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NATHAN KRUER-ZERHUSEN
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Abstract

Microbial biocontrol agents used as biopesticides have the potential to avoid the 

damage to the environment and gradual pesticide resistance associated with chemical 

pesticides. Beauveria bassiana is an entomopathogenic fungus currently on the market as 

a fungal biopesticide, capable of attacking insects of agricultural and public health 

relevance. With the characteristics of a wide insect host range, potentially limited 

environmental impact, and the ability to invade insects through the cuticle exoskeleton 

rather than through ingestion, Beauveria bassiana is a candidate for continued research 

focus.  

Various virulence factors affect insect pathogenesis by B. bassiana, including 

numerous extracellular enzymes secreted on the host insect surface. Lipase is a potential 

virulence factor of B. bassiana, presumably involved in the breakdown of the lipids 

present in the insect epicuticle or waxy coating. In this study, the gene or genes 



responsible for lipase production were investigated through the generation and screening 

of a large library of random knockout mutants. Using the bar gene as a randomly 

inserting selective marker, insertional mutagenesis by PEG-mediated blastospore 

transformation was used to create a library of 2400 transformants. Mutant strains with 

phenotypes not expressing lipolytic enzymes do not form a hydrolytic halo on a lipid 

substrate, enabling the recovery of genes responsible for lipase expression.

__________________

Dr. Margaret Lowman
Natural Sciences



I. General Introduction

The control of undesirable insect populations is one part of the complex web of 

interactions between humans and the larger ecosystem. Certain insects are pests to 

agriculture, negatively affecting the production of food crops globally. It is estimated that 

insects and weeds destroy 40% of all food crops (Pimentel, 2009). Other insects, such as 

the Anophales gambiae mosquito, act as disease vectors to humans. The malaria-causing 

protist Plasmodium falciparum spread by A. gambiae continues to affect a substantial 

portion of the global population (Greenwood and Mutabingwa, 2002). 

To contend with these undesirable insects, chemical pesticides have become the 

major mode of insect control, steadily increasing in use since their initial discovery and 

development in the first half of the 20th century. Despite their general effectiveness at 

controlling populations upon introduction, chemical pesticides come with many 

complications which will be detailed in the literature review. Target insect populations 

rapidly gain resistance to the pesticides, leading to reduced efficacy and pest resurgence. 

Additionally, chemical pesticides often destroy beneficial insects and negatively affect  

other non-target organisms. These issues of pest control as well as their environmental 

impact have led to efforts for more judicious use and investigation of alternative means of 

insect control (Thacker, 2002).

Integrated Pest Management (IPM) techniques emphasize the use of chemical 

pesticides in reduced amounts in conjunction with alternatives such as biological 

pesticides. Entomopathogens are one class of biological pesticide which include 

microorganisms such as bacteria, fungi, and nemotodes. Entomopathogens cause disease 
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to insects, for example parasitizing insects for part or all of their life cycle (Prokopy and 

Kogan, 2003). Due to their virulence towards undesirable insects of public health and 

agricultural significance, entomopathogenic fungi have great potential for development as  

bioinsecticides to supplement or replace existing chemical control agents (Lacey et al,  

2001). 

Although candidate biopesticides are currently on the market and continue to be 

developed, the ecological and evolutionary relationship between fungal pathogens and 

their insect hosts is very complex and not yet fully elucidated. Knowledge of the 

mechanisms by which fungal pathogens invade their insect hosts may give insight into 

the relationship between pathogen and host, as well as provide possible avenues by which 

strains of entomopathogenic fungi might be selected for use as biological control agents. 

Beauveria bassiana is an entomopathogenic fungus that has been considered very 

promising for biopesticide application, as it is represented by many strains affecting a 

wide range of host insect, robustness, and virulence (Cruz et al., 2006).

The current understanding of the invasion and subsequent pathogenesis of insects 

by Beauveria bassiana is that it occurs by a complex process of cuticle penetration aided 

by the production of multiple virulence factors. These virulence factors include 

extracellular enzymes secreted upon germination on the cuticle (Clarkson and Charnley,  

1996). Enzymes such as protease, chitinase and lipase break down the insect cuticle, 

allowing the fungus to invade (Stehr et al., 2003). The genes encoding protease and 

chitinase extracellular enzymes in the B. bassiana genome have already been 

characterized and sequenced (Gupta et al., 1992). However, the genes responsible for 

producing extracellular lipase are currently unknown, restricting the potential to 
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determine the role of lipase in fungal virulence or to directionally modify lipase 

expression in biopesticide strains. It is thought that using modern genetic transformation 

techniques, the gene encoding lipase might be elucidated.

In this thesis, I investigated the genetic basis of extracellular lipase secretion by 

employing the molecular tools of forward genetics. A genetic screen was used to survey a 

large population of mutants with individual genes disabled by selectable marker DNA, 

enabling the determination of the genetic basis of a phenotype of interest. In this case, the 

genetic screen was designed and optimized to detect knockout strains of Beauveria  

bassiana unable to secrete lipase. The generation of a large sample population of 

insertion knockout mutants was accomplished by PEG-mediated blastospore insertional 

mutagenesis, using marker DNA enabling PCR amplification of DNA surrounding the 

point of insertion. 

Hypothesis:  Since extracellular lipase deficient knockout mutants will not exhibit a 

hydrolysis halo when grown on an opaque lipid-containing substrate due to gene 

disruption, the gene encoding extracellular lipase in Beauveria bassiana can be 

effectively determined by the screening of a library of insertion mutants. 
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2. Literature Review

2.1. Insect Control Agents

2.1.1. Chemical Insect Control Agents

Chemical pesticides are used globally to control pests in both agriculture and 

public health applications. Insect disease vectors such as A. Gambiae, the disease vector 

for the malaria-causing protozoa affecting an estimated 500 million people globally, are 

controlled primarily by the use of chemical pesticides (Greenwood and Mutabingwa, 

2002). The first generation of chemical insecticides, typified by DDT and Malathion, 

initially provided a formidable tool for insect control. This initial success is best 

represented by the decrease in cases of malaria in India from 75 million per year to fewer 

than 5 million cases per year within a decade (Thacker, 2002). In addition to public health 

applications, global crop loss by insects is combated by the application of pesticides. 

Although an estimated 3 million tons of pesticides are applied annually to food crops, 

approximately 35%-42% of total crop production is destroyed by pests, with insects 

accounting for an estimated 14% of global crop loss (Pimentel, 2009).

Chemical pesticides rely on different mechanisms of action to cause insect death, 

which have a range of targets and efficacy. Organochlorinated pesticides, such as DDT, 

induce the forced opening of neuronal sodium ion channels, while organophosphate 

pesticides such as malathion inhibit acetylcholinesterase activity (Al-Saleh, 1994). A 

more involved discussion of pesticide mechanisms of action can be found in the 

Appendix.

Despite their benefits, the application of chemical pesticides has a negative impact 

to the local ecosystem, unfavorable effects on beneficial insect populations, and potential 
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danger to humans exposed to them. Chemical pesticides can exist as environmental 

contaminants in their original form or as toxic byproducts for months or years after 

application (Andreu and Pico, 2004). Due to lack of specificity of target insects, chemical 

pesticides often negatively affect nontarget organisms, such as the predatory insects 

typically involved in the control of pest species populations (Schowalter, 2006). In 

addition, chemical pesticides bioaccumulate in ecological systems, becoming 

concentrated in larger organisms up the food chain. This affects numerous groups of 

organisms, including mammals, fish, and bird species (De La Vega Salazar, 1997). 

Bioaccumulation associated with agricultural pesticides leads to the death of an estimated 

72 million birds in the United States annually (Pimentel, 2009).

 The large scale use of chemical pesticide application has led to increasing insect 

resistance. In one instance, resistance to novel insecticides was observed less than a year 

after introduction (Hemingway and Ranson, 2000). This resistance occurs by the 

advantage of more resistant organisms within the population. Positive selection pressure 

for alleles conferring resistance, providing a heritable advantage amongst a target insect 

population, creates the conditions for the development of resistant strains (Roush and 

McKenzie, 1987). Resistance to chemical pesticides enables the resurgence of pest 

species, thus requiring more applications and novel pesticides to have a comparable 

control effect (Pimentel, 2009).

The use of pesticides additionally comes with dangers of human exposure, 

especially in areas where the use is unregulated. The use of DDT for disease vector 

control has been implicated in causing disease to people applying the pesticide and to 

those exposed to it (Beard, 2006). Due to their negative attributes, the first generation of 
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chemical pesticides have largely been phased out of production and use in developed 

countries, but their use is still prevalent in developing countries (Greenwood and 

Mutabingwa, 2002).

2.1.2. Biological Pesticides

Alternate pest control techniques, such as Integrated Pest Management (IPM), 

have been developed to augment the use chemical pesticides. IPM includes the use of 

biological pest control agents to supplement or replace the use of chemical pesticides 

(Thacker, 2002). Biological control agents, or biopesticides, have potential advantages 

relative to conventional chemical pesticides including increased safety for human and 

non-target organisms, the potential of less direct acquired insect resistance, and 

potentially reduced ecosystem impact (Lacey et al., 2001).  Entomopathogens, biological 

agents causing disease or death in insects, are currently being produced and distributed as 

biopesticide insect control agents (Resh and Carde, 2003). Among these 

entomopathogenic organisms are bacteria, such as Bacillus thuringiensis, nematodes of 

the Steinernematidae and Heterorhabditidae families, and fungi of the order Hypocreales 

(Ascomycota) (Lacey et al., 2001; Meyling and Eilenberg, 2007). 

2.1.3. Entomopathogenic Fungi as Bioinsecticides

Applying fungal pathogens as insect control against their natural targets has long 

been considered, and has been actively investigated since the late 1800's (Prentiss, 1880). 

In comparison to the existing chemical control agents, disadvantages to biopesticide 

application still remain, such as potentially reduced persistence after application,  
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lengthened time until target death, complex target specificity, and higher cost compared 

to conventional chemical pesticides (Lacey et al., 2001; Kaya and Lacey, 2007).  With 

increased development and assimilation into IPM, fungi may be realized in the future as a 

viable alternative.

Entomopathogenic fungi are considered promising candidates for development 

into more effective biopesticides, due to their wide range of potential insect targets and 

distinctive mechanism of infection (Gupta et al., 1992). Entomopathogenic fungi are 

found in many different fungal lineages, with most of the diversity in the fungal orders 

Entomopthorales and Hypocreales (Vega et al., 2009). Some genera of entomopathogenic 

fungi have a limited breadth of fungal hosts, specializing on a particular insect. One 

example is the fungal entomopathogen Zoophthora radicans which specifically 

parasitizes the diamondback moth, D. semiclausum (Furlong and Pell, 2000). Other 

entomopathogenic, such as Metarhizium anisopliae and Beauveria bassiana, have a 

wider host range,, with particular strains being more virulent to certain hosts. Strains of 

these genera, which have  specialized towards certain insects, have been used to control 

insects including the human disease vectors, mosquitoes, ticks, and the tsetse fly 

Glossina morsitans morsitans (Samish et al., 2004, Cho et al., 2006), and agricultural 

pests such as caterpillars and borers (Posada and Vega, 2005). Beauveria bassiana has 

been specifically focused upon for biopesticide development. 

The target species of B. bassiana include many insects of the Class Arthropoda 

(Holder et al., 2007), including agricultural pests such as beetles and borers, as well as 

human disease-agent carrying vector organisms, such as mosquitos, sand flies, and ticks 

(Lacey et al., 2001; Posada and Vega, 2005). Beauveria bassiana has also been applied as 
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an endophyte in crop plant seedlings, such as in the cocoa tree, Theobroma cacao 

(Posada and Vega, 2005). Laboratory studies support the premise that strains of 

entomopathogenic fungi have the virulence to successfully control insect pests (De La 

Rosa et al., 2002).

2.2.  Beauveria bassiana

2.2.1. Description of Beauveria bassiana

Beauveria bassiana is an entomopathogenic filamentous fungus of the family 

Clavicipitaceae, a subset of the phylum Ascomycota characterized by fungi with many 

nutritional modes (Vega et al., 2009). Phylogenetic characterization has more recently 

confirmed B. bassiana as an asexual anamorph of the Cordyceps family (Zengzhi et al., 

2001). One of the most prevalent fungal entomopathogens, B. bassiana is commonly 

isolated from soils, and is found mainly in shaded and uncultivated soils (Bidochka, 

1998). 

B. bassiana is observed to grow somatically from infected insects in the 

rhizosphere, and it is hypothesized that their growth in the soil ecosystem is more 

complex than saprotrophic growth on the insect cadaver alone (Gottwald and Tedders, 

1984). B. bassiana has been found to have endophytic interaction with plants, being 

capable of colonization in Zea mays (Wagner and Lewis, 2000). Although it has 

significant implications for the ecology and biopesticide application of B. bassiana, little 

is known about this plant/fungal association (Meyling and Eilenberg, 2007).

As a species which has both a broad geographic range and wide range of insect 

hosts, B. bassiana has been observed to affect over 700 species of insects (Inglis et al., 
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2001).  However, individual isolates of B. bassiana can also have a narrow host range, 

specializing in a particular insect species.  This specialization is potentially based upon 

differences in insect cuticle makeup (Federici and Maddox, 1996). Strains of B. bassiana 

have been isolated which are highly adapted for host specificity to many insects of 

worldwide medical and agricultural significance (Lacey et al., 2001).

Beauveria bassiana was the first fungal entomopathogen to be formally 

described. The discovery of B. bassiana by Agostino Bassi constituted one of the first 

confirmations that disease could be caused by a microorganism, later providing evidence 

for the germ theory of disease (Steinhaus, 1957). Although still in the process of being 

fully sequenced, the genome of B. bassiana has been estimated to be approximately 40.6 

Mb (Viaud et al., 1996).

2.2.2. Life Cycle of Beauveria bassiana

Beauveria bassiana has an asexual life cycle which includes germination, 

filamentous growth, and reproduction through the creation of conidia. The B. bassiana 

life cycle begins with a haploid conidiospore, the asexual fungal reproductive structure. 

Upon contact with an insect host, the fungus begins its pathogenic phase. The B. 

bassiana conidiospore attaches to an insect host by passive non-covalent interactions, 

facilitated by a conidial surface covered by hydrophobin proteins (Holder et al., 2007). 

Exposure to the correct abiotic environmental factors such as nutrient stress, temperature, 

and relative humidity leads to the conidiospore germinating on the surface of the insect 

cuticle and absorbing water (Wagner and Lewis, 2000).

After taking in sufficient moisture over the course of 24 to 48 hours, the conidia 
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produces a germ tube, initiating the next stage of pathogenic growth, as described in the 

following section. If not defeated by the insect immune response, B. bassiana propagates 

in the insect, and induces death of the host (Hajek and Leger, 1994). To complete the 

asexual life cycle, the fungus sporulates on the insect cadaver. This sporulation requires 

the appropriate conditions, especially high relative humidity (Hajek and St. Leger, 1994). 

The clusters of conidiophores tipped by newly formed haploid conidia emerge out 

through the body wall of the insect (Federici and Maddox, 1996). Following the death of 

the host, the pattern of growth changes to a saprophytic phase, potentially existing for 

long periods on the insect cadaver. Within the soil, proliferation and dispersal of B. 

bassiana is limited. Dispersal occurs by multiple mechanisms, by weather processes such 

as wind and rain, as well as by insect hosts which acquire the pathogen and move to 

another location (Meyling and Eilenberg, 2007).

2.3.  Fungal Insect Pathogenesis

2.3.1. The Process of Fungal Insect Infection

The penetration of a host insect by Beauveria bassiana typically occurs through 

the penetration of the insect exoskeleton. The cuticle represents the first line of physical 

defense of the insect, varying between insect strains and possibly playing a role in host 

specialization (Federici and Maddox, 1996). The structure of insect cuticle consists of 

multiple layers: an envelope or cement layer consisting of waxes, a protein rich 

epicuticle, and a chitinous procuticle (see Fig. 2.1).
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Figure 2.1: Representation of insect cuticle penetration by an entomopathogenic fungus. 
Figure by Clarkson and Charnley, (1996).

The cement layer, a thin hydrophobic surface layer, is structurally made up of 

fatty acids, lipids, and sterols. This layer contains various inhibitory compounds such as 

phenols, quinones, and lipids (Hajek and St. Leger, 1994). The epicuticle is multilayered, 

with each layer having a distinct composition. The outer epicuticle is relatively 

impermeable and resistant to enzymatic breakdown, but is mechanically fragile and 

susceptible to concentrated force. The inner epicuticle consists of lipids organized with 

proteins fortified by crosslinking quinones (Moussian et al., 2005). The procuticle 

represents the majority of the thickness of the insect cuticle, and is made up of chitin 

fibers embedded in a complex protein matrix (Vincent, 2002). Resistence to penetration is 

mainly enabled by thickness of the procuticle and sclerotization, interaction and cross-

linking of the proteins with quinones (Charnley, 1988). Stiffness of the cuticle in general 

is largely determined by the proportion of protein to chitin as well as the degree of 

sclerotization (Anderson, 2009). 

 As an opportunistic fungal pathogen, Beauveria bassiana invades insect hosts by 
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a mechanism of cuticle penetration. After attachment of the cuticle by nonspecific  

interactions and germination in the presence of suitable environmental conditions, the 

process of physical invasion begins. Growing in a short hyphal morphology, the 

germinated hyphal tubes penetrate the cuticle, gaining access to the circulating 

haemolymph. The critical initial stage of penetration is the formation of an appressorium, 

which forms at the tip of the germ tube, see Fig. 1 (Clarkson and Charnley, 1996). The 

appressorium may be influenced by topographical features, nutrient starvation, or by 

interaction with other signaling factors. Penetration of the cuticle typically occurs by the 

action of penetration pegs emerging from the underside of an appressorium, but may 

occur by direct entry of a germ tube if a suitable opening is available (Vega et al., 2009).

Figure 2.2: Componants of the insect cuticle, including a breakdown of epicuticle makeup. Figure by 
Clarkson and Charnley, (1996).

Penetration through the host cement layer and epicuticle is enabled by the 

combination of enzymatic activity and mechanical pressure by the penetration peg (Hajek 

and St. Leger, 1994). Multiple virulence factors, such as extracellular enzymes capable of 

degrading the insect cuticle, play a role in mediating this interaction (Gupta et al., 1992).  
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A suite of extracellular hydrolytic enzymes including endoprotease, chintenase, and 

lipase degrade the major components of the cuticle. The complex structure of the cuticle  

suggests that this crucial structural decomposition is achieved by multiple enzymes 

working synergistically.

Once the penetration peg pierces the epicuticle, the process may continue through 

the procuticle or the penetration structures may grow laterally through the cuticle to form 

penetration plates. This lateral growth may cause penetrant hyphae to fracture the cuticle,  

which further facilitates the penetration process (Hajek and St. Leger, 1994). Immune 

responses of the host insect such as cuticular melanization are often induced by physical 

damage (Bangham et al., 2006). However, due to the rapid growth of fungal pathogens 

such as B. bassiana, this melanization typically occurs too late and to an insufficient 

degree to stop the infection (Hajek and St. Leger, 1994). 

Upon penetration of the procuticle and entry to the hemocoel, a morphological 

change takes place to initiate the final step of pathogenesis. The formation of hyphal 

bodies enables B. bassiana to permeate throughout the host insect, consuming the 

nutrient content of the insect bodily fluids. Death to the insect host occurs eventually by 

one of several mechanisms; extensive fungal growth and nutrient consumption leads to 

nutrient starvation, or the production of toxic metabolites, such as the cyclic depsipeptide 

bassianolide, induces toxicosis (Hajek and St. Leger, 1994).

In comparison to other fungal pathogens, B. bassiana does not require a particular 

structure such as stomata for appressorium formation and entry. The insect cuticle need 

not be damaged or entirely unsclerotized, although a fungal hyphae will enter a natural 

opening (mouth, spiracles) if available (Hajek and St. Leger, 1994). Although 
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topographical features may play a role in host identification, a specialized path of host 

infection is not required for invasion of susceptible insect hosts (Knogge, 1998).

The advantage of B. bassiana as a biopesticide is this mechanism of penetration 

of the host cuticle for pathogenesis. This is advantageous compared to entomopathogenic 

bacteria or nematodes which rely on ingestion as a means of invasion (Lacey et al., 

2001). Contact with the cuticle is a much more common interaction relative to ingestion,  

so arthropod pests which have a complex mode of feeding can thus be targeted.  An 

example are the scale insects, which cover themselves in a thick protective coat when 

feeding outside of the plant (Vega et al., 2009). Finally, the efficacy of Beauveria  

bassiana as an entomopathogenic biopesticide depends on the speed of pathogenesis and 

target insect death (Lacey et al., 2001).  Therefore, an understanding of the process of 

pathogenesis is essential in order to integrate the roles of molecular virulence factors into 

the mechanism of pathogenicity.

2.3.2. Virulence Factors

Entomopathogenic fungi produce a range of hydrolytic enzymes which reduce the 

integrity of the host cuticle (Gupta et al., 1992). Extracellular enzymes produced during 

the process of pathogenesis are thought to be the most significant virulence factors due to 

their many potential roles. In addition to being structurally disruptive to the host cuticle 

to enable penetration of the appressorium, hydrolytic enzymes may provide an essential 

nutrient source which enables fungal growth (Stehr et al., 2003). Also contributing to 

virulence, it is thought that the breakdown of insect host cuticle may release compounds 

which manipulate metabolic processes or regulatory systems (Stehr et al., 2003). Having 
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an integral role in the mechanism of fungal pathogenesis, protease extracellular enzymes 

have been extensively investigated as virulence factors in fungal pathogens (Clarkson and 

Charnley, 1996; Urtz and Rice, 2000). 

2.3.2.1. Protease as a Virulence Factor

The most well understood entomopathogenic fungal extracellular enzyme 

virulence factor is the endoprotease PR1, characterized originally in M. anisopliae and 

more recently in B. bassiana (St. Leger et al., 1996). PR1 is the most prolifically secreted 

enzyme during appressorium development in M. anisolpliae (St. Leger, Cooper, and 

Charnley, 1987). The 29 kDa PR1 endoprotease is among the first enzymes to be 

produced upon germination on insect cuticle, being induced by exposure to specific 

cuticle proteins and possibly by depletion of readily accessible nutrients on the cuticle 

surface (Clarkson and Charnley, 1996). PR1 is produced mainly by the appressorium but 

is also secreted by other growth stages, such as lateral penetrating hyphae (St. Leger, 

Cooper, and Charnley, 1987). PR1 rapidly solubilizes cuticle proteins, damaging the 

cuticle structure and providing accessible nutrients (Hajek, 1994). Since protein polymers 

have a significant role in the structural stability of the procuticle, PR1 acts as a virulence 

factor in the mechanism of cuticle penetration. It was observed that the insertion of 

additional copies of the PR1 gene in M. anisopliae increased virulence, providing 

additional confirmation of the role of PR1 as a virulence factor (Hu and St. Leger, 2002). 

The role of PR1 as a virulence factor in B. bassiana was supported by the creation of a 

null mutant by UV-induced gene disruption which was observed to have reduced 

virulence (St. Leger et al., 1996). 
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2.3.2.2. Lipase as a Virulence Factor

As lipids are a major component of the insect cement layer and epicuticle 

(Anderson, 2009), it is rational to assume that hydrolytic enzymes capable of degrading 

lipid compounds are potential virulence factors of fungal entomopathogens. In support of 

this assumption, extracellular lipase enzymes have been confirmed as virulence factors in 

pathogenic organisms including pathogenic fungi and bacteria (Stehr et al., 2003). 

Supporting the role of lipase as a possible entomopathogenic virulence factor in B. 

bassiana, phospholipase has been confirmed to be a virulence factor of C. albicans  

(Gacser et al., 2007), and Cryptococcus neoformans (Cox et al., 2001), medically 

important opportunistic fungal pathogens.

In insect pathogenesis, the makeup of the inner epicuticle may be susceptible to a 

combination of the hydrolytic enzymes endoprotease and lipoprotein lipases (Hide et al.,  

1992). It has been observed histochemically that lipases and esterases are located in and 

around penetrant structures (St. Leger et al., 1987). Additionally, lipase enzymes have 

Figure 2.3: General chemical equation of lipase hydrolytic activity. TAG = Triacylglycerol, FFA = Free 
fatty acid Figure by Stehr et al., (2003).
 been characterized on the spore surface of M. anisopliae (Silva et al., 2009). In the initial 

stages of cuticle interaction, the ability to utilize epicuticular lipids as a nutrient source  
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may be fundamental to pathogenesis (Charnley, 1984). The exact role of extracellular 

lipase in the process of fungal pathogenesis has yet to be fully researched.

The process of lipase action involves the breakdown of a triglyceride substrate 

into diglyceride and free fatty acid products as in Figure 2.3, specifically at a water/lipid 

interface (Jaeger and Reetz, 1998). Lipase hydrolytic activity is generally enabled by a 

catalytic triad of amino acids similar to that of the serine proteases, consisting of a 

nucleophilic serine, a histidine residue, and an acidic residue, usually aspartate or 

glutamate. The basic mechanism proceeds by the nucleophilic attack of the serine 

hydroxyl group at the carboxyl carbon of the lipid, forming a tetrahedral oxyanion 

intermediate stabilized by neighboring residues as can be seen in Figure 2.4. This acyl-

enzyme complex is

Figure 2.4: Depiction of enzymatic mechanism of lipase. Figure from Beer et al., (1996).

 subsequently attacked by a water molecule, completing the hydrolysis (Beer et al., 
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1996). Due to the unknown amino acid composition of B. bassiana lipase, the amino 

acids involved in this hydrolytic activity are not confirmed.

In this study, the role of extracellular lipase as a virulence factor of Beauveria  

bassiana was investigated through the generation of an insertional mutagenesis knockout 

library.  By using the technique of blastospore transformation, followed by screening for 

negative mutants on lipase-specific substrate, the gene encoding lipase was pursued in 

order to determine its role in virulence.
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3. Materials and Methods

For the current study, the Beauveria bassiana strain ATCC 90517 was routinely 

cultured on potato dextrose agar (PDA). Escherichia coli strain Top10 was used for DNA 

cloning.

3.1. PEG-Mediated Beauveria bassiana Transformation

This procedure for Beauveria bassiana transformation was adapted from Ying and 

Feng, (2006). The linear marker DNA gene insertion construct used for selection was 

designed using the trpC promoter sequence of Aspergillus nidulans, ligated to the bar 

gene sequence (GenBank accession number X1722) conferring resistance to 

phosphinothricin as seen in Figure 3.1.

Figure 3.1: Diagram of PBar linear marker DNA sequence for transformation, containing 
the promoter (387bp) of the trpC gene from A. nidulans, with the bar gene (555bp). 
(Figure by N. Kruer-Zerhusen)

Blastospores of Beauveria bassiana were cultured in sabouraud dextrose broth 

with 1% yeast extract (SDY). After inoculation, the broth was incubated at 25 °C for 2 

days, being continuously shaken at 40 rpm. After two days, the blastospores were 

transferred to GM media (see Appendix A for formulation) and incubated for an 

additional day. The blastospores were concentrated by filtration and suspended in 20% 

glycerol and 0.1M lithium acetate (LiAc) before being frozen in Eppendorf tubes for later 

use.
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Figure 3.2: Diagram of Beauveria bassiana blastospore transformation, selection, and 
library construction experimental procedures. Figure by N. Kruer-Zerhusen

For transformation, frozen B. bassiana blastospores were first thawed for 5 

minutes on ice, then centrifuged for 5 minutes at 2,800 x g. The supernatant was 

removed, and 240 μl 50% polyethylene glycol (PEG 4000) was added to each vial and 

resuspended. A quantity of 36 μl of 1 M LiAc was added to the blastospore suspension, 

temporarily permeabilizing the cell membrane to allow for DNA entry. Salmon sperm 

buffer DNA was placed on a heating block to denature for 10 minutes at 90 °C and 10 μl 

was then added to the blastospore suspension.  A quantity of 10 μl of the SpeI/NdiI-

digested pBar at a concentration of 0.1 μg/μl-1 was added, along with 35 μl of 1 M 

reducing agent, dithiothreitol (DTT). After resuspension, the samples were incubated on 

ice for 30 minutes. Samples were then heat shocked for 20 minutes in a 42 °C water bath. 

Blastospores were then collected by centrifugation at 2,800 x g for 5 minutes. After the 
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supernatant was extracted, the pellet was resuspended with 200 μl deionized water. The 

suspension was then plated as 100 μl aliquots onto selective media using aseptic 

procedures.

Transformed blastospores were selected by plating on selective Czapek's agar 

containing 200 μl/ml phosphinothricin as a selective agent, as well as 10 μl/ml 

trimethoprim to reduce bacterial contamination. The indicator dye Bromocresol purple 

(as a sodium salt) was added at 0.005% (w/v) to monitor pH. The inoculated plates were 

incubated for 5 days at 25 °C. Transformed colonies were selected from the selection 

medium and subcultured on Difco Potato Dextrose Agar containing .2 μl/ml Trimethoprin 

to reduce bacterial contamination. These PDA plates were labeled and stored in a cold 

room at 4 °C as the knockout mutant library.

3.2. Knockout Mutant Library Backup Construction

From the mutant strains subcultured on PDA, a frozen backup library was created. 

Approximately 1.0 ml 15% glycerol was autopipetted into 1.5 ml Eppendorf tubes, which 

were then labeled corresponding to the library plate identification numbers. The hood 

positive flow was turned off, and work was performed aseptically in proximity to a lit 

bunsen burner. Using a sterilized loop, approximately 1 mm2 of surface conidia was 

scraped and deposited into the corresponding glycerol tube. The tube was then mixed 

using a Fisher Vortex Genie 2 for approximately 10 seconds. Each tube was then 

sonicated to further disperse the conidia using an E/MC model 450 liquid sonicator for 

approximately 10 seconds. The tubes were then labeled and stored in a  -80 °C freezer.
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3.3. Lipase Deficient Genetic Screening

After a process of optimization of screen substrate, a visual plate assay based on 

lipase screening by Colen et al. (2006) was conducted. The use of multiple substrates and 

indicator dye was used for enzyme specificity as recommended by Jensen (1983) and 

Jones and Richards (1953).

Figure 3.3: Process of mutant library genetic screening and confirmation by comparison to wild type in 
triplicate. (figure by N. Kruer-Zerhusen)

3.3.1 Triolein Screen

Olive oil was used as an inexpensive substitute for Triolein as recommended by 

Jensen (1983), since it contains over 70% of the 18:1 triglyceride. Commercially obtained 

olive oil was purified by running 4 ml olive oil in 80 ml hexane through a neutral alumina 

column filled with 8 g powdered alumina, then the olive oil was recovered using a Rota-

Vap, per Jensen (1983).

The insertion mutant library was screened on OO CZVB substrate (see Appendix 

A) as depicted in Figure 3.3. Per 400 ml of OO CZVB, 6 ml of a stock solution of 1.2 ml 
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olive oil, 32 mg victoria blue B dye, and 4.8 ml 2% polyvinyl alcohol was filtered using a 

32 nm filter and added to 394 ml of previously autoclaved Czapek's agar. Once 

combined, the agar was thoroughly emulsified by shaking. Approximately 0.7 ml OO 

CZVB was placed into each well of 24 well plates, and colonies were inoculated into 

wells using sterile toothpicks. Inoculated OO CZVB plates were labeled and incubated at 

25 °C for 5-10 days.

3.3.2. Tributyrin Screen

The insertion mutant library was additionally screened on a tributyrin-containing 

substrate. Czapek's agar was utilized to accommodate for the inhibiting effects of 

tributyrin on fungal growth  (Jones and Richards, 1953). The substrate was formulated as 

follows: per 400 ml of CZTV: 20 ml of a concentrated stock solution of 4 ml tributyrin, 

32 mg victoria blue B dye, and 16 ml 2% (w/v) polyvinyl alcohol were added to 380 ml 

sterilized Czapek's agar. Once combined, the agar was thoroughly emulsified by shaking. 

Again, strains were inoculated into individual wells using sterile toothpicks, then labeled 

and incubated at 25 °C for 5-10 days.

Figure 3.4: Zone of clearing around fungal colony, left, and the accompanied color change compared to a 
control, right. (Photo by N. Kruer-Zerhusen)

Phenotypes of interest were isolated based on predetermined visual observation 

parameters. Hydrolytic activity was confirmed upon observation of an unambiguous zone 

of clearing around the fungal colony, as in Figure 3.4. A positive result was further 
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confirmed by the observation of a change in substrate coloration from a red-purple hue to 

a blue-purple hue. Observations were made after an average of five days incubation time, 

always taking into account the effect of evaporation and the subsequent reduced substrate 

volume. Each mutant strain exhibiting phenotypes of interest was confirmed by plating in 

triplicate on similar agar concurrently with a wild type strain in triplicate.

3.4. DNA Extraction, Cloning, and Sequencing

DNA was extracted from hyphal Beauveria bassiana cells using a procedure 

adapted from Reader and Broda, (1985).

Blastospores of insertion mutant strains with phenotypes of interest were cultured 

in Difco Potato Dextrose Broth (PDB) liquid broth cultures. Cultures were grown in 30 

ml flasks for 3-4 days at 26 °C rotating at 200 rpm. After incubation, approximately 20 

ml of hyphal suspension was vacuum filtered until thoroughly dried. Using liquid 

nitrogen and mortar and pestle, the cells were crushed to a fine powder. After adding 

cellular material to a 2 ml Eppendorf tube, the DNA was extracted using 300 μl of an 

extraction solution containing 0.2M Tris-HCl (pH 7.5), 0.5M NaCl, 0.01M EDTA, and 

1% w/v SDS and an equal amount of chloroform (see Appendix A for formulation). The 

suspension was then thoroughly mixed using a vortex mixer for 25 seconds, then pelleted 

by centrifugation for 5 minutes at 2,800 x g in a chilled centrifuge. The upper aqueous 

phase containing DNA was then extracted into a new tube, and 600 μl chloroform added 

and the mixture mixed using the vortex mixer. The suspension was then centrifuged again 

at 2,800 x g for 5 minutes.  To the pellet, 100% ethanol was added to approximately 2.5x 

the volume of the suspension (approximately 1.5 ml).  The solution was then placed into 

24



a freezer at -80 °C for 15 minutes to precipitate the DNA. 

After this period of precipitation, the suspension was centrifuged again at 2,800 x 

g for 5 minutes. After removing the ethanol supernatant, an additional 0.5 ml of 70% 

ethanol was added to wash the DNA. This ethanol was then removed, and the DNA pellet 

air dried for approximately 5 minutes. The DNA pellet was then suspended in 100 μl 

deionized water, and 1 μl RNAse A added. The resulting DNA solution was then 

suspended by pipetting, and stored for later use.

 Figure 3.5: Process of PCR aplification, cloning, and sequencing of mutant phenotype gene DNA. 
Continued from figures 3.3 and 3.4(Diagram by N. Kruer-Zerhusen)

The presence of marker DNA was confirmed by amplification by polymerase 

chain reaction (PCR). Hot start PCR was performed using PCR primers BarF and BarR 

and the following PCR conditions; 94°C for 5 minutes, followed by 25 cycles of 94°C for 

30 seconds, then 56°C for 30 seconds, 72°C for 3 minutes, finishing with 72°C for 10 

minutes. The sequence of the BarF and BarR primers as well as all other primers used can 
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be found in Appendix C. Visualization of the resulting PCR product was performed by 

running the amplified DNA on an SDS-PAGE gel with fluorescent dye and a standardized 

ladder. To obtain the sequence of the gene surrounding the site of pbar insertion, the site 

finder primer (SFP1) was used in conjunction with Pbar1 and Pbar2 primers with similar 

hot-start PCR parameters.

The PCR product obtained from amplification using the Pbar1 and Pbar2 primers 

was extracted from the gel using a GE GFX PCR DNA and Gel Band Extraction Kit, and 

subsequently cloned using a Qiagen pDrive PCR Cloning Kit. This latter kit was used in 

conjunction with the E. coli Top10 strain as a lacZ gene reporter system. The recovered 

PCR product was added to a ligation kit (see Appendix A), and incubated for 4 hours at 

16.4 °C. Cloning vector transformants were confirmed by the visual 5-bromo-4-chloro-3- 

indolyl-beta-D-galactopyranoside (X-gal) color change indicator and isopropyl-β-

thiogalactopyranoside (IPTG). Successfully vectored E. coli were cultured in Luria Broth 

media, and processed using the kit instructions to obtain the B. bassiana gene sequence.

The resulting DNA product was sequenced at the Interdisciplinary Center for 

Biotechnology Research (ICBR) department of the University of Florida. BLAST 

homology comparisons were performed with the nucleotide sequence (Altschul et al., 

1997). The translated nucleotide to protein database query, BLASTx, was performed with 

the parameters of word size of 3, threshold of 12, and using the BLOSUM62 matrix, 

searching all NCBI-affiliated nonredundant protein sequences (including GenBank CDS 

translations, PDB, SwissProt, PIR, and PRF protein databases). The search was 

performed using the program BLASTX 2.2.22+ at 1:25 pm 02/09/2010.

The translated nucleotide to translated nucleotide database query, tBLASTx, was 
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performed with the parameters of word size of 3, threshold of 13, and using the 

BLOSUM62 matrix. With these parameters, the search included all nonredundant protein 

sequences of the major NCBI-affiliated databases (including all GenBank, EMBL, 

DDBJ, and PDB sequences). The search was performed using the program TBLASTX 

2.2.22+ at 1:33 pm 02/09/2010.
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4. Results

4.1. Triolein Genetic Screen

The screen of the knockout mutant library on a substrate containing the triolein 

substitute olive oil yielded unexpected results. After inoculating and incubating over half  

of the knockout library, no hydrolytic clearing of the opaque substrate was observed. 

Although mycelia were observed to be growing laterally through the substrate without 

inhibition, no zone of clearing manifested, as can be seen in Figure 4.1. Additionally, no 

change in substrate coloration under or around fungal colonies was observed in any test 

well. The genetic screen containing olive oil substrate was not continued, on the basis 

that neither positive nor negative observations of lipid hydrolysis could be made.

Figure 4.1: Lateral growth of B. bassiana transformants through olive oil (OO CZVB) 
substrate, demonstrating absence of hydrolysis halo . (Photo by N. Kruer-Zerhusen)

4.2. Tributyrin Genetic Screen

Despite the inhibition of fungal growth by the tributyrin present in the assay 

substrate, zones of hydrolysis were observed surrounding colonies. A distinct blue color 

change was visible directly under the colonies as well as a more gradual color change in 

the surrounding media (see Fig 3.4). Knockout mutants with altered lipolytic capacity, as 

well as abnormally high growth and growth inhibition phenotypes were observed, as 
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listed in Table 4.1.

After inoculating in triplicate in comparison to the wild type strain ATCC 90517, 

several distinct phenotypically abnormal strains were confirmed. These outliers were 

characterized in categories of either growth or hydrolysis mutants. Although several 

variations of hydrolytic ability were observed, the halos of hydrolytic mutants were 

observed to be consistently larger than wild type. This represented a disparate result from 

the original hypothesis of reduced or nonexistant hydrolysis halos among the random 

insertion mutants.

Growth mutants ranged from substantially reduced physical development, to 

relatively robust growth compared to the wild type.  The inhibiting effect of the tributyrin 

made gauging relative vigor of growth difficult, as a very small increase in development 

was observed to be disproportionally more dramatic in relation to the other, more 

inhibited, strains.

Table 4.1: Significant 
insertion mutant phenotypes 
found by genetic screening on 
tributyrin substrate.
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Outliers Compared to Wild Type

22C6 Very low growth

30A2 Large hydrolytic halo

47D2 High growth

48D4 High growth

81D2 Large hydrolytic halo



Figure 4.2:Visual result of BLAST sequence homology search.

Figure 4.3: Significant homology results of BLASTx search using the recovered gene sequence.

The mutant strain 22C6, a growth inhibition mutant, resulted in the only 

successful gene product isolation. The sequence of this 816 bp gene product can be seen 

in Appendix C. The genes corresponding to several very interesting phenotypes, such as 
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very high growth on the inhibiting tributyrin substrate, and a peculiar extreme substrate 

color change were presumably knocked out by the PBar insert, but were unable to be 

recovered. This failure of recovery manifested as negative results on X-gal in the E. coli  

gene cloning phase of gene recovery.

Figure 4.4: Visual homology results of tBLASTx search using the recovered gene sequence.

Figure 4.5: Significant homology results of tBLASTx search using the recovered gene sequence.

The sequence of the recovered gene, when compared to sequence databases using 

BLASTx and tBLASTx, showed significant homology to previously documented gene 
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sequences. The BLASTx sequence homology search (see Figure 4.2 and 4.3) showed a 

high degree of similarity to a putative Vitamin H transporter protein of Nectria  

hematococca, a fungal plant pathogen. The sequence homology E-value of 8e-82 

represents a very signficant probability of sequence homology. The tBLASTx homology 

search presented a similar sequence homology (see Figure 4.4 and 4.5), to a putative 

Vitamin H transporter protein, although in a different fungal species, Talaromyces  

stipitatus. The  E-value of 1e-101  represents a substantial possibility of sequence 

homology.
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5. Discussion

 The discovery of an insertion mutant strain with a novel phenotype having a 

disabled gene recoverable by PCR using marker gene-specific primers represents a proof 

of concept for this method of gene inactivation. As a molecular forward genetics 

technique for application in entomopathogenic fungi, this blastospore based PEG-

mediated mutagenesis seems to improve upon prior methods. It avoids some of the 

disadvantages of previously developed insertional mutagenesis methods, such as the long 

time requirements of Agrobacterium-mediated transformation and low transformation 

efficiency of PEG-mediated transformation of protoplasts and conidia (Ying and Feng, 

2006). As it performs the necessary functions, this is a viable method for future 

investigations into virulence factors involved in fungal pathogenesis.

The varying phenotypes of resulting insertion mutant strains theoretically 

demonstrates the random or near random insertion into the fungal genome of the marker 

gene. The subsequent gene recovery using marker specific primers disproves the null 

hypothesis of failure of the marker DNA to enter the cells, or failure to properly integrate 

into the genome to inhibit gene expression. Disabling the expression of a protein by 

insertion may occur by several routes, including shift of exon reading frame, failure of 

transcription due to promoter inactivation, or by one of many other potential but less 

probable mechanisms. To confirm the inhibiting role of marker DNA in disabling protein 

expression, the reversal of the inhibition would need to be confirmed by recombination 

using recombinant gene cassettes containing the wild type gene. Methods of such gene 

cassette homologs are in the process of being developed for use in Beauveria bassiana 

(Ma et al., 2009).
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The gene product recovered from the 22C6 insertion mutant shows significant 

homology to a predicted Vitamin H transporter gene of several fungal species. Nectria  

haematococca is a fungal pathogen of plants and opportunistic human pathogen, which is 

related to B. bassiana by taxonomic similarity, both being members of the fungal order 

hypocreales (Eddine et al., 2001). Talaromyces stipitatus is more distantly evolutionarily 

related to B. bassiana, sharing the phylum Ascomycota. In each case, the homology of 

the isolated gene sequence is to putative proteins, the protein annotation of the N. 

haematococca genome draft, and the hypothetical protein in the T. stipitatus draft. As 

these are predicted  proteins, the accuracy of the actual protein expression should be 

verified. For confirmation of the identity of the novel gene, further investigation and 

characterization of the protein product of this isolated B. bassiana gene sequence would 

need to be performed.    

Based on the reported homology of the BLASTx and tBLASTx results, if the 

putative protein is accurate, the identity of the isolated B. bassiana gene can be said to be 

a vitamin H (biotin) transporter. The E parameter (Expect value) of the blast result of 8e -82 

and 1e-103 gives some assurance to the match. The extremely low value represents high 

similarity between the input DNA sequence and the resulting sequence of comparable 

homology.

Biotin is a vitamin which plays a role in fungal growth, and as such, a biotin 

transporter responsible for import of biotin from the environment would play an 

important role in B. bassiana viability. Biotin has been observed to function as an enzyme 

cofactor, commonly known as the coenzyme for the carboxylase enzyme family 

(Knowles, 1989). The transport of biotin would therefore play a role in proper enzyme 
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function, and fungal metabolism in general. Research into the effects of biotin restriction 

in filamentous fungi is limited. As a vitamin, it has been observed that absence of biotin 

from the growth media has a repressive effect of growth of filamentous fungi. Although 

the precise activity of biotin in supporting B. bassiana growth is not known, deficiency of 

biotin decreases the transport of glucose and ammonium ions into Aspergillus nidulans, 

repressing growth (Desi and Modi, 1975 as found in Rose and Wilkinson, 1977). It is not 

possible to determine with the available data if the suppressed growth of the B. bassiana 

mutant phenotype is due to the repressive effects of the disabled biotin transporter gene, 

or the impact of biotin restriction in amplifying the tributyrin lipid stress, or some other 

unknown factor. Further research into the effects of biotin restriction on filamentous 

fungal growth may provide more insight into the activity of the gene of interest. It can be 

speculated that sufficient biotin transporter protein expression is essential for growth 

during exposure to stress. Although likely not directly implicated in the process of insect 

pathogenesis, characterization of this gene may be relevant in the investigation of fungal 

systems biology, and to fungal growth on restrictive substrates. Understanding the genes 

involved in survival during exposure to harsh environments, such as those exposed to 

during broad dispersal, may be advantageous during the selection process of candidate 

fungal biopesticides.

The role of secreted lipase as a virulence factor in host pathogenesis has been 

investigated in various model infectious fungal species, such as Anisopliae metarhizium 

(St. Leger et al., 1986; Silva et al., 2009) and C. albicans (Fu et al., 1997), but not 

throughly in B. bassiana. Many prior methods of screening, influencing the design of the 
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genetic screen substrate, were adapted from the detection of lipolytic organisms (mainly 

bacteria) in the dairy industry. Supporting the initial hypothesis of the expression of 

lipase and the potential for its elucidation by insertional mutagenesis was a demonstration 

that otherwise virulent strains of Beauveria bassiana became avirulent when lipase 

activity was disabled by UV mutagenesis, although it was not conclusively determined if 

this was due to the inhibition of the lipase gene of if the mutation reduced protein 

expression in general (Paris et al., 1985). In M. anisopliae, lipase is late to be detected 

during extracellular enzyme production, as it was observed that the enzyme is mainly cell  

bound until 3-5 days of growth or until autolysis (St. Leger et al., 1986). The substrates 

susceptible to B. bassiana lipase hydrolysis should be considered as, no 'true' lipases were 

observed during the cuticle infection process of M. anisopliae on Manduca sexta (St. 

Leger et al., 1987). A true lipase will hydrolyze long chain fatty acids such as triolein 

found in olive oil (Sharma et al., 2001).

The role lipase plays in the infection process is not clear. If the reduction in B. 

bassiana virulence observed by Paris et al. was due to lipase mutagenesis, lipase may 

perform multiple roles relevant to infection. The waxy cuticular barrier poses the initial  

barrier to infection, indicating that the presence of lipase on the outside of conidia, as 

recently observed in M. anisopliae, would be advantageous for penetration (Silva et al., 

2009). Antifungal lipids on the insect cuticle surface and contained in the cuticle have 

been observed to inhibit fungal pathogens, especially free medium chain saturated fatty 

acids potentially susceptible to lipase hydrolysis (Koidsumi, 1965). If the lipase were to 

break down the antifungal compounds, it would provide an advantage in the process of 

pathogenesis. In addition, during the process of infection lipase may solubilize cuticle 
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components, making them available for consumption.  In a low nutrient environment, this 

liberation of nutrients would be a contributing factor for pathogenesis. Lipase may also 

play an ancillary role in aiding in competition against other members of the microbial  

flora (Stehr et al., 2003). Many hypotheses have been proposed, but the role of fungal 

lipases in pathogenesis is not yet understood.

Many issues arose during the investigation of the genetic basis of the expression 

of fungal lipase. The tributyrin used for the CZTV screen has been found to be 

susceptible to hydrolysis by various hydrolytic enzymes, including the protease PR1 of 

M. anisopliae and various esterases commonly produced by B. bassiana (Kouker and 

Jaeger, 1987). Nonspecific esterases have been found on hyphae, potentially capable of 

breaking down the tributyrin substrate (St Leger et al., 1987). This would contribute false 

positive results in the visual screen as even if the lipase gene were inhibited, other 

extracellular enzymes could hydrolyze the substrate. Production of extracellular 

hydrolytic enzymes of M. anisopliae has been observed to occur sequentially in vitro (St 

leger et al., 1987). The production of protease upon cuticle interaction, followed by 

esterase, chitinase, and various hydrolytic enzymes may have contributed to the nearly 

ubiquitous positive results in the tributyrin screen.

Another potential issue is the redundancy of extracellular enzyme genes in the B. 

bassiana genome. B. bassiana has been found to have multiple copies of hydrolytic 

enzymes, and although the number of distinct lipases is still unknown, at least three 

extracellular proteases have been characterized (Urtz and Rice, 2000). This redundancy 

of enzymes makes finding novel virulence factors by the use of single knockout random 
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insertional mutagenesis more unlikely.

A potential for success of the tributyrin screen existed in the insertional 

mutagenesis of genes affecting lipase production or secretion. Candidate genes of those 

which could prevent all extracellular lipase expression are those responsible for 

expressing proteins involved in protein folding and transport. Unfortunately, the process 

of selection after transformation may have reduced the likelihood of observing this type 

of mutant strain. The secondary selection from the selection medium to PDA agar was 

dependent on the researcher being able to select isolated colonies from a dense plate of 

mutants.  This process may have removed missed more dramatic (and possibly more 

interesting) expression mutants, due to their substantially reduced growth.

The failure of the triolein (olive oil) genetic screen to produce observable results 

may have been due to many factors. The most obvious potential cause of the lack of 

observed lipase activity is incompatibility of the substrate due to enzyme specificity.  

Based on the observations in M. anisopliae of the absence of 'true' lipases which have 

activity towards olive oil (St. Leger et al., 1987), the failure of this screen may have been 

due to a similar lipase expressed by Beauveria bassiana. More investigation would be 

required to conclude the absence of such olive oil-active lipases, but this result allows for 

the formation of novel hypotheses regarding B. bassiana lipase expression.

Olive oil was utilized as an alternative substrate due to the concentration of 

medium-chain triglycerides present to provide a cuticle analog. It may have been the case 

that the olive oil was not suitable to induce lipase production in B. bassiana. The limited 

production of lipase due to reduced induction by a particular substrate is a very 
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significant factor which may have affected the triolein screen results. The inducing 

effects of the substrate must be taken into account for any study involving the production 

of extracellular enzymes, as hydrolytic enzyme production of B. bassiana was observed 

to differ significantly based on the media carbon source (Gupta et al., 1992). 

Unfortunately, it is difficult to optimize the screening substrate in the absence of 

characterized enzyme expression of a particular strain, as different strains express 

different amounts of extracellular enzymes (Cruz et al., 2006).  Many studies of enzyme 

expression are performed using homogenized insect cuticle as substrate, but this would 

be impractical for a large scale screen. 

If the nutrient limitation model of hydrolytic enzyme expression during 

pathogenesis is correct, then the composition of the substrate used for the screen may 

have influenced the observed lack of enzymatic activity. It is possible that the 

carbohydrate sugars present in Czapek's agar may have prevented lipase activity from 

being observed. Similar to the catabolite repression of the PR1 protease by soluble 

proteins in M. anisopliae (Paterson, 1994), inhibition of lipase expression by catabolite 

repression could have prevented lipase expression. Although no mention of carbon 

catabolite repression of enzymatic activity in B. bassiana was found in a literature search, 

carbohydrate-restrictive media was necessary to induce lipase production in the 

pathogenic fungus C. albicans (Ogawa et al., 1992). In addition, the production of lipase 

by a similar fungal pathogen, Nectria haematococca, is induced by olive oil and 

repressed by the presence of glucose in the medium (Eddine et al., 2001). Further 

experiments would be necessary to provide more support for this hypothesis.

Several uncontrolled elements of the substrate may have influenced the results. As 
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a consistent formulation of substrate was used, and a dye allowing for the observation of 

pH was added, the pH of screen substrate was not closely monitored. However, the 

consistent light purple/blue coloration of the substrate indicates a pH above 6.8 (Jensen, 

1983). As the pH optimum of some characterized lipases is 7.5-10.0 (Tietz and Shuey, 

1993), this may be similar to the ideal pH for B. bassiana lipase activity. Since the 

indicator dye monitored the decrease in pH, an initial pH above 6.8 should have allowed 

for lipase activity to be observed.

 In preparing the screen substrate, the substrate was emulsified by manual 

shaking. As this was not a quantifiable method such as the use of a Waring blender, the 

size of emulsified oil globules could be only subjectively controlled. This variation of oil  

drop size affects the ability of lipase to break down the substrate, as it acts at the oil-water 

interface to hydrolyze lipids (Jones and Richards, 1953). Similarly, exposure of 

uncontrolled levels of oxygen during incubation was a factor with a present but low 

probability of affecting the observation of lipolytic enzyme production.

Research into determining the genetic basis of entomopathogenic fungal virulence 

factors is still at an early stage. Suitable transformation techniques for working with 

filamentous fungi are still being developed. Techniques supporting this research include 

visualization techniques, such as the use of green fluorescent protein (GFP), cloning of 

individual genes, and targeted mutagenesis. This research will be greatly bolstered by the 

completion of sequencing the B. bassiana genome, a draft of which is projected to be 

completed this year, 2010 (Keyhani, personally communication). The annotation of this 

sequence will give insights into the proteome of B. bassiana, and what virulence factors 
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might be significant.

To improve the study of lipase expression in Beauveria bassiana, several methods 

could be modified. To confirm the conditions of lipase induction, as well as investigate 

basic properties such as substrate specificity, confirmation of lipase secretion by the use 

of biochemical techniques would be beneficial. This would provide guidance as to 

substrate selection, the ideal pH range for B. bassiana lipase activity, and order in 

sequence of extracellular enzyme expression.

An alternative route to determining the gene sequence of the prospective lipase 

virulence factor produced by B. bassiana would be to begin with a more biochemical 

approach. The first step would be to isolating the lipase protein, for example with an 

agarose bead affinity column, and confirming its identity with suitable substrates. Then, 

using Edman degredation, or more modern NMR protein sequencing, the sequence of 

amino acids in the peptide could be determined. From this sequence, a set of 

comprehensive universal PCR primers could be designed and constructed. By using these 

primers with extracted wild type Beauveria bassiana DNA in a PCR reaction, a potential 

lipase gene candidate sequence may be produced. This PCR product could be sequenced 

and compared to characterized lipase sequences of similar fungi by BLASTn homology 

comparison. After finding a suitable candidate gene, confirmation could be achieved by 

targeted gene knockout followed by recovery by homologous recombination. This 

process may solve numerous issues with the previous study. By isolating lipase and 

confirming its activity on a specific substrate, a promiscuous substrate might be avoided. 

Additionally, finding redundant lipase proteins early in the investigation would eliminate 

the issue of expression of redundant enzymes. This process may require more finances 
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than the discussed random insertional mutagenesis, but the required funding may 

decrease upon completion of the genome sequencing and subsequent availability of 

candidate genes.

To improve the random insertional mutagenesis methodology for investigating B. 

bassiana extracellular lipase, several modifications could be made. A potential cause of 

unfavorable results was the human selection of transformed colonies. This selection 

method preferentially selected the largest colonies for subculturing. Those mutant strains 

most able to thrive on the selection substrate may not have corresponded to those with 

potentially important genes inhibited. By using a liquid selection media for the isolation 

of transformed blastospores and subculturing all resulting transformed colonies, a library 

of insertion mutants with different qualities might be produced.

For greater confidence in strain expression activity, alternative methods of screen 

visualization could be implemented. Microscopic analysis of assay plates by microplate 

reader, while more time consuming, may provide more accurate assessment of results. 

The determination of lipase activity might be accurately visualized by enzyme solution 

titration, utilizing NaOH and thymolphthalein. Lipase visualization might also be 

improved by the use of fluorescent visualization with the addition of the fluorescent dye 

Rhodamine Red, a dye specifically sensitive to lipid degradation. This would provide a 

less ambiguous confirmation of lipase activity, using fluorescence based on FFA 

production rather than pH change.

A larger task in itself, the expression of lipase in the sequence of hydrolytic 

enzymes might be addressed by investigating the expression order of the major enzymes 

on various suitable substrates. Additionally, the use of cuticle substrate analogs such as 
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purified triglycerides in comparison to cuticle may give a better idea of the efficacy of 

using substitute substrates for enzymatic investigation. In the future, artificial cuticle 

might be designed and optimized for use in investigating various aspects of pathogenesis. 

A substrate physically and chemically similar to sclerotized cuticle could supplement or  

supplant the cuticle powder recommended by Anderson(1980) and would enable 

biophysical penetration studies as well as virulence factor investigation.

Novel transformation techniques are being developed for use in 

entomopathogenic filamentous fungi, such as the insertional mutagenesis by 

electroporation of germinated conidia (Jin et al., 2008). The development of selective 

markers, such as Bar and egfp, to better identify transformants is becoming more 

advanced. Improved selection methods have been developed, using green fluorescent 

protein in addition to the bar gene to provide a visible marker (Jin et al., 2008). Further 

development may allow for the expression of hybrid enzyme-gfp proteins for direct 

visualization of virulence factor expression.

The development of targeted gene deletion techniques in model filamentous fungi 

has enabled the confirmation of hydrolytic enzymes as virulence factors (Gascer et al., 

2007). As methods become mature for use in B. bassiana, the role of various hydrolytic 

enzymes will become more fully elucidated. Transformation techniques for filamentous 

fungal research has progressed with the development of a highly active B. bassiana-

specific promoter, analogous to the commonly used promoter of the gpd gene of 

Aspergillus nidulans (Liao et al., 2008). This B. bassiana specific promoter enables 

increased transformation efficiency and may facilitate future mutagenesis experiments.

The end product of investigation into the virulence factor complement of 
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entomopathogens is the improvement of biocontrol agents. Entomopathogen 

development as biopesticides, such as selection, directed evolution, and genetic 

modification, needs to be done in consideration of the context of larger ecosystems. The 

accidental release or intentional distribution of a biopesticide control agent would have a 

not insignificant chance of affecting the existing ecosystem balance. The reduction of a 

particular target species, or members of the likely large group of related organisms, 

would change the balance of populations within a particular ecosystem. This change may 

allow for the colonization of the resource niche by other species, such as potentially more 

undesirable or invasive species. Even with testing against various species, there could be 

no assurance of absolute target specificity. Affecting non-target organisms occupying a 

similar niche, or affecting more distant species, is always a possibility.

As there is little or no control of fungal spore dispersal after a significant release, 

a consideration of the many factors involved should be prioritized. The addition of 

foreign novel genes into a gene pool introduces the small but present risk of horizontal 

gene transfer to a distinct organism. Although consideration should be given to research 

suggesting bounds on horizontal gene transfer amongst species, this research thus far is 

limited to prokaryotic microorganisms (Sorek et al., 2010). Experience with modified 

agricultural crops has shown that even in larger organisms, genetic movement by HGT is 

often difficult to monitor and care should be taken when releasing such organisms 

(Heinemann and Traavik, 2004).

Future investigation into the virulence factors of fungal entomopathogens might 

give more insight into the evolutionary background and ecological role of these 

organisms. The comparative analysis of lipases of multiple phylogenetically related 
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strains of Beavueria bassiana would give an evolutionary perspective of the virulence 

factor, as well as the coevolution of pathogen and host. This investigation additionally 

might give insights into the enzyme specificity and differing enzyme expression profiles 

between entomopathogens specialized for differing target organisms. Research into this 

context would benefit the investigation of entomopathogens for application as 

biopesticides, as understanding specialization towards dissimilar insect cuticle may 

provide insight for increased specificity towards particular target species.

As insect behavior in relation to the fungal pathogen may influence biopesticide 

effectiveness, more research into host/pathogen interaction should also be emphasized. 

Social behaviors such as grooming have been found to affect the spread of biocontrol 

agents such as M. anisopliae within termite populations (Chouvenc et al., 2008). It was 

found that grasshoppers utilize a behavioral defense mechanism in response to fungal 

pathogens, climbing into the sunlight, raising the body temperature to a level where the 

fungus is less adapted to survive (Inglis, 1997). This behavior may also be due to the 

entomopathogen affecting the actions of the insect host to enhance conidia dispersal 

(Hajek and St. Leger, 1994). 

Expanding the research from host/pathogen interactions, research into the 

endophytic role of filamentous fungi should be further investigated. It is known that B. 

bassiana can endophytically colonize various plant species, including corn, and coffee 

bean tree, with obvious potential applications (Wagner and Lewis, 2000; Posada and 

Vega, 2005). Although the function of the endophytic fungus, such as an 

entomopathogenic defense role, is unknown, the implications are dramatic for 

considering the larger ecological role of the entomopathogenic filamentous fungi.
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Appendix: 

Appendix A:  Solution Formulations 

Potato dextrose agar (PDA):

39 g potato dextrose agar (Difco)

1 L deionized water

Trimethoprin 200 μl/L of 50 mg/ml solution

Sabouraud dextrose/Yeast extract broth (SDY):

30g Sabouraud dextrose agar (Difco)

1% (w/v) Yeast extract (Difco)

GM medium:

Percents (w/v)

4% glucose

0.4% NH4NO3

0.3% KH2PO4

0.3% MgSO4

200 μl/L Trimethoprin of 50 mg/ml solution

Yeast peptone agar

1% yeast extract

2% agar

2% peptone
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Selection media:

49 g/L Czapek's agar

200 μl/ml phosphinothricin

10 μl/ml Trimethoprin

0.005% (w/v) Bromocresol Purple

Triolein screen agar (OO CZVB):

49 g/L Czapek's agar

3 ml/L purified olive oil

80 mg/L Victoria Blue B dye 

12 ml/L 2% polyvinyl alcohol solution

Tributyrin screen agar (CZTV):

49 g/L Czapek's agar

10 ml/L purified tributyrin

80 mg/L Victoria Blue B dye 

40 ml/L 2% polyvinyl alcohol solution

DNA extraction buffer solution:

1:1 a:b (v/v)

a:0.2M Tris-HCl(pH 7.5)

0.5M NaCl

0.01M EDTA
1% SDS

b:chloroform
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PCR amplification reagents:

2.5 μl PCR Buffer (10x)

2 μl dNTP Oligonucleotides

1 μl Pbar2 (10 μm) 

1 μl SFP1 (10 μm)

1 μl Template

1 μl ExTaq

Ligation kit

.35 μl recovered pcr product

.05 μl Quiagen pDrive Cloning Vector

5.0 μl Ligation Master Mix (2x)

.17 μl Distilled water

Luria broth media

30.5 g/L Difco Luria Broth Base

100 μl/L Ampicillin (50 mg/ml concentration)
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Appendix B:

Biological basis of the toxic effects of major classes of chemical pesticides. Information 

obtained from reviews of the subject by Al-Saleh, (1994), and Hemingway and Ranson, 

(2005).

Organochlorinated insecticides:

The most persistant class of insecticides in the environment, notable examples 

include DDT. The organochorinated insecticides act as central nervous system stimulants 

by opening sodium channels in nerve cells. This leads to spontaneous firing, spasm, and 

eventually death.  In animals, can be stored in adipose tissue, presumably due to the 

lipophilicity of the insecticide molecules.

Organophosphate insecticides:

The organophosphate insecticides such as malathion are readily taken into the 

body. Uptake in animals and insects may occur through the skin, respiratory system, or 

gastrointestinal tract. The organophosphorus pesticides have toxic effects by inhibiting 

the acetylcholinesterase (AChE) enzyme in the nervous system. This enzymatic inhibition 

causes the accumulation of acetylcholine neurotransmitter in the nervous system, leading 

to systemic paralysis. 

Organophosphate pesticides such as TEPP and mevinpohos(in addition to some 

organophosphate nerve gasses) have very strong inhibitory effects, often irreversibly 

inactivating acetylcholinesterase enzymes. These cause local symptoms of 

acetylcholinesterase inhibition upon contact of skin, eyes, or respiratory tract. Other 

pesticides such as parathion and malathion are weaker inhibitory compounds until 
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processed metabolically into more toxic compounds.

Carbarmate pesticides

These compounds also inhibit the acetycholinesterase enzyme, but are typically 

weaker in action than the organophosphorus pesticides. The inhibition of the 

acetylcholinesterase enzyme is reversible and therefore generally less toxic. As the 

inhibition is merely competitive on the enzyme, these pesticides have a shorter duration 

of action within the organism.

Pyrethrins/Pyrethroids

The pyrethrins represents a class of insecticides derived from the toxic metabolite 

of the chrysanthemum plant (Pyrethrum cinerariaefolium). These compounds attack the 

nervous system of insects, acting upon the sodium channels in a manner similar to the 

organochlorinated insecticides. Compared to the other chemical pesticides, these are 

much less acutely toxic, and since they metabolize rapidly are considered to be less 

dangerous to animals.

Pyrethroids, the synthetic derivatives of pyrethrins, similarly affect the nervous 

systems of insects. The mechanism of action is the forcing of sodium channels to remain 

open in nerve cell membranes. Preventing repolarization of the action potential, the 

nerves cannot de-excite and the insect is paralyzed.
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Appendix C:

Primer nucleotide sequences

SFP1: 5' - CACGACACGCTACTCAACAC-3'

Pbar1: 5' - TTCAAGCACGGGAACTGGCAT-3'

Pbar2: 5' - GGTTTCTGGCAGCTGGACTTC-3'

fBar: 5' - GTCGACAGAAGATGATATTGA-3' 

rBar: 5' - TCAGATCTCGGTGACGGGCAG-3'

Nucleotide sequence results

Beauveria bassiana random insertion mutant 22C6

CGACAATGGCAATGGCCTTTTCTTGTTGGTATGGGAGACTCTTGCAATAATTTTTTTTCCAAAATGTTTAG

ACCAACTGACGGCCAACAGAGGGTAGCCTAACCTGCCTCCTGGCGGTTGGTGCATACGTCTACTTTCCACA

TAATGCAACAAAACCAAAAACTATATTCGGCAAATCATTCTCGCTATTCAAGCAACGCGAAGCGTCTATTA

TTGTCACCCGGGTAATAGCCAACGACCCTTCCAAAGCACTTCAATACGGGAAACCAGTCCTGCCATCGCAC

ATTTGGGACACTTTCAGTGATTGGGGATTATACGGCCATCTTATCGCAGCTCTACTGTCCATGGTCATGAT

AGCACCGATGAACACGTACGCGCCTTCTATCATCAAATCCATGGGGTTTAACTCTCTCCAAGCCAATGGTC

TCAACTCAGTAGGTAGTATCTGCGCCTTGGTCTGGTCGGTGTCGCTCGCCTTTAGCAGTGACCGGTTTCAA

GAACGCGGATTCCATGTTGCAGCAGGGTATCTATTTGGCGTTGTTGGCCTCTTGTGGCTGGCATTGGCACC

GGAAACTGTTGGAAAATGGGTACTCTATGGTATGTCTCGAGGATTTTAATCCGAGTTCATCAAGATGTGAG

GCTAATCAACACCTAGGAGGCGTCGTTTGGACTCAAATGGGAATGGGCAGTGCGCAAGCTATTAGTGCGGC

CTGGCTTACCACCAAGATGGAGGATCATAAGCGTCCTGTCGCATTGGCTGCGTATGTCATGTGTATCCAGC

TGGCGAATTTTCCCGGCAATCAGTTGTTTCGCACGCAAGGTAAGATTATTCTCGTATCTAGGAGAGTTATA

ACTAACATTATATAGACGCGCCTCGC
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