 Malaria 

As many as 41% (2.5 billion people) of the world population exists in areas 

susceptible to malaria which includes ninety different countries in parts of Africa, Asia, 

the Middle East, Central and South America, Hispaniola, and Oceania as shown in the 

distribution map in figure d of Appendix C (Strickland et al. 2000; Cook and Zumla 

2003; Yasuoaka et al. 2006). Between 300 and 500 hundred million cases of malaria 

occur yearly, and it claims as many as three million lives annually (CDC 2008; WHO 

2008). The majority of deaths occur in children of sub-Saharan Africa (Marsh et al. 1995; 

Sachs 2005). Prevention and control programs are a part of United Nations‘ Millenium 
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Development Goals, but eradicating malaria from mosquito-infested ecosystems is an 

enormously difficult task.  Malaria infections are on the rise due to wars, natural 

disasters, climate change, and human migrations that disturb control programs (Matteson 

et al. 1998; Hume et al. 2003; Sachs and Malaney 2002). However, malaria is not a new 

problem. Fossil and evolutionary evidence shows that malaria has plagued the human 

species for as long as 100,000 years (Hume et al. 2003). 

Malaria is caused by a parasite called a plasmodium that is transmitted by 

mosquitoes to humans. In order for infection to be transmitted, a mosquito must first bite 

an infected human.  Then, the plasmodia must develop in the mosquito's gut for fourteen 

days and migrate into the salivary gland at which stage, they are known as sporozoites 

(depicted in figure 2.2) (James et al. 1936; James and Tate 1937; Strickland et al. 2000; 

Miller et al. 2002; Kwan-Gett et al. 2006; Babiker et al. 2008; CDC 2008).  Finally, the 

mosquito has to bite a different human, and then the sporozoite is released into the 

human's circulatory system along with the insect‘s salivary fluids. The sporozoites locate 

a red blood cell and then replicate in vast numbers (Strickland et al. 2000; Miller et al. 

2002; Babiker et al. 2008; CDC 2008).  

 
Figure 2.2 Sporozoites (CDC 2008) 
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Malaria can be diagnosed microscopically by examining a blood smear for 

plasmodia; however, microscopic diagnosis is not always reliable because the number of 

sporozoites in the blood fluctuates, and the sporozoites are difficult to distinguish 

(Babiker et al. 2008, CDC 2008; Tolle 2009).  Antigen detection tests can also be used in 

diagnosis (Strickland et al. 2000; Eddleston et al. 2005; Kwan-Gett et al. 2006). For a 

more thorough and visual description of the life cycle of the plasmodium, the Center for 

Disease Control's description of malaria is illustrated in figure a of Appendix D. 

Symptoms of human malaria take seven to 30 days to emerge following 

plasmodial invasion of the circulatory system. Classical malaria lasts six to ten hours, 

first causing shivering, fever, vomiting, and in small children, seizures, and ending in 

sweats and fatigue (Strickland et al. 2000; Eddleston et al. 2005; Kwan-Gett et al. 2006; 

CDC 2008).  Anemia, jaundice, headaches, and body aches can also ensue. Plasmodium 

falciparum Welch, Plasmodium vivax Grassi and Feletti, Plasmodium ovale Stephans, 

and Plasmodium malariae Feletti and Grassi can cause classic malaria.  Furthermore, 

P.vivax and P. ovale can enter a dormant stage by hiding in liver cells to later cause 

relapses of malaria long after the initial infection (Strickland et al. 2000; Eddleston et al. 

2005; CDC 2008; Tolle 2009). 

Severe malaria is rarer than classical malaria and is only caused by P. 

falcipariums, shown in Figure 2.4. Typically only young, old, and immune-compromised 

individuals develop severe malaria (Strickland et al. 2000; Eddleston et al. 2005; Tolle 

2009).  The illness begins as 
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Figure 2.3 P. falciparium sporozoites in  

human red blood cell (CDC 2008) 

 

classical malaria and progresses to the more malign type. This form of malaria involves 

the destruction of many red blood cells and can cause neurological disorders, 

hemorrhaging, serious anemia, bloody urine, respiratory problems, bacterial infections, 

thrombocytopenia, enlargement of spleen, renal failure, gastrointestinal and liver 

dysfunction, other internal organ failures, acidosis (often the cause of death), 

hypoglycemia, and cardiovascular collapse, coma, and shock (Brewster et al. 1990; Cook 

and Zumla 2003; Eddleston et al. 2005; CDC 2008; Tolle 2009).     

 Malaria treatments are limited to anti-malarial drugs.  Several are available, but 

many have unpleasant side effects.  Combinations of these drugs are sometimes used to 

treat malaria.  Anti-malarial drugs include quinine, quinidine, chloroquine, artesunate, 

artemether, tafenoquine, mefloquinine, halofantrine, lumefantrine, pyrimethanine and 

atovaquone (Greenwood 2004; Mutabingwa 2005; Miller et al.  2006; Kwan-Gett et al. 

2006).  Preventative anti-malarial drugs include proquanil, primaquine, chlorguanide, and 

pyrimethamime (Greenwood 2004; Mutabingwa 2005; Miller et al.  2006; Kwan-Gett et 

al. 2006; Tolle 2009). Untreated malaria has a high rate of fatality, especially in those 

prone to malaria.  Treated classic malaria patients regularly recover from the illness 
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(Strickland et al. 2000; Tolle 2009)  Resistance to malaria drugs is common and many of 

the listed drugs are no longer effective alone, therefore combinations are used 

(Greenwood 2004; Mutabingwa 2005; Miller et al.  2006). 

2.1.2 Viral Hemorrhagic Fevers 

Viral hemorrhagic fevers are a class of viral diseases that include several debilitating 

mosquito-borne illnesses such as Dengue Fever, Rift Valley Fever and Yellow Fever. In 

general, viral hemorrhagic fevers cause hemorrhaging and vascular damage in their 

human hosts (Strickland et al. 2000; Eddleston et al. 2005; Tolle 2009).  

2.1.2.1 Dengue Fever 

Dengue Fever (DF) is a viral mosquito-borne disease endemic to semi-urban and 

urban tropical regions that infects between 50 and 100 million people annually (Keating 

2001; Zaim and Guillet 2002; Halstead 2007; Jain et al. 2008).  An estimated 150 

thousand people per year are killed by DF and it is the tenth leading infectious disease 

(Strickland et al. 2000; Sachs et al. 2005; Kwan-Gett et al. 2006; CDC 2008).  DF is 

endemic world-wide in subtropical and tropical regions, and approximately 40% of the 

world‘s population reside in areas in which DF is located (see figure c of Appendix C). 

Mosquitoes transmit the disease through their salivary secretions because the 

virus replicates within the mosquitoes‘salivary glands and thereby contaminates the 

mosquitoes‘ salivary fluids.  Then when the mosquitoes insert their mouthparts into the 

host‘s bloodstream and release their contaiminated salivary secretions into the bite, the 

host becomes infected with the virus.  The two main vectors of DF are Ae. aegypti and 

Ae. albpictus (Halstead 2007; Jain et al. 2008). In the simplest form of DF, the virus 

incubates for three to eight days and the illness lasts for 48 hours upon which the patient 
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fully recovers. Clinical manifestations include high fever, chills, headache, eye pain, 

bleeding, sore throat, changes in taste, nausea, vomiting, diarrhea, anorexia, depression, 

severe aching, myalgia, arthralgia, petechiae, and a flush-like rash on face neck and 

chest (Cook and Zumla 2003; Tolle 2009). DF is rarely fatal; however, it can persist for 

three to seven days and depression, and long termed debility can result (Cook and Zumla 

2003; Kwan-Gett et al. 2006; Strickland et al. 2000). 

In complex cases, DF causes shock and hemorrhaging which can lead to death 

(CDC 2008; WHO 2008; Tolle 2009). In this stage, the malady is known as Dengue 

Hemorrhagic Fever (DHF) which can lead to Dengue Shock Syndrome (DSS). The most 

accepted theory of how DSS leads to mortalities is essentially that the cytokines released 

when T-cells attack dengue-infected cells cause rapid increases in vascular permeability 

(Halstead 2007).  DHF patients present impaired hemostasis, thrombocytopenia, and 

liver damage. Shock occurs following extensive plasma leakage (Strickland et al. 2000; 

Kwan-Gett et al. 2006; Jain et al. 2008). This leads to bleeding (typically gastrointestinal) 

and eventually loss of blood pressure. Of those who contract DHF, 5% die (CDC 2008; 

Jain et al. 2008). 

DF is considered an arbovirus and is included in the group of arbovirus 

encephalitises (Halstead 2007).  There are four different Dengue virus serotypes (1, 2, 3, 

and 4) and all were derived from one common ancestor. These viruses are of the family 

Flaviviridae and the genus Flavivirus (Halstead 2007; Jain et al. 2008). Approximately 

500 years ago, the viruses evolved a human-urban transmission cycle (McBride 2000).  

When humans began living in closer proximity to one another, the dengue viruses were 

able to spread more rapidly because mosquitoes like Ae. aegypti adapted to living in 
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human-made stagnant water sources.  This adaptation enabled mosquitoes to bite an 

infected person and then bite another person within the next five days as is required for 

transmission of virus to occur from mosquito to human (McBride 2000). 

Laboratory findings can aid in diagnosis. The virus can be cultured. In addition, 

DF patients present with neutropenia, elevated levels of lymphocytes, 

thrombocytopenia, metabolic acidosis, decreased fibrinogen levels, and increased 

fibrin degradation products (Kwan-Gett et al. 2006). Enzyme-linked immunosorbent 

assay (ELISA) testing can also be used to determine if antibodies against the DF virus are 

present in the patient (Kwan-Gett et al. 2006; Strickland et al. 2000; Tolle 2009).  

Treatment is primitive because effective drugs to combat DF do not exist. Rest, fluids, 

and administering fever-reducing medications comprise the current DF treatment plan 

(Cook and Zumla 2003; Halstead 2007). Ultrasounds can be used to diagnose DHF by 

detecting abnormal fluid accumulation (Halstead 2007).  Blood transfusions may be 

administered to DHF patients (Strickland et al. 2000; Cook and Zumla 2003). Mosquito 

control is currently the most effective way to reduce DF and DHF's deleterious effects on 

populations (Jain et al. 2008).  

2.1.2.2  Yellow Fever 

Yellow fever is a related viral disease in the viral genus, Flavivirus, (like many of the 

viral arthropod-borne diseases) carried mainly by Ae. aegypti.  An effective vaccine 

against the malady exists, so it is less of a threat to the world population (Monath 2001; 

Barrett and Higgs 2007).  An estimated 200 thousand people contract yellow fever per 

year with 30 thousand cases resulting in death (Monath 2001; Barrett and Higgs 2007; 

CDC 2008; WHO 2008).  The yellow fever yearly case load has increased over the last 
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25 years therefore it is considered a reemerging disease (Barrett and Higgs 2007). 

Affordable vaccines and access to medical care are not available for many who reside in 

the areas in which yellow fever is endemic (Monath 2001), so improved mosquito control 

could diminish the yellow fever death toll.   

The Flavivirus sp. that causes yellow fever (indigenous to sub-Saharan Africa and 

South America) requires three to six days to incubate in a human host. A mosquito must 

consume a minimum threshold of the virons and the virons then bind to the mosquito gut 

epithelial cell membranes and multiply.  Next the virons pass from the epithelial cells 

into the basement membrane and enter the hemocoel.  The then virons must migrate into 

the salivary glands of the mosquito, and the virons are released into the human host with 

the next mosquito feeding (Cook and Zumla 2002; Barrett and Higgs 2007). 

 The illness is typically biphasic.  The first symptoms of yellow fever include fever, 

chills, myalgia, lumbosacral pain, headache, conjunctival injection, viremia, and 

neutropenia. The second stage occurs a few days to two weeks after the first phase and is 

characterized by nausea, vomiting, lower back pain, slight proteinuria, subclinical 

infection, bradycardia, jaundice, renal failure, severe asthenia epigastric pain, 

cardiovascular instability, and shock and hemorrhagic complications. The fever is severe 

in 15% of cases.  Of those, 50% die if they do not receive hospital care, and 20% die with 

hospital care (Monath 2008; WHO 2008). Hospital care is largely supportive similar to 

the care given to DF patients (Kwan-Gett et.al Monath 2008). 

 2.1.3 Arbovirus Encephalitis 

 There are 500 different known arboviruses world-wide and 20 of these are known 

to cause encephalitis (Gunn and Mansourian 2005).  Arboviruses typically require a 
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particular species that serves as a host for the insect, known reservoir or maintenance 

host, such as a bird, a rodent, or a pig.  The reservoir develops viremia, the mosquito 

vector bites this host and then transmits the disease to other animals including humans.  

Once in the human, the viruses enter the bloodstream, divide and reproduce, and then 

invade the central nervous system (WHO 2008; Tolle 2009).   

 Most arbovirus encephalitises are asymptomatic or cause nonspecific flu-like 

symptoms (Kwan-Gett et al. 2006).  Severe symptoms typically affect children and the 

elderly more often than others.  These symptoms include fever, vomiting, photophobia, 

tremors, meningismus, convulsions, mental status changes, and progressing stupor that 

can lead to coma and death (Tunkel et al. 2008).   

 Physicians can diagnose patients with any of the arbovirus encephalitises by 

testing the patient‘s serum for virus specific antibodies, although suspected encephalitis 

should be treated immediately (Sonib and Polhilla 2007; Tunkel et al. 2008).  

Unfortunately, encephalitis treatments available for encephalitis are mostly supportive, 

including attention to fluid and electrolyte levels, prevention of secondary bacterial 

infections, and managing seizures with sedation, if necessary (Sonib and Polhilla 2007; 

Tunkel et al. 2008). Below are specific descriptions of the most dangerous insect-borne 

tropical arbovirus encephalitises; however, Japanese Encephalitis causes substantially 

more harm to humans than the others discussed. 

  2.1.3.1  Japanese Encephalitis 

http://www.sciencedirect.com.ezproxy.lib.usf.edu/science?_ob=ArticleURL&_udi=B6WD6-4NGBH40-3&_user=2139826&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000054278&_version=1&_urlVersion=0&_userid=2139826&md5=51607b8bd5b75c7b234a5afe766e5d6a#aff2
http://www.sciencedirect.com.ezproxy.lib.usf.edu/science?_ob=ArticleURL&_udi=B6WD6-4NGBH40-3&_user=2139826&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000054278&_version=1&_urlVersion=0&_userid=2139826&md5=51607b8bd5b75c7b234a5afe766e5d6a#aff1
http://www.sciencedirect.com.ezproxy.lib.usf.edu/science?_ob=ArticleURL&_udi=B6WD6-4NGBH40-3&_user=2139826&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000054278&_version=1&_urlVersion=0&_userid=2139826&md5=51607b8bd5b75c7b234a5afe766e5d6a#aff2
http://www.sciencedirect.com.ezproxy.lib.usf.edu/science?_ob=ArticleURL&_udi=B6WD6-4NGBH40-3&_user=2139826&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000054278&_version=1&_urlVersion=0&_userid=2139826&md5=51607b8bd5b75c7b234a5afe766e5d6a#aff1
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 Japanese encephalitis (JE) is endemic to Asia and the Pacific region and is caused 

by a flavivirus transmitted by Culex tritaeniorynchus complex mosquitoes (Strictland et. 

al 2000; Kwan-Gett et. al 2006).  This particular arbovirus encephalitis is the only one 

with an available vaccination (Tunkel et al. 2008).  Between 30,000 and 50,000 people 

contract JE annually (Diagana et al. 2007; CDC 2008; WHO 2008). Children are most 

affected, and as many as ten thousand per year die from this disease (Diagana et al. 2007; 

WHO 2008).  The fatality rate is approximately 30%, and 30% of the survivors suffer 

from sequelae, developmental delays, and behavioral abnormalities (Tunkel et al. 2008).   

 The incubation period for JE is four to 16 days and the most common disease-

amplifying reservoirs are pigs and wading birds.  Rice paddies provide breeding grounds 

for Culex tritaeniorynchus mosquitoes and significantly contribute to the transmission of 

the disease (Diagana et al. 2007).  This encephalitis begins with malaise, fever, headache, 

myalgia, nausea, and vomiting followed by abrupt onset of encephalitis (Diagana et al. 

2007; Tunkel et al. 2008).  This neuroinvasion is distinguished by severe fever, headache, 

involuntary movements, change in consciousness, ataxia, slurred speech, and often 

convulsions and poliomyelitis (Kwan-Gett et al. 2006; Diagana et al. 2007; Tunkel et al. 

2008).  Ultimately, paralysis, seizures, coma, and death can ensue following infection 

(Diagana et al.  2007; CDC 2008).  However, many are infected with flaviviruses but do 

not develop clinical illness, since immunity to the virus is acquired in areas with high 

infection rates (Strickland et al. 2000; CDC 2008).   

 Concrete evidence-based diagnosis is difficult after a few days because the 

viruses are no longer in the bloodstream and only in the first few days can blood tests 

detect the viruses.  Furthermore, treatments are limited to use of mannitol to control 
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intracranial pressure and anti-convulsant therapy as well as supportive care.  Vaccinations 

are the best option to avoiding transmission; however, these are expensive and sometimes 

reactogenic (Strickland et al. 2000; CDC 2008; Tunkel 2008).  

  2.1.3.2 Eastern Equine Encephalitis 

 Eastern Equine Encephalitis (EEE) is found in the Americas and the Caribbean 

and is caused by alphaviruses in the family Togaviridae (Strickland et al. 2000; Tunkel 

2008; CDC 2008; Tolle 2009).  EEE is transmitted by Culiseta melanura Coquillett 

mosquitoes to birds, humans, horses, and a few other mammals.  The transmission cycle 

is not fully understood, and diagnosis is difficult.  Case numbers peak during the summer 

and migratory birds may be involved in maintenance of the virus (CDC 2008). 

The disease requires seven to 21 days to incubate and first manifests itself as a 

fever that lasts for over a week.  Most patients suffer from solely the fever (Long et al. 

2002; Kwan-Gett et al. 2006) while 5% of those infected with this type of alphaviruses 

develop encephalitis.  However, 50% of those who do develop encephalitis die, and the 

remainder of the survivors often suffer from neurological disorders (Deresiewicz et al. 

1997; Kwan-Gett et al. 2006; Tunket et al. 2008).   Diagnosis is accomplished through 

differential diagnosis, the patient‘s clinical history and symptoms, and analyses by 

Computerized Axial Tomography (CAT) scans and magnetic resonance imaging used to 

search for cranial lesions (Piliero et al. 1994; Long et al. 2002)  Treatment for this 

encephalitis is also supportive (Long et al. 2002). 

  2.1.3.3 West Nile Fever 

West Nile Fever is caused by a flavivirus that is prevalent in Africa, the Middle 

East, Europe, Russia, parts of former USSR, Southeast Asia, and now North America 
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(Cook and Zumla 2003; Kramer et al. 2006).  The disease is thought to be one of the 

most wide-spread diseases in the world and researchers belive that migratory birds play a 

central role in transmitting West Nile Fever from one region to another (Kramer et al. 

2006). Transmission of West Nile is normally between mosquitoes and birds, but humans 

can be infected when bitten by an infected mosquito.  Less than 1% of patients infected 

with West Nile become severely ill and 80% do not experience symptoms of infection 

(Hayes and Gublar 2006).   

This virus requires a seven to 10 day incubation period within the human (Hayes 

and Gublar 2006; Kwan-Gett et al. 2006).  In addition to encephalitis, West Nile Fever 

can present poliomyelitis-like general muscle weakness that can lead to respiratory 

failure and coma in 15% of patients (Kwan-Gett et al. 2006).  Nausea, headaches, rash, 

fever, myalgia, backache, anorexia, lymphadenopathy, confusion, and generalized 

weakness are also often common symptoms.  Ultimately, death can be the final outcome 

since currently neither specific treatments beyond supportive care nor vaccines for West 

Nile Fever are available (Cook and Zumla 2003; Hayes and Goblar 2006; CDC 2008).  

Survivors can have lasting neurological problems following infection (Carson et al. 

2006).  

 2.1.3.4 Rocio Encephalitis  

Rocio encephalitis (RE) is caused by a flavivirus endemic to Brazil, and 

transmitted by Psorophora ferox Humboldt and possibly Aedes scapularis Rondani 

mosquitoes (Strickland et al. 2000; Mullen and Durden 2003).  Chickens and wild birds 

may provide the viruses with a reservoir in which amplification of the pathogen can 

occur; however, the exact nature of transmission is not well known (Strickland et al. 
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2000; Mullen and Durden 2002; Cook and Zumla 2003). RE outbreaks are found mostly 

in the coastal areas of Brazil and are small and sporadic.  Only 5% of cases are fatal; 

however rates are higher in children and the elderly (Strickland et al. 2000; Mullen and 

Durden 2003).  Additionally 20% of survivors suffer from motor impairment, loss of 

sphincter control, vision, and hearing as well as bulbar palsy (Strickland et al. 2000). 

The virus incubates for seven to fourteen days within the human host (Strickland 

et al. 2000).  The first symptoms of RE are typical of encephalitis and include fever, 

headache, malaise, neck stiffness, nausea, vomiting, and abdominal distention.  Mental 

confusion, meningeal irritation, meningeal inflammation and congestion, focal brain 

hemorrhages, and neuronal degeneration can also accompany RE (Strickland et al. 2000; 

Cook and Zumla 2003; Tunket et al. 2008).  Treatments beyond supportive care are not 

yet available (Tunket et al. 2008). 

2.1.3.3 Rift Valley Fever 

Rift Valley Fever (RVF) is found throughout much of Africa and the Middle East 

and is caused by viruses in the family Bunyaviridae (Kwan-Gett et al. 2006).  The disease 

affects both humans and domestic animals (CDC 2008).  RVF is diagnosed by isolating 

the virus from the blood in the first seven days of infection or by Polymerase Chain 

Reaction (PCR) and antigen detection methods.  RVF causes encephalitis in addition to 

hemorrhagic fever, though many who are infected with the virus never develop RVF 

(Kwan-Gett et al. 2006).  Hemorrhagic fever occurs in less than 1% of those who 

contract RVF (Kwan-Gett et al. 2006; CDC 2008).  Jaundice, pain, fever, headache, joint 

and muscle pain, photophobia, retinitis, and sometimes blindness can also occur in those 

with this disease.  As of yet, no treatment is available to cure RVF; however, most RVF 



34 

   

patients make full recoveries.  High level supportive care must be provided in serious 

cases (Cook and Zumla 2003; Kwan-Gett et al. 2006).  

2.1.4 Chikungunya Fever (CF) and O'nyong-nyong (ONN) 

 O'nyong-nyong Fever  (ONN) and Chikungunya Fever are mosquito-born 

arboviruses that cause severe illness in humans and some animals endemic to Asia, India, 

the Middle East, and Africa. ONN and Chikungunya are caused by related Alphaviruses 

of the family Togaviridae. In India and Asia, the mosquito species Ae. albopictus, Ae. 

aegypti, and Anopheles mosquito vectors of Chikungunya (Pialoux et al. 2007).  The 

virus incubates one to 12days (Cook and Zumla 2003).  Diagnosis can be made by 

isolating the virus from serums three to four days after onset of illness and by antibody 

tests. 

 These diseases are distinguished by fever, headaches, joint pain, arthropathy, 

arthralgia, conjunctivitis, sore throat, petichae, myalgia, lymphadenopathy, 

pharyngitis, and rashes (Strickland et al. 2000; Eddleston et al. 2005; Kwan-Gett et al. 

2006; Pialoux et al. 2007). Bleeding often occurs in the mucosal membranes as well as in 

the gastrointestinal system. Fortunately, fatalities are rare with CF and ONN but the 

illness can last for as much as one month and some patients have chronic joint pain for 

life.  Available treatments are supportive, typical to tropical disease treatments 

(Eddleston et al. 2005; Kwan-Gett et al. 2006; Pardigon 2009). 

2.1.5 Lymphatic filariasis 

Lymphatic filariasis (LF) is another mosquito-borne tropical disease caused by 

particular species of nematodes endemic to 80 different countries in the tropics and 

subtropics with concentrations of the disease in Africa, India, Southeast Asia, the Pacific 
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islands and the Americas. Approximately 120 million people living in tropical and 

subtropical regions are afflicted by this disease (Strickland et al. 2000; Eddleston et al. 

2005; Kwan-Gett et al. 2006; CDC 2008). 

Although, there are eight different species of nematodes that cause this sickness, 

Wuchereria bancrofti Cobbold is the most common lymphatic filarial nematode. This 

microscopic worm is transmitted similarly to malaria, through mosquito bites. The 

mosquito bites an infected human or other host and ingests the filarial worm while 

consuming a blood meal. The worm then penetrates through the stomach wall muscles to 

the thoracic muscles.  There, the mother worm‘s larvae incubate within the female 

mosquito for the first two instars and then nearby for the third instar.  The larvae next 

migrate to the mouthparts and are finally transmitted to the next host the mosquito bites.  

The adult worms can live in various parts of the human body but often live in the lymph 

system.  They require four to 12 months to incubate and can live in the human for as long 

as 20 years.  Fortunately, they cannot produce fully developed offspring because the 

complete development cycle requires a mosquito host; however, they do produce 

embryos (microfilaria) which can survive within the human for up to a year (Strickland et 

al. 2000; Cook and Zumla 2003; Eddleston et al. 2005; Kwan-Gett et al. 2006; CDC, 

2008).  

Initial symptoms of LF include localized inflammation, fever, chills headache, 

and malaise, although 50% of individuals recently infected with the worm will not 

experience definitive symptoms, as the disease can be asymptomatic in early stages. After 

a few years, some people develop malaise, fever, chills, lymphedema, elephantiasis, and 

eosinophilia syndrome. Lymphedema and elephantiatis are caused by fluid collection 
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and swelling in the legs, arms, genitalia, and breasts resulting in decreased function of 

lymph system (Strickland et al. 2000; Cook and Zumla 2003; Eddleston et al. 2005; 

Kwan-Gett et al. 2006; CDC 2008). The diminished function of the lymphatic system can 

lead to many different secondary health problems. When the worm dies, the body can 

produce an inflammatory response. 

 Diagnosing LF can be difficult because the worms are nocturnal. Blood must be 

drawn at night and then examined microscopically. Symptom-based diagnosis is more 

practical but less definitive.  Currently effective treatments that kill the adult worm living 

in the lymph system do not exist. Diethylcarbamazine can be used to kill the worms in 

the blood, but those in the lymph system persist (Strickland et al. 2000; Eddleston et al. 

2005; Kwan-Gett et al. 2006; CDC 2008). 

2.2  Triatomine-borne Disease: Chagas Disease 

Chagas Disease is another vector-borne tropical disease indigenous to parts of 

Central and South America, and it is now emerging in North America (Cook and Zumla 

2003).  Chagas is caused Trypanosoma cruzi Chagas (Kinetoplastida: Trypanosomatidae) 

that is transmitted to humans through a group of insects from the family Reduviidae 

(Cook and Zumla 2003; Kwan-Gett 2006; CDC 2008).  The T. cruzi parasite is a 

protozoan that reproduces by binary fission.  The insect vectors have many different 

common names, but will be referred to as triatomines in this thesis because this is 

generally the name used by the scientific community.  The most common triatomine that 

transmits Chagas Disease to humans is Triatoma infestans (Klug) (Cook and Zumla 

2003; Kwan-Gett 2006; CDC 2008).  
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Chagas disease represents a serious threat to many throughout Latin America as it 

presently affects eight to 11 million people (CDC 2008).  The majority of those who are 

affected are impoverished and live in rurally located, poorly constructed housing.  Cracks 

and gaps provide the triatomines with both an entry into the home as well as hiding 

places when not feeding (Mullen and Durden 2002; Cook and Zumla 2003).  Thousands 

of triatomines can hide in one home causing occupants to be bitten several times in one 

night.  Serological studies have indicated that as many as 18 million people may carry T. 

cruzi, and at some point in the future, as many as 90 million people could be exposed to 

Chagas Disease (Cook and Zumla 2003).  The studies also project that up to 10% of those 

infected will die in from the acute infection and of the remaining survivors, 30% will 

eventually die during the chronic stage of the disease (Cook and Zumla 2003).   

Chagas disease is spread through the feces of triatomines that contain T. cruzi.  

The triatomine bites a T. cruzi infected human and later bites a different uninfected 

human (CDC 2008).  The parasite reproduces in the triatomine‘s gut lumen and attaches 

to its rectal wall. The parasites do not enter the insect‘s hemocoel, so the insect remains 

relatively unscathed. Then, the triatomine bites an uninfected human host (often on the 

face) and defecates around the bite, depositing the T. cruzi near the new wound.  If the 

human scratches the itchy insect bite, the feces containing the parasite is pushed into the 

open wound created by the insect bite and scratching (Kwan-Gett et al. 2006; CDC 

2008).  The parasite incubates for five to fourteen days and is then able to invade red 

blood cells and spread throughout the body (Kwan-Gett et al. 2006; CDC 2008).   

On the cellular level, the protozoa invade nonphagocytotic cells, especially 

muscle cells, as flagellated trypomastigotes, move to the cytoplasm, lose their flagella 
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becoming amastigotes, and divide forming new amastigotes in pseudocysts.  The 

amastigotes mature into trypomastigotes and the pseudocysts eventually rupture releasing 

new trypomastigotes into the bloodstream (Cook and Zumla 2003). Alternate modes of 

infection include oral transmission through consuming food contaminated with triatomine 

feces, eating an infected reservoir species (i.e, wild birds), or receiving infected blood 

transfusions (Cook and Zumla 2003).  Figure b in Appendix D depicts the life cycle of T. 

cruzi in greater detail.  Figure 2.4 depicts a T. cruzi infected human red blood cell (CDC 

2008). 

 

Figure 2.4 T. cruzi in thin blood smear (CDC 2008). 

 When the parasite first invades, the disease is asymptomatic in most people, 

although mild illness can accompany the invasion and 50% of patients develop an 

edematous nodule known as a chagoma (Kwan-Gett et.al 2006).  Romaña‘s sign, 

unilateral periophthalmic, edema, and conjunctivitis at the parasite entry site, is also an 

indicator of Chagas Disease. Fever, general enlargement of the lymph nodes, enlarged 

liver and spleen, myalgia, headache, hepatosplenomegaly, vomiting, diarrhea, anorexia, 

and skin rashes can be symptoms of the acute stage of the disease.  At this stage, the 
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disease is treatable through two different drugs, nifurtimox and benznidazole that kill T. 

cruzi (Strickland 2000; Cook and Zumla 2003; CDC 2008).   

Many patients (5-15%) who develop acute Chagas Disease die, and typically the 

cause of death is myocarditis and meningoencephalitis (Mullen and Durden 2002; Cook 

and Zumla 2003).  This stage lasts four to eight weeks (Kwan-Gett et.al 2006).  An 

indeterminate stage follows the acute stage which can last from a few years to decades 

and is also asymptomatic (Cook and Zumla 2003; Kwan-Gett et al. 2005; CDC 2008).  

Low levels of the trypomastigotes remain in the blood; therefore, infected humans remain 

potential carriers of the disease (Cook and Zumla 2003). 

 Eventually the disease can progress into the chronic phase. Onset of the chronic 

stage is typically between 35 and 45 years of age and typically affects the heart.  This 

stage of Chagas Disease is incurable since doctors can treat the symptoms, but cannot 

remove the T. cruzi (CDC 2008).  Symptoms include conduction abnormalities like 

arrhythmias and palpitations, edema, generalized chest pain, dizziness, syncope, 

dysponea, apical aneurysm, thrombus formation, cardiomyopathy, dilated colon and 

esophagus, loss of peristalsis, dysphagia, constipation, fecaloma, congestive heart 

failure, thromboembolism, and cardiac aneurysms. The patients‘ risk of stroke also 

increases (Strickland 2000; Mullen and Durden 2002; Cook and Zumla 2003; Kwan-Gett 

2006; CDC 2008).  20-40 of those who develop chronic forms of the disease experience 

some of these symptoms (CDC 2008).   

Diagnosis at the acute stage involves microscopic examination of blood smears 

for the parasites.  In the late acute stage and subsequent phases of the disease, a technique 

called xenodiagnosis can be used (Cook and Zumla 2003).  In this process, laboratory- 
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reared triatomines are allowed to feed on patients suspected of having Chagas Disease 

and then after a month, the feces of the triatomine is examined to determine presence of 

flagellates.  Animal inoculation can also be used by transfusing blood into susceptible 

laboratory animals and examining their blood for trypomastigotes five to fifteen days 

later.  Serological diagnosis for antibodies is most used method for determining if a 

patient has Chagas (Cook and Zumla 2003). 

2.3 Fly-borne tropical diseases 

2.3.1 Human African Trypanosomiasis (African Sleeping Sickness) 

Human African Trypanosomiasis (HAT) is caused by a protozoan carried by the 

tsetse fly.  The disease is commonly known as African Sleeping Sickness because of the 

drowsy and comatose behaviors exhibited by acutely ill patients.   Endemic to 36 

countries in sub-Saharan Africa north of the Kalahari desert, there are two different 

species that infect thousands of Africans every year (Strickland 2000; Mullen and Durden 

2002; Cook and Zumla 2003; Kwan-Gett 2006; CDC 2008).  From 1990-2004, 

epidemiological studies by the World Health Organization determined that between 11 

thousand and 37 thousand people were infected with HAT yearly and thousands of these 

people died (Mullen and Durden 2002; WHO 2006).  60 million cows and other livestock 

are additionally at risk for the disease (Maniania et al. 2006) 

 Trypanosoma brucei Plimmer and Bradford (Sarcmastigophora: Kinetoplastida: 

Trypansomatida) is the particular species that causes African Trypanosomiasis (related to 

T. cruzi, the disease agent of Chagas Disease) and is transmitted by riverine tsetse flies, 

Glossina sp.  The combinations of the protozoan subspecies and fly species involved in 

transmitting the human disease are T. brucei gambiense Plimmer and Bradford 
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transmitted by Glossina palpalis Vanderplank  and T. brucei rhodesiense Bruce 

transmitted by Glossina morsitans Wiedmann (Strickland 2000; Mullen and Durden 

2002; Cook and Zumla 2003; Kwan-Gett 2006; CDC 2008).  Both modes of transmission 

cause a three-phased disease that is often fatal.   

The tsetse fly serves as the intermediate host of T. brucei and the human is the 

definitive host.  Within humans, the protozoa live and replicate by binary fission in the 

blood, spinal fluid, and lymph as trypomastigotes (Kwan-Gett 2006).  These 

trypomastigotes are ingested by the fly when it takes a human blood meal.  Within the 

fly, the trypomastigotes multiply in the midgut.  The protozoa then migrate to the salivary 

gland as epimastigotes.  In the salivary gland the epimastigotes change into infective 

metacyclic trypomastigotes and are then transmitted to the next host the tsetse fly bites.  

Maturation of the epimastigotes into trypomastigotes takes three weeks (Kwan-Gett 

2006; CDC 2008). 

The two sub-species of protozoa produce two similar phasic diseases, both of 

which are types of HAT.  Western Trypanosomiasis is caused by T. brucei gambiense 

and requires an incubation time between two and three weeks.  The first signs of infection 

with this parasite are irregular, cyclical fevers, lymphadenopathy, headache, myalgia, 

fatigue, hepatosplenomegaly, pruritus, transient facial edema, faint popular cutaneous 

eruption and malaise (Cook and Zumla 2003; Kwan-Gett 2006).  In later stages, the T. 

brucei become harder to locate in the blood,  and endocrine dysfunction, loss of libido, 

and spontaneous abortion can occur, along with severe anemia (Cook and Zumla; Kwan-

Gett 2006).   
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Months to years after infection, the second stage of disease sets in as the 

trypanosomes attack the central nervous system (Kwan-Gett 2006).  This stage is 

characterized by severe intractable headaches, slurred speech, abnormal Parkinsonian 

movements, impaired motor functions, somnolence, personality changes, and other 

psychotic tendancies.  The patient can also develop chronic encephalitis and suffer from 

weight loss and chronic wasting (Strickland 2000; Cook and Zumla 2003; Kwan-Gett et 

al. 2006). The first stage is characterized by development of a chancre at the site of 

invasion.  The final meningoencephalitic stage causes the patient to experience headache, 

somnolence, abnormal behavior, loss of consciousness, and coma (Strickland 2000; 

Mullen and Durden 2002; Cook and Zumla 2003; Kwan-Gett 2006; CDC 2008). 

The symptoms of Eastern African Trypanosomiasis caused by T. brucei 

rhodesiense appear almost immediately following the chancre, between hours to days 

after the bite and are similar to the trypanosomiasis caused by T. brucei gambiense.  

However, this form of disease progresses very rapidly.  All three stages of the disease 

develop within a few weeks and the progression to death can occur in one to three 

months.  In the last stages of disease, secondary infections, wasting, and malnutrition are 

dangerous complications that can arise (Kwan-Gett et al. 2006).  The major difference 

between the two forms of trypanosomiasis is that T. brucei rhodesiense causes a much 

more acute disease than T. brucei gambiense (Strickland 2000; Mullen and Durden 2002; 

Cook and Zumla 2003; Kwan-Gett 2006; CDC 2008). 

Diagnosis is accomplished by the card agglutination test for trypanosomiasis 

which tests for agglutination reactions of trypanosomes on a plastic card or other similar 

tests in addition to looking for parasites in the blood, lymph or cerebrospinal fluid using 
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such methods as blood films, smears, miniature anion-exchange centrifugation, wet 

preparations, inoculation of biological material from humans in animal host or vectors, 

and in vitro cultures (Cook and Zumla 2003; Kwan-Ghett 2006).  Anti-trypanosome 

drugs can be used to treat HAT in the early stages of the illness.  The first part of T. 

brucei gambiense-induced trypanosomiasis is treated with intravenous doses of 

pentamidine or dimenazene, and the intermediate stages are treated with eflornithine 

(Cook and Zumla 2003; Kwan-Gett et al. 2006).  T. brucei rhodesiense- induced 

trypanosomiasis is first treated with intravenous doses of suramin and the subsequent 

stage of the disease is treated with intravenous doses of melarsoprol.  However, once the 

cerebrospinal fluid becomes infected with trypanosomes, drugs are ineffective and 

patients usually die.  These drugs exhibit significant toxicity; therefore, their usage 

should be limited when possible (Cook and Zumla 2003).  Relapses of these diseases are 

common, and without treatment death can ensue (Kwan-Gett et al. 2006; CDC 2008).  

2.3.2 Leishmaniasis 

Leishmaniasis is caused by a parasite species, Leishmania and spread by female 

phlebotomine sand flies. It is endemic worldwide in 88 different countries in parts of East 

and North Africa, the Middle East, Southern Europe, Central, South, and East Asia, 

South America, and Southern Mexico (Strickland et al. 2000; Cook and Zumla 2003; 

Kwan-Gett et al. 2006).  An estimated twelve million people are infected with 

leishmaniasis and 350 million people are exposed to the disease.  As many as two million 

new cases occur each year (Cook and Zumla 2003). 

There are three different forms of Leishmaniasis and each type is caused by a 

different species of protozoan also in the Trypanosomatidae family.  Visceral 
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Leishmaniasis is mainly caused by Leishmania donovani Laveran and Mesnil, 

Leishmania chagasi Da Cunha & Chagas, and Leishmania infantum Russell.  Cutaneous 

leishmaniasis is mostly caused by Leishmania major Cunningham, Leishmania 

aethiopica Cunningham, Leishmania Mexicana Cunningham, Leishmania braziliensis 

Cunningham, and Leishmania tropica Cunningham.  L. braziliensis is also responsible for 

mucocutaneous leishmaniasis (Kwan-Gett et al. 2006).  Together, approximately 20 

different leishmanial species are transmitted by about 30 different species of sand flies. 

Visceral Leishmaniasis, the most dangerous of the leishmaniases, is found in 47 countries 

and an estimated 500,000 people are newly infected with this disease annually (Cook and 

Zumla 2003).   One of the worst leishmaniasis epidemics in modern times occurred in an 

Upper Nile Province of Sudan.  In this population of less than one million, 100 thousand 

people died between 1989 and 1994 (Cook and Zumla 2003).   

Leishmania are dimorphic parasites that invade and live in mammalian 

macrophages and in the insect intestinal tract. As with the other trypanosome-caused 

diseases, there are two morphological forms that the parasite assumes, but in the case of 

Leishmaniasis, the two forms are amastigotes and promastigotes.  The amastigotes are 

round or oval with a body 2-6 µm in diameter and they have a nucleus, kinetoplast, and 

an internal flagellum.  Promastigotes have slender bodies, an anterior flagellum, a 

kinetoplast, and a central nucleus (Cook and Zumla 2003).  The parasites are spread when 

the sand fly bites an infected host.  Within the fly, the ingested amastigotes transform into 

promastigotes which reproduce rapidly within the intestinal tract and move to anterior 

part of the midgut (Cook and Zumla 2003). When the fly bites its next host, the 

promastigotes are deposited.  The promastigotes are then phagocytosed by macrophages 
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where the promastigotes transform to the amastigotes, which are resistant to intracellular 

digestion and reproduce by rapid mitosis (Cook and Zumla 2003). Leishmania can 

incubate in the human host for two to six months; however, these organisms can hide and 

cause relapsing illness for up to 10 years after the first illness (Cook and Zumla 2003; 

Kwan-Gett et al. 2006). 

The first sign of visceral leishmaniasis is fever.  Later, anemia, weight loss, 

asthenia, hepatomegaly, adenopathy and splenomegaly can ensue.  The patient also can 

have a protuberant abdomen and muscle wasting in the limbs.  Without treatment, 

visceral leishmaniasis is nearly always fatal since patients die from progressive wasting, 

secondary infections, or bleeding. Presence of pancytopenia, 

hypergammaglobulinemia, and liver enzyme elevation are all laboratory findings that 

can be used to diagnose patients with leishmaniasis (Cook and Zumla 2003; Kwan-Gett 

et al. 2006).   

Treatment of visceral leishmaniasis includes both supportive care and 

antimicrobial treatment.  The best available visceral leishmaniasis anti-trypanosomal 

drugs are miltefosine and if this drug fails, sodium stibogluconate although the latter is 

not approved by the FDA (Kwan-Gett et al. 2006).  Other drugs that can be used include 

amphotericin B, lipid-associated amphotericin B, and pentamidine. Supportive treatment 

is comprised of good nutrition and treatment of secondary infections (Strickland et al. 

2000; Cook and Zumla 2003; Kwan-Gett et al. 2006). 

Those infected with cutaneous leishmaniasis show cutaneous lesions at the site of 

the insect bite.  These lesions can remain localized or spread across the body.  

Mucocutaneous leishmaniasis presents similar lesions; however these lesions are at 
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mucosal sites, commonly in the mouth and the nose (Kwan-Gett et al. 2006).  Tissue 

destruction these lesions cause can eventually obstruct the airway and kill the patient.  

Cutaneous leishmaniasis typically heals in six to 12 months without any sort of treatment 

although sodium stibogluconate, ketoconazole, and methybenzethonium can be used as 

treatments.  Treatment should be pursued because cutaneous leishmaniasis‘s natural 

healing process is lengthy and the disease may turn into visceral leishmaniasis (Strickland 

et al. 2000; Cook and Zumla 2003; Kwan-Gett et al. 2006). 

2.3.3 Bartonellosis 

 Bartonellosis is a disease carried by the New World sand fly, Lutzomyia sp. and is 

caused by a bacterium, Bartonella bacilliformis Barton.  The disease is most prevalent in 

the mountainous valleys of Peru, Ecuador, and Columbia and presents a 90% case fatality 

rate in untreated patients (Strickland et al. 2000; Cook and Zumla 2003; Kwan-Gett et al. 

2006), while treatment reduces this rate to 5%.  These bacteria typically require an 

incubation period in the host for between sixteen and 22 days and attack erythrocytes at 

the conclusion of the incubation period (Kwan-Gett et al. 2006). 

 This disease first manifests itself with symptoms of fever and malaise, and 

irregular fever, headache, myalgia, and arthralgia follow.  In extreme cases, the onset is 

quick and induces high fever, chills, and altered mentation (Kwan-Gett et al. 2006).  

Weakness, vertigo, nausea and vomiting, syncope, prostration, lesions, and delirium can 

also accompany the aforementioned symptoms (Kwan-Gett et al. 2006). 

 Laboratory diagnosis can determine Bartonellosis.  Fortunately, antibiotics can be 

used to combat it.  Chloramphenicol is administered for three weeks or more the rid the 

body of the parasite (Strickland 2000; Cook and Zumla 2003; Kwan-Gett et al. 2006). 
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2.4 Conclusion and Remarks: Tropical Diseases 

 The tropical diseases discussed in this chapter affect millions of people and are 

often lethal.  At the very least, these diseases are quite unpleasant and reduce the quality 

of life of those who contract them.  Many of these diseases are classified by the World 

Health Organization as neglected tropical diseases, indicating that the vast majority of 

those affected by are impoverished.  These diseases are understudied and undertreated 

most likely because the people who contract these illnesses live in rural areas, in poor 

housing, or do not readily have access to adequate medical care.  Every disease discussed 

in this chapter is caused by a microorganism and transmitted from human to human by an 

insect. Reducing these insect vector populations has the potential to drastically decrease 

the case load of tropical diseases.  The next chapters will explore exactly how fungal 

biological control can be used to control these vectors. 
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Chapter 3: General Overview of Insect Colonization by 

Entomopathogenic Fungi 

An understanding of how entomopathogenic fungi invade and colonize insects is 

fundamental to our knowledge of biological control agents. While many of the small 

nuances are not fully understood and vary from species to species, the general process of 

infection is reasonably well known (Lacey et al. 2001; Scholte et al. 2004; Crespo et al. 

2008). 700 fungal species could potentially become biological insect control agents, since 

entomopathogenic fungal infections are one main method of natural insect population 

control (Lacey et al. 2001).  However, most research within this field has focused on a 

core group of approximately 10 fungi leaving many under-studied and underrepresented 

(Lacey et al. 2001; Scholte et al. 2004).  This chapter will discuss the general process of 

fungal invasions of insects. 

3.1 Mechanistic overview of fungal infections of insects 

Insects can acquire fungal infections in slightly different ways, but the general 

mode of infection involves attachment of the conidia to the insect cuticle. Then, through 

a combination of enzymes (specifically, lipases, chitinases, and proteases), toxins, and 

mechanical force, the fungi can break through. Since insects' cuticles are roughly 60% 

chitin, and the insect body also contains significant quantities of proteins and lipids, these 

enzymes are important in this process (Hegedus et al. 1995 ; Scholte et al. 2004; Kanzok 

et al. 2006; Pedrini et al. 2007). Figure 3.1 depicts the process in cuticular penetration of 

Anopheles stephensi Liston (Asian malaria mosquito), by  Beauveria bassiana (Bals.-

Criv) Vuill.  
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Figure 3.1: Infection of An. stephensi with B.bassiana  

a) freshly infected mosquito b) after 12 hours c) after 24 hours 

 (Kanzok et al. 2006) 
 

The fungus proliferates within the hemocoel using reproductive units called 

blastophores (Hegedus et al. 1995 ; Scholte et al. 2004; Kanzok et al. 2006; Pedrini et 

al. 2007). The insect is first weakened and then killed as the fungus fills the entire body 

with mycelium giving the insect a whitish-green mummified appearance. At this point, 

the fungi also produces lipases that degrade the lipids in the interior of the insect 

(Hegedus et al. 1995 ; Scholte et al. 2004; Kanzok et al. 2006; Pedrini et al. 2007). Once 

the fungi has depleted its supply of nutrients, the fungus breaks through the cuticle and 

sporulates in efforts to colonize a new host. In nature, the released spores can remain 
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viable for several years (Hegedus et al. 1995 ; Scholte et al. 2004; Kanzok et al. 2006; 

Pedrini et al. 2007).  Figure 3.2 depicts the progressive fungal infection of the insect 

cuticle. However, the anatomy of the insect cuticle must be addressed before further 

details of fungal infections can be discussed. 

 
Figure 3.2 Cuticle& haemocoel penetration (Clarkson & Charnley 1996) 

 

3.2 The Insect Cuticle 

The insect cuticle provides support and protection from foreign pathogens, like 

fungi. It is made of two different layers, the epicuticle and the procuticle, as shown in 

figures 3.2 and 3.3.  The cuticle is the first line of defense of the insect immune system. 
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Each layer has different physical and chemical properties that pose a slightly different 

challenge for the fungus (Daly et al. 1998; Pedrini et al. 2007).   

 
Figure 3.3 Insect cuticle anatomy. Modified from Nation et al. (2003)  

& Juárez and Fernández, (2006) 

 

The epicuticle is very thin and multilayered measuring 0.1 to 3 micrometers in 

thickness. This layer is most resistant to the degrading fungal enzymes and it contains 

two layers; a wax layer and a cement layer. The outermost wax layer of the epicuticle is 

comprised of wax blooms as shown in figure 3.3 and this layer protects the insect from 

dessication.  In fact, most degradative enzymes cannot penetrate the cuticle unless the 

wax layer is physically broken. The inner cement layer is hardened and it protects the 

insect from physical trauma (Daly et al. 1998).  

The procuticle is the thickest cuticular layer made of the exocuticle and the 

endocuticle and predominantly comprises protein. It lies underneath the epicuticle and 

contains chitin embedded in the protein matrix that additionally contains lipids and 

quinones (Daly et al. 1998; Nation 2008).  The hardened and dark exocuticle is the outer 

layer of the procuticle and the lighter colored and flexible endocuticle is the inner layer of 

the procuticle (Daly et al. 1998 Nation 2008).  
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Spiracles are the trachea openings located on the integument that permit gas 

exchange between the interior and exterior of the insect. The simplest spiracle is 

comprised of folds of the integument that muscles can open and close (Nation 2008).  

Some insects have more elaborate spiracles that open with valves or integument flaps. 

The spiracles can be both unguarded or guarded by entities such as sclerotized cuticle 

(Nation 2008).  Familiarity with the insect cuticle is critical for research on 

entomopathogenic fungal insect control, as normally, the cuticle must be penetrated by 

the fungi before successful colonization can ensue (Nation 2008).   

Penetration of the gut and spiracles does occur, but cuticular fungal infections are 

by far the most common form of fungal infections of insects (Nnakumusana 1985).  

However, fungal infections of mosquito larvae can obstruct their modified spiracle 

(known as a siphon) (Balaraman et al. 2006).  Conidia have limited mobility and contact 

with the insect cuticle is more probable than contact with a spiracle, although in theory, 

combinatorial attacks could occur. 

3.3 Step-by-Step Process of Fungal Invasion of Insect 

At the start of the fungal invasion, the conidium must adhere to the cuticle for 

successful colonization. The host‘s cuticular surface structure and chemical composition 

play a role in this process (Pedrini et al. 2007).  It is thought that the fungus may be able 

to detect the host through chemical signs and that static force between the spore and the 

cuticle may also contribute to the process.  However, these ideas are mostly speculations 

(Pedrini et al. 2007).  

After conidia adhesion occurs, mechanical pressure allows fungal hyphae to 

invade the cuticle and penetrate the hemocoel. First, the fungi germinate on the exterior 
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of the cuticle using the cuticular chitin and fatty acids to satisfy their nutrient 

requirements, and then they form appresoria that enable contact with cuticular cell walls 

(Leger et al. 1986; Pedrini et al. 2007).  Some fungi are able to kill an insect by simply 

harming the cuticle whereas others further penetrate the hemocoel to acquire more 

nutrients (Leger et al. 1986; Pedrini et al. 2007).  It is important to note that most 

entomopathogenic fungi require relatively high humidity levels to germinate (Clarkson 

and Charnley 1996). Subsequently, penetration pegs extend into the hemocoel and further 

propagate hyphal growth laterally (Pedrini et al. 2007). The secondary messengers Ca
2+ 

and cAMP are likely involved in the formation of  appresoria and other hyphal growth 

bodies (Clarkson and Charnley 1996). 

After penetrating the hard, protective exoskeleton, the fungus has to further 

contend with the insect‘s cellular immune system responses. Insects secrete different 

glycoproteins to combat pathogens (Wang et al. 2007). Studies show that following 

fungal infection, the protein profile dramatically changes. For example, a locust infected 

with Metarhizium anisopliae, was shown to produce 13 new glycoproteins to combat the 

invasion but the exact role of these glycoproteins is still under investigation (Wang et al. 

2007). 

3.4 Enzymes and Toxins 

After the cuticle has been physically broken, different enzymes and toxins 

degrade specific components of the insect cuticle.  The major ones to be discussed are 

chitinase, proteases, lipase, and destruxins.  Chitinase and N-acetylglucosaminease 

(NAGase), are two of the most abundant fungal enzymes produced within the first few 
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days of the infection process.  In contrast, lipase is produced over five days after the 

initial fungal infection (Leger et al. 2005). 

3.4.1 Chitinases 

Chitinases are enzymes that degrade chitin and are involved in fungal 

morphogenesis, insect parasitism, and plant defense (Sahai and Manocha 1993; Guthrie 

et al. 2005). These enzymes play an important role in biological control of insects 

(Guthrie et al. 2005). There are three types and five classes. Classes I, II, and IV are all 

structurally similar and found in plants. Class III is found in plants and fungi and Class V 

primarily consists of bacterial chitinases (Guthrie et al. 2005).  Each class contains the 

same three types of chitinases, β 1-4-N-acetylglucosaminidases, endochitinases, and 

chitobiosidases. β 1-4-N-acetylglucosaminidases are essentially exochitinases that cleave 

glycosidic bonds of the chitin polymer yielding  N-acetylglucosamine (GlcNAc) 

monomers. Endochitinases arbitrarily cleave chitin polymer at internal locations. 

Chitobiosidases cleaves disaccharides of N-acetylglucosamine from the ends of chitin 

polymers (Guthrie et al. 2005). 

The specific involvement of chitinases in entomopathogenic fungi is unclear. 

Researchers are trying to determine if they are required for fungal penetration of the 

insect cuticle. However, it has been shown that in the case of many entomopathogenic 

fungi, chitinases are present and do appear to at least aid in hyphal penetration (Sahai and 

Manocha 1993). Fungal chitinases are located both extracellularly in periplasmic spaces 

and in the plasma membranes of the fungi (Sahai and Manocha 1993). 

Detecting and quantifying chitinases and their activities can be difficult and 

complicated. Basically, electrophoretic separation detects specific chitinases, and 
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spectrophotometry can also be used to measure chitinase activity but neither method 

simultaneously detects and quantifies; therefore, the exact amount of chitinases and their 

activities cannot be precisely measured. These techniques are the primary tools available 

to determine the amount of chitinases within fungi.  A complex process was devised as 

outlined in Guthrie et al. 2005 for concomitantly measuring the aforementioned 

enzymatic activities.  In gel chitinase assays, sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) is used to first determine the masses of denatured enzymes.  

Approximate nondenatured enzyme masses are then determined using non-denaturing 

PAGE and a non-denatured protein molecular weight marker kit. Specific chitinolytic 

activity of proteins in the gel is quantified by measuring released fluorescent product 4-

methylumbelliferone (4-MU) (Guthrie et al. 2005). In this way, chitinase activity can be 

assigned to specific bands in the gels which is more convenient than performing separate 

SDS-PAGE and spectrophotometry analyses.  Such tools that illuminate the constituents 

involved in this process are essential to determining how fungi kill insects.  

3.4.2 Proteases 

Proteases are another class of fungal enzymes involved in fungal colonization. 

Fungi produce large quantities of proteases which are the first enzymes to be secreted by 

fungi upon contact with the insects‘ cuticles and are the first to degrade it (Leger et al. 

1986; Qazi and Khachatourians 2007). Enzyme potencies determine the virulence of the 

fungi (Qazi and Khachatourians 2007). One common protease is PR1 which is produced 

in all tested ascomycetes and deuteromycetes. The appressoria and other penetrating 

hyphae secrete PR1, a serine endoprotease (Clarkson and Charnley 1998).  
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Some insects, like certain locusts, are able to produce protease inhibitors (PI) 

decreasing the effectiveness of proteases (Franssens et al. 2008). However, fungi produce 

many different isozymes and are able to circumvent this defense mechanism (Qazi and 

Khachatourians 2007). 

3.4.3 Destruxins  

Destruxins (DTXs) are another group of compounds involved in insect fungal 

infections.  These are depsipeptides, peptides made of amino and hydroxyl carboxylic 

acid residues (Clarkston and Charnley 1996; Kershaw et al. 1999). DTXs cause lethal 

effects when injected or ingested by Lepidopteran and Orthopterans. Inhibition of 

ATPase allows the DTXs to unbalance the homeostasis of eukaryotic cells, and therefore, 

DTXs are potentially toxic to humans in large quantities (Clarkston and Charnley 1996). 

Ultimately, studies have shown that DTXs simply speed up the time of death because 

fungi with the DTX gene ―turned off‖ were able to cause fatalities in insects, although 

more time is required (Kershaw et al. 1999). While many DTXs have been found in M. 

anisopliae, these could be more widespread among other entomopathogenic fungi; 

however, more studies of a larger group of entomopathogenic fungi must be undertaken 

to see if this is the case. 

3.5 Insect Death 

Ultimately, death ensues following the above-mentioned events involved in 

fungal colonization.  Different entomopathogenic fungi colonize and kill insects in 

different ways. Those that exude toxins, like DTXs, are much more virulent than those 

that do not.  Most kill the insect before reaching internal organs because they digest the 
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nutrients in the haemolymph (Kershaw et al. 1999). In subsequent chapters, the lethality 

rates of different fungal biological control agents will be discussed.   

3.6 An overview of widely studied entomopathogenic fungal vector 

control agents   

As mentioned in chapter one, Beauveria bassiana (Bals.-Criv) Vuill. and 

Metarhizium anisopliae (Metchnikoff) Sorokin are two of the most well researched 

entomopathogenic fungi because they nonspecifically kill a large number of insects and 

have been used with reasonable success in both vector and pest control.  Considerable 

overlap in usage exists between these two species.  Both of these fungi are ubiquitous 

world-wide. (Lacey et al. 2001; Shah et al. 2003; Scholte et al. 2004). In particular, 

studies have indicated that B. bassiana  and M. anisopliae can potentially be used to 

combat vectors including mosquitoes, flies, kissing bugs, and ticks (Arachnida) (Kaaya 

1989; Kershaw et al. 1999; Samish 2000; Ivie et al. 2002; Luiz et al. 2004; Scholte et al. 

2004; Thomas et al. 2004; Blanford et al.; 2005; Scholte et al. 2005; Kanzok et al. 2006). 

This is significant because these insects are all secondary hosts for disease causing 

microbes.  M. anisopliae and B. bassiana are also routinely used in controlling some 

agricultural pests, including locusts, cockroaches, and several others (Ivie et al. 2002; 

Thomas and Kooyman 2004; Clarkson et al. 2008).   

M. Anisopliae and B. bassiana  conidia, zoospores, or oospores are suspended in 

oil formulations that are sprayed onto surfaces frequented by the target insect (Lacey et 

al. 2001; Scholte et al. 2004). The insect lands, contacts the formulation, the conidia 

adhere and the fungal invasion begins (Lacey et al. 2001; Scholte et al. 2004).  Different 

formulas specific for individual insect species are routinely studied and will be discussed 
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throughout the remainder of this thesis.  Adherence agents and the type of oil can affect 

the formula productivity.  

Other fungal species researched for their potential in fungal insect and these will 

be further discussed in subsequent chapters. Generally, a fungus or mycoinsecticide is 

considered successful when it induces insect mortalities rates of 50% or more.  It is 

unlikely that fungal species with lower mortality rates will provide long-term insect 

control benefits, except when these fungi are used in conjunction with other insect control 

methods (Scholte et al. 2005; Luz and Fargues 1999 b). 

 3.6.1 Metarhizium anisopliae 

M. anisopliae is a well known entomopathogenic fungus and a Deuteromycete 

commonly known as the green muscardine fungus. Its life cycle begins with asexual 

haploid conidia (Driver et al. 2000, Hughes 2004). Oil formulations of M. anisopliae are 

relatively easy to make into viable biopesticides, and as mentioned, such biopesticides 

have been used with marked success in controlling locust populations (Driver et al. 2000; 

Ivie et al. 2002; Thomas et al. 2004; Rangel et al. 2008). 

Simple media like Sabouraud‘s dextrose agar are suitable for culturing and mass 

producing M. anisopliae (Driver et al. 2000); however, M. anisopliae grows rapidly when 

cultured on insect cuticle-containing media (Leger et al. 1986).  The optimal growing 

temperature for M.anisopliae is 25°C, but this fungal species can survive lower and 

higher temperatures, from approximately 20°C to 30°C.  B. bassiana grows in wider 

temperature range; therefore, it is more regularly used than M. anisopliae (Fernandez et 

al. 2008).  
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There are many different variants of M. anisopliae and these variants tend to 

differ in terms of how they specifically kill their host. Some produce more virulent toxins 

that kill the host more quickly than others (Rangel et al. 2008).  Using fungi that induce 

rapid death can be both detrimental and beneficial.  It means that the pest population is 

controlled more quickly; however, the probability of the fungus causing coevolution 

leading to mutations in the targeted insect population increases (Lacey et al. 2001; 

Scholte et al. 2004; Rangel et al. 2008).  Such mutations could render the insect resistant 

to the fungus   (Lacey et al. 2001; Scholte et al. 2004; Rangel et al. 2008). 

3.6.2 Beauveria bassiana 

B. bassiana is phylogenetically similar to M. anisopliae and shares many physical 

characteristics. Researchers routinely use these two fungi simultaneously in the same 

experiments because they require similar growing conditions.  Researchers use the same 

formulation methods with B. bassiana and grow and distribute it in the same manner as 

M. anisopliae (Alexopoulos et al. 1996; Pathan et al. 2007).    

B. bassiana is also a Deuteromycete, a generalist and an endemic 

entomopathogenic fungus. It can infect over 700 different species of insects, and it is an 

opportunistic saprophyte (Alexopoulos et al. 1996; Fernandez et al. 2008. It grows well 

at a broad range of temperatures from 8°C to 35°C although the dormant conidia can 

survive temperatures of up to 50°C. This is broader than the normal optimal temperature 

range (25-35°C) of most entomopathogenic fungi   (Fernandez et al. 2008).  However, 

the optimal germination range is 20-30°C and humidity in addition to temperature affects 

germination rates.  Well-designed bioinsecticides can avoid these germination problems 

by creating a suitable microclimate for the fungus (Lecuona et al. 2001).  Examples of 
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successful applicative studies of these two fungi in the context of specific insect vectors 

will be discussed in the next three chapters. 

3.7 Summary 

Fungal colonization of insects is a complex process. Many different enzymes and 

chemicals play important roles in the infection process in addition to the mechanical 

pressure that provides cuticular entry so that the enzymes can  enter the cuticle and 

hemocoel. Further understanding of the enzymes and chemicals involved will permit a 

more advanced conceptualization of how these fungi can be used for biological control. 

Future research should examine the processes involved in entomopathogenic fungi 

colonization in order to build upon the current knowledgebase. 
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Chapter 4: The Role of Mycoinsecticide in Mosquito Control 
 

Since entomopathogenic fungi cause insect deaths, they could provide a 

promising new bioinsecticide to control mosquito-borne tropical diseases that cause 

illness and fatalities of millions annually. Recent research with two species of fungi, 

Beauveria bassiana and Metarhizium anisopliae could open new doors in the field of 

mycoinsecticides mosquito control. The following sections will explain the need for 

improved mosquito control methods and how entomopathogenic fungi may fulfill this 

need. 

4.1 Mosquito Biology, Ecology, and Distribution 

Mosquitoes (Diptera: Culicidae) are hematophagous insects found in most areas 

of the world. Over 2500 mosquitoes species occur in a variety of climates, but only some 

are capable of transmitting human diseases (Mullen and Durden 2002; Cutwa-Francis et 

al.). Appendix C shows the world-wide distribution of mosquitoes (Cutwa-Francis et al. 

2008; Daly et al. 1998; Rey 2008). 

Mosquitoes have sucking mouth parts and their salivary secretions contain a 

mixture of chemicals including anesthetics and anti-coagulants. This fluid combination 

provides the mosquito with stealth and unimpeded blood flow. Pathogenic agents enter 

and exit the mosquito through these mouth parts. Mosquitoes must bite an infected 

human and subsequently bite an uninfected human to transmit the disease (Mullen and 

Durden 2002; Cutwa-Francis et al. 2008).  

Mosquitoes have holometabolous metamorphosis with four life stages: egg, 

larvae, pupae, and adult (Cutwa-Francis et al. 2008; Daly et al. 1998).  Stagnant water 
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affords immature stages some degree of protection because the low oxygen levels deter 

aquatic predators (Daly et al. 1998).  

Eggs are laid singly or in rafts depending on the species.  Larvae are legless 

aquatic filter-feeders often known as wigglers or wrigglers because of the lashing 

motions they make with their abdomen.  They feed on decaying organic matter within the 

standing water and breathe through their siphons (Mullen and Durden 2002). The larvae 

undergo four instars each of which is formed underneath the old cuticle before the 

exuviae is shed.  Molting enables the insect to grow (Mullen and Durden 2002; Daly et 

al. 1998).  

The pupal stage is also aquatic but non-feeding.  Winged adults emerge around 

four days after entering the pupal stage.  Generally the winged adults feed on plant saps 

and the females take blood meals only to provide their eggs with protein (Mullen and 

Durden 2002; Rey 2008; Sweeny 2008). Their life cycle can take as few as six days 

during the summer (Mullen and Durden 2002). Female mosquitoes live an average of 

three to five weeks, although they can live as long as five months (Rey 2008). 

Mosquitoes feed on a variety of sources, but many are specific and some such as Aedes 

aegypti feed solely on humans (Mullen and Durden 2002; Sweeny 2008). 

To ensure human blood meals, mosquitoes are capable of recognizing specific 

compounds called kairomones. As many as 400 different constituents may comprise 

human kairomones (Constantini et al. 1999; Mullen and Durden 2002; Bernier et al. 

2007). Additionally, the mosquito can respond to levels of carbon dioxide to determine 

the presence of a human host (Constantini et al. 1999; Bernier et al. 2007). Furthermore, 
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bacteria on human skin can release semiochemicals that vector mosquitoes can detect 

(Constantini et al. 1999; Mullen and Durden 2002; Bernier et al. 2007).  

Knowledge of mosquito biology is imperative to our understanding of how 

vector- borne diseases persist. This understanding could indirectly lead to better vector 

management programs and ultimately reduce the number of mosquito-borne disease 

incidents.  

Sri Lanka and other countries that cultivate rice have an especially high number 

of malaria cases because stagnant water, which is part of the agricultural process, 

provides mosquito larvae with excellent growing conditions (Yasuoaka et al. 2006). Use 

of chemical insecticides to reduce mosquito populations has been increasingly costly and 

ineffective due to their high price and the development of insect resistance to the 

pesticides (Yasuoaka et al. 2006). Control through community-based vector control 

programs and mosquito proofing structures have been attempted with mixed success 

(Yasuoaka et al. 2006), but a long lasting and inexpensive techniques are needed to 

reduce populations. Biological control will hopefully soon fulfill this need. 

 

4.2 Identification of Mosquito Species 

Identification of mosquitoes is an important part of vector control and can be 

accomplished by macroscopic, microscopic, and molecular biological techniques (Temu 

et al. 2007). Entomologists can examine individual specimens for defining physical 

characteristics (Darsie et al. 2005). The shape of the proboscis, the length of palpi, 

length of antennae, width of frons, and shape of tarsal claws are some of the attributes 

used to determine species. Additionally, the patterns, and coloration as well as the 

location, and number of scales and  the segmentation of the abdomen are anatomical 
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features that help determine species (Darsie et al. 2005). Some examples of different 

pathogenic species are shown in figure 4.1. 

     
Aedes aegypti L. (Gathany 2003)             Aedes albopictus Skuse (Gathany 2006) 

    
Anopheles minimus L  (Gathany 2005)             Armigeres subalbatus (Gathany 2003) 

Figure 4.1 Engorged vector species of mosquitoes. Reprinted with permission from CDC PHIL. 

 

 PCR is another technique that is frequently used in identification. PCR amplifies 

DNA coding sequences of both the mosquito‘s protein constituents and their blood meals' 

protein components. Knowledge of mosquito proteins helps identify the species and 

determine the proteins of the blood-meal allowing researchers to deduce the mosquito's 

hosts. Ultimately, use of these techniques allows investigators to determine which species 

specifically have human hosts (Temu et al. 2007). 

4.3 Vector Qualifications and Requirements 

To be a vector of human disease, the mosquito must consistently feed on humans, 

(anthropophily). Humans are hairless which renders them an easier food source than very 

furry animals; however, human defense mechanisms do substantially deter mosquitoes. 
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Mosquitoes must adopt specific behavioral patterns to successfully feed on humans. The 

most important of these is endophagy, which is the ability to enter structures to feed on 

humans. Moreover, the mosquito species must feed more selectively on humans than 

other animals (Constantini et. al 1999).  

Additionally, understanding and identifying the disease parasite is crucial.   A 

reasonable database on the parasite and which species transmit the parasite is important 

to control programs.  Some mosquito species are unable to transmit disease-causing 

parasites; therefore, targeting these species would be useless.  Control programs using 

fungi must consider the parasite and the insect vector as well as the fungal agent.  

4.4 Fungi and mosquito control 

As discussed earlier, entomopathogenic fungi can attack by penetrating the 

cuticle, proliferating in the hemocoel, and then rupturing through the cuticle forming 

fruiting bodies (Kanzok et al. 2006; Scholte et al. 2004; Blanford et al. 2005; Scholte et 

al. 2007). Fungal biological control can be used against each different stage in the 

mosquito life cycle (egg, larva, and adult) (Lacey et al. 2001). 

Thus far, mosquito larvae control has been cited as one of the most successful 

type of mosquito fungal biological control (Scholte et al. 2004). Langenidium giganteum 

Couch is available commercially for control of mosquitoes; however, unfortunately, this 

fungus is ineffective at substantially controlling a major malaria vector, Anopheles 

gambiae (Golkar et al. 1993; Scholte et al. 2004).  Lagenidium, Colelomomyces, 

Culicinomyces, Entomophthora, Beauveria, and Metarhizium are genera of fungi that 

have demonstrated or have the potential to demonstrate success as a commercial 

mycoinsecticide (Scholte et al. 2004). 
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Important aspects of the pathogenic relationship between mosquitoes and fungi 

include the effects of the fungi on the adult mosquito populations, the effectiveness of the 

spore delivery to the mosquito, and the spores‘ viability over time. Perhaps most 

importantly, the complete vector populations must be targeted by potential pathogens. 

Many larvicidal fungi fail because they can not overcome the immune system of 

Anopheles gambiae complex mosquitoes (Scholte et al. 2004). 

The genera Conidiobolus (Zygomycota: Zygomycetes: Entomophthorales: 

Ancylistaceae),  Entomophthora (Zygomycota: Zygomycetes: Entomophthorales: 

Entomophthoraceae), Erynia (Zygomycota: Zygomycetes: Entomophthorales: 

Entomophthoraceae), and Smittium (Zygomycota: Zygomycetes: Entomophthorales: 

Entomophthoraceae), have been researched for their potential at killing adult mosquitoes 

(Scholte et al. 2004). However, these fungi can also infect other animals. Entomophthora 

species could be useful at killing hibernating mosquitoes (Scholte et al. 2004). 

Colidiobolus species are effective agents, but infects humans and horses (Scholte et al. 

2004). Erynia species can induce 100% infection, but kills frogs (Scholte et al. 2004). 

Smittium species have demonstrated laboratory success in killing adult mosquitoes but 

failed in field settings (Scholte et al. 2004).  A comprehensive chart by Scholte et al. 

(2004) details the known fungi that could potentially become biological control agents 

and is shown in Table 4.4 (Scholte et al. 2004). 

 The deuteromycetes, Culicinomyces, Beauveria, Metarhizium, and 

Tolypocladium, are other fungi genera that have been explored as mosquito control 

agents. Culicinomyces is inconsistently successful (Debenham et al. 1977; Cooper et al. 

1982; Campbell et al. 2002) but Beauveria and Metarhizium have demonstrated sizeable 
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successes in the laboratory and field setting in controlling adult mosquito populations 

(Scholte et al. 2003; Blanford et al. 2005; Scholte et al. 2005). Tolypocladium has a very 

narrow range of growing conditions; therefore, it has limited potential as a biological 

control agent (Gardener and Pillai 1987; Weiser et al. 1991;  

 



(lf) indicates species that have demonstrated success in both laboratory and field settings, (x ) denotes species that have shown no success, (l) indicate 

species that demonstrated success in only laboratory settings, (v)indicates success in combating larvae and species marked with (c) indicate species that 

were successful in the laboratory and the field and are now commericially available as biocontrol agents. 
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Table 4.2  Entomopathogenic Fungi used in Mosquito Control 

Phylogenetic depiction of all the species of fungi known to have been explored as mosquito biocontrol agents (Scholte et al. 2004 a). 

1)Kingdom  2) Phylum   3)Class    4) Order   5) Family   6) Genus 
CHROMISTA 1)  

Oomycota 2)              

     Oomycetes 3)          

         Saprolegniales 4)      

             Saprolegniaceae 5)  

               

 Leptolegnia 6) (v)         Pythiales     

              Pythiaceae 

                

  Pythium              

   Lagenidium (v, c)          Myzocytiopsidales 

                

 Crypticolaceae              

     Crypticola (l) 

FUNGI               

Chytridiomycota               

     Chytridiomycetes          

         Blastocladiales      

             Coelomomycetaceae 

   

Zygomycota              

     Zygomycetes          

         Entomophthorales      

            Ancylistaceae   

               

 Conidiobolus (lf)            

 Entomophthoraceae             

    Entomophthora            

     Erynia (lf,kills frogs)      Trichomycetes  

                

 Harpellales              

     Legeriomycetaceae          

        Smittium (l) 

Deuteromycetes (Hyphomycetes)         

                                       Culicinomyces (l)  

               Beauveria (lf) 

               

 Metarhizium (lf)               

  Tolypocladium (l)  
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Nadeau and Boisvert 1994; Scholte et al. 2004).  Coelomomyces is also successful at 

colonizing mosquito larvae (Chytridiomycota: Chytridiomyctes: Blastocladiales: 

Coelomomycetaceae) Coleomomyces sp. However, mass production techniques rely on a 

mosquito substrate; therefore, mosquitoes must be reared to obtain the fungus which 

renders the process costly (Couch 1972; Buchanan et al. 1990; Rueda et.al 1990; 

Lucarotti et al. 2000) 

As introduced in Chapter Three, Metarhizium anisopliae and Beauveria bassiana 

are currently being thoroughly explored as mosquito control agents because 

hyphomyceteous fungi (a class of Deuteromycetes) are endemic around the world and are 

considered harmless to humans, mammals, reptiles, birds, and fish.  Most scientists 

believe their spores cannot survive temperatures found within animals.  However, rare 

cases of B. bassiana infecting immunocompromised human patients have occurred, and a 

team under Ward has shown the potential for M. anisopliae to induce an allergic response 

in a rodent model (Ward et al. 1998; Genthener 1998; Ward et al. 2000 a; Ward et al. 

2000 b). Also, M. anisopliae has been shown to cause deleterious effects in some marine 

life forms and B. bassiana is known to kill frogs. M. anisopliae is currently registered in 

the US to combat cockroaches and flies (Ward et al. 1998; Genthener 1998; Ward et al. 

2000 a; Ward et al. 2000 b) and M. anisopliae and B. bassiana are commercially 

available around the globe for combating an array of insect pests from locusts to 

cochroaches to flies (Faria et al. 2007).  

Leptolegnia, Pythium, Lagenidium, and Crypticola are fungi-like organisms of the 

kingdom Chromista and phylum Oomycota that have also been explored as possible 

biological control agents. These are water molds that are facultative parasites of mosquito 
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larvae (Scholte et. al 2004). Of the four genera, Lagenidium has demonstrated success in 

the field and was first made commercially available in the 1990s (Golkar et al. 1993). 

The other three only exhibited success in laboratory settings (Scholte et al. 2004).  

4.5 Adulticidal Entomopathogenic Fungi 

Within the last 15 years, ground breaking work with entomopathogenic fungi and 

mosquito control of adults has materialized. Two separate research groups including a 

team led by Read and Blandford of the Center of Infectious Disease Dynamics, 

Pennsylvania State University, and another team led by Scholte at Wageningen 

University, Holland, have explored the efficacy of using fungi to biologically control 

adult mosquitoes with some success (Kanzok et al. 2006; Scholte et al. 2004; Blanford et 

al. 2005 ; Scholte et al. 2007; Thomas and Read 2007).  

4.5.1 Beauveria bassiana 

The Blanford team used fungal spores infused in an oil formulation to test the 

effectiveness of the fungi (Blanford et al. 2005). They screened eight different strains of 

Beauveria bassiana although, ultimately, the strain selected was chosen on the basis of 

availability (Blanford et al. 2005). The fact that this strain is already used in agriculture 

could open up the possibility of using pre-existing formulations sold by companies such 

as Mycotrol, Bioblast, Green Guard, and Green Muscle (Kanzok 2006; Thomas and Read 

2007). The team further asserted that if B. bassiana is used, authorizing these 

biopesticides for use as mosquito control agents would be easier than creating an entire 

new product (Blanford et al. 2005). 
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Mammalian mouse models were used to determine infection rates of mosquitoes 

that were inoculated with B. bassiana. The study demonstrated an 80% reduction rate in 

incidences of malaria in a rodent model (Blanford et al. 2005).  

The team also suggested that the oil formulations could be used in residential 

dwellings since they could be sprayed on ceilings and walls where mosquito rest. 

Unfortunately, the spores remain viable for only a three week period in commercially 

available oil suspensions, therefore regular applications would be required (Scholte 2004 

et al.; Blanford 2005 et al.; Scholte 2007 et al.; Thomas and Read 2007). However, 

application innovations are underway and may result in formulas with longer residual 

shelf life (Thomas and Read 2007). 

4.5.2 Metarhizium anisopliae 

The team from Wageningen University, Holland, has been researching 

entomopathogenic fungi for mosquito control for at least five years. They are working to 

determine the efficacy of mycopesticides using M. anisopliae and to establish an 

effective fungal application method. Their studies thus far have examined the proclivity 

of fungally-infected mosquitoes to take a blood meal, the effects of augmenting formulas 

with mosquito attractants (Brak et al. 2002), and the overall effectiveness of using M. 

anisopliae to control mosquito populations (Braks et al. 2002; Scholte et al. 2003; 

Scholte a et al. 2004; Scholte b et al. 2005; Scholte et al. 2006; Scholte et al. 2007; 

Farenhorst et al. 2008). 

The team's work with mosquito attractants is significant because addition of these 

to mycoinsecticides could increase contact between spores and insects. The researchers 

found that human sweat is indeed a mosquito attractant (Braks et al. 2002).   Microbes 
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feeding off the sweat release byproducts that were shown to attract mosquitoes.  

Ammonia, a major constituent of sweat, was found to be a significant kairomone (Braks 

et al. 2002).  

In 2003, the Wageningen team examined M. anisopliae fungal infections of 

mosquitoes An. gambiae and Culex quinquefasciatus Say, vectors of malaria and 

filariasis respectively. They determined that both Anopheles and Culex are affected by M. 

anisopliae, and the degree to which the populations are affected varies depending on 

fungal dose. The Lethal Time (LT50) values varied from 9.69 +/- 1.24 days for the lowest 

dose to 5.89+/-0.35 days for the highest dose applied. The researchers also established 

that by encapsulation of blastospores and melanization, mosquitoes can evade low grade 

fungal infections (Scholte et al. 2003).  Activation of prophenoloxidase provides the 

insect with some protection against pathogens and leads to melanization (Dimopoulos et 

al.1998) 

The next study by this team examined the propensity of autodissemination, 

natural dispersal of fungal spores between mosquitoes. Autodissemination is important to 

the functionality of mosquito fungal biological control because it ensures perpetuation of 

the biological control agent which would reduce the need for reapplication of spores 

(Scholte et al. 2004 b).  

In order to study this phenomenon, investigators exposed virgin female Anopheles 

mosquitoes to papers impregnated with fungal spores and then placed these mosquitoes 

into a closed environment with male mosquitoes. There were three experimental 

variations. In one, 30 infected females were placed with 30 uncontaminated males, in 

another, one infected female was placed with one uninfected male, and in the last, one 
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infected female was placed with ten uninfected females. Between 10.7 + 3.2% and 33 + 

3.8% males were infected. This demonstrates that autodissemenation of spores could 

occur to some degree in a laboratory setting, although, the exact factors that vary the 

results require determination (Scholte et al. 2004 b). However, field studies could 

indicate different results because some natural variables were not replicated in the 

laboratory. Furthermore, infection from males to females has not yet been shown. The 

same experiment completed in reverse could further test this possibility. Additionally, the 

experiment could be carried one step further by placing the exposed males with a new set 

of uninfected mosquitoes and examining if any autodissemenation has taken place.  

In a more recent laboratory study, a Wageningen team infected mosquitoes with 

M. anisopliae to determine the effects of the fungal infection on mosquito fecundity and 

propensity to take blood meals (Scholte et al. 2006). Mortality rates were determined by 

applying 1.6 x 10
10 

conidia/m
2 

on fabric. The team reported that 87.1 + 2.65% of Ae 

aegypti and 80.3 + 0.2 % of Ae. albopictus acquired fungal infections. The LT50 was 

determined to be 3.1±0.2 days for male Ae. aegypti, 4.1±0.3 days for female Ae. aegypti, 

17.7±0.4 days for female Ae. albopictus and 19.7±0.6 days for male Ae. albopictus. 

Therefore, variation between species was demonstrated and fungal treatment of Ae. 

albopictus was deemed less successful based on these data (Scholte et al. 2006).  

To test the propensity of the insects to take blood meals, human arms were 

offered to fungally-infected and parasitically-infected mosquitoes in cups with netting 

over them. The results were as follows.  For the second blood meal, 87.5 + 10.5% of the 

control group took the meal versus only 44.8 + 6.8 % of the group treated with M. 

anisopliae. By the fourth blood meal, 93.5 + 1/5% of the control group fed versus only 
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67.1 + 8.0% of the treated group (Scholte et al. 2006). Based on the data, it was 

concluded that fungal infections of mosquitoes do reduce propensity to feed.  

Even a small reduction in mosquito bites may have a large effect on the end 

number of cases of mosquito-borne tropical diseases because of the enormity of the 

disease problem. For this reason, even though some mosquitoes will evade fungal 

infection, this method would have far reaching effects if a practical, cost effective way to 

implement this mycoinsecticide was discovered (Scholte et al. 2006). 

The next study by the Wagenigen University group was the first direct field study 

of the effectiveness of entomopathogenic fungi mosquito control by this group. In this 

study, bed nets and black sheets inoculated with M. anisopliae were hung from the 

ceiling so that the mosquitoes would acquire a M. anisopliae fungal infection after taking 

a human blood meal. Three to eleven days later, the mosquito typically died. Ultimately 

this study indicated that the EIR rate could be reduced by at least 75% which would 

greatly reduce the number of disease transmissions (Scholte et al. 2005). If just 50% of 

individuals in the mosquito population acquired fungal infections, the EIR rate would be 

reduced by 96%, drastically reducing the incidence of mosquito-borne tropical diseases 

(Scholte et al. 2005). 

Farenhorst et al. (2008) of Wagenigen University published work proposing the 

use of clay pots as a fungal application method. Based on the prior work of this team, the 

main barrier to M. anisopliae use is establishing contact between mosquito and conidia. 

In this laboratory study, the team demonstrated that clay pots can be used to infect 

mosquitoes and that mosquitoes chose clay pots as resting sites. The pots were 

impregnated with conidia of M. anisopliae. Of 858 An. gambiae mosquitoes exposed to 
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conidial dose of 4 x 10
10

, 95.0 +/-1.2% were infected by the fungi. At a lower conidial 

dose of 1x 10
10

, 91.5 +/- .6% became infected. Of the 233 An. funestus Gilles and Smith 

exposed, 91.8 +/- 1.2 % displayed fungal infections (Farenhorst et al. 2008).  

In the attractiveness experiments, an experimental cage was designed comparing 

the preference of mosquitoes for resting places. The cage contained PVC pipe, terra cotta 

pots, wet clay pots, and dry clay pots.  These experiments showed that of the 219 male 

An. gambiae mosquitoes, 47.4 +/-7.2% chose to rest inside the clay pots and of the 245 

females, 81.8 +/- 2.0% selected the clay pots as resting points. The moistness of the pot 

did not affect the selection of mosquitoes for one pot over the other. The team also tested 

fungally infected pots versus a control and was able to determine that the impregnated 

pots were equally as attractive to the mosquitoes as the control. The team also proposed 

that mosquito attractants like kairomones and CO2 could increase attractiveness of clay 

pots if the pots were treated with these substances (Braks et al. 2002; Farenhorst et al. 

2008). 

Based on these preliminary laboratory data, the team plans to pursue field studies 

to determine if these laboratory results persist in the field (Scholte et al. 2004; Scholte et 

al. 2006; Scholte et al. 2007; Farenhorst et al. 2008). This application method could 

prove to be an effective method to curb mosquito populations. The Wagenigen 

researchers suggest that this method could potentially be used as an important part of an 

integrated vector management program, but that practical issues, such as increasing 

viability of conidia, finding the perfect location and material to attract mosquitoes to the 

mycoinsecticide, and formulating a long-lasting effective mycoinsecticide containing M. 
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anisopliae are the major challenges they must face (Scholte et al. 2004; Scholte et al. 

2006; Scholte et al. 2007; Farenhorst et al. 2008). 

4.5.3 Fusarium pallidoroseum 

Even more recently, a group from India brought forth an additional fungus, 

Fusarium pallidoroseum (Cooke) Saccardo, to the list of fungi with mosquito-killing 

capabilities. The group began by isolating the naturally-occurring fungi that colonize 

lymphatic filariasis vector mosquito, Culex quinquefasciatus. The investigators isolated a 

few different species of Aspergillus and Fusarium, and then determined the LT50 values 

of these species. Of these, only the LT50 values of F. pallidoroseum were high enough to 

indicate possible viability as a mosquito biocontrol agent. The LT50 value was 2.08 days 

following a four hour exposure to 1.11 x 10
10

 conidia/m
2 

(Mohanty et al. 2008).  

4.6 Larvicidal and Ovicidal Fungal parasites of mosquitoes 

Larvicidal fungi were the first entomopathogenic fungi to be researched and the 

first to become commercially available for mosquito control (Scholte et al. 2004; 

Mohanty et al. 2008). Ovicidal fungi were the last of the fungi to be researched, with 

investigations beginning only in the last five years (Golkar et al. 1993; Scholte et al. 

2004; Mohanty et al. 2008). 

4.6.1 Langenidium giganteum Couch 

Golkar et al. (1993) conducted a laboratory study with mosquito-larvacidal fungi 

by examining the potential of Lagenidium giganteum to be an effective biological control 

agent. L. giganteum is a facultative oomycete that colonizes mosquito larvae (Golkar et 

al. 1993). In nature, it can persist in a mosquito population for as long as an entire 

mosquito season (Scholte et al. 2004; Vandergheynst et al. 2006).  Golkar et al. (1993) 
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specifically studied the factors that render mosquitoes susceptible to fungal invasion 

including phototaxis, aerotaxis, and chemotaxis (Golkar et al. 1993).  

The team concluded that the amount of time the larvae spent on the surface of the 

water correlated with the highest rates of fungal infection. Additionally they suggested 

that an unknown water-soluble chemical released by L. giganteum zoospores caused 

other zoospores to aggregate to the infected mosquito larvae intensifying rates of 

infection (Golkar et al. 1993). Of the three species examined, An. gambies, Ae. aegypti, 

and C. pipens, An. gambies was the most resistant to infection. Approximately 56% of 

An. gambies exposed to higher than natural doses of zoospores survived infection 

because this particular species was able to encyst hyphae through its melanization 

process. Hyphae invading Ae. aegypti and C. pipens were able to attack the hemocoel 

without difficulty because these two species lacked the melanization immune response of 

An. gambies (Golkar et al. 1993). 

Another group determined that L. giganteum can deleteriously affect Culex 

quinquefasciatus larvae, vectors of Japanese encephalitis (Suh et al. 1999). The LC50 

value of zoospores was 26 zoospores per ml and larval mortality was greatest at 25°C in 

unpolluted freshwater (Suh et al. 1998). 

Experimentation with individual chemical components of L. giganteum is an 

additional emerging area of study.  Teng et al. (2005) determined that two particular 

constituents designated by the researchers as Lg product A and Lg product T, reduced 

Culex mosquito populations by 49.7% and 21.9%, respectively, and diminished An. 

sinensis by 8.6% and 44.6%, respectively, within the first week of exposure.  However, 

six weeks after exposure, a negligible decrease in mosquito populations was observed 
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because the populations had recovered; therefore, these products would not be very 

effective mosquito control agents alone (Teng et al. 2005). 

L. giganteum is one of few registered mycoinsecticides in the US as a biological 

agent.  However, it is infrequently used because the formulas in which the delicate 

zoospores are typically suspended keep the spores viable for a mere one to three weeks 

(Vandergheynst et al. 2006).  Additionally, the mycoinsecticide requires refrigeration and 

contamination is common (Vandergheynst et al. 2006).  In order for L. giganteum-based 

mycoinsecticides to be embraced by the commercial mosquito control industry, shelf-life 

must increase, cost must decrease, and incidences of contamination must diminish 

(Vandergheynst et al. 2006). 

According to Vandergheynst et al. 2006, three main strategies are being pursued.  

One strategy is to experiment with new formula ingredients (but using the same 

zoospores), another is to strengthen fungal strains to produce heartier zoospores, and the 

third is to make more effective formulas from L. giganteum oospores (Vandergheynst et 

al. 2006).  Oospores survive desiccation and remain viable even following several years 

of storage, contrasting against the fragile zoospore counterparts (Vandergheynst et al. 

2006).   

In 2006, the team led by Vandergheynst researched formulation methods in an 

attempt to extend the viablility time of L. giganteum in the field. This group devised a 

special formula known as ―water in oil invert emulsions‖ with silica that extended the 

shelf life and spore viability from three weeks to over twelve weeks.  In this formula, 

special equipment is used to encapsulate each individual spore with water and then oil, 

thereby providing protection against desiccation (Vandergheynst et al. 2006).  This oil 
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formula also distributes spores more evenly, increasing the probability of an insect 

coming into contact with a spore.  Ultimately, storage time drastically increased so the 

number of applications that would be required to apply this mycoinsecticide should be 

dramatically reduced (Vandergheynst et al. 2006).   

A study exploring a formula made from both zoospores and oospores using 

Vandergheynst‘s  et al. (2006) strategy for creating L. giganteum formulas might produce 

interesting results if a group were to perform such a study. Potentially, the zoospores 

could initially infect the mosquito populations while the oospores matured.   

4.6.2 Leptolegenia chapmanni Seymour 

An additional fungus-like organism, Leptolegenia chapmanni, was examined for 

its Ae. aegypti larvicidal capabilities by a group of Argentinian researchers led by 

Pelizza, adding to the arsenal of fungal biological control agents. This mosquito pathogen 

inhabits a variety of locations including tree-holes, artificial containers, freshwater and 

brackish water flood plains, and woodland ponds (Mullens and Durden 2002; Pelizza et 

al. 2008). The researchers determined that L. chapmanni infects by two methods, 

providing evidence for the potential efficacy of the agent in inducing mosquito mortality. 

The more lethal process involves the encystment of motile zoospores on the larval 

cuticle, but death can result from germination of ingested zoospores (Pelizza et al. 2008). 

L. chapmanni was able to infect larvae for 51 days when kept at 25°C, 12 days at 35°C, 

and five days at 10°C, signifying a temperature-dependent relationship. The maximum 

zoospore production was 9.6 + 1.4 x 10
4
 zoospores/larvae after 48 hours at 25°C. Spores 

remain viabile for an average of five weeks when at 25°C.  
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Pelizza et al. (2008) indicated that one of the reasons they explored this fungus 

was that currently only one oomycete is widely recognized as a mosquito pathogen, L. 

giganteum; however, data comparing the two water mold species, L. giganteum and  L. 

chapmanni, were not provided. Perhaps a useful future study would systematically 

compare these two watermolds' (L. giganteum and  L. chapmanni) mosquito-killing 

potentials (Pelizza et al. 2008). 

Another group of Argentinian scientists tested the capacity for L. chapmanii to 

harm twelve different species of mosquitoes. Additionally this group examined L. 

chapmanii for possible adverse non-target effects (López et al. 2004). As outlined in 

Appendix E, few if any adverse effects were recorded on non-target species, and except 

for Isostomyia paranensis Brethes, Culex renatoi Lane & Remaalho, and Culex  castroi 

Casal & Garcia, all of the mosquitoes tested acquired fungal infections upon exposure to 

the fungal spores. Anopheles sp. and Ae. gambiae were among those tested and 

determined to be capable of acquiring infections of L. chapmanii (López et al. 2004).  

Charts in Appendix E show both the infections of L. chapmanii in non-target species and 

the infections in target species.  

4.6.3 Metarhizium anisopliae (Metschnikoff) Sorokin  

In addition to larvicidal species, fungal species with ovicidal capabilities are now 

being researched. For example, species already investigated for its adulticidal effects, M. 

anisopliae, is being studied for its ovicidal potential in Ae. aegypti eggs. Luz et al. (2008) 

determined in the laboratory that the fungus was effective in reducing eclosion rates but 

only when the eggs were saturated with water (Luz et al. 2008).  

4.8 Summary 
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Researchers at Wagenigen University are diligently working to determine if M. 

anisopliae could be used as a successful biological control agent. To summarize, the 

researchers have determined that both sheets and clay pots impregnated with spores can 

provide an adequate surface in which spores can be transmitted to mosquitoes, that 

attractants found in human sweat caused by microbial growth can enhance mosquito 

attraction to the reservoir of spores, and most importantly, that mosquito vectors can 

acquire M. anisopliae fungal infections (Scholte a et al. 2004 a; Scholte et al. 2005, 

Scholte et al. 2007, Farenhorst et al. 2008). Moreover, Read and Wagenigen research 

groups determined that following fungal infection, the mosquitos first become sluggish 

and less likely to take a blood meal, and then died, despite the fact that the groups used 

two different fungi (The Read and Blanford group used B. bassiana and the Wagenigen 

group used M. anisopliae). This is a two phased pathway that could reduce incidences of 

disease transmission (Blandford et al. 2005; Scholte et al. 2005; Kanzok et al. 2006; 

Scholte et al. 2007, Farenhorst et al. 2008).  

Using fungal biopesticides to control mosquito populations could be 

advantageous for several reasons. First, Blanford et al. (2005) and Scholte et al. (2005) 

have shown that mosquitoes already weakened by plasmodia infection are attacked by 

fungi more frequently than others.  This indicates that the mycoinsecticide can target the 

desired infected organism with some regularity (if malaria control is the goal) (Blanford 

et al. 2005; Scholte et al. 2006).  Chance mutations that transfer resistance are also 

diminished due to incubation timing because by the time the mosquito is affected by the 

fungus they will have produced offspring without mutations (Kileen et al. 2000; Blanford  

et al. 2005; Scholte et al. 2005; Ghett et al. 2006).  
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4.9 The Future and Barriers to Entomopathogenic Fungal Biological 

Control of Mosquitoes. 

The use of entomopathogenic fungi to control mosquito populations requires more 

research before commercial uses will be possible. In particular, techniques to increase 

efficacy need to be discovered, the control method needs to be proven to be economically 

sound, and ecological concerns need to be considered. Some researchers suggest that 

genetically altered fungi strains may be more viable thereby decreasing the time to death 

(Thomas and Read 2007).    

However, in the case of malaria, the less virulent strains could still effect 

transmission.  If the spore adheres to the mosquito early in its life, either as larvae or a 

young adult, more virulent strains would not be needed because the fungi takes 4-11 days 

to kill the adult and the plasmodium needs 14 days to develop. While increased virulence 

would assure rapid death of the insect and potentially reduce incidence of diseases like 

dengue, incidences of resistance could increase.  
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Chapter 5:  Mycoinsecticides and Vector Control of 

Triatomines  
 

As discussed in Chapter 2, triatomines, endemic to Mexico and Central and South 

America, are the medically important vectors of Chagas Disease, an illness affecting 

millions.  While some synthetic pesticides effectively control triatomines indoors, these 

pesticides degrade too rapidly to provide effective pest control outside (Daly et al. 1998; 

Hargreaves 2000; Zaim and Guillet 2002; Luz et al. 2004).  Additionally the same basic 

pesticides are used in triatomine control as other vector control; therefore, the same 

problems occur as discussed in prior chapters (Daly et al. 1998; Hargreaves 2000; Zaim 

and Guillet 2002; Luz et al. 2004).  Furthermore, the risk of triatomine resistance is also a 

factor that compromises control efforts (Daly et al. 1998; Hargreaves 2000; Zaim and 

Guillet 2002; Luz et al. 2004).  More effective and safe control measures are necessary to 

prevent continued loss of lives and again, entomopathogenic fungi could aid in such 

measures (Daly et al. 1998; Hargreaves 2000; Zaim and Guillet 2002; Luz et al. 2004).   

  Triatoma infestans, Klug is the most important triatomine vector of Chagas 

disease and the potential for this vector and its parasite, T. cruzi, to spread to new areas 

could place many more Latin Americans at risk (Da Costa  et.al 2003).  Until fully 

effective treatments and cures for Chagas disease become available, control of the 

triatomine vectors will continue to be the best way to reduce Chagas disease infections 

and subsequent fatalities (Da Costa  et.al 2003).  This chapter will discuss the biology of 

triatomines and the possibility of using entomopathogenic fungi as triatomine biological 

control agents. 

5.1 Biology, Ecology and Distribution of Triatomines 
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 Triatomines are found in a variety of ecological niche, but those that typically  

transmit Chagas Disease to humans flourish in rural areas around mud huts with thatched 

roofs, and feed on human blood (Mullen and Durden 2002; Cook and Zumla 2003; CDC 

2008).  However, they are nocturnal, relatively slow moving, and typically bite while the 

human host is sleeping; often on the face (Mullen and Durden 2002; Cook and Zumla 

2003; CDC 2008).   

 All triatomine species (Hemiptera: Reduviidae) have the potential to transmit T. 

cruzi; however, T.  infestans is by far the most common Chagas disease vector (Mullen 

and Durden 2002).  Table 5.1 lists the well-established human vector species.    

Table 5.1: The significant triatomine vector species of Chagas disease and 

 their regional location (Mullen and Durden 2002).   

Rhodnius prolixus Southern Mexico, Guetamala, El Salvador, Honduras, 

Nicaragua, Costa Rica, Colombia, Venezuela 

Triatoma infestans Peru, Bolivia, Brazil, Paraguay, Argentina, Uruguay, and 

Chile 

Triatoma dimidiata Mexico south to Ecuador and Peru 

Triatoma pallidipennis Mexico 

Triatoma phyllosoma Mexico 

Rhodnius pallescens Panama, Columbia 

Triatoma maculate Colombia, Venezuela, Netherlands Antilles, Guyana, 

Suriname 

Triatoma brasiliensis Northeastern Brazil 

Panstronglylus herreri Northern Peru 

Panstronglyus  megaistus Brazil, Paraguay, Argentina, Uruguay 

Triatoma guasayana Bolivia, Paraguay, Argentina 

Triatoma sordida Bolivia, Brazil, Paraguay, Uruguay, Argentina 
 

These blood-sucking insects have acquired many different common names including 

kissing bug, conenoses, barbeiro, bicudo, chupao, vinchicca, bush chinch, chipo, pito, 

chinchorro, chirimacho, iquipito, and chupon, reflective of the large area in which these 

bugs reside (Mullen and Durden 2002).  Interestingly, human behavior may have 

inadvertently elevated populations of triatomines in certain instances.  For example, 
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Romaña et al. (2003) hypothesizes that Panamanian deforestation between the 1940s and 

the 1970s led to a substantial increase in the population of the palm, Attalea butyracea 

(Mutis ex Lf) Wess. Boer.  This palm regularly serves as a habitat of Rhodnius pallescens 

Barber a Chagas disease vector. Romaña‘s group suggests that this palm population 

increase led to an increase in R. pallescens populations (Romaña et al. 2003).  

Triatomines live in close association with different reptiles, mammals, and birds residing 

in the location where these animals nest or burrow, including palm trees, hollow trees, 

burrows, and rock crevices (Mullen and Durden 2002; Cook and Zumla 2003).   

Triatomines are between five and 45 mm long, though the majority of them are 

20-28 mm.  They are typically black or dark brown and often have yellow, orange, or red 

patches on their abdomen (Mullen and Durden 2002; Cook and Zumla 2003).  They have 

a distinct neck and  two prominent compound eyes, and ocelli are also present. The part 

of the head in front of the eyes is cylindrical to coned, providing the explanation for one 

the common names of the bugs, conenoses.  The antennae are filiform and four 

segmented, and the rostrum has three segments.  The hemelytra or forewings are leathery 

on the basal portion, whereas the hind wings are membranous.  The abdomen has eleven 

segments (Mullen and Durden 2002; Cook and Zumla 2003). Appendix I contains 

triatomine photographs and distribution maps. 
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Figure 5.1 Triatoma infestans, From left to right, dorsal view, side view 

 (CDC 1976 a; CDC 1976 b) Reprinted with permission from the CDC. 

Triatomines exhibit hemimetabolous metamorphosis with five instars.  All the 

instars require blood to survive and grow.  Females lay an average of 200 eggs and are 

ready to mate once they have taken at least one blood meal one to three days following 

the last molt (Mullen and Durden 2002; Cook and Zumla 2003).  

In relation to humans and animals, there are three different categories of 

triatomines, namely sylvatic, peridomestic, and domestic, which distinguish the species‘ 

host preference.  Sylvatic triatomines feed on wild animals and live in their nest or 

burrows.  Peridomestic triatomines live in close association with domestic animals.  

Domestic triatomines live inside human dwellings.  Peridomestic and domestic 

triatomines are of the most concern to humans (Mullen and Durden 2002; Cook and 

Zumla 2003).  

When hosts are available, triatomines feed every four to nine days, although they 

can live without a blood meal for months.  The bug consumes blood by using serrated 

mandibular stylets to cut through the epidermis to reach the blood vessel, and then it uses 

its rostrum to suck the blood (Mullen and Durden 2002).  Upon finishing the meal, most 

triatomines defecate immediately on the host.  The feces contain the Chagas disease 
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parasite, and this parasite can survive without a host for up to 30 days.  Triatomine adults 

can consume as much as three times its body weight in blood, and nymphs can consume 

six to twelve times its body weight in blood (Mullen and Durden 2002; Cook and Zumla 

2003).  

Hundreds of triatomine species exist and all are capable of transmitting Chagas 

disease, should they feed on humans; however, the majority of triatomines feed on other 

organisms.  Nonetheless, it has been shown that sylvatic triatomines can live in 

peridomestic or domestic habitats, thereby taking human blood meals,  especially if a 

natural disaster were to alter the availability of their normal hosts (Mullens and Durden 

2002; Cook and Zumla 2003). Additionally, if the normal human hemophagous species 

(typically T. infestans) were to be completely eradicated, a sylvatic triatomine could 

move in and fill an unoccupied ecological niche.  A study in Argentina has shown that in 

this country, some sylvatic species could become significant vectors of human Chagas 

disease by such a mechanism, complicating control measures (Canale et al. 2000).  

Chagas disease control programs are faced with the additional problem of 

chemical insecticide resistance.  Studies such as those by Zerba et al. (1999), Vassena et 

al. (2000), Sfara et al. (2006) have demonstrated that triatomines can acquire resistance 

to insecticides. In these studies, the researchers show that both T. infestans and R. 

prolixus could develop resistance to pyrethroid deltamethrin (Vassena et al. 2000).  For 

this reason, it is imperative that IVM practices be implemented, new biological and 

physical control methods be developed, and specifically that multiple chemical 

insecticides are used in rotation and conserved when possible (Sfara et al. 2006).  The 



100 

   

next section will discuss how fungal biological control can also be used against T. 

infestans.   

5.2 Entomopathogenic fungi and triatomine control  

Although Chagas disease control could potentially benefit from incorporation of 

fungal biological control agents, this field is relatively understudied. However, with the 

advent of triatomine chemical insecticide resistance, alternative pest control options must 

be pursued with vigor.  Currently, most of the research has been with B. bassiana under 

teams led by Luz and Fargues  (Luz et al. 1997; Luz et al. 1998; Luz et al.1999a; Luz et 

al.1999b; Luz and Fargues 1999c; Luz et al. 2000; Fargues and Luz 2000; Luz et al. 

2003a; Luz et al. 2003b; Luz et al. 2004a; Luz et al. 2004b; Luz et al. 2004c; Luz et al. 

2005) 

 5.2.1 Determining the fungal pathogens of Triatomines 

 Inventorying the common and prolific triatomine fungal pathogens is an important 

undertaking.  Luz et al. (2004 a) of the Instituto de Patologia Tropical e Saúde Pública, in 

Goiana, Brazil, took soil samples from the typical habitats of triatomines from a central 

Brazilian farm.  The researchers collected and cultured 148 soil samples.  Many different 

fungal species were located in the cultures; however, these researchers did not have the 

resources to identify and test all of the species.  The team quantitatively selected M. 

anisopliae and B. bassiana from the fungi identified in the soil samples. Thirty-one 

isolates of M. anisopliae and fifteen isolates of B. bassiana were cultured from the soil 

samples and tested on T. infestans to determine pathogenicity.  All isolates were 

determined to be virulent; therefore, potential control agents (Luz et al. 2004 a). 
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While researchers only studied the B.bassiana and M.anisopliae strains, they 

indicated that there were other fungal species on the cadavers (Luz et. al 2004a).  Studies 

of these entomopathogenic fungi could potentially expand the arsenal of effective 

triatomine fungal biological control agents.  In 2004, the Luz team also published the first 

triatomine biological control study on the fungus, Evlachovaea (Luz et al. 2004b).  

Hopefully, future research will include more exploratory studies like this one. 

Another group under Marti (2005) of the Centro Regional de Investigaciones 

Científicas y Transferencias Tecnológicas in La Plata, Argentina, sought to determine the 

native prevalence of B. bassiana in an Argentinean population of T. infestans.  They 

determined that in a survey of 301 adults and 274 nymphs, 3.3% of the adults and 1.5% 

of the fifth instar nymphs were infected with B. bassiana isolates (Marti et al. 2005).  

These small results are significant because they indicate that this fungus does naturally 

infect T. infestans (at least in Argentina).  If B. bassiana populations were sustained at a 

higher level in nature, T. infestans populations could possibly be reduced.  

Two studies by Moraes et al. (2001 and 2006) of the Instituto Oswaldo 

Cruz/FIOCRUZ of Rio de Janeiro RJ, Brazil on the fungi found in the gastrointestinal 

system of triatomines should also be briefly mentioned; although, further studies on their 

implications have not yet been completed.  The first study published in 2001 identified 

393 different isolates of fungi from 699 triatomines belonging to the species T.infestans, 

Triatoma brasiliensis Nieva, Triatoma sordida Stal, Triatoma pseudomaculata Corrêa e 

Espínola, and Triatoma vitticeps Stal (Moraes et al. 2001).   

In their 2004 study, they reported obtaining 365 fungal isolates from 515 

triatomines belonging to the species Rhodnius prolixus Stal, , Rhodnius neglectus Lent, 
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Dipetlanogaster maximus Uhler, and Panstrongylus megistus Burmeister, (Moraes et al. 

2004).  The fungi identified during both studies known to be toxic or detrimental to 

insects or other animals were Penicillium corylophilum Dierckx, Aspergillus nigers 

Tieghem, Aspergillus flavus Link, Aspergillus ochraceus Wilhelm, Aspergillus 

parasiticus, Fusarum sp. Penicillium citrinum Thom, Penicillium implicatum Biourge, 

Penicillium viridicatum, and An. fumigates.  It is important to note that the first two 

species on this list were among the most abundant species found in this group (Moraes 

2001; Moraes 2006).  Before any biological control implications can be made based on 

the overall findings, pathogenicity studies of these fungi on triatomine species are 

required. 

5.2.2 Control of Triatomines with Beauveria sp. and Metarhizium 

  5.2.2.1 Early studies on the requirements of B. bassiana and M. 

anisopliae- 

B. bassiana and M. anisopliae have received the most attention from fungal 

biological of insects; however, due to B. bassiana’s greater cold tolerance, it has received 

more attention than M. anisopliae. The majority of triatomine fungal biological control 

research has been completed by groups lead by Luz, Fargues, and Romaña.  This section 

will discuss the current findings pertaining to triatomine fungal biological control 

Romaña and Fargues (1992) were some of the first to examine B. bassiana and its 

potential to control Chagas disease vectors.  In their joint study, they examined the 

susceptibility of different stages of triatomines to B. bassiana.  By spraying various 

concentrations of B. bassiana mycoinsecticides directly on R. prolixus they determined 

that all stages were susceptible.  The two oldest stages, fifth instar and adult, were the 
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most susceptible while the first instar was the least susceptible, since it required a 

mycoinsecticide concentrated 700 times more than the concentration used for the adult 

(Romaña and Fargues 1992).  This group also determined that the fungal infections 

depended on temperature and moisture levels.  The ideal temperature was determined to 

be 25° C and the moisture levels should be close to saturation (Romaña and Fargues 

1992). 

The Luz and Fargues team began to study B. bassiana to determine its virulence 

to R. prolixus and conidial germination requirements (Luz and Fargues 1997). They 

determined that B. bassiana was virulent to R. prolixus and that in saturated 

environments, the conidia germinated at temperatures from 15-35°C at a rate of 95% or 

more.  However, conidial germination was delayed in the most extreme temperatures 

tested, namely, 15°C and 35°C (Luz and Fargues 1997). Lower relative humidity (RH) 

levels also delayed the process.  For example, at 25°C and 95.5% RH, the conidia took 20 

hours to germinate, while at the same temperature but with a reduction to 90% RH, the 

conidia required 72 hours to germinate (Luz and Fargues 1997). 

Luz et al. (1998a) later examined the potential of several strains (which are listed 

in Appendix F) of M. anisopliae  and B. bassiana as to be used as biological control for 

T. infestans.  The investigators sought to determine if M. anisopliae germination was 

possible at 50% humidity.  To test this possibility, they cultured the fungus and made it 

into a conidial suspension (Luz et al. 1998 a).  The T. infestans were placed in this 

suspension for six seconds and then put in a laboratory environment with a 50% humidity 

level.  The outcome of this procedure was a ranged from seven to eleven days with 50% 

survival of triatomines and a mortality rate of 45-90%, depending on the mycoinsecticide 
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concentration and strain used.  The most virulent of the strains tested were CG144 and 

CG491 (Luz et al. 1998 a).  It is important to note however, that attaining contact with 

the triatomines‘ cuticle can be difficult, thus results of any fungal triatomine biological 

control test may vary drastically even within a single strain. 

Luz et al. (1998a) also explored T. infestans control potential by B. bassiana.  

Using the same procedures, the group determined that at 50% RH, this fungus exhibited a 

17.5-97.5% mortality rate on the T. infestans and a 50% survival time of seven to eleven 

days.  Again, this value depended on the strain used or the mycoinsecticide‘s 

concentration.  They found that virulence levels greatly diminished with less than 50% 

RH and that temperatures of 20-25°C (the average temperature range of most of the 

regions inhabited by T. infestans) produced the highest virulence rate. The effect of the 

strain used varied in virulence with strain CG306 being the most virulent, closely 

followed by strains CG14 and CG24 (Luz et al. 1998a).  In short, this study showed that 

different humidity levels play an enormous role in the ability of B. bassiana to infect T. 

infestans.  The temperatures and the particular B. bassiana strains used are also important 

variables, but to a lesser degree (Luz et al. 1998a).       

 Recycling or natural propagation of B. bassiana within triatomine populations has 

not yet been shown to occur in field studies.  Since the Marti et al. 2005 study reported 

the existence of B. bassiana in naturally occurring triatomine populations; it is thought 

that recycling must occur in these populations. Recycling is important because fewer 

applications of the mycoinsecticide would be needed.  

Luz et al. (1998 b) set out to determine if recycling could occur in controlled 

laboratory settings.  The group analyzed the abiotic and biotic factors of B. bassiana 
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recycling by sporulation on Rhodnius prolixus.  They also sought to understand whether 

or not recent blood meals affected sporulation rates, but they did not observe significant 

variations on the sporulation rate between recently fed triatomines and those that had not 

been recently fed.  They determined that under optimal conditions (near 100% humidity 

and 25
 o
C), sporulation occurs four to five days after the death of the R. prolixus.  Using 

four different isolates of B. bassiana (INRA 297, INRA 252, Bb INRA-G, and T4), at 

97% RH and 25
 °
C, 5.3 x 10

 6 
 to 1.7 x 10

 8 
conidia per insect were produced (Luz and 

Fargues 1998 b). When temperatures were raised to 28
 °
C, sporulation significantly 

decreased and at 35
 °
C, sporulation ceased.  Sporulation also ceased at RH levels lower 

than 96.8%.  The researchers concluded that high humidity requirements are the most 

restricting ecological necessity of B. bassiana and speculated that recycling most likely 

occurs only during the rainy season because of this humidity requirement (Luz and 

Fargues 1998 b). 

In 1999, Luz et al. (1999a) further examined the potential of B. bassiana (isolate 

CG 306) as a triatomine control agent in a combined laboratory and field study.  They 

studied the effects of a mineral emulsifier on germination rates, the effects of exposure 

time on infection rates, the mortality rates of T. infestans in both laboratory and the field 

settings, and the effects of particular application techniques (Luz et al. 1999a).  

An indirect application method was used to infect T. infestans by placing filter 

paper treated with B. bassiana conidial suspensions of varying concentrations through 

vacuum filtration.  These papers were then placed in gauze cups in the laboratory and in 

homes in the field study.  For each concentration, one group of T. infestans was exposed 

to the spore-inoculated filter paper for one hour and another set was exposed 
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continuously to the filter paper (Luz et al. 1999a).  The researchers determined that to 

reaching a 50% survival rate in the laboratory setting required between 15-21 days of 

continuous exposure to 3x10
6  

conidia/cm
2
. Increased conidia concentrations of 3x10

7 

conidia/cm
2 

did not increase infection levels. Continuous exposure to conidia was more 

effective than one hour of insect exposure to the mycoinsecticide-treated papers since the 

LC50 increased to 2.0x10
7
conidia/cm

2 
when exposure was merely one hour (Luz et al. 

1999a). 

The 2% mineral-oil based emulsifier used in the experiment was shown to have 

no effect on germination of conidia in vitro, though higher levels did significantly reduce 

germination rates (Luz et al. 1999a).  Formulas with 2% emulsifier required fewer 

conidia than unformulated conidia suspensions to achieve the same results (Luz et al. 

1999a). 

In the field experiment, B. bassiana filter papers sprayed with 10
7

 conidia/cm
2
 

dosages were placed in houses and the third instar nymphs of T. infestans were released 

(Luz et al. 1999a).  25 days after inoculation, the insect population recovery was much 

lower than in the control house. Triatomine mortality rates in the treated houses were 

38.1- 93.8%, while the control group had a negligible mortality rate during the course of 

the experiment.  It is important to note that the field studies required higher 

concentrations of conidia for the same results as the laboratory studies (Luz et al. 1999a).  

The last important consideration of this study is that the conidia in the formulas remained 

over 98% viable for the duration of the 25 day field and laboratory study (Luz et al. 

1999a). 
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Another study by Luz et al. (1999b) determined the extent of sporulation and its 

effect on recycling B. bassiana in T. infestans populations.  They used the isolates CG14, 

CG24, CG306 and CG474 and incubated T. infestans cadavers at 15
°
C, 20

°
C, 25

°
C, and 

30
°
C.  Isolate CG474 produced a significantly higher yield of conidia than the rest of the 

isolates, and over all the temperatures tested all the isolates produced substantially fewer 

conidia at temperatures 15
°
C and 30

°
C.  Universally, the highest conidia production 

levels resulted when the T. infestans cadavers were incubated at 25
°
C and 97% humidity 

(or greater) (Luz et al. 1999 b). 

Juarez et al. (2000) of the Instituto de Investigaciones Bioquimicas de La Plata, 

Facultad de Ciencias Médicas, investigated the lethality of B. bassiana and M. anisopliae 

to T. infestans, attempting to determine why Mean Lethal Time (MLT) rates vary even 

under the same optimal conditions (25
°
C and RH above 97%) (Juárez et al. 2000). The 

strains Bb10, Bb5, and Ma6 were used and fungi were grown in alkane or glucose 

medium to determine if culture medium influences the infection and mortality rates of 

triatomines (Juárez et al. 2000).  Both culture media were identical except that the 

glucose medium contained 10 g glucose and 5 g yeast extract, while the alkane media 

contained n-octacosane (Juárez et al. 2000). 

The glucose medium produced the fastest Mean Lethal Time (MLT).  A full 

100% mortality was achieved in 5.8 days for Ma6, 7.7 days for Bb5, and 11.1 days in 

Bb10 (Juárez et al. 2000).  The glucose and alkane culture media did influence the lipid 

constituents of the fungi. The fungi cultured on alkane medium mostly had 

triacylglycerols and the fungi grown on glucose medium had a lipid composition 
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dominated by sterols (Juárez et al. 2000).  This study demonstrated that different fungi, 

fungal strains, and culture medium can influence triatomines MLT of (Juárez et al. 2000). 

In 1999 and 2000, Fargues and Luz further examined B. bassiana’s potential in 

controlling R. prolixus populations (Luz and Fargues 1999 b; Fargues and Luz 2000).  

Similar to their 1998 study with T. infestans, they reported in both of these subsequent 

studies that high humidity levels and specifically the initial RH were crucial to B. 

bassiana’s ability to induce R. prolixus’ death.  Temperature was also an important 

aspect; however, more moderate temperatures tested, these between 15
°
C and 35

°
C, did 

not significantly affect the results.  Only at 15
°
C and above 30

°
C showed significantly 

lower mortality rates (Luz and Fargues 1999 b; Fargues and Luz 2000).   

The 1999b study tested R. prolixus 1
st
 instars at RH levels between 75% and 

100% at the ideal growing temperature of B. bassiana, 25
°
C.  The initial humidity was 

the important factor in this process.  As long as the initial humidity was above 96% or 

more, 100% mortality rates were observed. The RH levels tested that induced 

approximately 100% mortality were those above 96.5%: 96.5%, 98.5%, and 100%.  

Below 95.5% initial RH, mortality rates were less than 50% (Luz and Fargues 1999 b).  

The 2000 study expanded upon the latter study by examining the effects of 

fluctuating RH levels and temperatures under a constant dose of 3 x10
5
 conidia/cm

2
 of B. 

bassiana.  In order for R. prolixus’ mortality rate to be greater than 50%, the RH had to 

be more than 96.5% for at least two days and at least eight hours per day on all 

subsequent days.  Fargues and Luz stated that the weather-determined windows of 

opportunity must be recognized for B. bassiana to be best used (Fargues and Luz 2000).  

5.1.2.2 Additional Studies of Beauveria sp. Metarhizium sp. 
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A more recent study by Luz et al. (2003 b) further developed knowledge of R. 

prolixus by investigating the effects of blood meals and different development stages on 

R. prolixus’s susceptibility to B. bassiana infections because both of these entities 

resulted in triatomine molting.  They examined the differences in the number of fungal 

infections in starved and engorged triatomines and between different instars and adult T. 

infestans development phases (Luz et al. 2003 b).  Their results indicated that both 

engorged and starved T. infestans acquired B. bassiana infections at the same rate; 

however, different stages of development did effect fungal infections. Since T. infestans 

nymphs were more susceptible to B.bassiana before and after molting (Luz et al. 2003 b). 

A separate group, Lecuona et al. (2001) corroborated Luz and Fargues findings in 

a laboratory study.  Lecuona et al. found that B. bassiana could have lethal effects in over 

95% of the population of T. infestans (Lecuona et al. 2001).  Several stains of B. bassiana 

isolated from Hemiptera and Lepidoptera hosts were cultured on complete agar medium 

(CAM) which included glucose, agar, and yeast extract, or wheat bran and rice husk 

medium (WH).  The cultures were then used to treat T. infestans that were placed in 

chambers under varying temperatures and humidities.  The effects at 26°C at both 35% 

and 90% humidity were that nearly all of the tested T. infestans samples were infected 

and between 96% and 98% T. infestans were killed. This temperature also yielded the 

largest number of fungal colonies (Lecuona et al. 2001).  Slight temperature variation 

significantly affected the mortality rate.  At 22°C, only 27-73% of fungi were killed and 

at 30°C, just 74 -79% of the T. infestans died(Lecuona et al. 2001).  These data further 

demonstrate the temperature limitations of B. bassiana biological control, but are not 
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consistent with previously described studies in terms of humidity since significant death 

occurred at 35% RH.  It is unclear whether this discrepancy exists.  

The virulence and lethal properties of B. bassiana strains varied significantly as 

well.  The strain Bb10 was determined to be the most virulent.  The MLT for this strain 

was 4.8 days in adults and 7.1 in nymphs with 100% mortality on both CAM and WH 

media (Lecuona et al. 2001).  The MLT of other strains ranged from 5.4-7.5 days in 

adults to 6.5-7.3 days in nymphs.  The group also reported that B. bassiana adversely 

affected eggs of T. infestans but did not provide specific evidence to support this claim 

(Lecuona et al. 2001).  Overall, the percent mortality values of B.bassiana strains were 

100% for the nymphs grown on CAM, 97.5% for nymphs grown on WH, 75-100% for 

adults grown on CAM, and 93-95% of adults grown on WH (Lecuona et al. 2001).  The 

LC50 ranged from 2.10 x 10
6
 (confidence interval (CI) 1.3-3.2) to 21.7 x 10

6
 (CI 12-53) 

conidia/ml (Lecuona et al. 2001).  

 In the same study, investigators also examined the effects of using two different 

pesticides, Deltamethrin (K-Othrina FW 0.75% Aventis, Argentina; field rate: 25 mg 

[AI]/m
2
) and Beta-Cypermethrin (Sipertrin FW5%, Chemotecnica, Argentina; Field rate: 

50 mg [AI]/m
2
), in conjunction with B. bassiana (Lecuona et al. 2001).  The researchers 

examined the combinatorial effects of 10, 50, and 100 percent concentrations of these 

two pyrethroids and determined that Deltamethrin did not demonstrate inhibitory effects 

on B. bassiana growth whereas Beta-Cypermethrin significantly affected B. bassiana 

growth starting at 50% concentration, and halting all growth at 100% concentration 

(Lecuona et al. 2001). 
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Another group under Luz et al. (2005) examined the effects of how the 

constituents of different 10% oil mycoinsecticide formulations affected T. infestans and 

B. bassiana.  Oil formulations typically have three parts: surfactants, oil, and water (Luz 

et al. 2005).  Surfactants, which are wetting agents and oils, which protect the spores 

from desiccation, are important to the mycoinsecticide formulas.  The oils tested were 

linseed, Linum usitatissimum L. (Linaceae) (Naturata, Germany); soybean, Glycine max 

L.; groundnut, Arachis hypogaea L. (Papilionaceae); rapeseed, Brassica rapa L. 

(Cruciferae); thistle, Carduus sp.; sunflower, Helianthus annuus L.(Compositae); olive, 

Olea europaea L.  (Oleaceae); sesame, Sesamum indicum L.  (Pedaliaceae); corn, Zea 

mays L. (Gramineae), and castor, Ricinus communis L. (Euphorbiaceae); and Orbygnia 

speciosa (Palmaceae) (Luz et al. 2005).  None of the oils detrimentally affected 

germination rates.   Corn oil yielded the highest germination rate which was 92.5%, 

64.3% higher than the control.  Two other oils, soybean and thistle, elevated germination 

rates, but only by approximately 10% (Luz et al. 2005). 

The oils did not adversely affect the survival rates of any of the triatomine 

nymphs; however, oils did affect the settling behaviors of the nymphs because the 

nymphs found the oils unattractive and avoided the mycoinsecticide. Since the oil helps 

adhere the conidia to the triatomine, oil formulas must be used; although, formulas with 

minimal oil concentrations were preferable (Luz et al. 2005). 

Several surfactants were shown to inhibit B. bassiana growth.  The surfactants 

tested were either non-ionic or anionic in vol/vol concentrations of 0.1%, 0.5%, 1%, 

2.5%, 5%, and 10% (Luz et al. 2005).  The non-ionic surfactants studied were MP 6400® 

(monoleate glycol polyethylene) MP 600®, Renex 60® (nonyl phenol), Renex 95®, or 
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Span 80®, Tween 20® (polyethylene sorbitan monolaureate) and Tween 80® 

(polyoxyethylene sorbitan monoleate) (Luz et al. 2005).  The anionic surfactants 

reviewed were DOS 75® (dioctyl sodium sulfosuccinate), Hostapaval BVQ 9® (nonyl 

phenol 9 EO sodium sulphate) and Surfax 220® (sodium lauryl sulphate) (Luz et al. 

2005).  In higher concentrations, above 2.5%, most surfactants retarded B. bassiana 

growth to below a 2% rate.  Surfax 220® and DOS 075® even reduced germination rates 

to 0-2% at only 0.1% concentration (Luz et al. 2005).  On the other hand, B. bassiana 

treated with Hostapaval maintained a significant germination rate and only at 5% 

concentration did the rate fall below the control to 15%.  Even at 10% concentrations, the 

surfactant reduced the rate to 9%, but did not eliminate germination.  Based on these data, 

surfactants can be used at low concentrations in mycoinsecticide formulations (Luz et al. 

2005). 

The Luz group also examined the techniques of applying the formulation.  As 

other researchers have reported, B.bassiana requires humidity levels near saturation in 

order to germinate.  However, this could be accomplished using oil-water formulas to 

create high humidity microclimates such that high environmental RH levels are not 

required (Luz et al. 2005).  Luz et al. 2005 showed that spraying the mycoinsecticide 

directly on the insect is also more effective than spraying around the habitat, as greater 

adherence between spore and cuticle occurs, but acknowledged that this is not a practical 

technique (Luz et al. 2005). 

In another field study, Luz et al. (2004c) examined how spraying B. bassiana 

mycoinsecticide inside hen houses affected T. sordida populations.  B. bassiana isolate 

CG14 was used in this study, and the mycoinsecticide was sprayed on the walls and the 
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floor of the hen house.  The results were assayed 25 days following the initial exposure.  

Despite the RH levels being lower than 97% for fourteen or more hours per day, a 

significant number of triatomine deaths occurred (Luz et al. 2004c). The researchers 

determined that 7.3% of the triatomines remained in the mycoinsecticide-treated hen 

houses compared to the 42.9% remaining in the control hen house.  These results 

demonstrated that recycling did occur, and T. sordida populations were reduced with B. 

bassiana.  The next step would be to conduct studies that integrate B. bassiana into 

comprehensive IVM programs.  One important consideration of this study is that 

triatomines are easily camouflaged and are therefore hard to find and identify which 

could have slightly skewed the results of this study (Luz et al. 2004 c).   

A later study by Lazzarini et al. (2006) tested the efficacy of M. anisopliae and B. 

bassiana in controlling T. infestan populations.  This study tested 11 different strains of 

M. anisopliae, IP 220, IP 221, IP 222, IP225, IP 226, IP 227, IP 230, IP 232, IP 233, IP 

234, and IP 235, and eleven strains of B. bassiana, IP 155, IP 157, IP 161, IP 165, IP 170, 

IP 171, IP 180, IP 224, IP 228, IP 229, and IP 231.  Every strain tested produced a 100% 

mortality rate at RH levels greater than 98% and mortality rates of 25% or less at RH 

levels under 75%, confirming that humidity is a strong factor in germination of B. 

bassiana and M. anisopliae.  

To summarize, B. bassiana and M. anisopliae research to date demonstrates that 

neither fungus has the ability to control triatomine populations alone.  They could be 

integrated into IVM programs, especially during the rainy season and any other time 

when humidity levels are high.  Research has uncovered many significant findings 

including that B. bassiana and M. anisopliae are best used when humidity levels are 
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greater than 97% and temperatures are around 25
°
C (Romaña et al. 1992; Luz et al. 1997; 

Luz et al. 1998a; Luz and Fargues 1998b; Lecuona et al. 2001).  Additionally, large 

variations of MLT, recycling rates, and germination rates exist between different fungal 

species and fungal strains.  Invert emulsion formulations appear to be most effective and 

could be used for triatomine control. The culture media also influences the efficacy of the 

fungus.   

The search for a fungus or fungal strain potentially capable of controlling 

triatomines alone should continue. The ideal species would flourish and recycle at a high 

rate in relatively low RH.  While most of the triatomine fungal biological control work 

has centered around B. bassiana and M. anisopliae, a few other fungi have been 

researched and will be discussed in these next few sections. 

5.1.2.3  Triatomine biocontrol:  B. bassiana verses B. brogniartii 

 Gutiérrez et al. (2003) explored the differences between B. bassiana and its 

relative, Beauveria brongniartii (Sacc.) Petch to determine if one was more lethal to 

triatomines than the other.  They applied 1 x 10
7
 spores on canvas and infected fifth instar 

triatomines by allowing them to walk on the canvas.  After 22 days at 25
°
C and near 

saturated humidity, 100% of the B. brongniartii infected triatomines and 77.5% of the B. 

bassiana infected triatomines were dead.  These results demonstrate that B. brongniartii 

could be even more effective in triatomine control than B. bassiana (Gutiérrez et al. 

2003).   

This study highlights the need for expanding knowledge of additional 

entomopathogenic fungi.  While B. bassiana and M. anisopliae are ubiquitous fungi 

found world-wide, many other fungi that could produce comparable or better results than 
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these two frequently researched examples could exist.  The next section will discuss a 

few more potential fungal species which have been researched to a lesser extent. 

5.1.3 Additional Potential Entomopathogenic Fungal Species of 

Triatomines 

5.1.3.1 Evlachovaea sp.  

The Luz research group (2003) determined that Evlachovaea sp. is an 

entomopathogenic fungus that colonizes T. sordida, a discovery that could lead to the use 

of Evlachovaea as a biological control agent (Luz et al. 2003).  Luz‘s group (2004 b) 

expanded upon this discovery by studying the pathogenicity of existing Evlachovaea sp 

in 13 different wild species of triatomines.  They determined that overall, Evlachovaea 

sp.-inoculated triatomines experienced a 50.8% infection of Evlachovaea sp. alone, 

18.7% had both Evlachovaea and other saprophytic fungal infections, 25% were infected 

with only unidentified saprophytic fungi, and 5% did not acquire fungal infections (Luz 

et al. 2004 b). 

  5.1.3.2  Aspergillus giganteus and Penicillium corylophilum 

Da Costa et.al (2003) examined the lethal effects of Aspergillus giganteus 

Wehmer on triatomine nymphs.  This fungal species has been determined to be one of the 

most common species found on native triatomines (Da Costa  et.al 2003).  The group 

determined that this fungal species was capable of inducing an average 50% mortality 

rate in 1
st
 and 4

th
 instar T. infestans nymphs but was less effective at controlling 

Panstrongylus megistus Burmeister (Da Costa  et.al 2003).  

Da Costa et al. (2003) also studied the potential of Penicillium corylophilum 

Dierckx, another fungal species found on triatomines, to kill the nymphs of two different 
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triatomine species.  The group determined that P. corylophilum was able to kill above 

50% first instar (not the fourth instar) triatomine nymphs, P.  megistus and T. infestans 

(Da Costa  et.al 2003).   

5.1.3.3 Paecilomyces lilacinus 

   Marti et al. (2006) discovered an additional entomopathogenic fungus native to 

Argentina, called Paecilomyces lilacinus (Thom) Samson (Ascomycota: Hypocreales) 

(Marti et al. 2006).  The researchers collected 570 T. infestans specimens from many 

different triatomine-endemic areas of Argentina.  Three of the specimens were infected 

with P. lilacinus.  This was the first scientific record of P. lilacinus triatomine infections 

(Marti et al. 2006).  Figure 5.1 depicts P. lilacinus sporulating on T. infestans.   

The researchers conducted pathogenicity tests of 

this fungus on T. infestans and determined that at a dose of 

1 x 10
8
 P. lilacinus conidia/ml, a temperature of 25

°
 C, and 

a nearly saturated humidity level, the MLT was 12.8 days 

(Marti et al. 2006).  While the MLT was two times longer 

than B. bassiana, the fungus is still effective and could be 

used in mycoinsecticides (Marti et al. 2006).  Additional 

research into the ecological requirements of P. lilacinus, 

the nontarget effects of P. lilacinus, and additional efficacy 

studies should be pursued to determine whether P. lilacinus 

can be added to the arsenal of control agents (Marti et al. 

2006). 

5.3 Conclusions 

 

 Figure 5.1 P.lilacinus 

sporulating on T. infestans 

(Marti et al. 2006). 
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 The work to date on triatomine fungal biological control has centered on B. 

bassiana and to a lesser extent, M. anisopliae, both hyphomycetes fungi that invade 

insects‘ cuticles.  Both of these fungi are quite capable of inducing mortality in 

triatomines provided that the humidity levels are high and the temperatures are around 

25°C; however, water in oil invert emulsion formulations reduce the need for high 

humidity levels.  The less studied fungi like Evlachovaea sp., P. lilacinus, B. brogniartii, 

A. giganteus, and P. corylophilum discussed in this chapter should be further explored.  

The Moraes et al. (2000; 2006) studies on fungi within the gastrointestinal tract indicate 

that further research of the biological control potential of orally ingested fungi is 

warranted.  Unknown hyphomycetes species capable of triatomine control should 

continue to be explored along with other potentially entomopathogenic fungi. Finally, 

additional field studies incorporating B. bassiana and M. anisopliae into existing vector 

control programs should also be pursued.    
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Chapter 6:  Biological control of Two Diptera:  

Tsetse Flies and Sand Flies 

 Both sand flies and tsetse flies carry often fatal diseases in addition to being 

painful and annoying blood sucking pests.  Controlling these dipterans helps manage the 

diseases they carry.  Currently, most tsetse and sand fly control efforts rely heavily on 

pesticides, traps, and habitat alteration (Kaaya et al. 1994; Alexander and Mavoli 2003). 

Modern research on fungal biological control of tsetse flies and sand flies is relatively 

limited, despite a few promising reports of success (Kaaya et al. 1994; Maniania et al. 

2006).  However, tsetse fly control research using entomopathogenic fungi began as early 

as 1930 (Fenwick 1930).  Based on the triumphs of the very few studies completed, much 

more research is required so that control programs can reduce dependency on chemical 

insecticides and sand and tsetse fly-borne diseases can be eradicated without the 

environmental and health damage that accompanies extensive pesticide use. 

6.1 Tsetse Flies (Glossinidae) Biology and Ecology 

 Tsetse flies are hematophagous insects that include a number of species in the 

genus Glossina, which inhabit tropical and subtropical regions of Africa, and transmit 

one of the most dangerous tropical diseases, African sleeping sickness.  These flies prefer 

humid and shaded habitats including rainforests, swamps, mangroves, vegetation around 

lakes, rivers, and streams, and open country areas like dry thickets, scrub, and savanna 

woodlands (Mullen and Durden 2002; Cook and Zumla 2003).  Glossina sp. (Diptera: 

Glossinidae) are typically brown, black, or tan and are 6-14 mm in length.  Their 

proboscis consists of elongated stylet-like mouthparts (labrum and hypopharnyx) and 

their antennae are three-segmented.  Their eyes are large and brown or reddish (Mullen 
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and Durden 2002; Cook and Zumla 2003).  The wings are hyaline to dusky and are 

folded scissor-like across the back.  One of the discal wing cells is distinctly hatchet-

shaped.  The base of the abdomen is approximately the same width of the head and 

thorax (Mullen and Durden 2002; Cook and Zumla 2003). 

 

Figure 6.1 Glossiana morsitans (Rockefeller University) 

 Tsetse flies are able to reproduce one to three days after eclosion.  The female fly 

needs to mate only once because sperm is transferred in a spermatophore and stored in 

the female‘s spermatheca.  The female fertilizes only one egg at a time and the egg 

develop and hatch within the abdomen.  The first two larval instars are subsequently 

nourished within the female‘s body and then she deposits the larvae in sandy soil.  The 

larvae then burrow into the ground and pupate for 30 days after which the adults emerges 

(Mullen and Durden 2002; Cook and Zumla 2003).  Adults live for an average of 20-40 

days and develop young one-by-one in quick succession.  This reproductive strategy 

provides the tsetse fly with an increased likelihood of reaching adulthood; however, the 

strategy also means that the loss of an immature fly has a large impact on the next 

generation (Mullen and Durden 2002; Cook and Zumla 2003).   
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 Blood serves as the only food source for the tsetse fly.  To obtain the blood meal, 

the fly first lands on the host, grips the host‘s skin with its claws, and applies pressure to 

the skin‘s surface. Then with its teeth and rasps on the labellum and the labium, the fly 

penetrates the skin, causing hemorrhaging at the site of the bite (Mullen and Durden 

2002; Cook and Zumla 2003).  The labrum sucks the blood into the alimentary canal 

while the hypopharnyx pumps saliva with digestive fluids and analgesics into the wound. 

After one to ten minutes, the fly has consumed its blood meal, and weighs two to three 

times its original body weight (Mullen and Durden 2002; Cook and Zumla 2003).  

Finally, the fly slowly and clumsily flies to a nearby tree to rest and to digest the meal.  

Within the first 30 minutes of digestion, 40% of the meal‘s weight is secreted in a fluid 

comprised of mostly water, allowing the tsetse fly to quickly regain its normal mobility.  

Tsetse flies rely on blood as its sole food source; therefore, protein is this insects' main 

source of energy (Mullen and Durden 2002; Cook and Zumla 2003).   

6.2 Current Tsetse Fly Control Methods 

Major tsetse fly control methods currently used include insecticide spraying, bush 

clearing, host (such as domestic dogs) relocation or destruction, use of devices that attract 

tsetse flies to insecticide-treated traps, and sterile insect technique (Maniania and 

Odulaja 1998b).  Spraying insecticides on cows and other domestic animals prone to 

contracting T. brucei is another control method used to control tsetse flies and the 

diseases they carry.  For example, a recent study demonstrated that spraying just the belly 

and legs of the cow every two weeks as opposed to the entire cow once a month reduces 

the amount of pesticide used and is more efficacious (Torr et al. 2007).  Minimizing 

chemical insecticides used in tsetse fly control is ideal and could be accomplished in part 
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through biological control.  Chemical insecticides and fungi are often compatible; 

therefore, integrating the two together while reducing the amonts of chemical inputs 

would create a safer control plan without necessarily reducing efficacy (Kaaya and 

Munyinyi 1995). 

6.3 Tsetse Fly and Fungal Biological Control 

 Most research on fungal biological control of tsetse flies has been completed by 

two groups, one lead by Kaaya and another by Maniania.  Additionally, there are two 

main tsetse fly fungal control methods that have been explored.  One method involves 

applying dry fungal spores to the ground where tsetse fly larvae develop, whereas the 

other involves infecting adults with fungi through baited tsetse fly traps. As cited for 

biological control of other vectors, the application method is also thought to be the most 

difficult aspect of fungal tsetse fly control (Maniania 1998a).   

 Kaaya et al. (1989) determined that the tsetse fly, Glossina morsitans morsitans 

Westwood, was susceptible to B. bassiana, M. anisopliae, and Paecilomyces 

fumosoroseus (Wize) Brown and Smith (Deuteromycotina: Hyphomycetes) as well as 

Paecilomyces farinosus (Holmski) Brown and Smith. This group reported mortality rates 

of 60-95% in G. m. morsitans using B. bassiana and M. anisopliae and mortality rates of 

29-36% for the two Paecilomyces sp., although the pupae were determined to be 

naturally protected from fungal infection (Kaaya et al. 1989).   

The researchers point out that their experimentation was conducted at 70% 

relative humidity (RH) (Kaaya et al. 1989).  In contrast, the RH near lakes and bodies of 

water where tsetse flies live near is often close to 100% , which was subsequently 

determined to enhance fungal infections in at least other bugs, such as the triatomines 
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discussed in Chapter five (Luz and Fargues 1998; Luz et al. 1999).  Tsetse fly-specific 

studies at lower RH levels may be needed if the fungi are to be used in areas where the 

humidity is substantially less than saturation. 

 A subsequent study by Kaaya et al. (1990) explored the potential of horizontal 

transmission of fungi in adult tsetse fly populations.  G. m. morsitans were exposed to 

wet conidia of B. bassiana and within two weeks of exposure, 90-100% of the tsetse flies 

died.  The group determined that female to male transmission occurred.  Specifically, in 

their laboratory setting, the researchers determined that B. bassiana caused a 62% 

mortality in males exposed to fungi through the females and a 48% mortality rate 

occurred in a similar manner when M. anisopliae was used.  This study also confirmed 

that pupae were not infected by fungi due to scleritization (Kaaya et al. 1990). 

 More recently, Kaaya and Munyini (1995) examined the effects of mixing fungal 

spores in with the sands that comprise tsetse fly larvae habitat.  The researchers mixed a 

gram or a half-gram of B. bassiana or M. anisopliae in the sands of the tsetse fly larvae 

habitat.  Their experiment achieved high mortality rates, although lower spore 

concentrations resulted in lower mortalities (Kaaya and Munyini 1995).  The highest 

mortality rate achieved in this larval control experiment was 97% for B. bassiana and 

80% for M. anisopliae.  Confirming findings in previous studies, pupae mortalities were 

low and equivalent to the mortalities of the control group, 2-8%.  Most mortalities 

occurred between days two and ten of exposure.  To confirm infection, dead tsetse flies 

were incubated in order to developed fungal growth.  The authors state that because 

larviposition sites are relatively small areas, this technique of mixing sand and spores 

could be feasible (Kaaya and Munyini 1995). 
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 Maniania (1998a) researched infecting chambers for Glossina pallidipes Austen, 

G. longipennis Corti, and G. fuscipes fuscipes Newstead.  This idea is a modification of 

the ―trap and kill‖ control method currently used to control tsetse flies, but instead of 

killing the tsetse flies with chemical insecticides, the flies are infected with fungi and 

released back into the wild (Maniania 1998a). In the experiment, the goal was to attract 

the tsetse flies to traps baited with cow urine, have them enter the infection chamber, and 

become contaminated with fungus. The experiment was conducted at 20-26° C with RH 

of between 50 and 60%.  Additionally, the tsetse flies were sustained on rabbits. It was 

thought that, ultimately, these infected flies could be released into the wild and hopefully 

transmit the fungi to other tsetse flies when mating, as was demonstrated in a later study 

(Maniania 2006).   

Mortality rates for G. pallidipes, G. fuscipes fuscipes, and G. lonigpennis were 

around 0-80%.  As discussed in Chapter Five, contact between spore and insect cuticle is 

quite difficult; therefore, a dramatic range of results can occur between trials within a 

given fly species as was the case for this study.  The dimensions of the infection chamber 

or trap also significantly affected the outcome. Maniania (1998a) examined eight 

different chambers that varied in height, width, length, and amount of conidia.  Three of 

the chambers were completely ineffective, producing mortality rates of 0%.  The 

chambers with the largest dimensions and containing the largest amount of conidia 

produced the greatest mortality rates (Maniania 1998a).   

In another study, Maniania and Odulaja (1998b), investigated the effect of sex and 

age on the susceptibility of Glossina morsitans morsitans and Glossina morsitans 

centralus to M. anisopliae fungal infections.  They determined that females are more 
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susceptible than males (Maniania and Odulaja 1998b).  On average, male and female flies 

40 days old were killed in seven or eight days.  Twenty-day old G. m centraluses reached 

a 100% mortality rate by day seven whereas G. m. morsitanses took ten days to reach 

100% mortality rate (Maniania and Odulaja 1998b). The researchers suggest that M. 

anisopliae could be used to control residual populations of tsetse flies following initial 

suppression by other means (Maniania and Odulaja 1998b). 

Another recent study of tsetse fly control with entomopathogenic fungi was 

completed by Maniania et al. (2006).  The researchers conducted a field study that 

applied Maniania‘s (1998a) earlier laboratory findings.  In the field study, three different 

islands in Lake Victoria were used to compare the differences in effectiveness between 

fungi-treated tsetse fly traps, the ―trap and kill‖ method, and no treatment.  The goal was 

to determine whether autodissemination (horizontal transfer) occurs in tsetse populations 

using the ICIPE30 isolate of M. anisopliae  and if fungi could control tsetse fly 

populations more effectively than treated and baited traps (Maniania et al. 2006).   

Their results showed that if given sufficient time, M. anisopliae traps reduced 

populations more effectively than the ―trap and kill‖ method.  Initially, the fungus 

reduced tsetse fly populations by 82.4% compared to the control and the ―trap and kill‖ 

method reduced populations by 95.8% (Maniania et al. 2006).  However, five months 

after all the traps were removed from the islands, the fungus treated island had fewer 

tsetse flies.  Using survelliance traps, the island treated with the ―trap and kill‖ method 

had an average of 175 flies per trap per day whereas the fungus-treated island only had an 

average of 29 flies per trap per day (Maniania et al. 2006).   
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However, the researchers note that important factors could affect results including 

density of traps, type of vegetation present, and damage and theft to traps.  In this 

experiment the trap density was one trap for every 300-400 meters, the vegetation was an 

―impenetrable mix‖ that is difficult for tsetse flies to navigate, and the trap damage and 

theft levels were 8% per month (Maniania et al. 2006). 

  6.4 Sand Fly Biology and Ecology 

Sand flies, the vector of Leishmaniasis, are found in the order Diptera and the 

subfamily Phlebotominae. There are 800 different species of sand flies (Cook and Zumla 

2003), of which 70 are vectors of Leishmaniasis (Alexander and Mavoli 2003). They 

begin their life cycle as an egg, have four larval instars, and ultimately become winged 

adults.  During the day, the flies rest in dark areas.  They feed at dusk, and some are 

active during the night. Sand flies feed mostly on plants, although females need blood for 

oviposition (Cook and Zumla 2003).  These blood meals are the events that lead to the 

transfer of diseases.  Although a substantial amount of information is known about the 

biology of sand flies, a significant amount of information remains unknown compared to 

what is known about the previously discussed insect disease.  This lack of information 

combined with the behavior of sand flies severely hinders control efforts (Cook and 

Zumla 2003). 

Female sand flies feed on reptiles, amphibians, birds, and mammals, and typically 

each species has a preference for a particular reservoir.  Female lays 50-100 eggs and the 

larvae take 50-100 days to develop. Interestingly, the exact breeding location is not 

known, but researchers do know that the breeding areas are humid terrestrial areas (Cook 

and Zumla 2003). 
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Sand fly eggs are 400 µm long, elongate, and dark brown (Mullen and Durden 

2002; Cook and Zumla 2003).  The larvae are 5 mm long, elongate, white, and legless. 

Additionally, the larvae have short antennae, eyespots, dark setae, and heavy, toothed 

mandibles, and the abdomen has nine segments.  Pupae erectly attach to substrate and 

have clavate bodies (Mullen and Durden 2002; Cook and Zumla 2003).   

Adult sand flies are less than 5 mm long, are haematophagous, have densely 

hairy, grayish, brownish, or yellowish bodies, and have small hypognathous heads.  Sand 

flies lack occeli but do have large compound eyes (Mullen and Durden 2002; Alexander 

and Mavoli 2003).  The long, slender antennae have 12-16 segments. The thorax is 

humped and wings are large, broadly ovate or elliptical and pointed, densely hairy and do 

not contain cross veins.  The abdomen has six to eight segments and the mouthparts 

include a short proboscis, long, recurved, five-segmented palps with scattered setae, and 

distally toothed mandibles and maxillae (Mullen and Durden 2002).  Adults live in dark 

humid places like forest litter, tree trunks, tree hollows, plant leaves caves, burrows, 

nests, and livestock pens.  The adults can fly as far as 500 meters to 2.5 kilometers 

(Mullen and Durden 2002). 

Once females have taken a blood meal and mated with a male, they can lay their 

eggs in four different cycles of 30-60 eggs each (Mullen and Durden 2002).  These eggs 

hatch into larvae four to 20 days later.  The larvae feed on decaying matter and fungi for 

30-60 days and have four instars (Mullen and Durden 2002). Larvae become pupae that 

pupate for seven to eight days before the adult emerges (Mullen and Durden 2002). 
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Figure 6.2 Phlebotomus papatasi feeding on 

a human (Gathany 2006) 

 

6.5 Current Sand Fly Control Methods 

 Sand fly control remains a difficult problem because the usual techniques of 

applying control agents are ineffective.  For instance, applying larvicides is difficult 

because the larvae are terrestrial and tricky to locate (Alexander and Mavoli 2003).  Since 

the breeding grounds are unknown, insecticides cannot be sprayed where the insects 

breed.  Additionally, the flies feed at dusk and are typically exophagous, therefore netting 

and indoor insecticides are ineffective for reducing sand fly populations and sand fly 

bites.  Using protective clothing and repellants are the few methods available to avoid 

sand fly bites.  Applying insecticides to clothing is also occasionally used to prevent 

bites, although this entails direct contact with insecticides (Alexander and Mavoli 2003; 

Cook and Zumla 2003).    
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 Control of sand flies is important because as discussed in Chapter Two, these 

insects transmit one of the most dangerous groups of tropical diseases, leishmaniasis, 

along with bartonelloses, and arboviruses (Alexander and Mavoli 2003; Cook and Zumla 

2003).  Chemical insecticides are used for control when possible. However, resistance 

has already been shown in three sand flies, Phlebotomus papatasi (Scopoli), Phlebotomus 

argentipes Annandale and Brunetti, and Sergentomyia shorttii Adler and Thedor.  Aerial 

spraying is the most effective method to control the flies, covering large regions with 

insecticides (Alexander and Mavoli 2003).   

Tactics like barrier spraying have been used with limited success (Alexander and 

Mavoli 2003; Cook and Zumla 2003).  This technique creates a pesticide barrier between 

sand flies and human habitats. The edge of a forest is commonly sprayed to keep the sand 

flies away from villages.  Placing pesticide-impregnated dog collars on village dogs is 

another control technique that is regularly used (Alexander and Mavoli 2003). Destroying 

sand fly resting sites can also assist in control (Alexander and Mavoli 2003).  Orally fed 

pesticides like avermectins have been given to livestock to control sand fly populations 

(Mascari et al. 2008; Alexander and Mavoli 2003).   

Planting plants such as Solanum jasminoides Paxton, Ricinus communis L, or 

Bougainvillea glabra Choisy that contain sugars toxic to sand flies can also act as a 

barrier (Schlein et al. 2001). Pheromone-infused chemical insect growth inhibitors are 

another control method and Bti and B. sphaericus are bacterial control agents sometimes 

used (Alexander and Mavoli 2003).   Lastly, B. bassiana has been explored as a fungal 

biological control agent as will be discussed in subsequent sections (Alexander and 

Mavoli 2003).  
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6.6 Fungal Biological Control of Sand Flies 

 One of the first of only a few studies of sand fly biological control was completed 

by Warburg et al. in 1991.  He tested the lethality of B. bassiana on the sand fly species 

Phlebotomus papatasi Scopoli and Lutzomyia longipalpis Lutz and Neiva.  He attempted 

to infect the flies orally, but this technique did not produce significant results.  He then 

infected the flies by placing filter papers inoculated with B. bassiana in the same area as 

the flies.  This technique produced 100% mortality in the flies within five days.  Warburg 

also noted that the flies had other fungal species on them. The Colombian native, L. 

longipalpis, had an Entomophthorales species on it, and some of the lab-bred P. papatasi 

harbored A. flavus, B. bassiana, and S. marcescens (Warburg et al. 2001). 

 Reithinger et al. (1997) also explored the effects of B. bassiana in sand fly 

populations.  This study arose from an already implemented and successful biological 

control method for the coffee berry borer, Hypothenemus hampei (Coleoptera: 

Scolytidae) (Haraprasad et al. 2001). Since coffee berry borer populations are in areas 

also occupied by the sand fly, P. papatasi, Reithinger et al. (1997) wanted to determine if 

sand fly populations were also reduced by applications of this mycoinsecticide.  They 

discovered that B. bassiana reduced the survival time of P. papatasi by 50-75% 

(Reithinger et al. 1997).  

6.7 Summary and the Future of Tsetse Fly and Sandfly Control 

In comparison to mosquito and triatomines, substantially less research has been 

completed on fungal biological control of their populations. The studies discussed above 

demonstrated that tsetse flies and sand flies can be killed by fungi, especially B. bassiana 

and M. anisopliae, in such a way that the fungi could significantly reduce tsetse fly 
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populations.  Additional field studies that manipulate the means of fungal trapping as 

discussed above should be completed, and if this method is deemed cost effective and 

efficacious, incorporation into an IVM program would be useful.  The larvicidal study by 

Kaaya and Munyini (1995) seems to indicate that this method is less likely to succeed 

because treating the tsetse fly habitat with the fungal spores appears to be labor intensive 

and difficult. Even if, as the researchers assert, the area to be treated is small, the task is 

large. Future studies should be focused on adult tsetse fly trapping rather than treatment 

of sand with larvacidal fungi. 

Research on the fungal biological control of sand flies will be relatively futile 

until a method of targeting the flies is established.  Widespread application of 

mycoinsecticides would be too costly and many non-target species could suffer.  Sand fly 

control efforts must be centered around determining how to target these species in a more 

specific manner. 
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Chapter 7: Perspectives and Ideas for the Future of 

Mycoinsecticide Use in Tropical Disease Vector Control 

Programs 
 

While entomopathogenic fungi are not the panacea for mosquito control or an 

agent that will end all insect-borne tropical diseases, incorporating mycoinsecticides into 

multifaceted IPM insect-control programs could have a dramatic effect. Research like the 

previously discussed study by Scholte et al. (2005) indicating that 50% fungal infection 

rate of mosquitoes could reduce the EIR by 96% suggests that these biological control 

agents have potential and should be examined in depth.  Many questions remain 

unanswered but future investigations may clarify exactly how entomopathogenic fungi 

can be integrated into control programs. 

7.1 Research of Additional Individual Entomopathogenic Fungal 

Species 

As mentioned before, only a handful of the known entomopathogenic fungi of 

vectors have been researched as potential biological control agents (Lacey et al. 2001).  

Further study of a variety of fungal species could illuminate more effective species.  One 

specific aspect in need of further understanding is how and if the fungi of question 

recycle within the insect population.  Fungi that spread their spores to other target insects 

following colonization of hosts are more effective than others because of continued 

persistence within the particular vector population.  This is an important concept for 

mycoinsecticide research because fungi with this characteristic require fewer applications 

of the mycoinsecticide, resulting in cost savings and possible increases in efficacy. 
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New fungi could be investigated by examining the endemic entomopathogenic 

fungi of the targeted insect.  Fungi related to the known successful fungi, like M. 

anisopliae and B. bassiana could also be researched. 

7.2 Mycoinsecticide Application, Formulation Innovation, and 

Commercialization 

Additionally, the available methods and techniques of formulating and applying 

mycoinsecticides must expand.  Commercializing is also an important aspect of using 

entomopathogenic fungi for vector control. Growing and harvesting the fungi, devising 

an acceptable formulas and application process, and registering the fungal agent with the 

proper governmental agency are essential parts of developing viable mycoinsecticides 

with commercial potential.    

Typically, entomopathogenic fungi are grown on a liquid or solid culture 

substrate. When harvested, they are purified to 90% (de Faria et al. 2007). The fungi are 

sold as either conidia and hyphae alone, hyphae, zoospores or spores (de Faria et al. 

2007). A variety of formulations are available. The types of formulas available include 

fungus-colonized (FC), wettable powder (WP), granules (GR), ready to use baits (RB), 

water dispersible granules (WG), contact powders (CPs), suspension concentrates (SC), 

oil miscible flowable concentrates (OF), and oil dispersions (OD) (de Faria et al. 2007). 

FC is simply a solid substrate on which fungal spores have been grown. WPs are 

sold as a powder form of the fungi to be used in a water suspension (de Faria et al. 2007). 

GRs are sold in conjunction with an active ingredient  that adheres the fungal 

reproductive unit to the target insect (de Faria et al. 2007).  RBs are traditionally 

formulas that encourage the pests to eat the control agent, however because fungi require 
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simply contact and adherence of the spore or conidia to the insect cuticle, baits are often 

used as solely attractants for the insect to the fungi (de Faria et al. 2007). WGs are similar 

to GRs except the agent is suspended in water at the time of activation (de Faria et al. 

2007). CPs are currently not commercially used with fungal agents, but in concept, the 

powder would be dusted over an area.  CPs will probably never be used because of their 

high costs and the different biological needs of entomopathogenic fungi, such (de Faria et 

al. 2007). SCs are sold as spores or conidia suspended in water and diluted before use (de 

Faria et al. 2007).  In OFs, the conidia or spores float in oil. In ODs, the fungus is infused 

in a mixture of oil and water (de Faria et al. 2007).  

To date, twelve different species of fungi have been used commercially to control 

pest populations in general (Lacey et al. 2001; Scholte et al. 2004; de Faria et al. 2007). 

Some of these could be used for biological control of vectors given current research, 

especially B. bassiana and M. anisopliae. There are over 171 different mycoinsecticide 

formulas used and commercially produced by 80 different companies worldwide, though 

only a few of these were designed specifically for vector control (de Faria et al. 2007). 

Research into practical aspects of mycoinsecticide application is the newest area 

of mycoinsecticide research; however, this area is essential to the success of 

entomopathogenic fungi‘s use in vector control.  Many available studies were reviewed 

for this thesis. Below is a discussion of common problems associated with using 

mycoinsecticides. 

To begin, the ideal commercial mycoinsecticides used for insect vector control 

would have to meet many of the following criteria.  The mycoinsecticide should have a 

long shelf life and remain viable following the application for at least a few months, 
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requiring few yearly applications.  DDT remains as an active pesticide for approximately 

six months (Kuile et al. 2003; Pennetier et al. 2008; Gabianelle et al. 2009).  Preferably, 

the desired mycoinsecticide would have a similar time period of effectiveness.  Species of 

fungi that naturally cycle in the targeted insect population could potentially produce this 

life-extending effect.  The mycoinsecticide would need to be easily integrated into the 

lives of people of developing countries and be relatively cheap.  Those most affected by 

tropical diseases live in poor nations, and it seems unlikely that they would have the time 

or resources to buy and apply expensive and complicated insecticides. 

Improved technologies are needed to have formulations that preserve the viability 

of spores for much longer are needed.  Currently, many formulas require refrigeration 

and expire within a few weeks of creation.  Furthermore, after application, the present 

commercially available mycoinsecticides are often efficacious for less than one or two 

months (Lacey et al. 2001; Vandergheynst et al. 2006).  The water-in-oil invert emulsion 

formulation of M. anisopliae devised by Vandergheynst et al. (2006) discussed in 

Chapter Three is a decent example of the types of innovations needed.  This new formula 

successfully extended the shelf life of the mycoinsecticide from three weeks to twelve 

weeks (Vandergheynst et al. 2006).  This issue must be resolved before mycoinsecticides 

can effectively be used to combat tropical disease carrying insects. Formulas that confer 

greater adherence of conidia to insect cuticles are needed and could be found through 

research of other oils and formula additives. 

The specific methods used to apply the mycoinsecticide are another important 

facet of research.  As discussed in prior chapters, application techniques undertaken so 

far include applying the formula to standing water, clay water storage pots, and to bed 
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netting and screens hung inside homes.  Methods of application must consider the types 

of insects and life stages.  For example, L. giganteum requires too much water to be an 

effective biological pathogen of non-aquatic life stages. (Golkar et al. 1993; Scholte et al. 

2004; Blanford et al. 2005; Scholte et al. 2005; Scholte et al. 2007.   

Research of different application techniques should continue, such as applying 

mycoinsecticides to humans.  Since the vectors seek contact with humans unaided, they 

could potentially transfer the fungi to the vector with relative ease.  This idea has 

probably been avoided to date because of potential complications and liability concerns. 

While human infections are unlikely, immunocompromised individuals have been shown 

to acquire opportunistic fungal infections from entomopathogenic fungi.  Humans also 

move around and spores would readily come off the human.  In the case of mosquitoes, 

this system would only target female mosquitoes diminishing efforts to reduce vector 

populations.  

Nevertheless, application to humans might help produce positive results. Clearly, 

insects vectors contact human hosts, thus the difficulties in targeting the insects‘ habitats 

would lessen.  Studies of the potential hazards of applying the particular fungus would 

definitely be required before attempting a human application study, to rule out the 

possibility opportunistic invasion.  Additionally, the destruxin levels would need to be 

examined for human toxicity levels. 

7.3 Continued Research of Biochemistry and Biology of 

Entomopathogenic Fungi 

Continued study of lethal fungal metabolites and biochemistry in general would 

further benefit the field.  Although, the process in which fungi invade insects is both 
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physical and chemical, isolation of the lethal chemical (such as destruxins) involved 

could lead to new and effective chemical insecticides.  Additional research of the 

interrelations between fungi, humans, and the vectors of tropical disease are also parts of 

mycoinsecticide research that should continue.  Generally speaking, mycoinsecticides are 

understudied and many gaps exist within the research. 

7.4 The Economics and Education of Mycoinsecticide Use 

Economics must be considered when evaluating methodology, commercialization, 

and practical use of mycoinsecticides as vector control agents.  However, very few 

economic analyses of biological control programs of have been conducted (Cullen 2008).  

Presently economic studies of vector control through entomopathogenic fungi cannot be 

fully conducted, in part because basic research is still underway.  As more 

entomopathogenic fungal biological vector control research surfaces; however, 

economics must be considered. 

One of the few studies of fungal agricultural biological control economics (Cullen 

2008) proposed that some basic principles be considered when attempting to enhance cost 

effectiveness of biological control programs. These researchers have also developed 

mathematical tools and models to evaluate and measure the utility of biological control. 

This study suggests that enhanced yield through diminution of pest damage, savings from 

not using insecticides, and improved market-access are entities to be considered when 

accessing utility (Cullen 2008). Successful vector control will result in reduced medical 

care needs, prevented deaths,diminished pesticide use, and perhaps even improved 

market access through an increase in tourism that could accompany decreased prevalence 

of tropical disease (Cullen 2008). However these benefits may be offset by additional 
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costs such as equipment needed i.e. bed nets, spray equipment, spore production 

facilities, as well as labor forces (Cullen 2008).  Further cost-benefit analysis of 

mycoinsecticide is crucial. 

If biocontrol treatments are economically viable and effective, if the procedure is 

poorly perceived by the public and governments, the biocontrol agent will not be used.  

Fungi are living entities and community members will observe the effects of the 

mycoinsectide on the insects.   As Cullen (2008) points out, this could incite fear or other 

emotional responses from individuals.  Community education of fungi treatments must be 

supplied and networks and institutions must provide support for the mycoinsecticides 

(Cullen 2008). 

7.5 Concerns of Entomopathogenic Fungi use as BC agent 

Finally, ecological and health concerns must be fully considered when 

manipulating natural ecosystems. Host specificity and the effects of inundating a region 

with a large quantity of fungi must be considered before implementing biological control 

methods because the ecological balance could be disturbed. Some studies have shown 

evidence counter to the accepted idea that M. anisopliae is not toxic to organisms other 

than insects (Genthner et al. 1998). For example, a study under Genthner has shown that 

the secondary metabolites of M. anisopliae are toxic and/or mutanogenic to some species 

of developing fish, mysids, shrimp, and amphibians (Genthner et al. 1998).  

Resistance is still possibile with biological control methods, although it is unlikely 

because of the multi-faceted complexities involved in fungal infections (Thomas and 

Read 2007; Scholte et al. 2005). Some scientists are wary because the Wageningen 

University‘s teams reported an approximately 90% rate of mortality in these studies 
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(Scholte et. al 2005). These fungi could render insects resistant to them because mortality 

(and the selection pressure) is high and mutants could quickly dominate the gene pool if 

resistant species were to develop (Hutchinson and Cunningham 2005; Read and Thomas 

2007).  

There are fewer health concerns with biological control agents compared to 

chemical insecticides; however, biological control is not necessarily without risks.  B. 

bassiana and M. anisopliae are considered to be safe agents; however, some researchers 

have suggested that the two species can invoke allergic responses.  For example, a team 

under Ward demonstrated that in a mouse model, M. anisopliae can trigger such a 

response (Ward et al. 1998; Ward et al. 2000 a; Ward et al. 2000 b). Additionally, cases 

of opportunistic B. bassiana infections in immunocompromised patients do exist, 

although they are rare (Tucker et al. 2004).   

L. giganteum has received similar scrutiny by some investigators.  A recent 

clinical study revealed mycosis in six dogs that was caused by another species of 

Lagenidium (Grooters et al. 2003).  The potential for any of the entomopathogenic fungi 

to cause mycosis must be considered when the intent is to place the fungus near humans.  

Because HIV/AIDS has rendered large numbers of people immunocompromised in many 

tropically located nations, it is imperative that studies be conducted on the potential for 

the fungus to cause opportunistic mycosis.  

While research of vector biological control is underway, application of 

insecticides must be used cautiously but judiciously in order to reduce further 

developments of resistance. Targeting use to times of outbreaks, using the insecticides 
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safely and effectively, and employing multiple agencies in the decision process would be 

helpful for vector control (Zaim and Guillet 2006; Thomas and Read).  

7.6 The bottom line 

Based on current research, mycoinsecticides designed for tropical disease-

carrying insects would be best used in conjunction with other insect control methods. 

Success rates greater than 50% mortalities have been attained using certain fungi with 

every insect explored in this thesis; however, a multifaceted control plan would be more 

efficacious.  Studies exploring the potential of fungi use in IPM programs could produce 

meaningful results diminishing both the reliance on increasingly ineffective chemical 

insecticides and the number of tropical disease cases.   

Future studies devising comprehensive IPM programs of tropical disease-carrying 

insects could be extremely beneficial.  Ideally, such programs would employ multiple 

biological control agents, use rotating chemical insecticide techniques, physically remove 

insect vectors and prevent vector growth. Even different fungi could be used together, 

since they often act in different ways and affect different life stages.  Bed nets, repellants, 

and protective clothing are useful ways to prevent disease.  Altering the habitat of vectors 

is another helpful control method by pouring out standing water in potential mosquito 

habitats. 

 Additionally, available vaccinations should be better distributed and vaccine 

research should continue.  Treatments should also be quickly dispersed and research of 

treatments and drugs to treat these diseases needs to continue. Ultimately, research must 

continue on all levels, and insect-borne tropical disease control programs must combine 
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available methods described above in a manner that is current, feasible, health conscious, 

environmentally sound, and cost effective. 

7.7 Conclusions 

Mycoinsecticides cannot be used alone in insect vector control programs.  

However, if incorporated into IVM programs that employ several different control 

tactics, entomopathogenic fungi could bring forth qualities lacked by other control 

agents, thereby aiding in the reduction of insect bites and the caseload of tropical 

diseases.  Fungi like B. bassiana and M. anisopliae have demonstrated significant 

efficacy, yet to date, the results are simply not sufficient to replace other forms of control.  

In the future, discoveries might be made rendering mycoinsecticides so much more 

effective that they are able to be used as the main vector control agent; however it is 

much more likely that the fungi will be used in successful combination with other vector 

control techniques and agents. 
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Appendix A: Glossary 

 
Adenopathia: Glandular tissue enlargement. 

Aneurysm: Bulging blood filled vessel due to weakened state. 

Appressoria: Tip of hyphal branch that parasitic fungi use to attach to host. 

Arrhythmias: A change in the heartbeat. 

 Arthralgia:  Pain in the joints. 

 Arthritis: Inflammation in the joints. 

Asthenia:  Loss of strength. 

Biocontrol: The use of natural enemies such as predators, parasitoids, or pathogens to 

control pest insects, weeds or diseases. The normal ambition is that the introduced 

organism will be self-sustaining but can also incldue inundative approaches whish need 

not be self sustaining. 

Biopesticides: A pesticide that is biological in orgin (i.e. Viruses, fungi, bacteria). 

Repeated applications are necessary. 

Blastospores:  Fungal spore made by budding. 

Bradycardia: Slow action in the heart. 

Cardiomyopathy: Structural or functional heart diseases distinguished by hypertrophy 

and obstructive damage.  

Chancre: Sore or ulcer at site of entry of a pathogen. 

Conidia:  An asexual fungal spore produced on the conidiaphore. 

Conjunctivitis: conjunctiva inflammation. 

Dysphagia: Difficulty swallowing. 

Dyspnoea: Difficulty breathing. 
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Edema:  Improper filtration of fluids resulting in accumulation of serous fluids in 

connective tissue. 

Encephalitis: Inflammation or swelling of the brain. 

Endomyocardial fibrosis: Fibrous degeneration of the heart. 

Entomological Inoculation Rates (EIR): A measure of the frequency in which a human 

is bitten by an infectious mosquito (Thomas and Read 2007). 

Entomopathogenic fungi: Fungi parasite that can kill insects. 

Eosinophilia: Increased number of eosinophils in the blood. 

Erythema: Capillary congestion resulting in abnormal redness. 

Faecaloma: An accumulation of feces in the colon giving the appearance of a 

protuberant tumor. 

Fibrinogen: Plasma protein converted into Fibrin needed for clot formation. 

Flaviviruses: A genus of arthropod-borne viruses. 

Frons: Front of an insect‘s head. 

Glomerulonephritis:  Inflammation of the renal glomeruli capillaries. 

Hemostasis: Stopping the flow of blood. 

Hematophagous: A blood based diet. 

Hematuria: Blood in urine. 

Hemocoel: The body cavity of an insect where most the major organs are found (Thomas 

and Read 2007). 

Hepatomegaly: Swelling of the liver. 

Hepatosplenomegaly: Enlargement of both the spleen and the liver. 

Hydroceles:  An accumulation of serous fluid in a sacculated cell. 
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Hypergammaglobulinemia: Too many gamma globulins in the blood. 

Hyphomycetes: A class of fungi in the order Deuteromycetes 

Integrated Disease Management (IDM):  Disease control using a variety of techniques 

to combat disease. 

Integrated Pest Management (IPM):  A comprehensive approach of pest management 

using biological, cultural, and genetic pest control methods using pesticides as a last 

resort. 

Integrated Vector Management (IVM): Vector control program that employs several 

methods to control disease causing insects. 

Isozyme:  A generic term referring to forms of a particular enzyme. 

Kairomones: A blend of volatiles released by humans along with their metabolism 

products. 

Keratitis: Inflammation of the cornea. 

LC50: Lethal concentration for 50% of exposed population to die after exposure to an 

agent. 

Lichenified: Condition of having hard leathery skin due to chronic irritation. 

LT50: Lethal time 50%-time to kill 50% of population exposed to a particular toxin. 

Lymphangitis: Lymphatic vessel inflammation. 

Lymphocytes:  White blood cells originating from the stem cells of bone marrow. 

Malaise: A general feeling of illness. 

Melanization: Infiltrate with melanin. 

Meningismus: Neck ache, back ache, Kernig‘s sign, stiff neck, and Bruelzinki‘s sign. 

Meningoencephalitis:  Inflammation of the meninges and the brain. 
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Metabolic acidosis:  Too much acid in the body. 

Microfilariae:  Minute larval nematode. 

Myalgia: Pain in muscles. 

Myocarditis: Inflammation of the myocardium. 

Neovascularization: Excessive formation of blood vessels  

Neutropenia: Abnormal levels of white blood cells, particularly neutrophils. 

Oedema: Fluid collection in the circulatory system. 

Oospore: The sexual reproductive unit of sexual fungi. 

Oviposition: to lay eggs (especially in insects). 

Palpitations:  Rapid and abnormal beating of the heart. 

Palpi: Insect mouthpart, normally tactile or gustatory. 

Pancytopenia: Low levels of erythrocytes, blood platelets, and white blood cells in the 

blood. 

Peridomestic: In or around human habitations. 

Periophthalmic: Around the eye. 

Petechiae: Localized hemorrhage demarked by small red or purple spots on the skin. 

Proboscis:  A sucking, tubular process of an insect used for feeding 

Proteinuria: Protein in the blood. 

Pruritus:  Irritation of sensory nerve endings causing itching. 

Semiochemicals: Biologically produced chemicals that carry a message 

Sequelae: A negative after effect.  

Serotype: Related group of microorganisms that present similar antigens. 

Splenomegaly:  Enlargement of the spleen. 
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Sterile Insect technique: A technique used to control or eradicate insect pests or vectors, 

utilizing induction by irradiation of dominant lethality in the chromosomes of the 

released insects. 

Syncope:  Loss of consciousness because of insufficient blood flow to the brain. 

Syncope:  Loss of consciousness due to loss of blood flow to the brain. 

Thrombocytopenia: Low platelet count. 

Thromboembolism: Blockage of a blood vessel due to part of a blood clot that has 

broken away.  

Thrombus:  A clot formed that remains at its site of formation. 

Vascular permeability: measure of a molecules propensity to go from the blood vessel 

into the tissue. 

Viremia: Viruses in the blood. 

Zoospore: The asexual reproductive unit of the fungi. 

 

Sources:  

merriam-webster.com/dictionary  

www.biology-online.org/dictionary/ 

answers.com 

reference.com 

 

http://www.biology-online.org/dictionary/Technique
http://www.biology-online.org/dictionary/Control
http://www.biology-online.org/dictionary/Eradicate
http://www.biology-online.org/dictionary/Insect
http://www.biology-online.org/dictionary/Pests
http://www.biology-online.org/dictionary/Vectors
http://www.biology-online.org/dictionary/Induction
http://www.biology-online.org/dictionary/Irradiation
http://www.biology-online.org/dictionary/Dominant
http://www.biology-online.org/dictionary/Lethality
http://www.biology-online.org/dictionary/Chromosomes
http://www.biology-online.org/dictionary/Insects
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Appendix B:   Evidence of Resistance 
Studies published citing resistance in target vector insects from 1998-2008.  

 

Vector  of 

interest 

Agent of Resistance  Title of Publication or Summary of Findings 

and Year 

Mosquito Pyrethroids West Africa: Pyrethroid Resistance in Culex 

quinquefasciatus (Chandre et al. 1998) 

Mosquito DDT (Contra evid- 

ence to carbamate, 

organophosphorus, and 

pyrethroid 

Mexico: Low carbamate, organophosphorus, and 

pyrethroid resistance but high DDT resistance in 

Anopheles albimanus (Penilla et al. 1998) 

Mosquito Contra evidence to iAChE 

and esterase based 

insecticides 

Trinidad:  iAChE and esterase based insecticides 

still without resistance in Trinidad (Vaughan et 

al. 1998) 

Mosquito  Carboxylesterases Review:  Mosquito carboxylesterases: a review 

of the molecular biology and biochemistry of a 

major insecticide resistance mechanism 

(Hemingway 1998) 

Mosquito Malathion Cuba: Cross-resistance to malathion in Cuban 

Culex quinquefasciatus induced by larval 

selection with deltamethrin (Bisset et al. 1998).   

Mosquito Pyrethroid Mosquitoes:  Correlation between developing 

resistance at high temperatures over low 

temperatures (Hodjati et al. 1999) 

Triatomine Pyrethins Triatomine resistance to pyrethrins (Zerba 1999) 

Mosquito Pyrethroid South Africa:  Anopheles funestus resistant to 

(Hargreaves et al. 2000) 

Mosquito Dieldrin + fipronil Resistance to dieldrin + fipronil of malaria 

vector Anopheles gambiae (Brooke 2000) 

Triatomine Deltametrin,Beta 

Cyflurthrin, cypermethrin, 

not Beta-cybermethrin or 

Beta cyahalothrin 

Insecticide resistance in Brazilian Triatoma 

infestans and Venezuelan Rhodnius prolixus 

(Vassena et al. 2000). 

Mosquito Propoxur (a Carbamate) A. funestus from Mozambique  are shown to 

demonstrate resistance to Propoxur (Brooke et 

al. 2001) 

Mosquito Pyrethroid Nigeria and Ghana:  Pyrethroid 

resistance/susceptibility and differential 

urban/rural distribution of Anopheles arabiensis 

and An. gambiae s.s. malaria vectors (Kristan et 

al. 2003) 

Mosquito Acetylcholinesterase Ivory Coast:  Resistance to carbosulfan in 

Anopheles gambiae –Reduced sensitivity of 

acetylcholinesterase (N'Guessan et al. 2003).   

Mosquito Pyrethroid and DDT Pyrethroid and DDT cross-resistance in Aedes 
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aegypti is correlated with novel mutations in the 

voltage-gated sodium channel gene (Brengues et 

al. 2003). 

Mosquito Bacillus sphaericus (contra, 

B. thuringien-

sisisraelensis) 

Cross-resistance between strains of Bacillus 

sphaericus but not B. thuringiensisisraelensis in 

colonies of the mosquito Culex quinquefasciatus 

(Yuan et al. 2003).   

Mosquito Carbamates and 

Organophosphates 

Mosquito resistance to carbamates and 

organophosphates (Weill 2003) 

Mosquito Dieldrin Ghana:  Dieldrin resistance in the malaria vector 

Resistance in Anopheles gambiae (Brooke et al. 

2003).   

Sand flies Malathion Sand fly resistance to malathion in Sri Lanka 

(Surendrana 2006). 

Mosquito Pyrethroids kdr mutations conferring resistance in An. 

gambiae in African mosquitoes (Pinto 2006). 

Mosquito Carbamate, Chlorinated 

hydrocarbons, 

Organophosphates 

Resistance found to several insecticides in 

Chinese mosquito(Cui 2006) 

Mosquito Pyrethroids, Carbamate, 

chlorinated hydrocarbons, 

organophosphates 

 Determining Mozambique An. funestus 

resistance to several insecticides(Casimiro2006) 

Mosquito Genes Acetylcholinesterase gene‘s relation with 

resistance in the mosquito Culex pipiens.  

(Labbe 2007) 

Mosquito Carbamates, pyrethrins, 

chlorinated hydrocarbons, 

organophosphates 

Resistance in all four pesticide classes 

demonstrated in An. arabiensis (Matambo 2007) 
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Appendix C:  Mosquito and Mosquito borne disease 

Distribution 

 
 Mosquito range 

Figure a Range of mosquitos worldwide (National Geographic website, 2008). 

Figure b. Range of a particular genus of mosquitoes, Anopheles (lighter color) Mosquito range (National 

Geographic website, 2008). 
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Figure c Malaria distribution Map (CDC 2004) 

 

 
Countries that have experienced DHF outbreaks  Imported cases (probable or confirmed) 

Figure d Geographic distribution of Dengue Fever (WHO 2003) 
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Appendix D:  CDC Explanations of Life Cycles of Select 

Parasites 
a.  Malaria

 

Figure a. The lifecycle of plasmodiums "The malaria parasite life cycle involves two hosts. During blood 

meal, a malaria-infected female Anopheles mosquito inoculates sporozoites into the human host .  

Sporozoites infect liver cells and mature into schizonts , which rupture and release merozoites .  

(Of note, in P. vivax and P. ovale a dormant stage [hypnozoites] can persist in the liver and cause relapses 

by invading the bloodstream weeks, or even years later.)  After this initial replication in the liver (exo- 

erythrocytic schizogony ), the parasites undergo asexual multiplication in the erythrocytes (erythrocytic 

schizogony ). Merozoites infect red blood cells .  The ring stage trophozoites mature into schizonts, 

which rupture releasing merozoites .  Some parasites differentiate into sexual erythrocytic stages 

(gametocytes) .  Blood stage parasites are responsible for the clinical manifestations of the disease.  

The gametocytes, male (microgametocytes) and female (macrogametocytes), are ingested by an Anopheles 

mosquito during a blood meal .  The parasites‘ multiplication in the mosquito is known as the 

sporogonic cycle .  While in the mosquito's stomach, the microgametes penetrate the macrogametes 

generating zygotes .  The zygotes in turn become motile and elongated (ookinetes) which invade the 

midgut wall of the mosquito where they develop into oocysts .  The oocysts grow, rupture, and release 

sporozoites , which make their way to the mosquito's salivary glands.  Inoculation of the sporozoites into 

a new human host perpetuates the malaria life cycle ."   (CDC 2008; DPDx 2008) 

 

 

b.  Chagas Disease  
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Figure b.  The life cycle of a triatomine 

―An infected triatomine insect vector (or ―kissing‖ bug) takes a blood meal and releases trypomastigotes in 

its feces near the site of the bite wound.  Trypomastigotes enter the host through the wound or through 

intact mucosal membranes, such as the conjunctiva .  Common triatomine vector species for 

trypanosomiasis belong to the genera Triatoma, Rhodinius, and Panstrongylus.  Inside the host, the 

trypomastigotes invade cells near the site of inoculation, where they differentiate into intracellular 

amastigotes .  The amastigotes multiply by binary fission and differentiate into trypomastigotes, and 

then are released into the circulation as bloodstream trypomastigotes .  Trypomastigotes infect cells 

from a variety of tissues and transform into intracellular amastigotes in new infection sites.  Clinical 

manifestations can result from this infective cycle.  The bloodstream trypomastigotes do not replicate 

(different from the African trypanosomes).  Replication resumes only when the parasites enter another cell 

or are ingested by another vector.  The ―kissing‖ bug becomes infected by feeding on human or animal 

blood that contains circulating parasites .  The ingested trypomastigotes transform into epimastigotes in 

the vector‘s midgut .  The parasites multiply and differentiate in the midgut and differentiate into 

infective metacyclic trypomastigotes in the hindgut .‖ 

(CDC 2008; DPDx 2008) 

 

 

 

 

 

 

 

 

c.  African Sleeping Sickness 
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(CDC 2008; DPDx 2008) 
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Appendix E: Effects of L. chapmanii in target and non-target 

species 
 *Taken from López et al. 2004*  
Table E.a. Testing of Leptolegina chapmanii response in Non-target aquatic organisms 

 

Non-target Fungal Infections of L. chapmanii   

Host species  No. exposed  Replicates  % Infection (±SD) 

Crustacea:    

 Cladocera – Daphnia sp.  30  2  0 

 Amphipoda – Hyalella curvispina  10  1 0 

 Cyclopoida – Mesocyclops annulatus 20  2 0 

Insecta    

Odonata:    

Zygoptera – Fam. Coenagrionidae    

Diptera:    

Fam. Psychodidae 15 1 0 

Fam. Ceratopogonidae – Dasyhelea necrophila 85 3 0 

Fam. Chironomidae 10  1 0 

      Sp. 1  65 3 16.9(±2.1) 

      Sp. 2  35  3 5.7(±0.8) 

Coleoptera:    

Fam. Hydrophyllidae  8 1 0 

Nematoda:    

Fam. Mermithidae – Strelkovimermis spiculatus 10 1 0 

Vertebrata:    

Pisces – Cnesterodon decenmaculatus 40 4 0 

Amphibia – Bufo arenarum (larvae) 8 1 0 
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Target Fungal Infections of L. chapmanii 

 
Table E.b Infections of twelve species of mosquitoes to Leptolegnia chapmanii 
Hosts species  

 

Instar No. Exposed Replicates % Infection (±SD) 

Aedes aegypti I 40 4 100 

 II 40 4 100 

 III 40 4 100 

 IV 40 2 85 

Anopheles sp. III 20 2 100 

Culex apicinus II 60 3 13(±4.7) 

 III 130 3 0 

Cx. castroi IV 30 2 10 

Cx. dolosus III 40 4 200 
Cx. pipiens II 70 7 92.8(±6.99) 
 III 60 3 95(±7.07) 
Cx. renatoi III 20 3 0 
Ochlerotatus 

albifasciatus 

II 20 2 100 

 III 10 2 80 
 IV 100 5 59(±26.1) 

Oc. crinifer II 60 6 68.3(±6.87) 
 III 80 3 96(±5.65) 
Psorophora cyanescens III 20 2 90 
Ps. ferox II 80 4 86.2(±9.6) 
 III 70 7 77.1(±8.8) 
Isostomyia paranensis II 20 2 0 
 III 20 2 0 

Taken from López et al. 2004*              
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Appendix F:  Isolates of B. bassiana and M. anisopliae  used in 

Luz et al. (1998 a) study 
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Appendix G: Evlachovaea Lethal Concentration: triatomine 3rd instar 

nymph 

Table 1 - Lethal concentrations (LC50 and LC90) (CFU/cm2) and respective confidence intervals 

(95% C.I.) of  Evlachovaea sp. calculated for triatomine third instar nymphs, 15 and 20 days 

after exposure at 75% and >98% relative humidity and 25°C1. (Taken directly from Luz et al. 

2004)” 
        Time after inoculation (days) 

           15              20  

   Humidity   LC50     LC90         LC50      LC90  

 

Triatoma 

delpontei 

 

 

 Triatoma 

lecticularia

  

 

 

Triatoma 

picturata  

 

 

Triatoma 

sordida  

 

 

Triatoma 

vitticeps  

 

 

Panstrongyl

us herreri  

 

 

Rhodnius 

ecuadoriensi

s  

 

 

Rhodnius 

nasutus  

 

 

Rhodnius 

neglectus  

 

 

Rhodnius 

prolixus  

 

 

Rhodnius 

robustus 

  

75 

98 

 

75 

98 

 

75 

98 

 

75 

98 

 

75 

98 

 

75 

98 

 

75 

98 

 

75 

98 

 

75 

98 

 

75 

98 

 

75 

98 

 

75 

98 

 

 

* 

0.20a,b (0.05-0.55)  

 

* 

0.89b,c (0.32-2.28)  

 

1.66c (0.84-8.30)  

*  

 

 *  

4.34c (1.74-30)  

  

*  

*  

 

1.37c (0.69-5.26)  

0.06a (0.02-0.13)  

 

3.11c (1.29-27.6)  

0.33a,b (0.18-0.55)  

 

* 

0.04a (0.02-0.12 

 

* 

0.03a (0.01-0.06) 

 

* 

0.06a (0.01-0.19)  

 

* 

0.35b (0.22-0.58)  

 

* 

0.09a (0.03-0.19)  

 

* 

5.02b,c (1.36-402.0)  

  

* 

1.54b,c (1.07- 

 

2.61x104) 

*  

 

c (3.27-796.0)  

67.40c (13.80- 

 

6.91x103)  

8.77b,c (2.95-235.0)  

 

0.63a,b (0.28-3.89)  

59,30c (11,0-3.4x104 

 

0.93b (0.56-4.62)  

*  

 

0.64 a,b(0.22-4.45)  

*  

 

0.11 a(0.06-0.55)  

*  

 

0.57 a,b(0.19-6.34)  

* 

 

0.78 a,b(0.5-2.76)  

* 

 

0.94 a,b(0.43-4.10)  

* 

 

* 

**  

 

 * 

0.20 c,d(0.12-

1.06)  

 

* 

1.44 d(0.74-5.73)  

 

* 

1.08 d(0.60-2.69)  

 

* 

*  

 

1.12d (0.51-5.36)  

0.05a,b (0.02-

0.09)  

 

1.68d (0.70-6.66)  

0.13b,c (0.07-

0.21)  

 

* 

** 

 

* 

** 

 

* 

0.03a (0.01-0.05)  

 

*  

0.22b,c (0.13-

0.44) 

 

3.71d (1.02-

6.59x102)  

** 

 

* 

* 

 

** 

0.52a,b (0.27-

279.0) 

 

* 

8.44a,b (2.93-

290.0) 

 

* 

 6.97 ab (2.79-

51.20) 

 

* 

* 

 

12.3 ab (3.21-

682.0) 

0.27a  (0.13-

1.64) 

 

33.50 ab (7.85-

429.0) 

0.37a (0.22-

1.38) 

 

* 

** 

 

* 

** 

 

* 

0.08 a (.05-

11.1) 

 

* 

0.38a 0.26-

15.1) 

 

(17.0-1016) 

* 
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Appendix H: Distribution & Examples of Major Vector 

Triatomines 

 
Figure a:  Distribution of the most prominent vectors of Chagas Disease (OPS 2009) 

 

 
Figure b: Distribution of all the major vectors of Chagas Disease (Organizacion 

Panamerica de Salud 2009) 
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