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ABSTRACT 

A. fumigatus is the principle cause of fatal invasive pulmonary aspergillosis (IPA) in 

severely immunocompromised hosts and rapid treatment is compromised by the 

limitations in the current diagnostic tests. 2-pentylfuran (2-PF) is produced in-vitro by A. 

fumigatus and detectable by gas chromatography with tandem mass spectroscopy (GC-

MS/MS) in the breath of patients with chronic lung disease who are colonised with this 

organism (sensitivity 77%, specificity 78%). The 2-PF breath test has the potential of 

being a rapid and reliable test for the diagnosis of IPA. 

The aims of this thesis are: 1) to confirm that 2-PF is produced consistently by A. 

fumigatus under conditions similar to the microenvironment of lung tissue, and identify a 

biochemical pathway for 2-PF biosynthesis, 2) to demonstrate that 2-PF is detectable in the 

breath of patients with IPA, 3) to identify causes of false positive breath tests, and 4) to 

validate a 2-PF breath test in an animal model. 

Using GC-MS/MS, A. fumigatus cultured on potato dextrose agar in closed vials produced  

higher 2-PF levels in the vegetative phase than conidiating phase (P<0.001). Both 

vegetative and conidiating cultures incubated under 0% and 20% oxygen flow produced 2-

PF (P<0.05). To determine whether oxygenases contributed to the synthesis of 2-PF 

mutant strains were studied. In A. fumigatus, RNAi silenced triple ppo (precocious sexual 

inducer (psi) producing oxygenase) strain (RNAippoABC) produced 36% less, and the 

double lipoxygenase (lox) mutant (∆loxAB) produced 43% less 2-PF than the wild-type 

AF293 strain (p<0.05). In A. nidulans, the triple ppo mutant (∆ppoABC) produced 91% 

less 2-PF than the wild-type strain (p<0.001).  

The 2-PF breath test was repeatedly positive in two clinical cases of IPA and became 

negative with effective antifungal treatment. Subsequently 2-PF was found a contaminant 

of environmental air and glass breath collection bulbs so that Tedlar
® 

 breath collection 

bags were substituted. The precision and accuracy of this breath analysis method were 

90.40% and 94.89%, respectively, and the empirical limit of quantitation for 2-PF was 

~1.13 attograms per 2L.  

Foods containing 2-PF included soy products and vegetable oils. There was no detectable 

difference in 2-PF levels between morning and afternoon, or fasting and non-fasting breath 

samples in healthy subjects consuming a 2-PF poor diet. 2-PF was present in breath 
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samples immediately after a soy milk mouth rinse (p<0.001), and intermittently after soy 

milk ingestion followed by a water mouth rinse. In a pilot study, a small proportion of 

subjects with pneumonia (consolidation) (5 of 19) or acute exacerbations of COPD (2 of 

22) had quantifiable 2-PF in breath samples but this was not significantly different from 

controls. These findings do not exclude the possibility that 2-PF is produced by an 

inflammatory response in-vivo.  

The development of a sheep model of IPA was hindered by the susceptibility of sheep to 

cyclophosphamide (CPA) toxicity but quantifiable 2-PF was not present in the 115 breath 

samples of eight normal sheep or in sheep with CPA-induced diffused alveolar damage. 

To our knowledge, this is the first report providing evidence that 2-PF is an endogenous 

metabolite of A. fumigatus and is synthesized via oxygenase pathway. A 2-PF breath test 

may be confounded by consumption of foods containing 2-PF but lung inflammation as a 

cause of elevations in 2-PF in breath has not been excluded. Development of a breath 

collection system that can eliminate environmental contamination with 2-PF is a key 

improvement necessary to optimise the performance of this breath test.  
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CHAPTER 1. INTRODUCTION AND LITERATURE 

REVIEW 

1.1 Introduction 

Invasive pulmonary aspergillosis (IPA) is the most common invasive filamentous fungal 

infection worldwide (Latge, 1999; Chamilos et al., 2006). It is primarily caused by 

Aspergillus fumigatus and is the leading infectious cause of morbidity and mortality in 

haematopoietic stem cell transplant (HSCT) and solid organ transplant (SOT) recipients 

(Kontoyiannis and Bodey, 2002). With an expanding population of immunosuppressed 

patients, the incidence of severe and often fatal cases of IPA has increased significantly 

(Maschmeyer, Haas et al. 2007). Despite the availability of effective antifungal therapy, 

mortality due to IPA remains high. The mortality has been reported to be from more than 

50% in recent series (Meersseman, Lagrou et al. 2007; Parody, Martino et al. 2009; 

Baddley, Andes et al. 2010). The lack of sensitive and specific diagnostic techniques for 

the early diagnosis of invasive aspergillosis is a significant factor contributing to the 

ongoing high mortality.  

Currently, a number of laboratory techniques are available for the diagnosis of IPA but 

none of them are reliable. Methods such as detection of fungal galactomannan (GM) 

antigen, PCR of fungal DNA and culture of the fungus from blood, sputum or 

bronchoalveolar lavage (BAL) fluid all suffer from limited sensitivity or specificity 

(Pfeiffer, Fine et al. 2006; Mengoli, Cruciani et al. 2009; Wheat 2009; da Silva, Ribeiro et 

al. 2010; Hadrich, Mary et al. 2011). In addition, techniques such as bronchoscopy are 

invasive and are difficult to perform on immunosuppressed patients. Similarly, PCR lacks 

a standardized method and is unable to distinguish fungal colonization from invasive 

disease (Segal 2009).  

Culture and histology on a tissue biopsy sample is considered to be the reference standard 

for IPA diagnosis (Hope, Walsh et al. 2005; Maschmeyer, Haas et al. 2007) because this 

tool can demonstrate tissue invasion and destruction by fungal hyphae. However, this 

method suffers from two major drawbacks: Firstly, by the time that culture and histology 

are positive, IPA is well established and is difficult to treat; and secondly, it is difficult to 

obtain deep tissue specimens in patients who are least able to tolerate invasive procedures 
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because of their poor clinical condition often including severe thrombocytopenia. 

Moreover, the use of histopathology alone does not provide a specific diagnosis of IPA as 

infections by other fungi, such as Fusarium and Scedosporium, have similar 

histopathological features (Chamilos and Kontoyiannis 2006).  

Computed tomography (CT) scan has been very useful in early diagnosis of acute IPA in 

patients with severe neutropaenia (Greene 2005). However, this technique also suffers 

from drawbacks of having low sensitivity (33–60%), inability to discriminate reliably 

between IPA and other opportunistic infections of the lung (Caillot, Couaillier et al. 2001; 

Escuissato, Gasparetto et al. 2005; Greene 2005; Lee, Choi et al. 2005; Kawel, Schorer et 

al. 2011).  

Thus, delayed, difficult and unreliable diagnosis of IPA warrants the development of new 

non-invasive diagnostic techniques that can offer rapid and reliable diagnosis. A test that 

assists in early diagnosis may improve the outcome of IPA by permitting treatment using 

appropriate targeted antifungal therapeutic regimens before the infection becomes 

irreversible. This would also improve the allocation of health-care resources through the 

introduction of rational and cost-effective use of expensive antifungal treatment. 

The detection of fungal secondary metabolites such as microbial volatile organic 

compounds (VOCs) may offer a non-invasive and rapid diagnosis of IPA. A. fumigatus 

produces the VOC called 2-pentylfuran (2-PF) (Gao, Korley et al. 2002). Initial studies 

have suggested 2-PF is a VOC of Aspergillus spp. and other pathogenic fungi such as 

Fusarium spp., A. terreus, A. flavus and A. niger and can be detected in the breath of 

patients who have this organism colonizing the lung (Syhre, Scotter et al. 2007).  

There were several limitations in this study. Firstly, blood agar medium was used for the 

culture of Aspergillus spp. for the analysis of 2-PF in the headspace of the culture. This 

medium is not suitable for 2-PF analysis since it may produce false positives results for 2-

PF produced via the oxidation of lipids in the blood. Secondly, the effect of in-vitro culture 

conditions relevant to the growth characteristics (such as oxygen tension, relative 

humidity, light) and metabolism of A. fumigatus in the alveolar microenvironment were 

not investigated. To be clinically relevant, it is important to demonstrate that 2-PF is 

consistently produced by the vegetative growth of Aspergillus as this is the form that 

occurs in IPA. In addition, there was no investigation of the timeline of 2-PF production 

and the relationship between fungal mass and the levels of 2-PF production. Consequently, 
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it was not possible to estimate the levels of 2-PF produced in IPA and whether it would be 

within the detectable range of the GC-MS instrument. In this study, 2-PF was also detected 

from cultures of other lung pathogens including Fusarium spp., Scedosporium 

apiospermum, Streptococcus pneumoniae. However, it was not determined whether all 

these organisms produced this compound as an endogenous metabolite. Finally, the results 

were at best semi-quantitative so that no statistical comparisons could be performed with 

the controls.  

A subsequent study demonstrated that 2-PF could be detected in the breath of 32 patients 

with chronic airway diseases who were colonised with Aspergillus (Chambers, Syhre et al. 

2009). This is an important result as it suggests that 2-PF could be used to screen for IPA 

in severely immunocompromised patients and might also identify patients with infection 

with other fungal species that also produce 2-PF. This result also suggested that 2-PF is 

produced during the vegetative phase of growth as conidiation in-vivo has only been 

reported in sinus disease and rarely in fungal balls/aspergilloma (Kumar, Abbas et al. 

2010).  

In this study (Chambers, Syhre et al. 2009), sensitivity and specificity of the 2-PF breath 

test were found to be 77% and 78% respectively. This study also had several limitations 

and a number of factors may have contributed to the moderate sensitivity and specificity. 

Firstly, there were no proper food and environmental controls for 2-PF. Breath samples 

were collected from the subjects and controls under different ventilation sources. Subjects 

were not required to maintain a food diary, so there was no information whether foods 

consumed may have contributed to positive 2-PF breath test in some subjects. In addition, 

not all breath sampling bags (Tedlar
®
 bags) were tested before collecting breath samples. It 

was not determined whether 2-PF production in some of the lung patients were associated 

with severity of inflammation as heightened levels of reactive oxygen species (ROS) are 

produced in severe inflammation (Robroeks, van Berkel et al. 2010) which may result in 

2-PF production via lipid peroxidation. Most importantly, the method for 2-PF breath 

analysis was not validated as no investigations were performed to determine the precision, 

accuracy, limit of detection or limit of quantitation.  

These issues need to be investigated to improve the robustness of this novel 2-PF breath 

test for rapid diagnosis of IPA.  
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The reasons for low sensitivity may be: 1) levels of 2-PF produced in some patients are 

below the lower limit of detection by GC-MS/MS; 2) 2-PF is produced only during certain 

phases of Aspergillus growth (e.g., during invasive or colonized growth); and 3) the 

microenvironment of the affected tissue (e.g., nutrition, oxygen availability, humidity) 

varies between different lung pathologies which may alter the metabolism of Aspergillus 

and 2-PF production.  

Similarly, the reasons for limited specificity may be because of the 2-PF signal coming 

from: 1) ingestion of foods, use of cosmetics or medications containing 2-PF; 2) other 

underlying lung conditions; 3) other microorganisms colonizing the respiratory tract; and 

4) inhalation of 2-PF contaminated air.  

1.2 Pathobiology of invasive pulmonary aspergillosis  

1.2.1 General characteristics   

The fungi belonging to the genus Aspergillus are filamentous in shape and are ubiquitous 

in nature. From a total of over 180 species of the genus Aspergillus, around 33 species 

have been reported as opportunistic human pathogens (Anon 2001; Hope, Walsh et al. 

2005). A. fumigatus is the most commonly isolated species in human aspergillosis, 

followed by A. flavus, A. niger, A. terreus and A. nidulans (Denning 1998; Walsh, Anaissie 

et al. 2008). A. clavatus, A. glaucus group, A. oryzae, A. ustus, and A. versicolor are other 

less frequently isolated species (Denning 1998; Pattron 2006).  

Pathogenic Aspergillus spp. can grow readily under diverse growth conditions. Under in-

vitro conditions in the laboratory, they grow easily on routine microbiology media. Some 

Aspergillus spp. can grow at temperatures as low as 4°C. Most pathogenic species can 

grow at temperatures as high as 35°C to 37°C (Denning 1998) and A. fumigatus can grow 

even at 50°C or higher temperatures (Denning 1998; Ellis, Davis et al. 2007). Although A. 

fumigatus is generally considered an obligate aerobic organism, it can grow in hypoxic 

conditions with oxygen tensions as low as 0.1% (Hall and Denning 1994).  

Similar to other species of Aspergillus, A. fumigatus is able to reproduce sexually as well 

as asexually. Until recently, this organism was considered to reproduce asexually only by 

the formation of mitotic spores called conidia. However, a fully functional sexual 

reproductive cycle has recently been discovered in this species too (O'Gorman, Fuller et al. 

2009).  
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The asexual reproductive cycle of Aspergillus consists of vegetative growth and 

conidiation (Yu and Keller 2005). The vegetative growth begins with germination of 

conidia. Following germination, a tubular hypha is developed that grows in a polar mode 

by apical extension and branching to form a network of interconnected cells called 

mycelium. After a period of vegetative growth (~12-16h), some hyphae become aerial and 

develop conidiophores with multiple chains of conidia (Figure 1.1). 

 

Figure 1.1. Electron micrographs (top) and schematic diagram (bottom) showing the changes at 

different stages of conidiation in A. nidulans. (A) Early conidiophore stalk. (B) Vesicle formation 

from the tip of the stalk. (C) Developing metulae. (D) Developing phialides. (E) Mature 

conidiophores bearing chains of conidia. Modified from Adams, Wieser et al. (1998) and Yu, Mah 

et al. (2006). 

 

In A. fumigatus, abundant conidiation occurs and thousands of conidia are produced from 

every conidial head. The diameter of the conidia released into the atmosphere is only 2 to 3 

μm which is small enough to enter the lung alveoli (Latge 1999). It has been estimated that 

all humans will inhale hundreds of A. fumigatus conidia every day (Goodley, Clayton et 

al. 1994; Hospenthal, Kwon-Chung et al. 1998). 
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Conidiophore development is an integral part of the lifecycle of Aspergillus, rather than a 

response to unfavourable environmental conditions (Adams, Wieser et al. 1998). It is a 

complex phenomenon regulated by the expression of multiple genes and physiological 

factors (Adams, Wieser et al. 1998). Oxygen availability has been reported to have a 

profound effect on the conidiation of A. fumigatus in-vitro and in-vivo. Under in-vitro 

conditions at low oxygen tension of 0.5-1%, A. fumigatus has been reported to grow 

mostly in the vegetative form (Hall and Denning 1994; Willger, Grahl et al. 2009).  

In IPA, vegetative growth occurs initially in areas of high oxygen tension but causes 

consolidation, invades tissues where oxygen tension is much lower, and causes thrombosis 

and infarction resulting in severe tissue hypoxia. Consequently, the growth conditions may 

alter the production of metabolites of A. fumigatus including 2-PF.  

In view of these considerations, it is important to determine whether 2-PF would be 

produced by the vegetative form of growth and under microaerophilic conditions. If 2-PF 

is produced by active hyphae, it could allow the monitoring of the first steps of fungal 

development in tissues. 

1.2.2 Spectrum of diseases and risk factors 

Aspergillus spp. can produce a spectrum of illnesses in humans ranging from opportunistic 

infections, allergic reactions to fatal toxicoses. Every organ or system in the human body 

may potentially be affected by this organism. Examples include onychomycosis, sinusitis, 

cerebral aspergillosis, meningitis, endocarditis, myocarditis, pulmonary aspergillosis, 

osteomyelitis, otomycosis, endophthalmitis, cutaneous aspergillosis, hepatosplenic 

aspergillosis, Aspergillus fungemia, and disseminated aspergillosis (Anon 2001; Segal and 

Walsh 2006; Kousha, Tadi et al. 2011). A majority of these infections and allergies are 

caused by one species, A. fumigatus. The usual portal of entry is the respiratory system and 

pulmonary aspergillosis is the most common outcome. The pulmonary diseases may 

present within a wide spectrum, varying from local colonization to deep tissue invasion 

and dissemination. Figure 1.2 shows the different forms of pulmonary aspergillosis and the 

major risk factors and immune response associated with them.  
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Figure 1.2. The spectrum of pulmonary aspergillosis, and the major risk factors and immune 

response associated with them. Redrawn from Kousha, Tadi et al. (2011) and Segal and Walsh 

(2006). 

1.2.2.1 Aspergilloma  

In aspergilloma, ―fungal ball‖ composed of hyphae, inflammatory cells and tissue debris 

develops in the pre-existing lung cavities (Kousha, Tadi et al. 2011). The fungus grows in a 

thick, proteinaceous spherical mass, with conidial heads at the air interface. Cavitary lung 

diseases such as tuberculosis, sarcoidosis, bronchiectasis, bronchial cysts and bullae, 

ankylosing spondylitis, neoplasm, and pulmonary infection are sometimes complicated by 

aspergilloma (Zizzo, Castriota-Scanderbeg et al. 1996; Kawamura, Maesaki et al. 2000). 

A. fumigatus is the most common species isolated from such aspergillomas, however other 

fungi such as Fusarium and Zygomycetes may also be recovered (Kousha, Tadi et al. 

2011).  

The most common symptom is haemoptysis which may be massive, and occasionally fatal.  

1.2.2.2 Chronic necrotising aspergillosis 

Chronic necrotizing aspergillosis (CNA) is a slow and progressive chronic infection of 

lung parenchyma secondary to local invasion by A. fumigatus (Saraceno, Phelps et al. 

1997). The condition is also known as semi-invasive aspergillosis, or subacute IPA (Kousha, 

Tadi et al. 2011). This condition usually only affects people with a pre-existing lung 

condition such as bronchiectasis and chronic obstructive pulmonary disease (COPD), or 

people with mild immunosuppression resulting from diabetes, liver disease or chronic 

alcoholism, low-dose corticosteroid therapy, malnutrition, or connective tissue diseases 

Asthma 
Cystic fibrosis 
Atopy  
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such as rheumatoid arthritis and ankylosing spondylitis (Zizzo, Castriota-Scanderbeg et al. 

1996).  

1.2.2.3 Allergic bronchopulmonary aspergillosis  

Allergic bronchopulmonary aspergillosis (ABPA) is most commonly caused by A. 

fumigatus and results from an allergic reaction to Aspergillus antigens (Kousha, Tadi et al. 

2011). ABPA is the mildest form of aspergillosis and usually affects people with asthma or 

cystic fibrosis (Anon 2001). The most common symptoms include coughing, wheezing and 

worsening of asthma symptoms. 

1.2.2.4 Invasive pulmonary aspergillosis 

Invasive pulmonary aspergillosis (IPA) is the most serious form of aspergillosis. The 

infection can rapidly disseminate to virtually any organ. IPA usually only affects people 

with prolonged neutropaenia (<500 cells/mm−3 for >10 days), transplantation (highest risk 

is with lung transplantation and haematopoietic stem cell transplants (HSCT)), prolonged 

(>3 weeks) and high-dose corticosteroid therapy, haematological malignancy (risk is 

higher with leukaemia), chemotherapy, advanced AIDS, and chronic granulomatous 

disease (Segal 2009; Kousha, Tadi et al. 2011).  

Aspergilloma and ABPA are non-invasive states, and occur in non-immune suppressed 

individuals. The true invasive infections occur in IPA and CNA almost invariably in 

immune compromised patients. 

Besides the above mentioned pulmonary conditions, some Aspergillus spp. can cause 

mycotoxicoses. Chronic ingestion of mycotoxins has proven to possess carcinogenic 

potential particularly in animals (Anon 2001). Aflatoxin is one of the well-known 

mycotoxins produced by A. flavus which may induce hepatocellular carcinoma.  

1.2.3 Epidemiology 

With the increased number of immunocompromised patients, the incidence of aspergillosis 

is on the rise. In the 1980s and 1990s in the United States, the number of aspergillosis-

related mortalities increased by four-fold (McNeil, Nash et al. 2001). Table 1.1 shows that 

IPA is common in HSCT and solid-organ transplant (SOT) recipients. In recipients of 

HSCT, IPA occurs more commonly during acute graft-versus-host disease (GVHD) than 

during neutropaenia (Marty and Rubin 2006). The principal risk factors are the severity of 
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GVHD and the intensity of immunosuppressive therapy (Jantunen, Ruutu et al. 1997; 

Wald, Leisenring et al. 1997; Marr, Carter et al. 2002). It has been reported that T-cell 

reduction of allografts to prevent GVHD impairs reconstitution of cellular immunity and 

increases the risk of IPA (van Burik, Carter et al. 2007). 

In SOT recipients, the incidence of IPA is highest after lung transplantation (Morgan, 

Wannemuehler et al. 2005). In this group of patients, Aspergillus colonizing the airways in 

terminal lung disease may cause infection following single lung transplantation 

(Hadjiliadis, Sporn et al. 2002). The late-onset IPA occurring a few months after 

transplantation is very common and is associated with the severity of immunosuppression 

to treat allograft rejection and retransplantation (Gavalda, Len et al. 2005; Singh, Pruett et 

al. 2006).  

Besides the transplant recipients, there is also some evidence that IPA may be encountered 

in patients without classic risk factors, such as critically ill patients in ICU without 

documented immunosuppression or in HIV infected patients (Holding, Dworkin et al. 

2000; Meersseman, Vandecasteele et al. 2004).  

Table 1.1. Incidence of invasive Aspergillus infection in different patient groups.  

Patient group Incidence of IPA Country Reference 

Allogeneic HSCT 14% (n=163) USA Fukuda, Boeckh et al. 

(2003) 

Allogeneic HSCT 2.3% (n=4621) USA Morgan et al. (2005) 

Autologous HSCT 0.5% (n=4621) USA Morgan et al. (2005) 

Allogeneic and 

autologous HSCT 

2.6 % (n=3228) Italy Pagano, Caira et al. (2007) 

SOT 3.2-3.9% (n=4110) USA Morgan, Wannemuehler et 

al. (2005) 

Intensive care unit 

patients 

5.8% (n=127) Belgium Meersseman, 

Vandecasteele et al. (2004) 

HIV infection 0.35% (n=32,252) USA Holding, Dworkin et al. 

(2000) 

HSCT: Haematopoietic stem cell transplant, SOT: Solid organ transplant.  
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1.2.4 Pathogenesis  

As shown in Figure 1.3, the primary route of infection in humans is via the inhalation of 

airborne Aspergillus conidia that are ubiquitous in both indoor and outdoor air (Latge 

1999). This is followed by deposition of conidia most commonly in the bronchioles and 

some may even reach alveolar spaces owing to their minute size of 2-3.5 µm (Ben-Ami, 

Lewis et al. 2010). In healthy individuals, a majority of the conidia are removed by 

mucociliary clearance (Dagenais and Keller 2009). Also, lung surfactant plays a protective 

role by enhancing agglutination and phagocytosis by alveolar macrophages and 

neutrophils (Madan, Eggleton et al. 1997). The conidia that evade those barriers encounter 

epithelial cells or alveolar macrophages, the primary resident phagocytes of the lung.  

Alveolar macrophages phagocytose and kill Aspergillus conidia and recruit neutrophils to 

the site of infection (Dagenais and Keller 2009). Killing of conidia by macrophages is a 

slow process and starts after a delay of several hours. The exact mechanism of killing is 

not known but nonoxidative mechanisms are believed to be involved (Latge 1999). Even 

in healthy individuals, macrophages cannot kill all the conidia and some may germinate 

and develop into hyphae. Macrophages are incapable of killing the hyphae but neutrophils 

are. Neutrophils are responsible for killing the conidia that evade macrophages and  

germinate. Contact between neutrophils and hyphae triggers an oxidative burst, secretion 

of reactive oxygen species, and degranulation. This results in rapid killing of the hyphae 

within 2-4h (Latge 1999). Therefore, impairment of the lungs‘ barrier and dysfunction of 

phagocytes results in the risk of developing IPA. Besides, fungal virulence factors that 

permit A. fumigatus survival and growth in the pulmonary environment may also be 

responsible for the development of IPA (Schaffner, Douglas et al. 1982). 

Neutropaenia and corticosteroid-induced immunosuppression are the two principal host 

immunosuppressive conditions that are responsible for the increased risk of IPA in humans 

and animal models. The pathogenesis of IPA under these conditions differs because of the 

difference in the affected immune mechanism (Figure 1.3). 

Neutropaenia can be induced by highly cytotoxic chemotherapeutic agents such as 

cyclophosphamide (CPA), which is administered to transplant patients or can exist in 

patients with haematological malignancies. In neutropaenic individuals, IPA is 

characterized by extensive hyphal growth at the infection site (Dagenais and Keller 2009; 
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Ben-Ami, Lewis et al. 2010). The lack of neutrophil infiltration in the infected tissue 

results in low levels of inflammation.  

 

Figure 1.3. Pathobiology of A. fumigatus in different immunological settings. Redrawn from 

Dagenais and Keller (2009) and Ben-Ami, Lewis et al. (2010).  
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With prolonged neutropaenia, hyphae invade the adjacent blood vessels and disseminate to 

other organs via the blood. Angioinvasion results in thrombosis, infarction, and hypoxia 

creating an area of necrotic tissue that is well suited to proliferative growth of A. fumigatus.  

Corticosteroid therapy is commonly administered for prophylaxis or treatment of GVHD 

such as in allogeneic transplant patients. These individuals are non-neutropaenic but are 

susceptible to A. fumigatus infection. IPA in these individuals is characterized by limited 

fungal invasion with excessive neutrophil infiltration and inflammation and necrosis of the 

affected area. Unlike in neturopaenic patients, angioinvasion does not occur (Dagenais and 

Keller 2009; Ben-Ami, Lewis et al. 2010).  

Administration of corticosteroid reduces the functional ability of phagocytes to kill A. 

fumigatus conidia and hyphae by impairing phagocytosis, phagocyte oxidative burst, 

production of cytokines and chemokines, and cellular migration  (Lionakis and 

Kontoyiannis 2003). Despite impaired phagocytic function, heavy recruitment of 

neutrophils occurs at the site of lung invasion. This prevents further hyphal invasion but 

leads to an excessive inflammatory reaction that ultimately results in tissue injury. This 

severe inflammatory reaction due to IPA is generally considered to be a major cause of 

death in transplant patients receiving corticosteroid therapy (Dagenais and Keller 2009). 

1.2.5 Treatment  

Three classes of antifungal agents used for prophylaxis and therapy of IPA are 

amphotericin B formulations, echinocandins and azoles (Table 1.2). Amphotericin B binds 

to the primary fungal cell membrane ergosterol and disrupts osmotic regulation, causing 

leakage of intracellular potassium, magnesium, sugars, and metabolites ultimately leading 

to cellular death (Anon 2001). This mechanism of action is the same for all the 

amphotericin B preparations.  

Amphotericin B formulations have a broad spectrum of antifungal activity. Amphotericin 

B deoxycholate has been available since the 1960s but it has significant infusional toxicity, 

nephrotoxicity, and electrolyte wasting (Anon 2001). Because of this, lipid formulations of 

amphotericin B such as liposomal amphotericin B, amphotericin B lipid complex and 

amphotericin B colloidal dispersion have been developed which have less toxicity but 

similar efficacy as amphotericin B deoxycholate (Segal and Walsh 2006). 
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The mechanism of action of the azoles is to block the cytochrome P-450-dependant 14-

alpha-demethylase, which inhibits the synthesis of ergosterol in the fungal plasma 

membrane, thereby altering the structure and integrity of the plasma membrane (Anon 

2001). These compounds will also inhibit the synthesis of cholesterol in mammalian cell 

membranes but at much higher concentrations than those levels required for antifungal 

activity. Examples of azoles used for the treatment of IPA include itraconazole, 

voriconazole and posaconazole). Unlike the amphotericin formulations, these agents have 

very low nephrotoxicity.  

Echinocandins are the newest class of antifungal agents and examples include 

caspofungin, micafungin and anidulafungin. These are a class of antifungal peptides that 

inhibit fungal cell wall synthesis by inhibiting the enzyme 1,3-beta glucan synthase (Anon 

2001). Since the filamentous fungi grow by hyphal tip extension, these compounds are 

considered to be fungistatic, rather than fungicidal in this group of organisms. Limited 

information is available on the efficacy of echinocandins for the treatment of IPA. 

Caspofungin has been used in salvage therapy for patients with Aspergillus infections 

refractory to or intolerant of other antifungal therapy and has shown an excellent safety 

profile (Keating and Figgitt 2003; Kartsonis, Saah et al. 2005; Lellek, Waldenmaier et al. 

2011).

Despite the introduction of liposomal formulations of amphotericin B, broad spectrum 

azoles, and antifungals with a new mechanism of action such as the echinocandins, 

treatment of IPA is still troublesome with high rate of mortality. While amphotericin B 

(including its lipid formulations) and voriconazole are the mainly indicated first-line 

therapeutic options, the clinical success rate is still unsatisfactory due both to the low 

efficacy and/or high toxicity of the drugs (Maertens, Marchetti et al. 2011). Switching to 

another class of antifungal agent or the use of a combination of antifungal drugs and 

surgery are considered valid options for a patient non-responsive to initial monotherapy 

(Walsh, Anaissie et al. 2008; Cesaro, Pillon et al. 2011). 

A number of investigations have indicated that early diagnosis and prompt institution of 

therapy will result in effective management and increase survival of the patient (von Eiff, 

Roos et al. 1995; Herbrecht, Denning et al. 2002; Ali, Ozkalemkas et al. 2006; Roilides 

2006; Burgos, Zaoutis et al. 2008). Therefore the development of rapid and non-invasive 

techniques to diagnose and direct the treatment of IPA is very important. 
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Table 1.2. Characteristics of common antifungal agents (Anon 2001; Wiederhold, Lewis et al. 

2003; Segal and Walsh 2006; Segal 2009). 

Antifungal agent Side effects Efficacy (% of 

patients) 

A
m

p
h
o
te

ri
ci

n
 B

 Amphotericin B 

deoxycholate 

Nephrotoxicity, fever, chills, myalgia, 

thrombocytopenia.  

23 

Liposomal 

amphotericin B 

Less frequent nephrotoxicity. 66 

E
ch

in
o
ca

n
d
in

s Caspofungin Uncommon 45 

Micafungin Superior efficacy to some azoles; limited information on 

treatment for IPA. 

Anidulafungin No published data on IPA.  

A
zo

le
s 

Voriconazole Dose-related, transient visual 

disturbances.  

38-58 

Itraconazole Uncommon  ~40 

Posaconazole Rare, may cause nausea and vomiting. 42 

 

1.2.6 Diagnosis 

A number of techniques are currently available for the diagnosis of IPA. These include 

chest radiography, culture of the fungus from sputum or BAL fluid, culture and histology 

of tissue biopsy sample, detection of fungal antigen and PCR of fungal DNA. Figure 1.4 

shows the rationale of applying different diagnostic methods in diagnosis and management 

of IPA.  
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Figure 1.4. The rationale for applying non-culture-based diagnostic methods for early (pre-

emptive) management of invasive aspergillosis. [EORTC, European Organization for Research and 

Treatment of Cancer; MSG, Mycoses Study Group.] (Chamilos and Kontoyiannis 2006). 

 
1.2.6.1 Radiology 

Chest radiography (X-ray) and CT scan are commonly employed for the clinical diagnosis 

of IPA. The usual findings in chest radiography include rounded densities, pleural-based 

infiltrates suggestive of pulmonary infarction (Figure 1.5A), and cavitations. Since the 

incidence of these nonspecific changes is very common in the early stages of IPA, chest 

radiography has very little diagnostic value (Kousha, Tadi et al. 2011).  

The present standard imaging method for diagnosis of IPA is CT scanning. Sensitivity is 

higher when CT scans are coupled with high-resolution computed tomography (HRCT). In 

high-risk haematological patients, HRCT of the chest serially performed over time 

constitutes a sensitive modality of early diagnosis of IPA (Thomas, Owens et al. 2003). 

Typical scan findings in IPA suspected patients include multiple nodules and the halo sign 

(Figure 1.5B). This is mainly seen in neutropaenic patients in the early stage of infection 

and appears as a zone of low attenuation due to haemorrhage surrounding the pulmonary 

nodule (Greene 2005).  
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Figure 1.5. Use of radiology for the diagnosis of IPA. A: Chest X-ray showing right upper lobe 

shadowing (arrow); B: CT scan showing a spiculated nodular lesion surrounded by intermediate 

attenuation (halo sign) in the right apex (arrow). Image source:  

http://www.aspergillus.org.uk/indexhome.htm?secure/image_library/./agillom/ptMV.htm~main 

 

The halo sign in CT scans has been useful in early diagnosis of IPA in patients with severe 

neutropaenia (Greene 2005; Gasparetto, Escuissato et al. 2008). However, this technique 

suffers from drawbacks of having low sensitivity (33–60%), inability to discriminate 

reliably between IPA and other opportunistic fungal infections of the lung. (Caillot, 

Couaillier et al. 2001; Greene 2005; Lee, Choi et al. 2005; Kawel, Schorer et al. 2011). It 

has been reported that more than 75% of initial halo signs disappear within a week 

(Caillot, Couaillier et al. 2001). By about the third week of infection, these lesions 

transform into ‗air crescent‘ sign, a classic sign of late hyphal invasion (Caillot, Couaillier 

et al. 2001; Lee, Choi et al. 2005). Since children frequently do not manifest cavitation or 

the air crescent or halo signs in CT scan, this can significantly impact radiological 

diagnosis in them (Burgos, Zaoutis et al. 2008).  

The role of magnetic resonance imaging (MRI) in the diagnosis of IPA has not been 

defined.  

1.2.6.2 Culture and histology 

Sputum, bronchial washing, BAL fluid, or blood sample may be used for direct culture of 

Aspergillus spp. Although cultures from expectorated sputum and BAL specimens have a 

high positive predictive value (PPV; > 60%) for diagnosing IPA in heavily 

immunocompromised individuals, their sensitivity is extremely low (<30%), and they 

http://www.aspergillus.org.uk/indexhome.htm?secure/image_library/./agillom/ptMV.htm~main
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usually become positive only at a late stage of the infection (Horvath and Dummer 1996). 

Another drawback of culture of respiratory specimens is that the technique cannot 

differentiate between colonization of the respiratory tract with airborne conidia, and 

invasive infection. Moreover, A. fumigatus is a ubiquitous organism and contamination 

during collection or handling of the sample in the laboratory cannot be ruled out. Thus, A. 

fumigatus growing from respiratory samples cannot prove definite IPA. However, in the 

setting of a high risk patient it is strong presumptive evidence of infection. The lack of a 

standardized protocol for sampling and processing technique, timing, and volume of fluid 

obtained, may partially account for the suboptimal performance of respiratory sample 

culture.  

Blood cultures for Aspergillus spp. remain mostly negative because aspergillemia is rare 

and is encountered only in the patients with haematological malignancies and terminal 

aspergillosis (Kontoyiannis, Sumoza et al. 2000). Attempts to improve the recovery of 

Aspergillus from blood culture include modification of culture media and alteration of the 

oxygen concentrations but limited success has been achieved. It appears that the low 

recovery of Aspergillus spp. from blood samples is simply due to an insufficient quantity 

of Aspergillus hyphae present in the collected blood. Moreover, absence of fungal spores 

in blood because of the unavailability of an air interface may have also contributed to this 

lower recovery. It has been demonstrated that recovery of Aspergillus is significantly 

higher at 37°C under hypoxic conditions (Tarrand, Han et al. 2005). This may be because 

Aspergillus hyphae are adapted to the hypoxic in-vivo environment of the infected tissue.  

Invasive aspergillosis can only be proven by histology and positive culture of specimens 

obtained from a sterile source. Culture and histology of tissue biopsy samples is 

considered to be the reference standard because this methodology can demonstrate tissue 

invasion and destruction by the fungal hyphae (Hope, Walsh et al. 2005; Chamilos and 

Kontoyiannis 2006; Maschmeyer, Haas et al. 2007). Figure 1.6 shows the typical 

dichotomous branching pattern of Aspergillus spp. hyphae in histological sections. 
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Figure 1.6. The appearance of Aspergillus spp in histological sections. (A) Gomori methenamine 

Silver (GMS) stain of rabbit lung in experimental IPA (magnification ×400). (B) Acute angle 

dichotomous branching typical of Aspergillus spp (magnification ×630). From Hope, Walsh et al 

(2005).  

 

However, this reference diagnostic tool also suffers from a number of drawbacks; firstly, 

by the time culture and histology are positive, IPA is well established and is difficult to 

treat; and secondly it is difficult to obtain deep tissue specimens in patients who are least 

able to tolerate invasive procedures because of the underlying morbidity or 

thrombocytopaenia (Kontoyiannis, Kontoyiannis et al. 2002). Moreover, the use of 

histopathology alone does not provide a specific diagnosis of IPA when culture of the 

tissue specimen remains negative. Infections by other fungi such as Fusarium spp. and 

Scedosporium spp. that have histopathological features indistinguishable from those of 

IPA further decreased the usefulness of histology (Chamilos and Kontoyiannis 2006). 

Therefore, positive culture of the fungus from the biopsy sample together with 

histopathology is necessary to provide a definitive diagnosis of IPA. Molecular 

identification methods such as PCR may be employed to differentiate between these fungi 

before culture results are available.  

1.2.6.3 Polymerase chain reaction  

Polymerase chain reaction (PCR) involves the detection of specific sequences of the fungal 

DNA in BAL, whole blood, serum or plasma. Most of the PCR assays developed for the 

diagnosis of aspergillosis target the 18S rRNA gene. This is a multicopy gene and consists 

of regions that are highly conserved among many species. Since the 1990s, different PCR 

techniques have been used which either followed a ‗pan-fungal approach‘ or focused on 

Aspergillus species. In the ‗pan-fungal approach‘, initially DNA from any fungal species 
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present is amplified; this is followed by a subsequent step of detection of a narrower range 

of species. The subsequent step may involve a nested PCR (nPCR), Southern blot, PCR-

ELISA or restriction enzyme (RE) analysis.  

PCR-based methods hold a promising prospect for early detection of IPA and other 

opportunistic fungal infections. A meta-analysis of Aspergillus PCR tests for diagnosis of 

IPA, found that a single PCR-negative test is sufficient to exclude IPA, whereas two PCR-

positive results are required to confirm disease (Mengoli, Cruciani et al. 2009). The 

sensitivity of most PCR-based tests is excellent, however, most of them suffer from low 

specificity (Table 1.3).  



 

20 

Table 1.3. Some published PCR-based methods used for the laboratory diagnosis of invasive aspergillosis.  

Subjects Sample type PCR method Sensitivity Specificity No. of patients 

(% of cases*) 

Country Reference 

HSCT, HM Whole blood PCR-ELISA 100% 73% 92 (8.7%) Germany Hebart, Löffler et al. (2000) 

HSCT, HM Serum Nested PCR 100% 79% 37 (35.1%) UK Williamson, Leeming et al. 

(2000) 

HSCT, HM Whole blood, BAL Nested PCR 91.7%
§
 81.3%

§
 218 (15.1%)

§
 Germany Buchheidt, Baust et al. (2001) 

Cancer, HM Whole blood Standard PCR 57-100% 100% 54 (20.4%) USA Raad, Hanna et al. (2002) 

HSCT, HM Plasma RT-PCR 55% 93% 149 (7.4%) Japan Kawazu, Kanda et al. (2004) 

SOT, HM Whole blood PCR-ELISA 40-100% NA 36 (66.7%) Austria Lass-Florl, Gunsilius et al. 

(2004) 

HSCT, HM Whole blood RT-PCR 75% 70% 125 (6.4%) UK Jordanides, Allan et al. (2005) 

HSCT, HM Whole blood PCR-ELISA 100% 85% 25 (19.2%) New 

Zealand 

Scotter, Campbell et al. 

(2005) 

HSCT, HM Whole blood Nested PCR 100% 75.4% 95 (37.7%) Australia Halliday, Hoile et al. (2006) 

Cancer Serum Standard PCR 75% 92% 91 (30.8%) Egypt El-Mahallawy, Shaker et al. 

(2006) 

HSCT, HM Serum PCR-ELISA 63.6% 89.7% 201 (27.3%) France Florent, Katsahian et al. 

(2006) 

HSCT, HM Whole blood RT-PCR 92.3% 94.6% 203 (6.9%) UK White, Linton et al. (2006) 

HSCT, HM, 

Cancer 

Whole blood RT-PCR 63-88% 37-81% 94 (8.5%) Italy Cesaro, Stenghele et al. 

(2008) 

HM Whole blood, 

BAL, sputum 

Nested PCR 80% 81% 71 (53.5%) Germany Hummel, Spiess et al. (2009) 

HM Serum Standard-PCR 75% 91.9% 193 (15%) Portugal da Silva, Ribeiro et al. (2010) 

SOT BAL RT-PCR 100% 88% 137 (11.6%) USA Luong, Clancy et al. (2011) 

 

HSCT:  haematopoietic stem-cell transplant, SOT: Solid organ transplant; NA: not available; HM: haematological malignancy; * proven or 

probable IPA; 
§ 

whole blood
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Currently, multiple unresolved issues accompany the use of PCR-based techniques for 

diagnosis of IPA, including the sample type, amplification method, and primer design, and 

account for the lack of a standardized, commercially available test.  

1.2.6.4 Galactomannan testing 

This test involves the detection of galactomannan (GM) - a major polysaccharide 

component of the Aspergillus cell wall. This antigen molecule is released in large amounts 

during growth (Latge, Kobayashi et al. 1994). A commercially available assay (Platelia; 

Bio-Rad) has been developed and made available for the detection of GM in serum 

samples. This assay has been modified from its original format of a latex agglutination to a 

double-sandwich enzyme-linked immunosorbent assay (ELISA) which has an improved 

sensitivity, both in-vitro and in-vivo.  

The double-sandwich GM ELISA has been trialled extensively to determine its 

performance in the laboratory diagnosis of IPA. A meta-analysis of 27 studies employing 

double-sandwich GM ELISA assay for the diagnosis of IPA indicated that this assay has 

an overall sensitivity of 71% and specificity of 89% (Pfeiffer, Fine et al. 2006). As shown 

in Table 1.4, the performance of this GM test has been variable. The performance is 

suboptimal in different settings such as in paediatric patients, patients receiving antifungal 

prophylaxis, GVHD patients and recipients of SOTs. The performance and interpretation 

of this test is also affected by other factors such as immune status, the presence of anti-GM 

antibodies and diet (Chamilos and Kontoyiannis 2006). Moreover, antibacterial therapy 

using the antibiotics such as piperacillin/tazobactam that are derived from fungi may also 

produce a false positive result in the GM test (Penack, Rempf et al. 2008; Metan, Ağkuş et 

al. 2010). 
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Table 1.4. Some published double-sandwich GM ELISA based methods used for the laboratory diagnosis of invasive aspergillosis.  

Subjects Sample type Sensitivity Specificity No. of patients Country Reference 

HM Serum 92.6% 95.4% 186 Belgium Maertens, Verhaegen et al. (1999) 

HSCT Serum 64.5% 94.8% 797* France Herbrecht, Letscher-Bru et al. (2002) 

HM, HSCT Serum 50% 99.6% 807 France Pinel, Fricker-Hidalgo et al. (2003) 

HSCT Serum 75% 100% 74 Spain Rovira, Jimenéz et al. (2004) 

HSCT, HM Serum 100% 93% 96 Japan Kawazu, Kanda et al. (2004) 

HSCT, HM Serum 60% 95% 25 New Zealand Scotter, Campbell et al. (2005) 

HM Serum 87.5% 93.1% 169 Portugal da Silva, Ribeiro et al. (2010) 

SOT BAL 93% 89% 137 USA Luong, Clancy et al. (2011) 

 

HSCT: haematopoietic stem-cell transplant, SOT: Solid organ transplant; HM: haematological malignancy; *episodes  
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Currently, none of the diagnostic tools discussed above can be used as a single test for the 

definitive diagnosis of IPA. In spite of their low sensitivities, CT scans and serum GM 

detection are the most frequently used techniques for the clinical diagnoses. Detection of 

early invasion is specially challenging with the current techniques. Even by the most 

sensitive available radiographic methods, such as HRCT scanning, early invasion by 

Aspergillus hyphae in the lung parenchyma is undetected (Caillot, Casasnovas et al. 1997). 

Development of more sensitive diagnostic methods that exploit the pathophysiology of 

IPA could improve their diagnostic potential.  

Incorporation of techniques that can provide early diagnosis into the early management 

strategies of IPA is very important. So, there is a need for innovation in this area to 

develop a diagnostic method that is rapid, non-invasive, and is highly sensitive and 

specific. In view of the evolving epidemiology of IPA, developing diagnostic techniques to 

distinguish between invasive disease and lung colonization is another important future 

research direction. 

Some of these new avenues for the development of novel diagnostics include detection of 

secondary metabolites for Aspergillus, use of novel immunolabeling approaches, and 

positron emission tomography. A number of secondary metabolites and proteins produced 

by Aspergillus spp. during vegetative (hyphal) growth could potentially be used as 

diagnostic markers of IPA (Latge 1999; Latge 2001; Pan, Chow et al. 2011). It has been 

demonstrated that Aspergillus spp. are capable of releasing high amounts of 2-PF (Gao, 

Korley et al. 2002). Preliminary investigation of a 2-PF breath test has produced promising 

results (Scotter, Chambers et al. 2006; Syhre, Scotter et al. 2007; Chambers, Syhre et al. 

2009; Chambers, Bhandari et al. 2010). This rapid and easily applicable non-invasive 

diagnostic method for detection of Aspergillus VOCs requires further investigation and 

validation. 

1.3 2-PF as a breath marker of IPA   

2-PF is a VOC (molecular weight of 138, vapour pressure is estimated to 160 Pa at 25°C) 

that is produced by A. fumigatus during growth. This compound has a distinct mass 

fragmentation pattern and is easily detected by Gas chromatography/Mass spectrometry 

(GC-MS). It may be sufficiently specific to form the basis of a breath test for IPA as it is 

not produced by many other respiratory pathogens in-vitro (except for Fusarium spp. and 
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Streptococcus pneumoniae) (Syhre, Scotter et al. 2007) or normal human metabolism 

(Phillips, Herrera et al. 1999).  

Microorganisms produce organic compounds as a result of their metabolic processes. 

Traditional microbiology identification techniques are based on the detection of metabolic 

pathways specific to a group of organisms. A similar approach may be employed for the 

detection of fungal infection of the lungs by measuring VOC production. With the 

availability of highly sensitive analytical techniques like GC-MS, it is possible to detect 

extremely low levels (parts per trillion by volume; pptV) of VOCs in breath.  

Before development of 2-PF as the basis of a breath test for Aspergillus infection, it is 

important to determine the pathway of 2-PF biosynthesis in Aspergillus and confirm that 2-

PF is an endogenous metabolic product of the fungus.  

1.3.1 Biosynthesis of 2-PF 

It has been well-documented that 2-PF is one of the VOCs derived from peroxidation of 

linoleic acid (Krishnamurthy, Smouse et al. 1967; Min and Boff 2002; Min, Callison et al. 

2003; Lee and Min 2010). The hydroperoxy linoleic acid and metabolites derived there 

from are collectively called ―Oxylipins‖ (Liavonchanka and Feussner 2006). Several 

oxylipins have been characterised in plants and fungi and they are reported to be 

synthesized via the action of oxygenase enzymes (Feussner and Wasternack 2002; 

Brodhun and Feussner 2011). The pathway of 2-PF biosynthesis in fungi has not been fully 

defined but evidence available from plants suggests that it is an extension of the oxylipin 

biosynthetic pathway (St. Angelo, Legendre et al. 1980; Boue, Shih et al. 2005; Christie 

2007).  

Oxylipins have been reported to play an important signalling role in plants, animals, 

insects and fungi including Aspergillus spp (Brodhun and Feussner 2011). Under in-vitro 

conditions, 2-PF has been documented as one of the end products of oxygenated linoleic 

acid (Min, Callison et al. 2003) and it could have some signalling functions too. However, 

there are not any published reports yet regarding the signalling role of 2-PF.  

There are two major possible pathways of 2-PF production from linoleic acid:  

1) Reactive oxygen species pathway/Chemical pathway: In this pathway, action of 

reactive oxygen species (ROS; such as singlet oxygen, superoxide, hydroperoxide) with 

linoleic acid results in the production of 2-PF (Min and Boff 2002; Min, Callison et al. 
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2003). This reaction neither requires enzymes nor catalysts. Most of the information 

available on formation of 2-PF comes from peroxidation of linoleic acid in vegetable oils 

via this pathway (Figure 1.7). 

 

Figure 1.7. Pathway for the formation of 2-PF from linoleic acid by singlet oxygen. From Min, 

Callison et al. (2003).  

As linoleic acid is very sensitive to auto-oxidation, photosensitizers such as chlorophyll 

may also trigger this reaction in plants (Lee and Min 2010). However, this mechanism is 

unlikely to be present in Aspergillus as they lack chlorophyll and photosensitizers are not 

found in them (Daub, Herrero et al. 2005). While that is true it is possible that free oxygen 

radicals produced by neutrophils by their oxidative burst could produce 2-PF by 

peroxidation of linoleic acid. This could happen as a consequence of inflammation in-vivo 

Linoleic acid 

2-pentylfuran  
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and produce 2-PF. If so, 2-PF in breath could be a marker of inflammation in the presence 

of Aspergillus infection.  

2) Enzymatic pathway: Lipoxygenase (EC1.13.11., Linoleate:oxygen oxidoreductase; 

LOX) enzymes constitute a large family of non-haeme iron-containing fatty acid 

dioxygenases which occur widely in fungi, plants and animals (Brash 1999; Feussner and 

Wasternack 2002). In this pathway, 2-PF production is a result of the action of 

lipoxygenase and/or dioxygenase enzymes or metal ions on linoleic acid.  

2-PF has been identified as one of the predominant compounds of oxidation of linoleic 

acid catalyzed by LOX derived from peanut plants (St. Angelo, Legendre et al. 1980). In 

soybean plants, LOX deficient varieties have been reported to partially lose the ability to 

produce 2-PF (Boue, Shih et al. 2005). Since this pathway has been documented in 

biological systems (St. Angelo, Legendre et al. 1980; Spiteller and Spiteller 2000), it may 

also be present in A. fumigatus because it contains two lox and three precocious sexual 

inducer (psi) producing oxygenase (ppo) genes (Nierman, Pain et al. 2005).  

LOX mediated oxygen insertion is position-specific (stereo-and regio-specific). As shown 

in Figure 1.8, linoleic acid is oxygenated by LOX either at carbon atom 9 (C-9 by 9- LOX) 

or at 13 (C-13 by 13- LOX) of the hydrocarbon backbone; leading to two groups of 

compounds, the (9S)-hydroperoxy- and the (13S)-hydroperoxy derivatives of linoleic acid 

(Christie, 2007; Liavonchanka and Feussner, 2006; Mita et al., 2007). The position of 

oxygenation of carbon determines whether 2-PF is one of the end products of linoleic acid 

(Figure 1.8). 2-PF has been reported to be one of the end products only when linoleic acid 

is oxygenated at C-9, but not when it is oxygenated at C-13 (Spiteller and Spiteller, 2000; 

St. Angelo et al., 1980).  

In addition to LOX, dioxygenase enzymes (encoded by ppo genes) are believed to have the 

similar function in fungi. Among the three dioxygenases (encoded by ppoA, ppoB and 

ppoC genes) mentioned by Garscha et al. (2007), none of them oxygenate linoleic acid at 

C-9. However, there is some possibility that 10-dox (encoded by ppoC) may be involved in 

2-PF production. This is because 10-dox has been reported to oxygenate linoleic acid at C-

10 position (Garscha et al., 2007) and production of 2-PF via oxygenation at this position 

has been proposed as shown in Figure 1.8 (Min and Boff 2002; Min, Callison et al. 2003). 

However, these workers proposed the latter pathway for chemical oxidation of linoleic 

acid, rather than for enzymatic oxidation. 
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Figure 1.8. Processes occurring in the oxidation of linoleic acid (1: linoleic acid; 2: 9-hydroperoxy 

octadecadienoic acid (9-HPODE); 3: 13-hydroperoxy octadecadienoic acid (13-HPODE); 4&5: 

Alkoxy radicals; 6: 2,4-decadienal; 7: 13-keto-9,11-octadecadienoic  acid; 8: 4-hydroxy-2-nonenal  

(4-HNE); 9: 2-PF; 10: Hexanal. From Spiteller and Spiteller (2000).  

 

Available evidence suggests that enzymatic pathway of 2-PF biosynthesis exists only in 

fungi but is absent in bacterial lung pathogens or human metabolism. A LOX-like enzyme 

has been detected in a number of bacterial species including cyanobacteria, 

Thermoactinomyces vulgaris, Pseudomonas syringae and Pseudomonas aeruginosa 

(Vance, Hong et al. 2004; Vidal-Mas, Busquets et al. 2005; Walzer, Huang et al. 2006; 

Brodhun and Feussner 2011). However, the polyunsaturated fatty acid substrates are not 

present in most bacteria (Brash 1999) making this pathway unlikely to exist in them. 

Similarly, although LOX enzymes are present in human white blood cells, the preferred 

substrate is arachidonic acid rather than linoleic acid (Kuhn and Borchert 2002; Lutteke, 

Krieg et al. 2003). This makes the enzymatic production of 2-PF in humans less likely. 

Even during oxidative stress, the peroxidation of arachidonic acid does not produce 2-PF, 

it rather produces isoprostanes which are reported to be in-vivo markers of lipid 

peroxidation (Schwedhelm and Böger 2003). In contrast, the preferred substrate of LOX in 
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fungi is linoleic acid (Su and Oliw 1998; Horowitz Brown, Zarnowski et al. 2008) which is 

a common lipid of Aspergillus (Calvo, Gardner et al. 2001).  

The pathways of peroxidation of linoleic acid and biosynthesis of 2-PF via LOX enzymes 

are not present in bacterial or mammalian cells and may be specific to Aspergillus and 

other pathogenic fungi. If this pathway is specific to Aspergillus, it provides specificity to 

the 2-PF breath test and makes it more plausible that 2-PF production will be a signature of 

Aspergillus infection in the lung.  

1.3.2 Lung microenvironment in IPA and 2-PF production  

A. fumigatus is a saprophyte that has evolved mechanisms to adapt to a wide range of 

environmental stresses including hypoxia. In its natural habit of compost piles, oxygen 

availability may range from 21% to 1.5% (Grahl, Puttikamonkul et al. 2011). Even though 

the concentration of O2 in atmospheric air is 21%, the concentration of O2 in the alveolar 

spaces of the lungs is only 14% and this level further decrease to 2-4% in the capillaries 

and tissues (Warn, Sharp et al. 2004).  

In order to establish infection successfully, the invading organism must overcome the 

micro-environmental stresses encountered in-vivo. Hypoxia is a well-known micro-

environmental stress that is encountered at the site of tissue infarction by microorganisms 

including A. fumigatus. Although A. fumigatus is generally considered an obligate aerobic 

organism, it can grow in hypoxic conditions with oxygen tensions as low as 0.1% (Hall 

and Denning 1994). It has been demonstrated that growth of Aspergillus hyphae in-vitro is 

significantly enhanced under hypoxic conditions with oxygen tensions of 6% (Tarrand, 

Han et al. 2005).  

Oxygen availability may be extremely low in the hypoxic infarcted tissues and infected 

wounds (Warn, Sharp et al. 2004). In the Aspergillus-infected lung tissue, hypoxia may 

result from a number of pathological processes (Tuder, Yun et al. 2007; Dagenais and 

Keller 2009): 1) angioinvasion of the alveolar capillaries by hyphae resulting in 

thrombosis and infarction; 2) metabolism of the available oxygen by the immune cells and 

obstruction of blood vessels (Dagenais and Keller 2009); 3) intra-alveolar exudation and 

inflammation (consolidation) posing a significant barrier to oxygenation in lungs. These 

changes form an area of hypoxia that is rich in nutrients resulting from necrotic tissue and 

is well suited for the hyphal growth of Aspergillus. These conditions will significantly alter 
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the metabolism of A. fumigatus and potentially the production of secondary metabolites 

such as 2-PF. 

Detection of 2-PF in the breath of patients with chronic airways disease (such as COPD, 

Cystic fibrosis) usually originates from colonization with Aspergillus rather than IPA, and 

the growth conditions for Aspergillus may be significantly different between these two 

conditions. In cystic fibrosis, conditions are likely to be more aerobic which may favour 

non-enzymatic oxidation of linoleic acid to 2-PF. In contrast, in IPA, deep tissue invasion 

may result in vascular invasion, tissue infarction and hypoxia resulting in hyphal growth 

and inhibition of conidiation.  

Control of conidiation is complex and multiple nutritional and environmental factors may 

contribute to onset of sporulation in Aspergillus. Oxygen tension has been reported to have 

a profound effect on conidiation of A. fumigatus in-vitro and in-vivo. Under in-vitro 

conditions at low oxygen tension of 0.5%, Aspergillus spp. has been reported to grow in 

the hyphal form only (Hall and Denning 1994). Similar observations have been reported 

when A. fumigatus is grown at 1% oxygen concentration (Willger, Grahl et al. 2009).  

Under in-vivo conditions, wherever the surface of a lesion is exposed to the inhaled air, A. 

fumigatus may produce conidia. Birds are highly susceptible to A. fumigatus infection and 

conidiation has been documented in their lungs (Cacciuttolo, Rossi et al. 2009) and airsacs 

(Nardoni, Ceccherelli et al. 2006). In addition, when the infection occurred in areas of the 

lungs that are well aerated, conidiophores with numerous spores have been reported 

(Beytut, Özcan et al. 2004).  

In humans, when A. fumigatus grows in the areas of high oxygen availability such as the 

upper respiratory tract, conidiation may occur (Kumar, Abbas et al. 2010). Conidiation has 

also been reported from cases of aspergilloma in humans (www.aspergillus.org.uk). 

However, the hyphal form is seen in the invasive form of the disease and the presence of 

conidia is extremely rare (Falsey, Goldsticker et al. 1990).  

1.3.3 Human breath and 2-PF  

In biological systems, 2-PF is synthesized from oxidation of linoleic acid by both 

oxygenase enzymes and oxygen radicals. In mammals, most of the dietary linoleic acid 

(~75.5%) is metabolized by the beta-oxidation pathway to produce energy (Cunnane and 

Anderson 1997). The remaining fractions are stored as linoleate, converted to longer chain 

http://www.aspergillus.org.uk/
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PUFAs and excreted in the faeces (Cunnane and Anderson 1997). Linoleic acid is one of 

the lipids of biological membranes such as phospholipids.  

In normal healthy humans, 2-PF is not detected in their breath samples (Phillips, Herrera et 

al., 1999). This may be because linoleic acid is not  oxidised via the enzymatic or via the 

chemical pathway and there is no production of 2-PF. Although lipoxygenases are present 

in human white blood cells, the preferred substrate is arachidonic acid rather than linoleic 

acid (Kuhn and Borchert 2002; Lutteke, Krieg et al. 2003). This makes the enzymatic 

production of 2-PF in humans less likely.  

Under pathological conditions, such as during oxidative stress, reactive oxygen species are 

formed in mammalian white blood cells. These free radicals may cause peroxidation of 

linoleic acid to 4-hydroxynonenal (HNE; Figure 1.8). 4-HNE is the most abundant toxic 

end product of lipid peroxidation contributing to the deleterious effects of oxidative stress 

(Schneider, Tallman et al. 2001). In in-vitro experiments, further breakdown of 4-HNE to 

2-PF has been documented (Spiteller and Spiteller 2000). Healthy cells however, remove 

4-HNE readily through the action of glutathione S-transferases (GSTs) (Awasthi, Yang et 

al. 2004). It is not clear how efficient the process of 4-HNE removal would be within areas 

of severe inflammation and local hypoxia but 2-PF production seems unlikely in healthy 

individuals.  

Therefore, it is hard to exclude the possibility that 2-PF might be produced in some 

circumstances by tissue inflammation in lungs (very severe and extensive lung 

inflammation such as in COPD, Pneumonia, Cystic Fibrosis) giving a false positive breath 

test. There also remains concern that chemotherapy induced cell lysis could be a source of 

2-PF as linoleic acid may spontaneously oxidise to produce detectable amounts of 2-PF in 

breath. Therefore, it is important to determine whether these lung conditions could 

potentially interfere with the diagnosis of IPA by 2-PF breath analysis.  

1.3.4 Animal model of 2-PF breath test 

The ability to validate the 2-PF breath test in clinical patients is limited by small numbers 

of patients and the low prevalence of IPA. Worldwide, IPA has a very low prevalence rate 

of 1-15% (Mengoli, Cruciani et al. 2009) and there are only one to two cases of IPA per 

year in Christchurch Hospital. The alternative approach for validation may be to develop a 

large animal model of IPA. An animal model offers a controlled setting to study clinical 
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pathological relationship between breath testing and lung lesions and the time course of 2-

PF production. 

A large animal model would be preferred over a small animal model for breath analysis as 

the airway can be readily controlled and large volumes of breath samples obtained. 

Although sheep are ruminants, they would make an ideal candidate for an animal model of 

IPA as they have been reported to be susceptible to Aspergillus infection (Perez, Corpa et 

al. 1999). They also have close anatomical, functional and physiological similarities to the 

human lung (Harris 1997).  

Dexamethasone and cyclophosphamide (CPA) have been widely used to produce 

immunosuppressed animal models of infectious diseases and organ transplantation. Steroid 

therapy is known to be a risk factor for IPA in humans and affect immune function in 

animals (Ullmann, Krammes et al. 2007; Wang, Puntenney et al. 2007; Jeklova, Leva et 

al. 2008). CPA induced neutropaenia has been successfully employed in several animal 

models of IPA. These include rabbits (Kirkpatrick, McAtee et al. 2000), rats (Scotter and 

Chambers 2005), mice (Stephens-Romero, Mednick et al. 2005; Zuluaga, Salazar et al. 

2006) and guinea pigs (Kirkpatrick, Perea et al. 2002).  

CPA has previously been administered to sheep as a potential de-fleecing agent and was 

reported as safe in doses up to 30mg/kg, and induced transient anorexia at doses of 60 

mg/kg/day (Dolnick, Lindahl et al. 1969). However, the dose required to induce 

neutropaenia without causing other potential adverse effects is unknown.  

1.3.5 Food and environmental sources of 2-PF 

2-PF is a VOC that is ubiquitous in nature and there are several food and environmental 

sources that may confound the results of a breath test. This compound has been identified 

as a component of the volatile decomposition products of autoxidised soybean and 

cottonseed oils (Ranau, Kleeberg et al. 2005; Krishnamurthy, Smouse et al. 2006), is sold 

as a flavour enhancer (Smouse and Chang 1967) and has also been reported in a 

concentration of 0.05 – 0.1 ppm in roasted coffee beans (Nebesny, Budryn et al. 2007). 2-

PF has also been reported in a number of food items including asparagus, rice, potatoes, 

pork and parsley (Tressl, Bahri et al. 1977; Ho, Lee et al. 1983; MacLeod, Snyder et al. 

1985; Wongpornchai, Dumri et al. 2004; Ho and Coleman 1980; Soncin, Chiesa et al. 

2007; Chung, Yeo et al. 2010).  
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There are several reports of detection of 2-PF from both outdoor and indoor air. 2-PF has 

been reported as a component of VOC emitted during treatment of municipal solid waste 

(Scaglia, Orzi et al. 2011). This compound has also been detected in air of a compost 

facility with concurrent isolation of A. fumigatus from the air (Fischer, Muller et al. 2000). 

The concentration at the compost piles has been reported to be in the range of 84-1241 

ng/cubic meter (Müller, Thiben et al. 2004). 2-PF has also been detected as one of the four 

most abundant compounds in atmospheric particulate samples (Khanal and Shooter 2004). 

Besides, 2-PF has also been detected in animal faeces (Garner, Smith et al. 2007), urine 

(Rhodes, Miller et al. 1981; Smith, Burden et al. 2008; Zhang, Liu et al. 2011), manure 

(Lo, Koziel et al. 2008), and animal barn air (Cai, Koziel et al. 2006). Moreover, this 

compound has also been identified as a marker for sick building syndrome (Gao, Korley et 

al. 2002). 

Since 2-PF is a VOC occurring in common food ingredients, ingestion of food and or 

fluids that are rich sources of 2-PF might produce false positive result for 2-PF breath 

tests. In addition, inhalation of 2-PF containing air, application of cosmetics and 

medications that contain 2-PF may also contaminate breath sample for 2-PF breath test. 

Therefore it is important to identify potential sources of 2-PF that might cause false 

positive results and confound interpretation of breath test results.  

1.4 Breath analysis for disease diagnosis  

Breath analysis has attracted a significant clinical interest in the recent years because of its 

great potential for rapid and non-invasive diagnosis of a number of disease conditions. The 

concept of breath analysis dates back to the early history of medicine. Ancient Greek 

physicians have used changes in breath odour as an aid to diagnosis, such as the sweet or 

fruity smell in breath associated with diabetes, a fishy or musty smell of liver disease, 

urine-like smell of kidney failure and putrid smell indicative of  lung abscesses (Cao and 

Duan 2006; Cao and Duan 2007). However, the first wide-adoption of breath analysis was 

for the purposes of law enforcement rather than for disease diagnosis. The ‗drink drive 

test‘ is an example of breath analysis that measures the concentration of ethanol in expired 

breath. It is based on change in the colour of a solution of acidified potassium 

permanganate by ethanol (Harger, Lamb et al. 1938).  

The development in clinical application of breath analysis began in the 1970s when Linus 

Pauling detected around 200 different VOCs in exhaled breath by gas chromatography 



 

33 

(Pauling, Arthur et al. 1971). In recent years, a number of breath analysis techniques have 

been made available that are being used routinely for the diagnostic purposes. Examples 

include 
13

C/
14

C urea breath test used in gastroenterology to diagnose Helicobacter pylori 

infection (Leal, Flores et al. 2011) and nitric oxide (NO) breath test used in respiratory 

medicine for monitoring inflammation of the airways (Smith, Cowan et al. 2005). Many 

other potential biomarkers have been identified in exhaled breath and are in early stages of 

development as diagnostic tests (Table 1.5).  

Table 1.5.Disease markers detected in exhaled breath.  

Disease or application Breath marker  Reference(s) 

L
u

n
g

 d
is

ea
se

s 

Tuberculosis Methyl nicotinate  Syhre, Manning et al. (2009) 

Pseudomonas 

aeruginosa 

infection 

2-aminoacetophenone (2-AA) Scott-Thomas, Syhre et al. (2010) 

Asthma NO, CO, H2O2, isoprostanes, 

nitrite/nitrate 

Montuschi, Corradi et al. (1999); Yamaya, 

Sekizawa et al. (1999); Rosias, Dompeling 

et al. (2004); Ueno, Kataoka et al. (2008); 

Loukides, Kontogianni et al. (2011) 

COPD NO, H2O2, isoprostanes Dekhuijzen, Aben et al. (1996); Montuschi, 

Corradi et al. (2000); Montuschi (2011) 

Cystic fibrosis CO, isoprostanes, nitrite/nitrate Ho, Innes et al. (1998); Paredi, Shah et al. 

(1999); Montuschi, Kharitonov et al. 

(2000); De Castro-Silva, De Bruin et al. 

(2010) 

M
et

ab
o

li
c 

 

d
is

ea
se

s 

Diabetes Acetone Zhang, Wang et al. (2000); Righettoni, 

Tricoli et al. (2010) 

Lipid disorders Isoprene Karl, Prazeller et al. (2001); Salerno-

Kennedy and Cashman (2005) 

G
as

tr
o

en
te

ri
c 

d
is

ea
se

s 

Irritable bowel 

syndrome 

CH4, H2 Mastropaolo and Rees (1987); Chatterjee, 

Park et al. (2007) 

Lactose 

malabsorption   

CH4, H2 Sevá-Pereira, da Silva Rde et al. (1999); 

Hovde and Farup (2009) 

Helicobacter pylori 

infection 

Isotopes of carbon (
13

C or 
14

C) Mana, Georges et al. (2001); Leal, Flores et 

al. (2011) 
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Breath analysis has several advantages over the conventional diagnostic techniques that 

may require blood or tissue samples: 1) it is a non-invasive technique; 2) it is agreeable to 

patients, 3) it is rapid, and 4) repeated sampling can be undertaken from the patient. A 

breath test for respiratory infections is an even more attractive option because of the 

proximity of the sample to the lesion. 

1.4.1 Volatile compounds in the breath  

The determination of VOCs in breath samples can provide clinically useful information for 

the diagnosis of diseases. The major proportion of the human breath matrix is a composed 

of N2, O2, CO2, H2O, and inert gases. The remaining small fraction is composed of more 

than 1000 trace VOCs with concentrations in the range of parts per million (ppm) to parts 

per trillion (ppt) by volume (Phillips, Herrera et al. 1999; Miekisch, Schubert et al. 2004; 

Dweik and Amann 2008). The common VOCs in this trace may include acetone, 

methanol, isoprene, nitric oxide and carbon monoxide (Buszewski, Kęsy et al. 2007). 

There is a wide variation in composition of VOCs in breath from one individual to another, 

qualitatively as well as quantitatively (Cao and Duan 2007).  

The source of VOCs in breath may be endogenous or exogenous. The products of 

metabolic processes such as acetone and isoprene are endogenous VOCs and are generated 

within the body. Breath analyses for these endogenous compounds can provide important 

information related to a possible disease condition. Similarly, the volatile metabolites 

produced by microorganisms colonising or infecting an organ inside the body are also 

endogenous VOCs. Identification of an infectious disease may be possible by detection of 

VOC in breath that is specific for a unique group of organism.  

Exogenous compounds are absorbed as contaminants from the environment and may 

contribute to false positive results and pose a challenge to breath analysis. However, 

detection of the exogenous organic compounds in breath may also provide an important 

indication about exposure to drugs or environmental pollutants (Miekisch, Schubert et al. 

2004).  

In one study of 50 healthy subjects, 2-PF was not found to be present in human breath 

(Phillips, Herrera et al. 1999). Although LOX enzymes are present in human white blood 

cells, the preferred substrate is arachidonic acid rather than linoleic acid (Kuhn and 

Borchert 2002; Lutteke, Krieg et al. 2003). This makes the enzymatic production of 2-PF 

in humans less likely. Even during oxidative stress, the peroxidation of arachidonic acid 
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does not produce 2-PF, it rather produces isoprostanes which are reported to be in-vivo 

markers of lipid peroxidation (Schwedhelm and Böger 2003).  

1.4.2 Analytical techniques for detection of VOCs in breath  

Several techniques are available for the analysis of VOCs in exhaled breath. Gas 

Chromatography coupled with Mass Spectrometry (GC-MS) is the most commonly used 

analytical technique (Cao and Duan 2007). More recently developed techniques include 

Selected Ion Flow Tube Mass Spectrometry (SIFT-MS), Proton transfer reaction mass 

spectrometry (PTR-MS), optical spectroscopy, and ―electronic noses‖. Each has its 

advantages and disadvantages, but only GC-MS is able to detect and quantify compounds 

present at the low concentrations (ppb or ppt) found in exhaled breath. Fewer still are 

capable of performing on-line real time analyses of exhaled breath because they do not 

require sample collection into bags and/or onto traps (Smith and Spanel 2007). 

Gas chromatography coupled with mass spectrometry is the gold standard in gas analysis 

and with additional MS-MS capability combined with a pre-concentration device such as 

Solid Phase Micro Extraction (SPME) is sufficiently sensitive for breath analysis in the 

low ppt range (Syhre, Scotter et al. 2007; Chambers, Syhre et al. 2009). It offers a high 

degree of certainty of identification by producing reproducible mass fragments of the 

target molecule and a sophisticated library (National Institute of Standards and 

Technology; NIST) for initial identification steps. Although this system is immobile and 

must be used by trained personnel, the identification and sensitivity reached by the 

machine is crucial in detecting breath VOCs in the parts per trillion (ppt) to parts per 

quadrillion (ppq) range. 

1.4.3 Challenges of breath analysis  

In spite of being an attractive concept, the progress in the field of breath analysis has been 

very slow. Developing a breath analysis technique that can rapidly and reliably identify, 

and accurately and precisely quantify a VOC in exhaled breath has always been a 

challenge. The major obstacle to achieving this goal is an extremely low concentration of 

the analyte in breath (Dummer, Storer et al. 2011). For a compound such as 2-PF, this is 

further complicated by the fact that the analyte may potentially come from the ambient air, 

recently ingested food and host metabolism as well as colonising or infecting organisms 

(Chambers, Bhandari et al. 2010). These factors emphasize the importance of method 

validation in terms of precision, accuracy, limits of detection and limits of quantitation. 
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1.5 Thesis rationale  

Invasive pulmonary aspergillosis is difficult to detect early and the mortality rate is more 

than 50%. A major factor in these high mortality rates is that the current diagnostic tests 

are not sensitive or specific enough to detect IPA early (Chamilos, Luna et al., 2006). IPA 

can only be confirmed by demonstration of the fungal hyphae in tissue biopsy samples and 

identification of Aspergillus by culture or by molecular techniques. However, collecting 

tissue for diagnosis is in itself hazardous in the debilitated and thrombocytopenic patients. 

Because of this, many patients at risk of developing IPA receive empirical antifungal 

treatment rather than undergo biopsy.  

Although the empirical antifungal treatment is associated with reduction in the morbidity 

and mortality of invasive fungal infections (Pizzo, Robichaud et al., 1982; Wingard 2004), 

this strategy has several limitations. These limitations include significant adverse effects 

from drug treatment, failure to prevent the infection from progressing, poor targeting 

because infecting organisms has not been identified, and exposure of many patients to 

needless, costly, and potentially toxic treatment (Wingard, 2007). The mortality rates of 

IPA still remain very high in spite of the availability of more potent and less nephrotoxic 

antifungal agents. A number of investigations have indicated that early diagnosis and 

prompt institution of therapy will result in effective management and increased survival of 

the patient (von Eiff, Roos et al. 1995; Herbrecht, Denning et al. 2002; Ali, Ozkalemkas et 

al. ; Roilides 2006; Burgos, Zaoutis et al. 2008). Therefore, development of rapid and non-

invasive techniques to diagnose and direct the treatment of IPA is very important.  

Extensive research has to be undertaken to develop a new diagnostic test that is rapid, 

sensitive and specific, and provide a high level of certainty with respect to the presence or 

absence of disease and can detect IPA early. The ultimate aim of developing such 

diagnostic tests is to improve the management and therapy of patients with IPA. 

1.6 Aim 

The overall aim of this project is to determine whether 2-PF breath test can be used for 

rapid diagnosis of IPA.  

1.7 Objectives  

1. To determine the effect of growth phase and microenvironment on 2-PF production 

in A. fumigatus. 
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2. To determine whether 2-PF is an endogenous metabolic product of A. fumigatus. 

3. To determine the limit of detection, limit of quantification, linearity, precision and 

accuracy of 2-PF breath test. 

4. To determine whether consumption of foods, or use of medication or cosmetics 

containing 2-PF alters breath 2-PF levels in healthy subjects. 

5. To determine whether non-specific inflammation of the lungs produces 2-PF in the 

breath. 

6. To establish an animal model of IPA to validate the 2-PF breath test. 

1.8 Hypotheses  

1. 2-PF is consistently produced by the hyphal form of growth of Aspergillus. 

2. 2-PF is an endogenous metabolite of Aspergillus and biosynthesis of this 

compound occurs via the lox and/or ppo pathway.  

3. 2-PF breath test can detect 2-PF down to femtogram levels with high degree of 

accuracy and precision. 

4. 2-PF is not produced by mammalian metabolism and is not detectable in the breath 

of healthy controls. 

5. Consumption of foods or use of medication and cosmetics do not alter breath 2-PF 

in healthy subjects.  

6. Non-specific inflammation of the lungs does not produce 2-PF in the breath.  
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CHAPTER 2. GENERAL MATERIALS AND METHODS 

2.1 General considerations  

Standard microbiological methods were employed for all manipulations involving 

Aspergillus spp. and other fungi. All cultures were prepared inside a laminar flow cabinet 

at a Physical Containment Level 2 (PC-2) laboratory. To minimise the dissemination of 

spores from the fungal cultures, exposure to laboratory air was kept to a minimum. 

Following completion of experiments, the laminar flow cabinet was thoroughly wiped with 

70% ethanol and exposed to UV light.  

All buffers and solutions were prepared using molecular grade reagents. All the 

plasticware and solutions were sterilized by autoclaving at 121°C for 15min and were 

reserved for the molecular work only. Small working aliquots of all buffers and solutions 

were used, and routinely discarded. Stock solutions were stored at 4°C in glass vessels, 

with aluminium foil wrap covering the caps. RNAse and DNAse free filtered disposable 

pipette tips were used for all experiments. Appropriate precautions were used to avoid 

RNAse contamination when preparing and handling RNA.  

2.2 Materials  

Table 2.1, 2.2, 2.3 and 2.4 list the culture media, chemicals, reagents, drugs and other 

materials used in the different experiments of this thesis.  

Table 2.1. List of culture media and related materials used in the different experiments.  

Material Manufacturer/supplier 

Sabouraud‘s dextrose agar (SDA) Fort Richard Laboratories, New Zealand 

Potato dextrose agar (PDA) Fort Richard Laboratories, New Zealand 

Columbia sheep blood agar Fort Richard Laboratories, New Zealand 

MacConkey agar Fort Richard Laboratories, New Zealand 

Tryptic soy agar Fort Richard Laboratories, New Zealand 

Peptone agar  Fort Richard Laboratories, New Zealand 

O2, CO2 and N2 gas mix (beta-grade) BOC, New Zealand 

Whirl-Pak
®
 bag (BO1020WA) Nasco, USA 
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Table 2.2 List of molecular biology reagents, kits and other related materials used in the different 

experiments. 

Material Manufacturer/supplier 

dNTP mix (20µMol; BIO39043) Bioline, USA 

Thermostable Taq (BIOTAQ ™; 21040) Bioline, USA 

Custom made primers Invitrogen, New Zealand.  

Loading dye  Roche Molecular Biochemicals, USA. 

SYBR
®
 safe DNA gel stain  Invitrogen, USA 

DNA grade agarose Probiogen Chemicals, USA 

Safe Imager™ blue light transilluminator  Invitrogen, USA 

TRIzol
®
 reagent Invitrogen, USA 

DEPC H2O Ambion Inc., USA 

NorthernMax Kit Ambion Inc., USA 

Deoxyribonuclease I (Cat. No. 18068-015) Invitrogen, USA 

Superscript™ III First-Strand Synthesis 

SuperMix (Cat. No.11752-50) 

Invitrogen, USA 

 

Table 2.3 List of materials used in the analytical experiments 

Material Manufacturer/supplier 

2-pentylfuran (2-PF)  Sigma Aldrich, USA 

Hexamethyldisilazane Sigma Aldrich, USA 

Divinylbenzene 

(DVB)/Carboxen™/polydimethylsiloxane 

(PDMS) StableFlex™ SPME fibres 

Supelco, Bellefonte, USA 

Zebron ZB-Wax column (30m x 0.25mm x 

0.25mm)  

Phenomenex, USA 

1L gas sampling bulbs Supelco, Bellefonte, USA 

2L Tedlar
®
 bags Supelco, Bellefonte, USA 

Helium (zero grade) BOC, New Zealand 

Synthetic air BOC, New Zealand 

Screw caps incorporating a teflon-coated 

silicone septum 

Phenomenex, USA 

 

Table 2.4. List of drugs used in the animal model experiment 

Material Manufacturer/supplier 

Dexamethasone  Mayne Pharma, Australia 

Cyclophosphamide  Baxter Healthcare Ltd, New Zealand 

Ceftriaxone  AFT Pharmaceuticals, New Zealand 

Gentamicin
 
 Pfizer New Zealand Lt, New Zealand 

Ketamine   Phoenix Pharmaceuticals, USA 

Diazepam  Hameln Pharmaceuticals, Germany 

Pentobarbitone  Provet, New Zealand 
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2.3 Culture and identification of the organisms  

2.3.1 Fungal strains  

Three different strains of each of the fungal species listed in Table 2.5 were obtained from 

the Canterbury Health Laboratories, Christchurch, New Zealand. These strains were tested 

for 2-PF production as described in Chapter 3. Most of the fungal strains were obtained 

from the Microbiology Department of Canterbury Health Laboratories, Christchurch, New 

Zealand and some fungal strains were obtained from the Department of Microbiology of 

Lab Plus, Auckland, New Zealand. Organisms were cultured on SDA and identity checked 

before being tested (Larone 2002).  

Table 2.5. Strains of Aspergillus and other pathogenic fungi that were included in initial 

experiments.  

Fungal species 

Aspergillus fumigatus 

Aspergillus nidulans 

Aspergillus flavus 

Aspergillus niger 

Scedosporium apiospermum 

Scedosporium prolificans 

Fusarium oxysporum 

 

The following wild-type and mutant strains of A. fumigatus, and A. nidulans were obtained 

from Prof. Nancy Keller at University of Wisconsin, USA (Table 2.6). The 2-PF 

production profiles of these strains were compared as described in Chapter 4. 

Table 2.6. The wild-types and mutant strains of A. fumigatus, A. nidulans and A. flavus used in the 

experiments  

Name Genotype Remark Reference 

A. fumigatus 

AF293   Wild type   

TJW62.2 Afppo(IRT) ::pyrG ; pyrG-   RNAi ppoABC (Tsitsigiannis, 

Bok et al. 2005) 

TTRD12 ΔloxA::A.parasiticus pyrG pyrG–

; ΔloxB::A.fumigatus argB argB– 

ΔloxAB  Unpublished 

A. nidulans 

RDIT 9.32 Wild type   

RDIT 62.3 ΔppoB::pyro ΔppoC::trpC 

pyroA4 metG ΔppoA::metG veA 

trpC801 

 

ΔppoABC (Tsitsigiannis, 

Kowieski et al. 

2005) 

 



 

41 

2.3.2 Identification of fungal strains and confirmation of mutants 

Following the receipt of the Aspergillus strains listed in Table 2.6, they were subcultured 

onto Sabouraud‘s dextrose agar (SDA) slants. For nucleic acid extraction, Aspergillus 

strains were cultured on sanded cellophane membranes overlaid on to PDA plates. Mycelia 

from 24h old cultures were harvested by scrapping with surgical blades and transferred 

into a 1.5ml microcentrifuge tube. A commercial kit (TRIzol
®
, Invitrogen) was used for 

the extraction of nucleic acids.  

Species level identification of these strains was undertaken by PCR and sequencing of the 

ITS region using the primers 5'-TCCGTAGGTGAACCTGCGG-3' (ITS-1) and 5'-

TCCTCCGCTTATTGATATG-3' (ITS-4) as described by Henry et al. (2000). These ITS 

region primers make use of conserved regions of the 18S (ITS-1)
 
and the 28S (ITS-4) 

rRNA genes to amplify the intervening 5.8S
 
gene and the ITS 1 and ITS 2 noncoding 

regions. Following the PCR amplification and sequencing, Basic Local Alignment Search 

Tool (BLAST) was used to search nucleotide sequence similarities.  

Mutations in these strains were re-confirmed using the methods in the original publications 

(Tsitsigiannis, Bok et al. 2005; Tsitsigiannis, Kowieski et al. 2005). The primers used for 

the confirmation of mutation in A. fumigatus are listed in Table 2.7. One of the primers 

used was external of the gene deleted, and the other was internal of the marker gene. 

Therefore, if a PCR product band is detected in the gel, it indicated that the gene of interest 

has been replaced with the marker gene.  

Table 2.7. Sequence of the primers used for the confirmation of mutation in A. fumigatus 

Primer name Sequence (5’ to 3’) Product 

size 

LoxA5'seq forward GGCCAGATTCGGTGTAGAAA 4.5 or 

5.5kb* LoxA3'seq reverse TTCCCTCAACCTTGAACCAG 

LoxBext forward TATTGGGGGCAGAAAAACTG 1700 

AfargBint reverse TCTACGGATGGCTCGTCTTC 

PpoA forward CTTCGGCGCGCCATGGATCCCGATAGAGGGCCTTGCCC

ATC 

500 

PpoA reverse CCCTCATATGATTGTGGAAGACGCGAAAGAGT 

PpoB forward GGCTCATATGCGCGAAATATCCACCTGGTTT 500 

PpoB reverse TCAAGCATGCAAACCTGACGAACTGGGG 

PpoC forward CCCAGCATGCACAAGACCTCTGGTTACTTGGA 500 

PpoC reverse TAATCCATGGCGGCCGCAGGGTATCCAGCTGCGT 

*5.5Kb in mutant, 4.5kb in WT. 
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Deletion of loxA and loxB in the strain TTRD 12 was confirmed by the detection of 5.5 kb 

marker gene ∆loxA::pyrG and 1.7 kb marker gene ∆loxB::argB, respectively. In the WT, a 

4.5 kb product will be detected in loxA but in loxB, there should be no product. Similarly, 

silencing of ppoA, ppoB and ppoC in the TJW62.2 strain is confirmed based on the 

detection of 1.5 kb invert-repeat transgene (IRT) construct as shown in Figure 2.1.  

 

Figure 2.1 Plasmid construct used to silence the three ppo genes simultaneously in A. fumigatus. 

Segments (500 bp) of each gene were aligned in both a forward and a reverse orientation in one 

plasmid to create the inverted-repeat transgene (IRT). From Tsitsigiannis, Bok et al. (2005). 

The primers used for the confirmation of mutation in A. nidulans are listed in Table 2.8. 

Deletion of ppoA, ppoB and ppoC was confirmed by detecting no PCR products in the 

mutant strain RDIT62.3 but by the detection of 638 bp, 683 bp and 618 bp PCR products, 

respectively, in the WT strain RDIT9.32.  

Table 2.8. Sequence of the primers used for the confirmation of mutation in A. nidulans  

Primer name Sequence (5’to3’) Product size 

Anid_ppoA forward AGCGTCTTCTCATTGCCACT  
638 

Anid_ppoA rev GGTGAGTTTTTCGCCATTGT 

Anid_ppoB forward  TGATTGCACTGGGTCAATGT 
682 

Anid_ppoB rev GAGAAATATGGACGGGCAGA 

Anid_ppoC forward CAGCGAGAACAAGGTCATCA 
618 

Anid_ppoC rev GGAGAGCTGACGGACTTGAC 

 

Preparation of PCR mix: Master mixes were prepared in a laminar flow cabinet reserved 

for preparative molecular biology works only. The reagents used are listed in Table 2.9.  
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Table 2.9. Reagents volumes for standard PCR mix to confirm mutations and gene 

expression in A. fumigatus and A. nidulans.  

Reagents  Volume (µl per reaction mix) 

Reaction Buffer (10x) 2.5 

dNTP mix (20µM) 0.5 

MgCl2  (25mM) 1.25 

Thermostable Taq 0.35 

H2O 16.9 

Fwd Primer (10µM) 1.25 

Rev Primer (10µM) 1.25 

Template DNA 1 

Final volume 25 

 

Thermocycling conditions: Thermocycling conditions as listed in Table 2.10 were used 

to amplify the target sequence in the different mutants. Thirty-six PCR cycles were 

performed, with a final extension step of 7min. Thermocycling was performed in 

Tprofessional Basic
®
 thermocycler (Biometra GmbH, Germany).  

Table 2.10. Thermocycling conditions for standard PCR.  

Temperature (
 o

C) Duration (min: sec) No. of cycles 

94 3:00 1 

94 0:30 

 

35 

58 0:30 

72 4.00 

72 7:00 1 

 

Agarose gel electrophoresis: Agarose gel of 0.8% concentration was prepared in 0.5% 

TBE buffer (Appendix I).15 µl of each PCR product mixed with 3µl loading dye was 

loaded into different lanes of a gel containing 10% SYBR
®
 safe DNA gel stain. 

Electrophoresis was performed in a gel electrophoresis chamber (BioRad Laboratories) 

containing 0.5% TBE buffer at 100V for 30-60min. Gels were visualized under Safe 

Imager™ blue light transilluminator and images were captured using a digital camera 

(Panasonic Lumix). 
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2.4 Analysis of 2-PF from in-vitro cultures  

2-PF was analysis was undertaken by modifying the previously published protocols of 

Syhre et al. (2007).  

2.4.1 Culture conditions  

A number of solid or liquid media were tested to determine their suitability for 2-PF 

analysis from Aspergillus cultures. The solid media included Sabouraud‘s dextrose agar 

(SDA), Potato dextrose agar (PDA; Appendix I), Peptone agar, Tryptic soy blood agar 

slants. Fungal minimal media was prepared in the lab as shown in Appendix II.  

Fungal inoculum was prepared by suspending spores from 48h old PDA cultures in 

phosphate buffered saline (PBS; Appendix IV). Spore number was counted using 

haemocytometer and appropriate dilutions were made.  

The spore suspension (100-200µl) was inoculated onto 10ml media contained within 30ml 

sterile glass vials sealed airtight with screw caps incorporating a teflon-coated silicone 

septum. Cultures were incubated at 37°C in complete darkness for up to 11 days and the 

head-space was sampled and analysed for 2-PF.  

2.4.2 Preconcentration of 2-PF from head-space  

2-PF from the headspace of culture vials was pre-concentrated using 

DVB/Carboxen
TM

/PDMS Stableflex solid-phase microextraction (SPME) fibres. Each 

SPME fibre was pre-conditioned in a hot injector port at 250ºC for 15min, a test 

chromatogram was recorded and the clean and activated fibre was then exposed into the 

headspace of the 30ml culture vial for 2min (Figure 2.2). The SPME was incubated into 

the culture vials at room temperature for 2min to 2h depending on the type of analysis, 

levels of 2-PF being measured and the background matrix of the culture media. The 

incubation duration was kept at 2h when analysis was done in full scan in GC-MS mode or 

when a low amount of 2-PF was being measured. On the other hand, when very high levels 

of 2-PF was expected and when the analysis was done in GC-MS/MS mode, the incubation 

periods were shortened to perform pre-equilibrium analysis. 
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Figure 2.2. SMPE fibres (A) exposed to headspace of PDA culture vials via teflon-coated silicone 

septum (B). 

2.4.3 Desorption, separation and detection 

A CP-3000 gas chromatograph coupled with a Saturn 2200 mass spectrometer (Varian, 

Palo Alto, USA) was used to perform the GC-MS or GC-MS/MS analysis. A Zebron ZB-

Wax 30m x 0.25mm x 0.25µm column was found to perform satisfactory separation of 2-

PF from headspace matrix. This column was coupled to a Programmable Temperature 

Vaporiser (PTV-1079) injector. Desorption of pre-concentrated 2-PF from the SPME fibre 

was performed by direct heating (thermal desorption) into the GC injection port for the 

entire duration of analysis (12min). The temperatures of the injector, ion trap, manifold 

and transfer line were 250, 200, 60 and 250°C, respectively. The oven program 

commenced at 60°C for 2min and was raised to 250°C at a rate of 10°C/min, at which the 

temperature was maintained for a further 2min. Helium was used as the carrier gas and the 

flow was set at a constant rate of 1.2ml/min. The split vent was opened to a ratio of 1:50 

after 1min.  

Initially, full scan spectra were obtained with a mass to charge (m/z) range of 40-650 

utilizing electron impact (EI) ionization (Figure 2.3).  

A 

B 



 

46 

 

Figure 2.3. The full scan (GC-MS) mass spectrum of 2-PF obtained from the NIST library search. 

In this diagram ion 81 is the base peak (i.e. 100%).  

 

In order to analyze low levels of 2-PF, it was necessary to utilize the MS/MS capabilities 

of the ion trap. After initial separation of 2-PF by GC, ion m/z 81 was selected as the 

precursor ion or parent ion and was then induced to further dissociation by collision with 

helium molecules. The resulting MS/MS spectra featured two main peaks at m/z 53 

(100%) and m/z 81 (82%) (Figure 2.4). 

2.4.4 Interpretation of results 

In GC-MS (full scan) mode, the identities of the compounds were confirmed using 

combination of retention time of 2-PF in spiked samples and by comparison with the  mass 

spectral reference library compiled by the National Institute of Standards and Technology 

(NIST) as shown in Figure 2.3.  

In the GC-MS/MS mode, retention time (RT) in the chromatogram and proportion of 

daughter ions in the mass spectra obtained from 2-PF standard were used as reference 

(Figure 2.4).  

The criteria used to identify a sample as positive or negative were: 1) RT within ±2% of 

the 2-PF standard RT; 2) ratio of ion 53 and ion 81 within ±20%; 3) base peak (BP) (i.e. 

relative intensity=100%) ion 53 or ion 81; 4) sharp and symmetrical ion peak (peak width 
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is consistent with width at high levels); 5) clean mass spectra with signal to noise ratio of 

>5 (Armbruster et al., 1994; Smith et al., 2007).  

 

Figure 2.4. This shows a typical chromatogram (A) and MS/MS mass spectra (B) of a 2-PF 

standard. The corresponding mass spectra of the highest point in panel A are shown in panel B.  

The Y-axes in both chromatogram and mass spectra show relative abundance. The X-axis in the 

chromatogram shows the retention time and in the mass spectra, mass by charge (m/z) ratio. In the 

chromatogram, the peak shape is sharp and symmetrical, the peak area is 81,081, the RT is 4.192. 

In the mass spectra, ion 53 is the base peak (100%), proportion of ions 53/81 is 1.29, and the 

MS/MS spectrum is clean with no additional ions higher than 20%. The red vertical line (1A) 

indicates the highest point in the chromatogram peak at the expected retention time (4.19min).  

 

2.4.5 Quantification of 2-PF 

A five-point calibration curve was obtained by analyzing 2-PF from uninoculated PDA 

vials that were spiked with > 97% pure 2-PF reference standard. An amount of 10 µl of the 

2-PF solution in methanol ranging from 0.15, 0.75, 1.50, 2.25 and 3.0 nanograms was 

injected into 30ml PDA vials (10ml media plus 20ml headspace) at room temperature. 
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Following spiking, the vials were incubated at 37°C for 1h and then analysed using the 

method described in the earlier Section (2.4.3). The same SPME fibre was used for all the 

analyses. In order to quantify the amount of 2-PF, area under the peak was integrated (as 

shown in Figure 2.4A). The peak area of 2-PF was then plotted against the concentration 

of 2-PF. The linear regression equation of this calibration curve was used for quantitation 

of 2-PF produced by different strains of Aspergillus.  

2.5 Analysis of 2-PF in breath samples  

2-PF analysis was undertaken by modifying the previously published techniques of 

Chambers et al. (2009). 

2.5.1 Sample collection  

Exhaled breath was collected at the bedside from patients or healthy subjects breathing air 

from common ventilation source. Inert glass bulbs or Tedlar
®
 bags free of 2-PF were used 

for the sampling. Because of the ease of sampling in spontaneously breathing subjects, 

‗mixed expiratory‘ approach was employed. Samples were collected by asking participants 

to exhale through the mouth into the bulb or bag until full. Nose clips were not worn. The 

valve in the bag or bulb was then closed, and samples transported immediately to the 

laboratory for testing. 

2.5.2 Preconcentration of 2-PF from breath  

As with the in-vitro cultures, 2-PF from breath samples collected in Tedlar
®

 bag was pre-

concentrated using DVB/Carboxen/PDMS Stableflex SPME fibres. Each SPME fibre was 

pre-conditioned in a hot injector port at 250ºC for 15min, a test chromatogram was 

recorded and the clean and activated fibre was then exposed into the bag via teflon septum 

(Figure 2.5). The SPME was incubated into the bags at room temperature for 24h and 

equilibrium analysis was performed. 
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Figure 2.5 Fully inflated 2L Tedlar
®
 bag with breath and SPME fibre inserted via the septum.  

2.5.3 Desorption, separation and detection  

Desorption and separation of 2-PF pre-concentrated on the SPME fibres was done as 

described in Section 2.4.3. Since the target compound (i.e. 2-PF) is in very low 

concentrations within the breath matrix, analysis was done exclusively in the MS/MS 

mode to improve assay performance. The increased selectivity of MS/MS mode also 

resulted in an enhancement of the signal to noise ratio which improved the lower limit of 

detection.  

2.5.4 Interpretation of results 

Interpretation of 2-PF analysis in breath or air samples was done as described earlier in 

Section 2.4.4.  

2.5.5 Quantification of 2-PF  

A stock solution of 2-PF was prepared in analytical grade methyl alcohol which was 

subsequently further diluted to working solutions. The following individual calibration 

points used were 10.5, 9, 7.5, 6, 4.5, 3, 1.5, 1.13, 0.75, 0.56, 0.23, 0.15 and 0.02 

attograms/µl. All 2-PF solutions were stored at 4ºC and were stable for two weeks. An 

amount of 10 µl from the working 2-PF solutions ranging from 0.02 to 10.5 attograms/µl 

were evaporated in Tedlar
®

 bags at room temperature and left to equilibrate for 1h. These 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T57-4CP17F1-2&_user=100241&_coverDate=09%2F30%2F2004&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1363745113&_rerunOrigin=google&_acct=C000007718&_version=1&_urlVersion=0&_userid=100241&md5=3f151f744724b44ee99f7cff06ca8c5d#toc11#toc11
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Tedlar
®
 bags contained 2-PF negative breath samples from one healthy subject and the 

same SPME fibre was used in all of the analysis. Calibration curves were obtained by 

linear least-squares regression analysis. In order to quantify the amount of 2-PF, area under 

the peak was integrated. The peak area of 2-PF was then plotted against the concentration 

of 2-PF. The linear regression equation of this calibration curve was used for quantitation 

of 2-PF in the breath samples.  

2.6 Ethical approval 

Ethical approval for studies involving human subjects was obtained from the Upper South 

Island Ethics Committee, New Zealand. All studies were conducted in accordance with the 

standards for clinical research of the University of Otago, New Zealand. Breath samples 

were obtained within 24h of obtaining consent from each individual.  

The study protocol for animal model of IPA was approved by the University of Otago 

Christchurch Animal Ethics Committee. 

Genetically modified organisms were imported following approval from the Institutional 

Biosafety Committee of University of Otago.  

2.7 Statistical analysis  

Sigma-plot (version 11) was used for the statistical analysis. Normally distributed data 

were expressed as mean ±standard deviation (SD). Data not normally distributed were 

expressed as median and interquartile range (IQR). 

T-test or Mann-Whitney rank sum test was used to compare the mean or median values 

between two groups. To compare mean or median values between more than two groups, 

ANOVA or ANOVA on ranks was performed. Data from the in-vitro tests were pooled 

together where there was no significant difference between the control groups. Fisher exact 

test was used to test the statistical significance between proportions. P values of <0.05 

were considered statistically significant.  
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CHAPTER 3. FACTORS AFFECTING 2-PENTYLFURAN 

PRODUCTION BY ASPERGILLUS FUMIGATUS 
  

3.1 Introduction 

Aspergillus fumigatus is the causative agent of invasive pulmonary aspergillosis (IPA) in 

the immunocompromised population. During growth, A. fumigatus releases the volatile 

organic compound (VOC), 2-pentylfuran (2-PF) when grown on gypsum board (Gao, 

Korley et al. 2002), and on blood agar (Syhre, Scotter et al. 2007). 2-PF was also reported 

in the headspace of cultures of Fusarium spp., Scedosporium apiospermum, and at lower 

levels from cultures of A. flavus, A. terreus and A. niger (Syhre, Scotter et al. 2007). These 

are also important species clinically as they may cause invasive fungal disease in severely 

immunocompromised hosts (Denning 1998; Chamilos and Kontoyiannis 2006). A 

limitation of the method used by Syhre et al. (2007) was that the results were at best semi-

quantitative so that no statistical comparisons could be performed with the controls. In 

addition, there was no investigation of the time taken for the 2-PF produced, the 

relationship to fungal mass, or conidiation, which may follow 12-16h of vegetative growth 

(Adams, Wieser et al. 1998; Yu, Mah et al. 2006).  

A subsequent report demonstrated that 2-PF could be detected in the breath of patients 

with chronic airway diseases who were colonised with Aspergillus (Chambers, Syhre et al. 

2009). This is an important result as it suggests that 2-PF could be to be used to screen for 

IPA in severely immunocompromised patients but might also identify patients infected 

with other fungal species that also produce 2-PF. This result also suggests that 2-PF is 

produced during the vegetative phase of growth as conidiation in-vivo has only been 

reported in sinus disease and rarely in fungal balls/aspergilloma (Kumar, Abbas et al. 

2010).  

Regulation of conidiation is complex and multiple nutritional and environmental factors 

may contribute to its onset (Adams, Wieser et al. 1998). Oxygen availability has been 

reported to have a profound effect on the conidiation of A. fumigatus in-vitro and in-vivo. 

Under in-vitro conditions at low oxygen tension of 0.5-1%, A. fumigatus has been reported 

to grow mostly in the vegetative form (Hall and Denning 1994; Willger, Grahl et al. 2009).  



 

52 

In IPA, vegetative growth occurs initially in areas of high oxygen tension but causes 

consolidation, invades tissues where oxygen tension is much lower, and causes thrombosis 

and infarction resulting in severe tissue hypoxia. Consequently, the growth conditions may 

alter the production of metabolites of A. fumigatus including 2-PF.  

In view of these considerations we have postulated that 2-PF would be produced by the 

vegetative form of growth and under microaerophilic conditions. If 2-PF is produced by 

active hyphae, it could allow the monitoring of the first steps of fungal development in 

tissues. 

The specific objectives of this in-vitro experiment were: 

1. To establish culture condition and methods that would allow statistical comparisons to 

be made between fungal cultures and controls. 

2. To estimate the amount of 2-PF produced in-vitro. 

3. To determine the timeline of 2-PF production. 

4. To verify which fungal species causing IPA produce 2-PF.  

5. To determine the relationship between growth patterns and the levels of 2-PF 

production.  

6. To determine the relationship between the fungal mass and the levels of 2-PF 

production.  

7. To determine the effect of oxygen tension on 2-PF production. 

3.2 Methods  

3.2.1 Culture media and 2-PF production  

As listed in Table 2.1, five different media, including four solid agar media PDA, SDA, 

TSA, and peptone agar and one liquid minimal medium were used. Each medium was 

tested in replicates of 10 to determine their suitability for 2-PF analysis from fungal 

cultures. A. fumigatus reference strain AF293 was used in this experiment. Inocula from 

fungal spores were prepared (Section 2.4.1), 10ml of media was contained within 30ml 

sterile glass vials and subsequently inoculated with 200µl of 10
7
 spores/ml suspension. 

The vials were sealed airtight with screw caps incorporating a PTFE-coated silicone 

septum and incubated at 37˚C under continuous darkness for five days. Headspace analysis 

was performed on day five with an exposure time of 3h. Results were interpreted as 

positive or negative using the criteria shown in Table 2.11. Controls were set up for each 
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of the media in replicates of five with the addition of 200µl PBS, these controls were 

analyzed in the same manner as described in Section 2.4.3. 

In addition to the common microbiological media, rat lung homogenate was also tested as 

a medium for 2-PF analysis. Ten healthy six month old Sprague Dawley male rats were 

euthanized using carbon monoxide and lungs removed aseptically. The lungs were frozen 

in liquid nitrogen and homogenised using a mortar and pestle. Approximately two grams 

of the lung homogenate was transferred into 30ml glass vials. The vials were sealed 

airtight with screw caps incorporating a PTFE-coated silicone septum and incubated at 

37˚C under continuous darkness for five days. Headspace analysis was performed on day 

five with an exposure time of 30secs. Interpretation of analysis results was performed as 

described in Section 2.4.4. 

Estimation of 2-PF signal was performed using a calibration curve as reported in Section 

2.4.5. Using the regression equation of the calibration curve, peak area values were 

converted into absolute quantities of 2-PF.  

3.2.2 Timeline of 2-PF production 

A timeline of 2-PF production was determined by inoculating 10ml PDA media with four 

1:100 serial dilutions of A. fumigatus AF293 spores (10
9
,10

7
,10

5 
and 10

3
 spores/ml). 

Inocula from fungal spores were prepared as described in Section 2.4.1 and 200µl 

suspension was used for inoculation. The vials were sealed airtight with screw caps 

incorporating a PTFE-coated silicone septum and incubated at 37˚C under darkness. The 

headspace was sampled by incubating a preconditioned SPME fibre into the culture vial 

for 2min. As described in Section 2.4, GC-MS/MS analysis was performed daily until day 

11. Four uninoculated PDA vials with 200µl added PBS were analyzed in the same 

manner and used as controls. Interpretation of results and quantitation in terms of peak 

area was performed as described earlier (Sections 2.4.4 and 2.4.5). Background 2-PF 

signal (mean peak area of four blank PDA measurements) was subtracted from all 

measurements. 

3.2.3 Comparison across isolates and species  

In the first part, three different isolates of each of the seven species of fungi listed in Table 

2.5 and A. fumigatus reference strain AF293 were tested. Each isolate was cultured in 

triplicate. Inocula from fungal spores were prepared and inoculated into 10ml PDA media 
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within 30ml sterile glass vials (Section 2.4.1). The vials were sealed airtight with screw 

caps incorporating a PTFE-coated silicone septum and incubated under continuous 

darkness for 5 days at 37˚C. On day five, headspace was sampled by incubating a SPME 

fibre into a vial for 3h (Section 2.4.2). Eight uninoculated PDA vials with 200µl added 

PBS were analyzed in the same manner and used as controls. Results were interpreted as 

positive or negative using the criteria shown in Table 2.11. 

In the second part, 18 replicates each of one isolate of A. fumigatus, A. nidulans, and A. 

niger and 10 replicates each of one isolate of A. flavus, F. oxysporum, S. apiospermum and 

S. prolificans were cultured on PDA (as in Section 2.4.1). For comparison of the levels of 

2-PF production across seven species, headspace 2-PF was sampled by incubating a SPME 

fibre into a culture vial for 2min and GC-MS/MS analysis was performed as described in 

Sections 2.4.2 and 2.4.3. Interpretation of analysis results and quantitation in terms of peak 

area was performed as described in Sections 2.4.4 and 2.4.5. Background 2-PF signal 

(mean peak area of 34 blank PDA measurements) was subtracted from all the 

measurements. 

3.2.4 Effect of environmental air and light on growth pattern  

Inocula from fungal spores were prepared as described in Section 2.4.1. Twenty-four PDA 

vials were inoculated with 200µl of 10
7
 spores/ml inoculum of A. fumigatus AF293 and 

incubated either in dark (n=12) or under light (n=12). Darkness was maintained by 

wrapping the vials with aluminium foil. Light source was a 50 watt halogen lamp held 

20cm away from the culture vials. Four vials each from both the ‗dark group‘ and ‗light 

group‘ had three different levels of contact with the outside environment; 1) caps tightened 

and sealed with parafilm; 2) caps partially loosened; and 3) without caps. All the culture 

vials were incubated together at 37˚C and the growth patterns were examined following 

48hrs of incubation. The growth patterns were classified either as conidiating or 

vegetative. Smears prepared from some representative cultures were stained with crystal 

violet and examined under a light microscope.  

3.2.5 Effect of growth pattern and fungal mass on 2-PF production   

Sixty PDA vials were inoculated with 200µl of 10
7
 spores/ml inoculum of A. fumigatus 

AF293 as described in Section 2.4.1. The vials were sealed airtight with screw caps 

incorporating a PTFE-coated silicone septum and incubated at 37°C for five days under 

continuous darkness. On day five, headspace gas was sampled and analysed by incubating 
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a SPME fibre into a vial for 3h (Section 2.4.2). Forty-four uninoculated PDA vials with 

200µl added PBS were analyzed in the same manner and used as controls. Interpretation of 

analysis results and quantitation in terms of peak area was performed as previously 

described (Sections 2.4.4 and 2.4.5).  

Following GC-MS/MS analysis on the 5
th

 day, the growth patterns were classified either as 

vegetative or conidiating by examining the vials with the naked eye. Smears prepared from 

some representative cultures were stained with crystal violet and examined under a light 

microscope.  

The fungal mass was then transferred from the culture vials on to pre-weighed aluminium 

foil. This mass was then dried at 90°C for >12h. Drying was continued until two readings 

of fungal weight measured 4h apart were the same. The quantity of 2-PF detected was then 

compared with the total weight of fungal mass in a particular culture vial.  

3.2.6 Estimation of the amount of 2-PF produced in-vitro 

Quantification of 2-PF signal was performed using a calibration curve as reported in 

Section 2.4.5. Using the regression equation of the calibration curve, peak area values were 

converted into absolute quantities of 2-PF.  

3.2.7 Effect of oxygen tension in growth pattern and 2-PF production  

PDA culture vials were inoculated with 200µl of 10
7
/ml spore suspension prepared from A. 

fumigatus AF293 as described in Section 2.4.1. The vials were sealed airtight with screw 

caps incorporating a PTFE-coated silicone septum and incubated at 37°C for five days in 

continuous darkness under 0% or 20% oxygen in a mixture of carbon dioxide (5%) and 

nitrogen (75 or 95%). Twenty-four hour before inoculation, each vial utilised for 0% 

oxygen tension was flushed with this gas mix for 10 secs at a flow rate of 1L/min and left 

to equilibrate.  

The gas was continuously humidified and the flow rate was set to ~10ml/min for 24 vials 

in one batch (Figure 3.1). Gas flow into and out of each vial was circulated via two 

different PTFE tubes of 1.60 mm internal diameter. Each tube had two needles (20 gauge; 

2.5cm long) on either ends that were sealed with PTFE thread seal tape. The needles were 

then inserted into the vials via the silicone septum of the screw caps lined with PTFE. Air 

flow into and out of each vial was checked by bubbling into water.  
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Resazurin reagent (Appendix V) was used as an indicator of aerobic or anaerobic 

condition. The criterion for absolute anaerobiosis for the exhaust gas mix was that a 

buffered resazurin solution at pH 7 remained colourless (Hall and Denning 1994).  

 

Figure 3.1. Gas mix circulation setup for culture of A. fumigatus in 30ml PDA vials sealed airtight 

with screw caps incorporating a PTFE-coated silicone septum.  

Fresh gas from the tank (flow rate ~10ml/min) was connected into a 30ml vial containing sterile 

H20 to humidify the gas. Three tubes coming out of this vial were connected to three empty vials 

(A), each of these three vials supplied gas mix to 8 vials. B) A batch of vials inoculated with A. 

fumigatus (n=16) and controls (n=8). C) Exhaust gas collected into three empty vials (each vial 

collected exhaust gas from 8 vials). Green arrow indicates fresh gas mix from cylinder humidified 

with sterile H20 in a vial; Red arrow indicates exhaust gas mix. In this setup, each of the 24 vials 

will receive ~0.41ml gas per minute and it takes around 48min to replace 20ml air inside a vial.  

 

On the 5
th

 day the headspace gas was sampled by incubating a SPME fibre into the culture 

vial from 2min to 1.5h. SPME incubation of 1.5h duration produced 2-PF signal >5 times 

higher than the background signal so this time was used in subsequent experiments. As 

described in Section 2.4.3, GC-MS/MS analysis was performed. Uninoculated culture vials 

with 200µl added PBS were incubated under the same conditions and served as controls. 

Interpretation of analysis results and quantitation in terms of peak area was performed as 

before (Sections 2.4.4 and 2.4.5).  

B 

C 
A 
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Following GC-MS/MS analysis on the 5
th

 day, the growth patterns in each inoculated vial 

were classified either as vegetative or conidiating by examining the vials with naked eye. 

Smears prepared from some representative cultures were strained with crystal violet and 

examined under a light microscope.  

The fungal mass was determined as before (Section 4.2.6) and the quantity of 2-PF 

detected was compared with the total weight of fungal mass in a particular culture vial.  

3.2.8 Effect of 2-PF on growth pattern  

Cultures of A. fumigatus AF293 were prepared on PDA vials or plates. Eight PDA culture 

vials were inoculated with 200µl of 10
7
/ml spore suspension prepared as described in 

Section 2.4.1. The caps of these vials were sealed airtight. Eight PDA plates were 

inoculated with 1ml of 10
7
/ml spore suspension. The plates were not sealed airtight. Before 

incubating, six cultures in each group were spiked with 100µl of 2-PF solution prepared in 

methanol. The amounts of 2-PF deposited were 1pg, 100pg and 1000pg (=1ng). Two 

control vials or plates were spiked with 100 µl methanol only. Incubation was done at 

37°C for 48h. Equal numbers of plates or vials were incubated (i.e. four in each group) 

either under continuous light or under complete darkness. The growth patterns were then 

examined after 48h with the naked eye.  

3.3 Results 

3.3.1 Culture media and 2-PF production 

A. fumigatus cultured in liquid minimal medium had poor growth and no 2-PF signal was 

detected. Cultures on peptone agar, TSA and SDA produced moderate growth with 

moderate 2-PF signal but the background signal (2-PF released by the media) was very 

high. All of these measurements were qualitative only.  

An extremely high level of 2-PF was detected from uninoculated rat lung homogenate. 

Even with a very short SPME incubation period of 10 secs, the median peak area and 

interquartile range (IQR) of 10 samples was 164,555 and 203,481, respectively.  

Of the different media tested, PDA was the most suitable medium as it supported vigorous 

growth of A. fumigatus and production of the highest levels of 2-PF signal with the lowest 

background signal. Therefore, all subsequent cultures for 2-PF analysis were performed in 

PDA. 



 

58 

Analysis of 2-PF from the 10ml spiked PDA contained in 30ml vial (20ml headspace) 

produced a linear response between 0.15 to 3.00 nanograms (Figure 3.2). The coefficient 

of determination (R
2
) was 0.992.  

 

Figure 3.2. Calibration curve obtained by spiking of 30ml PDA vials with different concentrations 

of 2-PF standard as described in Section 2.4.5. The equation of this calibration curve was used to 

estimate the 2-PF concentration from the peak areas.  

3.3.2 Timeline of 2-PF Production by A. fumigatus 

Visible growth of A. fumigatus AF293 was observed within 24h of media inoculation but 

2-PF was not detected consistently until day three and was in fact highest on day five 

irrespective of inoculum size (Figure 3.3). Three of the four inoculated vials (10
9
spores/ml, 

10
7 

spores/ml & 10
5
spores/ml) produced similar levels of 2-PF by the fifth day but the 

initial amounts of 2-PF was proportional to the number of spores inoculated. Whereas the 

vial inoculated with 10
3
spores/ml produced almost 50% less 2-PF (Figure 3.3). The levels 

of 2-PF dropped sharply by the seventh day but were still detectable until the 11
th

 day after 

which no further testing was done. No conidiation was observed in any of these cultures. 
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Figure 3.3 Timeline of 2-PF production of A. fumigatus AF293 in PDA media inoculated with four 

1:100 serial dilutions of spores. The highest 2-PF signal on the fifth day was ~0.4 nanograms. 

Background 2-PF signal (mean of four blank PDA measurements; 23,978 peak area) was 

subtracted from all 2-PF measurements.  

3.3.3 Comparison across isolates and species 

A positive signal for 2-PF was detected in GC-MS full scan from all three clinical isolates 

of the seven species of fungi listed in Table 3.1. Since their cultures were tested in full 

scan mode, the 2-PF was reported either as positive or negative. Subsequently, one isolate 

per species was chosen for GC-MS/MS analysis and quantitative comparison of the 2-PF 

signal.  

Table 3.1 shows the comparison of the levels of 2-PF production by seven different 

pathogenic fungi. The highest level of 2-PF signal was produced by A. nidulans followed 

by A. fumigatus, and S. apiospermum. There was no association between the fungal mass 

and the 2-PF signal across the species (Table 3.1). The 2-PF signals from S. prolificans, A. 

flavus, A. niger and F. oxysporum were lower than the background signal released by 

uninoculated media. Conidiation was observed in 4 of 18 (22%) cultures each of A. 

fumigatus and A. nidulans and 6 of 18 (33%) cultures of A. niger. None of the conidiating 

cultures (of any of these three species) produced a 2-PF signal higher than the 

uninoculated control media.   
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Table 3.1. Comparison of 2-PF production from vegetative growth of different species of 

pathogenic fungi grown on PDA media in capped culture vials.  

Fungal species Number 2-PF peak 

area 

Median (IQR) 

Fungal dry 

wt. (mg)
 
 

Median (IQR) 

2-PF peak area/ 

fungal dry wt.
 

(mg) 

Median  

A nidulans  14 780,207 (632,190) 14.10 (1.60) 49,965  

A. fumigatus 14 522,164 (167,619) 12.95 (2.00) 42,312  

S. apiospermum  10 299,693 (511,558) 15.15 (3.00) 18,185  

S. prolificans  10 28,249(12,486) 9.10 (1.70) 2,950  

A. flavus  10 32,342 (13, 389) 20.7 (1.8) 1562 

A. niger  12 35, 433 (14, 450) 16.3 (9.2) 2173 

F. oxysporum  10 29,350 (12, 560) 7.8(1.8) 3762 

Control media 34 44,219 (37,865) NA NA 

NA: not applicable; IQR: interquartile range. Interquartile range is the difference between upper 

quartile (75th percentile) and lower quartile (25th
 
percentile). 

 

3.3.4 Effect of environmental air and light on growth pattern 

Exposure to environmental air had a profound effect on growth pattern of A. fumigatus 

AF293. Two patterns of growth, vegetative and conidiating were seen. Conidiation 

occurred in 0 of 8 (0%) of cultures when the vials were kept air tight without contact to the 

environmental air (Figure 3.4A and B). When cultured with access to environmental air 

(loose caps or without caps), 16/16 (100%) of the cultures conidiated within 48h (Figure 

3.4C and D).  

 

Figure 3.4. Growth patterns of A. fumigatus AF293 at different levels of exposure to air and light. 

A) Culture grown in light with no access to air; B) Culture grown in dark with no access to air; C) 

Culture grown in light with access to air; D) Culture grown in dark with access to air. 
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The growth patterns were confirmed by examination under a light microscope. There was 

heavy conidiation in the cultures that appeared brownish/greenish to the naked eye (Figure 

3.5A) but no conidiophores were seen in the white vegetative growth (Figure 3.5B). 

 

Figure 3.5. Two patterns of growth of A. fumigatus AF293 in PDA. A) conidiating growth; B) 

vegetative growth. Stained with Crystal violet; 40x.  

 

There was no effect of light on conidiation of A. fumigatus AF293. The growth pattern in 

the 12 strains of A. fumigatus AF293 observed under darkness was unaltered when the 

same replicates of the cultures were grown under light (Table 3.2).  

Table 3.2. Effect of access to environmental air and light on growth patterns of 24 replicates A. 

fumigatus AF293 cultures.  

Access to air 

Culture environment  

Dark (n=12) Light (n=12) 

Vegetative Conidiating Vegetative Conidiating 

Air tight  4 (100%) 0 4(100%) 0 

Partially loose caps  0 4(100%) 0 4(100%) 

Without caps  0 4(100%) 0 4(100%) 
Vegetative: vegetative cultures of A. fumigatus in PDA vials; Conidiating: conidiating cultures of 

A. fumigatus in PDA vials. 

 

3.3.5 Effect of growth pattern and fungal mass on 2-PF production 

Vegetative growth was observed in 50 of the 60 (84%) PDA vials inoculated with A. 

fumigatus AF293 and sealed airtight, conidiating growth in the 10 (16%) of the vials. The 

vegetative cultures had lower fungal mass (median and IQR was 11.9 and 3.2 mg/vial, 

respectively) than the conidiating cultures (median and IQR was 66.4 and 9.15 mg/vial, 

respectively).  
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Growth pattern had a profound effect on 2-PF production by these cultures. Figure 3.6 

shows the comparison of the levels of 2-PF produced by vegetative and conidiating 

cultures of A. fumigatus AF293. 2-PF production was significantly higher in the vegetative 

cultures of A. fumigatus (median= 540,607; IQR= 170,656) than in the conidiating cultures 

(median=7,154; IQR=5,344) (P<0.001) or the control media (median=44,219; 

IQR=37,864) (P<0.001). Conidiating cultures produced significantly lower (83% less) 

amounts of 2-PF than uninoculated control PDA media (P<0.001).  
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Figure 3.6. Comparison of 2-PF production by vegetative (n=50) and conidiated (n=10) cultures of 

A. fumigatus AF293 with control PDA media (n=44). The median and interquartile ranges (25
th
 

and75
th 

percentiles) are shown by the box plot.  The whiskers and error bars above and below the 

box indicate the 90th and 10th percentiles. Circles above and below the box indicate outliers. The 

2-PF levels in the groups with different letters are significantly different (P<0.001; Mann-Whitney 

Rank Sum Test).  

The median amount of 2-PF signal produced by vegetative cultures estimated from the 

equation of the calibration curve was 0.702 (IQR=0.254) nanograms.  

In the 50 culture vials with vegetative growth, no significant correlation was observed 

between the levels of 2-PF produced and the fungal mass (R
2
=0.027) (Figure 3.7).  



 

63 

Mycelia wt. (mg)

5 10 15 20 25 30

2
-P

F
 p

e
a

k 
a

re
a

 (
1

0
0

0
s)

0

200

400

600

800

1000

1200

1400

 

Figure 3.7. The relationship between the fungal mass (mycelia wt.) and the quantity of 2-PF 

produced by the 50 vegetative cultures of A. fumigatus AF293. Measurements of 2-PF and fungal 

mass were undertaken on the 5
th
 day of culture.    

3.3.6 Effect of oxygen tension on growth pattern and 2-PF production  

The connection and culture system satisfactorily circulated flow of gas mix into and out of 

each of the 24 culture vials in one batch. Although not measured, humidity was similar in 

all cultures and was high as condensation was observed on the internal wall of the culture 

vials until the end of the experimental period. This is similar to the alveolar air which is 

normally 100 percent humidified at 37°C. When the vials were flushed with 0% oxygen, 

anaerobiosis was confirmed as the resazurin solution remained colourless. The colour of 

this solution changed to pink when bubbled with a gas mix containing 20% oxygen. 

In the inoculated PDA vials, vegetative or conidiating growth patterns were observed as 

before (Figure 3.4). At low oxygen tension, the proportion of vegetative cultures was 

higher than at high oxygen tension. The proportions of vegetative growths under 0% or 

20% oxygen tensions were 19 of 32 (60%) and 2 of 16 (13%), respectively and differed 

significantly (P=0.002). However, there was no significant difference in the fungal mass of 

A. fumigatus AF293 grown at 0% (median= 51.2 mg; IQR=29.5mg; n=32) or at 20% 

oxygen tensions (median=55.9mg; IQR=7.95mg; n=16) (P=0.451).  
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The 2-PF levels from the head space of cultures A. fumigatus AF293 (vegetative and 

conidiating) incubated under 0% and 20% oxygen were both significantly higher than 2-PF 

produced by their respective control media (P=<0.05) but they were not significantly 

different from each other (Table 3.3).  

The proportion of 2-PF positive cultures exhibiting vegetative growth were not 

significantly different in the two levels of oxygen tensions examined (Table 3.3). 

Similarly, the median 2-PF signals in these groups were not significantly different (Table 

3.3). The mass of the vegetative (n=11) and conidiating (n=4) fungal cultures grown at 0% 

oxygen were significantly different (P=0.018). When the same comparison was done 

between the masses of the vegetative (n=2) and conidiating (n=13) cultures grown at 20% 

oxygen (Table 3.3), the difference was not significant (P=0.22). This may be due to the 

small number of vegetative cultures in this experiment.  

Table 3.3. Comparison of fungal mass and 2-PF production by the vegetative and conidiating 

culture of A. fumigatus AF293 under two oxygen tensions.  

 Oxygen tensions 
0%  20%  

Control Vegetative 

(n=12) 

Conidiating 

(n=4) 

P 

value 

Control Vegetative 

(n=2) 

Conidiating 

(n=14) 

P 

value 

2-PF 

positive 
7 

(88%) 
11

§
  

(91%) 
4

§
  

(100%) 
1.00

§ 5 
(63%) 

2
§ 

(100%) 
13

§
  

(92%) 
1.00

§ 

2-PF peak 

area, 
Median 

(IQR) 

12,224 

(3,497) 
17,947

‡
 

(9,519) 
24,479

‡
 

(18,414) 
0.32

‡ 4,277 

(4,697) 
16,074

‡
 

(3,802) 
21,510 

(53,470) 
0.93

‡ 

Fungal 

dry wt. 

(mg),  
Median 

(IQR) 

NA 37.1
‡
 

(28.8) 
67.5

‡
  

(5.85) 
0.018

‡ 
NA 61.85

‡
 

(14.9) 
55.6

‡
  

(8.95) 
0.22

‡ 

§
Fisher Exact Test between vegetative and conidiating cultures;

 ‡
Mann-Whitney Rank Sum Test 

between vegetative and conidiating cultures; NA: Not applicable. Control: uninoculated PDA 

culture vials; Vegetative: vegetative cultures of A. fumigatus in PDA vials; Conidiating: 

conidiating cultures of A. fumigatus in PDA vials. Under 0% oxygen, 32 vials were cultured in two 

batches of 16 vials each and only the latter 16 vials were included in 2-PF measurement.  

 

3.3.7 Effect of 2-PF spiking on growth pattern 

There was no effect of 2-PF spiking on the growth patterns of A. fumigatus AF293 under 

any of the light and air conditions investigated. All the eight sealed PDA culture vials 

grown under light or continuous darkness, with or without spiked 2-PF (1-1000pg), 
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exhibited vegetative growth. All eight unsealed PDA culture plates, grown under light or 

continuous darkness, with or without spiked 2-PF, exhibited conidiating growth.  

3.4 Discussion 

The main aim of this study was to examine the in-vitro relationship between 2-PF 

production and the conditions relevant to growth characteristics and metabolism of A. 

fumigatus in the alveolar microenvironment. The conditions examined in this experiment 

designed to mimic the alveolar microenvironment include a temperature of 37°C, 

continuous darkness, relative humidity of >90%, and microaerophilic conditions (0% and 

20% oxygen tensions). However, since the culture media used in this in-vitro experiment is 

a poor model for in-vivo infection, extrapolation of the results to in-vivo settings should be 

undertaken cautiously.  

Depending on the type of media used, the levels of 2-PF detected varied widely. Since 

linoleic acid is the precursor of 2-PF (Krishnamurthy, Smouse et al. 1967; Min and Boff 

2002; Min, Callison et al. 2003; Lee and Min 2010), the linoleic acid content of growth 

medium is probably the most important factor determining the amount of 2-PF release 

inside the culture vials. This assumption is supported by the observation that A. fumigatus 

cultures grown on minimal media without lipids did not produce sufficient levels of 2-PF 

to be detected by our technique. On the other hand, lipid rich media such as the rat lung 

homogenate and blood agar, even when uninoculated, produced very high 2-PF signals, 

probably resulting from auto-oxidation of lipids (Section 1.3.2).  

In the present study, rat lung homogenate was chosen as it was seen as being more similar 

to human host environment than other laboratory media. However, the high levels of 2-PF 

detection in the controls precluded further testing with A. fumigatus cultures. In spite of 

this, the detection of high levels of 2-PF in the lung homogenates prepared from healthy 

rats has important clinical implications in IPA. During angioinvasion by A. fumigatus, the 

invading hyphae may produce an area of necrotic tissue (Dagenais and Keller 2009) that 

may undergo auto-oxidation. If so, this could give a positive breath test coming from the 

tissue rather than the fungus. Other lung conditions such as malignancy, pulmonary 

embolism that can cause tissue necrosis may potentially confound such an assay.  

PDA was the best medium that was tested. Very low levels of 2-PF were produced by the 

medium compared with blood agar and rat lung but when this medium was inoculated with 
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A. fumigatus, a high level of 2-PF was detected indicating production by fungal 

metabolism. In addition, A. nidulans, A. fumigatus, and S. apiospermum produced a high 

2-PF signal above the background signal from the PDA medium. The result of A. 

fumigatus and Scedosporium species is consistent with the results of Syhre et al. (2007). In 

contrast, levels of 2-PF produced by A. flavus, A. niger and F. oxysporum were below the 

background signal of PDA media which contradicts the findings of Syhre et al. (2007). 

Since Syhre et al. (2007) had used a different media and analysis timeline, and a subjective 

scoring system, direct comparison of these results may not be meaningful but could 

suggest that 2-PF production is media dependent for some species. De Lucca et al. (2010) 

had reported detection of 2-PF from A. flavus grown in PDA but we could not.  

Using PDA as the test medium, we were able to demonstrate that 2-PF production by A. 

fumigatus is associated with vegetative growth in both the air tight vial culture system and 

in the controlled atmosphere culture system. In the closed culture vials, there was a rapid 

increase in 2-PF beginning after day two, suggesting that 2-PF could potentially be 

detectable very soon after the onset of new fungal infection. These results confirm that 2-

PF is a suitable target for breath analysis as only vegetative forms are seen in invading 

lung disease.  

In contrast, differing patterns of 2-PF production were observed in relation to conidiation 

in the two culture systems. Vegetative cultures in closed vials had significantly higher 2-

PF levels in the head-space than the control media (13 fold higher than control) or 

conidiating cultures (76 fold higher than conidiating cultures). A surprising finding was 

that conidiating cultures in closed vials produced significantly less 2-PF than uninoculated 

PDA vials. A possible explanation for this observation is that auto-oxidation of the unused 

substrate in un-inoculated vials may have produced small amounts of 2-PF but substrate 

may have been exhausted by the conidiating fungal culture.  Exhaustion of substrate 

required for 2-PF production as conidiation may be triggered by the onset of poor growth 

conditions (Morton 1961; Adams, Wieser et al. 1998). This would not account for the 

disappearance of 2-PF from the headspace without subsequent catabolism of any 2-PF. 

The results from the controlled oxygen studies demonstrated that 2-PF was detectable from 

both conidiating and vegetative cultures. This suggests that conidiation per se does not 

preclude 2-PF production but that control is much more complex.  
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In biological systems, 2-PF is synthesized from oxidation of linoleic acid either by the 

action of oxygenase enzymes or by non-specific peroxidation (Feussner and Wasternack 

2002; Lee and Min 2010). In the enzymatic pathway, 2-PF production results from the 

action of oxygenase enzymes on linoleic acid. 2-PF production via this pathway has been 

documented in peanut and soybean plants (St. Angelo, Legendre et al. 1980; Boue, Shih et 

al. 2005). Given the fact that A. fumigatus contains two lipoxygenase genes and three 

dioxygenase genes (Nierman, Pain et al. 2005) and A. nidulans contains three dioxygenase 

genes (Galagan, Calvo et al. 2005) and 2-PF is consistently produced by these fungi, it can 

be argued that oxygenase genes are involved in 2-PF biosynthesis in these fungi. 2-PF 

detection at low levels until the 11
th

 day might also point to non-specific lipid peroxidation 

mechanism. It is possible that both enzymatic and non-specific peroxidation are occurring 

side by side as linoleic acid may be catalyzed by any protein that harbours iron as a 

cofactor (Brodhun and Feussner 2011). Further studies comparing the 2-PF production 

profiles of oxygenase mutants are necessary to confirm this.  

It has been reported that most secondary metabolites in Aspergillus spp. are produced after 

the fungus has completed its initial growth and is beginning a stage of development 

represented by the formation of conidia/spores (Calvo, Hinze et al. 1999). In A. flavus, it 

has been documented that dioxygenase genes are expressed within 48h of culture, during 

the vegetative as well as during conidiophore formation (Brown, Scott et al. 2009). 

Another similar study has also reported that expression levels of dioxygenase genes in A. 

niger depend on the developmental stage of the fungus (Wadman, de Vries et al. 2009). In 

both A. nidulans and A. fumigatus, dioxygenase genes have been associated with 

sporulation/conidiation process (Tsitsigiannis, Kowieski et al. 2005), so similar gene 

expression patterns can be expected. In our experiment, the rapid kinetics of 2-PF 

production (i.e. sharp rise or fall) only after 48h indicates the occurrence of enzymatic 

reaction following gene expression. With the expression of oxygenase genes, it is possible 

that there is rapid oxidation of available linoleic acid and the substrate is exhausted 

rapidly. The sharp decline of 2-PF production in the timeline study is in agreement with 

this. Culture of fungi using the given experimental setup and investigation of expression of 

genes involved in the 2-PF biosynthetic pathway is necessary to confirm whether the 

changes in 2-PF production are associated with gene expression.  

As oxygen tension is an important factor in conidiation (Hall and Denning 1994; Willger, 

Grahl et al. 2009) and no conidia have been detected in lungs affected with IPA, the effect 
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of oxygen concentration on morphology of A. fumigatus and 2-PF production was 

investigated. A. fumigatus grew even when there was no oxygen in one of the gas 

mixtures. It is possible that small amounts of dissolved oxygen in the PDA media was 

utilized for the growth as A. fumigatus has been reported as unable to grow in completely 

anaerobic conditions (Hall and Denning 1994).  

With the current experimental methods, it is not possible to create an absolute anaerobic 

environment inside the vial as small amounts of dissolved oxygen remain in the medium. 

Resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-oxide) is a blue dye, itself non-fluorescent 

until it is oxidised when turns a pink colour and becomes highly a fluorescent red in the 

resorufin form. It can be incorporated into the culture medium and used as an oxidation-

reduction indicator (Hall and Denning, 1994). In our experimental design, resazurin 

indicator cannot be used to detect the dissolved oxygen in the medium. The addition of 

resazurin directly into the medium will create a culture environment that would be 

different than alveolar environment. In addition, resazurin could confound the head-space 

sampling and analysis as well.  

The results of these studies confirmed previous observations that oxygen tension has a 

profound effect on conidiation (Hall and Denning 1994; Tarrand, Han et al. 2005). Under 

normal conditions, conidiation occurs following the 12-16h of vegetative growth (Adams, 

Wieser et al. 1998; Yu, Mah et al. 2006). Under 0% oxygen, 60% of the 32 replicates of A. 

fumigatus were vegetative. This observation is consistent with that of Hall and Denning 

(1994) where they reported 78% of the 14 isolates grown in PDA under 0.5% oxygen to be 

in the vegetative form.  

Although light is an important factor in conidiation in Aspergillus (Ruger-Herreros, 

Rodríguez-Romero et al. 2011), exposure to light did not have an effect on conidiation in 

our setup. It is possible that some of the culture vials had higher dissolved oxygen 

concentrations in the media which might have induced conidiation in those vials, however 

this is purely speculation. 

It was seen that A. fumigatus cultured in PDA was capable of producing high levels of 2-

PF. However, there was a large variation in the levels of 2-PF produced among the cultures 

of A. fumigatus. Even different replicates from the same source and number of spores 

produced different levels of 2-PF. One possible explanation for this reproducibility issue is 

differences in the linoleic acid content in the different culture vials. Although all the vials 
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were from the same batch, variation in condition of storage and capping may have affected 

linoleic acid breakdown. Because of the variation in the in-vitro conditions, synthesis of 2-

PF may vary not only as a function of the microorganisms as suggested before (Syhre, 

Scotter et al. 2007), but also as a function of the nutritional base. Therefore, it is important 

to consider the nutritional composition of the medium used when interpreting the results of 

2-PF detection from cultures.  

Metabolites produced from oxygenated linoleic acid (called ‗oxylipins‘) have been 

reported to play an important signalling role in fungi including Aspergillus spp (Brodhun 

and Feussner 2011). Under in-vitro conditions, 2-PF has been documented as one of the 

end products of oxygenated linoleic acid (Min, Callison et al. 2003) and it may have some 

signalling functions too. Cleveland et al. (Cleveland, Carter-Wientjes et al. 2009) have 

reported that spiking of A. flavus cultures with 2-PF did not alter colony growth (dry wt.) 

but aflatoxin production was reduced. However, in our 2-PF spiking experiment, we did 

not observe that 2-PF altered the growth pattern in A. fumigatus. The concentration of 2-PF 

used for spiking was chosen based on the results of our in-vitro experiments (Section 

3.3.5). In our experiment, although fungal mass was not examined, all the cultures had 

grossly similar levels of growth. Further investigation is necessary to determine the effect 

of 2-PF on growth of Aspergillus spp. 

While it is obvious that the growth conditions in-vitro were significantly different from 

those in the lung, the estimate of the amount of 2-PF produced by vegetative cultures of A. 

fumigatus in-vitro can be used to give an estimate of whether it is plausible that enough 2-

PF could be produced to be detectable in the breath. These experiments demonstrated that 

approximately 700 pg of 2-PF was produced from ~ 10 mg cultures over five days (Figure 

3.6). Assuming the tidal volume of an adult is 500ml and respiration rate is 10 per minute, 

then the minute volume is 5L. This equates to 7200 L per day or 36000 L in 5 days. So, 

700 pg (7×10
-10

 gram) is diluted in 36000 L; accordingly 1L breath would have on average 

about 7×10
-15

 gram (equivalent to 7 femtogram; low ppq range) 2-PF. The studies 

described in chapter 7 show that the lower limit of detection of the instrument in 2 litre of 

breath is about 1.3 attograms (1.3×10
-18 

gram), suggesting it is at least possible that 

milligram amounts of Aspergillus hyphae could produce enough 2-PF to be detectable in 

breath with current techniques.  



 

70 

There were some limitations of this study. Since the PDA medium used for culturing the 

fungi was a poor model of in-vivo infection, this information has limited application in the 

in-vivo setting. For example, in the in-vitro timeline study (Section 3.3.2) there was a rapid 

decline in 2-PF production after day five, but this may not occur in in-vivo setting as there 

will be a continuous supply of nutrients. Therefore, to obtain more realistic results, future 

work should be directed towards the development of culture conditions more similar to the 

in-vivo alveolar microenvironment. Examples include growing Aspergillus in a continuous 

culture system (such as a Chemostat) or lung cell lines and then analyzing the 2-PF 

produced. Other limitations were the oxygen tensions tested (i.e., 0% and 20%) may not 

represent the actual oxygen tensions inside the IPA lesions. The effect of a range of 

oxygen tensions on growth pattern of A. fumigatus and 2-PF production should be tested in 

future to draw a definite conclusion. 

In conclusion, 2-PF is consistently produced by vegetative growth of A. fumigatus, A. 

nidulans, and S. apiospermum under different in-vitro conditions. It is likely that 2-PF is 

relatively central to the metabolism of this organism and might well be consistently 

produced in-vivo as well as in-vitro. This could be confirmed by determining the pathways 

of 2-PF biosynthesis in A. fumigatus. However, the levels of detection of 2-PF may be 

affected by several factors including the nutrient composition of the growth media, growth 

pattern of the organism, 2-PF sampling technique, and SPME pre-concentration time. The 

production of 2-PF, possibly from the auto-oxidation of lipids in the media may further 

complicate the interpretation of results by providing positive results of breath tests in-vivo. 

For more definitive results, further tests should be undertaken in a culture media that is 

more similar to the human host environment but that does not release 2-PF from auto-

oxidation. It is not known whether 2-PF has a significant function as a signalling molecule 

for fungal growth and development but these results do not exclude this possibility.  
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CHAPTER 4. ROLE OF OXYGENASES IN BIOSYNTHESIS 

OF 2-PENTYLFURAN BY ASPERGILLUS FUMIGATUS 

4.1 Introduction 

Detection of secondary metabolites is one of the new avenues for the development of 

novel diagnostics. Microorganisms produce specific organic compounds as a result of their 

metabolic processes. Traditional microbiology identification techniques are based on the 

detection of such metabolites. Employing a similar approach, a number of secondary 

volatile metabolites produced by Aspergillus spp. during vegetative growth could 

potentially be used as diagnostic markers of invasive pulmonary aspergillosis (IPA) (Latge 

1999; Latge 2001).  

As demonstrated in Chapter 3, cultures of Aspergillus spp. release substantial amounts of 

the secondary metabolite 2-pentylfuran (2-PF), which is consistent with the findings of 

previous studies (Gao, Korley et al. 2002; Syhre, Scotter et al. 2007). In addition 2-PF was 

produced consistently in the vegetative phase of growth, in darkness and under hypoxic 

conditions as would be found in infection of the lung.  These results further support 

possibility that detection of 2-PF could form the basis of a breath test for invasive fungal 

infections.  As 2-PF is not produced by other respiratory pathogens in-vitro, with the 

possible exception of S. pneumoniae, or normal human metabolism (Phillips, Herrera et al. 

1999; Syhre, Scotter et al. 2007; Chambers, Syhre et al. 2009) coundfounding from these 

sources seems unlikely.  

It is well-documented that 2-PF is one of the VOCs derived from peroxidation of linoleic 

acid (Krishnamurthy, Smouse et al. 1967; Min and Boff 2002; Min, Callison et al. 2003; 

Lee and Min 2010). The hydroperoxy linoleic acid and metabolites derived there from are 

collectively called ―Oxylipins‖ (Liavonchanka and Feussner 2006). Several oxylipins have 

been characterised in plants and fungi and they are reported to be synthesized via the 

action of oxygenase enzymes (Feussner and Wasternack 2002; Brodhun and Feussner 

2011). The pathway of 2-PF biosynthesis in fungi has not been fully defined but evidence 

available from plants suggests that it is an extension of the oxylipin biosynthetic pathway 

(St. Angelo, Legendre et al. 1980; Boue, Shih et al. 2005; Christie 2007). As linoleic acid 

is very sensitive to auto-oxidation, photosensitizers such as chlorophyll may also trigger 

this reaction in plants (Lee and Min 2010). However, this mechanism is unlikely to be 
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present in Aspergillus as they lack chlorophyll and no photosensitizers are found in them 

(Daub, Herrero et al. 2005).  

Available evidence suggests that a pathway of 2-PF biosynthesis exists only in fungi but is 

absent in bacterial lung pathogens or human metabolism. A lipoxygenase (LOX) like 

enzyme has been detected in a number of bacterial species including Cyanobacteria, 

Thermoactinomyces vulgaris, Pseudomonas syringae and Pseudomonas aeruginosa 

(Vance, Hong et al. 2004; Vidal-Mas, Busquets et al. 2005; Walzer, Huang et al. 2006; 

Brodhun and Feussner 2011). However, the polyunsaturated fatty acids substrates are not 

present in most bacteria (Brash 1999) making this pathway unlikely to exist in them. 

Similarly, although LOX enzymes are present in human white blood cells, the preferred 

substrate is arachidonic acid rather than linoleic acid (Kuhn and Borchert 2002; Lutteke, 

Krieg et al. 2003). This makes the enzymatic production of 2-PF in humans less likely. 

Even during oxidative stress, the peroxidation of arachidonic acid does not produce 2-PF, 

it rather produces isoprostanes which are reported to be in-vivo markers of lipid 

peroxidation (Schwedhelm and Böger 2003). In contrast, the preferred substrate of LOX in 

fungi is linoleic acid (Su and Oliw 1998; Horowitz Brown, Zarnowski et al. 2008) which is 

a common lipid of Aspergillus (Calvo, Gardner et al. 2001). Therefore, the pathways of 

peroxidation of linoleic acid and biosynthesis of 2-PF via LOX enzymes may be specific 

to Aspergillus and other pathogenic fungi. If this pathway is specific to Aspergillus, it 

provides specificity to the 2-PF breath test and makes it more plausible that 2-PF 

production will be a signature of Aspergillus infection in the lung.  

Gene knock-out and knock-down (silencing) are valid methods for determining the role of 

a gene with unknown or incompletely known function. This approach has been used 

widely in Aspergilli to define the role of oxygenase gene(s) in biosynthesis of oxylipins 

(Calvo, Gardner et al. 2001; Tsitsigiannis, Bok et al. 2005; Tsitsigiannis, Kowieski et al. 

2005; Tsitsigiannis and Keller 2007; Brown, Scott et al. 2009). However, these workers 

have limited their work to the hydroperoxy fatty acids which are the first step products in 

the fatty acid peroxidation pathway. Since 2-PF seems to be one of the end products of the 

oxylipin biosynthetic pathway, the functional genomics approach may be used to 

determine the role of oxygenase genes in biosynthesis of 2-PF as well. 
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Given that A. fumigatus contains two lox genes and three dioxygenase (precocious sexual 

inducer (psi) producing oxygenase; ppo) genes (Nierman, Pain et al. 2005) and A. nidulans 

contains three ppo genes (Galagan, Calvo et al. 2005) and 2-PF is consistently produced 

by these Aspergilli (Chapter 4), it can be hypothesized that lox and/or ppo mediated 

oxidation of linoleic acid occurs in these fungi.  

The aim of this study was to determine whether 2-PF is an endogenous metabolic product 

of Aspergillus. Specific objectives of this study were:  

1) To compare the 2-PF production profiles of wild-type (AF293), RNAi silenced 

triple ppo knock-down (RNAippoABC; TJW62.2) and double lox knock-out 

(∆loxAB; TTRD12) strains of A. fumigatus. 

2) To compare the 2-PF production profiles of wild-type (RDIT9.32) and triple ppo 

knock-out (∆ppoABC; RDIT62.3) strains of A. nidulans. 

3) To determine whether lox and/or ppo genes are essential for the production of 2-PF 

in Aspergillus. 

4.2 Methods 

Materials used in this experiment are listed in Tables 2.1 and 2.3. 

4.2.1 Experimental design 

The ability of knock-out or knock-down strains of A. fumigatus and A. nidulans to produce 

2-PF was compared with their respective wild-type strains (Table 2.6.). The experimental 

design in Table 4.1 shows the total replicates of A. fumigatus culture vials and PDA 

control media used for the analysis of 2-PF.  

Table 4.1. Total replicates A. fumigatus strains used in four different tests.  

Test Strains compared 
No. of 

culture vials 

No. of 

control 

vials 

1 A. fumigatus wild-type (AF293) vs. control  10 10 

2 A. fumigatus wild-type (AF293) vs. A. fumigatus 

ΔloxAB (TTRD12) vs. control  

20+20 8 

3 A. fumigatus wild-type (AF293)  vs. RNAippoABC 

(TJW62.2) vs. control media  

20+20 8 

4 A. fumigatus ΔloxAB (TTRD12) vs. RNAippoABC 

(TJW62.2) vs. control  

20+20 8 

 Total replicates tested 130 34 
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No. of culture vials=number of culture vials used in each batch of experiment. Except test 1, all the 

other tests were done in duplicates of 20 vials each; ΔloxAB=double lox knock-out mutant of A. 

fumigatus AF293; RNAippoABC=triple ppo knock-down strain of A. fumigatus AF293; control= 

un-inoculated PDA culture vials.  

Table 4.2 shows the total replicates of A. nidulans culture vials and PDA control media 

used for the analysis of 2-PF.  

Table 4.2. Total replicates A. nidulans strains used in four different tests 

Test Strains compared No. of culture 

vials 

No. of control 

vials 

5 A. nidulans wild-type (RDIT9.32) vs. 

control  

10 10 

6 A. nidulans ΔppoABC (RDIT62.3) vs. 

control  

10 10 

7 A. nidulans wild-type (RDIT9.32) vs. A. 

nidulans ΔppoABC (RDIT62.3) vs. 

control  

18+18 8 

 Total replicates tested 56 28 
No. of culture vials=number of culture vials used in each batch of experiment. Only test 7 was 

done in duplicates of 18 vials each; ΔppoABC: triple ppo knock-out strain of A. nidulans 

RDIT9.32; control:  un-inoculated PDA culture vials.  

 

4.2.2 Identification and confirmation of mutants 

Identification of the fungal strains and confirmation of mutation was performed as 

described in Section 2.3.2.  

4.2.3 Assessment of gene expression  

Reverse transcriptase (RT)-PCR was performed to detect fungal mRNA to reveal 

expression of lox and/or ppo genes in A. fumigatus and A. nidulans.  

4.2.3.1 RNA and DNA isolation from fungal cultures  

4.2.3.1.1 Phase separation 

Mycelia were harvested from fungal cultures as described in Section 2.3.2. Immediately 

following harvesting, 1ml TRIzol
®
 reagent was added to <~50mg of mycelia placed in a 

1.5ml microcentrifuge tube. Mycelia were homogenized by pipetting up and down ~10 

times and the homogenized samples were incubated at room temperature for 5min. 

Chloroform (0.2ml) was added to this and shaken vigorously by hand for 15sec and 

incubated for 2-3min at room temperature. This sample was centrifuged at 12,000 × g for 
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15min at 4°C. The colourless upper aqueous phase was placed into a new tube and used for 

RNA extraction while the lower phenol-chloroform phase was used for DNA extraction.  

4.2.3.1.2 RNA isolation  

0.5ml of 100% isopropanol was added to the aqueous phase and incubated at room 

temperature for 10min. This sample was centrifuged at 12,000 × g for 10min at 4°C.  

The supernatant from the tube was removed leaving only the RNA pellet. The pellet was 

washed with 1ml of 75% ethanol. The tube was vortexed briefly, then centrifuged at 7500 

× g for 5min at 4°C. The wash was discarded and the RNA pellet was air dried for 10min.  

RNA pellet was resuspended in RNase-free water (DEPC H2O) by passing the solution up 

and down several times through a pipette tip. The tube was incubated in a water bath set at 

55–60°C for 10–15min. This RNA preparation was then checked for yield and purity using 

a spectrophotometer (NanoDrop 8000, Thermo Scientific). The absorbance of RNA at 

230nm, 260nm and 280nm was used to determine yield and contamination. The following 

formula was used to calculate the concentration: 

A260 × dilution × 40 = μg RNA/ml 

4.2.3.1.3 DNA isolation  

The interphase and the phenol-chloroform layer saved from the phase separation step were 

used for DNA isolation. Any remaining aqueous phase overlying the interphase was 

removed and 0.3ml of 100% ethanol was added to the tube. The tube was capped and 

inverted several times to mix the sample. This was then incubated for 2–3min at room 

temperature. The tube was centrifuged at 2000 × g for 5min at 4°C to pellet the DNA. The 

phenol-ethanol supernatant was removed and the DNA pellet was washed with 1ml of 

sodium citrate/ethanol solution (0.1 M sodium citrate in 10% ethanol, pH 8.5). The tube 

was incubated for 30min at room temperature with occasional mixing by gentle inversion. 

It was then centrifuged at 2000 × g for 5min at 4°C and the supernatant was discarded. The 

wash step was repeated one more time.  

1.5ml of 75% ethanol was added to the tube and incubated for 10–20min at room 

temperature, and mixed occasionally by gentle inversion. It was centrifuged at 2000 × g 

for 5min at 4°C. Supernatant was discarded and the DNA pellet was air dried for 5–10min.  
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DNA was resuspended in 8mM NaOH at a concentration of 0.2–0.3 μg/μl by adding 0.6 

mL of 8mM NaOH per 50–70 mg of mycelia. Any insoluble material was removed by 

centrifuging the sample at 12,000 × g for 10min at 4°C. The supernatant containing the 

DNA was transferred to a new tube and was stored at –20°C after adjusting the pH to 7–8.  

The yield was determined using the spectrophotometer as for RNA. The following formula 

was used to determine concentration: 

A260 × dilution × 50 = μg DNA/ml 

4.2.3.2 cDNA synthesis 

Deoxyribonuclease I (Cat. No. 18068-015, Invitrogen) was used to eliminate the DNA 

from RNA preparation and Superscript™ III First-Strand Synthesis SuperMix for qRT-

PCR (Cat. No.11752-50, Invitrogen) was used for cDNA synthesis.  

4.2.3.2.1 DNAse I treatment  

Duplicate tubes were prepared to use in positive and negative reverse transcriptase (RNA) 

samples in the amplification reaction. The following were added to an RNAse-free 0.5ml 

microcentrifuge tube on ice: ~1µg RNA sample, 1µl 10x DNAse I reaction buffer, 1µl 

DNAse I and DEPC treated water to 10µl. The mixture was incubated at 37˚C for 15min. 

DNAse I was inactivated by the addition of 1µl of 25mM EDTA solution to the mixture. 

This mixture was then heated for 10min at 65°C and used in reverse transcription.  

4.2.3.2.2 Reverse transcription and cDNA synthesis  

10µl of 2x RT Reaction Mix, 2µl of RT Enzyme Mix, ~1 µg of RNA and up to 20 µl of 

DEPC-treated water were placed in a 0.5ml microcentrifuge tube on ice. The tube contents 

were gently mixed and incubated at 25°C for 10min then at 50°C for 30min. This cDNA 

was checked for amplification with housekeeping gene beta-tubulin and stored at -20˚C 

until use.  

4.2.3.3 PCR of cDNA 

The PCR master mix was prepared using the reagents listed in Table 2.9 and 

thermocycling was performed using the conditions listed in Table 2.10. The primers used 

for A. fumigatus and A. nidulans are listed in Table 4.3 and 4.4, respectively. Agarose gel 

electrophoresis and gel visualization was performed as described in Section 2.3.2.  
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Table 4.3. List of primers used for amplifying the cDNA from A. fumigatus wild-type and mutant 

strains  

Primer name Primer sequence Product size 

loxA Fwd TGGAACCTTCCGCAGCCCTT 286 

loxA Rev ATACCTCCCGCCTTTGCCAGT 

loxB Fwd GGGGGACTCAACTGGCGCTC 251 

loxB Rev GCTTCCACATTCCCGGCCAGG 

ppoA Fwd GACCCTGGCTCAGCTCGAGC 234 

ppoA Rev CCAGCGGAGAGCTGGATAACTCG 

ppoB Fwd AACAAGGCGGCGCATTTGGC 256 

ppoB Rev TTGGCCACCATCTGGATGATGCG 

ppoC Fwd CGGCGCGCAAGTCATCGTCT 297 

ppoC Rev GCCTGCTGACCAGCTGGATGA 

Beta-tubulin Fwd GCTGTGACTGCCTCCAGGGC 252 

Beta-tubulin Rev TGTCGTACAGAGCCTCGTTGTCG 

 

Table 4.4. List of primers used for amplifying the cDNA from A. nidulans wild-type and mutant 

strains 

Primer name Primer sequence Product size 

ppoA Fwd TGTAACCTGGTCTCTGCGTGCA 243 

ppoA Rev AGCGATCCCGCCAGGTCCA 

ppoB Fwd AACACCACTTTCATGTTCTGCGGA 240 

ppoB Rev TGATCGGCCCTTGCAGCTCT 

ppoC Fwd GGCCCTCTTCAGACAGCGGG 282 

ppoC Rev TGCTAACGATCTGAATGATGCGCT 

Beta-tubulin Fwd GGTGTCTGCTGTCATGTCGGGC 277 

Beta-tubulin Rev TTTGCCGCGGAACAGGGTT 

 

Expression of a gene was confirmed by detection of a PCR product from the cDNA 

template. Therefore, if a PCR product band was detected in the gel, it indicated that the 

gene of interest had been expressed. Detection of PCR product from beta-tubulin cDNA 

was used as a positive control and lack of detection of a PCR product from DEPC water 

was used as a negative control. In addition, lack of detection of a PCR product from 

DNAse treated RNA was also used as negative control.  

4.2.4 Head-space gas analysis of Aspergillus cultures 

Inocula of fungal spores were prepared as described in Section 2.4.1. PDA vials were 

inoculated with 200µl of 10
7
 spores/ml of A. fumigatus wild-type. The vials were sealed 
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airtight with screw caps incorporating a PTFE-coated silicone septum and incubated at 

37°C for five days under continuous darkness. Headspace gas was sampled by incubating 

the preconditioned SPME fibres into the culture vials for 2min. As described in Section 

2.4, GC-MS/MS analysis was performed on the 5
th

 day. Uninoculated PDA vials with 

200µl added PBS were analyzed in the same manner and used as controls. Data acquisition 

and interpretation of analysis results were performed as described earlier in the Sections 

2.4.4 and 2.4.5. Quantification of 2-PF signal was performed using a calibration curve as 

reported in Section 2.4.5. Using the regression equation of the calibration curve, peak area 

values were converted into absolute quantities of 2-PF. 

4.2.5 Growth pattern and fungal mass 

Following GC-MS/MS analysis on the 5
th

 day, the growth patterns were classified either as 

vegetative or conidiating by examining the vials by eye.  

The fungal mass was then transferred from the culture vials on to a pre-weighed 

aluminium foil. This mass was then dried at 90°C for >12h. Drying was continued until 

two readings of fungal weight measured 4h apart were the same. The quantity of 2-PF 

detected was then compared with the total weight of fungal mass in a particular culture 

vial.  

4.3 Results 

4.3.1 Species identification and confirmation of mutation 

Wild-types and mutant strains of A. fumigatus and A. nidulans were donated by Professor 

Nancy Keller at University of Wisconsin, USA. Identification of these strains was 

confirmed in our laboratory by ITS sequencing. On BLAST search, ITS sequence 

similarity was found to be 99-100% with the respective species of A. fumigatus and A. 

nidulans.  

Confirmation of mutation in both A. fumigatus and A. nidulans strains was performed 

successfully. loxA and loxB mutation in A. fumigatus ∆loxAB was confirmed by detection 

of a 5.5kb product of ΔloxA::pyrG and 1.7kb product of ΔloxB::argB, which successfully 

replaced loxA and loxB genes, respectively. RNAi silencing in A. fumigatus RNAippoABC 

was confirmed by detection of 1.5kb product of IRT construct Afppo(IRT) ::pyrG only  in 

this mutant, but not in the wild-type strain.  
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Mutation in A. nidulans ppoABC was confirmed by demonstration of the absence of PCR 

product for all three ppo genes (ppoA, ppoB and ppoC).  

4.3.2 Confirmation of gene expression  

In A. fumigatus, cDNA from two lox (loxA and loxB) and three ppo (ppoA, ppoB and 

ppoC) genes was detected in the wild-type strain and the RNAi silenced strain (Table 4.5). 

In the double lox knock-out mutant, no loxA or loxB cDNA was detected. Positive control 

beta-tubulin cDNA was detected in all three strains. No cDNA was detected in negative 

control H2O. 

Table 4.5. Expression of lox and/or ppo genes in A. fumigatus strains  

Genes Detection of PCR product from cDNA 

Wild type 

(AF293) 

Double lox knock-out 

(ΔloxAB) 

Triple RNAi knock-down 

(RNAippoABC) 

Beta-tubulin Yes Yes Yes 

loxA Yes No Yes 

loxB Yes No Yes 

ppoA Yes Yes Yes 

ppoB Yes Yes Yes 

ppoC Yes Yes Yes 

 

In A. nidulans, cDNA from three ppo (ppoA, ppoB and ppoC) genes was detected in the 

wild-type strain only (Table 4.6). In the triple ppo knock-out mutant, no ppoA, ppoB or 

ppoC cDNA was detected. Positive control beta-tubulin cDNA was detected in both wild-

type and mutant strains. No cDNA was detected in negative control H2O. 

Table 4.6. Expression of ppo genes in A. nidulans strains 

Genes Detection of PCR product from cDNA 

Wild type (RDIT9.32) Triple ppo knock-out (ΔppoABC) 

Beta-tubulin Yes Yes 

ppoA Yes No 

ppoB Yes No 

ppoC Yes No 

 

4.3.3 2-PF production profiles of A. fumigatus mutants 

Figure 4.1 shows the levels of 2-PF produced by wild-type (AF293) and mutant strains of 

A. fumigatus (RNAippoABC and ∆loxAB). Both the mutants RNAippoABC and ∆loxAB 

produced significantly lower levels of 2-PF than the wild-type AF293 strain (p<0.05). 
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Compared to the level of 2-PF produced by the wild-type strain AF293, the median level 

of 2-PF produced by ∆loxAB (TTRD12) was 43% less, and by RNAippoABC (TJW62.2) 

was 36% less. The levels of 2-PF produced between these two mutants was not 

significantly different but both of the mutants produced significantly greater amounts of 2-

PF than the PDA media itself (P<0.05). 
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Figure 4.1. Comparison of the levels of 2-PF produced by wild-type and mutants of A. fumigatus.  

The median and interquartile ranges (25
th
 and75

th 
percentiles) are shown by the box plot.  The 

whiskers and error bars above and below the box indicate the 90th and 10th percentiles. Circles 

above and below the box indicate outliers.  A. fumigatus wild-type, n=41; A. fumigatus ∆loxAB, 

n=32; A. fumigatus RNAippoABC, n=30; control PDA vials, n=34. Groups with different letters 

are significantly different (p<0.05; ANOVA on ranks, Dunn's method). Conidiating strains are not 

included in this figure.  

 

4.3.4 2-PF production profiles of A. nidulans mutants 

Figure 4.2 shows the levels of 2-PF produced by wild-type (RDIT9.32) and the triple 

ppoABC mutant strain (RDIT62.3; ∆ppoABC) of A. nidulans. The triple ppoABC mutant 

produced significantly lower levels of 2-PF than the wild-type strain (p<0.001). The 2-PF 
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signal produced by the mutant strain was 91% less than the 2-PF signal produced by the 

wild-type (Table 4.7). The mutant produced some 2-PF, and this was significantly greater 

than the amount of 2-PF produced by the PDA media itself (P<0.05).  
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Figure 4.2. Comparison of quantities of 2-PF produced by  wild-type and mutant of A. nidulans.  

The median and interquartile ranges (25
th
 and75

th 
percentiles) are shown by the box plot.  The 

whiskers and error bars above and below the box indicate the 90th and 10th percentiles. Circles 

above and below the box indicate outliers. Wild-type strain, n=22; ∆ppoABC, n=23; control:  

uninoculated PDA medium, n=28. Groups with different letters are significantly different (p<0.05; 

ANOVA on ranks, Dunn's method). Conidiating strains are not included in this figure.  

4.3.5 Relationship between growth pattern and 2-PF production  

Aspergillus cultures exhibited vegetative as well as conidiating growth as visible to the 

naked eye. Conidiation was observed in 27 of 130 (20%) cultures of A. fumigatus, and 11 

of 56 (20%) cultures of A. nidulans.  

Table 4.7 shows the comparison of dried mycelia weight of conidiating or vegetative 

growth of A. fumigatus and A. nidulans in PDA medium. The dry weight of the vegetative 

mycelia was much lower than conidiated cultures in both species. In A. fumigatus, it was 
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82% less in the wild-type, 84% less in the ∆loxAB and 85% less in the RNAippoABC. In 

A. nidulans, it was 72% less in the wild-type and 50% less in the ppoABC. 

Table 4.7 also shows the comparison of 2-PF production by conidiating or vegetative 

growth of A. fumigatus and A. nidulans in PDA medium. The production of 2-PF in both 

A. fumigatus and A. nidulans was associated with the vegetative growth pattern. The 

conidiated cultures had significantly higher fungal mass (P<0.001) but they produced 

lower amounts of 2-PF, whereas the vegetative cultures had lower fungal mass but 

produced much higher amounts of 2-PF. None of the 27 conidiated strains of A. fumigatus 

and 11 conidiated strains of A. nidulans produced 2-PF higher than the background 2-PF 

signal produced by the PDA media itself. 

In A. fumigatus, the dry weight of recovered vegetative mycelium was not significantly 

different between wild-type and ∆loxAB mutants (P=0.537). However, in this species, this 

difference was statistically significant between the two mutants RNAippoABC and 

∆loxAB (p<0.001), and between wild-type and RNAippoABC (P=0.002). Although the 

fungal mass in vegetative growth between two mutants RNAippoABC and ∆loxAB was 

significantly different, the levels of 2-PF produced were not (p>0.05) (Figure 4.1). In 

addition, the level of 2-PF produced per mg of fungal mass between RNAippoABC and 

∆loxAB was not significantly different (Table 4.7; P>0.05).  

In A. nidulans, the dry weight of recovered vegetative mycelia (Table 4.7) was 

significantly different between these two strains (P<0.001). The wild-type had 50% less 

fungal mass compared to the mutant yet the 2-PF signal produced was significantly higher.  
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Table 4.7. Comparison of 2-PF production by conidiating or vegetative growth of A. fumigatus and A. nidulans in PDA medium.  

Strain (total 

replicates tested) 

Conidiating growth Vegetative growth 

No. of 

culture 

vials 

Mycelia 

dry wt. 

(mg) 

Median 

(IQR) 

2-PF (pg), 

Median 

(IQR) 

2-PF (pg)/ mg 

dry wt. 

mycelia,  

Median (IQR) 

No. of 

culture 

vials 

Mycelia 

dry wt. 

(mg),  

Median 

(IQR) 

2-PF (pg), 

Median 

(IQR) 

2-PF (pg)/ mg 

dry wt. 

mycelia 

Median (IQR) 

A. fumigatus strains 

Wild-type (n=50) 9 66.4 (9.15) 114 (6) 1.75 (0.34) 41 11.9 (3.2) 872 (249) 72.3 (28.0) 

∆loxAB (n=40) 8 77.25 (12.1) 110 (5) 1.47 (0.28) 32 11.65 (2.2) 489 (381) 41.9 (39.6) 

RNAippoABC  

(n=40) 

10 75.75 (10.2) 107 (11) 1.49 (0.1) 30 10.85 (2.5) 558 (339) 51.8 (34.8) 

Control media (n=44) Median (IQR) 2-PF signal per vial= 170 (56) pg 

A. nidulans strains 

Wild-type(n=28) 6 51.2 (5.55) ND ND 22 14.1 (1.6) 1267(942) 94.5 (75.9) 

∆ppoABC(n=28) 5 55.2 (9.52) ND ND 23 27.8 (11.9) 111(106) 10.4 (15.8) 

Control media (n=16) Median (IQR) 2-PF signal per vial= 105 (10) pg 
 

IQR: Interquartile range; pg: picogram; ΔloxAB: double lox knock-out mutant of A. fumigatus wild-type; RNAippoABC: triple ppo knock-down strain of 

A. fumigatus AF293; ΔppoABC: triple ppo knock-out strain of A. nidulans wild-type; control: un-inoculated PDA culture vials; ND: below the limit of 

detection of the calibration curve.  
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In the 103 vegetative growth vials of A. fumigatus (wild-type=41, ∆loxAB=32 and 

RNAippoABC=30), there was no significant correlation (R
2
=0.011 to 0.231) between the 

levels of 2-PF production and the mycelia weight. Similarly, in the 45 vegetative growth 

vials of A. nidulans (wild-type=22 and ∆ppoABC=23), there was no correlation (R
2
=0.064 

and 0.290) between the levels of 2-PF production and the mycelia weight.  

4.4 Discussion 

The aim of this study was to determine whether 2-PF is synthesized in Aspergillus via the 

oxygenase pathway. The two possible pathways of 2-PF production from linoleic acid 

include auto-oxidation pathway and enzymatic pathway. In the enzymatic pathway, 2-PF 

production results by the action of oxygenase enzymes on linoleic acid. Lipoxygenases and 

dioxygenases occur widely in fungi, plants and animals (Brash 1999; Feussner and 

Wasternack 2002). Since 2-PF production via this lox pathway has been documented in 

plants (St. Angelo, Legendre et al. 1980; Boue, Shih et al. 2005; Iassonova, Johnson et al. 

2009), we postulated a similar pathway exists in fungi too.  

Although A. nidulans is not a causative organism of IPA, it was included in our 

investigation because it naturally lacks the lox genes (Galagan, Calvo et al. 2005) and may 

serve as a negative control for measuring LOX enzyme activity in A. fumigatus. The three 

ppo genes of A. fumigatus and A. nidulans are similar in structure and function (Garscha, 

Jerneren et al. 2007). Therefore the information obtained on the role of ppo genes in 2-PF 

biosynthesis in A. nidulans can be extended to A. fumigatus as well. 

In the first experiment, we compared the 2-PF production profile of A. fumigatus  with a 

double lox knock-out mutant. In our experiment, there was partial inhibition of 2-PF 

production in the double lox mutant of A. fumigatus (∆loxAB). The mutant strain produced 

43% less 2-PF than the wild-type strain. To our knowledge, there are no published reports 

demonstrating reduced 2-PF production in A. fumigatus ∆loxAB strains.  

The reduction of 2-PF levels produced by double lox mutant of A. fumigatus (∆loxAB) 

demonstrate that some 2-PF production in A. fumigatus occurres via the lox pathway 

(Figure 1.8). In this pathway, linoleic acid is first oxygenated by LOX either at carbon 

atom 9 (C-9 by 9-lox) or at 13 (C-13 by 13-lox) of the hydrocarbon backbone leading to 

two groups of compounds, the (9)-hydroperoxy- and the (13)-hydroperoxy derivatives of 

linoleic acid (Ernst H 2002; Liavonchanka and Feussner 2006; Brodhun and Feussner 

2011). The position of oxygenation of carbon determines whether 2-PF is one of the end 
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products of linoleic acid and 2-PF may be one of the end products only when linoleic acid 

is oxygenated at C-9, but not when it is oxygenated at C-13 (Spiteller and Spiteller, 2000; 

St. Angelo et al., 1980). This pathway of 2-PF production also seems to be present in F. 

oxysporum. It has been reported that LOX enzyme isolated from F. oxysporum converted 

linoleic acid to a mixture of (9)-hydroperoxy- and the (13)-hydroperoxy derivatives of 

linoleic acid (Matsuda, Satho et al. 1976), and a high level of 2-PF has been reported to be 

produced by this fungi (Syhre et al., 2007). Collectively, this evidence indicates that LOX 

enzymes have a role in the biosynthesis of 2-PF in A. fumigatus and related species.  

In a previous study it was reported that deletion of the loxA gene in A. flavus did not 

completely inhibit enzymatic oxygenation of linoleic acid, but decreased it by 

approximately 93% compared to the wild-type strain (Horowitz Brown, Zarnowski et al. 

2008). It was suggested in that study that the low levels of LOX activity (i.e. oxygenation 

of linoleic acid to hydroperoxy linoleic acid) most likely resulted from background or non-

specific peroxidation. Similarly in A. ochraceus, deletion of loxA resulted in ~93% 

decrease in the synthesis of 13- hydroperoxy derivative of linoleic acid (Reverberi, Punelli 

et al. 2010). These observations indicate that deletion of lox genes may not completely 

inhibit oxylipin biosynthetic activity in Aspergillus as observed in our experiment. 

Moreover it is possible that non-enzymatic peroxidation may have occurred, especially in 

the first day of incubation as there was exposure to light on incubation of media.  

A second possible explanation for the persistent LOX-like activity is that there is an 

alternative enzymatic pathway for peroxidation. The soybean lox remains the prototype for 

studying enzymatic oxygenation of linoleic acid. Several lines of evidence have 

demonstrated that plant oxylipins can partly substitute for fungal oxylipins, and fungal 

oxylipins are involved in influencing processes in infected plant tissues, presumably by 

mimicking endogenous signal molecules (Burow, Nesbitt et al. 1997; Calvo, Hinze et al. 

1999; Brodhagen, Tsitsigiannis et al. 2008). Given the fact that fungal oxylipins are 

structurally and physiologically similar to those produced by plant lox genes (Brodhagen, 

Tsitsigiannis et al. 2008; Brown, Scott et al. 2009) and amino-acid residues important in 

soybean LOX catalysis are also conserved in Aspergillus LOX protein (Horowitz Brown, 

Zarnowski et al. 2008), the understanding of soybean lox pathway may give an insight into 

the lox pathway of Aspergillus as well. In soybean seeds, elimination of lox genes has been 

reported to result in significant reduction but not complete inhibition in production of off-

flavour compounds including 2-PF (Iassonova, Johnson et al. 2009). In another study, 
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volatiles thought to be produced only by LOX enzymes, were also reported to be produced 

in lox mutants (Boue, Shih et al. 2005). These findings suggest the existence of alternate 

pathways in soybean. If such an alternative pathway exists in A. fumigatus, deletion of lox 

genes would not inhibit all 2-PF biosynthetic activity in this species too. 

A potential alternate pathway in Aspergillus is the ―ppo pathway‖ catalyzed by 

dioxygenase enzymes encoded by the ppo genes which have similar function as lox. To 

examine this possibility, we compared the 2-PF production profiles of wild-type (AF293) 

with triple ppo knock-down mutant (RNAippoABC; TJW62.2) of A. fumigatus in which 

all three genes were down-regulated. As before, there was partial inhibition of 2-PF 

production in the knock-down mutant which produced 36% less 2-PF than the wild-type 

strain. Tsitsigiannis et al. (2005) had used these strains (wild-type AF293 and 

RNAippoABC) earlier to compare oxygenase (cyclooxygenase) activity in arachidonic 

acid. In their experiment, cyclooxygenase activity in the RNAippoABC mutant was 

reduced by approximately 15%. The reduction of enzymatic activity in the RNAi silenced 

strain was as expected because Northern blot analysis had demonstrated that ppoA, ppoB 

and ppoC genes were only partially silenced (Tsitsigiannis, Bok et al. 2005). Since 

dioxygenase in fungi are similar in function to cyclooxygenase (Tsitsigiannis, Bok et al. 

2005), these results are consistent with the findings reported in these experiments. The 

major drawback of this RNAi silencing technique is that some transcripts are not 

completely eliminated as in traditional gene replacement. Since the deletion of all three 

ppo genes is complicated in A. fumigatus because it reproduces mostly asexually, RNAi 

silencing was needed.  

The importance of the dioxygenase enzyme system in lipid peroxidation was further 

explored in A. nidulans using a triple ppo knock-out mutant of A. nidulans constructed by 

Tsitsigiannis et al. (2005). In this experiment, 2-PF production profiles of this A. nidulans 

mutant (RDIT 62.3) having all three ppo (ppoA, ppoB and ppoC) genes deleted were 

compared with wild-type strain (RDIT9.32). In contrast to the RNAi silenced strain of A. 

fumigatus, there was 91% reduction in 2-PF production in the knock-out mutant of A. 

nidulans. The fact the 2-PF reduction in the RNAi silenced strain A. fumigatus 

(RNAippoABC ) was not as pronounced  as in the A. nidulans triple knock-out mutant 

(36% vs. 91%) could well be a reflection of the incomplete transcript suppression in 

RNAippoABC .  
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The significantly lower levels of the 2-PF produced by triple ppo mutant of A. nidulans 

and RNAi silence mutant of A. fumigatus compared to their wild-type strains indicated that 

dioxygenases are also involved in the biosynthesis of 2-PF production in both species of 

Aspergillus. However, dioxygenases do not oxygenate linoleic acid at C-9 (Garscha, 

Jerneren et al. 2007) so an alternate pathway should be present for these enzymes. It has 

been demonstrated that ppoA oxygenates linoleic acid at C-5 and C-8 position, ppoC at C-

10, but at what carbon position ppoB oxygenates is not known yet (Garscha, Jerneren et al. 

2007; Jernerén, Garscha et al. 2010; Brodhun and Feussner 2011). There is some evidence 

that 10-dioxygenase (encoded by ppoC) producing 10-HPODE may be involved in 2-PF 

production. It is most likely that 2-PF production via the dioxygenase pathway occurs as 

proposed by Min et al. (2003) (Figure 1.7). In this pathway, linoleic acid is oxygenated at 

C-10 producing 10-HPODE. In Aspergillus, several further downstream products have 

been observed to be formed from 10-HPODE as it is unstable and decomposes to several 

volatile compounds (Garscha, Jerneren et al. 2007; Brodhun, Schneider et al. 2010; 

Brodhun and Feussner 2011). 

The partial inhibition of ppo activity seen in this study has been found by other 

investigators even after the deletion of dioxygenase genes. In one experiment, the triple 

ppo mutant of A. nidulans (∆ppoABC) still produced traces of one oxylipin (8-hydroxy 

linoleic acid), but at much lower level (84% less) than that produced by the wild-type 

strain (Tsitsigiannis, Kowieski et al. 2005). In another experiment, the deletion of ppoC 

resulted only in partial reduction in the biosynthesis of 10-hydroxy linoleic acid, 90-94% 

less in A. fumigatus and 66-80% less in A. nidulans (Garscha, Jerneren et al. 2007). In 

these experiments, as with lox mutants, dioxygenase activity in ppo mutants was 

significantly reduced, but not completely eliminated, suggesting that some ppo isozymes 

or enzymes with similar catalytic homology exist in Aspergillus spp.  

It is clear that no single lox or ppo gene is exclusively involved in 2-PF production in these 

organisms. At least in A. fumigatus, the results of these experiments indicate that both lox 

and ppo genes are involved. It is possible that additional genes/pathways are involved. 

This is supported by the observation that wild-type A. nidulans naturally lacks lox genes 

(Galagan, Calvo et al. 2005) but it still produced high amounts of 2-PF and ppo knock-out 

mutants of A. nidulans still produced significant but 91% lower levels of 2-PF.  
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Taken together, the presence of alternative enzymes or pathways for 2-PF biosynthesis is 

expected, since both the double lox mutant of A. fumigatus and the triple ppoABC mutants 

of A. nidulans still produced substantial amounts of 2-PF. The preferred substrate of LOX 

in fungi is linoleic acid, the most abundant lipid of Aspergillus (Su and Oliw 1998; Calvo, 

Gardner et al. 2001; Ernst H 2002; Horowitz Brown, Zarnowski et al. 2008), and LOX 

oxygenates linoleic acid at C-9 position. This makes 2-PF biosynthesis most likely to 

occur via lox pathway. However, in fungi, unsaturated fatty acids can be metabolized by 

beta-oxidation pathways (Maggio-Hall, Wilson et al. 2005) or used as substrates by 

various oxygenases, including lipoxygenases, dioxygenases, cyclooxygenases and P450 

monooxygenases, to generate diverse oxylipins (Su and Oliw 1998; Liavonchanka and 

Feussner 2006). These enzymes exhibit activity towards more than one substrate such as 

oleic, linoleic or arachidonic acid (Tsitsigiannis, Kowieski et al. 2005) so that oxylipin 

biosynthesis may take place via several pathways and 2-PF can be one of the end products 

in any of these pathways.  

As demonstrated in Chapter 3, 2-PF production seems to be related to the fungal growth 

pattern under the closed vial culture system. Under this culture system, it is possible that 2-

PF is synthesized only by the actively growing hyphae and not conidiating tissue. It has 

been reported that most secondary metabolites in Aspergillus spp. are produced after the 

fungus has completed its initial growth and is beginning a stage of development 

represented by the formation of conidia/spores (Calvo, Hinze et al. 1999). In A. flavus, it 

has been documented that dioxygenase genes are expressed within 48h of culture, during 

the vegetative as well as during conidiophore formation (Brown, Scott et al. 2009). 

Another similar study has also reported that expression levels of dioxygenase genes in A. 

niger depends on the developmental stage of the fungus (Wadman, de Vries et al. 2009). 

In both A. nidulans and A. fumigatus, dioxygenase genes have been associated with 

sporulation/conidiation process (Tsitsigiannis, Kowieski et al. 2005), so similar gene 

expression patterns can be expected. Further studies investigating the timeline of lox/ppo 

gene expression are necessary to confirm this.  

As found in Chapter 3, significantly less 2-PF was found in the headspace of conidiating 

cultures than found in uninoculated PDA vials. In the vials containing conidiating cultures, 

the substrate might have been exhausted by fungal growth. This would be consistent with 

reports that conidiation is triggered by the onset of poor growth conditions and thus 

possible catabolism of 2-PF. (Morton 1961; Adams, Wieser et al. 1998).  In contrast the 
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small amounts of 2-PF found in the n the uninoculated PDA vials may have arisen from 

autooxidation of unused substrate.   

All the evidence in this study indicates that 2-PF is an endogenous metabolite of A. 

fumigatus and its production is dependent on the growth pattern of the organism in the 

given culture conditions. One limitation of this study was that we could not compare the 2-

PF production profile of A. fumigatus lacking all ppo and lox genes and the genes in ppo 

mutants were only down-regulated. Further studies testing A. fumigatus mutants having all 

lox and ppo genes deleted is necessary to determine whether only these genes are involved 

in this species.  

Another limitation of this study was that the mRNA expression in the wild-types and the 

mutants of A. fumigatus and A. nidulans was not quantified. Therefore, it could not be 

determined whether the partial reduction in 2-PF production in the mutants was in fact 

related to partial inhibition of ppo gene expression. Quantitative (q) PCR should be 

performed to provide the proof that partial reduction in 2-PF production is related to partial 

reduction in gene expression. Also, results of these experiments do not exclude the 

possibility that non-specific enzymatic activity (e.g. oxidation of lipid by any iron 

containing protein) had occurred or auto-oxidation was also occurring simultaneously. 

In conclusion, the significantly lower levels of the 2-PF produced by ∆loxAB and 

RNAippoABC mutants of A. fumigatus and ∆ppoABC mutant of A. nidulans compared to 

the respective wild-type strains AF293 and RDIT9.32 indicated involvement of both lox 

and ppo genes in the 2-PF biosynthetic pathways. 2-PF is an endogenous metabolite in 

these organisms and regulation of 2-PF production is a multigenetic trait and there remains 

the possibility that other biosynthetic pathways for 2-PF exist.  
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CHAPTER 5. CLINICAL STUDIES OF 2-PENTYLFURAN IN 

HUMAN BREATH IN INVASIVE PULMONARY 

ASPERGILLOSIS  

5.1 Introduction  

 

The study of subjects with chronic lung disease demonstrated that 2-pentylfuran (2-PF) is 

detectable in the breath of patients with cystic fibrosis and bronchiectasis colonised with A. 

fumigatus (Chambers, Syhre et al. 2009). This is consistent with the hypothesis that the 

vegetative form of A. fumigatus produces 2-PF within the lung microenvironment in these 

conditions. The microenvironment consists of a mixture or aerobic and microaerophilic 

conditions within the mucus layers (Warn, Sharp et al. 2004; Tuder, Yun et al. 2007) and a 

variable inflammatory cellular response that is primarily neutrophilic (Peter 1990; Langen, 

Korn et al. 2003) but will vary between sections of the lung and between subjects. The 

colonised areas are likely to be well ventilated and the surrounding tissues viable so that 2-PF 

can reach the exhaled breath. In contrast, the growth conditions in invasive pulmonary 

aspergillosis (IPA) are likely to be different. IPA causes local spread across tissue planes and 

causes localised inflammation and tissue infarction and consolidation (Dagenais and Keller 

2009; Kousha, Tadi et al. 2011). This often produces a localised lesion in which ventilation is 

poor, this may in turn limit access of 2-PF to the exhaled breath. To be of value as a 

diagnostic test in IPA, 2-PF needs to be demonstrated in the breath of this group of patients.  

The aim of this study was to determine whether 2-PF can be detected consistently in breath of 

patients with IPA.  

5.2 Cases  

5.2.1 Case 1  

An 82 year-old Caucasian male with moderately severe chronic obstructive pulmonary 

disease (COPD) and tobacco smoking was diagnosed with limited stage small cell lung 

cancer. Diagnosis was based on cytology from fine needle aspiration and computerised 

tomography (CT) of his chest and the patient began palliative chemotherapy consisting of 

dose-reduced carboplatin (AUC5) and etoposide (80mg m
-2

). His past medical history 

included mild renal impairment (creatinine 135 g/L), hypertension, congestive heart failure 
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and ischaemic heart disease. Fourteen days after the administration of chemotherapy, he 

presented with increasing shortness of breath, cough productive of sputum, fever and 

neutropenia (0.05x10
9
/l). The fever failed to settle on antimicrobial therapy and 

Cunninghamella spp., A. fumigatus and oropharyngeal flora were isolated from sputum. A. 

fumigatus was cultured from pleural fluid on day 13 of admission (Table 5.1).  

A CT scan of the chest on day three showed the primary tumour mass had markedly reduced 

in size compared to the scan three weeks before, but multiple new focal areas of airspace 

consolidation were present consistent with fungal infection of the lungs (Figure 5.1).  

  

Figure 5.1. CT scans from case 1. Scan A was performed 1 day prior to the first breath test for 2-PF 

and scan B was performed on day 48, 15 days after the last positive breath (day 33). A. fumigatus was 

cultured from an aspirate of pleural fluid. The left apical lesion (arrow) shows substantial resolution 

with antifungal therapy. 

 

After six days of intravenous liposomal amphotericin B therapy (1.5mg/Kg/day) his 

temperature subsided, treatment was changed to oral posaconazole (400mg twice daily  with 

high fat food supplement), which was continued for three months. Following this, 

itraconazole (200mg twice daily administered with Coke™) was prescribed. He received 20 

Grays of radiotherapy in five fractions with palliative intent and a follow up CT scan one 

month post-discharge showed the right lower lobe tumour was stable and there was 

significant improvement in all other lesions.  

Breath samples for the detection of 2-PF were taken at least three hour after ingestion of food 

or coffee by forced expiration (4-5 breaths) through one litre deactivated glass bulbs that 
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were then closed. The breath samples were taken to the GC/MS laboratory within 30min of 

collection. 2-PF was detected in breath samples on days 4, 13 and 33 (Figure 5.2A and B & 

Table 5.1) but was negative on days 63 and 154 (Figure 5.2C and D & Table 5.1). 2-PF was 

also detected in head space analysis of 24h cultures of the A. fumigatus isolate but not from 

the Cunninghamella spp. isolate by methods developed previously (Syhre, Scotter et al. 

2007). 

 

Figure 5.2. Chromatograph (panel A) and mass spectra (panel B) of positive breath samples in case 1, 

four and 63 days after admission. Y-axes in both chromatogram and mass spectra show relative 

abundance. X-axis in chromatogram shows retention time (min) and that in mass spectra show mass 

by charge (m/z) ratio. The red vertical lines in panel A (1A) and C (2A) indicate the highest points in 

the chromatogram peaks in the expected retention time. The corresponding mass spectra for the 

highest point in panel A are shown in panel B and that for C in panel D.  Chromatogram A and mass 

spectra B is positive and chromatogram C and mass spectrum D negative for 2-PF.  

A B 

C 

D 
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Table 5.1 Results of breath samples for 2-PF cultures and CT scans in a patient (case 1) with IPA. 

  - :  negative; + :  positive; ng: no growth, 
§
Cunninghamella spp. also isolated; 

‡
 New lesions post chemotherapy. 

Days after 

admission 

2 3 4 5 6 13 18 23 33 48 63 94 108 114 139 154 

A. fumigatus  in 

sputum 

+
§
  +

§
 +

§
 + + ng ng ng ng ng ng ng ng ng ng 

A. fumigatus in 

pleural  fluid 

     +         -  

CT Scan Lesions
‡
  3+    2+    +    +/-   

2-PF breath test   +2x   +   +  -     - 
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5.2.2  Case 2  

A 31 year old male presented with chest pain, fevers, sweats and rigors. A CT scan of the 

chest showed multiple parenchymal lesions. A lung biopsy showed fungal hyphae but no 

malignant cells, and A. fumigatus was identified on culture of the specimen. Three months 

earlier he had presented to the oncology department with a painless swelling of the left 

side of his jaw and a squamous cell carcinoma was diagnosed on excision biopsy of a 

lesion in the submandibular region. The initial histology showed tumour in the margins of 

the excised tissue following which an extended modified radical neck dissection was 

performed. Ten tumour positive nodes were identified with extra-capsular spread and post 

operative chemoradiotherapy was administered over the next four weeks during which he 

had become transiently neutropenic. Five weeks later he presented to hospital and IPA was 

diagnosed. He was treated with voriconazole 400mg q 12h and the fevers and chest pain 

resolved. Unfortunately the malignancy returned and he died two months later. Breath 

samples taken on days 3, 9 and 20 post admission were positive for 2-PF but negative on 

day 40. Two representative chest CT scans showing the resolution of the fungal lesions are 

shown in Figure 5.3. 

  

Figure 5.3. CT scans from case 2. Scan A was performed three days prior to the first breath test for 

2-PF and the needle used for the sample from which A. fumigatus was cultured can be seen as 

indicated by the arrow. Scan B was performed on day 31, 11 days after the last positive breath test 

on day 20. 

 

5.3 Discussion and conclusion  

We evaluated the performance of the 2-PF breath test in two clinical cases of IPA at 

Christchurch Hospital. Both of these cases showed repeatedly positive breath tests for 2-PF 
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that became negative with effective antifungal treatment and resolution of the CT lesions. 

This is consistent with production of 2-PF from A. fumigatus and it also suggests that 

detection of 2-PF may be of value in monitoring response to therapy.  

However, this study has some limitations. Firstly, the subjects could not be tested in the 

same environment on all occasions. The initial tests on both subjects were conducted in the 

hospital wards but follow-up tests were conducted in the outpatient‘s clinic and the last test 

in the case 1 was at the patient‘s home. As there were no concurrent air samples taken as 

controls, environmental contamination cannot be excluded.  

A second limitation is that the patients acted as their own controls. This study does not 

preclude tissue invasion and infarction by the Aspergillus hyphae from being a source of 2-

PF as the time course of resolution could well parallel treatment of the fungus. To exclude 

that possibility would require study of invasive fungal infection that does not produce 2-

PF. This could be done in an animal model. Alternatively, production of 2-PF by infarcted 

tissue would raise concerns that the 2-PF resulted from a non-specific reaction.  

A further major limitation of this study was that there were only two patients. Both cases 

had quite large lesions that were associated with bronchi which would favour 2-PF 

reaching the exhaled breath. A large blinded study of patients with a range of pulmonary 

lesions is required to verify these findings and determine the sensitivity of the test. In 

addition, a large, well powered study comparing 2-PF breath test with standard diagnostic 

tests such as galactomannan and PCR is needed to determine the potential value of this 

test.  

In conclusion these two case studies are promising, and consistent with 2-PF originating 

from the Aspergillus invasive lesions. Further studies in controlled environment and bigger 

patient population are necessary to address the limitations of this study. Such studies are, 

however, limited by low prevalence rate of IPA resulting in a lack of access to sufficient 

numbers of patients that can be studied. Development of a large animal model may provide 

an alternative to this.   
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CHAPTER 6. LABORATORY CONTAMINATION ISSUES 

RELEVANT TO 2-PENTYLFURAN BREATH ANALYSIS BY 

SOLID PHASE MICROEXTRACTION-GAS 

CHROMATOGRAPHY-TANDEM MASS SPECTROMETRY 

(SPME-GC-MS/MS) 

6.1 Introduction 

The analytical techniques reported by Syhre et al. (2007) for the detection of 2-pentylfuran 

(2-PF) in breath samples were utilised during the initial investigations. Syhre et al., (2007) 

had initially collected breath into Tedlar
®
 bags and 2-PF was pre-concentrated onto solid 

phase microextraction (SPME) fibres before thermal desorption onto a GC-MS instrument 

for analysis. Later, they reported that Tedlar
®
 bags were intermittently positive for 2-PF 

and silanized glass bulbs were adopted as the standard vessel for collecting breath samples.  

To ensure the devices were free from contamination, clean glass bulbs were routinely 

tested for 2-PF but after a number of months, surveillance was reduced to a random 

selection of one in five bulbs as there have been no positives.  

At the beginning of this PhD project (February 2008), testing of all glass bulbs was 

resumed as the standard laboratory procedure and all were found to be negative. Random 

testing undertaken over the subsequent 15 months also showed that bulbs were always 

negative.  

A significant 2-PF contamination problem was identified in May 2009 when ambient air 

samples from different areas of our laboratory premises and Christchurch Hospital were 

found to be positive. The analysis showed that 99 of 117 (84%) ambient air samples 

collected between 19 May and 15 September, were positive for 2-PF.  

This chapter describes the procedures and experiments undertaken to determine the 

possible contamination source of 2-PF. Potential areas where contamination could arise 

were within the GC-MS instrument, the preparation of glass bulbs, reproducibility of the 

SPME technique, and potential sources of contamination in air, whether ambient or 

synthetic.  
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6.2 General methods 

The materials used in this experiment are listed in Table 2.3 (Chapter 2).  

Sampling of environmental air was undertaken using a portable pump (T0006, SYFT 

Technologies, New Zealand). Air sampling was performed for 2min, equivalent to 20 

times the volume of the 1L glass bulbs (Larroque, Desauziers et al. 2006).  

Following analysis of a sample, the bulbs were reused after being thoroughly cleaned by a 

set cleaning protocol (Section 6.2.3.2). Once cleaned the bulbs were kept on shelves in the 

laboratory. 

As described in the Section 2.5.2, SPME fibres were used to pre-concentrate 2-PF from the 

headspace of all samples. All injections were done manually.  

GC-MS or GC-MS/MS analysis were performed as described in Sections 2.4 and 2.5. 

Interpretation of the results and quantitation in terms of peak areas was done as described 

in Sections 2.4.4. 

6.2.1 Gas Chromatograph instrument as a possible cause of false positive 

2-PF signal 

In our Gas Chromatograph instrument (Varian CP-3800), two injection ports are connected 

to a switch valve as shown in Figure 6.1. This valve serves as an input selector between 

injection port 1 and 2 and is a potential source of 2-PF. Zero grade helium is also pumped 

through the GC-MS machine and if not filtered correctly could also be a cause of 2-PF 

contamination. 

6.2.1.1 Objectives 

 To determine whether the switch valve was causing a positive signal for 2-PF. 

 To determine whether the helium gas caused a positive signal for 2-PF. 

6.2.1.2 Methods  
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To ensure that 2-PF was not being released from an aging valve, the ZB-Wax column was 

plumbed directly from the injection port into the mass spectrometer trap (Figure 6.1). 

Empty bulbs containing ambient air were then analyzed as described in Section 2.4.3.  

Blank runs of helium without any SPME injections were analysed for presence of 2-PF in 

helium.  

 

 

Figure 6.1. GC-MS machine showing the position of the switch valve (3) that was bypassed with 

the column plumbed directly into the MS trap (4). 1. Injection ports; 2. Bottom end of injection 

port.  

 

6.2.1.3 Results 

Switch valve analysis: A positive signal was detected in 4/4 (100%) bulbs containing air 

samples regardless which desorbed SPME fibre used. The mean±SD and range of 2-PF 

signal peak area was 1,590±254 and 1,260-1,866, respectively (Appendix VI, Table 1).  
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Helium analysis: In 16 blank runs, zero grade helium did not produce any 2-PF signal.  

These result indicated that the 2-PF signal being detected from the sampling bulbs was 

external to the instrument.  

6.2.2 Desorption of SPME fibres  

The SPME device can be thought of as a very short GC column turned inside out (Figure 

6.2). It is constructed of a fused silica fibre coated with a thin layer of polymeric sorbent. 

The coated fibre is placed inside a needle, itself placed within a syringe-like arrangement. 

Fibres used in our experiment were coated with a combination of Carboxen, 

Divinylbenzene and polydimethylsiloxane (CAR/DVB/PDMS). The polymer coating 

absorbs volatile compounds, which are desorbed directly into the hot GC injection port. 

Since 2-PF may be present in the environmental air, the SPME fibres may absorb some 2-

PF during storage in the laboratory and produce false positive result.  

 

 

Figure 6.2. A StableFlex, DVD/CAR/PDMS SPME fibre used in these experiments. 1. Injected 

fibre; 2. Retracted fibre; 3. Septum piercing needle; 4. Polymer coated fused silica fibre.  

6.2.2.1 Objective 

 To test the desorption protocol for SPME fibres. 
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6.2.2.2 Method 

New SPME fibres were activated according to the manufacturer‘s instructions involving 

desorption of the fibre at 250°C for 1h. Once activated, all fibres were desorbed for 15min 

in the GC injection port at 250°C and a chromatogram was recorded. Freshly desorbed 

SPME fibres were re-analyzed to determine whether the desorption technique employed is 

sufficient to remove any traces of 2-PF from the fibres.  

6.2.2.3 Results 

In all SPME fibres analysed, 21/21 (100%) were negative for 2-PF. This indicated that the 

desorption protocol was satisfactory as it removed all traces of 2-PF from the fibres.  

6.2.3 Glass bulb as a possible source of 2-PF contamination 

A glass sampling bulb consists of a septum in the centre and a stopcock at each end 

(Figure 6.3). The septum is made from Teflon and holds the SPME fibre jacket. The 

stopcock consists of a Teflon stopper, a rubber washer and two plastic components. Only 

the Teflon stopper comes in contact with the breath sample.  

 

Figure 6.3. Gas sampling bulb. 1.SPME fibre; 2. Teflon septa; 3.Stopcocks in the closed position; 

4.Removed stopcock; 5. Disassembled stopcock.  

 

  



 

101 

 

6.2.3.1 Objectives 

 To determine whether 2-PF signal is originating from old septa in the glass bulbs. 

 To determine whether 2-PF signal is originating from the oven used for baking the 

bulbs.  

 To determine whether 2-PF signal is originating from ethanol used for cleaning the 

bulbs. 

 To determine whether 2-PF signal is originating from the pump used for evacuating 

the bulbs. 

6.2.3.2 Method 

Deactivation of new bulbs: On arrival new bulbs were deactivated/silianised to produce 

an inert and unreactive surface. Hexamethyldisilazane solution (5-10%) was injected into 

the bulb and baked at 180°C for 4h in an oven (Binder, USA). Evacuation was performed 

as described. Bulbs were then tested to ensure there was no signal of 2-PF before use. 

Cleaning of used bulbs: Both stopcocks were removed and disassembled as shown in 

Figure 6.3. Ethanol (70%) was used for rinsing of the interior of the bulb and stopcock 

components. Bulb and Teflon stopper were baked at 180°C for >4h in an oven (Binder, 

USA). The bulbs and Teflon stopper were then brought back to the laboratory and allowed 

to cool down to room temperature. The stopcock was reassembled and replaced.  

Evacuation: The bulbs were evacuated using a diaphragm pump (Type 4000292 MP 601 

EP; ILMVAC, GmbH) connected to one end of the bulb with the stopcock opened while 

keeping the other stopcock closed. When the vacuum pressure reached 520 mmHg, 

evacuation was stopped and the other stopcock was opened to allow inflow of laboratory 

air. This evacuation process was repeated five times with each bulb but the stopcock was 

closed to maintain the vacuum after the last evacuation. 

Cleaned, deactivated and evacuated empty bulbs sitting on the shelves of the Breath 

Research Laboratory were tested for the presence of 2-PF. All of these tests were 

performed in GC-MS mode so possible 2-PF peaks could be confirmed via NIST library. 
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6.2.3.2.1 Septa  

Septa in all the 15 used glass bulbs that were producing 2-PF signal were replaced with 

new ones. To compare between the old and new bulbs, five new glass bulbs having new 

septa were also purchased. These were cleaned and baked using the standard procedure 

described above. 

6.2.3.2.2 Baking procedure 

Bulbs were cleaned as previously described and two different ovens (both made by Binder, 

USA) were used for baking of seven bulbs each. To ensure a control on location, the 

baking ovens were located on different floors of University of Otago, Christchurch 

building.  

6.2.3.2.3 Evacuation procedure 

Following cleaning and baking of glass bulbs, two different pumps were used for 

evacuation of seven bulbs each. One of these was a portable pump (T0006, SYFT 

technologies) and the other was a diaphragm pump (Type 4000292 MP 601 EP; ILMVAC, 

GmbH). 

6.2.3.2.4 Ethanol purity  

Ethanol solution (70%) used for rinsing the bulbs was also analyzed in GC-MS mode in 

duplicate by dipping the fibres into it for 15 sec.   

6.2.3.3 Results 

All the 15/15 (100%) cleaned and baked empty bulbs remained positive for 2-PF after 

replacement of the septa. The five new deactivated glass bulbs were also positive for 2-PF. 

Baking the bulbs in different ovens did not remove contamination as 2-PF was detected in 

7/7 (100%) bulbs baked in Oven 1 and likewise 7/7 (100%) bulbs baked in Oven 2. 

Similarly, 7/7 (100%) glass bulbs vacuumed with Pump 1 were positive for 2-PF and 2-PF 

was also seen in 7/7 (100%) bulbs vacuumed with Pump 2. Ethanol, which is used for 

cleaning the glass bulbs was tested for the presence of 2-PF. Of the samples 2/2 (100%) 

were negative for 2-PF.  

No quantification of 2-PF was performed for these tests as criteria was set as simply 

positive or negative for 2-PF. The analysis was performed in GC-MS rather than GC-

MS/MS to ensure that the peak observed at the ―2-PF retention time‖ was in fact 2-PF and 
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not a co-eluting peak of a compound with similar fragments. Of all the samples reported 

positive, 45 out of 45 (100%) were identified as 100% hit rate for 2-PF via NIST library 

identification. Consequently none of the cleaning regime removed and/or reduced the 2-PF 

signal to acceptable background levels.  

These results eliminated bulb cleaning, baking or evacuating as a possible source or cause 

of 2-PF contamination.  

6.2.4 Air as a possible source of 2-PF contamination 

The glass bulb is an open system and it is not possible to evacuate this device completely 

without leaving any traces of ambient air. Ambient air can be tested by exposure of a 

SPME fibre into the laboratory air directly. Other possible methods for removing 2-PF 

from environmental air included flushing the bulbs with synthetic air and moving the 

cleaning procedure to a ―clean‖ laboratory environment. 

6.2.4.1 Objectives 

 To determine whether 2-PF is present in our laboratory air.  

 To determine whether flushing with synthetic air removes detectable levels of 2-PF 

from the bulb. 

 To compare laboratory environmental air and synthetic air. 

 To determine whether air from ventilation system of our laboratory is contaminated 

with 2-PF.  

 

6.2.4.2 Method 

6.2.4.2.1 Direct sampling of laboratory air  

Freshly desorbed SPME fibres were either inserted into clean and empty two ml screw top 

vial with silicone/PTFE screw caps or left hanging in the air at room temperature for 24h 

before analysis. Peak areas of 2-PF detection between SPME fibres exposed to a very 

small and very large volume of air were compared. 

6.2.4.2.2 Environmental air compared with synthetic air 

Ambient air: Following baking, the glass bulbs were evacuated, the valves were opened 

and left to equilibrate with laboratory air for 5min and then closed.  
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Synthetic air: Following evacuation, glass bulbs were flushed with synthetic air at the 

flow rate of 1L/minute for 5min and the valves closed. 

For both the analyses, SPME fibres were inserted through the septa and incubated in the 

glass bulb for 48h at room temperature.  

6.2.4.2.3 Breath Research Laboratory air vs. “clean” laboratory air 

Air samples collected from the Breath Research Laboratory (our lab) were compared with 

air samples collected from a ―clean‖ laboratory facility at Canterbury University that was 

dedicated for analytical chemistry experiments only. Air sampling was performed as 

described above. 

6.2.4.3 Results 

SPME fibres (n=2) freely exposed to Breath Research Laboratory air for 24h resulted in 

the large peak areas (19,889 and 24,210) compared to SPME (n=6) exposed for 24hr in 

2ml vials (mean±SD=1,395±1,271, range=0-3,196) (Appendix VI, Table 2). This result 

indicates that 2-PF was indeed present within the laboratory air.  

2-PF was detectable in 15/15 (100%) of the bulbs containing synthetic air (mean±SD= 

8,780±3,516; range =893-13,716) (Appendix VI, Table 3).  

Similarly, 5/5 (100%) bulbs containing Breath Research Laboratory air were positive for 

2-PF (mean±SD= 3,458±2,169; range =1,664-6,145) (Appendix VI, Table 4).  

Of the samples collected from the ―clean‖ Laboratory, 5/5 (100%) were analysed in GC-

MS mode and determined to be positive for 2-PF (100% hit rate NIST library). 

6.2.5 Performance of SPME fibres 

SPME fibres at different stages of use may have variation in adsorption/desorption 

characteristics. Therefore, it is important to determine how big this variability is. 

6.2.5.1 Objective 

 To determine the reproducibility of SPME fibres for 2-PF analysis.  

 

6.2.5.2 Methods 
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Freshly desorbed SPME fibres were dipped for 10 secs into a vial containing a standard 

solution of 2-PF. Analysis was done in GC-MS/MS mode and peak integration was 

performed as before. Variability was calculated in terms of relative standard deviation 

(RSD). Two concentrations tested were 10ppq or 1ppq. 

6.2.5.3 Results 

The mean±SD, range and RSD of the recorded peak areas of six fibres dipped in 10 ppq 

standard solution of 2-PF were 11,661±3,138 and 6,145-15,934, 27.29%, respectively 

(Appendix VI, Table 5) Similarly, the mean±SD, range and RSD of the recorded peak 

areas of 22 fibres dipped in 1 ppq standard solution of 2-PF were 4,202±1,608 and 1,379-

8,203, 38.12%, respectively (Appendix VI, Table 6) In comparison, a very high variability 

was reported for the SPME fibres dipped for 10sec in a 1ppq concentration.  

The reason for high variation in peak areas between different fibres may be because they 

were at different stages of use. These fibres are recommended (on average) to be used for 

50 injections by the manufacturer. However, some of these fibres had been in circulation 

for some time and may have been over-used. Another reason for this high variability may 

be because these were ―pre-equilibrium‖ analysis as the dip time was 10 secs only. 

Although automated SPME is a quantitative technique, (Spietelun, Pilarczyk et al. 2010), 

manual injections performed as in these experiments can introduce human error. As such, 

manual SPME has been reported to be semi-quantitative process (Syhre et al., 2007).  

Since 2-PF was detectable in ambient laboratory air and the signal could not be reduced to 

acceptably low or undetectable, the potential of Tedlar
®
 bags was reassessed. The benefits 

of using Tedlar
®
 bags are this is indeed a closed system and free from environmental 

contamination.  

6.2.6 Tedlar
®

 bag as an alternative gas sampling device for 2-PF detection   

Tedlar® bags are commonly used gas sampling devices. These specialised collection bags 

have one valve for breath collection and a septum for SPME insertion (Figure 2.5; Chapter 

2). Unlike glass bulbs, these bags are fully collapsible and can be completely emptied of 

any traces of air.  

6.2.6.1 Objectives 

 To determine whether Tedlar® bags produce background 2-PF signal. 
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 To determine whether background 2-PF signal can be minimized in Tedlar® bags. 

6.2.6.2 Method 

All GC-MS/MS analyses, interpretation and quantitation were performed as described for 

the glass bulbs.  

6.2.6.2.1 Empty bag test 

Three different batches of Tedlar® were analysed for the detection of 2-PF. Freshly 

desorbed SMPE fibres were inserted through the septum into newly purchased and 

unopened 2L Tedlar® bags and incubated for 24h at room temperature.  

6.2.6.2.2 Effect of flushing 

2-PF positive Tedlar® bags were inflated with synthetic air for 48h at room temperature 

and were then flushed out twice (filling and emptying) with synthetic air before analysis. 

This procedure was repeated after one week and again after two months.  

6.2.6.3 Results 

No 2-PF was detected in 4/4 (100%) bags tested from batch 1 (tested on 8 April 2010 and 

on 24 June 2010). All 15/15 (100%) Tedlar
®
 bags in the batch 2 were positive for 2-PF 

(tested 25-28 July 2010) (Appendix VI, Table 7Table ). The mean±SD and peak area range 

for the 2-PF signals were 4,605±2,906 and 2,245-13,106, respectively. 

A third batch of Tedlar® bags were tested (between 18 August to 12 October 2010) and 

extremely high levels of 2-PF (up to 124,852 peak area) were detected. To determine if 

this signal could be reduced, these bags were periodically flushed with synthetic air as 

described previously and re-tested for 2-PF. Figure 6.4 shows the progressive reduction of 

2-PF signal at one week and two months post baseline measurements (from 76,931 to 

35,040 mean peak area). When flushed again with synthetic air after two months of storage 

inside cardboard boxes, the mean 2-PF signal reduced dramatically to 2,867 (mean peak 

area). After two months, the highest and lowest 2-PF Peak areas of these bags were, 4,919 

and 1,611, respectively.  
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Figure 6.4. Progressive reduction in the levels of 2-PF in unused Tedlar
®
 bags over two months. 

The results reported here indicate there was batch wise variation in the 2-PF levels in 

Tedlar® bags. Some bags were 2-PF free whereas others contained an extremely high 

level. Those bags with initially high levels of 2-PF were able to be manipulated and the 2-

PF background lowered (Figure 6.4). Overall these results indicate that Tedlar® bags offer 

a better alternative to glass bulbs for 2-PF analysis. 

6.3 Discussion  

At the beginning of this PhD project, when the analytical procedures developed by Syhre 

et al. (2007) were adopted, all glass bulbs were found negative for 2-PF. Random testing 

undertaken over the subsequent 15 months had shown that all of the bulbs were always 

negative.  

The detection of multiple contaminated samples prompted a review of the 2-PF breath test 

system. The major finding from this Section of work was that 2-PF is abundant in 

environmental air. It therefore proved impossible to prepare glass sampling devices free of 

potential 2-PF as they are an open system. The presence of 2-PF in the air is not surprising 

since 2-PF is a product of oxylipin derived from peroxidation of linoleic acid, 

(Krishnamurthy, Smouse et al. 1967; Min and Boff 2002; Min, Callison et al. 2003). 

Foods and other substances containing linoleic acid may release 2-PF into the air. 2-PF 

may also be released from industrial sources such as waste gases from food processing 
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plant (Ranau, Kleeberg et al. 2005), municipal waste processing plants (Müller, Thiben et 

al. 2004; Scaglia, Orzi et al. 2011) and compost facilitites (Fischer, Muller et al. 2000). 

Obviously the presence of 2-PF in environmental air can influence result.  

Tedlar
®
 bags may be an alternative breath collection system, as we have demonstrated that 

if 2-PF is present in a batch of these bags, the levels decay over time and reach very low 

levels if stored for prolonged periods (Figure 6.4). This observation would account for the 

batch to batch variation seen by Dr Syhre which was the catalyst for changing from 

Tedlar
®
 bags to glass bulbs (personal communication). The unreliability of Tedlar

®
 bags 

means they are not satisfactory in the long term for routine use and an alternative sampling 

system needs to be developed. However, until a new system can be developed Tedlar
®

 

bags may be acceptable in some circumstances provided strict pre-testing is done to 

identify contaminated bags and the levels to be detected are in diagnostic range of the test.  

SPME fibres have been determined to be unreliable at low concentrations of 2-PF, this 

indicates that another system for isolating volatiles from breath is necessary. The technique 

of analysing breath volatiles using SPME has been reported to be a quantitative technique 

at nanomolar ranges (Spietelun, Pilarczyk et al. 2010). However, the work presented in 

Section 6.2.5.3 show SPME fibres do not produce reproducible results at the sub-

femtomolar concentrations for our molecule of interest. This emphasizes the complexities 

of using a VOC as a diagnostic target when present in extremely low levels.  

Earlier work performed in this laboratory had found that 2-PF was produced by 

Aspergillus spp. and some other fungal pathogens but ambient air did not produce a 

positive signal (Syhre, Scotter et al. 2007; Chambers, Syhre et al. 2009). The reason it was 

not detected in air samples during the earlier 2-PF analysis work is not clear. It is unlikely 

to be due to significant changes in the sensitivity of the GC-MS instrument as strict 

cleaning and calibration protocols are followed. It is possible that changes in the laboratory 

environment following laboratory refurbishment, changes in the ventilation system and use 

of chemical reagents elsewhere in the building contributed to the emergence in the 

contamination problems. There were also changes in the food processing and cooking 

methods used in the cafeteria located in the close proximity of our laboratory that may 

have released 2-PF contaminating environmental air.  
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In conclusion, quantitative 2-PF analysis is not possible using a glass bulb and SPME pre-

concentration procedures at very low concentrations are sub-optimal. Alternative pre-

concentration procedures such as the Tenax
®

 that allow direct sampling need to be 

explored. Furthermore, concurrent environmental sampling is important to ensure there is 

no laboratory contamination and the signal observed is indeed a true result originating 

from breath.  
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CHAPTER 7. DETERMINING CONFOUNDERS AND THE 

LIMITS OF 2-PENTYLFURAN BREATH TEST BY GAS 

CHROMATOGRAPHY/MASS SPECTROMETRY 

7.1  Introduction 

Previous studies have shown that 2-pentylfuran (2-PF) can be detected in the breath of 

patients with chronic lung disease colonised with A. fumigatus, and has been reported in 

the breath of immune suppressed subjects with IPA (Syhre, Scotter et al. 2007; Chambers, 

Syhre et al. 2009). However, in patients with chronic lung disease the sensitivity and 

specificity of the 2-PF breath test were 77 % and 78 % respectively (Chambers, Syhre et 

al. 2009) suggesting that false positive results may reduce the accuracy of the test. Studies 

are required to identify possible source of the false positive results and determine whether 

time of diurnal variation, fasting or food intake day, alters the performance of the test.  

2-PF is a volatile organic compound (VOC) that is ubiquitous in nature and there are 

several food and environmental sources that may confound the results of a breath test. This 

compound has been identified as a component of the volatile decomposition products of 

autoxidised soybean and cottonseed oils (Ranau, Kleeberg et al. 2005; Krishnamurthy, 

Smouse et al. 2006), is sold as a flavour enhancer (Smouse and Chang 1967) and has also 

been reported in a concentration of 0.05 – 0.1 ppm in roasted coffee beans (Nebesny, 

Budryn et al. 2007). 2-PF has also been reported in a number of food items including 

asparagus, rice, potatoes, pork and parsley (Tressl, Bahri et al. 1977; Ho, Lee et al. 1983; 

MacLeod, Snyder et al. 1985; Wongpornchai, Dumri et al. 2004; Ho and Coleman 1980; 

Soncin, Chiesa et al. 2007; Chung, Yeo et al. 2010).  

There are several reports of detection of 2-PF from both outdoor and indoor air. 2-PF has 

been reported as a component of VOC emitted during treatment of municipal solid waste 

(Scaglia, Orzi et al. 2011). This compound has also been detected in air of a compost 

facility with concurrent isolation of A. fumigatus from the air (Fischer, Muller et al. 2000). 

The concentration at the compost piles has been reported to be in the range of 84-1241 

ng/cubic meter (Müller, Thiben et al. 2004). 2-PF has also been detected as one of the four 

most abundant compounds in atmospheric particulate samples (Khanal and Shooter 2004). 

Besides, 2-PF has also been detected in animal faeces (Garner, Smith et al. 2007), urine 
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(Rhodes, Miller et al. 1981; Smith, Burden et al. 2008; Zhang, Liu et al. 2011), manure 

(Lo, Koziel et al. 2008), and animal barn air (Cai, Koziel et al. 2006). Moreover, this 

compound has also been identified as a marker for sick building syndrome (Gao, Korley et 

al. 2002). 

Since 2-PF is a VOC occurring in common food ingredients, ingestion of food and or 

fluids that are rich sources of 2-PF can produce false positive results in 2-PF breath tests. 

In addition, inhalation of 2-PF containing air, application of cosmetics and ingestion of 

medications that contain 2-PF may also contaminate breath samples for 2-PF breath test. 

The aim of this study was to determine the limits of detection (LoD) and limit of 

quantification (LoQ) in breath of healthy subjects and identify potential sources of 2-PF 

that might cause false positive results and confound interpretation of breath test results. 

The outcomes of this study may be used to identify optimal conditions for performing a 

breath test for 2-PF. Specific objectives were:  

1. To determine occurrences of 2-PF in common foods, cosmetics and antifungal 

medications  

2. To determine the LoD and LoQ of 2-PF in breath samples of normal subjects. 

3. To determine if fasting or the time of day influences 2-PF detection in breath 

samples of normal subjects. 

4. To determine if 2-PF is detectable in the breath after consumption of 2-PF rich 

foods and drinks. 

5. To determine the timeline of disappearance of 2-PF from breath following 

consumption of 2-PF rich foods. 

7.2 Methods 

Materials used in this experiment are listed in Table 2.3 in Section 2.2. 

7.2.1 Food, cosmetic and medication analysis  

Thirty five foods, 10 beverages and 10 cosmetic samples were obtained from the local 

supermarket and/or pharmacy. Any canned food used in this testing was a product of New 

Zealand. The four medications tested were obtained from the Christchurch Hospital 

Pharmacy (Christchurch, New Zealand). Replicates of either 200 µl of liquid or 50 mg of 

each food product were placed into a 2 ml screw top vial with silicone/PTFE screw caps 

and allowed to equilibrate for 1h at room temperature. After 1h the headspace of each 
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individual sample was analysed and again after heating the sample to 50 ºC for 1min. 

SPME exposure into the headspace of the vials was at room temperature for 1min. GC-MS 

and GC-MS/MS analysis was done as mentioned in Section 2.4. The samples were 

classified either as positive or negative based on the RT and NIST mass spectral library but 

levels detected were not quantified. 

7.2.2 Detection of 2-PF by GC-MS/MS  

Analysis of 2-PF in breath samples was performed as described in Section 2.5. 

7.2.3 Calibration  

Calibration curves were obtained by linear least-squares regression analysis plotting the 

detector response in terms of peak-area versus 2-PF concentration as described previously 

(Section 2.5.5). 

7.2.4 Limit of detection and quantification 

Two methods were utilised to determine the LoD and LoQ. For the statistical method 20 

breath samples from one healthy subject were collected over a period of one month. The 

statistical LoD and LoQ were determined by the following formulae (Skoog, Holler et al. 

1998):  

LoD = mean blank + 3 × SD    (Equation 7.1) 

LoQ = mean blank + 10 × SD   (Equation 7.2) 

For the empirical method, the LoD is defined as the lowest analyte concentration that 

meets predetermined acceptance criteria (Section 2.4.4) at least 90% of the time 

(Armbruster, Tillman et al. 1994). To calculate the precision and accuracy of the method, 

11 breath samples from the same healthy individual were collected in 2L Tedlar
®
 bags 

over a period of 20 days. These samples were spiked with 10 µl of 10.5 attograms/µl of 2-

PF and analysed as described in Section 2.5. Relative standard deviation (RSD) was used 

to determine precision and relative error was used to determine accuracy (Skoog, Holler et 

al. 1998). The following formulae were used: 

RSD  % =
SD

Mean
∗ 100      (Equation 7.3) 

Relative error  % =
(Mean  value −true  value )

True  value
∗ 100   (Equation 7.4) 
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7.2.5 Breath sampling  

Breath was sampled using pre-tested Tedlar
®
 bags as in Section 2.5.1. Healthy subjects 

were included if they were over the age of 18 years, able to give informed consent, had no 

known respiratory disease, were not taking prescription or over the counter medication 

(except oral contraception) and were non-smokers. Breath samples were obtained within 

24h of obtaining consent from each individual. All of the breath sampling done in this 

study was approved by the Upper South B ethics committee. 

7.2.5.1 Fasting vs. non-fasting  

The first breath sample was obtained between 7.30 – 9.30 am after an overnight (>12h) 

fast and the second sample the following day, at the same time, after consuming their 

normal diet. The subjects were asked to avoid any of the following: soy containing 

products, pumpkin, peanuts, rolled oats, asparagus (tin or fresh), green beans (tin or fresh) 

and Marmite
TM

 (Sanitarium Healthfood products, Auckland, New Zealand). A food diary 

was maintained by each subject, including any beverages and or medication taken 

(Appendix VII).  

7.2.5.2 Diurnal breath  

Two breath samples were obtained from healthy subjects, in the morning between 7.30 – 

9.30 am and a second sample in the afternoon between 2.30 – 4.30 pm. No fasting was 

required by the subjects, however, they were asked to avoid the foods listed as above in 

Section 7.2.5.1. A food and medication diary was again maintained by each subject 

(Appendix VIII). 

7.2.5.3 Soy milk mouth rinse without ingestion  

The first breath sample was collected between 7.30 – 9.30 am from the subjects who fasted 

overnight before breath sampling. Subjects then rinsed their mouth twice with 30ml of soy 

milk (previously tested positive for 2-PF) without swallowing before a second breath 

sample was collected. Food and medication diaries were maintained as described earlier 

(Appendix VII). 

7.2.5.4 Soy milk ingestion   

A baseline breath sample was collected from 10 subjects before drinking 250ml of soy 

milk. After drinking the soy milk, the subjects then rinsed their mouth with 250ml of tap 
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water. Further breath samples were taken immediately following the mouth rinse and at 

30min, 1h, 2h, 3h and 6h post soy ingestion. Subjects were able to eat prior to and during 

the sampling procedures excluding foods listed in Section 7.2.5.2. Food and medication 

diaries were maintained as described earlier.  

7.2.5.5 Coffee challenge  

Five healthy subjects gave four separate breath samples into 1L glass sampling bulbs. 

Subjects were asked not to consume any coffee or caffeinated beverages within 12h of 

obtaining a time zero breath sample. Subjects consumed a double shot flat white coffee 

within 5min, after which breath samples were obtained at 30min, 1h and 2h. 

7.3 Results  
 

7.3.1 Food, cosmetic and medication analysis  

Fifty nine samples of foodstuffs and commonly prescribed anti-fungal medications were 

analysed in-vitro for the presence of 2-PF in the headspace (Table 7.1). Of the 45 

foodstuffs analysed, 10 samples tested positive for 2-PF; soymilk (three different brands), 

peanuts, tinned asparagus (two different brands), one brand of rolled oats, tinned beans, 

pumpkin and a yeast extract (Marmite
TM

). 

No 2-PF was detected in either instant or freshly ground coffee (4 brands), tea (3 brands), 

beef mince, pork mince, chicken breast, white fish, cooking oil, olive oil, mushrooms, 

parsley, peas, potatoes, cauliflower, cabbage, silverbeet, celery, egg, yoghurt, milk, 

Fortisip
® 

(liquid food supplement), walnuts, sesame seeds, rolled oats (one brand), cocoa 

powder, fresh beans, peanut butter, pizza base, pizza paste, red wine, vinegar and corn 

tortilla. No 2-PF was detectable from 10 cosmetics (two mouthwash products, toothpaste, 

after shave, perfume, two shampoo products, vaseline, two soap products) and four anti-

fungal medications (Fluconazole, Itraconazole, Amphotericin B and Voriconazole).  
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Table 7.1. Foods, cosmetics and medications tested for 2-PF. 

Sample SPME incubated at Sample SPME incubated at 

25 ºC 50 ºC 25 ºC 50 ºC 

Coffee 1 - - Coffee 2 - - 

Coffee 3 - - Coffee 4 - - 

Tea 1 - - Tea 2 - - 

Tea 3 - - Soy Milk 1 + + 

Soymilk 2 + + Soy Milk 3 + + 

Beef - - Chicken - - 

Pork - - White Fish - - 

Cooking Oil - - Olive Oil - - 

Mushrooms - - Parsley - - 

Peas - - Pumpkin - + 

Potato - - Cauliflower - - 

Cabbage - - Silverbeet - - 

Celery - - Egg - - 

Yoghurt - - Milk - - 

Fortisip - - Ensure Plus + + 

Peanuts + - Walnut - - 

Sesame Seeds - - Rolled Oats 1 - - 

Rolled Oats 2 + + Tinned 

Asparagus 1 

+ + 

Tinned Asparagus 

2 

+ + Fresh Beans - - 

Tinned Beans + + Peanut Butter - - 

Marmite™ + + Pizza Base - - 

Pizza Paste - - Red Wine 

Vinegar 

- - 

Corn Tortilla - - Cocoa Powder - - 

Mouth Wash 1 - - Mouth Wash 2 - - 

Toothpaste - - After Shave - - 

Perfume - - Shampoo 1 - - 

Shampoo 2 - - Vaseline - - 

Soap 1 - - Soap 2 - - 

Fluconazole - - Itraconazole - - 

Amphotericin B - - Voriconazole - - 

+ positive for 2-PF; -negative for 2-PF 
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7.3.2 Method validation, precision and accuracy  

A linear response was observed from ~1.1 to ~10.5 attograms of 2-PF spiked in 2L 

Tedlar
®
 bags for the ions 53 and 81 (Figure 7.1). The R

2
 value for ion 53 was 0.97 and for 

81 was 0.98.  

 

Figure 7.1. Calibration curve for the quantification of 2-PF in breath samples collected in 2L 

Tedlar
®
 bags. A: ion 53; B:  ion 81  

 

The mean concentration and standard deviation for 20 blank breath samples were 732.35 

and 526.32, respectively. Thus, using the statistical method (Formula 7.1 and 7.2), the LoD 

and LoQ for 2-PF in breath samples were 2311 and 5995 respectively. For the empirical 
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LoD and LoQ, the results obtained from the spiked breath samples were analysed against 

the pre-determined acceptance criteria. Seventeen of the 20 samples analysed fitted this 

criteria. Since a concentration of ~0.56 attograms of 2-PF did not meet this criteria, 33% of 

the time, this concentration is the empirical LoD for 2-PF in breath samples. The empirical 

LoQ for 2-PF was ~1.13 attograms. 

The RSD and relative error of the assay was 9.62% and 5.11% respectively. Accordingly, 

precision and accuracy of the assay are 90.40% and 94.89%, respectively.  

7.3.3 Fasting vs. non-fasting breath samples  

Low levels of 2-PF (above the lower limit of detection) were detected in the breath of two 

fasting and three non-fasting subjects but these were below the lower limit of 

quantification (Table 7.2). There was no clear pattern of food ingestion, as documented by 

a food diary, between those with detectable 2-PF and those without detectable 2-PF in 

breath (Appendix IX and X). There was no effect of gender in detection of 2-PF in breath.  

7.3.4 Diurnal breath samples  

Seven subjects in the morning and five subjects in the afternoon samples had detectable 

but not quantifiable levels of 2-PF in the breath but only two subjects had detectable levels 

in both their morning and afternoon (Table 7.2) Food diaries are shown in Table 7.3 and 

7.4. There was no relationship between food ingested and pattern of results. There was no 

effect of gender in detection of 2-PF in breath.  

7.3.5 Soy milk mouth rinse  

A soy milk mouth rinse produced a detectable level of 2-PF in a breath sample in 21/21 

(100%) subjects, which was significantly more frequent than in the control samples (7/21 

(33%); P <0.001) and was quantifiable in all samples (mean 8.5±SD1.0 attograms/2L) 

(Table 7.2). Figure 7.2 shows the comparison of detection of 2-PF in the baseline breath 

samples with that following the soy rinse. There was no effect of gender in detection of 2-

PF in breath.  
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Figure 7.2. Comparison of detection of 2-PF in the morning (panel B) and afternoon (panel C) 

breath samples with that following soy rinse (panel D). Y-axes in both chromatogram and mass 

spectra show relative abundance. X-axis in chromatogram shows retention time (min) and that in 

mass spectra show mass by charge (m/z) ratio. The red vertical line 1A (in panel D) indicates the 

highest points in the chromatogram peaks in the expected retention time. The corresponding mass 

spectra for the highest point in 1A are shown in panel A. The panel A shows the mass spectra 53 

and 81 in the chromatogram following soy rinse at 4.34 min.  

 

A 
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Table 7.2. Summary of data from breath testing protocols 

Intervention Subjects 

(number) 

Age years 

median 

(range 

Female 

number 

(%) 

2-PF detectable
 a

 

number (%) 

P value 2-PF quantifiable 

number (%) 

P value 

Fasting 10 42(29-76)  5(50) Fasting 2 

(20) 

Non fasting 3 

(30) 

NS Fasting 0 

(0) 

Non fasting 0 

(0) 

NS 

Time of day 

(diurnal) 

21 38(27-76)  11(57) Morning 

7 (33) 

Afternoon 5 

(24) 

NS Morning 0 

(0) 

Afternoon 0 

(0) 

NS 

Soy mouth rinse  21 38(27-76)  11(57) Baseline 

7 (33) 

Post soy rinse 21 

(100) 

<0.001
b
 Baseline 0 

(0) 

Post soy rinse 21 

(100) 

<0.001
b
 

 

a
 above lower limit of detection by empirical method ; 

b
 Fisher exact test; NS:  not significant; detectable 2-PF =>6600 peak area; quantifiable 

2-PF=>9500 peak area. 
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7.3.6 Soy milk ingestion  

Following the soy milk ingestion and water mouth rinse 2-PF was detectable in six 

subjects and quantifiable in three (1.1, 1.8 and 1.9 attograms/2L) (Table 7.3), indicating 

that mouth rinsing was not adequate to reliably remove recently ingested soy product. 

After 30min, the levels of 2-PF in breath, and the frequency of detectable, but not 

quantifiable 2-PF signal, were no higher than background.  

Table 7.3 The number of subjects with detectable 2-PF in their breath after consumption of soy 

milk and a water mouth rinse. 

Subjects (10) Time of sampling post water rinse 

Baseline 

 

5min 30min 60min 180min 360min  

2-PF detectable number (%) 2(20) 6(60) 2(20) 3(30) 1(10) 1(10) 

2-PF quantifiable number (%) 0(0) 3(30) 0(0) 0(0) 0(0) 0(0) 

7.3.7 Coffee challenge 

Of the five subjects tested following coffee ingestion, one had detectable 2-PF in the 5min 

breath sample but none had detectable or quantifiable levels in subsequent samples.  

7.4 Discussion  

A number of foods and beverages are indeed potential sources of 2-PF. In our analyses 2-

PF was detected in soy milk and Ensure Plus
®
, a soy based nutritional supplement 

commonly provided to a wide range of hospitalised patients. This finding is consistent 

with a number of studies that have reported soybean products as a source of 2-PF (Smouse 

and Chang 1967; del Rosario, de Lumen et al. 1984; Solina, Baumgartner et al. 2005; 

Krishnamurthy, Smouse et al. 2006; Yuan and Chang 2007). The low level of 2-PF found 

in the headspace of a yeast extract sample (Marmite
TM

) both before and after heating, was 

not surprising as soy products are an ingredient of this product.  

A low level of 2-PF was detected in the headspace of the pumpkin sample that had been 

heated. Siegmund and Murkovic (2004) have described the presence of 2-PF previously in 

the headspace of pumpkin seed oil. It is possible that 2-PF was released by lipid 

peroxidation of a seed in the sample. The detection of 2- PF in the headspace of peanuts 

may also have been due to lipid peroxidation of peanut oil, and in oat preparation it may 

have been from a flavouring additive. The finding of 2-PF associated with asparagus and 

beans confirms previous reports (Tressl, Bahri et al. 1977; del Rosario, de Lumen et al. 

1984). Other groups have reported the release of 2-PF from coffee beans (Nebesny, 
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Budryn et al. 2007), and parsley leaves (MacLeod, Snyder et al. 1985). However, we 

could not verify these results with the experimental set up described in this experiment. 2-

PF was not detected in the headspace of four brands of instant or freshly ground coffee. 

This may be because of the difference in the roasting method as the latter has been 

reported to affect the generation of volatile compounds from coffee beans including 2-PF 

(Nebesny, Budryn et al. 2007).  

Of the foods tested, soy milk gave the strongest signal and could have been responsible for 

positive breath tests. Soy products, especially Ensure Plus, are widely used as a nutritional 

supplement for patients with cystic fibrosis and patients undergoing chemotherapy for 

haematological malignancy who suffer from malabsorption and malnutrition and should be 

avoided when testing these groups.  

The technique used had an extremely low limit of detection and was linear over a wide 

range of concentrations. The R
2
 value was 0.98 which was equivalent to that previously 

published for the 2-PF breath test (Syhre, Scotter et al. 2007). The LoD and LoQ for 2-PF 

was dependant on the method used to calculate them. Statistically determined LoD and 

LoQ values for these types of assays are known to underestimate the true LoD and LoQ. It 

has previously been reported that the statistical method measures the average noise level of 

the procedure and defines only the ability to measure nothing rather than a very low 

concentration of analyte (Needleman and Romber 1990). Armbruster et al (1994) also 

found that the statistically determined LoD and LoQ values underestimated the LoD 

because of the large imprecision associated with blank measurements and the inability of 

blank samples to meet typical GC-MS acceptance criteria. In their study, the empirical 

method provided much more realistic LoD values (Armbruster, Tillman et al. 1994). This 

definition was therefore used for reporting results in this study.  

Using the LoQ and LoD determined from these studies shows the importance of time of 

testing and fasting. There was no influence of fasting or time of day, showing that breath 

testing can be done during normal working hours. As there was no difference in results 

between these groups by analysis of variance (P>0.05) the data were pooled. Of the 62 

breath samples analysed from normal subjects described above, detectable but non-

quantifiable levels of 2-PF were found in 47 (76%). The average level of 2-PF 

concentration (formula 7.1) in those subjects was ~1.2 attograms per 2L bag. This was 

similar to the lower limit of quantification (i.e. ~1.13 attograms, equivalent to 9,500 peak 
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area) derived from the standard curve (empirical method) and may be a useful cut-off for 

clinical studies using this assay system.  

The positive but non-quantifiable detection of 2-PF was randomly distributed by time and 

place, consistent with sampling noise. It is possible that low levels of 2-PF are present in 

the breath of normal subjects or that there is a low level of intermittent environmental 2-

PF. Since 2-PF is a product of oxylipin, derived from peroxidation of linoleic acid 

(Krishnamurthy, Smouse et al. 1967; Min and Boff 2002; Min, Callison et al. 2003), 

substances containing linoleic acid may release this 2-PF into the air and this can be a 

source of contamination for breath samples. In addition, 2-PF may also come from 

industrial sources such as waste gases from a municipal waste processing plant (Scaglia, 

Orzi et al. 2011), composting facilities (Fischer, Muller et al. 2000; Müller, Thiben et al. 

2004), food processing plants (Ranau, Kleeberg et al. 2005), or animal barns (Cai, Koziel 

et al. 2006) and can influence results.  

We could not differentiate whether the contamination was from recent inhalation of 2-PF 

containing air or if some subjects indeed have low levels of 2-PF in their breath. Collection 

and analysis of multiple breath samples from the 2-PF positive subjects over a period of 

time in different locations, such as a special testing room, may be required to answer this 

question. 

As there was no clear pattern of 2-PF detection related to the time of sampling, fasting or 

ingestion of foods not known to contain 2-PF, or gender, breath testing can be done 

without these constraints. However, ingestion of 2-PF containing foods is likely to 

confound results. The detection of 2-PF in breath after a challenge with a soy milk rinse 

demonstrated that contamination of the mouth with 2-PF is a potential cause of false 

positive results of a breath test. Even when water rinsing was done following ingestion of 

soy milk, 2-PF was still detectable in some subjects signifying this procedure was not 

adequate to remove recently ingested soy product. However, a wait of 30min after soy 

ingestion prior to breath testing was adequate to eliminate any quantifiable levels of 2-PF. 

Detectable levels however do persist for a longer period. It is possible that solid food 

digested and absorbed more slowly could produce a slow release of 2-PF and cause a false 

positive result, but foods have much lower levels of 2-PF making this less likely. 

These studies have shown that the collection of a breath sample is a critical task in breath 

analysis because the concentration of analyte may be affected by dilution and 
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contamination during sampling. VOCs in the dead space gas in the oral cavity and trachea 

may be the most significant contributors for contamination. It is possible that unidentified 

factors from either inside or outside the body can affect the concentration of endogenous 

VOCs in the breath before it exits the mouth. Collection of pure alveolar gas using a 

fractionated breath collection device might provide the solution for this problem and 

improve the specificity of the test (Matthew, Wan-Ping et al. 2009). Until then assessment 

and controlling for environmental contamination of 2-PF in the ambient air or from 

ingestion of 2-PF containing foods may mitigate this problem.  

In conclusion, knowing the diet of subjects prior to the collection of a breath sample has 

been shown here to be central in the process of obtaining breath samples because recent 

ingestion of foods containing 2-PF may give a positive signal. SPME pre-concentration 

with GC-MS offers a satisfactory method for detection of 2-PF down to levels of about 1 

attogram in a breath sample for clinical application, although it may be more sensitive 

under ideal laboratory conditions. Our results demonstrate that breath tests can be 

conducted without an overnight fast or at a specified time provided the mouth has been 

rinsed at least 30min after any 2-PF containing products have been ingested. Further 

modification of the current breath collection manoeuvre may also decrease the problem of 

false positive results, and enhanced pre-concentration techniques may improve the 

accuracy of 2-PF analysis by GC-MS. 
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CHAPTER 8. DETECTION OF 2-PENTYLFURAN IN 

BREATH SAMPLES FROM SUBJECTS WITH ACUTE 

PNEUMONIA AND CHRONIC OBSTRUCTIVE PULMONARY 

DISEASES   

8.1 Introduction  

The detection of fungal secondary metabolites such as the microbial volatile organic 

compounds (VOCs) may offer a non-invasive and rapid diagnosis of invasive pulmonary 

aspergillosis (IPA). It has been documented that Aspergillus fumigatus produces a VOC 

called 2-pentylfuran (2-PF) (Gao, Korley et al. 2002)and can be detected in the breath of 

subjects who have this organism colonizing the lung (Syhre, Scotter et al. 2007). A recent 

study of 32 subjects with cystic fibrosis and bronchiectasis demonstrated that 2-PF could 

be detected in the breath of those colonised with A. fumigatus (Chambers, Syhre et al. 

2009), and we have shown that two subjects with IPA had 2-PF detectable in the breath at 

the time of diagnosis and that 2-PF was no longer detectable as the lung lesion resolved 

(Chapter 3). In the subjects with cystic fibrosis and bronchiectasis, the primary lesion was 

chronic inflammation of the large airways but no consolidation. In contrast, the pathology 

of IPA is characterised by consolidation, local tissue invasion and possibly tissue 

infarction with a much smaller component of large airways inflammation (Dagenais and 

Keller 2009). Because of this it is important to determine whether consolidation alone 

could cause a positive breath test for 2-PF.    

In biological systems, 2-PF may be synthesized from oxidation of linoleic acid either by 

the action of oxygenase enzymes or by reactive oxygen species (ROS) (Feussner and 

Wasternack 2002; Lee and Min 2010). In normal healthy humans, there is no evidence that 

linoleic acid is oxidised via enzymatic pathway and there is no production of 2-PF. 

Although lipoxygenases are present in human white blood cells, the preferred substrate is 

arachidonic acid rather than linoleic acid (Kuhn and Borchert 2002; Lutteke, Krieg et al. 

2003). This makes the enzymatic production of 2-PF in humans less likely. Even during 

oxidative stress, the peroxidation of arachidonic acid does not produce 2-PF, it rather 

produces isoprostanes which are reported to be in-vivo markers of lipid peroxidation 

(Schwedhelm and Böger 2003). In one study, 2-PF was not detected among the 

approximately 3400 VOCs found in 50 normal subjects (Phillips, Herrera et al. 1999). 
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During airway inflammation in chronic lung disease such as asthma and chronic 

obstructive pulmonary disease (COPD), ROS may be generated by several inflammatory 

cells such as neutrophils and heightened levels of inflammation are associated with 

increased levels of ROS (Peter 1990; Langen, Korn et al. 2003). These ROS may cause 

peroxidation of linoleic acid and possibly produce 2-PF as one of the end products. 4-

Hydroxynonenal (4-HNE) is the most abundant toxic end product of lipid peroxidation 

contributing to the deleterious effects of oxidative stress (Schneider, Tallman et al. 2001). 

In in-vitro experiments, further breakdown of 4-HNE to 2-PF has been documented 

(Spiteller and Spiteller 2000). However, in in-vivo conditions, healthy cells remove 4-HNE 

readily through the action of glutathione S-transferases (GSTs) (Awasthi, Yang et al. 

2004). It is not clear how efficient the process of 4-HNE removal would be within areas of 

severe inflammation and local hypoxia but 2-PF production seems unlikely in healthy 

individuals. As areas of acute and chronic inflammation may co-exist in chronically 

diseased lung, usually in response to infection, it is important to determine whether either 

acute inflammation or acute and chronic inflammation could be source of detectable 

amounts of 2-PF in the breath.  

The primary cause of community acquired pneumonia (CAP), which is characterised by 

consolidation of the lungs, is Streptococcus pneumoniae (Murdoch, Laing et al. 2001; van 

der Poll and Opal 2009). 2-PF has also been identified in the headspace of culture of S. 

pneumoniae grown on blood agar (Syhre, Scotter et al. 2007). This raised the possibility 

that infection with S. pneumoniae could be also be a potential source of 2-PF in the breath. 

No enzymatic pathway similar to Aspergillus spp. has been identified for this to occur 

(Brodhun and Feussner 2011) but if it were true then it may have great potential for 

diagnosis of this infection in children. In this group, sputum is often very hard to obtain 

and urinary antigen tests are not accurate as pharyngeal colonization will produce a 

positive signal (van der Poll and Opal 2009).  

The aim of this pilot study was to identify the lung conditions that can potentially interfere 

with the diagnosis of IPA by 2-PF breath analysis. Specific objectives were: 

1. To estimate the proportion of subjects with 2-PF in their breath with stable COPD 

or exacerbations of COPD, and 

2. To estimate the proportion of subjects with 2-PF in their breath with acute 

pneumonia or pneumococcal pneumonia. 
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The primary endpoint was the proportion with quantifiable levels of 2-PF in the breath and 

the secondary endpoint was the proportion with detectable levels of 2-PF in the breath. 

8.2 Methods 

All the materials used in this experiment are listed in Table 2.3 (Section 2.2). 

8.2.1 Subjects 

 Only those subjects who met the predefined inclusion criteria were included in the study. 

Pneumonia was defined as an acute illness with new inflammatory infiltrate on chest 

radiograph in the absence of another cause (Neill, Martin et al. 1996). Pneumococcal 

pneumonia was defined as pneumonia with a positive culture of S. pneumoniae from a well 

collected sputum sample (Moderate or numerous white blood cells, scanty epithelial cells) 

or from the blood, or a positive urinary antigen test for pneumococcal antigen (Murdoch, 

Laing et al. 2001). All cases were community acquired and required admission to hospital 

for treatment.  

Controls for pneumonia were healthy subjects over the age of 18 years, who had no known 

respiratory disease, were not taking prescription or over the counter medications (except 

oral contraception) and were non-smokers. Pneumonia controls were required to have been 

breathing the same air as the pneumonia subjects for at least 20min but were not matched 

for age or gender. 

COPD was defined according to Global Initiative for Chronic Obstructive Lung Disease 

(GOLD)(Pawels, Buist et al. 2001) as follows: ―COPD is a preventable and treatable 

disease state characterized by airflow limitation that is not fully reversible. The airflow 

limitation is usually progressive and is associated with an abnormal inflammatory response 

of the lungs to noxious particles or gases‖. An exacerbation of COPD was defined as 

increases in dyspnoea, cough and sputum production with increased purulence in sputum 

(Anthonisen, Manfreda et al. 1987).  

Controls for the COPD study had a diagnosis of COPD, and were clinically stable without 

changes from baseline in levels of dyspnoea, cough or sputum production over the last 

month.  

8.2.2 Diagnostic tests 

Sputum samples and blood cultures were processed in the diagnostic microbiology 

laboratory of Canterbury Health Laboratories according to standard protocols. BinaxNow
® 
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urinary antigen tests (www.binaxnow.com) were performed according to manufacturer‘s 

instructions at the Canterbury Health Laboratories. Peripheral blood analysis and C-

reactive protein (CRP) test (an inflammatory marker) were performed at the haematology 

and biochemistry laboratories of Canterbury Health Laboratories. Lung function tests were 

performed in the Respiratory Laboratory at Christchurch Hospital.  

8.2.3 Breath Sampling and analysis  

Breath sampling in the Tedlar bags, analysis and interpretation and quantification of 2-PF 

signal were undertaken as described earlier (Section 2.5). The breath samples were 

identified by number only before delivery to the laboratory for 2-PF analysis, so that the 

analysis was done without knowledge of the clinical diagnosis or patient history. The 

codes were broken and data matched after data collection was complete, Subjects with 

pneumonia, pneumonia controls, and subjects with acute exacerbations of COPD were 

tested in general medical wards of Christchurch Hospital. Breath samples from all subjects 

were collected in a facility sourced from a common air conditioning system. Stable COPD 

subjects were tested in a separate outpatient facility. Breath samples were collected within 

a 10min period for the pneumonia cases or controls in the same environment. 

As determined in Chapter 7, breath samples were classified as positive (or detectable) only 

if the peak area was above the LoD (i.e. >6600). When the peak area was above LoQ (i.e., 

>9500), it was classified as quantifiable and quantitation of 2-PF was done using the 

calibration curve obtained as described in Section 7.3.2. The following formula was used: 

2PF concentration =  
Peak  area −3580.6

5780.20
   (Equation 8.1) 

8.2.4 Food history  

A standardized questionnaire of food known to contain 2-PF covering the previous 

evening meal and food intake on the day prior to breath testing was administered 

(Appendix VIII). The specific foods sought were soy products, margarine, butter, rolled 

oats, vegemite and marmite.  

8.3 Results 

The demographic details are shown in Table 8.1. 2-PF was quantifiable in the breath of 5 

(~1.09 to ~4.33 attograms per 2L breath sample) of 19 (26%) subjects with pneumonia 

compared with 1 (~1.53 attograms per 2L breath sample) of 19 (5%) controls. Between 
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these two groups, there was no significant difference in the proportion of 2-PF positives 

that were above LoQ (5/19 vs. 1/19; p=0.18) or above LoD (5/19 vs. 3/19; p=0.69).  

2-PF was quantifiable in the breath in 3 of 5 (60%) subjects with pneumococcal 

pneumonia at the levels of ~1.09 to ~3.49 attograms. This proportion was statistically 

significant when compared to controls (3/5 vs. 1/19; p=0.018). The diagnosis of 

pneumococcal pneumonia was made by isolation of S. pneumoniae from sputum samples 

or blood cultures of three subjects and positive urinary antigen test in two subjects.  

As shown in Table 8.1, two subjects with acute exacerbations of COPD had 2-PF levels in 

breath samples above the LoQ (~1.02 attograms and~3.16 attograms) but this was not 

found in any of  the 20 patients with  stable COPD. There was no significant difference in 

the proportion that were above LoQ (2/22 vs. 0/20; p=0.49).  Similarly, there was no 

significant difference in the proportion of subjects with exacerbations of COPD who had 

detectable (i.e. above LoD) but non quantifiable 2-PF levels in the breath compared to 

those with stable COPD (3/22 vs. 2/20; P=1.00) (Table 8.1). 

A. fumigatus was detected in the sputum of three subjects with exacerbations of COPD but 

the 2-PF breath test was negative in all cases. None of the three cases had A. fumigatus 

found in samples over the preceding 12 months.  

There was no relationship between the presence of 2-PF in breath and the inflammatory 

markers. The mean CRP in 2-PF positive subjects 86 (SD=89) was not significantly 

different from that in 2-PF negative subjects 125 (SD=134).  
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Table 8.1 Demographic details and 2-PF in breath of subjects with pneumonia and chronic 

obstructive airways disease. 

 Pneumonia COPD 

Pneumonia Controls 
Acute 

exacerbations 
Stable COPD 

Number 19 19 22 20 

Age years  

(median, range) 

65(31-87) 28 (21-33) 71(46-87) 71.5 (63-81) 

Gender Male 14 0 8 10 

Ethnicity 

 

European  17 

Samoan 1 

Tongan           1 

European    19 European 21 

Maori              

1 

European 19 

Maori            

1 

Past medical 

history of 

respiratory disease 

COPD            6 

Asthma 2 

Bronchiectasis1 

Nil Eczema      4  

Hay fever   3 

 

Location of 

pneumonia  

Lung base 6 

Bibasal 6 

Multifocal 3 

Upper lobe 2 

Midzone         2 

Nil 

 

Nil Nil 

Current smoker 

(number)  

1 0 0 0 

Smoking history 

pack years  

(median, range ) 

ND Nil 30.1(12-100) 44(16-129) 

Streptococcus 

pneumonia 

identified 

(number, method)  

5 (Sputum 2, 

urinary antigen 

2, blood 

cultures 1) 

Nil Nil
§
 ND 

Median neutrophil 

count x10
9
/l  

(range) 

9.8(6-20) ND 8.5(4.9-15.3) ND 

Median CRP  

mg/l(range) 

170(23-425) ND 12(<3-343) ND 

2-PF positive 

number  (%) above 

LoQ 

5(26%) 1(5%) 2 (9%) 0 (0%) 

2-PF positive 

number  (%) above 

LoD 

5 (26%) 3 (15%) 3 (14%) 2 (10%) 

 

§
Organisms cultured from sputum: Candida species 13, Aspergillus fumigatus 3, Penicillium spp. 

3, Haemophlius influenzae 4, Branhamella catarrhalis 2, Staphylococcus aureus 1, Pseudomonas 

aeruginosa 1, Acinetobacter spp. 1. Oropharyngeal flora 7. ND= not determined; CRP=C-reactive 

protein test; LoD=>6600 peak area, LoQ=>9500 peak area. 
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The records of ingestion of food that may contribute to 2-PF contamination are shown on 

Table 8.2. There was no difference in the foods ingested in the 2-PF positive subjects 

compared with the 2-PF negative subjects. Soy product was consumed by only one subject 

three hours prior to testing and the breath test was negative in this case.  

Table 8.2 Foods containing 2-PF consumed on the previous evening meal or on the day of breath 

testing.  

Foods 

Pneumonia COPD 

exacerbation 

COPD  

stable 

2-PF 

positive 

2-PF 

negative 

2-PF 

positive 

2-PF 

negative 

2-PF 

negative 

Margarine 2 9 2 14 9 

Rolled oats 1 5 1 7 3 

Butter 0 2 0 5 1 

Vegemite 0 1 0 2 3 

Pumpkin 0 0 0 1 1 

Peanuts 0 0 0 0 1 

Beans 0 0 0 1 0 

Soy drink 0 1 0 0 0 

Nil 0 4 0 0 8 

 

8.4 Discussion 

The aim of this pilot study was estimate the proportion of patients with severe 

inflammation from pneumonia (consolidation) or acute exacerbations of COPD that 

produce 2-PF in breath and could thus confound a breath test for IPA. The proportion with 

quantifiable 2-PF in pneumonia was 26% but not significantly different from the control 

group, however, the possibility that pneumonia could produce 2-PF cannot be excluded in 

this study because of its small size. This study does provide an estimate that would allow a 

large study to be powered adequately. This study also indicates that underlying lung 

disease such as stable COPD, which is a major risk factor for pneumonia, does not produce 

quantifiable levels of 2-PF.  

The detection of 2-PF in the headspace of culture of S. pneumoniae grown on blood agar 

had raised the possibility that infection with this organism could potentially produce 2-PF 

in breath (Syhre, Scotter et al. 2007). Of five subjects with S. pneumoniae in this 

experiment, 2-PF was detected in the breath of only three subjects (60%) and this 

proportion was statistically significant from controls. However, this is a small subset of the 

patients and analysis of breath samples from a large number of S. pneumoniae patients is 

necessary to confirm this.  
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2-PF was not detected in the breath samples of any of the three COPD subjects with A. 

fumigatus positive sputum cultures. A review of the sputum cultures from these subjects 

over the last 12 months showed that none of these had A. fumigatus in their sputum 

previously. In the study of Chambers and Syhre (2009) the sensitivity and specificity of 2-

PF was substantially lower in subjects with a single culture positive for A fumigatus than 

those who had A. fumigatus repeatedly isolated from the sputum. A single positive culture 

may represent transient colonisation or very low levels of A. fumigatus in the airways. In 

addition the microenvironmental conditions inside the lungs in COPD is likely to be 

different from cystic fibrosis and bronchiectasis and IPA and may be less supportive of 

biosynthesis of 2-PF via the fungal metabolic pathway.  

One pneumonia control matched to a subject with pneumonia also had 2-PF in the breath. 

The pneumonia subject had ~3 fold higher 2-PF signal than the matched control suggesting 

there may have been some environmental contamination in that instance. However, the 

level was sufficiently low to make it likely that the result was valid. It is also possible that 

20min duration of breathing of air from the same environment as the patients was not 

sufficient for the controls. 

Two subjects from both the pneumonia control and stable COPD groups had positive but 

non-quantifiable levels of 2-PF. These results were randomly distributed throughout the 

control groups and are consistent with results from studies in Chapter 7. This indicates low 

levels of 2-PF may be encountered frequently in the breath of healthy subjects as well as 

those with underlying COPD, and are likely to be seen in patients with IPA. It was not 

determined whether this 2-PF was endogenous or exogenous (from the environment) as no 

concurrent testing of environmental air was performed.  

All the foods possibly containing 2-PF that were consumed by the subjects were recorded. 

There was no difference in the foods ingested in the 2-PF positive subjects compared with 

2-PF negative. So, food is highly unlikely to be the source of 2-PF in the breath of the 

subjects in this study.  

2-PF is a product of oxylipin derived from peroxidation of linoleic acid (Krishnamurthy, 

Smouse et al. 1967; Min and Boff 2002; Min, Callison et al. 2003) and substances 

containing linoleic acid may release this 2-PF into the air and this can be a source of 

contamination for breath samples. In addition, 2-PF may also come from industrial sources 

such as waste gases from a municipal waste processing plant (Scaglia, Orzi et al. 2011), 
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composting facilities (Fischer, Muller et al. 2000; Müller, Thiben et al. 2004), food 

processing plants (Ranau, Kleeberg et al. 2005), or animal barns (Cai, Koziel et al. 2006) 

and expectedly influence results. 2-PF has also been detected in the environmental air of 

some buildings with mould growth (Gao, Korley et al. 2002). Food processing may be a 

source of air contamination as it is also used as a flavour enhancer (Smouse 1979). A 

number of food are found to be containing 2-PF include and coffee (Nebesny, Budryn et 

al. 2007) asparagus (Tressl, Bahri et al. 1977), beans (Ho, Lee et al. 1983), rice 

(Wongpornchai, Dumri et al. 2004; Chung, Yeo et al. 2011), potatoes (Ho and Coleman 

1980), pork (Soncin, Chiesa et al. 2007) and parsley (MacLeod, Snyder et al. 1985). In our 

study, environmental contamination was the likely source of the positive breath tests in the 

control patients. This could have come from foods cooked in the hospital premises. 

However as it was quantifiable or detectable in only three control subjects, it is unlikely to 

account for all these results. It appears that 2-PF breath test is extremely susceptible to 

environmental contamination and the current breath sampling techniques need to be 

modified.   

An advantage of the current experimental design is that the Tedlar
® 

 bags used were tested 

before the study so that contamination of the collection system is unlikely. This provides 

ease of sampling in spontaneously breathing subjects and gives ‗mixed expiratory‘ breath. 

The resistance generated by the valve in the mouthpiece of the Tedlar
® 

bag causes the 

hypopharynx of the subject to remain closed which minimizes the contamination of breath 

with air in the sinuses. It remains possible that inspired air containing 2-PF could give a 

false positive signal. To address this problem, rather than by using a control subject, 

concurrent sampling of the environmental air directly could be done. This cannot easily be 

done with Tedlar
® 

bags but a newer system that collect samples onto a solid phase such as 

Tenax would allow this to be done.  

As it is not possible to account for all cases of a quantifiable 2-PF signal in this study by 

contamination, it remains possible that in some circumstances 2-PF synthesis by ROS 

pathway may occur as high levels of ROS are released in pneumonia and COPD (Peter 

1990; Langen, Korn et al. 2003). However, 2-PF production by ROS pathway is 

uncommon and a much larger study would be required to exclude this possibility. 

A significant limitation of this study is the choice of cases and controls for the pneumonia 

subjects. Since no children were included in the test groups, the potential of 2-PF breath 
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test for the diagnosis of pneumococcal pneumonia in children is unknown. Although the 

controls had been breathing the same air for at least 20min and known sources of 2-PF 

from food and medication were accounted for, they were not matched for underlying 

disease states, age or gender. The design of a definitive study would need to match these 

variables, however, there was no gender effect seen in the study described in Chapter 7 so 

this is unlikely to be an important variable. Further studies are necessary to determine the 

dynamics of disappearance of 2-PF from the breath of the subjects who had inhaled 

environmental 2-PF. It is also important to determine how long a control needs to breathe 

the same air as the subject to provide a realistic comparison of 2-PF detection.  

In conclusion, confounding of 2-PF breath test from lung inflammation, such as that occurs 

in pneumonia, has not been excluded. A large well designed study is needed to determine 

if this occurs. Contamination of the environmental air with 2-PF is likely to account for 

some of the positive cases. Ideally breath sampling should be undertaken in a clean facility 

free of 2-PF contaminated air. Further modification of the current breath collection 

methods may also decrease the problem of false positive results, and improved pre-

concentration techniques may improve the accuracy of 2-PF analysis by GC-MS. 
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CHAPTER 9. ESTABLISHMENT OF A SHEEP MODEL OF 

INVASIVE PULMONARY ASPERGILLOSIS 

9.1 Introduction 

Studies of invasive pulmonary aspergillosis (IPA) are limited by small numbers of patients 

and the low prevalence at individual institutions. Worldwide, IPA has a very low 

prevalence rate of 1-15% (Mengoli, Cruciani et al. 2009). There are only two to three 

cases of IPA admitted per year to Christchurch Hospital, resulting in a lack of access to 

sufficient numbers of patients to be studied. Because of this, we sought to develop a large 

animal model to validate a novel 2-PF breath test developed by Chambers et al. (2009).  

An animal model offers a controlled setting to study clinical and pathological relationships 

between breath testing and lung lesions and also the ability to monitor the time course of 

2-PF production in-vivo. Dexamethasone and cyclophosphamide (CPA) have been widely 

used to produce immunosuppressed animal models of infectious diseases and organ 

transplantation. Steroid therapy is known to be a risk factor for IPA in humans and affects 

immune function in animals (Ullmann, Krammes et al. 2007; Wang, Puntenney et al. 

2007; Jeklova, Leva et al. 2008). CPA induced neutropaenia has been successfully 

employed in animal models of IPA in a number of species including rabbits (Kirkpatrick, 

McAtee et al. 2000), rats (Scotter and Chambers 2005), mice (Stephens-Romero, Mednick 

et al. 2005; Zuluaga, Salazar et al. 2006) and guinea pigs (Kirkpatrick, Perea et al. 2002). 

A large animal model would be preferred for our study as the airway can be easily 

controlled with large volumes of breath samples readily obtainable. Although sheep are 

ruminants, we considered they would be ideal for a model of IPA as they have been 

reported to be susceptible to Aspergillus infection (Perez, Corpa et al. 1999). They also 

have close anatomical, functional and physiological similarities to the human lung (Harris 

1997). Moreover, they have significant advantages as models of lung disease because they 

are readily available and human instruments such as intubation tubes, catheters, and 

ventilation equipment can be easily adapted to sheep due to their comparable size to 

humans. Furthermore, sheep have been successfully used to study the effects of chronic 

immunosuppression with CPA on the progression of pulmonary asbestosis (Begin, Cantin 

et al. 1988) which led us to consider developing a sheep model of acute 

immunosuppression for studying lung infections.  
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CPA has previously been administered to sheep as a potential de-fleecing agent and was 

reported as safe in doses up to 30mg/kg, and induced transient anorexia at doses of 60 

mg/kg/day (Dolnick, Lindahl et al. 1969). However, the dose required to induce 

neutropaenia and cause other potential adverse effects was unknown. Since there is no 

information on the doses of CPA required to predispose to IPA in large animal models, the 

aims of the present study were to determine the appropriate dose regimen of CPA in sheep 

and develop a model of IPA for the 2-PF breath test. Specific objectives were: 

1. To induce neutropaenia in sheep.  

2. To determine whether 2-PF can be detected in the breath of neutropaenic sheep.  

3. To establish IPA in sheep. 

4. To determine whether 2-PF can be detected in breath samples of sheep with IPA. 

9.2 Methods 

9.2.1 Animals and drugs 

The study protocol was approved by the University of Otago Christchurch Animal Ethics 

Committee. Nine female Coopworth sheep aged 1.5-6 years were used in this study. The 

animals were acclimatized for one week in separate pens and were given ad-libitum access 

to hay and water. They were also given 300g chaff and 500g pellet feed every day.  

The drugs used in this study are listed in Table 2.4 in general material and methods.  

9.2.2 Breath sampling protocol 

Phase 1. Dexamethasone immunosuppression: Breath samples were taken at baseline (days 

-3 to 0), post-immunosuppression, and twice weekly post-inoculation and the animals were 

sacrificed three weeks after inoculation.  

Phase 2. CPA immunosuppression: Breath samples were taken at baseline (days -3 to 0), 

and 1-7 days after dosing. A. fumigatus spores were inoculated when the animals were 

neutropaenic (neutrophil count less than 0.5x10
9
/L). Post-inoculation breath samples were 

taken twice weekly until euthanasia. If neutropaenia resolved without systemic symptoms 

a further dose of CPA was given and animals were re-inoculated. 
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9.2.3 Induction of immunosuppression 

In three animals (Phase 1: Sheep S1, S2 and S3), dexamethasone was injected 

intramuscularly at 0.2mg/kg/day to induce immunosuppression. In another six animals 

(Phase 2: S4 to S9), immunosuppression was induced by intravenous injection of 2% CPA. 

This drug was reconstituted at Christchurch Hospital Pharmacy. For initial experiments in 

Phase 2a, ascending doses were administered to separate animals: 30 (S4), 45 (S5), 60 (S6) 

and 75 mg/kg (S7) body weight. Subsequently in Phase 2b, 60 mg/kg was administered to 

four sheep (S5, S6, S8 and S9). Two (S5 and S6) had received a prior dose of CPA and 

recovered, doses as follows: the animal that received 45 mg/kg (S5) received an additional 

dose of 60mg/kg (28 days from 1
st
 injection) and one of the sheep that received 60 mg/kg 

(S6) received a second dose of 60mg/kg (26 days from 1
st
 injection). Sheep S4, S5 and S6 

became distressed and/or neutropaenic and received gentamicin and ceftriaxone for 5 days 

at the rate of 6mg/kg/day and 1g/day, respectively. Sheep S8 also received dexamethasone 

at 0.2mg/kg/day for 4 days after CPA dosing.  

9.2.4 Inoculation of fungal spores 

All three sheep dosed with dexamethasone and two sheep (Sheep S5 and S6) dosed with 

CPA were inoculated with A. fumigatus spores under sedation produced by ketamine 

(4mg/kg) and diazepam (1mg/kg) given intravenously. In phase 1, spore inoculation was 

performed following 24-48h of first dexamethasone dosing. In phase 2, spore inoculation 

was after the development of neutropaenia. Fungal spores (10
8
)
 
suspended in 2ml of sterile 

saline were instilled as liquid delivery into the trachea with the help of endotracheal tube. 

The spores were also tested for viability by culturing onto SDA at 37°C for 48h. The strain 

of A. fumigatus used in these experiments was from a human case of IPA and obtained 

from Canterbury Health Laboratory, Christchurch, New Zealand.  

9.2.5 Monitoring post-immunosuppression 

The animals were monitored daily for the development of clinical signs of respiratory 

distress and IPA. Parameters monitored included visual signs of distress, appetite, 

respiration rate, and body temperature (Monitoring sheet in Appendix XI). The normal 

respiration rate and body temperature of sheep are 15-40/min and 38-39.5°C, respectively. 

Blood samples (10ml) were collected by venepuncture from the jugular vein on alternate 

days just before breath collection. White cell counts and absolute neutrophil counts were 

performed (in phase 2 animals only) using an automated blood cell counter (Sysmex 
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XE2100) at Canterbury Health Laboratory, Christchurch, New Zealand. Blood culture was 

performed by aseptically introducing ~2ml of blood onto blood agar.  

9.2.6 Collection and analysis of breath samples  

Breath samples were collected during three experimental periods: pre-immunosuppression, 

post-immunosuppression and post-inoculation. In the two CPA-immunosuppressed sheep 

inoculated with Aspergillus, additional breath samples were collected twice a week. The 

animals were sedated with ketamine and diazepam (doses as per Section 9.2.4), intubated 

and the endotracheal tube connected via a two way valve system to a 3L glass bulb. The 

bulbs were reused following an ethanol rinse and baking at 180°C for >4h. The animals 

were ventilated five times for four secs each using 2-PF free synthetic air at a flow rate of 

2000ml /min in order to standardise collection of breath. 

Analysis of breath samples was performed as described earlier in Sections 2.5.2 and 2.5.3. 

Interpretation of the analysis results was done as in Section 2.4.5 and if the 2-PF signal 

was above 6600 peak area (i.e. the lower limit of detection as determined in Chapter 7) the 

sample was classified as positive.  

9.2.7 Post-mortem examination  

Animals were euthanized using an over-dose of pentobarbitone administered intravenously 

at 80mg/kg. Immediately following death, post-mortem dissection was performed by 

opening the thoracic cavity using aseptic technique. The lungs were removed for 

macroscopic, histopathological and microbiological examination. Tissue sections (~10g) 

were collected in sterile sample containers for microbiological examination. This tissue 

was homogenised with minimal fungal medium using Whirl-Pak
®

 bag. The homogenate 

(~100mg) was cultured in duplicate onto blood agar, MacConkey agar and SDA at 37°C 

for 48h. After samples were taken for microbiology, the lungs were weighed and 

underwent macroscopic examination, which included inspection of the major airways and 

serial slicing of both lungs. Representative samples were taken for histology. Following 

fixation in 10% formalin they underwent routine processing and sections stained with 

haematoxylin and eosin (H&E), as well as Methenamine Silver stain for fungi. For some 

sections Perl‘s iron stain and Gram‘s stain were also performed. Processing of 

histopathology samples were performed at Gribbles Veterinary Pathology in Christchurch, 

New Zealand. In two sheep (S8 and S9) small tissue fragments of affected lung were 
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placed into gluteraldehyde and processed for electron microscopy at the pathology 

laboratory of Canterbury Health Laboratory, Christchurch, New Zealand. 

9.3 Results 

9.3.1 Effect of immunosuppression on animal health  

All three animals dosed with dexamethasone (Phase 1) remained healthy throughout the 

experiment.  

CPA dosing had a profound effect on the general health of the animals. In Phase 2a, the 

dose escalation study, the sheep developed symptoms including reduction of appetite, 

distressed breathing and alopecia (Table 9.1). In accordance with predetermined ethical 

endpoints, two of the four sheep (S4 and S7) were euthanized or died before inoculation of 

fungal spores. The severity of these symptoms was variable. All four animals had reduced 

appetite – sheep S4 by the 6
th

 day and sheep S5, S6, and S7 by the 4
th

 day of CPA 

injection.  

Three sheep (S4, S5 and S6) exhibited wool loss by the 6
th

 and 7
th

 day after dosing and 

sheep S7 had significant weight loss (<16% over a four day period). Sheep S4 had 

difficulty in urination by day six and developed tachypnoea and extremely laboured 

breathing by the 12
th

 day and was euthanized. Sheep S7 developed laboured breathing, 

excessive salivation and groaning by the 3
rd

 day of dosing. It became semi-alert and 

recumbent by the day four and subsequently was euthanized. The remaining two animals 

(S5 and S6) recovered from the initial dosing of CPA. They were then inoculated with A. 

fumigatus spores. No clinical symptoms were seen even after inoculation and both of these 

animals were used for the second experiment. 

In Phase 2b, dosing of four sheep with CPA at 60mg/kg body weight had variable effects 

on observable clinical signs (Table 9.2). Sheep S5 lost appetite by the 9
th

 day and had 

laboured and an increased rate of breathing by day seven. By the 13
th

 day, it developed 

tachypnoea (108bpm) and breathing was laboured and shallow. Therefore, this animal was 

euthanized on day thirteen. 
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Table 9.1. Outcome of dose escalation of CPA in sheep (see next page for abbreviations and 

symbols). 

Sheep ID  

(CPA dose) Days 

Temperature 

(°C)§ 

Spore 

inoculated Antibiotics Alert? 

Body 

wt. (Kg) 

Food  

intake 

Rate of  

breathing† 

Type of  

breathing 

Neutrophil 

count (x109/L) Other Information 

S
4
 

(3
0

m
g

/k
g

)a
g

e=
3

 y
ea

rs
, 

 b
o

d
y

 c
o
n
d

it
io

n
 s

co
re

=
 3

/5
; 

 

eu
th

an
iz

ed
 o

n
 d

ay
 1

2
 o

f 
C

P
A

 i
n

je
ct

io
n

 

0 39.8   Yes 50 Normal N N 1.46  

1    Yes  Normal 
N 

N   

2    Yes  Normal 
N 

N   

3 39.05  Yes Yes  Normal 
N 

N 1.96  

4 39  Yes Yes  Normal 
N 

N 3.26  

5 39.6  Yes Yes  Normal 
N 

R/L 2.84  

6 39.7  Yes Yes  Half 80 bpm L/W 1.28 
Wool loss; 

straining to urinate 

7 40.05  Yes Yes  Quarter 48 bpm N/L 1.56 Wool loss 

8    Yes  Quarter 78 bpm L/W  Wool loss 

9    Yes  None 78 bpm L  Wool loss 

10 39.6   Yes 45 Very little 42 bpm L  Wool loss 

11 39.4   Yes  None 78 bpm L, raspy 3.2 Wool loss 

12 39.7   Yes  Very little 92 bpm VL  Euthanized 

S
5
 

(4
5

m
g

/k
g

) 
; 

ag
e 

1
.5

 y
ea

rs
, 

 

b
o
d
y

 c
o
n

d
it

io
n

 s
co

re
 4

/5
; 

 

re
co

v
er

ed
 f

ir
st

 d
o

se
 

0 39.4   Yes 51.5 Normal N N   

1 38.8   Yes  Normal 36bpm N   

2    Yes  Normal 36bpm N   

3    Yes  Half 54bpm N   

4 39.4  Yes Yes  Normal 90bpm R   

5 39  Yes Yes  Normal 66bpm N 1.2  

6 39.4  Yes Yes  Normal 60bpm N   

7 39.1 Yes Yes Yes  Normal 78bpm N/R 0.21 Wool loss 

8 39.3  Yes Yes 50 Normal 90bpm R 0.9 Wool loss 

9    Yes  Normal 38bpm N  Wool loss 

10      Normal 44bpm N  Wool loss 

11 38.5     Normal 42bpm N  Wool loss 

12 39.2     Normal 72bpm N 1 Wool loss 

S
6
 

(6
0

m
g

/k
g

) 

ag
e 

3
 y

ea
rs

, 
b
o
d

y
 s

co
re

 3
.5

/5
; 

 

re
co

v
er

ed
 f

ir
st

 d
o

se
 

0 39.3   Yes 65 Normal 36bpm N   

1    Yes  Normal 36bpm N 2.9  

2    Yes  Normal 30bpm F   

3    Yes  Quarter 30bpm N   

4 39.1   Yes  Normal 30bpm N   

5 39.9   Yes  Quarter 30bpm N   

6 39   Yes  Quarter 36bpm N 0.3 Wool loss 

7 39 Yes Yes Yes  Half 66bpm N 0.26 Wool loss 

8 38.9  Yes Yes  Half 48bpm N 0.15 Wool loss 

9 38.9  Yes Yes  Normal 42bpm N 0.05 Wool loss 

10 38.8  Yes Yes  Normal 42bpm N 0.06 Wool loss 

11 39  Yes Yes  Normal  N 0.07 Wool loss 

12 38.4  Yes Yes  Normal 42bpm N 0.6 Wool loss 

S
7
 

(7
5

m
g

/k
g

) 
 

ag
e 

1
.5

y
ea

rs
, 
 

b
o
d
y

 s
co

re
 4

/5
 

-1 40.7   Yes  Normal 
N 

N ND  

0    Yes 52 Normal 
N 

N ND  

1    Yes  Normal  L ND  

2    Semi-alert  Half  L,S ND Excessive salivation 

3    Semi-alert  None  VL ND Groaning 

4    Down 44‡ None   ND Died at 10.35am 
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L: laboured; VL: very laboured; S: shallow; W: wheezing; F: forced; ND: not done Day 0:  date of CPA 

injection; Antibiotics :  Gentamicin+ceftriaxone; spores inoculated: 2ml suspension containing 1x10
8 

A. 

fumigatus spores. §Normal temperature:  38-39.5˚C; †Normal respiration rate: 15-40 breath per minute (bpm); 

‡
16% loss of body weight. 

  



 

141 

Sheep S6 remained healthy even after the second CPA dosing and did not develop any 

clinical signs. Sheep S8 lost appetite by the 2
nd

 day of dosing and developed laboured 

breathing by the 3
rd

 day and was euthanized on the day four. Sheep S9 developed a 

reduced appetite, tachypnoea (72bpm), and laboured and shallow breathing by the 3
rd

 day 

and was also straining to urinate. This animal was thus euthanized on day four.  

Table 9.2 Effects of CPA at 60mg/kg in sheep 

Sheep ID  

(CPA dose) Days 

Temperature 

(°C) § 

Spore 

inoculated Antibiotics Alert? 

Food  

intake 

Rate of†  

breathing 

Type of  

breathing 

Neutrophil 

count (x109/L) 

Other 

 Information 

S
5
 

ag
e 

1
.5

 y
ea

rs
, 
 

b
o
d
y

 c
o
n

d
it

io
n

 s
co

re
 4

/5
; 

 

re
co

v
er

ed
 f

ir
st

 d
o

se
 

0    Yes Normal 24 N   

1    Yes Normal 24 N   

2    Yes Normal 24 N   

3    Yes Normal 30 N   

4 38.9   Yes Normal   0.7  

5 39   Yes Normal 30 N   

6 39.5   Yes Normal 42 N   

7 39.5   Yes Normal 42 L 0.5  

8 39.5 Yes Yes Yes Normal   0.6  

9 39.1  Yes Yes Little     

10 39.2  Yes Yes Little 44 L   

11 39.7  Yes Yes Little 54 L   

12 39.2   Yes None 54 L   

13 38.6   Yes None 108 L/R/S  Euthanized 

S
6

  

ag
e 

3
 y

ea
rs

, 
b
o
d

y
 s

co
re

 3
.5

/5
; 

 

re
co

v
er

ed
 f

ir
st

 d
o

se
 

0 39.2   Yes Normal 30 N   

1    Yes Normal 30 N   

2    Yes Normal 24 N   

3 38.7   Yes Normal 24 N   

4 38.8   Yes Normal 30 N 3.1  

5    Yes Normal 36 N   

6    Yes Normal 30 N 0.6  

7 38.4   Yes Normal 36 N 1.1  

8    Yes Normal 37 N 1.6 Survived 

S
8
 

ag
e:

 1
.5

y
r,

  

b
o
d
y

 s
co

re
=

4
; 0 39.1   Yes Normal 36 N   

1 39.2   No Normal 36 N   

2 38.9   No Little 24 N/L   

3 38.9   Yes Little 42 N/L   

4    No None 24 L 0 Euthanized 

S
9
 

ag
e=

5
+

y
r,

  

b
o
d
y

 s
co

re
=

3
 

0 38.8   Yes Normal     

1    Yes Half 72 R/S   

2    Yes Little 30 N/L   

3    Yes None 24 L/S  
Straining to 

urinate 

4 38.6   Yes None 30 L/S 1.9 Euthanized 

L: laboured; VL: very laboured; S: shallow; W: wheezing; F: forced; ND: not done Day 0:  date of CPA 

injection; Antibiotics :  Gentamicin+ceftriaxone; spores inoculated: 2ml suspension containing 1x10
8 
A. 

fumigatus spores; §Normal temperature:  38-39.5; †Normal respiration rate: 15-40 breath per minute (bpm); 

‡16% loss of body weight;    
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9.3.2 Effect of CPA on neutrophil count 

The CPA dose escalation study (Phase 2a) showed the response of the neutrophil count to 

CPA was inversely related to dose; the higher the dosage, the lower the neutrophil count 

(Figure 9.1) and longer the neutropaenic period. Doses of CPA at 30mg/kg (Sheep S4) 

significantly lowered absolute neutrophil counts to 1.28 x10
9
/L, but not to the level of 

neutropaenia (i.e. <0.5x10
9
/L). CPA given as a single dose of 45 (Sheep S5) and 60 mg/kg 

(Sheep S6) resulted in absolute neutrophil counts of 0.21 and <0.5x10
9
/L respectively, 

with nadirs at day 7-9. In the case of sheep S6 which was dosed with CPA at 60 mg/kg, 

neutropaenia lasted for at least 6 days.  

 

Figure 9.1. Effect of different doses of CPA on neutrophil count in sheep. S4: Sheep 4 with CPA 

30mg/kg; S5: Sheep 5 with CPA 45mg/kg; S6: Sheep 6 with CPA 60mg/kg.  

 

In Phase 2b studies, neutropaenia developed in sheep S5 and S6 at around 6-7 days. In 

sheep S8, the combination of CPA (60mg/kg) with dexamethasone (0.2mg/kg) resulted in 

the lowest absolute neutrophil count of 0.0 x10
9
/L, 4 days after dosing (Table 9.2). In 

sheep S9 however, we were not able to measure the neutrophil count beyond the 4
th

 day 

because it developed severe clinical signs and had to be euthanized according to 

predetermined ethical endpoints.  
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9.3.3 Pathology 

At post-mortem, the lungs from all six sheep used in Phase 2 were diffusely oedematous, 

haemorrhagic, consolidated and congested (Figure 9.2A and B). The combined weight of 

both lobes of the lung averaged 1193±52.8 g (range 988-1313 g) (normal range 442-629 g; 

our data on this breed).  

In three animals (S5, S7 and S9) frothy fluid was present in the trachea and bronchi. Sheep 

S7 demonstrated formation of subpleural blebs. In sheep S9 the visceral and parietal pleura 

showed focal fibrous adhesions. Urinary bladders obtained from two animals (S8 and S9) 

demonstrated petechial and ecchymotic haemorrhages (Figure 9.2C). Liver obtained from 

sheep S8 was normal. 

 

Figure 9.2. Post-mortem and histopathological examination of the lungs and urinary bladder of 

sheep (S9) dosed with cyclophosphamide at 60mg/kg. A) Whole lungs showing consolidation and 

congestion (arrows indicate site of tissue collection for histology and microbiology). B) Lung 

Section showing congestion and haemorrhage. C) Gross pathology of urinary bladder showing 

petechial and ecchymotic haemorrhages. D) Lung tissue Section stained with haematoxylin and 

eosin (H&E; x400) showing intra-alveolar oedema fluid, capillary congestion and intra-alveolar 

haemorrhage, interstitial oedema and hyaline membranes. 
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On histological examination of the lungs of all six sheep, there was diffuse pulmonary 

congestion with intra-alveolar oedema, capillary congestion and intra-alveolar 

haemorrhages, interstitial oedema and formation of hyaline membranes (Figure 9.2D).  

Methenamine Silver stain for fungi and a Gram stain of lung sections did not demonstrate 

any organisms. Microbiological cultures of the lung homogenates on SDA, blood agar and 

MacConkey agar were also negative for fungal or bacterial growth. Lung homogenate 

from sheep S8 was also cultured in the Legionella medium but this too was negative. 

Similar to histological examination, electron microscopy of lung samples from two 

animals (S8 and S9) showed intra-alveolar oedema, haemorrhages and hyaline membranes 

(Figure 9.3). There were some infiltrating neutrophils and macrophages (Figure 9.3A). 

Proliferating pneumocytes were evident in some sections (Figure 9.3D). No evidence of 

infection, particularly no viral changes, was evident. 

 

Figure 9.3. Electron microscopy of lung sections from sheep (S9) dosed with cyclophosphamide at 

60mg/kg. A) a: neutrophil infiltration; b: damaged epithelium; c: macrophage. B) a: alveolar space; 

b: infiltrated neutrophil; c: proliferating pneumocyte; d: damaged epithelium. C) a: intraalveolar 

oedema; b: hyaline membrane; c: reactive pneumocyte. D) a: congested capillary; b: proliferating 

Type 2 pneumocytes.  
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9.3.4 Breath analysis 

A total of 115 breath samples were collected from eight animals following initial 

immunosuppression with at least two separate samples collected each time. No breath 

samples were collected from one sheep (S7). Only three breath samples obtained from 

three different animals in the CPA group (Phase 2) following Aspergillus inoculation were 

positive for 2-PF. However, the peak integrations were below the limit of quantification of 

9,500 peak area (S5=7,371 peak area; S8=7,718 peak area and S9=6,614 peak area). Also 

when these breath samples were detected as positive, the duplicate breath sample (for each 

sheep) collected within 10-15min was negative for 2-PF. Breath samples collected prior to 

and after the above samples were negative, also. Hence, there is no clustering of the 

detection of 2-PF in breath samples.  

None of the samples from dexamethasone immunosuppressed sheep were positive for 

presence of 2-PF.  

9.4 Discussion 

The aim of the present study was to determine the appropriate dose regimen of CPA in 

sheep and develop a model of IPA for the 2-PF breath test. The principle finding was that, 

whilst neutropaenia may be induced with CPA at 60 mg/kg, this dose was likely to induce 

diffuse alveolar damage (DAD) leading to acute respiratory distress syndrome (ARDS); 

making CPA an unsuitable agent for inducing neutropaenic immune suppression in sheep. 

However, we were able to demonstrate that 2-PF is not usually present in the breath of 

normal sheep nor in sheep with CPA-induced DAD. 

In this study, the post-mortem lesions and histological manifestations in the four sheep that 

had a shorter duration of exposure to CPA (S4, S7, S8 and S9) were consistent with the 

exudative phase of DAD (Blennerhassett 1985; Rossi, Erasmus et al. 2000). In two sheep 

(S5 and S6) with a longer duration of exposure to CPA, the lungs showed proliferation of 

Type 2 pneumocytes and fibroblasts, consistent with the proliferative phase of DAD 

(Blennerhassett 1985; Rossi, Erasmus et al. 2000).  

Electron microscopy of lung samples from two animals (S8 and S9) also showed features 

of DAD as mentioned before and no evidence of infection, particularly no viral changes, 

were evident. Methenamine Silver stain for fungi and a Gram stain of lung sections did not 

demonstrate any organisms. Microbiological cultures of the lung homogenates on SDA, 

blood agar and MacConkey agar were negative for fungal or bacterial growth. Lung 
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homogenate from sheep S8 was also cultured in the Legionella medium but this too was 

negative. On the basis of these findings, we concluded that the changes in the lungs are 

those of DAD. 

Some of the most important causes of DAD include oxygen, ingested chemicals, cytotoxic 

drugs, hypersensitivity, shock, physical agents and pneumonia (Blennerhassett 1985). The 

most likely cause of DAD in these animals is the cytotoxic drug CPA used for 

immunosuppression. Other less likely causes are septic shock, immunological shock and 

physical injury to the lungs during intubation and ventilation. The latter is less likely as 

two animals S5 and S6 were repeatedly ventilated and intubated, respectively for 42 and 

36 days. During this period, they did not show symptoms attributable to these manoeuvres.  

DAD-like conditions have been reported in sheep following bacterial infection. In one 

experiment, it was demonstrated that sepsis increases transvascular fluid filtration across 

the alveoli (Brigham, Woolverton et al. 1974). Similar to humans, fever is a common 

symptom of septic shock in sheep (Brigham, Woolverton et al. 1974). It is highly unlikely 

that these sheep in our experiment suffered from shock lung as none of the animals had 

fever and all cultures were negative for all organisms tested. Microbial growth may have 

been prevented in three sheep that were administered antibiotics (S4, S5 and S6) but there 

were no positive cultures detected from the other three sheep (S7, S8 and S9) that did not 

receive antibiotics.  

Anaphylactic reactions are reported following intravenous administration of CPA, but are 

very rare. These reactions are usually seen within minutes of CPA administration (Salles, 

Vial et al. 1991; Knysak, McLean et al. 1994; Garas, Crawford et al. 1995; Rosas-Vargas, 

Casas-Becerra et al. 2005). Symptoms may include sudden dyspnoea, cyanosis, wheezing, 

tachycardia, and tachypnoea but none of the animals in our experiment developed these 

symptoms within the first two days of administration of CPA. The earliest and most severe 

respiratory distress was exhibited by sheep S7 dosed at the rate of 75 mg/kg and that was 

on the third day following CPA. The exact mechanism of anaphylactic reactions to CPA is 

not known but it is believed to be mediated by type I IgE hypersensitivity phenomenon 

involving a CPA metabolite (Salles, Vial et al. 1991). However, type I hypersensitivity 

reaction requires a previous contact with the allergen and this was not the case with most 

of our animals. Therefore, it is unlikely that sheep in this study suffered from a CPA-

induced anaphylactic reaction. 
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CPA is a nitrogen mustard alkylating agent and is one of the most commonly used 

antineoplastic and immunosuppressive drugs. Its toxic effects in human include nausea, 

vomiting, alopecia, immunosuppression, myelosuppression, sterility and haemorrhagic 

cystitis and interstitial pneumonitis (de Jonge, Huitema et al. 2005).  

It appears that sheep in the current study developed CPA-induced DAD leading to ARDS. 

The post-mortem and histological observations are consistent with DAD, which is a typical 

finding of CPA-induced ARDS in humans and other animal models (Mark, Lehimgar-

Zadeh et al. 1978; Morse, Sigler et al. 1985; Rossi, Erasmus et al. 2000). ARDS was 

induced by a single injection of CPA (60 mg/kg) in some animals indicating a substantially 

lower threshold for development of ARDS than a standard immune suppressive dose of 

CPA utilised in rats, mice, rabbits. The typical dose of CPA for induction of neutropaenia 

in rats involves an initial dose of 75 mg/kg followed by smaller doses (60 mg/kg) every 4 

days (Leenders, de Marie et al. 1996; Becker, de Marie et al. 2000; Scotter and Chambers 

2005; van de Sande, van Vianen et al. 2008). No evidence of CPA toxicity has been 

reported in these animals in this dose range. Mice have been reported to develop 

pulmonary lesions after a high dose of CPA administration (100 mg/kg) but this occurred 

at least three weeks after dosing (Morse, Sigler et al. 1985). In humans, pneumonitis is a 

rare and unusual complication of CPA therapy, and has been reported after repeated doses 

of CPA over very prolonged period of eight years (Hamada, Nagai et al. 2003). The 

interval between drug administration and the onset of respiratory symptoms is extremely 

variable, ranging from a few weeks to 13 years after exposure (Jorge 2007). In our 

experiment with sheep, all the animals developed acute illness soon after CPA dosing. 

However, two of them (S5 and S6) recovered following the first dosing and one sheep (S6) 

even recovered subsequent to a second dose of CPA administered on day 26 after the first 

initial dose. This suggests there is considerable variation in CPA metabolism among 

individual animals.  

There is little information in the literature regarding CPA dosing in sheep and most of the 

papers date back to 1970 to 1980 when CPA was tested as a chemical de-fleecing agent. 

Homan et al. (1969) administered CPA at 30 and 40mg/kg IV and reported no gross signs 

of toxicity for up to five days of administration. By the 6
th

 day, wool loosening began and 

slight anaemia and weight loss were also reported. These observations are consistent with 

our results. Macintosh et al. (1971) administered a single IV injection of 30mg/kg to 

Merino sheep resulting in significant reduction in body weight, wool loss and proteinuria 
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with three out of 16 animals dying between 11 and 14 days. Upon post-mortem, kidney, 

urinary tract and liver were found to be affected. Kidneys were swollen and pale, liver was 

putty-coloured and friable and urinary bladder was oedematous and haemorrhagic. This 

effect on the urinary bladder was also observed in the Coopworth sheep within this study. 

Hofírek and Drábek (1980) reported that a single IV administration of CPA (25mg/kg) did 

not produce any clinical illness in sheep, however it caused depression of haemopoiesis, 

macrocytic anaemia and leukopenia (lowest count on day four). In our experiment, the 

lowest neutrophil counts were observed at 7-9 days after CPA injection of at least 

60mg/kg, with no neutropaenia (i.e. <0.5x10
9
/L) observed at doses of 30 and 45mg/kg. An 

earlier study evaluating the usefulness of CPA as chemical de-fleecing agent in sheep had 

indicated that a CPA dose up to 30 mg/kg had no adverse effect on the animals (Dolnick, 

Lindahl et al. 1969). The animals in that study did not show any respiratory distress when 

dosed at 60mg/kg but refused their food for more than seven days and a dose of 90 mg/kg 

was found to be lethal. A possible explanation for the differences in dose response 

observed between these studies is there may be a significant difference in the metabolic 

pathways between different sheep populations, making some species of sheep more 

susceptible to CPA toxicity than others.  

CPA is most toxic to rapidly proliferating tissue such as hair follicles and haematopoietic 

system. It is an inactive prodrug activated mainly in the liver by cytochrome P450 (CYP) 

enzyme system to active form 4-hydroxycyclophosphamide (4OH-CPA) and 

aldophosphamide that has cytostatic and immunosuppressive activity (de Jonge, Huitema 

et al. 2006). Following activation, it forms intra- and inter-strand DNA cross-links and 

DNA-protein cross-links resulting in inhibition of DNA replication and cell death by 

apoptosis (de Jonge, Huitema et al. 2005). CPA is inactivated by glutathione S-transferase 

(GST) and aldehyde dehydrogenase (ALDH) enzymes (de Jonge, Huitema et al. 2005). 

Therefore, toxic effects of CPA may result from enhanced 4OH-CPA exposure because of 

increased activation pathway of CPA into 4OH-CPA and/or less active detoxification 

pathways of 4OH-CPA, phosphoramide mustard (Sladek and Landkamer 1985; Tran, 

Bournerias et al. 2008). Acrolein, produced from aldophosphamide, is thought to be the 

cause of haemorrhagic cystitis, pneumonitis, hepatic injury and cardiac toxicity (de Jonge, 

Huitema et al. 2005; Jorge 2007). 

Despite the relatively low dose of CPA used in sheep in this current study compared with 

doses used in other species, these sheep developed pneumonitis which could be explained 
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by enhanced 4OH-CPA and acrolein exposure because of increased activity of CYP 

enzymes and decreased activity of GST and ALDH enzymes. Trans et al. (2008) reported 

severe haematological toxicity in a human patient that had genetic polymorphisms in CYP 

and GST genes contributing to decreased detoxification pathways and to increased 

exposure to 4OH-CPA. In contrast, Ekhart et al. (2008) found that polymorphisms in none 

of those genes could adequately explain the variability in toxicity of 124 patients dosed 

with CPA. We did not determine polymorphisms or enzyme activity in the current study. 

Therefore, future studies are required to fully elucidate the underlying mechanism of 

variability in CPA doses required to induce pulmonary toxicity.  

Corticosteroid administration and discontinuation of CPA are recommended for the 

treatment of CPA-associated ARDS in humans but may only be effective in early stages of 

pneumonitis (Malik, Myers et al. 1996). Within this study one sheep (S8), had CPA 

administered in combination with dexamethasone. This however, did not reduce the 

severity of clinical illness or post-mortem changes of DAD. 

In the current study, difficulty in urination developed within three days of CPA 

administration and macroscopic cystitis was found at post-mortem in some animals. This 

was unexpected as these complications occur after prolonged (12 months average) and 

high dose CPA administration in humans (Stillwell and Benson 1988). Cystitis in humans 

is believed to be due to toxicity from acrolein (de Jonge, Huitema et al. 2005; Jorge 2007), 

a metabolite of CPA, which may indicate significant differences in CPA metabolism 

between sheep and humans. 

Preliminary studies (Phase 1) were done in three sheep evaluating dexamethasone- induced 

immunosuppression. None of these animals developed any clinical signs, post-mortem 

lesions or histological features of IPA. This is likely due to the fact that dexamethasone at 

the dose administered did not induce sufficient immune suppression. Some other animal 

species such as pigs have been reported to be resistant to immunosuppression by 

dexamethasone (Flaming, Goff et al. 1994) and extensive dose ranging studies are needed 

to determine whether this may be a useful agent.  

The initial objectives of this experiment were to induce neutropaenia in sheep by CPA and 

determine whether 2-PF can be detected in these neutropaenic animals. Neutropaenia was 

induced successfully in two animals and no 2-PF was detected in their breath samples. 

However, we could not meet the objective of establishing IPA in sheep and therefore could 
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not complete the final objective of determining whether 2-PF can be detected in breath of 

sheep with IPA. 

Despite the fact that we were unsuccessful in establishing an ovine model of IPA for the 2-

PF breath, a number of important findings were made. This work showed that sheep do not 

normally have detectable levels of 2-PF in their breath, confirming that this is not a 

product of normal sheep metabolism. Secondly, sedation/anaesthesia with ketamine and 

diazepam did not interfere with analysis of 2-PF in sheep breath samples. Thirdly, 2-PF 

was not consistently detectable in breath after the administration of two commonly 

prescribed immunosuppressive agents either before or during drug induced ARDS. These 

are important results because 2-PF can result from spontaneous oxidation of free linoleic 

acid (Krishnamurthy, Smouse et al. 1967), oxidation by reactive oxygen species (Min, 

Callison et al. 2003) by the divalent cations (Spiteller and Spiteller 2000) or even by 

chemotherapy induced cell lysis and could invalidate a breath test for 2-PF.  

In conclusion, Coopworth sheep used in this study were highly susceptible to drug-induced 

pulmonary damage when CPA was administered at doses that in other species are routinely 

used to induce immunosuppression and neutropaenia. This precluded the establishment of 

sheep model of Aspergillus infection. However, if a well tolerated immunosuppressive 

regimen could be identified, a sheep model has advantages because of the absence of 2-PF 

in breath, ease of intubation and tolerance of repeated experimental procedures required 

for breath collection and analysis. 
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CHAPTER 10. SUMMARY, CONCLUSIONS AND FUTURE 

WORK  

A major obstacle in the successful management of invasive pulmonary aspergillosis (IPA) 

is that the current diagnostic tests are not sensitive or specific enough to detect this 

condition early. Also the diagnostic procedures are too hazardous to perform in the 

debilitated and thrombocytopenic patients. Because of this, many patients at risk of 

developing IPA receive empirical antifungal treatment. Although the empirical antifungal 

treatment has been found to be associated with reduction in the morbidity and mortality 

associated with invasive fungal infections (Pizzo, Robichaud et al., 1982; Wingard 2004), 

this strategy has several limitations. These include significant side effects, lower efficacy 

and failure to prevent the infection from progressing and the overuse of antifungal therapy 

exposing many patients to needless, costly, and potentially toxic treatment (Wingard, 

2007). The mortality rates of IPA still remain unacceptably high in spite of the availability 

of more potent agents. It has been reported that early diagnosis and prompt institution of 

therapy will result in effective management and increased survival of the IPA patients (von 

Eiff, Roos et al. 1995; Herbrecht, Denning et al. 2002; Ali, Ozkalemkas et al. 2006; 

Roilides 2006; Burgos, Zaoutis et al. 2008). The aim of this thesis was to determine 

whether the 2-PF breath test can be used as a rapid and reliable test for the diagnosis of 

IPA. 

Earlier studies had indicated that 2-PF breath test could detect Aspergillus colonisation in 

patients with chronic lung disease (cystic fibrosis and bronchiectasis) (Syhre, Scotter et al. 

2007; Chambers, Syhre et al. 2009), however the test had moderate sensitivity and 

specificity. The best way to determine the possible value of a 2-PF breath test would be a 

clinical trial comparing the breath test with the best current diagnostic methods. However 

as these cases are rare in Christchurch, two complimentary alternative approaches were 

adopted. The first approach was to demonstrate in-vitro that it was plausible that 2-PF 

would be produced in the microenvironment of lung by a defined biochemical pathway, 

secondly study the cases that become available, and finally identify conditions that would 

reduce the specificity of the 2-PF breath test. This has been done by identifying food or 

environmental sources of 2-PF and demonstrating that 2-PF is not produced by the 

inflammatory process in other lung conditions. These hypotheses were tested using in-vitro 
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studies (Chapters 3 and 4), case studies (Chapter 5), environmental study (Chapter 6), in-

vivo studies (Chapters 7, 8) and an animal model (Chapter 9).  

In order to demonstrate the plausibility that 2-PF would be produced in the 

microenvironment of the lung, the in-vitro relationship between 2-PF production and the 

conditions relevant to growth characteristics and metabolism of A. fumigatus in the 

alveolar microenvironment were examined and reported in Chapter 3. These studies 

demonstrated that 2-PF is consistently produced within 48-72h by the vegetative growth of 

A. fumigatus, under low oxygen tension and complete darkness. This study also showed 

that nutrient composition of the medium is an important factor that determines the levels of 

2-PF production in-vitro. The levels of 2-PF produced by milligram hyphae in in-vitro 

conditions were estimated and were sufficient to be detected in the breath samples by our 

analytical method (i.e., above the LoQ of the method).  

Chapter 3 suggested the role of enzymes in rapid increase or decrease in the production of 

2-PF. Further studies are necessary to confirm this. One approach could be the concurrent 

extraction and quantification of the enzymes and comparing it with increase or decrease in 

the levels of 2-PF produced. Such a study may also give an indication on whether rapid 

decline in 2-PF production was because of the depletion of nutrients of because of the 

reduction of enzyme production by the aged hyphal tissue.  

This study could not establish that 2-PF is involved in sporulation or any other signalling 

pathways. To establish whether 2-PF is a signalling molecule in Aspergillus, different 

growth environments including media, temperatures, light conditions and its application in 

combination with other volatiles of the oxylipin pathway may be explored in the future. 

Chapter 4 provided clear evidence that 2-PF is an endogenous metabolite of A. fumigatus 

and lox and ppo genes are involved in the biosynthesis of 2-PF in this organism. The level 

of 2-PF production was not found to be related to the fungal mass which indicated that 2-

PF is possibly synthesized only by the actively growing hyphae. The partial inhibition of 

2-PF production in the mutants compared to the wild-type strains indicated that regulation 

of 2-PF production is a multigenetic trait and there remains the possibility of existence of 

additional biosynthetic pathways for 2-PF. There also remained the possibility of non-

specific peroxidation of linoleic acid and low levels of 2-PF production by this pathway.  
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The results shown in Chapter 4 demonstrated the definitive roles of lox and ppo genes, but 

did not determine whether these genes are exclusively involved in the biosynthesis of 2-PF 

and whether this pathway is unique to Aspergillus. Further studies comparing the 2-PF 

production profile of A. fumigatus mutant lacking all ppo and lox genes are required to 

demonstrate whether these are the only genes involved. Similar/alternate pathways may be 

present in other fungal lung pathogens as well. Further experiments should be performed 

to identify the existence of other oxygenase or oxygenase-like activities in the lung 

pathogens including S. pneumoniae.  

Also, results of Chapter 4 do not exclude the possibility that non-specific enzymatic 

activity (e.g. oxidation of lipid by any iron containing protein) had occurred or auto-

oxidation was also occurring simultaneously. In the future experiments, the role of auto-

oxidative pathway in 2-PF production could be determined by addition of antioxidants 

such as propyl gallate into the medium. The role of the enzymes may be further confirmed 

by extracting these proteins from Aspergillus cultures and incubating with linoleic acid and 

demonstrating 2-PF as one of the end products (in accordance with enzyme kinetics). To 

demonstrate that linoleic acid is the precursor of 2-PF, radiolabeled linoleic acid could be 

used as a substrate for cultures of A. fumigatus with detection of labelled 2-PF as the 

primary endpoint.  

In Chapter 5, performance of the 2-PF breath test in two clinical cases of IPA was 

evaluated. Both of these cases showed repeatedly positive breath tests for 2-PF with 

concurrent isolation of A. fumigatus from lung biopsy or pleural fluid samples. The breath 

became negative with effective antifungal treatment and resolution of the CT lesions. This 

was consistent with production of 2-PF from the A. fumigatus and it also suggested that the 

detection of 2-PF may also be of value in monitoring response to therapy. However, this 

study was limited by the availability of patients with proven IPA in Christchurch Hospital 

which precluded the statistical analysis of the results. A large multicentre study is 

necessary to enrol sufficient number of IPA patients and perform a powerful statistical 

analysis. For such a multicenter study, alternative breath collection system needs to be 

employed as 2-PF in the collected breath samples may degrade within 48h.  

Since 2-PF is ubiquitous in nature and there are several environmental and food sources 

that may confound the results of a 2-PF breath test, it was important to optimise the breath 

sampling protocol. Chapters 6 and 7 determined environmental and food sources that may 
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limit and confound the 2-PF breath test. Chapter 6 demonstrated the extreme susceptibility 

of 2-PF breath test to laboratory contamination that could lead to false-positive results. 

Environmental air was the possible source of contamination as our laboratory is in close 

proximity to a cafeteria. Glass sampling bulbs were found unsuitable for breath sampling 

for 2-PF analysis. While they can be cleaned and evacuated they do not hold a vacuum 

because of leakage around the stop cocks allowing contamination from the environmental 

air. Tedlar
®
 bags were found to be comparatively better alternatives and were used in the 

subsequent experiments. In the subsequent studies, controls were implemented to correct 

breath contamination from environmental air by requiring the subjects to breathe air from 

the same ventilation system before breath sampling.  

Data generated during validation of 2-PF breath analysis technique in Chapter 7 suggested 

that 2-PF can be detected in the breath in the sub-femtomolar range with a high degree of 

precision and accuracy. A number of foods indeed contained a high level of 2-PF and 

ingestion of these foods may produce a false positive result on breath analysis. Knowing 

the diet of subjects prior to the collection of a breath was found to be crucial in the process 

of obtaining breath samples free from food contamination. Rinsing the mouth was 

sufficient to remove the traces of 2-PF but fasting before breath sampling was not 

necessary. Despite these precautions low levels of 2-PF was detected from some normal 

subjects but the source of this remains unknown. 

Chapters 6 and 7 indicated that the current 2-PF breath test protocol needs further 

improvement. It was seen that collection of a breath sample is a critical task in 2-PF breath 

analysis because environmental contamination may result in false positive results. 

Different approaches should be investigated in the future to mitigate the environmental 

contamination. Some examples include; 1) analyzing the environmental air concurrently 

with the breath sample and subtracting the background levels of 2-PF, and/or 2) 

determining the timeline of disappearance of environmental 2-PF from breath samples and 

asking the subjects to breathe 2-PF free purified air before breath collection. These 

chapters also demonstrated 2-PF in the breath may not be detected when it is below the 

sub-femtomolar range. In such a situation, sensitivity of the test may be increased by 

modification of the breath sampling or pre-concentration technique. The levels of 2-PF 

may be lower in the exhaled breath than in the pure alveolar air. Therefore, if pure alveolar 

is sampled such as by fractional method, sensitivity of the test may increase. An alternative 

pre-concentration technique, such as the Tenax system as it has the additional benefit that 
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volatiles from multiple breaths can be collected, could substantially improve the 

sensitivity.  

To have confidence in the specificity of the 2-PF breath test for fungal infections, it was 

necessary to demonstrate that this compound is not produced in other lung conditions. 

Chapter 8 determined whether severe inflammation from pneumonia or acute 

exacerbations of COPD could also produce 2-PF in breath and confound this breath test for 

IPA. No evidence of 2-PF production was seen in COPD even when A. fumigatus was 

isolated from some patients. The microenvironmental conditions inside the lungs in COPD 

is likely to be different from IPA and may be less supportive of biosynthesis of 2-PF via 

the fungal metabolic pathway. There were occasional positive results in pneumonia group 

but because of the small sample size, the significance of these is unknown. This pilot study 

did not exclude the possibility that 2-PF is produced by an inflammatory response in-vivo 

and the underlying lung conditions will confound breath test for IPA. As described in 

Chapters 6 and 7, environmental 2-PF was likely source of contamination in some positive 

cases. This re-emphasized the importance of breath sampling in a clean facility free of 2-

PF contaminated air. Further study with large number of subjects with S. pneumoniae is 

necessary to establish whether 2-PF is detected in the breath of pneumonia patients.  

As with other diseases with low incidence, the study of IPA is hindered by difficulties 

surrounding enrolling sufficient patients to achieve statistical significance. There are only 

a few cases of IPA per year in Christchurch Hospital, resulting in a lack of access to 

sufficient numbers of patients that can be studied. Collaboration with Australian hospitals 

was hindered by rapid degradation of 2-PF before receipt at the analytical laboratory. 

Because of this, we sought to develop a large animal model in Chapter 9. Our main aim 

was to develop a sheep model of IPA and perform breath analysis using controlled 

sampling manoeuvres. However, because of the susceptibility of sheep to CPA toxicity, we 

were unable to develop the animal model. In spite of that, it was clearly seen that 2-PF is 

not usually present in the breath of normal sheep or in sheep with CPA-induced diffused 

alveolar damage. We had attempted exploring other species of animals and a pilot study 

was conducted in rats but repeated intubation was difficult to perform in these animals and 

this study had to be abandoned. Future investigations should use other species of animals 

or different immunosuppressive regimens.  
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In conclusion, this study has contributed significantly to the improvement of current 2-PF 

breath testing protocol. It has provided evidence that 2-PF is an endogenous metabolite of 

A. fumigatus and thus is potentially a breath marker of IPA. It has also highlighted areas 

that need further investigation. It has shown that the current breath sampling and analytical 

techniques for 2-PF are not optimal for detection and diagnosis of IPA. Development of a 

breath collection system that can eliminate (bypass) environmental contamination of 2-PF 

is a key improvement necessary optimise the performance of this breath test. This might be 

done by providing the patient with 2-PF free air.  Overall, this thesis has provided 

important evidence that 2-PF has the potential to be a marker for the diagnosis of IPA by 

breath analysis but significant limitations remain to be overcome.  
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APPENDIX I. POTATO DEXTROSE AGAR 

Potato infusion 200 g 

Dextrose  20 g 

Agar   20 g 

Distilled water  1 litre 

Final pH   5.6 ± 0.2. 

APPENDIX II.  FUNGAL MINIMAL MEDIUM  

Mix the following in 1L of ddH20: 

Glucose    2.9g  

Dipotassium phosphate  7.0g 

Monopotassium phosphate  3.0g  

Trisodium citrate   0.5g 

Magnesium sulphate   0.1g 

Ammonium sulphate   1.0g  

APPENDIX III. 0.5% TBE BUFFER 

Mix the following in 1L of ddH2O: 

 Tris base   54g 

 Boric acid   27.5g 

 0.5 M EDTA (pH 8.0)  20ml 

 H2O     to 1L 
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APPENDIX IV. PHOSPHATE BUFFERED SALINE (PBS)  

To make 10 mM PBS at a 10x concentration (lL): 

KH2PO4  2g 

NaCl   80g 

KCl   2g 

Na2HPO4.7H2O 21.6g 

(Or Na2HPO4  11.4g) 

(Or Na2HPO4.2H20 14.3g) 

Mix phosphate buffer salts in ~900ml – pH should be 7.5. Then add salts and bring to a 

final volume of 1L with ddH20. 

APPENDIX V. RESAZURIN REAGENT  

Mix these solutions: 

0.133M Dextrose  100ml 

1.0M Sodium hydroxide 1ml 

0.1% Resazurin solution 1ml 
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APPENDIX VI. CHAPTER 6 RESULTS  

Table 1. Peak areas of laboratory air samples after bypassing the switch valve on the Varian CP-

3800. 

Bulb ID SPME ID RT Peak area 

B 11 4.29 1260 

14 6 4.32 1866 

1 5 4.31 1558 

O 4 4.30 1678 

Mean 1590 

Median 1618 

Standard deviation 254 

Max value 1866 

Min value 1260 

 

Table 2. SPME fibre exposed in a 2ml GC vial for 24h at room temperature  

SPME ID Vial ID Peak area 

1 1 0 

2 2 1005 

3 3 1545 

32 4 151 

33 5 3196 

35 6 2477 

Mean 1395 

Median 1275 

Standard deviation 1271 

Max value 3196 

Min value 0 
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Table 3. Detection of 2-PF in synthetic air after SPME exposure for 48h at room temperature. 

SPME ID Bulb ID RT Peak area 

7 K 4.31 13557 

3 J 4.34 8094 

13 E 4.34 9183 

5 H 4.34 10203 

32 Y 4.34 5930 

2 N 4.34 13052 

36 R 4.31 6424 

38 F 4.33 13716 

4 I 4.34 12632 

35 C 4.30 5281 

1 B 4.31 8627 

34 G 4.34 893 

49 D 4.32 8334 

11 L 4.32 8277 

33 A 4.33 7503 

  Mean 8780 

  Median 8334 

  Standard deviation 3516 

  Max value 13716 

  Min value 893 

 

Table 4. Detection of 2-PF in ambient Research Laboratory air after SPME exposure for 48h 

incubation at room temperature. 

SPME ID Bulb ID RT Peak area 

4 5 4.31 1664 

36 G 4.30 1738 

38 Y 4.31 6145 

34 G 4.30 5466 

35 L 4.29 2278 

  Mean 3458 

  Median 2278 

  Standard deviation 2169 

  Max value 6145 

  Min value 1664 
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Table 5. SMPE dip tests for 10secs in a 10ppq 2-PF standard  

SPME ID RT Peak area 

36 4.21
‡
 12782 

38 4.19
‡
 10890 

1 4.20
‡
 13166 

13 4.21
‡
 10780 

1a 4.20
‡
 15934 

11 4.32 6415 

 Mean 11661 

 Median 11836 

 Standard deviation 3183 

 Max value 15934 

 Min value 6415 

 Variability (RSD) 27.29% 
‡
change in retention time because of valve being bypassed; RSD=100 x (SD)/Mean 

Table 6. SMPE dip tests for 10secs in a 1ppq 2-PF standard 

SPME ID RT Peak area 

55 4.50 8203 

54 4.50 5568 

53 4.50 2777 

52 4.37 5004 

51 4.50 5509 

50 4.50 3729 

49 4.37 2466 

38 4.37 4305 

36 4.37 3077 

35 4.37 5908 

34 4.37 5280 

33 4.37 5904 

32 4.50 1379 

32 4.37 2429 

13 4.37 3256 

12 4.37 3486 

11 4.37 3707 

6 4.37 4569 

4 4.37 4081 

3 4.37 5390 

2 4.37 1755 

1 4.37 4700 
 Mean 4202 
 Median 4193 
 Standard deviation 1608 
 Max value 8203 
 Min value 1379 
 Variability (RSD) 38.12% 

RSD=100 x (SD)/Mean  
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Table 7. 2-PF detection from new Tedlar
®
 bags.  

Box # (Bag#) SPME ID RT Peak area 

1 (11) 52 4.33 3090 

2 (21) 35 4.37 6611 

3 (31) 34 4.34 13106 

4 (41) 54 4.33 3483 

5 (51) 51 4.37 8364 

1(12) 34 4.37 2245 

2 (22) 35 4.35 3570 

3 (32) 52 4.36 2544 

4 (42) 54 4.33 3610 

5 (52) 3 4.37 2949 

1 (13) 52 4.33 3291 

2 (23) 54 4.33 2549 

3 (33) 51 4.35 3666 

4 (43) 34 4.38 3891 

5 (53) 35 4.35 6118 

  Mean 4605 

  Median 3570 

  Standard deviation 2906 

  Max value 13106 

  Min value 2245 
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APPENDIX VII. NON-FASTING FOOD DIARY 

  

Name:        Date: 

Age: 

Smoker:   Yes  No 

List all the food and drinks you had for dinner last night. 

 

List all the food and drinks you had for breakfast this morning. 

 

Food and drink Consumed in last 12h? If yes, time and date 

Soy milk   

Soy containing products   

Pumpkin   

Peanuts    

Rolled oats    

Asparagus (tin or fresh)    

Green beans (tin or fresh)    

Marmite   

Do you have history any respiratory diseases (e.g. asthma)?  

 

Medications and inhalers (if any in the last two weeks; please mention dates): 

 

Any substances taken orally not listed above (e.g. mouthwash, multi-vitamins; mouth 

fresheners etc.)  

Are there any foods or beverages that are consumed a lot? (e.g. eat or drink on daily basis) 

 

List the food and drinks you have consumed during the day (on the day of breath 

collection): 
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APPENDIX VIII. FASTING FOOD DIARY  

  Name:        Date: 

Age: 

Smoker:   Yes  No 

List all the food and drinks you had for dinner last night. 

 

Food and drink Consumed in last 12h? If yes, time and date 

Soy milk   

Soy containing products   

Pumpkin   

Peanuts    

Rolled oats    

Asparagus (tin or fresh)    

Green beans (tin or fresh)    

Marmite   

Do you have history any respiratory diseases (e.g. asthma)?  

 

Medications and inhalers (if any in the last two weeks; please mention dates): 

 

Any substances taken orally not listed above (e.g. mouthwash, multi-vitamins; mouth 

fresheners etc.)  

 

Are there any foods or beverages that are consumed a lot? (e.g. eat or drink on daily basis) 

 

List the food and drinks you have consumed during the day (on the day of breath 

collection): 
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APPENDIX IX. LIST OF FOODS  

Table1. Frequency of foods consumed by subjects with low level of 2-PF in their breath samples. 

All foods consumed 12h prior to testing are listed in the ‗morning columns‘ and all the foods 

consumed between testing are listed in the ‗afternoon columns‘.  

Morning Afternoon 

Foods  Total no. of subjects 2-PF detectable 2-PF non-detectable Foods  

Total no.  

of subjects 

2-PF 

 detectable 2-PF non-detectable 

Chicken 8 5 3 Coffee 12 7 5 

Bread 5 4 1 Bread 7 4 3 

Tomato 7 3 4 Choc chip 6 4 2 

Potato 6 3 3 Cheese 7 3 4 

Salad 4 3 1 Banana 6 2 4 

Rice 5 2 3 Cake 3 2 1 

Tea 5 2 3 Egg 2 2 0 

Broccoli 4 2 2 Yoghurt 5 1 4 

Beef 3 2 1 Almonds 3 1 2 

kiwifruit 3 2 1 Tomato 3 1 2 

Cheese 6 1 5 Bacon 2 1 1 

Beans 5 1 4 Carrot 2 1 1 

Carrots 4 1 3 Ham 2 1 1 

Onion 4 1 3 Kiwifruit 2 1 1 

Lettuce 3 1 2 Lettuce 2 1 1 

Cabbage 2 1 1 Onion 2 1 1 

Cauliflower 2 1 1 Pie 2 1 1 

Chocolate 2 1 1 Potato 2 1 1 

Coffee 2 1 1 Toast 2 1 1 

Cucumber 2 1 1 Beef 1 1 0 

Kumara 2 1 1 Biscotti 1 1 0 

Mince 2 1 1 Butter 1 1 0 

Noodles 2 1 1 Cabbage 1 1 0 

Peanut butter 2 1 1 Capsicum 1 1 0 

Blackberries 1 1 0 Cucumber 1 1 0 

Brazil nuts 1 1 0 Cupcake 1 1 0 

Capsicum 1 1 0 Focaccia 1 1 0 

Coke 1 1 0 Grapes 1 1 0 

Grapes 1 1 0 Honey 1 1 0 

Ice cream 1 1 0 Juice 1 1 0 

Lentils 1 1 0 Marshmallows 1 1 0 

Milk 1 1 0 Pastrami 1 1 0 

Vegetable mix 1 1 0 Piccalilli 1 1 0 

Oats 1 1 0 Pretzels 1 1 0 

Peas 1 1 0 Raisins 1 1 0 

Strawberries 1 1 0 Rice crackers 1 1 0 

Sultana 1 1 0 Salami 1 1 0 

Yams 1 1 0 Sandwich 1 1 0 

Sprouts 1 1 0 Silverside 1 1 0 

Sultana 1 1 0 Spread 1 1 0 
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APPENDIX X. LIST OF FOODS 

Table 1. Frequency of other foods consumed by the subjects with no detectable 2-PF in breath 

samples. All foods consumed 12h prior to testing are listed in the ‗morning columns‘ and all the 

foods consumed between testing are listed in the ‗afternoon columns‘. 

Morning Afternoon  

Foods  

No. of  

subjects 

2-PF 

 detectable 

2-PF non-

detectable Foods  

No. of  

subjects 

2-PF 

detectable 

2-PF non-

detectable 

Corn 4 0 4 Chicken 5 0 5 

Garlic 3 0 3 Apple 3 0 3 

Apple 2 0 2 Orange 3 0 3 

Chilli 2 0 2 Tea 3 0 3 

Gravy 2 0 2 Mandarin 2 0 2 

Almonds  1 0 1 Muffin 2 0 2 

Banana 1 0 1 Olive oil 2 0 2 

Basil 1 0 1 Basil 1 0 1 

Beetroot 1 0 1 Blackberry jam 1 0 1 

Cherry 1 0 1 Cheery 1 0 1 

curry powder 1 0 1 Corn chips 1 0 1 

Duck 1 0 1 Energy drink  1 0 1 

Fish 1 0 1 Garlic 1 0 1 

Hummus 1 0 1 Hummus 1 0 1 

Leeks 1 0 1 Lollies 1 0 1 

Lemonade 1 0 1 Muesli bar 1 0 1 

Macaroni 1 0 1 Mustard 1 0 1 

Marmite 1 0 1 Pepper 1 0 1 

Mustard 1 0 1 Salad  1 0 1 

Nacho 1 0 1 Salsa 1 0 1 

Orange 1 0 1 

Strawberry 

yoghurt 1 0 1 

Pasta 1 0 1 Sunflower seeds 1 0 1 

Pepper 1 0 1 Vinegar 1 0 1 

Pistachio 1 0 1 

    
Pumpkin seed 1 0 1 

    
Salsa 1 0 1 

    
Seasonings 1 0 1 

    
Sour cream 1 0 1 

    
Soy sauce 1 0 1 

    
Steak 1 0 1 

    
Sunflower seed 1 0 1 

    
Tuna 1 0 1 

    
Wheat meal 1 0 1 

    
Whipped cream 1 0 1 

    
Whisky 1 0 1 

    
Wine, red 1 0 1 

    
Yoghurt 1 0 1 
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APPENDIX XI. SHEEP WELFARE MONITORING SHEET 


