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Volatile organic compounds (VOCs) are organic compounds with low molecular 

mass and the ability to vaporize easily at room temperatures.  Fungi produce many VOCs 

that vary in type and amount depending on producing species, as well as factors that 

influence growth such as temperature, substrate, moisture, pH,  and other parameters.  In 

nature, fungal VOCs are used as ecological signaling agents.  In the built environment, for 

individuals who live in water damaged and mold infested houses,  they have been 

implicated as possible contributors to “sick building syndrome”  Finally, fungal VOCs have 

found practical applications in medical mycology as  indirect assays for determining the 

presence of  fungal growth.   

In this thesis, I have postulated that the VOCs emitted by medically important fungi 

may contribute to the pathogenicity of human fungal pathogens.   Using a Drosophila 

melanogaster bioassay, third instar larvae were placed in a shared atmosphere with 

growing cultures of Aspergillus fumigatus, Cryptococcus gatti, Cryptococcus neoformans, 



 

iii 
 

Candida albicans and  Saccharomyces cerevisiae.    In some cases, the human pathogenic 

fungi were pre-cultured at 25oC and in other cases they were pre-cultured at 37oC.    Control 

larvae were incubated in the absence of fungal VOCs.  The number of larvae, pupae and 

adults was counted over a 15-day period and the effect of fungal VOCs on stages of 

metamorphosis, time to eclosion, and fly viability was determined.  In general, exposure 

of larvae to VOCs from human pathogenic fungi slowed the rate of metamorphosis, 

delayed eclosion, and caused toxicity.  In some cases, morphological abnormalities were 

observed.  These harmful effects were more pronounced when fungi were pre-grown at 

37◦C than at 25◦C.  Larvae grown in the presence of VOCs from Saccharomyces cerevisiae 

had metamorphotic and eclosion rates that were like controls.  The VOCs from the 

environmental strain of A. fumigatus had the highest toxicity to the developmental stages 

of Drosophila when it was grown at either 25°C or 37°C.  Exposure to VOCs from 

Cryptococcus neoformans caused more delays on fly metamorphosis and more toxicity 

than did exposure to VOCs from the six A. fumigatus strains tested.  Using purge and trap 

gas chromatography-mass spectrometry (GC-MS), the VOCs from the most toxic and least 

toxic strains of Aspergillus fumigatus were assayed.  The most toxic strains produced high 

levels of 1-octen-3-ol, an eight carbon alcohol that previously has been determined to be 

toxic in low concentrations to Drosophila flies, Arabidopsis plants, human embryonic cell 

cultures, and to cause nasal irritation in trials with human subjects.   In conclusion, I 

postulate that VOCs from medically important fungal species may be acting as virulence 

factors during human infections, thereby enhancing the pathogenic effects of these species.   
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The second section of the dissertation focused on Aspergillus fumigatus strains that 

did or did not carry defects in their oxylipin pathways.  Lipoxygenase (LOX) genes and 

oxylipins are involved in biosynthesis of several metabolites that affect various 

reproductive functions in filamentous fungi that are mediated by VOCs.    A. wild type A. 

fumigatus strain and a “near wild type strain” with normal oxylipin genes were compared 

with A. fumigatus mutants blocked in the lipoxygenase pathway.    The Drosophila 

bioassay with third instar larvae was used to detect delays in metamorphosis, eclosion and 

possible toxicity to flies.    Exposure of larvae to VOCs produced by A. fumigatus wild 

type and overexpressed LoxB strain caused more delays on fly metamorphosis than did 

exposure to VOCs from A. fumigatus carrying blocks in the lipoxygenase pathway. There 

were no significant effects shown in the presence of arachidonic acid on the metamorphosis 

of the fruit fly compared with cultures lacking arachidonic acid.  GC-MS analysis showed 

the wild type strain produced more abundant VOCs in higher concentrations than did the 

triple LOX mutant which released fewer VOCs in lower concentrations.  VOCs produced 

by the A. fumigatus wild type strain AF293 included 1-octen-3-ol, 1-butanal, 1-octen, 

decanoic acid, lauric acid, myristic acid, and palmitic acid.  These VOCs were not detected 

from the LOX triple mutant strain.  

 

The final section of the dissertation studied the most toxigenic eight carbon 

compound 1-octen-3-ol. I hypothesize 1-octen-3-ol is of distinct importance as a 

toxigenicity factor.  Toxigenicity is usually defined as the ability of a pathogenic organism 

to product injurious substances that damage the host.  In order further to investigate this 

hypothesis, I tested low concentrations of chemical standards of  three eight carbon 
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volatiles (1-octen-3-ol, 3-octanone and 3-octanol) characteristic of fungal metabolism 

against adult male Drosophila flies in order to determine their impact on fly survival.   Two 

strains of Drosophila, one with red eyes and one with white eyes, that were wild type for 

immune pathway genes served as controls.  In addition, strains that carried blocked 

mutations in the nitric oxide pathway, the Toll pathway, the Imd pathways, and a double 

mutant strains with blocks in both the Imd and Toll pathway were tested.    Volatile phase 

1-octen-3-ol and 3-octanone at 0. 5µL/L were toxic to almost all the strains after 24 hours.  

Oregon R (red-eyed, wild type) strain was less susceptible than wild type, white eyed strain 

(W1118) to all three volatile compounds at both concentrations.  All strains showed high 

susceptibility to the high level of 1-octen-3-ol in the span of only two hours.  Of the three 

compounds tested, 3-octanol at 0. 1µL/L was the least toxic to mutant and wild type strains.    

White eyed flies carrying the NOS mutation were more resistant to volatiles than were the 

white eyed control strains.  The Relish E20 white-eyed, mutant strain was more susceptible 

than the spz6  red-eyed mutant strain to volatile phase 1-octen-3-ol at 0.1µL/L.    The double 

mutant strain (red-eyed Relish E20  spz6) showed greater resistance to the presence of the 

volatile phase compounds than did either single mutant.   This latter finding implies that 

the toxicity of 1-octen-3-ol and other VOCs may be related to aspects of the innate immune 

system that cause negative side effects on fly physiology; when the immune system is 

impaired, these negative side effects do not occur and the flies have increased survival in 

the presence of VOCs.   

 

In summary, the Drosophila bioassay has been used to show that VOCs from 

several medically important fungi are toxigenic.   Strains of A. fumigatus that were blocked 
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in lipoxygenase activity emitted fewer VOCs and had less toxicity.   Presence of the eight-

carbon volatile, 1-octen-3-ol was correlated with higher levels of toxicity in the Drosophila 

bioassay.  VOCs from growing fungi can be considered toxigenic factors that contribute to 

pathogenic profiles of medically important fungi.  To our knowledge, this is the first report 

that correlates fungal VOCs such as 1-octen-3-ol   to the virulence of human medical 

pathogens.   
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        The author has published most of this chapter in the following citation: 

       Al-Maliki HS, Martinez S, Piszczatowski P, Bennett JW. Drosophila 

melanogaster as a Model for Studying  Aspergillus fumigatus. Mycobiology. 2017 
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1.1. Introduction  

 

             Aspergillus fumigatus is a cosmopolitan filamentous fungus found in soils all 

over the world. As an opportunistic human pathogen, it causes localized infections, 

aspergilloma (fungus ball), allergic bronchopulmonary aspergillosis, and invasive 

aspergillosis in immunocompromised patients (Agarwal 2009; Latgé and Steinbach 

2009). The likelihood of serious Aspergillus infection, with accompanying high 

morbidity and mortality, is based on three factors: the status of immunocompromised 

patients, the degree of exposure, and fungal virulence (Latgé 1999). Individuals with 

hematological malignancies, hematopoietic stem cell transplant recipients, and 

recipients of solid organ transplants are at highest risk of developing systemic 

aspergillosis (Latgé and Steinbach 2009; Marr, et al. 2002). In both humans and animals, 

aspergillosis can be caused by a number of different Aspergillus species, but A. 

fumigatus is the most prevalent etiological agent. 

 

              Drosophila melanogaster is an important model organism that has been used to 

study a wide range of basic and applied biological research questions, including the 

impact of medically important filamentous fungi.  These flies have a cellular immune 

system. The fruit flies’ immune systems can eliminate pathogens if they are identified 

at the beginning of the infection(Hamilos, et al. 2012). Investigations about the 

interaction of Drosophila and fungal pathogens have demonstrated that this organism 

has an evolved antifungal immune system against some opportunistic fungi due to a 

long-term exposure and interaction in their natural environment. Our laboratory has 
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pioneered the application of the fruit fly model to study and evaluate the toxicity effects 

of volatile organic compounds (VOCs) produced by                         filamentous fungi 

isolated from indoor environments (Inamdar, et al. 2012; Yin, et al. 2015) (Zhao, et al. 

2017).  In this chapter, I discuss the advantages of D. melanogaster for toxicology 

research.  I also discuss future challenges with respect to understanding the toxicological 

effects of VOCs of A. fumigatus and other VOCs from other fungal pathogens as 

possible virulence factors.  

     

1.2. Aspergillus fumigatus as a pathogen 

            Fungal spores, including Aspergillus conidia, are present almost everywhere in the 

world.  In an indoor environment, hundreds of different types of mold can grow wherever 

there are suitable conditions, with sufficient water being the most important variable for 

successful fungal growth.  Thus, fungal growth is typically associated with high humidity 

and molds are able to grow in almost any place that has moisture. Respiratory disease is 

one of the most common diseases in the developed and developing world. Every year, the 

upper respiratory infections have been detected in six to eight American children 

(Heikkinen and Järvinen 2003). Indoor dampness and microbial growth are correlated with 

health problems, especially negative effects on the respiratory system such as asthma, 

wheeze, cough, respiratory infections and upper respiratory tract symptoms (Heseltine and 

Rosen 2009; National Academies of Sciences and Medicine 2017).  

               Previous studies have found that people who stay mostly outdoors, or live in 

places with well-ventilated buildings, have more diverse microbiomes compared to people 

who live with close or less open buildings (Clemente, et al. 2015; Hanski, et al. 2012). 
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Airborne molds and other biological particles contaminate the indoor air of our homes, 

offices, and schools in many parts of the world. Fungi, bacteria, viruses, pollen etc. are all 

biological contaminants of indoor environments. Fungi are able to grow in various 

environments due to their physiological and genetic plasticity. They produce spores in huge 

amounts and distribute in a wide range of areas. The spores of molds stay viable for a long 

time, even during unfavorable conditions. The metabolism of mold spores and products 

can cause allergic reactions consisting of hypersensitivity pneumonitis, allergic rhinitis and 

some types of asthma (Ayanbimpe, et al. 2012; Hospodsky, et al. 2015). Fungal metabolites 

include ergosterol, beta-glucans, cell fragments, endotoxins, mycotoxins and microbial 

volatile organic compounds, all of which are suspected as contributing to human health 

problems such as headache, as well as irritation of the eyes and mucous membranes of the 

nose and throat (Douwes 2009; Fischer, et al. 1999; Lambrecht and Hammad 2013; 

Lambrecht and Hammad 2014; Nielsen 2003). Species in the genus Aspergillus are among 

the most ubiquitous fungi that can grow in soil, plant debris, and indoor environments.  

They have an important role in global carbon and nitrogen recycling.  

                Fungi secrete acids and enzymes into the environment to breakdown the complex 

molecules to simpler compounds which are absorbed back by fungal cells. The genus 

Aspergillus genus was one of the first filamentous fungal groups described (Micheli 1729) 

and its members can serve as an example of the lifestyle of fungi. These fungi have a key 

role contributing in the decomposition process (including natural cycling and carbon cycle) 

and they also provide carbon dioxide in addition to other organic and inorganic compounds.  

Their small, hydrophobic conidia can spread easily into the air and have the ability to 

survive a broad range of environmental conditions. The genus encompasses over 300 
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species of which only a few are plant and human pathogens (Gugnani 2003; Machida and 

Gomi 2010) Morphologically, the spore-bearing structure in the genus Aspergillus is 

characterized by the “T” or “L” -shaped foot cells which are good morphological signs to 

know that a given isolate is an Aspergillus species.  The foot cells bear a swollen 

conidiophore (vesicle) at its tip that carries phialides as a single or double series.  The 

phialides of Aspergillus bear conidia or conidiophores as columnar or radiate unbranched 

chains which stay together and are linked by a cytoplasmic bridge.  Fungal conidia are 

organized from the bottom, which have the youngest conidia, whereas the tip has the oldest 

conidia in the chains.  The sporulating fungal colony has different textures and colors such 

as powdery, white, greenish yellow, brown or black. For example, A. niger species produce 

black conidia, while A. flavus, A. nidulans, and A. fumigatus bear green conidia. The colony 

color, the rate of fungal growth, and thermotolerance are used as the main factors to identify 

Aspergillus species (Fogarty 1994; Machida and Gomi 2010). Most species in the genus 

Aspergillus reproduce asexually, but a few species of this genus have a sexual state called 

the teleomorph.  Aspergillus teleomorphs produce   a round, closed structure which is called 

a cleistothecium that encloses   asci containing the ascospores. Most asci have eight 

ascospores. Aspergillus species that can reproduce sexually and form cleistothecia are both 

homothallic and heterothallic (Bennett 2009; Bennett 1986; Raper and Fennell 1965).  

                The sexual stage of Aspergillus is characterized by cleistothecia that differ in 

size, color, shape and appearance based on species (Fogarty 1994; Geiser, et al. 2008). 

Regular occurrence of a sexual stage, forming ascospores, is one of the features used to 

differentiate species. Sexual outcrossing produces genetic variation within populations 

which is an important for long- term survival and species evolution (Dyer and Paoletti 
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2005). Sexual reproduction requires a mating type locus which is called MAT in 

ascomycetes. A pure culture of a heterothallic mold bearing only one MAT locus will never 

produce the sexual stage. MAT loci include the genes that are important for ascocarp 

development, meiosis and other aspects of sexual reproduction (Galagan, et al. 2005).

 The rarity of opposite MAT loci in many Aspergillus populations made early 

mycologists think that many Aspergillus species have only the asexual stage(Dyer and 

Paoletti 2005; Poggeler 2002). 

                  The genus Aspergillus is economically important.  Several species of 

Aspergillus are used for industrial production of enzymes, organic acids and 

pharmaceuticals.  For example, Aspergillus niger has been used to produce citric acid, 

amylases, pectinases, phytases, and proteases. A. terreus is used to form statins which are 

in widespread use decrease cholesterols, while A. oryzae is used to produce soy sauce and 

sake, by fermenting soybeans and rice respectively(Abe and Gomi 2008; Machida and 

Gomi 2010). Other species of Aspergillus such as A. flavus and A. parasiticus have the 

ability to cause crop infections and form mycotoxins such as aflatoxin, which is a highly 

toxic carcinogen with immunosuppressive properties (Bennett and Klich 2003; Wild 2007; 

Williams, et al. 2004). 

1.2.1 Aspergillus species as human pathogens 

                   Many fungi are important pathogens to organisms such as insects, amphibians 

and plants (Casadevall 2005). However, normally, fungi do not cause disease in healthy 

people, and of a large number of known fungal species, only a few hundred are pathogens.  
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Nevertheless, as modern medical practices have created an increasing number of people 

who have compromised immune systems, the frequency of fungal disease has increased.  

Opportunistic species, including several aspergilli, have the capacity to infect those who 

are immunocompromised (Chakrabarti 2005; Reedy, et al. 2007; Richardson 2005; Yin, et 

al. 2015). Aspergillus fumigatus is considered the most important of the opportunistic 

filamentous fungal pathogens (Richardson 2005). Due to their ubiquity in the environment, 

the conidia of genus Aspergillus are inhaled daily  by all of us,  but only in severely 

immunocompromised individuals does conidial inhalation result in extensive hyphal 

growth in lung tissue, leading to invasive aspergillosis.    All Aspergillus species capable 

of growth at human body temperature (37oC) have the ability to germinate and grow in 

lungs, and potentially  cause invasive aspergillosis in immunocompromised patients,  To 

date, approximately 40 of the more than 300 Aspergillus species have been documented as 

human pathogens (Klich 2006).   Of these, A. fumigatus is the most common species 

associated with this terrible disease (Balajee, et al. 2007; Latge 1999; Latgé and Steinbach 

2009).  
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                   It is hypothesized that other thermotolerant species of Aspergillus which do not 

cause severe infections are removed before, or when they get to, the lower respiratory tract, 

even in immunocompromised patients (Figure 1.1). A. fumigatus is a particularly 

thermotolerant organism, which may be one reason for its  success as a pathogen. It has 

optimum temperature ranges from 37°C to 42°C, but it also has ability to tolerant 

temperatures over 55° which is the high limiting temperature range for eukaryotic 

organisms (Chang, et al. 2004). 

 

1.2.2 Aspergillus fumigatus  

            A.fumigatus differ in their micromorphology and their cultural charactersitics 

(Samson, et al. 2009). A. fumigatus is responsible for causing more than 90% of human 

Aspergillus infections, followed by A. flavus and A. niger (Balajee, et al. 2009; Lass‐Flörl, 

et al. 2005). The incidence of aspergillosis caused by different species of Aspergillus differs 

from country to country and based on the patient group that is under study. In 

Figure 1.1 Spores 
of Aspergillus 
species and other 
fungi are inhaled 
by people, but A. 
fumigatus is the 
major pathogenic 
fungus for causing 
infections. (Chang 
et al., 2004). 
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immunocompetent people, spores of the pathogenic strains of Aspergillus that get into 

human and other animals’ respiratory systems are removed by their innate immune system 

(neutrophils and macrophages). Nevertheless, Aspergillus can cause different kinds of 

allergic reactions in immunocompetent people.  In immunocompromised people, the 

degree of infection is based on the virulence factors of the fungal strain, the host immune 

status, as well as the pulmonary structure and function of the host.  

               Because it is widespread in the environment, and because it forms a huge number 

of asexual spores, it is not uncommon for humans to breathe hundreds of these pathogenic 

spores daily.   They are small enough (2-3μm in dimeter) to reach the alveoli of lungs where 

they can break dormancy, germinate, and form a branched, septate vegetative mycelium 

that invades the pulmonary parenchyma into the lung tissues (Hohl and Feldmesser 2007; 

Latgé 1999; Zhang, et al. 2016). This is the primary route of human infection.  Once the 

respiratory system is infected, for people with weak immune systems, fungal growth might 

spread to other organs (Paulussen, et al. 2017). 

              In healthy people, conidia are removed by mucociliary clearance and alveolar 

macrophages (Schaffner, et al. 1982).  However, for people with weak immune systems, 

A. fumigatus is one of the most important pathogenic fungi.  A. fumigatus causes a spectrum 

of pulmonary diseases, which can be classified into three groups based on the site of 

infection, and extent of colonization and invasion: allergic reactions; colonization with 

regulated invasiveness in immunocompetent individuals (saprophytic),  systemic, and  

invasive infections in people who have weakness in their immune system such as those 
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with hematological malignancies  or who  have undergone organ transplantation (Brakhage 

and Langfelder 2002; Dagenais and Keller 2009; Latge 1999; Maturu and Agarwal 2015).  

            Aspergilloma is the saprophytic pulmonary form of Aspergillus. Aspergilloma 

occurs by saprophytic mold colonization and forms as a fungal ball in a pre-existing cavity 

within the parenchyma tissue of lung (Agarwal 2009).  Aspergilloma happens in patients 

who have different diseases such as bronchiectasis, sarcoidosis, pulmonary abscess, 

pneumoconiosis, AIDS and hemoptysis (PS 1996). It can be life threatening in patients 

with histoplasmosis, fibrotic lung disease, sarcoidosis, and those with increasing 

Aspergillus-specific IgG titers (Kauffman 1996; Stevens, et al. 2000). Hemoptysis is one 

of the most important symptoms to indicate aspergilloma infection (Tomee, et al. 1995) . 

Allergic bronchopulmonary aspergillosis (ABPA) is the most common allergic form of 

aspergillosis.  Aspergilloma and allergic bronchopulmonary aspergillosis are noninvasive 

forms of Aspergillus lung disease. Patients who have severe asthma with fungal 

sensitizations are diagnosed with allergic bronchopulmonary aspergillosis (ABPA) 

(Denning, et al. 2014; Steinbach 2008).  

            ABPA encompasses symptoms such as repeated fever, cough, wheezing, 

pulmonary infiltrated and fibrosis (Barnes and Marr 2006). ABPA findings include: 

asthma, peripheral blood eosinophilia, immediate skin reactivity due to high levels of A. 

fumigatus IgE in serum (>1 Mg/ml), and central bronchiectasis (Coop, et al. 2004; Laufer, 

et al. 1984; Wang, et al. 1978). ABPA is a hypersensitivity lung infection that occurs 

mostly in patients who have asthma or cystic fibrosis (Zmeili and Soubani 2007). The most 

serious form of aspergillosis is invasive and is diagnosed as acute invasive pulmonary 
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aspergillosis (IPA) and chronic pulmonary aspergillosis (CPA).  Invasive aspergillosis has 

been found in severely immunocompromised patients, or those with chronic pneumonosis, 

such as chronic obstructive pulmonary disease. Hematopoietic stem-cell transplant 

recipients and those with hematological malignancies and chemotherapy are particularly 

susceptible to this life-threating disease (Kosmidis and Denning 2015a; Kosmidis and 

Denning 2015b; Lauruschkat, et al. 2018; Xu, et al. 2010; Zaas, et al. 2008).  

             Systemic aspergillosis also occurs in people who are taking corticosteroids and 

various forms of anticancer therapy (Clark and Hajjeh 2002; Garcia-Vidal, et al. 2008). 

The occurrence of IA has increased over the past 10-20 years as the number of 

immunocompromised patients has become more common. The mortality rates related with 

IA range between 60-90% with the incidence differing among different patient populations 

(Brakhage and Langfelder 2002; Singh and Paterson 2005). For example, A. fumigatus 

causes infection in approximately 15% of people who have allogeneic transplants (Paterson 

and Singh 1999). There are no vaccines against invasive aspergillosis, and available drugs 

have variable success rates between 40-90%.  Moreover, fungal resistance against drugs is 

becoming increasingly common (Oliveira-Coelho et al., 2015). 

              Because of its medical importance, A. fumigatus (Strain 293) was one of the first 

species of fungi to have a sequenced and annotated genome.  The fungus was sequenced 

using a whole genome random sequencing method augmented by using optical mapping. 

The genome of this strain is 29.4 megabases in size, with eight chromosomes, including 

9,926 predicted genes (Nierman, et al. 2005).  
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1.3 Drosophila melanogaster as a genetic model 

                  Drosophila melanogaster has been an important non-mammalian model system 

in biology since the early Twentieth Century. It has been widely used in genetic and 

developmental research due to its quick generation time, high reproductive rate, and 

inexpensive and uncomplicated maintenance.  This “mini-model” has a fully sequenced 

genome, allowing the application of genome microarrays and RNA interface libraries 

(Lionakis and Kontoyiannis 2012).  It also has a well- characterized immune system and a 

remarkable degree of conservation of biochemical pathways with humans and other 

animals (Hamilos, et al. 2012). 

 

             The life cycle of the fruit fly has four stages and takes 10-12 days, depending on 

the temperature (25ºC-29ºC). The first stage is the egg that develops into the embryo after 

one day.  The second stage is the larval stage, which has three sub-stages or instars.  The 

third instar larvae (mature larvae) metamorphoses into the third stage, or pupal stage, 

around the fifth day. Metamorphosis in the pupal case is such that most tissues in the larvae, 

and their replacements, will reorganize over the course of four days.   The resultant 

proliferation and differentiation of cells form adult structures. In the early stages of 

embryos, most of specific structures of adults are created from imaginal discs such as the 

wings, legs, eyes, and genitalia (see Figure 1.2) (Hartwell, et al. 2004).  
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               Studies in Drosophila have offered many essential insights into developmental 

and cellular processes that flies share with humans.  The nervous system of flies is complex 

containing of tens of thousands of neurons organized led into circuits which control 

complex behaviors (DeZazzo and Tully 1995; Guarnieri and Heberlein 2003; Sokolowski 

2001). The fruit fly has neurotransmitters that are similar to those found in mammals and 

possesses many homologous neurotransmitters receptors and ion channels . Drosophila 

Figure 1.2.  The life cycle of Drosophila melanogaster includes four stages. The first stage 
is the egg and embryo. The second stage     is a series of molts which include three larval 
instars. The third stage encompasses the transition from third instar larvae to pupae, and is 
called pupation. The last stage of the cycle is when a pupa converts to an adult and is called 
eclosion (Hartwell et al., 2004). 
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melanogaster is one of the most useful models to study the interaction between neural 

function and genetic properties (Weber, et al. 2009). The fruit fly has a good host defense 

system against different types of pathogens. However, it does not have homologs for many 

immune response characteristics of mammals such as the adaptive immune response. 

 

1.3.1 Drosophila melanogaster and its immune system 

              D. melanogaster   grows and thrives at room temperature (25ºC); however, while 

the fruit fly has the ability to survive at 29ºC, it dies at 30º C (Krebs and Feder, 1998). The 

immune system of Drosophila is based on its innate immunity which can recognize 

different kinds of pathogens by producing a pattern of recognition receptors such as 

different families of antimicrobial peptides. This system includes two parts: humoral and 

cellular immune responses (Limmer, et al. 2011).  

             The cellular immune response is induced by three types of cells which appear in 

the blood in the body cavity of fruit flies. These cells increase in number when Drosophila 

flies are invaded by different microorganisms. The first type of cell is called the 

plasmocytes, which are similar to macrophages in mammalian cells, and which form about 

95% of all hemocytes. These cells play an important role in phagocytosis. Secondly, 

lamellocytes are flat cells that are mostly present in the hemolymph of larval stages. These 

cells can kill pathogens by producing encapsulation. The third type of hemocytes is called 

crystal cells; these cells appear in larvae and form approximately 5% of all hemocytes. 

They have a dark color and kill pathogens through a melanization process.  This process 

happens at the site of infection in the larvae and adult stage (Kocks, et al. 2005; Philips, et 

al. 2005; Rajak, et al. 2016). The second part of immune response is the humoral immune 
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response which is activated by three different pathways: the immune deficiency pathway 

(Imd), the Toll pathway, and JAK/STAT (Janus kinase/signal transducer and activator of 

transcription) pathway. In this response, D. melanogaster possesses seven different 

families of antimicrobial peptides (AMPs). They are released into a structure called the fat 

body (similar to the mammalian liver).  These peptides are the most important immune 

response in fruit fly and are moved to the blood (Hoffmann 2003a). These small peptide 

families have activity against several types of microorganisms; the expression of the genes 

encoding these families depends on Toll and Imd pathways (Royet, et al. 2005). There are 

two types of AMPs that have activity against fungi (Drosomycins and Metchnikowin) 

while five types of AMPs defend against bacteria. For Gram-negative bacteria, the AMP 

Defensin is used; for Gram positive bacteria, the AMPs Attacins, Cecropins, Drosocin, and 

Diptericinsare used. These peptides accumulate together in the hemolymph of Drosophila 

to attack and kill the pathogenic microbes (Engström, et al. 1993; Kappler, et al. 1993). 

The Toll pathway plays an important role to defend against infections that are caused by 

fungi and Gram-positive bacteria, while the Imd pathway has activity to protect fruit flies 

from Gram negative bacterial infections (Mulinari, et al. 2006) (Figure 1.3. A &B).  
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              These pathways are similar to those found in mammals such as in Imd signaling 

which is homologous tumor necrosis factor receptor factor1 signaling in mammalian 

pathways, while Toll signaling is homologous to Toll/IL-1 receptor signaling pathway in 

humans. The innate immune system of the fruit fly has provided a model for   scientists to 

screen drugs and vaccines that might provide treatments against deadly diseases such as 

HIV (Hoffmann 2003a; Rajak, et al. 2016). In addition to Imd and Toll, other pathways are 

also associated with the capacity of Drosophila to defend itself against bacteria and fungi.  

For example, the activation of p38 MAPK pathway is also important for resistance to 

bacterial and fungal infections independently of the Toll pathway (Hamilos, et al. 2012). 

Figure 1.3. The innate immune system in Drosophila melanogaster. The diagram shows 
cellular and humeral responses in the fruit fly against invasion of different pathogens. The 
cellular response is activated by three types of hemocytes (Plasmocyte, Lamellocyte, and 
Crystal cells). The humoral response has two pathways:  The Toll pathway is specifically to 
defend against fungal and Gram-positive infections. The Imd pathway is used to protect 
against Gram negative bacterial infections.  

A B 
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1.3.2 Drosophila melanogaster for studying aspergillosis 

Drosophila melanogaster has been used to study fungal pathogens and is appropriate for 

analysis of the morbidity of a variety of other pathogenic microorganisms on a big scale 

(Ben-Ami, et al. 2010; Lionakis and Kontoyiannis 2010).  Drosophila melanogaster has 

the ability to respond against pathogenic fungi through its innate immunity, using epithelial 

surfaces responses as self-defense.  Flies also have physical barriers such as chitin that 

contribute to defense. However; if infection is reached, the host induces immune responses 

against the fungal pathogen (Chamilos, et al. 2007). Experimentally, feeding or rolling can 

be used to infect flies with A. fumigatus (Hamilos, et al. 2012). Injection is another 

standardized and reproducible way to obtain infection and leads to an accurate estimation 

of fungal inoculum. For example, fungi can be injected into the epithelial surfaces of the 

dorsal thorax of Toll-deficient fruit flies (Chamilos, et al. 2007).   

               The A. fumigatus mutant (alb1) has a hypovirulent phenotype in mice and gave 

low virulence in Toll-deficient flies.  Infection is experimentally produced by feeding or 

rolling (Lamaris, et al. 2007). Toll-deficient flies have been used for studying infections 

caused by Aspergillus and other medically important filamentous fungi (Chamilos, et al. 

2010; Lamaris, et al. 2007). Virulence factors are important for survival of fungi and other 

microbial pathogens at mammalian body temperature (Bhabhra, et al. 2004). Many of the 

virulence attributes that are important for Aspergillus pathogenicity in mammals are 

equally essential for successful infection in Toll-deficient fruit flies. In Drosophila and 

mouse models used to study invasive aspergillosis, lower rates of infections are associated 

with Aspergillus mutants that are deficient in siderophore biosynthesis (DeltasidA, 
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DeltasidD), PABA metabolism (H515), starvation stress response, secondary metabolite 

production (DgliP), or melanin biosynthesis ((Chamilos, et al. 2010; Lamaris, et al. 2007).  

             Moreover, several factors such as temperature and site of infection, as well as 

differences in mechanisms of local host defenses, may induce fungal virulence factors 

expression. For example, thermotolerance is a factor that has long been hypothesized to 

play a role in the ability of A. fumigatus to be a human pathogen, and the fruit fly was used 

as a model in testing this hypothesis. In contrast to most environmental molds which grow 

poorly at mammalian body temperature, A. fumigatus thrives at 37oC. A gene required for 

thermotolerance in A. fumigatus gene has been detected and this ΔCgrA mutant was less 

virulent in immunosuppressed mice. As predicted, when tested in Toll deficient Drosophila 

at 25oC, the virulence was less pronounced (Bhabhra, et al. 2004).  Using clinical isolates 

of A. fumigatus and Aspergillus terreus that vary in virulence, tested in Toll-deficient fruit 

flies, no significant differences in survival were observed.  However, the survival rates of 

Toll-deficient flies have significant differences when infected by two dominant A. 

fumigatus clades (Ben-Ami, et al. 2010). In summary, flies are useful for studying 

aspergillosis, detecting differences in virulence, and revealing distinct A. fumigatus clades 

that have differences in their pathogenicity (Glittenberg, et al. 2011).  

 

1.4 Fungal volatile organic compounds (VOCs) 

               Volatile organic compounds (VOCs) belong to a huge group of organic chemicals 

that can evaporate easily at room temperature due to their low molecular mass. Many VOCs 

are produced by living organisms during the processes of metabolism. Furthermore, many   

VOCs are manufactured industrially, and used for different purposes such as painting, air 
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refreshing and numerous other products. Inhalation of certain industrial compounds in the 

gas phase has shown demonstrable toxicity. Furthermore, dermal uptake of VOCs in indoor 

environments has shown the same rate or greater than inhalation uptake (Bennett and 

Inamdar 2015; Hung, et al. 2013; Inamdar, et al. 2012; Korpi, et al. 2009a; Morath, et al. 

2012).  Fungi emit mixtures of different VOCs, depending upon the temperature, moisture, 

pH and other environmental conditions of cultures, as well as the species and strain of 

fungus. Fungal VOC mixtures contain a range of sulfur, nitrogen, aromatic, hydrocarbon 

and fatty acid compounds. Many fungal VOCs have strong odors and can be easily 

recognized by humans. 

 

1.4.1 Fungi and sick building syndrome 

          It has been hypothesized that fungal VOCs have negative effects on human health, 

possibly contributing to a condition known as the “sick building syndrome” (Ansarin, et 

al. 2013; Chambers, et al. 2016; Faber, et al. 2015; Morath, et al. 2012; National Academies 

of Sciences and Medicine 2017).  

 

               Aspergillus ssp. have been linked to many problems such as sick building 

syndrome, respiratory malfunctions, and other symptoms associated with poor indoor air 

quality. They are one of the most common genera found in damp indoor environments. 

Several Aspergillus species have isolated from water- impacted built environments, 

especially A. versicolor (Cetinkaya, et al. 2005; Hedayati, et al. 2010; Nielsen 2003).  A. 

fumigatus also has been isolated from buildings with SBS and from homes of asthmatic 

children (Schwab and Straus 2004). The apparent relationship between building-related 
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illness and molds has promoted many research studies on the probable role of mycotoxins, 

particularly sterigmatocystin produced by A. versicolor, trichothecenes produced by 

Stachybotrys chartarun; and ochratoxins produced by several Aspergillus and Penicillium 

species (Bayman and Baker 2006; Straus 2009). However, even high concentration of 

spores and mycelial fragments rarely include enough mycotoxins to promote the wide array 

of reported symptoms  (Kuhn and Ghannoum 2003; Robbins, et al. 2000).  

                Some skeptics suggest that there is no association between mold toxins and “sick 

building syndrome”(Charmaan and Terr 2003; Hardin, et al. 2003), which has led others 

to hypothesize that VOCs emitted from fungi may play an etiological role (Bennett and 

Inamdar 2015; Mølhave 2009; Mølhave, et al. 1993). Some of these fungal VOCs have 

odors similar, or identical to, industrial compounds which are known to cause headaches, 

dizziness, faintness, and irritation of the eyes and mucous membranes of the nose and throat 

(Araki, et al. 2012; Araki, et al. 2010; Takigawa, et al. 2009).  Human volunteers exposed 

to 1-octen-3-ol at low concentrations had increased inflammatory markers in nasal 

secretions (Wålinder, et al. 2008).  

 

1.4.2. Volatiles as biomarkers 

              VOCs have also been researched in the context of indirect detection of fungal 

growth.  VOCs emitted into the environment can be used as rapid, cost-effective, and non-

destructive indicators for recognizing the presence of indoor mold contamination (Cabral 

2010; Gao, et al. 2002; Polizzi, et al. 2009). VOCs identified from fungi grown on building 

materials include: 2-methyl-1-butanol, 3-methyl-1-butanol, 3- methyl-furan, 3-octanone 

and 1-octen-3-ol (Claeson, et al. 2002; Claeson, et al. 2007; Fiedler, et al. 2001; Fischer, et 
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al. 1999; Matysik, et al. 2009; Van Lancker, et al. 2008).   Aspergillus species release many 

different types of VOCs in indoor environments (Pennerman, et al. 2016). 

 

               Moreover, VOCs can be used in the diagnosis of pulmonary infections and lung 

cancer. 

 Early detection of invasive aspergillosis is required for efficient therapy of this infection 

so (Heddergott, et al. 2014b)  did an in-depth analysis of “the volatome” of this pathogen. 

They found that A. fumigatus produces different spectra of VOCs;  the variety and quantity 

of VOCs detected vary with  the culture medium, method of analysis, and age of the mold 

culture (Table 1.1)., (Perl, et al. 2011) observed that Aspergillus fumigatus produced 3- 

octanone, isoamyl alcohol, 3- methyl- butanol, ethanol, cyclohexanone, and some 

uncharacterized volatiles compounds when cultures were grown on Columbia sheep blood 

agar and analyzed by using MCC-IMS and/or GC/MS analysis in headspace 

concentrations. Cyclohexanone and 3-octanone were found in higher amounts than other 

compounds. A. fumigatus, C. albicans, C. neoformans , and C.gattii produced different 

VOCs in hospital air, with 1-pentanol, 1-octen-3-ol, 3- methyl-1-butanol, 3-octanol and 2- 

methyl-1-butanol  produced in low concentrations while 2- heptanone and 2-methyl-1-

propanol were found in high concentrations (Pantoja, et al. 2016). A. fumigatus and C. 

albicans emitted ethanol, acetaldehyde, acetone, methanethiol, 2-butenal, isoamyl alcohol, 

phenethyl alcohol, and cyclohexane as determined by ion mobility spectrometry and 

selected ion flow tube-mass spectrometry (SIFT-MS) (Perl, et al. 2011; Scotter, et al. 

2005). 
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TABLE 1.1 Aspergillus fumigatus Volatile Organic Compounds (VOCs) have been 

analyzed by using different media and methods. 

 

Medium  Method VOCs     Reference 

YEA Thermal Desorption 

combined with GC/MS. 

 

Camphene 

Trans –B-farnesene  

α-pinene 

B-phellandrene. 

Limonene  

2-methyle-1-butanol. 

3-methyl-1-butanol 

 2-methyl-1-propanol 

(Fischer, et al. 

1999) 

MEA Head-Space Micro 

Extraction (HS-SPME) 

analysis  

 

1-octen-3-ol  

2-Methyl-1-butanol 

3-Methyl-1-butanol  

3-Octanone  

Limonene  

Cyclopentanone 

(Fiedler, et al. 

2001) 

Beech wood Head-Space Micro 

Extraction (HS-SPME) 

analysis  

 

2-Octanone 

3-Octanone 

(Fiedler, et al. 

2001) 

Gypsum 

board 

GC/MS Acetophenone 

2-Pentylfuran 

2-Heptanone 

2-Hexanone 

3-Methyl-1-butanol 

(Gao, et al. 

2002) 

MEA GC/MS 3-Octanone 

3-Methyl-1-butanol 

(Gao, et al. 

2002) 
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2-Pentylfuran 

 

Dichloran 

glycerol 

agar  

 

Passive Sampling 

combined with GC/MS 

onto charcoal sorbets 

 

2-Methyl-1 propanol  

 Ethyl acetate 

3- Methyl-1 butanol  

2-Methyl-1-butanol  

2-Ethyl-1-hexanol 

2-Pentanone 

3-Octanone 

Cyclohexanone 

Limonene 

(Matysik, et al. 

2009) 

 

Columbia 

sheep 

MCC-IMS 3-Octanone (Perl, et al. 

2011) 

 

Columbia 

sheep 

MCC-IMS Isoamyl (3- Methyl- 

butanol) 

Cyclohexanone 

Ethanol 

(Perl, et al. 

2011) 

 

MEA SPME-GC-MS 3- Octanone 

3-Octanol 

Diterpene 

Methyl benzoate 

2-Methyl-2-bomene 

(Polizzi, et al. 

2012) 

Brian’s 

medium 

with 

different 

condition 

SPME (Solid phase 

micro extraction) 

combined with GC/MS 

 

1-octen-3-ol 

3-Methyl-3-buten-1-ol 

3-Octanone 

3-Methyl-2-buten-1-ol 

3-Methyl-1-butanol 

α-Pinene 

(Heddergott, 

et al. 2014b) 
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Brain Heart 

Infusion 

(BHI) broth 

 

Thermal desorption 

combined with GC/MS 

-Phenyl-1-H-indene 

Azacyclotridecan-2-one 

2-Ethyl-5-methyl-

pyrazine 

2-Nonanone 

(Neerincx, et 

al. 2016) 

PDA Gas 

chromatography/mass 

spectrometry (GC/MS) 

1-pentanol 

1-octen-3-ol 

3- methyl-1-butanol  

3-octanol  

2-methyl-1-butanol  

2- heptanone 

2-methyl-1-propanol 

(Pantoja, et al. 

2016) 

 

 

1.4.3. Mushroom alcohol (1-octen 3-ol) 

            Mushroom alcohol, an eight carbon alcohol, is the most abundant VOC emitted 

by fungi (Combet, et al. 2006). It is used as a food flavoring ingredient and as a 

component of many perfumes.  It is often detected in water-damaged buildings as a 

strong musty or “moldy” smell. Our laboratory has developed a method using the larvae 

of Drosophila flies to measure the toxicity of different fungal VOCs (Bennett and 

Inamdar 2015; Inamdar and Bennett 2014; Inamdar, et al. 2012; Inamdar, et al. 2014). 

The flies that were exposed to 1-octen-3-ol exhibited increased amounts of nitrate which 

is due to the breakdown of nitric oxide that lead to inflammatory response in hemocytes 

of Drosophila innate immune cells. When the brain of the exposed flies was observed, 

a dark purple hue was present showing the response of the nitric oxide pathway to 1-

octen-3-ol. Exposure to this compound also promotes NOS expression in tracheal tissues 
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of larvae and caused remodeling of tracheal epithelial lining (Inamdar, et al. 2014).  

Mushroom alcohol also caused toxicity in Arabidopsis thaliana (Hung, et al. 2015) and 

human embryonic stem cells (Inamdar, et al. 2012). 

 

 

1.4.4. Volatile organic compounds (VOCs) as diagnostic aids 

                     Invasive aspergillosis may be diagnosed by the detection of VOCs that are 

emitted from A. fumigatus growing on the human host (Goeminne, et al. 2012). The VOCs 

produced by A. fumigatus can be used as indicators to diagnose systemic aspergillosis 

(Heddergott, et al. 2014b). Several other diagnostic tests that are used for aspergillosis 

involve fungal culturing and antigen detection from samples of respiratory, blood, or other 

tissues  (Hope, et al. 2005; Kosmidis and Denning 2015b).  VOC detection is non-invasive 

and offers enormous promise as a good, alternative diagnostic method (Chambers, et al. 

2009; Heddergott, et al. 2014b).  A. fumigatus produces 2- pentylfuran (2PF) in both on A. 

fumigatus cultures (Blood Agar) and in breath of patients who are infected by IA; it was 

not found in the breath of in the healthy people. 2- Pentylfuran (2PF) is a major metabolite 

found in the headspace of A. fumigatus cultures on various media such as malt extract agar 

and gypsum board and may be a specific marker for A. fumigatus (Bhandari, et al. 2011; 

Chambers, et al. 2009; Gao, et al. 2002).  

 

                     In previous studies from our laboratory, we used third instar larvae of D. 

melanogaster to investigate the toxic effect of VOCs emitted from different fungal genera 

isolated after Hurricane Katrina (Trichoderma, Aspergillus, and Penicillium) and showed 
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a detrimental impact on survival of larvae (Inamdar, et al. 2012)). In addition, chemical 

standards of fungal VOCs, and some industrial solvents, have been tested to investigate the 

toxic effects of these gas phase chemicals on the Drosophila larvae and adult lifespan. 

Several eight carbon compounds (1-octen-3-ol, 3-octanol, and 3-octanone) had more toxic 

effect on the larvae and adult stages of fruit flies than the non-C8 compounds. For example, 

exposure to vapors of 1-octen-3-ol at 0.5 ppm prevented larvae from becoming adult files, 

70% of larvae have transferred to adult flies when exposed to 1-octen-3-ol at 0.2 ppm. The 

toxic effects of common industrial compounds, consisting toluene, benzene, formaldehyde, 

and xylene were also tested. After 15 days of monitoring, benzene and toluene caused 50% 

mortality of flies while 18 and 20% of mortality were observed for formaldehyde and 

xylene receptively. In summary, vapors of chemical standards of C8 compounds produced 

by fungi showed more toxic effects on lifespan of D. melanogaster than the non-C8 

compounds and industrial solvents tested (Inamdar, et al. 2012). In other experiments, a 

correlation was observed between the exposure to low concentrations of gas phase 1-octen-

3-ol and neurotoxicity in Drosophila. Exposed flies exhibited Parkinson’s disease-like 

symptoms. Because of Drosophila’s similarity to mammals in certain signaling pathways, 

it is possible to use them as genetic models in order to study the effects of the VOC’s on 

pathways such as the c-Jun N Terminal Kinases (JNK) and the AKT pathway, a serine-

threonine protein kinase, used to regulate cellular health and function (Inamdar, et al. 

2010).  

              The presence of the JNK and the AKT pathway are important for the survival of 

Drosophila; especially when exposed to 1-octen-3-ol. The mutants exposed to the 

mushroom alcohol suffered from a truncated lifespan, while the wild type survived for its 
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normal lifespan. When the genes were overexpressed, there was an increase in the survival 

rate by roughly 5 days (Inamdar and Bennett 2014).   In other studies, on human embryonic 

stem cells, 1-octen-3-ol was more toxic than toluene by 80 times. Previously, several VOCs 

such as 1-octen-3-ol, 3-octanol, 3-octanone, 1-butanol, 1-propanol, 1-decanol, 2-methyl-1-

propanol, 2-methyl-1-butanol, and 3-methyl-1-butanol have been tested to investigate their 

toxicity using  mammalian cell culture systems and rodent models (Ema, et al. 2005; Kreja 

and Seidel 2002b; Nelson, et al. 1989).  

             In other studies, using the Drosophila model, chemical standards of three VOCs 

(1-octen-3-ol, (E)- 2- hexenal, and 1-hexanol) were tested. Third instar larvae were exposed 

in Petri dish to low concentrations of each compound and then the number of larvae, pupae, 

and adults were counted daily for a total of ten days. Flies that were exposed to 1-octen-3-

ol experienced a significantly delayed development. Only a small number of the exposed 

pupae properly underwent metamorphosis and transformed into adult flies.  In summary, 

the presence of the fungal VOCs inhibited growth and metamorphosis of the larvae (Yin, 

et al. 2015). The same fly toxicology system was used to test the volatiles emitted by 

several fungal species were isolated and identified from flooded buildings after Superstorm 

Sandy.  These isolates included Penicillium (11 species), Fusarium (four species), 

Aspergillus (three species), Trichoderma (two species), and one species each of 

Metarhizium, Mucor, Pestalotiopsis, and Umbelopsis.  Drosophila larvae were exposed to 

volatile compounds released from these fungi.  VOCs from Aspergillus niger 129B caused 

80 percent mortality after 12 days of exposure while exposure to VOCs from Trichoderma 

longibrachiatum 117, Mucor racemosus 138a, and Metarhizium anisopliae 124 had little 

effect on viability and metamorphosis. Solid- phase microextraction- gas chromatography- 
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mass spectrometry analysis was used to identify volatile compounds produced from two of 

the most toxic, two of the least toxic, and two species of intermediate toxicity.  It was 

shown that 1- octen- 3- ol, 3- octanone, 3- octanol, 2- octen- 1- ol, and 2- nonanone were 

produced in higher concentrations by Aspergillus niger 129B; while 3- methyl- 1- butanol 

and 2- methyl- 1- propanol were produced in lower concentrations by the least toxic species 

(Zhao, et al. 2017). 

 

Research goals  

              My dissertation research goal has been to study the possible toxic effects of 

volatile organic compounds (VOCs) produced by human pathogenic fungi using 

Drosophila melanogaster as a model system.  

There were four defined aims:  

1- To test the effect of VOCs produced by wild type and mutant Aspergillus fumigatus 

strains, Candida albicans, Cryptococcus sp. and Saccharomyces cerevisiae on the 

metamorphosis of Drosophila third instar larvae. 

2- To test the effects of VOCs produced by wild type and mutant A. fumigatus strains 

on the metamorphosis of different wild type and mutant Drosophila third instar 

larvae.  The A. fumigatus mutants were blocked in different steps of the 

lipoxygenase pathway. The Drosophila mutants carried different defects in the fly 

innate immune system.  In addition, the effect of VOCs emitted by A. fumigatus 

grown on medium supplemented with arachidonic acid was also tested in the 

Drosophila bioassay. 
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3- To test controlled levels of the volatile phase of chemical standards of single VOCs 

(1- octen- 3- ol, 3- octanone, and 3- octanol) on adult wild type and mutant 

Drosophila flies.  The Drosophila mutant strains carried different defects in the fly 

innate immune system.   

4- To determine the volatile profile emitted by the most toxic and least toxic wild type 

strains of A. fumigatus using gas chromatography-mass spectrometry.  Further, to 

determine. the volatile profile emitted by an A. fumigatus strain carrying a triple 

defect in the lipoxygenase pathway genes.   
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CHAPTER 2. VOLATILE ORGANIC COMPOUNDS PRODUCED BY 

ASPERGILLUS FUMIGATUS STRAINS AND OTHER PATHOGENIC FUNGI 

ARE TOXIC TO THE GENETIC MODEL DROSOPHILA MELANOGASTER 
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Abstract  

Volatile organic compounds (VOCs) are organic compounds with a small molecular mass 

and the ability to easily vaporize at room temperatures Fungi produce many VOCs that 

vary in type and amount depending on factors that influence growth, such as temperature, 

moisture, pH, and others. The effect of VOCs from several medically important fungi was 

tested on larvae of the genetic model Drosophila melanogaster.   The fungi used included 

six strains of Aspergillus fumigatus, and one strain each of Candida albicans, Cryptococcus 

neoformans, Cryptococcus gattii, and Saccharomyces cerevisiae.  The experiment was 

monitored for 15 days, and daily counts of larvae, pupae, and adults of D. melanogaster 

were completed. Of the A. fumigatus strains tested, the highest toxicity to the 

developmental stages of Drosophila was shown by strain 1607 when grown at either 25°C 

or 37°C.  In contrast, there were no significant effects on fly viability when flies were 

exposed to VOCs from A. fumigatus strain 1592. In almost all cases, exposure to the VOCs 

from Candida albicans, Cryptococcus neoformans, and Cryptococcus gattii caused more 

delays on fly metamorphosis and more toxicity than did exposure to VOCs from A. 

fumigatus.  VOCs from S. cerevisiae had no significant effect on the flies. VOCs produced 

from A. fumigatus strains caused some morphological abnormalities in Drosophila larval, 

pupal, and adult stages as compared to controls and other pathogenic fungi.  The most 

common VOC produced by the most toxic and least toxic A. fumigatus strains was 1-octen-

3-ol, however this compound in much greater concentrations by the most toxic strain.   In 

summary, these data suggest that VOCs from medically important fungal species could be 
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acting as virulence factors that enhance their pathogenic effects. 

 

 

2.1. Introduction  

         Volatile organic compounds (VOCs) are low molecular organic substances which are 

easily vaporized at room temperature (Herrmann 2010) Industrial products are the best-

known VOCs and include those used for such purposes as painting, cleaning, air refreshing 

and so forth; many of these industrial VOCs are known to have toxigenic effects and their 

emissions have been subject to government regulation (Bennett and Inamdar 2015; EPA 

2011). Less is known, however, about the biogenic VOCs emitted by fungi and other 

organisms as part of their normal metabolism. Fungal VOCs are released as mixtures of 

chemical compounds with a variety of functional groups, such as hydrocarbons, acids, 

alcohols, aldehydes, aromatics, ketones, terpenes, thiols, and their derivatives. Different 

species growing on different substrates produce unique mixtures of VOCs (Bennett 2009; 

Hung, et al. 2015; Korpi, et al. 2009a).  A German group has created an excellent data base 

of bacterial and fungal VOCs (Lemfack, et al. 2018; Lemfack, et al. 2014).  

            Fungal VOCs have characteristic odors, and the amounts and types of VOCs vary 

with certain factors such as temperature, moisture, pH and other environmental conditions. 

Because fungi release mixtures of VOCs into their surroundings, the resultant VOC 

“signatures” can be used as rapid, inexpensive, and non-destructive indicators for 

recognizing the presence of indoor mold contamination (Cabral 2010; Gao, et al. 2002; 

Pennerman, et al. 2016; Polizzi, et al. 2009).  
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A few examples of known toxicological effects of fungal VOCs are presented.  It is 

known that many industrial VOCs are common air pollutants.  Fungal VOCs often have 

odors similar or identical to industrial compounds and have been associated with symptoms 

such as headaches, dizziness, faintness, and irritation of the eyes and mucous membranes 

of the nose and throat (Araki, et al. 2012; Araki, et al. 2010; Takigawa, et al. 2009).  

Aspergillus fumigatus is a cosmopolitan filamentous fungus found in soils all over the 

world. As an opportunistic human pathogen, it causes diseases such as localized infections, 

aspergilloma (fungus ball), allergic bronchopulmonary aspergillosis, and invasive 

aspergillosis in immunocompromised patients (Agarwal 2009; Latgé and Steinbach 2009). 

It has been isolated from buildings whose occupants have complained of building-related 

illness, and also from the homes of asthmatic children (Schwab and Straus 2004). 

Candida albicans is commensal on humans, but can become pathogenic in 

immunocompromised patients, especially those with cancer and AIDS (Calderone and 

Clancy 2011) (Gow and Yadav 2017).  C. albicans has been isolated as one of the 

contaminants present in hospital air (Pantoja, et al. 2016). It readily colonizes, adheres, 

invades, and multiplies in host tissues of immunocompromised patients (Coronado-

Castellote and Jimenez-Soriano 2013).  

Cryptococcus neoformans and C. gattii are the causative agents of cryptococcosis, 

another opportunistic fungal disease with high mortality (Chen, et al. 2014; Ma and May 

2009). Humans become infected through aerial means and disease occurs as a result of a 

new opportunistic infection or an activation of a latent infection.  Individuals with 

cryptococcosis display large lesions in the tissues of the lung and brain. This pathogenic 

sign occurs more often with C. gattii than with C. neoformans (Datta, et al. 2009).  
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Cryptococcus neoformans is often transmitted in hospitals where it infects 1% to 5 % of 

transplant patients.   The mortality rate from cryptococcal disease is 20% to 42% (Singh 

and Paterson 2005). 

Opportunistic pathogenic fungi such as A. fumigatus, C. albicans, C. neoformans, 

and C. gattii have been detected in a Brazilian hospital.  When VOCs were assayed in 

hospital air, 1-pentanol, 1-octen-3-ol, 3- methyl-1-butanol, 3-octanol and 2- methyl-1-

butanol were found in low concentrations while 2- heptanone and 2-methyl-1-propanol 

were present in high concentrations (Pantoja, et al. 2016).  It is known that A. fumigatus and 

C. albicans emit ethanol, acetaldehyde, acetone, methanethiol, 2-butenal, isoamyl alcohol, 

phenethyl alcohol, and cyclohexane as determined by ion mobility spectrometry and 

selected ion flow tube-mass spectrometry (SIFT-MS) (Perl, et al. 2011; Scotter, et al. 2005).  

                The toxicity of some fungal VOCs has been studied in rodent models, cultured 

cell lines and, in a few cases, on human volunteers(Korpi, et al. 1999; Kreja and Seidel 

2002a; Wålinder, et al. 2008). Our laboratory has developed Drosophila melanogaster as 

a model for studying the biological activity of fungal volatiles (Inamdar and Bennett 2014).  

Flies are well suited for toxigenic studies because the fly immune system is highly 

conserved, well-characterized, and shares traits with the innate immune system of 

mammals. Furthermore, flies have a fully sequenced and well annotated genome, allowing 

the application of genome microarrays and RNA interface libraries (Lionakis and 

Kontoyiannis 2012).  In this research, we tested the effects of VOCs produced by six 

different A. fumigatus strains, as well as one strain each of Candida albicans, Cryptococcus 

neoformans and Cryptococcus gattii on third instar larvae of Drosophila.  The data reported 

here demonstrate that the VOCs of pathogenic fungi cause significant delays in 
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metamorphosis, along with significant lethality when the strains were pre grown at 37◦C 

than at 25◦C. We have used Gas Chromatograph – Mass Spectrometer (GC/MS). analysis 

to determine which VOCs are produced by the most toxic strain compared to the least toxic 

one.  

 

 

2.2 Materials and Methods 

2.2.1 Fungal Strains and Culture Conditions 

              Aspergillus fumigatus strains were obtained from Dr. Geromy Moore, Southern 

Regional Research Laboratories, U. S. Department of Agriculture, New Orleans, 

Louisiana, USA.  The A. fumigatus strain numbers and their original sources were:  SRRC 

1607 (damp indoor environment); SRRC 46  (a penguin at the Brookfield Zoo, Chicago, 

IL) ; SRRC 323  (chicken lung); SRRC 51  (human chest cavity lining); SRRC 2569  

(clinical isolate from the  University of Manchester, Manchester, UK); and SRRC 1592 

(rain forest soil). Other pathogenic fungi, and the nonpathogenic yeast Saccharomyces 

cerevisiae, were obtained from Dr. Chaoyang Xue, Public Health Research Institute 

Center, New Jersey Medical School-Rutgers, Newark, New Jersey USA. These strains are: 

Saccharomyces cerevisiae (BY4741), Cryptococcus neoformans (H99 serotype A), 

Cryptococcus gattii wild type (R265), and Candida albicans wild type (ATCC 90028).  

  

Stock cultures were maintained on potato dextrose agar (PDA) (Difco) prepared following 

manufacturer’s instructions by adding 39 g of the commercial mixture to 1 L of distilled 

water. The medium was mixed and dissolved by heating and then autoclaved. For all 
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Drosophila exposure experiments, the fungi were grown on 25 ml of  PDA in 6 oz. 

Drosophila stock bottles (Genesee Scientific, CA).   Fungi were incubated either at 25ᵒC 

for 5 days, or at 37ᵒC for 3 days, before using them in exposure studies with fly larvae. 

 

2.2.2 Drosophila culture media and maintenance  

           White eyed Drosophila flies (W1118; Y1) with a wild type immune system were used 

for all experiments. Breeding stocks of Drosophila were maintained in Ward’s Instant 

Drosophila medium (WARD’s Natural Science, NY).  About every two weeks, the flies 

were transferred to new 6 oz. Drosophila stock bottles (Genesee Scientific, CA) so that 

there was a renewal of space and food for the breeding flies.   The egg laying medium 

contained 376 ml of distilled water, 126 ml of grape juice, 15 g of agar, and 6 g of sucrose 

mixed in a 2-L flask, and then microwaved on high for 6 minutes until the agar was 

dissolved. This grape juice media was autoclaved and cooled to 60-65 ᵒC and then 10 ml 

ethanol and 5 ml acetic acid were added. Finally, the medium was mixed thoroughly and 

poured into Petri plates. A simple sucrose medium, which consisted of 100 ml of distilled 

water, 5 g of sucrose and 1 g of agar mixed,  dissolved by heating, and then autoclaved, 

was used for growing larvae and pupae (Figure 2.1) 
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2.2.3 Mating and egg laying of Drosophila flies  

             Eggs were collected by transferring mature adult flies into a bottle attached via 

masking tape to a Petri plate cover that had been punctured with a flame-hot pipe to make 

a tri-circular opening. The bottle, which held the mature adult flies, and the Petri plate 

cover were placed on top of a Petri plate containing the grape juice egg-laying medium. for 

3 hours to give the flies time to mate (Figure 2.2). Then the adult flies were transferred 

back to their bottles with the Ward’s Instant Drosophila Medium. Dried yeast, weighing 

about 0.06 g, was added to each grape juice agar plate. Plates were them placed in glass 

jars at room temperature for 4-5 days, during which time the flies completed three molts 

and developed into third instar larvae. 

 

 

Figure 2.1 Egg laying medium and larval-pupal medium in Petri 
plates. Ward’s Instant Drosophila medium and potato dextrose 

agar (PDA) in bottles. 
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2.2.4 Exposure of Drosophila larvae to VOCs produced by fungi  

             Third instar fly larvae were exposed to VOCs following the method of (Inamdar, 

et al. 2012) with some modification. On the fifth day, the fungal strains grown at 25ᵒC, the 

fungal strains grown at 37ᵒC, and the third-instar larvae, were all ready at the same time to 

be used in the experiment. Using the same experimental setup as was used for the egg 

collection, a bottle was attached via masking tape to a Petri plate cover that had been 

punctured with a flame-hot pipe to make a tri-circular opening and paired with a Petri plate 

of larvae medium. Fifteen larvae were placed onto each larva -pupa medium, so that there 

were 15 larvae present in each “bottle-plate” setup Figure 2.3. 

             Each Petri plate was secured on top of the bottle with a strip of clear tape across 

the edges of the plate. The Petri plate pair was sealed with Parafilm to protect from any 

Figure 2.2 The experimental setup for mating the Drosophila flies 
and subsequent egg collection. 

The bottle with adult flies is attached via 
masking tape to a Petri dish cover which has a 
tri-circular opening.  The mated female flies 
lay their eggs on the surface of the medium in 
the Petri dish.  

Petri dish containing grape juice agar for 
egg laying.  
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possible contamination. Three replicates were made of each strain grown at each 

temperature, so per strain there were three bottles of fungi grown at 25ᵒC and three bottles 

grown at 37ᵒC, for a total of six bottles and two sets of three bottles for the controls without 

any culture. Once the larvae were placed and sealed, the bottle-plate setups were incubated 

at 25ᵒC and were rotated at 50 rpm for 15 days. Each day, the number of larvae, pupae, and 

adult flies was monitored and recorded. 

 

 

 

 

 

 

                                            

 

 

 

2.2.5 Measurement of biomass/dry weight of Aspergillus strains 

           In order to determine if there was a significant difference in the amount of biomass 

between the different strains of A. fumigatus, the method of (Singh, et al. 2012) was 

followed with slight modifications.   Strains were cultured on PDA and incubated at 25ᵒC 

for one week in order to prepare inocula. Spore suspensions were collected by using 2 ml 

of a mixture of 30% glycerol, 0.05% agar, and 0.05% tween 80, and refrigerated prior to 

Larva-pupa medium 
with Drosophila larvae 

Fungal cultures on 
medium 

Figure 2.3. The Bottle -Plate microhabitat for exposing 
Drosophila larvae to fungal VOCs 

The Petri dish cover has a hole in the 
center which is covered by membrane 
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use. A. fumigatus spore suspensions (1x103 spores/ ml) were inoculated into Potato 

Dextrose Broth (PDB) in a small tube (50 ml) and incubated with shaking at 120 rpm for 

5 days at 25 ᵒC or 3 days at 37ᵒC. The resultant mycelial pellets were filtered using 

Whatman filter paper No.1 and dried at 50ᵒC for four days in an air incubator to measure 

the biomass/dry weight of fungus. The experiment was repeated twice and there were two 

sets of three replicates for each strain. 

 

2.2.6 Gas chromatography-mass spectrometry analysis 

 

              Two strains of Aspergillus fumigatus were selected for VOC analysis: the most 

toxic strain 1607 and the least toxic strain 1592.  They were grown either at 25 ᵒC for 5 

days or 37 o C for 3 days on PDA by using 250ml flasks and then closed with plastic stoppers 

and sealed it by Parafilm.  Sterile PDA media was used as a control; another control was a 

blank consisting of air only. The fungal samples were analyzed using Purge and Trap-

Thermal Desorption-GC-MS. The samples were purged with air at 100 mL/min at room 

temperature for 1 hour. Volatile and semi-volatile outgas products were trapped onto Tenax 

(modified poly(phenylene)oxide) traps. The Tenax traps were spiked with 1.0 ug of 

benzene-d6, toluene-d8, and naphthalene-d8 internal standards and purged with nitrogen 

for 90 minutes at 50 mL/min to remove water from the traps. Tenax traps were connected 

to a Short Path Thermal Desorption System (Scientific Instrument Services) and desorbed 

directly into the GC injector at 250C for 5 minutes with carrier gas flow.  The GC 

temperature program was -20C to 260C @ 10C/min, injector temperature was 250C, and 

heated transfer line temperature was 280C. The split valve on the GC was set at a 10:1 ratio. 
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The mass spectrometer was operated in positive ion electron ionization (EI) mode (70 eV) 

scanning m/z 35-350 once per second. The compounds found in the PDA control were 

removed from the data obtained from the gas analysis of the A. fumigatus strains (Hung, et 

al. 2013) with some modifications.  

 

 Statistical Analysis 

        In each experiment, three replicates of  15 third instar larvae were exposed to VOCs 

from growing fungi, and the experiments were repeated twice (N=90).    The differences 

in metamorphic stages and eclosion  between controls and VOC-exposed strains were 

analyzed for significance by using the Student t-test on day 4 for the larvae stage, day 8 for 

the pupal stage and on day 15 for the adult stage.  

 

 

2.3 Results  

2.3.1 Effect of Volatile Organic Compounds Produced by Aspergillus fumigatus 

strains  

Drosophila larvae were exposed to VOCs from six A. fumigatus strains grown on PDA that 

had been pre- incubated either for five days at 25ᵒC or three days at 37ᵒC. The experimental 

set ups were incubated on a shaker at 50 rpm. The number of larvae, pupa, and adults were 

monitored and counted daily for 15 days.  

The toxic effects of A. fumigatus VOCs on the developmental stages of fruit flies 

were greater when the fungus had been originally grown at 37ᵒC than at 25ᵒC. Thirty-three 

percent of the larvae exposed to VOCs of A. fumigatus strains 1607 and 46 grown at 25ᵒC 
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did not metamorphosize into pupae; and  28.8% of the larvae exposed to A. fumigatus strain 

51were delayed. However, the larvae exposed to the VOCs released by A. fumigatus strains 

2569 and 1592 had similar rates of metamorphic conversion to pupae and adults. VOCs 

from A. fumigatus strains that were pre-grown at 37ᵒC had higher toxicity levels and greater 

delays in the developmental stages of fruit flies.  On the fourth day of exposure, 55.5% of 

the larvae had not transferred  

to the pupa stage when they were exposed to VOCs of A. fumigatus strain SRRC 

1607; 48% and 40% of the larvae exposed to VOCs of strains SRRC 46 and SRRC 323, 

respectively, had not metamorphosed into pupae. However, the larvae exposed to the VOCs 

released by A. fumigatus strains SRRC 51, SRRC 2569 and SRRC 1592 experienced fewer 

delays (Figure2.4. A-B). 
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Exposure to VOCs from A. fumigatus strains SRRC1607, 46, and 51, delayed the 

metamorphosis as compared to the other strains SRRC 323, 2569, and 1592, which showed 

fewer significant differences from controls.  Exposure to a common atmosphere with A. 

fumigatus strain SRRC 1607 yielded the most delays in metamorphosis and the highest 

level of toxicity. VOCs from A. fumigatus strain SRRC1592 had no significant change on 

the pupae at both temperatures. Exposure to VOCs from A. fumigatus strain SRRC  1607 

Figure 2.4 Exposure Drosophila larvae over 15 days of continuous exposure to VOCs 
of different strains of Aspergillus fumigatus. A: the percent of alive larvae that were 
exposed to VOCs from the strains were grown on PDA at 25ᵒC for five days. B: the 
percent of alive larvae that were exposed to VOCs from the strains were grown on 
PDA at 37ᵒC for three days. 15 instar larvae were exposed to three replicates of each 
strain and the experiment was repeated twice. (N=90). NS = Nonsignificant, * 
represents significant difference between control and A. fumigatus strains exposed 
larvae. Where *P<0.05 and **P<0.005. 
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was the most effective in delaying eclosion into the adult stage, while exposure to VOCs 

from A. fumigatus strain SRRC1592 had no significant effect on the pupal metamorphosis 

(Figure 2.5 A-B).  Almost all control flies completed metamorphosis and became adults 

after ten days. The number of adult flies is shown in (Figure 2.6 A-B). 
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Only 58% of the larvae transferred to adults while being exposed to the VOCs of  A. 

fumigatus strain SRRC 1607 while the VOCs of strains SRRC 46, 51, and 323 respectively 

had less of an effect on adult metamorphosis. Exposure to VOCs from A. fumigatus, strains 

SRRC 2569 and 1592 had no significant effect when compared to the control flies. The 

number of adult flies at 7, 10 and 15 days are compared in Table 2.1.  

 

 

Figure 2.5 Exposure Drosophila larvae over 15 days of continuous exposure to VOCs 
of different strains of Aspergillus fumigatus. A: the percent of alive pupae that were 
exposed to VOCs from the strains were grown on PDA at 25ᵒC for five days.  B: the 
percent of alive pupae that were exposed to VOCs from the strains were grown on PDA 
at 37ᵒC for three days. 15 instar larvae were exposed to three replicates of each strain 
and the experiment was repeated twice. (N=90). NS = Nonsignificant, * represents 
significant difference between control and A. fumigatus strains exposed larvae. Where 
*P<0.05 and **P<0.005. 
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Figure 2.6 Exposure Drosophila larvae over 15 days of continuous exposure to VOCs of 
different strains of Aspergillus fumigatus. A: the percent of alive adults that were 
exposed to VOCs from the strains were grown on PDA at 25ᵒC for five days.  B: the 
percent of alive adults that were exposed to VOCs from the strains were grown on PDA 
at 37ᵒC for three days. 15 instar larvae were exposed to three replicates of each strain 
and the experiment was repeated twice. (N=90). NS = Nonsignificant, * represents 
significant difference between control and A. fumigatus strains exposed larvae. Where 
*P<0.05 and **P<0.005. 
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2.3.2 Measurement biomass/dry weight of Aspergillus fumigatus strains 

Six strains of A. fumigatus were tested for dry weight measurement at different 

temperatures. All strains were cultured on PDB in a small flask and incubated at 120 rpm 

at different temperatures (5 days at 25 ᵒC and 3 days at 37ᵒC). Fungal dry weight and 

mycelial ball size were measured after 5 and 3 days of incubation. There was no difference 

in biomass at the two different temperatures while 1607 strain has the lowest biomass 

compared to other strains (Figure 2.7). 

 
 

 

 

 

Figure 2.7: Measurement dry weight of A. fumigatus strains on potato dextrose broth at 
different temperatures 5 days at 25°C and 3 days at 37°C with shaker at 120 rpm. NS= 
Non significant between temperatures. * represents significant difference between strain 
SRRC 1607 and other strains. Where *P<0.05 
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2.3.3 Effect of Candida albicans, Cryptococcus neoformans, Cryptococcus gattii, and 

Saccharomyces cerevisae VOCs on fruit fly larvae 

After fifteen days of exposure to the VOCs of the pathogenic fungi C. neoformans, C. 

gattii, C. albicans, the larvae experienced more of a toxic effect and a longer delay in 

metamorphosis when exposed to the fungal   strains were pre-grown at 37ᵒC than at 25ᵒC.   

Survival of exposed larvae showed no significant differences compared to the control when 

fungi were grown at 25ᵒC, but at the pupal stage they exhibited a delay in metamorphosis. 

In the adult stage, C. gattii and C. neoformans exposures yielded the highest toxicity. 

Exposure of fly larvae to VOCs of S. cerevisiae had metamorphic patterns like the control 

(Figure 2. 8, 2.9, 2.10-A).  
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There were more toxic effects on all stages of fruit fly’s development when the fungi were  

pre-grown at 37 ᵒC. Cryptococcus neoformans showed more toxic effects on the survival 

of larvae and adults while C. gattii exhibited more effects on the pupae compared to the 

controls. S. cerevisiae had the least toxic effects on the metamorphosis of fruit flies (Figure 

2.8, 2.9, 2.10-B). C. neoformans had the highest mortality rate for larvae while C. gattii 

was the most toxic and had the deadliest effects on pupae and adults when grown at 37ᵒC. 

The percentage of adult flies after 7, 10 and 15 days is summarized in Table 2.2.   
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Figure 2.8.  Exposure Drosophila larvae over 15 days of continuous exposure to VOCs 
of Saccharomyces cerevisiae, Candida albicans, Cryptococcus neoformans, and 
Cryptococcus gattii. A: the percent of alive larvae that were exposed to VOCs produced 
by strains were grown at 25◦C. B: : the percent of alive larvae that were exposed to 
VOCs produced by strains were grown at 25◦C. 15 instar larvae were exposed to three 
replicates of each strain and the experiment was repeated twice. (N=90). NS = Non-
significant, * represents significant difference between control and fungus exposed 
larvae. Where *P<0.05 and **P<0.005. 
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Figure 2.9 Exposure Drosophila larvae over 15 days of continuous exposure to VOCs 
of Saccharomyces cerevisiae, Candida albicans, Cryptococcus neoformans, and 
Cryptococcus gattii.  A: the percent of alive pupae that were exposed to VOCs 
produced by strains were grown at 25◦C for five days. B: the percent of living pupa 
that were exposed to VOCs produced by strains were grown at 37◦C for three days. 
The number of larvae, pupae, and adults was monitored and counted daily for 15 days. 
15 instar larvae were exposed to three replicates of each strain and the experiment was 
repeated twice. (N=90). NS = Nonsignificant, * represents significant difference 
between control and fungus exposed larvae. Where *P<0.05 and **P<0.005, 
***p<0.0005. 
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Figure 2.10 Exposure Drosophila larvae over 15 days of continuous exposure to VOCs 
of Saccharomyces cerevisiae, Candida albicans, Cryptococcus neoformans, and 
Cryptococcus gattii.  A: the percent of living adults that were exposed to VOCs 
produced by strains were grown at 25◦C for five days. B: the percent of living adults 
that were exposed to VOCs produced by strains were grown at 37◦C for three days. 
The number of larvae, pupae, and adults was monitored and counted daily for 15 days. 
15 instar larvae were exposed to three replicates of each strain and the experiment was 
repeated twice. (N=90). NS = Nonsignificant, * represents significant difference 
between control and fungus exposed larvae. Where *P<0.05 and **P<0.005, 
***p<0.0005. 
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Table 2.1.  Percent  eclosed adult flies after 7, 10 and 15 days for controls (no fungi) and 

for flies reared in a common atmosphere with six  different strains of Aspergillus fumigatus 

(N=90)  

* 45 third instar larvae were exposed to the VOCs produced from different pathogenic 
fungi over 15 days. The number of viable adults was counted after 15 days of exposure to 
the VOCs produced by different *strains A. fumigatus that were pre-grown at different 
temperatures. 

 

Exposure to volatile organic compounds produced from A. fumigatus strains and other 

pathogenic fungi (C. albicans, Cryptococcus neoformans, and Cryptococcus gattii) caused 

some morphological abnormalities in Drosophila larval, pupal, and adult stages as 

compared to controls. These abnormalities were more pronounced with exposure to VOCs 

from A. fumigatus than the other pathogenic fungi.   Dead larvae and pupae displayed dark 

 

Strain number 

Fungi were pre-grown at different temperatures 

    Day 7                      Day 10                     Day 15 

25◦C 37◦C 25◦C 37◦C 25◦C 37◦C 

Control  62.2 55.5 84.4 80 95.5 95.5 

SRRC 1607 37.7 22.2 57.7 44.4 75.5 57.7  

SRRC 46 31.1 7 60 44.4 77.7 60  

SRRC 51 42.2 51.1 57.7 75.5 80  86.6  

SRRC 323 37.7 46.6 73.3 68.8 82.2  77.7  

SRRC 2569 53.3 48.8 71.1 71.1 77.7 77.7  

SRRC 1592 46.6 57.7 82.2 80 86.6 88.8  
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pigmentation (Figure 2.11 A-D).  VOC-exposed   adults had wing and leg abnormalities 

(Figure 2.11 E-F). 
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Control adults                                                   

Experimental adults 15  days of exposure to 
VOCs that are produced by Candida albicans 
and Cryptococcous sp.   

Control adults                                           

Experimental adults 15  days of exposure to 
VOCs that are produced by Aspergillus 
fumigatus strains   

E F 

Figure 2.11 Morphological  Effects of VOCs produced from Aspergillus fumigatus 
strains, Candida albicans, Cryptococcous neoformans, and Cryptococcus gattii. on the 
development stages of fruit flies.  

A and B Control larvae and experimental larvae after seven days of exposure to VOCs.  

C and D control pupae and experimental pupae after 15 days of exposure to VOCs.  

E and F control adults and experimental adults after 15 days of exposure to VOCs. 
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Table .2.2. Percentage eclosed adults observed after seven, ten, and fifteen days from 
exposure to the VOCs produced from human pathogenic fungi that have grown at different 
temperatures (N=90). 

 

 

 

2.3.4 Purge and Trap- Thermal Desorption-GC-MS  

 

Two strains of A. fumigatus were selected for purge and trap- thermal desorption-GC-MS 

analysis. A. fumigatus 1607 strain had more toxic effects and delays on metamorphosis 

compared to A. fumigatus strain 1592, which was the least toxic strain tested.  Purge and 

trap- thermal desorption GC-MS analysis was used to determine which VOCs were emitted 

by these two strains when pre-grown either at 25 ᵒC for 5 days or 37 ᵒC for 3 days on PDA 

These data are presented in Tables .2.3 and 2.4.    Each strain produced its own profile of 

VOCs at different temperatures. 1-octen-3-ol, 2 butanone diacetyl, 1,3-octadeiene, 2-octen-

1-ol, isopentyl alcohol, and isobutyl alcohol were the common VOCs produced by both 

Strains and Species 

 

Pre-grown at different temperatures and days 

Day 7                            Day 10                        Day 15 

25◦C 37◦C 25◦C 37◦C 25◦C 37◦C 

Control 80 71.1 97 95.5 97 95.5 

Saccharomyces cerevisiae  33.3 31.1 66.6 66.6 86.6 82.2   

Candida albicans 46.6 37.7 62.2 55.5 73.3 57.7    

Cryptococcus neoformous 24.2 20 55.5 33.3 73.3 44.4  

Cryptococcus gattii 15.5 31.1 51.1 51.1 57.7  55.5  

* 45 third instar larvae were exposed to the VOCs produced from different pathogenic 
fungi over 15 days. The number of viable adults was counted after 15 days of exposure 
to the VOCs produced by different strains and species of fungi that were pre-grown at 
different temperatures. 
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strains. A. fumigatus strain1607 released more different VOCs, at higher concentrations, 

when the strain was pre-grown at 37◦C than at 25◦C.    The most abundant VOC detected 

from both strains was 1-octen-3-ol. The eight-carbon volatile was made in greater 

concentrations by the toxigenic A. fumigatus strain 1607 than by the non-toxigenic strain 

1592.   

 

Table.2.3 VOCs produced by Aspergillus fumigatus strain 1607 which was  pre-grown 

either for 5 or 3 days at 37◦C. 

VOCs  Conc. 
ng/trap at 25◦C 

Conc. 
ng/trap at 37◦C 

1-octen-3-ol 521.4 1544.5 
2-butanone+diacetyl 7.6 71.5 
1-butanol nd 15.7 
acetic acid  67.7   nd 
methyl, isobutyl ketone 6.3 6.53 
2-octen-1-ol nd 17.4 
2,4-pentanedione 5.1 nd 
1-octene 3 4.2 
1,3-octadeiene 8.7 39.8 
3-methylbutyric acid 3.8 nd 
2-methylbutyric acid 3.8 nd 
3-methyl-1,3-pentadiene  4.6 nd 
hexanoic acid 8.9 nd 
octanoic acid 1.5 nd 
2-pentanone nd 9.9 
2-heptanone nd 1.8 
octanal nd 5.7 
cis-2-octenal nd 8.5 
Trans-2-octenal nd 5.7 
nonanoic acid 4.7 0.9 
heptanal nd 0.5 
2-ethylfuran 1.5 4.3 
acetoin 1.5 2.5 
isopentyl alcohol 13.3 231.7 
isobutyric acid  7.7 nd 
styrene 10.8 8.8 
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2,4-dimethylfuran nd 0.9 
1-hepten-3-ol nd 1.05 
benzene-d6 (internal standard) 789.0 799.1 
toluene-d8 (internal standard) 1000 1000 
naphthalene-d8 (internal standard) 1015.9 1068.2 

 
nd non detected 
 
 
 
Table.2.4 VOCs produced by Aspergillus fumigatus strain 1592 which was pre-grown 

either for 5 days at 25◦C or 3 days at 37◦C  

nd non detected 

VOCs  Conc. 
ng/trap at 25◦C  

Conc. 
ng/trap at 37 ◦C 

1-octen-3-ol 164.5 192 
Isopentyl alcohol 1.3 16.75 
1,3-octadiene 2.9 3.4 
Octanal 1.2 2.2 
Cis-2-octenal 0.9 8 
Trans-2-octenal 0.3 6.7 
2-octen-1-ol 1.4 7.9 
2-pentanone nd 3.5 
1-octene nd 0.9 
2-butanone nd 9.9 

hexanal nd 10.2 
trans-2-undecenal nd 5.4 
diacetyl nd 6.1 
nonanoic acid nd 0.5 
7-oxabicyclo.heptane, 3-oxiranly nd 11.04 

acetoin nd 1.28 
1-butanol nd 13.2 
Isobutyl alcohol nd 0.8 
methyl, isobutyl ketone nd 4.2 

Decanoic acid nd 4.5 
Lauric acid nd 4.5 
Myristic acid nd 1.8 
benzene-d6 (internal standard) 731.04 811.5 
toluene-d8 (internal standard) 1000 1000 
naphthalene-d8 (internal standard) 904.1 912.9 
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2.4 DISCUSSION  

        Filamentous fungi do not normally cause invasive infections in healthy people. 

However, when patients are immunocompromised, opportunistic species including 

Aspergillus fumigatus, Cryptococcus sp., and C. albicans can cause morbidity and 

mortality. Fungal diseases, such as invasive aspergillosis, cryptococcosis, and invasive 

candidiasis, are becoming an ever more important cause of death because modern medical 

practice has increased the number of immunocompromised patients (Chamilos, et al. 

2007). These pathogenic fungi emit VOCs as potent mixtures of hydrocarbons, acids, 

alcohols, aldehydes, aromatics, ketones, terpenes, thiols, and their derivatives (Korpi, et al. 

2009a; Lambrecht and Hammad 2013). Many researchers have hypothesized that fungal 

VOCs have negative effects on human health with reference to processes like composting 

(Herr, et al. 2003) or with respect to their effects on people who live in damp houses with 

mold contamination (Heseltine and Rosen 2009).  

 The type and quantity of VOCs vary with the strain, substrate, age of the culture, 

temperature and other factors. Moreover, the VOCs detected are also dependent on the 

method used for separation and detection (Fischer, et al. 1999).  The evidence for an 

association between VOCs and “sick building syndrome” has been reviewed (Mølhave 

2009).  The toxicity of specific compounds depends on the chemical nature of the VOC 

and the level and length of exposure (Bennett and Inamdar 2015; Morath, et al. 2012).  

Drosophila melanogaster is a good model organism to use to study many human 

diseases, including those caused by medically important human fungal pathogens.  In this 

work, the stages of larva, pupa, and adult fly were monitored over the 15 days to determine 
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how much the VOCs emitted by growing medically important fungi affected fly 

metamorphosis.  Six strains of A. fumigatus, and one strain each of C. neoformans, C. gattii, 

C. albicans, and S. cerevisiae were tested. In general, exposure to VOCs from fungi 

delayed larvae from becoming pupae, and once at the pupal stage, more pupae were delayed 

in becoming adult flies.   VOCs from fungi pre-grown at 37ᵒC showed more effects on the 

development of the Drosophila melanogaster model than those fungi pre-grown at 25ᵒC.  

             For the Aspergillus strains tested strain SRRC 1607 when pre-grown at 37ᵒC was 

the most toxic to the model, since the larvae experienced the largest delay into pupae, and 

caused the largest mortality rate compared to the other strains. VOCs from A. fumigatus 

strain SRRC 1592 did not display any significant toxic effects on the metamorphosis. For 

the C. neoformans, C. gattii, and C. albicans,  more toxic effects also were observed  when 

fungi were pre-grown at 37ᵒC than at 25ᵒC.  S. cerevisiae, which is a non-pathogenic, 

common yeast served as a biological control. VOCs from C. neoformans had more of a 

toxic effect on the larval and pupal stages while C. gattii had more of a toxic effect on the 

adult stage.   

Two strains of A. fumigatus were chosen to analyze which VOCs produced by these 

strains at different temperatures by using GC-MS. Each strain produced a different VOCs 

signature. Among compounds analyzed,1-octen-3-ol, 2 butanone diacetyl, 1,3-octadeiene, 

2-octen-1-ol, isopentyl alcohol, and isobutyl alcohol were produced in high concentrations 

by A. fumigatus SRRC 1607 when the strain was  pre-grown at 37◦C than at 25◦C . The 

most abundant VOC detected was 1-octen-3-ol. 

In earlier work, mixtures of VOCs emitted by growing cultures of Aspergillus, 

Penicillium and Trichoderma isolated from a flooded home had a detrimental effect on the 
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survival of exposed flies(Inamdar, et al. 2012). The fly toxicology assay  also  was used to 

test the VOCs produced by eleven species of fungi isolated from flooded homes after a 

hurricane event in New Jersey in 2013.    Drosophila larvae were exposed to a shared 

atmosphere with growing cultures of each of the molds, and the toxic effects on flies ranged 

from 15 to 80%. The volatile metabolites that were released from Aspergillus niger were 

the most toxic, yielding 80% mortality for Drosophila after 12 days, while VOCs that were 

produced by Trichoderma longibrachiatum, Mucor racemosus, and Metarhizium 

anisopliae were relatively non-toxic. Using solid-phase micro extraction-gas 

chromatography-mass spectrometry (SPME) 1-octen-3-ol,3-octanone,3-octanol,2-octen-

1-ol and 2-nonanone were found in a high concentration by the most toxic species, while 

3-methyl-1-butanol and 2-methyl-1-propanol were produced by the less toxic fungi (Zhao, 

et al. 2017).  

In summary, this current work with fungal pathogens supported earlier work in our 

laboratory that showed that eight carbon compounds had more toxic effects than the non-

C8 compounds on the larvae and adult stages of fruit flies (Inamdar, et al. 2012).  

The strains that were pre-grown at 37◦C, the temperature at which human infections occur,  

had more toxic effects on the fly model than strains that were pre-grown at 25◦. The data 

reported here suggest that VOCs from human pathogenic fungi may be a previously 

unknown virulence factor, contributing to the ability of these fungi to cause human disease. 

In future research, it will be important to test VOCs in mammalian models and to assess 

which individual compounds in the VOC mixture emitted by growing fungi are relevant to 

the pathogenicity.  This research provides a reductionist approach towards studying the 
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possible contribution of fungal VOCs to the differential virulence of medically important 

fungi. 
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CHAPTER 3. EFFECT OF VOLATILE ORGANIC COMPOUNDS FROM WILD 

TYPE, OVER EXPRESSION AND OXYLIPIN DEFECTIVE MUTANTS OF 

ASPERGILLUS FUMIGATUS ON THE METAMORPHOSIS OF WILD TYPE AND 

IMMUNE DEICIENT DROSOPHILA MELANOGASTER 
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Abstract  

Aspergillus is a large, economically important genus of filamentous fungi. Several species 

cause human disease, of which Aspergillus fumigatus is the most common filamentous 

pathogen. A. fumigatus is responsible for life -threatening infections in people with 

compromised immune systems including those affected by acute leukemia, hematopoietic 

cell transplant recipients, and solid- organ transplant recipients. We have previously 

reported that volatile organic compounds (VOCs) produced by A. fumigatus, specifically 

the VOC 1-octen-3-ol, cause delays in metamorphosis and time to eclosion in the 

Drosophila melanogaster model, as well as morphological abnormalities and death.  

Because 1-octen-3-ol is an oxylipin derived from Aspergillus oxygenases, here we 

examined the effect of A. fumigatus oxygenase mutants on  Drosophila flies varying in 

immune genotypes. We compared Drosophila development when challenged with either 

two A. fumigatus strains with intact oxylipin pathways (A. fumigatus strains Af293 and 

CEA17∆ku80) to a Af293 strain that overexpresses a lipoxygenase (A. fumigatus 

OE::LoxB) and its respective oxylipins, and to two strains deleted for all three COX-like 

oxygenases in both control backgrounds (Af293∆ppoABC and CEA17∆ku80∆ppoABC) 

which should yield strains unable to synthesize 1-octen-3-ol.  We also have  grown A. 

fumigatus on medium containing arachidonic acid and tested the effects of the VOCs 

emitted by these cultures in the Drosophila model.  

In the bioassay, third instar larvae of Drosophila melanogaster with and without 

mutations in their immune system were incubated in a shared atmosphere with the different 

wild type and mutant  A. fumigatus strains for 15 days, and daily counts of larvae, pupae, 
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and adults of D. melanogaster were made.  A comparison of the three Af293 strains (WT, 

OE::LoxB and ∆ppoABC) showed that OE::LoxB led to increased toxicity and 

metamorphosis delay compared to WT and, in contrast, the ∆ppoABC strain led to 

increased survival and less delay of metamorphosis.  The CEA17∆ku80 strain and its 

respective ∆ppoABC mutant showed less toxicity compared to the Af293 strains. In 

general, effects were more pronounced when fungi with intact oxylipin pathways were pre-

grown at 37ᵒC than when they were pre-grown at 25ᵒC. When third instar larvae were 

exposed to VOCs from  Aspergillus strains Af293 and OE:loxB pre-grown at 37ᵒC   the 

longest delay into pupal formation was observed, as well  as the greatest mortality rate. 

Exposure to VOCs from Af293 wild type and OE:loxB also caused more accumulation of 

dark pigment on larvae bodies than did exposure to VOCs from CEA17∆ku80   and the  

Aspergillus ∆ppoABC mutant strains.  

Unexpectedly, flies carrying mutations in their innate immune system were more 

resistant to the toxic effects of volatiles than wild type flies, and flies carrying mutant 

immune genes displayed few differences in viability when exposed to VOCs from wild 

type or oxylipin mutants of A. fumigatus.  No significant differences were detected on the 

metamorphosis of Drosophila when the fungi were grown in the presence of arachidonic 

acid compared with growth on media lacking  arachidonic acid. GC-MS analysis showed 

the wild type strain  A. fumigatus Af293 produced more abundant VOCs at higher 

concentrations then the oxylipin deficient mutant Af293∆ppoABC.   Major VOCs detected 

from wild type A. fumigatus Af293 included 1-octen-3-ol, 1-butanal, 1-octen, decanoic 

acid, lauric acid, myristic acid, and palmitic acid; these VOCs were  not detected by the 

triple mutant strain.  I hypothesize that VOCs from A. fumigatus enhance the toxigenic 
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effects of this medically important species and that higher concentrations of 1-octen-3-ol 

are correlated with increased toxicity. The increased resistance of flies carrying mutations 

in their innate immune response genes  suggests that the toxigenic effects of fungal 

volatiles are  related to the way in which the  Drosophila innate immune system reacts to 

VOCs.  Specifically,  the toxigenic effects of the Aspergillus VOCs were not observed in 

mutant flies with blocks in the  Toll pathway. 

 

3.1 Introduction 

The genus Aspergillus is a cosmopolitan group of filamentous fungi found all over 

the world in soils, composts and built environments  (Bennett 2009; Brodhun and Feussner 

2011).  The various human diseases caused by Aspergillus species are called, collectively, 

“aspergillosis” and they range from localized and minor infections, to severe allergic 

bronchopulmonary aspergillosis (ABPA), and finally,  to systemic and life-threatening 

invasive disease.  Of species in the genus, A. fumigatus is the most single most common 

cause of aspergillosis, including ABPA and invasive infections.  A. fumigatus is a common 

saprophyte that produces vast numbers of spores found in high concentrations in the 

atmosphere.  A. fumigatus has the ability to grow at 37oC, a characteristic that contributes 

to its potential for becoming a human pathogen (Tekaia and Latge 2005) While not 

contagious, human aspergillosis is of growing importance in modern medical care  (Latgé 

and Steinbach 2009; Latgé 1999).  

  The likelihood of Aspergillus infection leading to systemic aspergillosis is based 

on three factors: the degree of exposure; fungal virulence; and the immune status of patient 

(Dagenais and Keller 2009; Latgé 1999). Immunocompromised individuals such as acute 
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leukemia patients, hematopoietic cell transplant recipients, and solid- organ transplant 

recipients, exposed to high concentrations of airborne A. fumigatus spores are particularly 

vulnerable to systemic aspergillosis (Gregg and Kauffman 2015; Latgé 1999).  

            The virulence of A. fumigatus is associated with many traits that include production 

of melanin pigmentation in spores, as well as certain proteins and toxins that induce hyphal 

growth in mammalian tissues (Jahn, et al. 2000; Latgé 1999; Raffa and Keller 2019). Other 

fungal traits involved in fungal virulence include ability to grow in hypoxic tissues, 

siderophore biosynthesis, gliotoxin production, para-amino-benzoic acid metabolism and 

the starvation stress response (AL-Maliki, et al. 2017; Kowalski, et al. 2019; Lionakis and 

Kontoyiannis 2012). Of particular interest to our work is the finding that fatty acid 

signaling molecules, broadly known as oxylipins, are involved in A. fumigatus 

development and virulence traits (Tsitsigiannis, et al. 2005b).  

Our laboratory has developed a Drosophila model for studying fungal volatile 

organic compounds  (VOCs) and used it successfully to document the toxicity of VOCs 

from fungi isolated from flooded homes in the aftermath of Hurricanes Katarina and Sandy 

((Inamdar and Bennett 2014; Inamdar, et al. 2013; Zhao, et al. 2017).  Several VOCs are 

oxylipin derivatives that have been associated with fungal/insect interactions (Ferrari, et 

al. 2018). Here, we have applied this Drosophila bioassay to investigate two of the factors 

associated with the ability of A. fumigatus to become a pathogen: the immune status of the 

host and the possible the role of volatile oxylipins from A. fumigatus as virulence factors.   

In a preliminary study, we have showed that A. fumigatus volatiles were toxigenic in the 
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Drosophila model and we hypothesized that they may be playing a role in the pathology 

of the mycoses caused by this common filamentous species (AL-Maliki, et al. 2017).  

Flies are well suited for experimental studies because they are inexpensive, have a 

short generation time, a long history of use in genetics, commercial sources of mutant 

stocks and a fully sequenced and well annotated genome (Lionakis and Kontoyiannis 

2012).  The typical sequence of developmental stages during the time course of 

metamorphosis from egg, larval instars, pupal case formation and eclosion into adults are 

an asset for assessing the toxicological impact of outside agents.  The fly immune system 

is highly conserved, well-characterized, and shares traits with mammalian system.  

Drosophila has been used successfully in numerous studies on the underlying mechanisms 

of human diseases (Tolwinski 2017a). 

The term “oxylipin” describes a large group of oxygenated fatty acids and their 

derivatives. Plants, animals, and fungi produce oxylipin compounds from polyunsaturated 

fatty acids (PUFAs). Oxylipins are synthesized by enzyme families such as 

cyclooxygenases (COX), lipoxygenases (LOX) or p450 monooxygenases (Patkar, et al. 

2015). In fungi, both LOX enzymes, and  COX-like oxygenases called Ppo enzymes have 

been studied in detail in Aspergillus spp.  Oxylipins have been shown to play an important 

role in cross-kingdom interactions, especially with respect to plant and human pathogenesis 

(Dagenais, et al. 2008; Fischer, et al. 2017; Pohl and Kock 2014; Tsitsigiannis, et al. 2005a; 

Tsitsigiannis and Keller 2007).  In fungi, oxylipins often function in development and 

reproduction (Pohl and Kock 2014). 

 Volatiles oxylipins are generated from oxylipin degradation products (Kowalski, 

et al. 2019) as well as PUFA (linoleic acid and arachidonic acid) breakdown (Assaf, et al. 
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1997; Husson, et al. 2001). While there has been a great deal of research on non-volatile 

phase fungal oxylipins as described above,  in most of these studies the volatile phase 

molecules have been ignored.  Many of these compounds, especially  8-carbon volatiles 

such as 1-octen-3-ol, are responsible for the characteristic moldy odors associated with 

fungal growth and have been hypothesized as contributing to a poorly defined health issue 

usually called “sick building syndrome” (Bennett and Inamdar 2015; Douwes 2009; 

Mølhave, et al. 1993; Wålinder, et al. 2008). More recently, some of these fungal VOCs  

have been shown to repel nematodes (Ferrari et al., 2018).  Different mold species growing 

on different substrates produce unique combinations of VOCs, but 1-octen-3-ol is almost 

always present (Bennett 2009; Hung, et al. 2015; Korpi, et al. 2009a; Pennerman, et al. 

2016).  

In this chapter, we have tested the effect  of VOCs produced by  different strains of 

wild type, over expression, and triple oxylipin deletion mutant strains of A. fumigatus 

(strain A293 and two Af293 mutants: ∆ppoA∆ppoB∆ppoC, OE:loxB and strain 

CEA17∆ku80 and one CEA17∆ku80 mutant ∆ppoA∆ppoB∆ppoC) on third instar larvae of 

Drosophila.  We postulated that VOCs from triple mutant strains with three deleted 

oxylipin biosynthesis genes would cause fewer negative effects on metamorphosis 

compared to the wild type of Aspergillus fumigatus.  Further, we tested the effects of VOCs 

produced by an over expression strain (Af293 OE:loxB) and postulated that it would be 

have a greater impact on fly metamorphosis than the wild type strain.    We tested the 

different Aspergillus strains against Drosophila larvae with wild type immune systems and 

with those carrying mutant blocks in three different aspects of the fly innate  (humoral) 

immune system:  nitric oxide synthase, Toll and Imd.   Finally, GC/MS analysis (using the 
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purge and trap method) was used to determine the volatile profile of  wild type (Af293) 

and  Af293 triple mutant strains of A fumigatus. 

The long-term goal of this project is to establish the possible role of fungal VOCs, 

particularly those derived from the oxylipin pathway, on the potential virulence  of A. 

fumigatus. The project had four specific aims:   

1) To study the effects of  volatiles emitted by wild type and oxylipin mutant strains 

of A. fumigatus in a Drosophila model using flies with intact immune systems,  

2) To study the effects of volatiles emitted by wild type and oxylipin mutant strains 

of A. fumigatus in  a Drosophila model using flies with defective innate immune systems,  

3) To study the effect of volatiles emitted by A. fumigatus grown on medium with 

and without arachidonic acid in a Drosophila model using flies with an intact immune 

system, and 

4) To use GC-MS to determine the composition of the suite of volatiles produced 

by wild type  A. fumigatus and strains carrying triple mutations in the oxylipin  pathway 

genes in order to determine the specific compounds correlated with toxigenic effects . 

 

3.2 Methods and Materials 

3.2.1 Fungal Strains and Culture Conditions 

All strains of Aspergillus fumigatus were obtained from Dr. Nancy Keller, Department of 

Medical Microbiology and Immunology, Department of Bacteriology, University of 

Wisconsin – Madison USA. The strain numbers, genotypes and literature citations for these 

strains are listed in Table 3.1. Stock cultures were maintained on potato dextrose agar 

(PDA) (Difco) or on Aspergillus glucose minimal medium (GMM). PDA medium was 
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prepared following manufacturer instructions by adding 39 g of the commercial mixture to 

1 L of distilled water. It was mixed and dissolved by heating and then autoclaved.   

GMM contained:  6.0 g NaNO3, 0.52 g KCl, 0.52 g MgSO4·7H2O, 1.52 g KH2PO4, 1 ml 

trace elements [2.2 g ZnSO4·7H2O, 1.1 g H3BO3, 0.5 g MnCl2 · 4H2O, 0.5 g FeSO4 · 7H2O, 

0.16 g CoCl2 ·5H2O, 0.16 g CuSO4 · 5H2O, 0.11 g (NH4)6Mo7O24 ·4H2O, 5.0 g Na4 

EDTA in100 ml distilled H2O], then 10 g glucose, 15.0 g agar, pH 6.5, in 1 liter distilled 

H2O. All were dissolved and autoclaved separately by using 250 ml flask. After being 

autoclaved, all ingredients were mixed and separated in two 500 ml flasks. Arachidonic 

acid was purchased from Sigma-Aldrich(>95%). AA(Arachidonic acid) 5 mM quantity  

was dissolved into 2 ml of ethanol (95%) and added to GMM; the control contained was 

added no  

arachidonic acid.  Then 25 ml of the mixtures were poured into in 6oz Drosophila stock 

bottles (Genesee Scientific, CA).  All strains of A. fumigatus were inoculated and incubated 

either at 25 ᵒC for 5 days or 37 ᵒC for 3 days before using them for exposure studies with 

fly larvae.  
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Table 3.1. Aspergillus fumigatus strains were used in the experiments 

 

 

 

 

3.2.2 Drosophila  strains culture media and maintenance  

Wild type and mutant Drosophila flies were obtained from the Bloomington Drosophila 

Stock Center (BDSC) at Indiana University.  Strain number, phenotypes,  genotypes and 

Strains  Strain name    Genotype Reference  

A) A .fumigatus 
 

1- AF293 

AF293 Wild type  (Rosowski, 
et al. 2018) 

2- Triple mutant 
strain 
 
 Af293 ∆ppoA; ppoB; 
ppoC 
 

 
  
TMN31.1
0  

 

 
 ΔppoC::A. nidulans 
argB; argB1pyrG1; 
ΔppoA(Af4g10770)::A. p. 
pyrG; ΔppoB 
(Afu4g00180)::six  

 

Unpublishe
d papers  

3- Overexpressed 
strain 
 
Af293 
OE::lox
B  

   

 

 
 
 
TGJF1.5 

pyrG1;  
gpdA(p):loxB  
A. parasiticus pyrG 

(Fischer, et 
al. 2017) 

A) A.fumigatus    
CEA10 

1-CEA17∆ku80 

 
 
As a control 
strain 

 
 pyrG1, 
Δku80::A.fumi.pyrG,  

 
 

(Ferrari, et 
al. 2018) 

2- Triple mutant 
strain 
 
CEA17∆ku80 
 ∆ppoA; ppoB; ppoC 

 
  
TMN32
.1  

   

 

pyrG1, ΔakuB::pyrG, 
pyrG1,ΔargB 
(AFUB_064280)::A.p.pyrG; 
ΔA.p.pyrG; 
ΔppoA(AFUB_067850)::A.p.py
rG; 
ΔppoC(AFUB_037060)::A.fum
i. argB;  
ΔppoB(AFUB_100690)::six 

Unpublishe
d papers. 
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literature citations for these strains are listed in Table 3.2  The same methods outlined in 

Chapter 2 were used for preparing media, for fly maintenance, and exposure studies.  

 

Table 3.2  Strain number, phenotype, genotype, and literature citations for Drosophila 

strains used in VOC exposure studies.   

 

ID 

number at 

BDSC 

Type of mutation  Genotype  Reference  

4783 Wild type, white-eyed 

strain 

 y1, w1118, a yellow body 

and white-eyed strain 

(Inamdar, 

et al. 2013) 

24283 NOS (nitric oxide 

synthase), white-eyed 

mutant strain 

w [1118]; Mi(Gabbs, et al. 

2015)Nos[MB04018] 

(Inamdar, 

et al. 2013) 

9457 White-eyed mutant strain 

Relish E20 gene (lack this 

gene) to induce Imd 

pathway 

w[1118]; Rel[E20] e[s] (Kambris, 

et al. 2006) 

5 Red-eyed, wild type  Oregon-R-C (De 

Gregorio, 

et al. 2002) 

10719 Red-eyed mutant strain 

Spz6 gene( lack this gene) 

to induce Toll pathway 

w[1118]; 

PBac{w[+mc]=PB}fc 

`z6[c01763] 

(Kambris
, et al. 
2006)  

 

55718 RelishE20 &spz6 (double , 

red-eyed mutant strain) in 

the both pathways 

Rel[E20] spz[4]/TM6C, Sb[1] 

Tb[1] 

(De 

Gregorio, 

et al. 2002) 
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3.2.3 Arachidonic acid supplementation of fungal medium 

Third instar larvae of white eyed Drosophila with no mutations in their immune pathway 

genes were exposed to VOCs produced by two strains of A. fumigatus (Af293 and CEA17) 

lacking mutations in their oxylipin pathway.  The A. fumigatus strains were cultured on 

Aspergillus glucose minimal medium (GMM)  with and without arachidonic acid wherein 

a5 mM quantity was dissolved into 2 ml of ethanol (95%) and added to GMM. 

 

3.2.4 Gas chromatography-mass spectrometry (GC-MS) analysis 

For headspace volatile analysis, wild type Aspergillus fumigatus strain AF293  and the 

triple lipoxygenase mutant  Af293∆ppoA; ∆ppoB; ∆ppoC triple mutant (Strain TMN31.10)  

were grown in 250 ml flasks on PDA at either at 25 ᵒC for 5 days or 37 ᵒC for 3 days on 

PDA. The flasks were closed with plastic stoppers and sealed with parafilm.  Headspace 

samples taken from sterile PDA media was used as one control; another control was a blank 

consisting of air only.  VOC capture and analysis were conducted as described previously 

using  Purge and Trap-Thermal Desorption-GC-MS (Lee, et al. 2015).  

 

The samples were purged with air at 100 mL/min at room temperature for 1 hour. Volatile 

and semi-volatile outgas products were trapped onto Tenax (modified 

poly[phenylene]oxide) traps. The Tenax traps were spiked with 1.0 ug of benzene-d6, 

toluene-d8, and naphthalene-d8 internal standards and purged with nitrogen for 90 minutes 

at 50 mL/min to remove water from the traps. The internal standards were used to 

normalize the peak areas.  Tenax traps were connected to a Short Path Thermal Desorption 

System (Scientific Instrument Services) and desorbed directly into the GC injector at 250C 
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for 5 minutes with carrier gas flow. GC temperature program was -20C to 260C @ 

10C/min, injector temperature was 250C, and heated transfer line temperature was 280C. 

The split valve on the GC was set at a 10:1 ratio. The mass spectrometer was operated in 

positive ion electron ionization (EI) mode (70 eV) scanning m/z 35-350 once per second. 

The linear regression coefficient was used to calculate the concentrations in the samples 

from peak areas obtained in the chromatographs.  Compounds were identified by 

comparison of spectra obtained from the Aspergillus samples with those from a reference 

library (NIST 08 Mass Spectra Library, National Institute of Standards and Technology).  

GC-MS analysis was conducted in duplicate for each strain.   

 

Statistical Analysis 

The  Student t-test was used to determine significant differences in metamorphic stages 

between flies exposed to A. fumigatus VOCs from strains with wild type immune systems 

(Af293 and CEA17∆ku80);   and flies exposed to A. fumigatus strains with mutations in 

the oxylipin pathway: (overexpression loxB (E:loxB) and the triple mutant strains (Af293 

∆ppoA; ∆ppoB; ∆ppoC, and CEA17∆ku80 ∆ppoA; ∆ppoB; ∆ppoC).  Fifteen third instar 

larvae were exposed to three replicates of each strain and the experiment was repeated 

twice. (N=180).  For larval counts, the t-test was conducted on day 4, for pupal counts on 

day 8; and for adults on day 15.  
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3. Results 

Using the Drosophila bioassay, metamorphic stages were compared when fly larvae were 

grown in the presence of VOCs emitted by wild type Aspergillus fumigatus or strains with 

mutations in the oxylipin pathway.  In each of the sections below, one of six different 

strains of wild type or mutant Drosophila was grown in a shared atmosphere with VOCs 

from five  different A. fumigatus strains, namely:  Control, Af293; Af293 OE:loxB; Af293 

∆ppoABC;  CEA17∆ku80; or CEA17∆ku80∆ppoABC In these exposure studies, the 

effects of VOCs from  the wild type strain (Af293) were compared with an overexpression 

strain (Af293 OE:loxB) and  a triple blocked oxylipin mutant  (Af293 ∆ppoABC).  

Similarly, an A. fumigatus  control strain (CEA17∆ku80) with wild type oxylipin genes 

was compared with a triple  blocked oxylipin mutant (CEA17∆ku80 ∆ppoABC).    We 

hypothesized that VOCs from strains blocked in the oxylipin pathway would have fewer 

effects on Drosophila metamorphosis, and  that the overexpression strain  Af293 OE:loxB 

would be more toxigenic.  For each set of experiments, A. fumigatus strains were pre-grown 

at either 25oC or 37oC prior to  being placed in a shared atmosphere with Drosophila third 

instar larvae at 25oC. 

 

3.3.1   Metamorphic stages of a white eyed Drosophila strain (W1118) with a wild type 

immune system when incubated in a common atmosphere with VOCs produced  by 

wild type and mutant A. fumigatus  

 

Third instar larvae of white eyed Drosophila with a wild type immune system 

(strain W1118) were exposed to VOCs from the five different A. fumigatus strains grown on 

PDA and pre-incubated either for five days at 25ᵒC or three days at 37ᵒC.  The viability 
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data for fungi pre-incubated at 25oC are shown in Figure 3.1 (ABCDEF) and the data for 

those pre-incubated at 37oC are shown in Figure 3.2 (ABCDEF).    

 For those fungi originally grown at 25oC, all flies exposed to A. fumigatus VOCs 

showed significant delays in morphogenesis.  The VOCs from the overexpression Af293 

LoxB strain caused more delays than VOCs from the wild type (Figure. 3.1 E and F).  

However, larvae exposed to VOCs from the triple mutant ppoABC strain had eclosion rates 

like the controls.  Similarly, for those fungi originally grown at 37oC, VOCs from the 

overexpression strain were more toxic than wild type Af293 after 15 days, while the triple 

mutant was less toxigenic (Figure 3.2, E and F).   For the CEA17∆ku80 strain pre-grown 

at both 25oC and 37oC, there were no significant differences in viability between flies 

exposed to the control and the triple mutant at either temperature (Figures 3.1 EF and 3.2 

EF).                                               

 

 

 

 

 

 

 

 

 

 

 



77 
 

 

 

 

 

 

Figure 3.1. Mature third instar larvae W1118 strain (white-eyed with wild type immune genes) over 15 days 
of continuous exposure to VOCs produced by A. fumigatus pre-grown on PDA at 25ᵒC for 5 days.  A: the 
percent of living larvae stage exposed to wild type, overexpressed and triple mutant strains. B: the percent 
of living larvae stage exposed to control and triple mutant strains. C: the percent of pupal case exposed to 
wild type, overexpressed and triple mutant strains. D: the percent of pupal case exposed to control and 
triple mutant strains. E the percent of adult eclosion exposed wild type, overexpressed and triple mutant 
strains. F the percent of adult eclosion exposed control and triple mutant strains.   (N=180). NS = 
nonsignificant, * represents significant difference between A. fumigatus wild type strains and A. fumigatus 
LoxB and triple mutant strains exposed larvae. Where *P<0.05, **P<0.005 and ***P<0.0005. 
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Figure 3.2. Mature third instar larvae W1118  strain (white-eyed with wild type immune genes) over 15 days 
of continuous exposure to VOCs produced by A. fumigatus pre-grown on PDA at 37ᵒC for 3 days.  A: the 
percent of living larvae stage exposed to wild type, overexpressed and triple mutant strains. B: the percent 
of living larvae stage exposed to control and triple mutant strains. C: the percent of pupal case exposed to 
wild type, overexpressed and triple mutant strains. D: the percent of pupal case exposed to control and 
triple mutant strains. E the percent of living adult eclosion exposed wild type, overexpressed and triple 
mutant strains. F the percent of living adult eclosion exposed control and triple mutant strains.   (N=180). 
NS = nonsignificant, * represents significant difference between A. fumigatus wild type strains and A. 
fumigatus LoxB and triple mutant strains exposed larvae. Where *P<0.05, **P<0.005 and ***P<0.0005. 
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3.3. 2  Metamorphic stages of a white eyed Drosophila strain with a nitric acid 

synthase (NOS) mutation (w1118  m24283)  when incubated  in a common atmosphere 

with VOCs produced  by wild type and mutant A. fumigatus  

 

In this set of experiments, Drosophila larvae of strain w1118m24283 carrying a heterozygous 

mutation in the nitric acid synthase (NOS pathway) were used in the bioassay. Third instar 

larvae with the NOS mutation were exposed to the VOCs emitted by the same set of five 

A. fumigatus strains with and without mutations in the oxylipin pathway (Figures. 3.3 and  

3. 4).  The viability data for fungi pre-incubated at 25oC are shown in Figure 3.3 and the 

data for those pre-incubated at 37oC are shown in Figure 3.4.   In general, the negative 

effects on the Drosophila larvae were greater when the flies were co-incubated in a 

common atmosphere with A. fumigatus strains that were pre-grown at 37ᵒC than at 25ᵒC. 
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Figure 3.3. Mature third instar larvae of W1118m24283  (white eyed with heterozygous mutation  for NOS)  
over 15 days of continuous exposure to VOCs  produced  by A. fumigatus strains  that were pre- grown 
on PDA at 25ᵒC for 5 days.  A: the percent of living larvae stage exposed to wild type, overexpressed 
and triple mutant strains. B: the percent of living larvae stage exposed to control and triple mutant 
strains. C: the percent of pupal case exposed to wild type, overexpressed and triple mutant strains. D: 
the percent of pupal case exposed to control and triple mutant strains. E the percent of adult eclosion 
exposed wild type, overexpressed and triple mutant strains. F the percent of adult eclosion exposed 
control and triple mutant strains.   (N=180). NS = nonsignificant, * represents significant difference 
between A. fumigatus wild type strains and A. fumigatus LoxB and triple mutant strains exposed larvae. 
Where *P<0.05, **P<0.005 and ***P<0.0005. 
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Figure 3.4. Mature third instar larvae of W118m24283  (white eyed with heterozygous mutation  for NOS)  
over 15 days of continuous exposure to VOCs  produced  by A. fumigatus strains  that were pre- grown 
on PDA at 37ᵒC for 3 days.  A: the percent of living larvae stage exposed to wild type, overexpressed 
and triple mutant strains. B: the percent of living larvae stage exposed to control and triple mutant 
strains. C: the percent of pupal case exposed to wild type, overexpressed and triple mutant strains. D: 
the percent of pupal case exposed to control and triple mutant strains. E the percent of living adult 
eclosion exposed wild type, overexpressed and triple mutant strains. F the percent of living adult 
eclosion exposed control and triple mutant strains.   (N=180). NS = nonsignificant, * represents 
significant difference between A. fumigatus wild type strains and A. fumigatus LoxB and triple mutant 
strains exposed larvae. Where *P<0.05, **P<0.005 and ***P<0.0005. 
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When Drosophila larvae of strain w1118m2483 carrying a heterozygous mutation for NOS  

were grown in a shared atmosphere with VOCs emitted by wild type and mutants of A. 

fumigatus,  there were fewer negative effects on metamorphosis than were observed for 

white eyed flies with intact immune systems.  The timing of the transition from larvae to 

pupae was almost the same for VOC-exposed and non-exposed control flies (Figure 3.3A, 

Figure 3.4A).  However, the time to eclosion was delayed in flies exposed to fungal VOCs.   

It is noteworthy that the VOC effects were not as negative as those observed for Drosophila 

strain W1118 which had a wild type immune system.   For example, after 15 days of exposure 

to VOCs from A fumigatus strain Af293 that had been  pre-grown at 37oC., only  44% of 

W118 flies had eclosed into adults;  when Drosophila strain w1118m2483 was exposed to VOCs 

from the same  fungal strain,  eclosion after 15 days was 53% .   Similar greater eclosion 

rates for the NOS mutant flies  than for the wild type W1118 flies also were observed with 

exposure to VOC from the other A. fumigatus strains tested (Table 3.3).  

 

3.3.3   Metamorphic stages  of a white eyed Drosophila strain with a blocked mutation 

in the Imd pathway (w1118RelishE20)   when incubated  in a common atmosphere with 

VOCs produced by wild type and mutant  A. fumigatus strains  

 

White eyed Drosophila strain 9457 carrying a blocked mutation in the Imd pathway 

(w1118RelishE20) was more resistant to the toxic effects of fungal VOCs that was the white 

eyed strain with an intact immune system. This differential effect on viability was 

particularly striking for flies exposed to VOCs from the A. fumigatus overexpression strain  

Af293 OE:loxB pre-grown at 37oC.  After 15 days of continuous exposure to VOCs from 
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the  A. fumigatus overexpression strain showed only 31% eclosion into adults ;  Drosophila 

strain w1118 with an intact immune system  showed 44%, while flies carrying the mutation 

in the Imd pathway showed 60% and 58% respectively (Figure 3.5 . Table 3.3).  In 

summary, fly strains carrying  a mutation in the Imd pathway were less susceptible to the 

toxic effects of VOCs produced by the five A. fumigatus strains than was the wild type or 

the strain carrying a heterozygous mutation in the NOS gene. 
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Figure 3.5. Mature third instar larvae of Drosophila  RelishE20 mutant  (strain 9457, white-eyed Imd 
pathway)  over 15 days of continuous exposure to VOCs  of continuous exposure to VOCs  produced  by 
A. fumigatus strains  that were pre- grown on PDA at 25ᵒC for 5 days. A: the percent of living larvae stage 
exposed to wild type, overexpressed and triple mutant strains. B: the percent of living larvae stage exposed 
to control and triple mutant strains. C: the percent of pupal case exposed to wild type, overexpressed and 
triple mutant strains. D: the percent of pupal case exposed to control and triple mutant strains. E the percent 
of adult eclosion exposed wild type, overexpressed and triple mutant strains. F the percent of adult eclosion 
exposed control and triple mutant strains.   (N=180). NS = nonsignificant, * represents significant 
difference between A. fumigatus wild type strains and A. fumigatus LoxB and triple mutant strains exposed 
larvae. Where *P<0.05, **P<0.005. 
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Figure 3.6. Mature third instar larvae of Drosophila  RelishE20 mutant  (strain 9457, white-eyed Imd 
pathway)  over 15 days of continuous exposure to VOCs  produced  by A. fumigatus strains  that were 
pre- grown on PDA at 37ᵒC for 3 days. A: the percent of living larvae stage exposed to wild type, 
overexpressed and triple mutant strains. B: the percent of living larvae stage exposed to control and 
triple mutant strains. C: the percent of pupal case exposed to wild type, overexpressed and triple mutant 
strains. D: the percent of pupal case exposed to control and triple mutant strains. E the percent of adult 
eclosion exposed wild type, overexpressed and triple mutant strains. F the percent of adult eclosion 
exposed control and triple mutant strains.   (N=180). NS = nonsignificant, * represents significant 
difference between A. fumigatus wild type strains and A. fumigatus LoxB and triple mutant strains 
exposed larvae. Where *P<0.05, **P<0.005 . 
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3.3.4   Metamorphic stages  of a red eyed wild Drosophila strain (OregonR)  when 

incubated  in a common atmosphere with VOCs produced by wild type and mutant  

A. fumigatus strains  
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Figure 3.7. Mature third instar larvae of red eyed, wild type Drosophila  (strain OregonR ) over 15 
days of continuous exposure to VOCs  A. fumigatus that were pre- grown on PDA at 25ᵒC for 5 days. 
A: the percent of living larvae stage exposed to wild type, overexpressed and triple mutant strains. 
B: the percent of living larvae stage exposed to control and triple mutant strains. C: the percent of 
pupal case exposed to wild type, overexpressed and triple mutant strains. D: the percent of pupal 
case exposed to control and triple mutant strains. E the percent of adult eclosion exposed wild type, 
overexpressed and triple mutant strains. F the percent of adult eclosion exposed control and triple 
mutant strains.   (N=180). NS = nonsignificant, * represents significant difference between A. 
fumigatus wild type strains and A. fumigatus LoxB and triple mutant strains exposed larvae. Where 
*P<0.05, **P<0.005. 
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Few differences between exposure to the VOCs of fungal  cultures pre-cultured at 25oC or 

37oC were observed in the exposure studies on Drosophila OregonR. When exposed to 

VOCs from wild type A. fumigatus strain Af293 pre-grown at either temperature, only 60-

62% of larvae eclosed into adults after 15 days.   An even greater toxicity was observed 

with exposure to the over expression stain Af OE:loxB,  with significant delays observed 

in pupal formation, and with less  than 50% eclosion after 15 days.   In contrast, when  

exposed to VOCs from A. fumigatus strains in which the three lipoxygenase genes were 

absent  (Af293∆ppoABC or CEA17∆ku80 ∆PPOABC ), toxicity was reduced and  82-89% 

of larvae eclosed into adults after 15 days.   
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Figure 3.8. Mature third instar larvae of red eyed, wild type Drosophila  (strain OregonR ) over 15 days 
of continuous exposure to VOCs  A. fumigatus that were pre- grown on PDA at 25ᵒC for 5 days.  A: 
the percent of living larvae stage exposed to wild type, overexpressed and triple mutant strains. B: the 
percent of living larvae stage exposed to control and triple mutant strains. C: the percent of pupal case 
exposed to wild type, overexpressed and triple mutant strains. D: the percent of pupal case exposed to 
control and triple mutant strains. E the percent of adult eclosion exposed wild type, overexpressed and 
triple mutant strains. F the percent of adult eclosion exposed control and triple mutant strains.   (N=180). 
NS = nonsignificant, * represents significant difference between A. fumigatus wild type strains and A. 
fumigatus LoxB and triple mutant strains exposed larvae. Where *P<0.05, **P<0.005. 
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3.3.5 Metamorphic stages  of a red eyed Drosophila strain with  a mutation in the 

Toll pathway (w1118Spz6)  when incubated  in a common atmosphere with VOCs 

produced by wild type and mutant  A. fumigatus strains  

 

With few exceptions, there were few differences observed in the metamorphic stages of 

flies exposed to VOCs from the A. fumigatus strains pre-cultured at 25OC or 37OC. (See 

Figures. 3.9 and 3.10).     Moreover, in all cases, few delays in metamorphosis were 

observed from exposure to  VOCs from any of the Aspergillus strains tested.  Eclosion at 

15 days ranged from 83% (for larvae exposed to VOCs from  A. fumigatus CEA17∆ku80 

pre-grown at 25oC), to  96% for larvae exposed to VOCs from A. fumigatus 

CEA17∆ku80∆ppo ABC pre-grown at   37oC. 
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Figure 3.9. Mature third instar larvae of red eyed, Toll deficient Drosophila  (strain Spz6 ) over 15 days 
of continuous exposure to VOCs  A. fumigatus that were pre- grown on PDA at 25ᵒC for 5 days. A: the 
percent of living larvae stage exposed to wild type, overexpressed and triple mutant strains. B: the 
percent of living larvae stage exposed to control and triple mutant strains. C: the percent of pupal case 
exposed to wild type, overexpressed and triple mutant strains. D: the percent of pupal case exposed to 
control and triple mutant strains. E the percent of adult eclosion exposed wild type, overexpressed and 
triple mutant strains. F the percent of adult eclosion exposed control and triple mutant strains.   (N=180). 
NS = nonsignificant, * represents significant difference between A. fumigatus wild type strains and A. 
fumigatus LoxB and triple mutant strains exposed larvae. Where *P<0.05, **P<0.005. 
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Figure 3.10. . Mature third instar larvae of red eyed, Toll deficient Drosophila  (strain Spz6 ) over 15 
days of continuous exposure to VOCs  A. fumigatus that were pre- grown on PDA at 37ᵒC for 3 
days.A: the percent of living larvae stage exposed to wild type, overexpressed and triple mutant 
strains. B: the percent of living larvae stage exposed to control and triple mutant strains. C: the percent 
of pupal case exposed to wild type, overexpressed and triple mutant strains. D: the percent of pupal 
case exposed to control and triple mutant strains. E the percent of adult eclosion exposed wild type, 
overexpressed and triple mutant strains. F the percent of adult eclosion exposed control and triple 
mutant strains.   (N=180). NS = nonsignificant, * represents significant difference between A. 
fumigatus wild type strains and A. fumigatus LoxB and triple mutant strains exposed larvae. Where 
*P<0.05, **P<0.005. 
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3.3.6 Metamorphic stages  of a red eyed Drosophila strain with  double mutations in 

the Imd and Toll pathways (RelishE20Spz6)  when incubated  in a common 

atmosphere with VOCs produced by wild type and mutant  A. fumigatus strains . 

 

These data were similar to those observed in Section 3.3.5.  Few delays in metamorphosis 

were observed for any of the exposures to VOCs  of the different A. fumigatus strains at 

either temperature.  Eclosion at 15 days ranged from 85-96%.   The larvae carrying the 

double mutation in their Imd and Toll immune pathways were more resistant to the effect 

of fungal VOCs than was the wild type OregonR strain (See Figures 3.11 and 3. 12; Table 

3.3). 
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Figure 3.11. Mature third instar larvae of red eyed, Imd and Toll deficient Drosophila  (RelishE2Spz6 
) over 15 days of continuous exposure to VOCs  A. fumigatus that were pre- grown on PDA at 25ᵒC 
for 5 days.  A: the percent of living larvae stage exposed to wild type, overexpressed and triple mutant 
strains. B: the percent of living larvae stage exposed to control and triple mutant strains. C: the percent 
of pupal case exposed to wild type, overexpressed and triple mutant strains. D: the percent of pupal 
case exposed to control and triple mutant strains. E the percent of adult eclosion exposed wild type, 
overexpressed and triple mutant strains. F the percent of  adult eclosion exposed control and triple 
mutant strains.   (N=180). NS = nonsignificant, * represents significant difference between A. fumigatus 
wild type strains and A. fumigatus LoxB and triple mutant strains exposed larvae. Where *P<0.05. 
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Figure 3.12. Mature third instar larvae of red eyed, Imd and Toll deficient Drosophila  
(RelishE2Spz6 ) over 15 days of continuous exposure to VOCs  A. fumigatus that were pre- grown 
on PDA at 37ᵒC for 3 days.  A: the percent of living larvae stage exposed to wild type, 
overexpressed and triple mutant strains. B: the percent of living larvae stage exposed to control and 
triple mutant strains. C: the percent of pupal case exposed to wild type, overexpressed and triple 
mutant strains. D: the percent of pupal case exposed to control and triple mutant strains. E the 
percent of adult eclosion exposed wild type, overexpressed and triple mutant strains. F the percent 
of adult eclosion exposed control and triple mutant strains.   (N=180). NS = nonsignificant, * 
represents significant difference between A. fumigatus wild type strains and A. fumigatus LoxB 
and triple mutant strains exposed larvae. Where *P<0.05. 
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Table 3.3 Percent eclosion of adult flies after 15 days of continuous exposure to VOCs 

from wild type and mutant strains of Aspergillus fumigatus pre-grown  either at 25 oC  or 

37oC 

 

 

 

 

 

Drosophila 

strains 

 

 Aspergillus strains pre-grown at different temperatures          

Control 
 
 
25 oC 37 

oC   

Af293 
  
 
25 oC 37oC  
  

Af293 
OE:loxB  
 
25 oC 37 oC
  

Af293 
∆ppo ABC    
  
25 oC  37 oC
  

CEA17∆ku
80 
 
25 oC  37 oC      

CEA17∆ku
80∆ppo 
ABC 
25 oC  37 oC 

W1118 wild type, 

white-eyed 

strain 

97 95 46 44 40 31 60 60 64 57 51 60 

NOS  

(w1118m24283)mu

tant strain 

100 97 64 53 51 37 84 64 84 71 71 73 

w1118 RelishE20, 

Imd pathway 

mutant strain 

100 
 

93 88 57 68 60 68 66 77 68 75 77 

OregonR wild 

type,red-eyed 

strain 

95 95 60 62 44 44 88 88 68 75 82 95 

OregonR spz6,  

Toll pathway 

mutant strain 

97 91 84 86 84 84 84 95 88 82 95 90 

RelishE20 and 

spz6 double 

mutant strain 

97 91 84 88 84 84 84 91 88 82 95 88 
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3.7.   Summary of exposure studies 

The A. fumigatus strain emitting VOCs with the greatest toxigenic effects in the Drosophila 

bioassay was the over expression Af293OE:lox B. The next most toxigenic VOCs were 

emitted by  the wild type Af293 strain and the control CEA17∆ku80   strain. The least 

toxigenic VOCs were emitted by the triple oxylipin mutants Af293∆ppo ABC and 

CEA17∆ku80∆ppo ABC.  

In general, larvae from the red eyed flies were more resistant to fungal VOCs that were 

larvae of flies carrying the white eyed mutation. Interestingly, white eyed Drosophila fly 

larvae that carry mutations in the NOS and Imd immune pathways were more resistant to 

the toxigenic effects of fungal VOCs than were the white eyed w118 flies with a wild type 

immune system. Furthermore, larvae of red eyed flies carrying the Toll mutation RelishE20 

or a double mutation in both the Imd and Toll pathway  (RelishE20spz6) were the most 

resistant of all fly strains tested  to the negative effects of exposure to A. fumigatus VOCs.  

  

3.3.8   Exposure of Drosophila larvae W1118 strain to VOCs produced by different 

strains of A. fumigatus grown on GMM medium with and without arachidonic acid 

A published study has determined that exposure of A. fumigatus to arachidonic acid caused 

changes in fungal germination and development (Tsitsigiannis, et al. 2005b).  We tested 

the effects VOCs emitted by A. fumigatus grown on GMM medium with and without added 

arachidonic acid (5 mM) on white eyed Drosophila larvae strain W1118 with wild type 

immune genes. The numbers of larvae, pupa, and adults were monitored and counted daily 

for 15 days. The percent larvae on day 4, the percent pupae on day 7 and the percent eclosed 

adults on day 10 are shown in Table 3.4.  There were no significant differences noted 
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between fungi pre-grown at 25oC or 37oC.  A significant delay in the larvae and pupal 

stages was noted for larvae exposed to VOCs produced by the wild type Af293 on medium 

lacking arachidonic acid., however this delay was no longer detected for the number of  

adult flies  at day 10.  (Table 3.4). 

 

Table 3.4. The percentage of Drosophila adults observed on four, seven, and ten days 

from exposure to the VOCs produced from Aspergillus fumigatus strains that have grown 

at different temperatures. 

 

Strains and 

Species 

 

                                  Pre-grown at different temperatures and days 

 Day 4(Larvae stage)                   Day 7  (Pupae stage)                Day 10(adult stage) 

25◦C 

+AA     -AA     

37◦C 

+AA   -AA 

25◦C 

+AA   -AA 

37◦C 

+AA   -AA 

25◦C 

+AA    -AA 

37◦C 

+AA    -AA 

Control  11.1 8.8 2.2 0 13.3 

 

11.1 17.7 13.3 95.5 97.7 95.5 93.3 

Aspergillus 

fumigatus Af293 

(*) 

45

  

50 68.8* 43 70 * 47.7 

 

53.3 48.8 70 75 60  55.5 

Aspergillus 

fumigatus Af293 

OE:loxB (NS) 

60 57.7 60 68.8 35 47.7 68.8 66.6 66.6  60 53.3  45.5 

Aspergillus 

fumigatus Af293  

∆ ppoABC (NS) 

23 36.6 

 

33 37.7 22.2 24.4 26.6 22.2 80  82.2 77.7  80 

Aspergillus 

fumigatus 

CEA17∆ku80 

(NS) 

36.6 

 

33.3 50 48.8 53.3 48.8 44.4 55.5 77.7 75 64 67.7 

Aspergillus 

fumigatus  

CEA17∆ku80 

∆PPOABC (NS) 

24.4 22.2 37.7 33.3 37.7 33.3 40 37.7 80 82.2 77.7  78.8 
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3.3.9 GC-MS analysis of VOC profiles of Aspergillus fumigatus strains  wild type 

(Af29) and triple mutant strains (Af293∆ppo ABC) 

 

Two strains of Aspergillus fumigatus were selected for analysis of their VOC profiles.   The 

VOCs emitted by the Af293 wild type strain caused delays in metamorphosis and high 

toxicity on Drosophila.  In contrast, when the ppo genes were deleted from this strain 

(Af293∆ppo ABC), metamorphic delays and toxicity were greatly reduced. We used purge 

and trap GC-MS analysis to determine the VOC profiles of the two strains of fungi grown 

on PDA and sampled at 25◦C for 5 days or 37◦C for 3 days. The wild type strain produced 

more abundant  VOCs with higher  concentrations compared to the triple mutant,  which 

released  fewer VOCs with low concentrations.  The single most abundant VOCs produced 

by the wild type strain was isopentyl alcohol.  Other abundant VOCs included isobutyl 

alcohol, acetoin, 2-methyl butanol and 1-octen-3-ol.  More 1-octen-3-ol was produced 

when the fungus was pre-grown at 25oC  than at 37oC.   Myristic acid and palmitic acid 

were produced by Af293 wild type strain while these VOCs were not detected from the 

triple mutant strain (Tables 3.5  and 3.6). 
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Table 3.5. VOCs released from the triple lipoxygenase mutant strain Af293∆ppo 

ABC which was grown either for 5 days at 25◦C or 3 days at 37◦C by using purge  

and trap-thermal desorption method. 

VOCs  Conc. at 25◦C 

ng/trap 

Conc. at 37 ◦C 

g/trap 

1-octen-3-ol 42.8 16.7 

Isopentyl alcohol 547.2 875.6 

2-butanone+diacetyl 37 93.7 

ethyl acetate 18.7 29 

Isobutyl alcohol 124.9 65.7 

2-methylbutanal 99.7 5.8 

Acetoin 76.5 25.2 

farnesene 7.9 3.7 

3-methylbutyric acid 1.8 1.7 

2-methylbutyric acid 1.9 5.2 

Isobutyric acid 1.2 nd 

 2-ethylfuran nd 7.4 

Acetic acid nd 4.8 

1-octene nd 1.6 

2-heptanone nd 1.8 

1-butanol nd 8.2 

2-hetanone 0.6 nd 

heptanal 0.6 0.9 

1-butanol 3.7 nd 

Octanoic acid 1.4 0.75 

Nananoic acid 1.01 0.5 

Decanoic acid 10 7.6 
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Lauric acid 8.97 8.4 

Myristic acid 5.2 6.8 

Palmitic acid 2.02 4.6 

benzene-d6 (internal standard) 977.5 751.4 

toluene-d8 (internal standard) 1000 1000 

Naphthalene-d8 internal 

standard) 

859.8 859.6 
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Table 3.6. VOCs released from the triple lipoxygenase mutant strain Af293∆ppoABC 

which was grown either for 5 days at 25◦C or 3 days at 37◦C by using purge and trap-

thermal desorption method. 

VOCs  Conc. at 25 ◦C 

ng/trap 

Conc. at 37 ◦C 

ng/trap 

1-octen-3-ol 3.5 nd 

Isopentyl alcohol 67.9 296.3 

2-butanone+diacetyl 3.4 20.6 

ethyl acetate 1.8 11.4 

acetoin nd 17.6 

Isobutyl alcohol 11.5 35.6 

2-methylbutanal 1.9 29.6 

Acetic acid 136 95.9 

Isobutyric acid 1.4 11.1 

2-methylbutyric acid nd 3.4 

3-methylbutyric acid nd 3.2 

3-methyl-1,3-pentadiene nd 1.4 

Propionic acid nd 2.3 

2-heptanone nd 0.8 

heptanal nd 1.3 

Hexanoic acid Nd 45.6 

Heptanoic acid nd 4.2 

Nananoic acid nd 3.7 

Octanoic acid nd 2.7 

benzene-d6(internal 

standard) 

976.1 930.7 

toluene-d8 (internal 

standard) 

1000 1000 
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nd  non detected. 

 

3.4 Discussion   

3.4.1 Introduction.   

In this chapter, we continued to take advantage of the Drosophila model for studying the 

effects of fungal VOCs.  Fly larvae and fungi were grown together in microcosms whereby 

they shared a common  atmosphere but had no direct physical contact.  Using this  VOC-

exposure system, we applied the power of mutational analysis in two distinct ways.  In the 

first approach, third instar Drosophila larvae that were wild type except for carrying  a 

white eyed gene, were exposed to VOCs from a collection of A. fumigatus strains, some of 

which carried mutations in pathways associated with the biosynthesis of oxylipins.  In the 

second approach, the VOCs from wild type and oxylipin mutants of A. fumigatus were  

tested against  wild type flies as well as flies that carried different immune system 

mutations.   These data are discussed in separate sections below. 

3.4.2  Overview of oxylipins 

“Oxylipin” is the collective word for all oxygenated lipids.  Because many of these 

compounds  are highly bioactive and play important physiological roles in animals, plants, 

and fungi there is a vast literature on their biosynthesis, metabolic functions, and 

importance in health.  Well known oxylipins metabolically derived from C20 fatty acids 

include the eicosanoids (eicano is Greek for 20) such as prostaglandins, thromboxanes and 

Naphthalene-d8(internal 

standard) 

762.5 911.02 
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leukotrienes.  (Note:  These compounds derive their names from their earliest source of 

isolation.  Prostaglandins were originally shown to be synthesized in prostate glands, 

thromboxanes from  platelets [thrombocytes], and leukotrienes from leukocytes.)    

Eicosanoids have a truly extraordinary range of physiological effects in mammals. Many 

are pro-inflammatory  and associated with various disease states including atherosclerosis 

and Alzheimer's disease(Gabbs, et al. 2015). Prostagladins  contract and relax smooth 

muscle; dilate and constrict blood vessels, control  blood pressure, and modulate 

inflammation.   Leukotrienes  play a key role in inflammation and are involved in 

allergies, allergic rhinitis, and asthma. (PAPATHEOFANIS and LANDS 1985).  

Eicosanoids use receptor-dependent pathways to control signaling;  in mammals their 

dysregulation is central to numerous pathological states including cancer and inflammation 

(Kozak and Marnett 2002). 

Lipoxygenase enzymes  (LOX) are  dioxygenases which incorporate one molecule of 

oxygen at a certain position of unsaturated fatty acids such as arachidonic and linoleic 

acids.  Atypical lipoxygenases that incorporate two molecules of oxygen are called fatty 

acid cyclooxygenases (COX) and initiate the biosynthesis of prostaglandins and 

thromboxanes. In mammalian cells, arachidonic acid (20:[n-6]) is the main eicosanoid 

precursor (Sharma and Mohammed 2006). 

To summarize a vast biochemical literature, oxylipins are formed by lipoxygenase (LOX), 

cyclooxygenase (COX) and cytochrome p450 enzymes (Brodhun and Feussner 2011; 

Patkar, et al. 2015). Moreover, oxylipins can also be produced non-enzymatically by 

autoxidative processes associated with reactive oxygen species (ROS).  Oxylipins from 
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animals and plants are best characterized where many of them function as chemically and 

functionally varied intra- and inter-specific chemical signaling agents (Andreou, et al. 

2009; Davis, et al. 2013; Wadman, et al. 2009; Watson, et al. 2009).  

Major plant oxylipins tend to be derived from C18  polyunsaturated fatty acids such as 

linoleic or  α-linolenic acid formed by an initial peroxidation reaction catalyzed by 

lipoxygenases (LOXs) (Grechkin 1998; Mosblech, et al. 2009).  LOX-catalyzed pathways 

include leukotrienes, green leaf volatiles,  jasmonic acids and various other important plant 

signaling compounds.   Jasmonic acid  and green leaf volatiles are  often produced in 

response  to attack by microbial pathogens, physical damage by animals and abiotic stress.  

(Delker, et al. 2006; Scala, et al. 2013).  An  excellent summary of  LOX catalyzed 

pathways  is given in (Joo and Oh 2012). The role of oxylipins in cross-kingdom 

interactions, especially with respect to plant pathogenesis has received extensive study 

(Fischer and Keller 2016; Pohl and Kock 2014; Tsitsigiannis and Keller 2007; 

Tsitsigiannis, et al. 2005b). 

 

3.4.3 Oxylipins from fungi 

Prostaglandins, prostaglandin-like molecules, leukotrienes and thromboxanes also are  

produced by fungi where they were first identified in the pathogens Candida albicans and 

Cryptococcus neoformans (Noverr, et al. 2001).  Perhaps the best understood family of 

fungal oxylipins are the psi factors (“precocious sexual inducer” factors), originally 

described from Aspergillus nidulans where they alter the ratio of asexual to sexual 

sporulation (Champe, et al. 1987). Using a genomic analysis, the genes to produce psi 

factors were predicted to be three oxygenases and named PpoA, PpoB and PpoC 
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(precocious sexual inducer-producing oxygenases) (Tsitsigiannis, et al. 2005b; 

Tsitsigiannis, et al. 2004). Subsequently, similar genes have been described from many 

other fungi and this group of  COX-like oxygenases are now called, generically, Ppo 

enzymes.  

Using a crude E. coli lysate, (Brodhun, et al. 2010) showed that expression of ppoC is 

sufficient to catalyze the breakdown of linoleic acid into a wide range of compounds 

including 1-octen-3-ol, 2-octen-1-ol, 2-octenal, and 3-octanone.  (Dagenais, et al. 2008) 

demonstrated the ∆Ppo mutants of A. fumigatus was more susceptible to killing by murine 

alveolar macrophages.  A homologue of this gene is necessary for production of 1-octen-

3-ol in Aspergillus luchuensis (Kataoka, et al. 2020). In A. fumigatus, the  ∆ppo C mutant 

is hypervirulent in a murine model of pulmonary aspergillosis,   suggesting that the 

synthesis of certain oxylipins may be detrimental, perhaps by activating a forceful host 

immune response via an augmented tolerance to oxidative stress (Singh and Del Poeta 

2011; Tsitsigiannis, et al. 2005b). 

Far less is known about smaller, volatile oxylipin degradation products (Fischer, et al. 

2017). C8 oxylipins such as 1-octen-3-ol, 3-octanone, and 3-octanol can be derived from 

the longer-chain oxylipins by breakdown of polyunsaturated fatty acids such as arachidonic 

acid oleic acid, linoleic, and linolenic acids  (Assaf, et al. 1997; Husson, et al. 2001).  Many 

of these volatile  oxylipins function  in  fungal development and reproduction (Pohl and 

Kock 2014).  For example, mushroom alcohol  (1-octen-3-ol) is an extremely common 

oxylipin-derived molecule that contributes a large part of the characteristic odor of 

mushrooms and molds.   Despite its ubiquity, and its importance as a food and flavoring 

agent, the details of the metabolic origin of 1-octen-3-ol are poorly understood (Assaf, et 
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al. 1997; Inandar A 2020). A useful table of lipoxygenase and cyclooxygenase genes in 

selected fungal genomes has been developed by (Ferrari, et al. 2018)  This group showed 

that COX and LOX genes in Podospora anserine produced oxylipins that participate in the 

production of some C8 volatiles which   play a role in deterring nematodes (Ferrari, et al. 

2018). A phylogenetic analysis of fatty acid dioxygenases from fungi, mammals and plants 

that show the relationship of putative enzyme sequences  including those of the PPoC-

group has been generated by (Andreou, et al. 2009). 

 

Fungal VOCs, including many volatile oxylipins,  have been hypothesized to contribute to 

negative health effects in people who have live near compost facilities (Herr, et al. 2003) 

or in water damaged buildings (Douwes 2009).  A limited number of controlled studies has 

shown that VOCs such as 1-octen-3-ol, ethanol and certain air pollutants are harmful for 

human health (Pantoja, et al. 2016; Perl, et al. 2011; Scotter, et al. 2005; Wild 2007; Wright, 

et al. 2002).It is well known that A. fumigatus  emits  numerous VOCs, some of which have 

been used as diagnostic aids for early diagnosis of aspergillosis (Heddergott, et al. 2014a; 

Korpi, et al. 2009a; Lemfack, et al. 2014). The toxicity of certain fungal VOCs has been 

studied in rodent models, cultured cell lines and, in a few cases, on human volunteers 

(Korpi, et al. 1999; Kreja and Seidel 2002a; Wålinder, et al. 2008).  

 

3.4.4 Drosophila model for studying fungal VOCs 

 

Because mammalian models are expensive and ethically problematic, we used a 

Drosophila model (AL-Maliki, et al. 2017; Rand, et al. 2014; Wasserkort and Koller 1997) 
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Previous research has used Drosophila to study aspergillosis in experiments involving 

direct physical contact (Chamilos, et al. 2007). In our approach, fly larvae were placed  in 

a shared atmosphere with growing fungi but there was no physical contact between the two 

organisms.   Previously, we  showed that  VOCs emitted by living fungal cultures, and by 

chemical standards of 1-octen-3-ol and other C8 volatiles,  caused toxicity and death in  

Drosophila larvae and adults (Inamdar, et al. 2013; Inamdar, et al. 2014). Here, we 

hypothesized that VOCs produced by human pathogenic fungi would be toxic to 

Drosophila and in Chapter 2 of this dissertation  we showed that this was, indeed, the case. 

 

In order to determine if volatile C8 oxylipins, and other volatiles emitted by A. fumigatus,  

play a role in pathogenesis, we  have tested the toxicity of VOCs produced wild type, loxB, 

and triple mutant (∆ppo ABC genes) strains on the metamorphosis of  wild type Drosophila 

flies.  In general, VOCs from A. fumigatus wild type strain Af293, and the over expression 

strain loxB derived from it, had more toxic effects on all stages of fruit fly metamorphosis 

than VOCs from  the control CEA17 ∆ku80 stain and its derivative triple mutant strain.   

Of the Aspergillus strains tested, exposure to VOCs emitted by  strains Af293 and OE:loxB, 

pre-grown at 37ᵒC,  were the most toxic to the Drosophila model,  i.e. the larvae 

experienced the longest delays in pupal formation, as well as the lowest eclosion rates.  

Furthermore, as hypothesized, VOCs from the triple mutant ∆ppo ABC strains had the least 

significant toxic effects on the metamorphosis on  all fruit fly strains tested.  Using purge-

trap thermal desorption GC-MS, we found that the triple mutant strain of A. fumigatus did 

not produce 1-octen-3-ol, 1-butanal, 1-octen, decanoic acid, and lauric acid  all of which 
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were detected from  the wild type strain.  Furthermore, the concentrations of VOCs 

produced by the triple mutant strain were lower than those produced by the wild type.   

 

3.4. 5  Innate immune system   

 

The ability to set off the immune system and repel  pathogenic invaders is an essential part 

of organismal health.  Research in many fields has shown that cellular and molecular  

mechanisms associated with the  immune response are highly conserved.  There have been 

numerous studies on the relationship of the fruit fly and mammalian immune systems (see, 

for example, (Lemaitre and Hoffmann 2007; Wang and Ligoxygakis 2006).  Most of the 

genes involved in the Drosophila host defenses against infectious disease are quite similar 

to genes used mammalian innate immune defenses (Hoffmann 2003a).  In  addition to an 

epithelial barrier and efficient wound healing, Drosophila fights infection using 

phagocytosis by plasmatocytes an ancient forms of host defense (Ulvila, et al. 2011).  

Humoral immunity is the part of immunity mediated by molecules found  in extracellular 

fluids.  The term encompasses secreted antibodies, complement and certain antimicrobial 

peptides (“AMPs”), and it can involve the activation of cytokine production (Kleino and 

Silverman 2014). The Drosophila humoral response generates  the production of 

antimicrobial peptides  by the fat body (Lemaitre and Hoffmann 2007).  Eight families of 

antimicrobial peptides have been identified in Drosophila. Within a few hours of microbial 

infection, these peptides reach concentrations in the insect blood  (hemolymph) that make 

it a hostile environment for the invading pathogens (Hoffmann 2003a).  
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The discovery that the  Toll pathway is required for protection against fungal infection in 

Drosophila was crucial in studies of both mammalian and Drosophila immunity. 

Drosophila Toll is activated by an endogenous ligand called Spaetzle which resembles  

certain mammalian growth factors such as nerve growth factor  (Lewis, et al. 2013).  

In mammals,  “pattern recognition receptors” (“PPRs”) recognize danger signals. 

Mammalian Toll - like receptors  (“TLRs”) were discovered in database searches after the 

identification of Toll and, to date, eleven members have been found (Shizuo and Takeda 

2004).  These vertebrate receptors are related to the Toll family and are activated by 

pathogen-associated molecules such as bacterial endotoxin. Mammalian pattern 

recognition receptors recognize microbial molecules such as cell wall components that are 

common to most pathogens.  These molecules are sometimes called pathogen-associated 

molecular patterns (“PAMPs”). Different surface and intracellular components of 

microorganisms are recognized by different Toll-like receptors.  They elicit the activation 

of an intracellular signaling cascade whereby different microbial cell wall components are 

recognized by different Toll-like receptors. For example, mammalian Toll-like receptor-2 

discriminates peptidoglycan, lipoprotein, lipoarabinomannan and zymosan.  Toll-like-

receptor 4 recognizes lipopolysaccharide, lipoteichoic acid and Taxol (Valanne, et al. 

2011).  For clarity, we will avoid the use of the numerous acronyms developed by 

immunologists in our text below.   

 

3.4.6   Drosophila Toll and Imd 

The Toll gene was discovered in Drosophila as part of research in developmental biology 

and is essential for establishing dorsoventral polarity in fly embryos (Hashimoto, et al. 
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1988).  Later it was found that Toll is a transmembrane receptor that also functions in innate 

immunity. Toll deficient Drosophila are highly susceptible to fungal infection (Lemaitre, 

et al. 1996b). Toll does not directly recognize microbial determinants but is activated by 

the binding of the ligand Spatzle,  which occurs after fungal determinants (mainly glucans) 

are detected by circulating pattern recognition receptors that induce, by an unknown 

mechanism, the activation of proteolytic cascade that lead to the cleavage of Spaetzle and 

subsequent Toll activation (El Chamy, et al. 2008). Thus, in Drosophila and other insects, 

the presence of Gram positive bacteria and fungi are detected indirectly by Spätzle.   

Spaetzle is synthesized in an inactive form  (Brennan and Anderson 2004; El Chamy, et al. 

2008; Lewis, et al. 2013). The antifungal peptide induced by infection by the Toll signaling 

pathway is called drosomycin (Lemaitre, et al. 1996b).  

After the discovery of Toll, a second signaling cascade, namely the immune deficiency 

(Imd) pathway, was found by subsequent genetic screens looking for  Drosophila mutants 

that lacked innate responses to infection.  Flies  carrying Toll mutations are more resistant 

to fungi and Gram-positive bacteria than are Imd mutant flies, while the Imd pathway  

responds to Gram negative bacteria.  It is similar to the mammalian TNF-receptor signaling  

pathway  and is activated through membrane-bound  pattern recognition receptors.  Imd 

pathway initiation leads to the expression of the NF-kB factor Relish, its translocation to 

the nucleus, and the  subsequent transcriptional activation of a group of target genes.  The 

Imd pathway is triggered by the presence of meso-diaminopimelic acid type peptidoglycan, 

found as part of the cell ways of most Gram-negative bacteria and some Gram- positive 

bacteria as well.   Adult flies carrying this mutation have impaired production of most 

antimicrobial peptides, although the antifungal peptide drosomycin remains inducible 
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(Lemaitre, et al. 1996b) Relish is the key transcription factor activated  in the Imd signaling 

pathway and is responsible for the induction of the humoral immune response including 

both antibacterial and antifungal peptides (Hedengren, et al. 1999). 

In summary, both Toll and Imd are important in initiating pathogen recognition; synergistic 

interactions between the Toll and Imd pathways allow  Drosophila to survive microbial 

infections (Brennan and Anderson 2004; Valanne, et al. 2011). However, when immune 

responses are incorrectly timed, or when they are overactive, they can  be harmful to the 

health and survival of mammals and insects (Kleino and Silverman 2014).  Reactive 

oxygen species (partially reduced metabolites of oxygen that can damage cells 

constituents) are often released during immune reactions.  ROS can not only target 

invading pathogens, they can also cause “collateral damage” by attacking host tissues 

(Sedghi, et al. 2017). In order to prevent the negative aspects of the immune response, the 

Drosophila Imd pathway is modulated such that Relish activation is tightly controlled 

through several poorly understood regulatory check points (Kleino and Silverman 2014).  

For many years, the research in fungal immunology has focused on defining the molecular 

interactions between the pattern recognition receptors (“PRRs”) of mammals such as Toll 

like receptors and their respective pathogen-associated molecular patterns (“PAMPs”). 

Most of the models for fungal-fly  immune reactions are based on the recognition of 

conserved cell -wall molecules such as peptidoglycan and beta-glucan.  Enormous progress 

has been made in understanding how mammalian pattern recognition receptors identify 

fungal associated molecular pattens such  as beta-1,3-glucans, beta-glucanases and DNA 

(Hultmark 2003).  It has been suggested that pathogen sensing may similar to plant systems 

whereby one part of the system recognizes molecules common to many classes of microbes 
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(pathogen associated molecular patterns) and a second part responds to virulence factors 

detected through their effects on host targets “danger signals.”)   (El Chamy, et al. 2008). 

 

3.4.7  VOCs and the  Drosophila innate immune system  

 

In earlier work in our laboratory,  adult flies exposed to low concentration of volatile phase 

1-octen-3-ol, in the presence of nitric oxide synthase  inhibitors such as L-NAME and 

minocycline, survived longer than flies exposed to 1-octen-3-ol alone, indicating that the 

toxicity of 1-octen-3-ol is partly mediated via excessive nitric oxide activity.  It is known 

that Drosophila nitric oxide synthase dNOS) regulates a number of biological processes 

including host immune response (Mukherjee, et al. 2011; Stasiv, et al. 2001). When in 

excess, NOS enzymes promote tissue injury in the human nervous system as well as the 

Drosophila’s hemocytes (Carton, et al. 2009a; Foley and O'Farrell 2003; Laskin, et al. 

2011a). When the genes were overexpressed in the Drosophila model, there was an 

increase in the survival rate by roughly 5 days (Inamdar and Bennett 2014). Nitric oxide is 

thought to acts upstream of the Imd pathway.  In parallel research, paraquat has been used 

in a fly model of Parkinson’s disease.  Paraquat exposure leads to Drosophila neurotoxicity  

and activation of Relish, indicating a link between exposure to this environmental toxin 

and the modulation of innate immunity.    Knockdown mutants of Relish are resistant to 

paraquat (Maitra, et al. 2019).  

 

In our current work, we hypothesized that the toxic effects we observed when fly larvae 

were exposed to Aspergillus VOCs  might be mediated in a similar fashion to the NOS and 
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paraquat experiments, i.e. by the host immune response. Therefore, we repeated our  

Aspergillus VOC exposure experiments using flies that carried  mutations in different 

immune response pathways. 

 

In our experiments, when wild type flies were exposed to Aspergillus VOCs, significant 

developmental delays and death were observed. When  flies with a mutation in  one of their  

immune pathways were exposed to  same fungal VOCs, the toxic effects were diminished 

. The absence of toxic effects was particularly striking for the Toll pathway mutants where 

the flies carrying the spaetzle mutation were similar to unexposed controls in  both the 

timing of metamorphosis and the successful completion of eclosion.  In other words, the 

death of the Drosophila flies was not caused by the VOCs themselves, but by an immune 

pathway reaction in wild type flies that causes damage to Drosophila.   

 

 

As stated earlier, in Drosophila, the cellular immune response to pathogenic attack by 

bacteria and fungi largely is controlled by two signaling cascades , namely the Toll and the 

immune deficiency (Imd) pathways.   These pathways both activate members of the 

Nuclear Factor Kappa B  (NF-kB) family of transcription factors (Shia, et al. 2009). Mutant 

Drosophila flies that lack the ligand, Spaetzle for Toll pathways provide models for 

understanding the kinds of molecules that can elicit the innate immune response in flies.     

Because Drosophila Toll  plays a key role in recognizing fungal infections (Lemaitre and 

Hoffmann 2007), it seems counterintuitive that our data show that  spätzle mutants were 

more resistant to fungal volatiles than were wild type flies.  



114 
 

 

The innate immune system is responsible for the initial and rapid host defense as well as 

mediating inflammatory responses. However, sometimes the immune system overreacts.  

When overproduced, cytokines (signaling molecules that mediate and regulate immunity 

and  inflammation)  can cause damage. It is known that certain oxylipins may be 

detrimental, possibly by activating a forceful host immune response via an augmented 

tolerance to oxidative stress (Singh and Del Poeta 2011; Tsitsigiannis, et al. 2005b).  In 

mammals, necrotic cells, in the absence of any microbial input, can provoke detrimental 

inflammatory responses (Sloane, et al. 2010). 

 

There are data from other systems that show that volatile toxicity associated is associated 

with the immune system.  For example, a human promyelocytic leukemia cell line exposed 

to volatiles such as toluene, xylene, and dichloromethane displayed gene expression 

profiles involving both apoptosis-related and immune response genes (Sarma, et al. 2010).  

In Sprague Dawley rats, benzene targets various components of the immune system 

(Robinson, et al. 1997). Furthermore, volatile anesthetics are known to attenuate some of 

the negative effects of cell damage associated with chronic inflammation (Sedghi, et al. 

2017). Perhaps most relevant to our studies, however, is the work by Eom et al (2016) on 

inhalation toxicity of indoor air pollutants in Drosophila.   The inhalation toxicity of 

toluene and formaldehyde was investigated using a transcriptomics analyses.   Gene 

ontology (GO) categories of the most significantly  differentially expressed genes with 

exposure to toluene or formaldehyde include “innate immune response”  and “response to 

oxidative stress”,  and “Toll-signaling pathway” was with exposure to formaldehyde (Eom, 

et al. 2017).  Two immune response-related mutants (imd and ref(2)p) were tested under 
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the same conditions as wild type flies.  As stated by (Eom, et al. 2017) “counter-intuitively, 

the immune response-related mutants appeared to be unaffected by toluene and 

formaldehyde.”  

To date, the overwhelming bulk of research on fly recognition of pathogens has focused 

on the physical contract of the fly with cell wall components and other macromolecular 

components of microbial pathogens.   The fact that Drosophila flies respond to VOCs 

shows that  much smaller molecules also can be detected.  Which small gas phase 

molecules are involved in the ability of Drosophila to recognize fungi?  In mammals, 

fungal associated molecular patterns are a subset of pathogen-associated molecular patterns 

(“PAMPS”) and known to   include fungal cell wall constituents and intracellular 

components like DNA(Salazar and Brown 2018). Our data suggest that the small volatile 

molecules that are characteristic of  the odor compound emitted by fungi and other 

microbes  also can be detected as “danger signals” by the Drosophila immune system.  

Volatile organic molecules like 1-octen-3-ol and isobutanol may  be functioning as 

pathogen-associated molecular signals, lead to dysregulation of inflammatory responses 

and fly toxicity.   

 

In mammals, numerous studies have shown that inappropriate signaling of cytokines in the 

tumor necrosis factor superfamily can lead to pathologies like septic shock, asthma, 

rheumatoid arthritis and autoimmunity (Perkins 2007). Moreover, industrial VOCs are 

known to be associated with negative health effects in human. For example, house painters, 

who  experience chronic exposure to VOCs , show enhanced inflammatory responses  

(Wieslander, et al. 1997). Given the remarkable conservation of pathways that initiate the 
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immune response in flies and in vertebrates, we hypothesize that some of the negative 

health effects  in humans that have been attributed to fungal VOCs  , often studied under 

the rubric “sick building syndrome  may be due to their impact on the human innate 

immune response  (Medzhitov and Janeway 1998). 

We recognize that these data on the effect of volatile compounds on Drosophila 

metamorphosis  constitute  a descriptive study.  We do not know which volatile compound 

or compounds cause the activity leading to toxicity in wild type flies.  Nor is the mechanism 

of Drosophila cell death clear although it may involve the generation of reactive oxygen 

species (ROS), an immediate and common response to pathogen assault.   Our experiments 

show, nevertheless,  that for the flies exposed to VOCs from A. fumigatus,  possession of 

a healthy immune system is a liability.   We hypothesize that fungal volatiles can serve as 

molecular signals and trigger the inflammatory process.  Although our data are not 

sufficient to identify the specific mechanisms involved in fly toxicity, they provide 

guidance for future investigations.  

Our work paves the way for future research  on the role of volatile phase oxylipins  and 

other VOCs in the pathogenic process.  If fungal volatiles  are detected by the innate  

immune systems of susceptible human beings  our findings also may provide new 

hypotheses for studying the symptomology  of  sick building syndrome.   Finally, our 

Drosophila studies reflect the fact that, yet again, research using non-vertebrate model 

systems can generate new hypotheses that have relevance to human health.   
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3.4.8 Summary 

Our data show that fungal-associated gas phase molecules, in the absence of physical 

contact with  fungal cell wall components or other macromolecular cellular constituents, 

can delay metamorphosis and cause toxicity in wild type Drosophila.  This pathogenic 

effect was less pronounced in flies carrying NOS and Imd mutations and almost absent in 

flies carrying a mutation in the gene for spaetzle.   Because spaetzle is a circulating, 

cytokine-like endogenous molecule that acts as a ligand to activate Toll receptors and 

thereby set off  an effective immune response, these data imply that the mortality we have 

observed in wild type flies is associated with an overreaction of the fly innate immune 

system.  Further, these results may have relevance for human conditions associated with 

immune reactions to fungi such as allergies, asthma and possibly “sick building syndrome.”   

Since the volatiles are detected without physical contact between fungi and flies, our data 

also suggest  that flies can perceive fungal pathogens at a distance through their 

characteristic volatile emissions. 

It is well known that the immune systems can overreact and attack healthy cells.   Most 

studies that demonstrate how the   immune system response can backfire, over react,  and 

cause tissue damage have involved physical contact between  the host, and the pathogen or 

its macromolecular  cellular components.  In this current study, only gas phase molecules 

are in contact with the Drosophila larvae.  The ability to detect and respond to gas phase 

molecules  enables flies to sense the presence of potential pathogens at a distance.    Our 

study provides strong evidence for the involvement of  the Drosophila innate immune 

system in causing  the fly toxicity associated with exposure to fungal volatiles. 
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CHAPTER.4 THREE VOLATILE PHASE EIGHT CARBON COMPOUNDS 

CAUSE DIFFERENT EFFECTS ON SURVIVAL OF WILD TYPE AND MUTANT 

STRAINS OF DROSOPHILA MELANOGASTER. 
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Abstract 

Volatile organic compounds (VOCs) are environmental agents with low molecular mass 

that exist as gases at room temperature. It has been hypothesized that fungal VOCs have 

negative effects on human health, causing headaches, gastrointestinal issues, as well as 

respiratory problems in people exposed to indoor mold odors. Previous work in our 

laboratory has employed a Drosophila bioassay to determine the possible toxicity of fungal 

VOCs. Here we exposed both wild type and mutant strains of Drosophila melanogaster  at 

two concentrations (0.1µL/L and 0.5µL/L) to vapors  of 3-octanone, 3-octanol, or 1-octen-

3-ol,  to determine if mutations in certain immune pathways, and the NOS pathway,  would 

show differential responses to  fungal VOCs. Adult male fruit flies of a single strain were 

exposed to the different VOCs and their viability was monitored for 24 hours. 

  All strains showed high susceptibility to 0.5µL/L of 1-octen-3-ol in the span of only two 

hours. Volatile phase 1-octen-3-ol and 3-octanone at 0. 5µL/L were toxic to all the strains 

after 24 hours.  Oregon R (red-eyed, wild type) strain was less susceptible than wild type, 

white-eyed strain (W1118) to all three compounds at both concentrations.  Of the three 

compounds tested, 3-octanol at 0. 1µL/L was the least toxic to mutant and wild type strains.  

The NOS mutant was more resistant to VOC exposure than was the white eyed strain 

carrying no defects in the immune system  The Relish E20 white-eyed mutant strain was 

more susceptible than the spz6  red-eyed mutant strain to volatile phase 1-octen-3-ol at 

0.1µL/L.   Unexpectedly,  the double mutant strain (red-eyed Relish E20  spz6) showed 

greater resistance to the presence of the volatile phase compounds than did either single 

mutant or  the wild type, white-eyed strain (W1118).   The implications of these findings are 

discussed.  
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4.1Introduction  

 

            Volatile organic compounds, also known as VOCs, are compounds with low 

molecular mass and high vapor pressures that exist in gas form when in room temperature 

conditions. VOCs produced by molds give damp 

indoor areas their trademark musty smell. Fungi emit 

mixtures of many kinds of VOCs that vary with the 

temperature, moisture, pH and other environmental 

conditions of cultures, as well as the species and 

strain of fungus (Morath, et al. 2012). Many fungal 

VOCs have strong odors and can be easily 

recognized by humans. It has been hypothesized that 

fungal VOCs have negative effects on human health, 

possibly contributing to a condition known as the 

“sick building syndrome” (Ansarin, et al. 2013; 

Burge 2004; Chambers, et al. 2016; Cooley, et al. 

1998; Faber, et al. 2015).   Sick building syndrome involves headaches, gastrointestinal 

issues, as well as respiratory problems. Symptoms affecting the nervous system have also 

been reported by people exposed to fungal VOCs for prolonged periods of time  (Burge 

2004; Kilburn 2004; National Academies of Sciences and Medicine 2017).  

Most studies on exposure to toxic environmental volatiles  have focused on the 

effects of industrial chemicals on human health rather than on biogenic agents.  It is well 

 

 

 

Figure 4. 1. The line-angle 
representation of the three 
volatile organic compounds 
(VOCs) used in this research. 
A. 3-octanone, B. 3-octanol, 
and C. 1-octen-3-ol 

A. 

B. 

C. 
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known that inhalation of certain industrial compounds in the gas phase has demonstrable 

toxicity. Furthermore, dermal uptake of VOCs in indoor environments is also possible 

(Bennett and Inamdar 2015; Hung, et al. 2013; Inamdar, et al. 2012). The link between 

fungal metabolites and their possible detrimental effects on human health indoor 

environments remains unclear(Heseltine and Rosen 2009). 

The VOCs of fungi occur in different chemical classes such as acids, alcohols, 

aldehydes, esters, ethers, hydrocarbons, ketones, sulfur, and terpene compounds (Korpi, et 

al. 2009b). These metabolites allow fungi to communicate with one another and respond 

flexibly to environmental pressures (Leeder, et al. 2011). Eight carbon volatiles are 

particularly characteristic of fungal metabolism (Combet, et al. 2006). 

Our laboratory has developed a bioassay using larval or adult Drosophila flies to 

measure the toxicity of different fungal VOCs (Bennett and Inamdar 2015; Inamdar, et al. 

2012; Inamdar, et al. 2014). Moreover, the Drosophila model has been used widely in other 

studies researching the underlying mechanisms of human diseases (Tolwinski 2017b).  

Here, we have focused on the impact of VOCs on adult Drosophila flies carrying different 

mutations in the fly immune system.    We tested the effect of three volatile-phase, eight 

carbon compounds characteristic of fungal metabolism:  1-octen-3-ol (alcohol), 3-octanol 

(alcohol), and 3-octanone (ketone) (Figure 4. 1). We analyzed how exposure to these VOCs 

impacted the viability of adult male flies carrying different mutations in immune pathways 

and compared them to the red eyed and white eyed wild type flies without defects in their 

immune pathways.   We hypothesized that different fungal VOCs with known toxicity in 

the Drosophila bioassay would have different impacts on wild types and mutant strains.   
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Unexpectedly, we found that flies carrying two immune pathway mutations were more 

resistant to the volatiles than were the single mutants.  

 
 
4.2 Materials and Methods  

4.2.1 Drosophila culture media and maintenance  

           Six  strains of Drosophila flies were obtained from the Bloomington Drosophila 

Stock Center (BDSC) at Indiana University. All strains are listed in Table 4.1. The NOS 

and RelishE20 (Imd) mutant strains carried the white-eyed genotype. The  spz6 (Toll) and double 

mutant RelishE20 spz6 strains carried the red-eyed genotype.  Drosophila stocks were 

maintained in Ward’s Instant Drosophila medium (WARD’s Natural Science, NY). About 

every two weeks, the flies were transferred to fresh 6 oz Drosophila stock bottles (Genesee 

Scientific, CA) so that there was an adequate supply of breeding flies and a renewal of 

space.  To prepare egg-laying medium, 376 ml of distilled water, 126 ml of grape juice, 15 

g of agar, and 6 g of sucrose were used. These ingredients were mixed, put into a 2-L flask, 

microwaved on high for 10 minutes until the agar was dissolved, autoclaved, and cooled 

to 60-65 ᵒC before 10 ml ethanol and 5 ml acetic acid were added. Finally, the medium was 

mixed thoroughly and poured into Petri plates. 
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Table.4.1 Drosophila  wild type and mutant strains used in this study.   

ID 

number 

at BDSC 

Type of mutation  Genotype  Reference  

4783 Wild type, white-eyed 

strain 

 y1, w1118, a yellow body 

and white-eyed strain 

(Inamdar, et al. 

2013) 

24283 NOS (nitrate oxide 
synthase), white-eyed 

w [1118]; 
Mi{ET1}Nos[MB04018] 

(Inamdar, et al. 

2013) 

9457 Relish E20 gene to induce 

Imd pathway, white-

eyed 

w[1118]; Rel[E20] e[s] (Kambris, et al. 

2006) 

5 Red-eyed, wild type Oregon-R-C (De Gregorio, et 

al. 2002) 

10719 Spz6 gene to induce Toll 

pathway, red-eyed strain 

w[1118]; 
PBac{w[+mc]=PB}spz6[c0
1763] 

(Kambris, et al. 

2006) 

55718 RelishE20 &spz6, double 

mutant at both pathways, 

red-eyed strain 

Rel[E20] spz[4]/TM6C, 
Sb[1] Tb[1] 

(De Gregorio, et 

al. 2002) 

 

 

4.2.2 Eggs collection and flies mating  

         Eggs were collected by transferring mature adult flies onto Ward’s Instant 

Drosophila Medium. The adult flies were left together for 3 hours to give them time to 
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mate.  Afterwards, the flies were transferred back to their original bottles with the Ward’s 

Instant Drosophila Medium.     Dried yeast, weighing about 0.06 g, was added to each 

bottle containing the eggs. Any dead flies remaining in the egg-collection bottles were 

removed using thin, soft-tipped art brushes that prevented the accidental removal of eggs.   

Egg-collection bottles then were stoppered with a cotton stopper and placed into an 

incubator at 25°C  for 12- 14 days to allow the eggs to undergo metamorphosis and 

eclosion. After the first day of eclosion into adults, the flies were incubated for an additional 

48 hours to allow the sexual dimorphic features of adult flies to mature so as  easily differentiate 

between the males and the females. At the end of the 48-hour period, using CO2 to 

incapacitate the flies temporarily, the males were segregated from the females using 

phenotypic sex- indicators such as the sex-comb in males and long, white abdomens in 

females (Figure 4.2). Only males were used due to the female Drosophila’s increased 

resistance to VOCs (Lemaitre, et al. 1996a; Lemaitre, et al. 1997) . 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Fruit fly - genus Drosophila: Illustration comparing the male 
and female fruit fly https://www.carlsonstockart.com/photo/fruit-fly-drosophila-male-
female-illustration/  , 03/2020 
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4.2.3 Chemical Standards of Volatile Compounds  

 

Three chemical standards of eight carbon compounds characteristic of fungal metabolism 

were used, all obtained from Sigma-Aldrich: 1-octen-3-ol (98%, MW: 128.21 g/mol), 3-

octanone (≥97%, MW: 128.21 g/mol), and 3-octanol (≥98%, MW: 130.23 g/mol). 

 Two concentrations for each of these chemicals were tested in the Drosophila bioassay, 

0.1 μl/L and 0.5 μl/L. The formula below was used to calculate the amount of liquid 

chemical standard needed to deliver the appropriate concentration of VOC for each of the 

compounds tested.  The volume of the vials used was determined by filling the vial up with 

water and then measuring out the total amount of water in the vial with a graduated 

cylinder. The total volume of each vial was 35mL or 0.035L. The volume needed for 3-

octanone was converted using the following calculations: 

 

 

              The same calculations were used to calculate the necessary amount of VOC 

needed for each experiment. For 3-octanone, we calculated 0.545µL, for 3-octanol 0.54µL, 

and for 1-octen-3-ol 0.55µL. A volume of 0.1µL was also used for every VOC to compare 

the toxicity of the volatiles at a lower volume. 

 

4.2.4 Exposure of Adult Flies to VOCs 

  Each vial contained a thin layer (3 mL) of Drosophila medium, a cotton ball with 

the appropriate volume of VOC, and a cotton stopper. The Drosophila media was made 

by adjusting the original recipe of 1.00g of agar with 5.00g of sucrose and 100mL of 

P = 1atm, V=0.035L, R=0.08206 !×#$%
%&'×(

, T= 298K    
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H2O to the appropriate ratio for necessary number of vials. Ingredients were put into an 

Erlenmeyer flask with a magnetic stirring rod and heated until the medium was clear. 

Vials and media were then autoclaved following the standard protocol. After the vials 

and media were autoclaved, 3mL of media was transferred into each vial and left on a 

rack to cool and solidify. After the vials had cooled, the inside of the vial was dried with 

sterile cotton, and a clean cotton ball was attached with a piece of tape. A sterile cotton 

stopper was used to stopper the vial (Figure 4.3.a) (Inamdar, et al. 2014) with some 

modification. 

 

Adult flies were knocked out using CO2. Exposures were conducted according to 

the method  of Inamdar et al., 2012 with modification. Before putting the flies into the 

vial, they were re-checked to make sure only males were used for the experiment. After 

10 adult males were put into a vial, the appropriate VOC volume was pipetted onto the 

cotton ball and quickly stoppered. Each vial was then labeled with a piece of scotch tape 

and two layers of parafilm were wrapped around the stopper to prevent further 

evaporation of the VOCs (Figure 4.3.b). The vials were placed on a tube rack in an 

incubator at 25°C rotated at 50 rpm. Vials were checked every two hours for a period of 

24 hours. The number of dead flies was recorded. 
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Statistical analysis  

The significant differences in viability after 24 hours were calculated between controls 

and flies exposed to different VOCs by using the student t-test . More details are 

presented in the figure legends.  

 

 

 

 

 

 

- 

 

Figure 4.3. Exposure vials set-up. a. Piece of cotton inside vial where VOC is to be 
added is taped (striped block) with tape sticking to inside and outside of vial. b. Adult 
male Drosophila were added to vial along with measured VOC. Vials were then 
labeled and wrapped with double parafilm to prevent further evaporation of VOC. 
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4.3 Results 

4.3.1 Effects of 1-octen 3-ol, 3-octanone, and 3-octanol on different strains of the fruit 

fly at different amounts of compounds 

 

The effect of  exposure to the vapor phase  of two concentrations (0.1 μl/L and 0.5 μl/L) of 

1-ocen-3-ol, 3-octanone, and 3-octanol on  viability of adult on white eyed Drosophila flies 

that  were otherwise wild type (Strain W1118, see Figure 4.4A, B) , and on white eye flies 

carrying a mutation in the gene for nitric oxide synthase (NOS) (Figure 4.5A,B).     

Drosophila possesses  a single NOS gene (dNOS) that exhibits 47% sequence similarity to 

mammalian neuronal NOS(Regulski and Tully 1995). The dNOS gene is involved in  

diverse biological processes including host immune response (Coleman 2001).  Earlier 

work in our laboratory had demonstrated  that exposure to volatile phase  1-octen-3-ol  

induced  a nitric oxide (NO) a mediated inflammatory response  in hemocytes, Drosophila 

innate immune cells suggesting a role for  inflammation in VOC-mediated toxicity 

(Inamdar and Bennett 2014). 
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All of the white eyed wild type flies were far more sensitive to vapors of 0.1 μL and 0.5 

μL of  1-octen-3-ol, 3-octanone, and 3-octanol than were the wild type red eyed flies 

OregonR (Compare Figure 4.4A for white eyed flies with Figure 4.7A for red eyed flies).  
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Figure 4.4. Viability of adult wild type, white-eyed W1118strain (N=30) after exposure to gas 
phase 1-octen-3-ol, 3-octanone, and 3-octanol at either 0.1 or 0.5  µL over 24 hours. A)  Percent 
viability determined at two hours intervals over 24 hours. B)  Percent viability after 24 hours 
where * p<0.05, **  p<0.005, and  *** p<0.0005. NS stands for non-significant.  
. 
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Within four hours, all white eyed wild type flies exposed to vapors of 0.5 μL 1-octen-3-ol 

were dead (Figure 4.4A).  At the end of 24 hours, more than 50% of flies were dead after 

exposure to all three volatile compounds at both concentrations (Figure 4.4B). 
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Figure 4.5. Viability of adult mutant m24283 strain (N=30) after exposure to gas phase 1-octen-
3-ol, 3-octanone, and 3-octanol at either 0.1 or 0.5  µL over 24 hours. A) Percent viability 
determined at two hours intervals over 24 hours. B)  Percent viability after 24 hours where * 
p<0.05, **  p<0.005, and  *** p<0.0005. NS stands for non-significant.  
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White eye flies with the introduction of the heterozygous NOS marker (Drosophila Strain 

m24283), flies were more resistant to vapors of the three compounds.  After 4 hours, 15% of   

NOS mutants exposed to 0.5 µL of   1-octen-3-ol were still alive; improvements in viability 

also were exhibited in the presence of 0.1 µL and 0.5 µL  of 3-octanone.   At the end of 24 

hrs., for strain W1118, 37% of flies exposed to 0.1µL of 3-octanone were alive, but 50% of 

those carrying the m24283 marker had survived ( Figure 4.5-A-B). The greatest differential 

between the white eyed w1118 and the heterozygous NOS mutant m24283 was for exposure 

to 3-octanol at 0. 1µL, where the strain carrying the NOS mutation displayed 80% survival 

after 24 hrs as compared to less than 20% for the wild type white eyed flies (See Figures 

4.4A and 4.4B).     

 

In order further to investigate the effect of immune pathway defects on the response to 

volatile phase 1-octen-3-ol, 3-octanone and 3-octanol, exposure studies were continued 

with several additional Drosophila immune pathway mutants. Drosophila Strain Relish E20 

has white eyes and a mutation in the Imd pathway of the fly humoral immune response 

pathway.  The same experimental protocol for exposure of adult flies was repeated against 

Strain Relish E20.  

       These data are presented in Figure 4.6 A and B.  Exposure of Drosophila strain white-

eyed  Relish E20 to the three volatiles at the two concentrations gave  similar viability data 

as those obtained for the control white eyed W1118.However, in a few cases the mutant 

strain exhibited more resistance to the presence of volatile compounds  than did the wild-

type white-eyed train (W1118).  Exposure to the two concentrations of 1-octen-3-ol yielded 

the greatest loss of viability with 100% death after 24 hours for 0.5 μL and more than 95% 
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death after exposure to the lower concentration of  0.1 μl/L.  (Figure 4.6A, B).  Exposure 

to  vapors of 0.5 μL of 3-octanone also yielded 73% mortality after 24 hrs.  The increased 

reistance of white-eyed RelishE20 was most apparent with  0.1 µL of 3-octanone and 3-

octanol. At 0.1 µL of 1-octen-3-ol, no difference in viability was observed between W 1118 

and Reslish E20.  Overall, Relish E20 was more similar to Wild type W1118 than was the strain 

carrying the NOS mutation.  
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Figure.4.6 Viability of adults double mutant (RelishE20&spz6  ) red-eyes strain (N=30) after 
exposure to gas phase 1-octen-3-ol, 3-octanone, and 3-octanol at either 0.1 or 0.5  µL over 24 
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          Similarly exposure experiment of   the effect of the vapor phase  of two 

concentrations (0.1 μL and 0.5 μL) of 1-ocen-3-ol, 3-octanone, and 3-octanol on  viability 

of adult red eyed adult Drosophila  (OregonR) over 24 hours is given in Fig. 4.7A.    Vapors 

of 1-octen-3-ol and 3-octanone at the higher concentration (0.5 μL) were toxic to the flies.  

Within the first two hours of exposure to 0.5 μL of 1-octen-3-ol, only about 20% of the 

flies were viable.  For 1-octen-3-ol at the lower concentration of 0.1 μL, 90 % of the flies 

were alive within 2 hours of exposure, and at the end of 24 hours, about 75% were viable.  

Similarly, 3-octanone vapors at 0.5  μL yielded a sharp decrease in viability after two hours 

of exposure; only about 35% of the flies were viable after 24 hrs.  However,  3-octanone 

vapors were less toxic at the lower concentration.  Exposure to vapors of 3-octanol had few 

effects on viability at either concentration.    

             The viability data for  Drosophila  (OregonR)  are summarized in bar graph form 

in Figure 4.7 B.  At 24 hrs., 97% of control flies were alive but only 17% of those exposed 

to 1-octen-3-ol at  0.5 μL were still viable.  Of flies exposed to 0.5 μL  3-octanone and 3-

octanol,  respective viabilities at 24 hours were  33%  and 83%    (Figure 4.7 B).  At the 

lower concentration, at 24 hrs, approximately 70 % of the flies exposed to 1-octen-3-ol at  

0.1 μL were still viable, as were over 80% of the flies exposed to 3-octanone at   0.1 μL 

(Figure 4.7 B). 
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Figure 4.7. Viability of adult wild type, red-eyed Oregon R strain (N=30) after exposure to 
gas phase 1-octen-3-ol, 3-octanone, and 3-octanol at either 0.1 or 0.5  µL over 24 hours. A) 
Percent viability determined at two hours intervals over 24 hours. B)  Percent viability after 
24 hours where * p<0.05, **  p<0.005, and  *** p<0.0005. NS stands for non-significant.  
. 
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A mutant fly with a different defect in the Drosophila immune response was used for the 

next set of experiments.    Drosophila Strain 10719 (spz 6 red-eyed) carries a mutation in 

the Toll pathway of the humoral immune response. The spz6 mutant flies (red-eyed), like 

the Relish E20 strain (white eyed), was more susceptible to  0.1 μL  of 1-octen-3-ol, but less 

susceptible to 0.1 μL of   3-octanone than is the wild type white eye fly W1118 (Figure 4.8A 

, B). It is more susceptible to the effects of volatile compounds compared to the red eyed 

wild type (Oregon R) strain.  As is the case in the other exposure studies, 1-octen-3-ol was 

the most toxic compound tested (Figure 4.8-A). The control at hour 24 had 10% mortality 

while there was 100% mortality for the mutant exposed to both 0.5 μL of both 1-octen-3-

ol and  3-octanone, with 67% for  0.5 μL 3-octanol. For the lower amount of 1-octen-3-ol 

viability was 73%; for 3-octanone was 33%; and for 3-octanol 50% (Figure 4.8 B). 
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The most interestingly  data  were obtained with the double mutant Drosophila strain 

55718(spz6 and Relish E20 red-eyed strain ). This strain was significantly less susceptible to 

the toxic effects of the three volatile compounds mortalities than were the other wild type 

and mutant strains. It was the single most resistant strain of those tested (Figure 4. 9-A).  

 Although, like the other strains, it was susceptible to 1-oceten-3-ol at the higher 

concertation of  0.5 μL, at  the lower concentration of 0.1 μL, it was the single most resistant 

strain tested.  After 24 hrs,  lethality  was 43% at 0.5 μL of 3-octanone;  30% for   0.1 μL 

Figure 4.8 Viability of adult mutant spz6  red-eyed strain  (N=30) after exposure to gas phase 1-
octen-3-ol, 3-octanone, and 3-octanol at either 0.1 or 0.5  µL over 24 hours. A) Percent viability 
determined at two hours intervals over 24 hours. B)  Percent viability after 24 hours where * 
p<0.05, **  p<0.005, and  *** p<0.0005. NS stands for non-significant.  
. 
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of 3-octanone;  and 17% for  0.1 μL 1-octen-3-ol;  13% for 0.5 μL of 3-octanol; and finally, 

3% at 0.1 μL 3-octanol ( Figure 4. 9-B). 
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Figure.4.9 Viability of adults double red-eyed mutant (RelishE20&spz6  ) strain (N=30) after 
exposure to gas phase 1-octen-3-ol, 3-octanone, and 3-octanol at either 0.1 or 0.5  µL over 24 
hours. A) Percent viability determined at two hours intervals over 24 hours. B)  Percent 
viability after 24 hours where * p<0.05, **  p<0.005, and  *** p<0.0005. NS stands for non-
significant.  
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Data comparing the viability rate of the six strains, for each of the three compounds, at 

both concentrations, are presented in bar graph form in Figure 4.10 A, B, C.     These 

summary data show that 1-octen-3-ol was the most toxic of the three volatiles tested and 

that 3-octanol was the least toxic.  Furthermore, these data also illustrate that the double 

mutant strain carrying defects in both the Imd and Toll pathways is more resistant to the 

toxic effects of the volatiles than are the single mutants and the wild type. 
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Figure 4.10. Viability of White -eyed wild-type (w1118), wild type, red-eyed OregonR, ,NOS 
(m24283 white-eyed), Imd pathway(Relish E20 white-eyed ), Toll pathway( spz6 red-eyed ), and    
the double mutant (spz 6 and Relish E20 red-eyed) strains (N=30) after exposure to gas phase at 
either 0.1 or 0.5  µL over 24 hours. A) percent viability of flies determined after24 hours upon 
exposure to 1-octen-3-ol.  B)  percent viability of flies determined after 24 hours upon exposure 
to 3-octanone. C) percent viability of flies determined after 24 hours upon exposure to 3-octanol. 
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4.4 Discussion 
 

Using Drosophila melanogaster as an experimental model in previous studies led 

to think about the relationship of the immune system and the potential survival of flies 

when exposed to different VOCs.  Drosophila melanogaster possesses the capacity for 

cellular and humoral immune responses as part of its innate immunity system (Limmer, et 

al. 2011). The cellular immune response is controlled by plasmocytes, lamellocytes, and 

crystal cells found in the body cavity of fruit flies. When Drosophila flies are invaded by 

microorganisms, these cell types increase in number at the site of infection in larvae and 

adults (Kocks, et al. 2005; Philips, et al. 2005; Rajak, et al. 2016; Shia, et al. 2009). 

 Nitric oxide (NO) is a fundamental signaling agent which serves as a potent 

mediator of inflammation and cytotoxicity(Coleman 2001; Pacher, et al. 2007). The 

oxidation of L-arginine into citrulline and NO is mediated by the enzyme nitric oxide 

synthase (NOS) in the presence of NADPH and other cofactors (Mayer 1994). The NO 

signaling pathway is well conserved among many different species.  In Drosophila, there 

is a single NOS gene (dNOS) that shares 47% sequence similarity to mammalian neuronal 

NOS  (Regulski and Tully 1995; Stasiv, et al. 2001). dNOS activity is reported in fly brains, 

airway linings and other tissues (Muller 1994).  Like mammalian NOS, in addition to the 

immune response, dNOS regulates diverse biological processes (Coleman 2001; 

Mukherjee, et al. 2011; Roeder, et al. 2009).   

The second part of immune response is called the humoral immune response, which 

is activated by three different pathways: the immune deficiency pathway (Imd), the Toll 

pathway, and the JAK/STAT (Janus kinase/signal transducer and activator of transcription) 

pathway (Shia, et al. 2009). The Toll pathway accounts primarily for the response to 
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infections by fungi and gram-positive bacteria (Rutschmann, et al. 2002), while the IMD 

pathway is primarily, although not exclusively, involved in defense against Gram-negative 

bacteria, and most of the antimicrobial peptides controlled by this pathway have 

detrimental activity directed towards gram-negative bacteria (Hoffmann 2003b). 

 

In earlier work using a Drosophila model, we demonstrated truncated life span and 

neurotoxicity associated with exposure to 1-octen-3-ol, the volatile organic compound 

(VOC) responsible for much of the musty odor found in mold-contaminated indoor spaces 

(Inamdar et al, 2010; Inamdar et al, 2012).  A Swedish study using human volunteers 

showed that 2 hr. exposure to low concentrations of volatile phase 1-octen-3-ol induced 

activation of the inflammatory markers in nasal secretions (Roeder, et al. 2012; Wålinder, 

et al. 2008).  Using the Drosophila model for viability assays complemented with 

biochemical and immunological assays, we showed that exposure low concentrations of 

vapor phase 1-octen-3-ol induced a nitric oxide (NO) mediated inflammatory response in 

hemocytes, Drosophila innate immune cells.  A similar effect was observed with vapor 

phase toluene but not 1-butanol. Exposure to 1-octen-3-ol also induced NOS expression in 

larval tracheal tissues (Inamdar and Bennett 2014). However, when flies carrying 

heterozygous mutants for NOS, or flies tested with pharmacological inhibitors of NOS (L-

NAME, D-NAME and minocycline) were exposed to low concentrations of volatile phase 

1-octen-3-ol, they showed improvements in life span as compared to wild type flies.  These 

findings suggested a possible mechanistic basis for some of the reported adverse health 

effects attributed to mold exposure and demonstrated the utility of this in vivo Drosophila 
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model to complement other genetic model systems for understanding the role of 

inflammation in VOC-mediated toxicity.  

 

In this chapter, I have investigated the possible inverse association between the 

toxicity of fungal volatile metabolites and defects in the Drosophila immune system.   

Chemical standards of three eight carbon VOCs associated with moldy odors were used:  

1-octen-3-ol (alcohol), 3-octanol (alcohol), and 3-octanone (ketone) (Figure 4.1).  I 

analyzed how exposure to two concentrations (0.1µL/L and 0.5µL/L) of these VOCs 

impacted the viability of adult, male Drosophila strains carrying different genetic 

backgrounds.   Each mutant strain had a different defect  in the fly innate immune pathway. 

 

I used two strains that had wild type immune systems, the red eyed OregonR and 

the white eyed strain W1118.    The red-eyed wild type OregonR flies were more resistant to 

the toxic effects of the three volatiles tested than were the white-eyed wild type flies W1118.   

The white eyed strain served as the control for the NOS mutant strain which is 

heterozygous for a NOS pathway mutation (m24283 ), and the single Imd pathway mutant 

(W1118, RelishE20).  The red eyed strain served as the control for the single Toll pathway 

mutant (spz6); and the red-eyed double Imd-Toll mutant (spz6 and RelishE20). 

 

            Compared to wild type white eyed W1118, the NOS flies were more susceptible to 

the effects of all three volatiles at both concentrations, except in the first hours of exposure 

to 0. 5µL of octanone.  The viability data for the single Imd mutant RelishE20 as compared 

to wild type W1118, were varied.  It more susceptible to 0. 1µL 1-octen-3-ol, and less 
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susceptible to 0. 1µL 3-ocanone than was wild type W1118. The  Strikingly the double 

mutant, OregonR spz6 and RelishE20, was significantly more resistant than were either single 

mutant or the red-eyed, wild type OregonR  

Exposure to environmental agents such as industrial chemicals, mycotoxins and 

VOCs is known to have negative effects on the human nervous system and fruit fly 

hemocytes by causing neurogenic inflammation (Carton, et al. 2009b; Foley and O'Farrell 

2003; Laskin, et al. 2011b; Meggs 1993).  It is well known that different VOCs such as 2-

methyl-1-propanol, 2-methyl-1-butanol, 3-methyl-1-propanol, 1-octen-3-ol, 3-octanol and 

3-octanone can be found in indoor air (Korpi, et al. 2009a). Further, fungal VOCs such as 

1-octen-3-ol, ethanol and other biogenetic and industrial gas phase compounds can be 

harmful to human health (Pantoja, et al. 2016; Perl, et al. 2011; Scotter, et al. 2005; Wright, 

et al. 2002).  In particular, exposure to environmental agents such as industrial chemicals, 

mycotoxins and VOCs can have an effect on the human nervous system and fruit fly 

hemocytes by causing neurogenic inflammation (Carton, et al. 2009b; Foley and O'Farrell 

2003; Laskin, et al. 2011b; Meggs 1993).  

Both the Imd and Toll pathways produce different antimicrobial peptides that 

participate in attacking different microbial infections.  Drosomycin transcription is enabled 

by the Toll pathway, while Diptericin transcription is enabled by the Imd pathway, and a 

few AMSs are produced by both pathways (De Gregorio, et al. 2002; Williams, et al. 1997).  

These antimicrobial peptides participate in different immune response reactions such as 

coagulation, opsonization, iron sequestration, and wound healing.  In general, flies with 

mutations in these immune pathways are more susceptible to bacterial infections (Tzou, et 

al. 2002).  However, is likely that the toxic effects of volatile compounds are  mediated by 
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different lethal mechanisms than those caused by direct bacterial infection.   When the 

genes for infection response are intact, volatile compounds such as 1-octen-3-ol may 

interact with the fly immune system in such as way as to trigger physiological mechanisms 

that cause toxicity and hence death of the flies.  Our data suggest that when the genes for 

immune responses are impaired, the fly does not respond with these toxic responses and 

hence have improved survival.  

 

  Work in another lab has shown that certain genes induced by septic injury have no 

impacts on the double mutant strains flies, suggesting there are unidentified genes involved 

in signaling pathways activated by infection (De Gregorio, et al. 2002; Yamamoto-Hino 

and Goto 2016). The data presented here on the Drosophila response to certain volatile 

agents also may be useful in unraveling the complex and paradoxical ways in which flies 

respond to harmful environments.  Further, I hypothesize that at least some of the toxic 

effects of fungal volatile compounds may be due to negative side effects associated with 

activation of the innate immune response.  
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Fungal volatile organic compounds, also known as VOCs, are environmental agents 

with low molecular mass that exist as gases at room temperature. Previously, it  has been 

hypothesized that fungal VOCs have negative effects on human health, usually causing 

headaches, gastrointestinal issues, as well as respiratory problems in people exposed to 

fungal VOCs indoors. Prolonged periods of exposure to VOCs have also contributed to 

negative effects in the human nervous system. Most studies  on the health effects of 

exposure to volatile agents have focused on industrial chemicals not on biogenic agents 

such as those released  naturally by plants,  fungi and other microorganisms. 

 Our laboratory has pioneered the application of the fruit fly model to study and 

evaluate the toxicity effects of volatile organic compounds produced by filamentous fungi 

isolated from indoor environments.  In this thesis, I have used Drosophila melanogaster as 

a model to study the toxicological effects of VOCs produced by human pathogenic fungi 

such as  A. fumigatus, Candida albicans and Cryptococcus species. I hypothesized that 

VOCs produced from human pathogenic fungi would cause more toxic effects on the fruit 

fly when the fungal strains were pre-grown at 37◦C rather than at 25◦C.  First of all, I tested 

six strains of A. fumigatus and  found that   VOCs from strain SRRC1607 had  greatest 

toxic effects on the developmental stages of Drosophila . These effects were more 

pronounced when the strain was grown at 37°C  rather than at 25◦C.  In contrast, there were 

few effects on fly viability when flies were exposed to VOCs from A. fumigatus strain 

SRRC 1592 grown at either temperature. For yeast strains tested, the fewest delays in 

metamorphosis and eclosion rates were observed when flies were grown in a shared 

atmosphere with VOCs from  S. cerevisiae pre-grown at 25oC. Exposure to the VOCs from 

Cryptococcus neoformans caused more delays on fly metamorphosis and more toxicity 
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than did exposure to VOCs from Candida albicans and Cryptococcus gattii. In general, 

exposure to VOCs produced from A. fumigatus strains was associated with more 

pigmentation and morphological abnormalities in Drosophila larval, pupal, and adult 

stages as compared to controls and other pathogenic fungi.  The most common VOC 

produced by the most toxic and least toxic A. fumigatus strains was 1-octen-3-ol, however 

this compound was found in much greater concentrations when the strain was grown at 

37◦C rather than at 25◦C.    I suggest that VOCs from these medically important specie are 

acting as virulence factors that enhanced their pathogenic effects.  

 

In further studies, the toxicity of VOCs produced by A. fumigatus wild type  and 

several fungal strains with mutations in their oxylipin pathways were tested in the 

Drosophila model.   We compared Drosophila development when challenged with either 

two A. fumigatus strains with intact oxylipin pathways (A. fumigatus strains Af293 and 

CEA17∆ku80) to a Af293 strain that overexpresses a lipoxygenase (A. fumigatus 

OE::loxB) and its respective oxylipins, and to two strains deleted for all three COX-like 

oxygenases in both control backgrounds (Af293∆ppoABC and CEA17∆ku80∆ppoABC) 

which should yield strains unable to synthesize 1-octen-3-ol.   GC-MS analysis showed the 

wild type strain  A. fumigatus Af293 produced more abundant VOCs at higher 

concentrations then the oxylipin deficient mutant Af293∆ppoABC.   Major VOCs detected 

from wild type A. fumigatus Af293 included 1-octen-3-ol, 1-butanal, 1-octen, decanoic 

acid, lauric acid, myristic acid, and palmitic acid. The A. fumigatus strain in which the gene 

loxB was  overexpressed caused  more  toxic effects and delays on the fly metamorphosis 

than  the  triple mutant strains.  No significant differences  were detected on the 
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metamorphosis of the fruit flies when the fungi were grown in the presence of arachidonic 

acid compared with growth on media lacking  arachidonic acid.  

  In order to determine the effects of individual volatile compounds, chemical 

standards of three eight carbon volatiles were tested on adult Drosophila files with and 

without mutations in their immune pathways.    Of the three compounds tested, 3-octanol 

at 0. 1µL was the least toxic to mutant and wild type strains.  The Relish E20 mutant strain 

was more susceptible than the spz6 mutant strain to volatile phase 1-octen-3-ol at 0.1µL/L.   

The double mutant strain (Relish E20  spz6) showed greater resistance to the presence of the 

volatile phase compounds than did either single mutant.  Drosophila  carrying mutant 

immune genes displayed few differences in viability when exposed to VOCs from wild 

type or oxylipin mutants of A. fumigatus.  

In summary, I hypothesize that VOCs from A. fumigatus enhance the toxigenic 

effects of this medically important species and that higher concentrations of 1-octen-3-ol 

are correlated with increased toxicity.  Furthermore, and surprisingly, flies carrying 

mutations in their innate immune system were more resistant to the toxic effects of volatiles 

than were the wild type flies.   Specifically,  the toxigenic effects of the Aspergillus VOCs 

were not observed in mutant flies with blocks in the  Toll pathway,   The increased 

resistance of flies carrying mutations in their innate immune response genes  suggests that 

the toxigenic effects of fungal volatiles are  related in an unexpected way  to the  

Drosophila innate immune system.   
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