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SUMMARY 

Aspergillus fumigatus and Rhizopus microsporus are globally distributed 

pathogenic fungi responsible for causing a wide spectrum of infections called aspergillosis 

and mucormycosis, respectively. The diagnosis of these infections still faces challenges 

due to various factors such as non-specific clinical symptoms, overlapping risk factors, 

non-discrimination between colonization and invasive infection and limited sensitivity to 

already existing diagnostic tools. Moreover, the increase in antifungal resistance and 

vaccine unavailability to these infections emphasizes the critical need for specific and 

timely diagnostics.  

One area of research is using mycotoxins and microbial metallophores, specifically 

siderophores, which play crucial roles in fungal growth, survival, and pathogenesis; as a 

result, their complex structures could enable high diagnostic specificity. Liquid 

chromatography-mass spectrometry-based metabolomics can provide accurate and rapid 

detection of these fungal metabolites and can also specify a comprehensive overview of 

pathogen-induced changes to the host cells following infection. 

Therefore, the main goal of this thesis is the liquid chromatography-mass 

spectrometry (MS) based characterization of A. fumigatus and R. microsporus siderophores 

and other metabolites. The thesis focuses on the following four topics: introduction of 

infection metallomics, characterization of R. microsporus siderophores, characterization of 

A. fumigatus siderophores and mycotoxins to distinguish between colonization and 

invasion, as well as during inter-kingdom interaction with bacterial pathogen-

Pseudomonas aeruginosa, host cells-neutrophils and polymycovirus and finally, infection 

metallomics based diagnosis of human and equine aspergillosis. 

The theoretical part covers general information on A. fumigatus and R. microsporus, 

related infections, secondary metabolites, and specific knowledge about each mentioned 

topic. Experimental, results and discussion parts are divided into corresponding sections to 

each topic. The first section introduces infection metallomics, a MS platform based on the 

central concept that microbial metallophores are specific, sensitive, noninvasive, and 

promising biomarkers of invasive infectious diseases. The second section of this thesis 

includes R. microsporus in vitro cultivation, followed by liquid chromatography-mass 

spectrometry analysis of its siderophores. The third section involves in vitro cultivation of 

A. fumigatus with subsequent growth stage-specific siderophore and mycotoxin 

quantification to distinguish between colonization and invasive infection. Additionally, this 



5 
 

section deals with the time course quantification of A. fumigatus secondary metabolites 

during its interaction with neutrophils, bacterial pathogen P. aeruginosa and 

polymycovirus. The analysis is performed using developed metabolite extraction protocol 

and mass spectrometry methods. The fourth and last part focuses on applying infection 

metallomics-based diagnosis in human invasive pulmonary aspergillosis and equine 

aspergillosis. 

Taken together, this thesis shows the performance of the non-invasive infection 

metallomics armoury and makes difference towards the standard serology, cultivation, 

microscopy, or nucleic acid analyses routinely used in invasive fungal infection 

diagnostics. The thesis documents why the innovative non-invasive approach based on 

mass spectrometry based microbial metallophores detection with benefit of isotope data 

filtration is inherently more sensitive and specific in selected applications than classical 

clinical standards.  
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SOUHRN 

Aspergillus fumigatus a Rhizopus microsporus jsou celosvětově rozšířené 

patogenní houby způsobující široké spektrum infekcí obecně nazývaných aspergilóza a 

mukormykóza. Diagnostika těchto infekcí stále čelí problémům kvůli nespecifickým 

klinickým příznakům, překrývajícím se rizikovým faktorům, neschopnosti rozlišit mezi 

kolonizací a invazí patogenu a omezené citlivosti současných diagnostických metod. 

Nárůst rezistence vůči antimykotikům a nedostupnost vakcín proti těmto infekcím 

podtrhuje kritickou potřebu specifické a včasné diagnostiky.  

Jedna z oblastí výzkumu cílí na využití mikrobiálních metaloforů (konkrétně 

sideroforů) a mykotoxinů, které hrají klíčovou roli v růstu, přežívání a patogenezi hub. 

Metabolomika založená na kapalinové chromatografii a hmotnostní spektrometrii těchto 

biomarkerů může poskytnout rychlou, přesnou a specifickou detekci těchto patogenů. 

Zároveň může také reflektovat komplexní přehled změn vyvolaných patogenem v 

hostitelských buňkách po infekci. 

Hlavním cílem této práce je charakterizace sideroforů a dalších metabolitů A. 

fumigatus a R. microsporus pomocí kapalinové chromatografie a hmotnostní 

spektrometrie. Práce je rozdělena do čtyř témat: představení infekční metalomiky, 

charakterizace sideroforů R. microsporus, charakterizace sideroforů a mykotoxinů A. 

fumigatus pro rozlišení kolonizace, invaze a mezidruhové interakce s bakteriálním 

patogenem Pseudomonas aeruginosa, hostitelskými neutrofily a polymykovirem, a na 

závěr diagnostika aspergilózy u lidí a koní za využití infekční metalomiky. 

Teoretická část zahrnuje obecné informace o houbách A. fumigatus a R. 

microsporus, o infekcích, které tyto patogeny způsobují a o konkrétních sekundárních 

metabolitech. Experimentální část, výsledky a diskuse jsou rozděleny do příslušných 

oddílů ke každému tématu. První oddíl představuje infekční metalomiku, hmotnostně 

spektrometrickou platformu založenou na ústředním konceptu, že mikrobiální metalofory 

jsou specifické, citlivé, neinvazivní a slibné biomarkery invazivních infekčních 

onemocnění. Druhá část této práce zahrnuje kultivaci R. microsporus in vitro, po níž 

následuje analýza jeho sideroforů pomocí kapalinové chromatografie a hmotnostní 

spektrometrie. 

Třetí část zahrnuje kultivaci A. fumigatus in vitro s následnou kvantifikací 

sideroforů a mykotoxinů specifických pro daná růstová stádia s cílem rozlišit mezi 

kolonizací a invazivní infekcí. Dále se tato část zabývá kvantitativním popisem časového 
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průběhu sekundárních metabolitů A. fumigatus při jeho interakci s neutrofily, bakteriálním 

patogenem P. aeruginosa a polymykovirem. Analýza se provádí pomocí námi vyvinutého 

protokolu extrakce metabolitů a metod hmotnostní spektrometrie. Čtvrtá a poslední část je 

zaměřena na aplikaci infekční metalomiky při diagnostice invazivní plicní aspergilózy u 

lidí a u koní. 

Tato práce ukazuje výkonnost neinvazivního přístupu infekční metalomiky v 

porovnání s rutinně používanými diagnostickými metodami, jako je standardní sérologie, 

kultivace, mikroskopie nebo analýza nukleových kyselin. Práce dokumentuje inovativní a 

neinvazivní přístup založený na detekci mikrobiálních metaloforů pomocí hmotnostní 

spektrometrie s využitím izotopové datové filtrace, jež je ve vybraných aplikacích citlivější 

a specifičtější metoda v porovnání s klasickými diagnostickými přístupy. 
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1 INTRODUCTION 

 

Throughout history, infectious diseases caused by pathogenic bacteria, fungi, and 

viruses have afflicted humans. The recent COVID-19 (Coronavirus disease 2019) 

pandemic is a daunting reminder that this susceptibility continues even in the 

medically/scientifically enhanced world. Unfortunately, some of these microbial threats are 

still unrecognized or neglected, and fungi infecting billions of people yearly are examples 

of such overlooked threats. Fungal infections represent emerging global diseases, 

accounting for approximately 1.7 million deaths annually [3]. During the COVID-19 

pandemic, invasive fungal infection incidence increased significantly among hospitalized 

patients [4]. Regardless of the high mortality, invasive fungal infections remain 

understudied and underdiagnosed compared to other infectious diseases. Most fungal 

infections lack rapid, sensitive and timely diagnostics. Additionally, the long-term 

prophylactic use of antifungal drugs in high-risk patients has stimulated multidrug 

resistance in fungi. With growing concern, World Health Organization recently released a 

fungal priority pathogen list wherein Aspergillus fumigatus belonging to the critical 

propriety group and Mucorales from the high priority group will be mainly discussed in 

this thesis [5]. 

The need for high-throughput techniques capable of capturing diverse aspects of the 

disease, such as defining and monitoring changes in metabolites and proteins, has unlocked 

the door for mass spectrometry (MS)-based techniques in clinical diagnostics. MS with 

electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) was 

introduced in the late 1980s to detect large protein molecules. Moreover, coupling liquid 

chromatography (LC) with ESI-MS added another dimension for analysing the crude 

biological mixture in less time, expanding the analytical dynamic range. MS technologies 

are constantly evolving by designing new ion sources, boosting resolution and sensitivity, 

and miniaturization to bench-top instruments. Though MS-based tools are still underused 

in some clinical settings, they can potentially extend the current capabilities of detecting 

disease markers or therapeutic drug levels with exceptional precision, accuracy, and 

reproducibility. In this thesis, I will show the capability of MS-based detection of infectious 

disease biomarkers with their subsequent application in diagnostics.  
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2 THEORETICAL PART 

 

2.1   Aspergillus fumigatus 

A. fumigatus is a ubiquitous saprotrophic mould with the ability to survive up to 70 ˚C 

through a vegetative mycelial lifecycle occurring in the soil, air or decaying organic 

material. A. fumigatus produces asexual conidia on specialized hyphal structures called 

conidiophores to survive in adverse conditions or for reproduction. These conidia are 

usually small (2 to 5μm) in size, metabolically less active and are the primary source of 

distribution of Aspergilli in the environment. A healthy human inhales 100-1000 conidia 

daily, which travel through the respiratory tract to the alveoli and begin the infection route 

[6]. In immunocompetent individuals, macrophages quickly clear inhaled conidia. 

However, if not eliminated by the immune system and with the help of a favourable 

environment such as water and nutrients, it starts germination leading to invasive hyphal 

growth, which can penetrate pulmonary tissue. 

2.1.1 The growth phases of  A. fumigatus  

The germination of A. fumigatus conidia involves a specific morphological transition 

critical for colonising A. fumigatus in the suitable host (Fig. 2.1). 

A. Dormant phase 

Dormant conidia are stress-tolerant with characteristic cell wall structure, allowing 

them to remain viable for up to one year in the environment. The cell wall of the resting 

conidium comprises three layers. The innermost layer is composed of α-glucans, and above 

it is the dihydroxy naphthalene (DHN) melanin necessary for the structure and the stiffness 

of the cell wall. The outermost is the rodlet layer composed of hydrophobin RodA proteins, 

associated with survival and sensitivity to external stresses like desiccation and physical 

damage [7].  

B. Isotropic phase 

It starts with breaking the dormancy of resting conidium upon exposure to a carbon 

source and uptake of water resulting in an increased intracellular osmotic pressure. The 

outer conidial cell wall sheds, and aspartic proteases degrade the rodlet layer. Conidia grow 
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isotropically for up to six hours (h), where the diameter of the cell doubles. Isotropically 

expanding of the conidia are associated with metabolic activities such as protein synthesis 

and carbohydrate metabolism [8]. 

C. Polarised phase 

After 6 h of conidial germination, swollen conidia form a germ tube to one side of 

the cell to grow in a polarised manner, which further elongates to become hyphae. After 

the emergence of the germ tube, the melanin layer is disrupted, and the polysaccharides on 

the surface of the cell wall are also modified to others, such as chitin and β-1,3-glucan 

(BDG) [9].   

D. Mycelial formation 

Hyphae continue to elongate and branch by 12 h, eventually forming a mycelial 

mat. These mature hyphae can form branches at the hyphal tip or from basal regions over 

one another, forming a monolayer at the bottom surface. The mycelial growth has 

characteristics of a classic microbial biofilm defined by extracellular matrix production, 

cell wall changes, surface adhesion and increased antifungal drug resistance [10]. 

 

 

 

 

2.1.2  Aspergillus fumigatus-related infections 

Among the widespread genus Aspergilli, including over 185 species, aspergillosis is 

primarily caused by A. fumigatus and less frequently by A. flavus, A. terreus, and A. niger. 

The broad spectrum of disease caused by Aspergillus depends on the status of the host 

immune system. Each form of pulmonary aspergillosis is mentioned below, with particular 

emphasis on invasive pulmonary aspergillosis (IPA), which is involved in this work. 

 

Figure 2.1 Aspergillus transition with different morphotypes during germination. It is 

adapted from reference [1]. 
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2.1.2.1 Chronic pulmonary aspergillosis  

Chronic pulmonary aspergillosis (CPA) principally affects patients with a previous 

or underlying pulmonary condition such as tuberculosis, chronic obstructive pulmonary 

disease (COPD), sarcoidosis or bronchiectasis [11]. Chronic cavitary pulmonary 

aspergillosis (CCPA) is the most common form of CPA, which in the absence of treatment, 

may progress to chronic fibrosing pulmonary aspergillosis. Aspergillus nodules and simple 

aspergilloma are less common forms of CPA. CCPA is characterized by cavity formation 

and progression without overt tissue invasion, whereas aspergilloma are fungal ball 

consisting of Aspergillus hyphae, fibrin and cellular debris that arise in pulmonary cavities 

as a late manifestation of CPA. Aspergillus nodules are less commonly present as solitary 

or multiple lesions (<3cm) and are most commonly diagnosed after an excision biopsy. 

Patients usually show symptoms including chronic cough, shortness of breath, sputum 

production and chest pains [12]. The diagnosis is based on representative symptoms and 

radiologic features present in patients with Aspergillus IgG antibodies detection. 

2.1.2.2 Allergic bronchopulmonary aspergillosis 

Allergic bronchopulmonary aspergillosis (ABPA) represents a hypersensitivity 

reaction to colonized Aspergillus conidia in the airways. It is predominantly found in 

patients with asthma and cystic fibrosis (CF), with few reported cases in patients with 

COPD, a history of tuberculosis, or lung transplantation [13, 14]. ABPA, with significant 

morbidity, approximately 4.8 million affected individuals worldwide, has a global 

prevalence of 2.5% among asthmatic and 7.8% in CF patients [15]. Symptoms include 

chronic cough, wheezing, fever, chest pain, hemoptysis, night sweats and weight loss, often 

overlapping with the predisposing lung condition. Diagnostic criteria include elevated 

immunoglobulin E (IgE) (>1000 IU/mL) against A. fumigatus, high IgG and eosinophil 

count [16]. Nevertheless, the main clinical challenge in ABPA is poor diagnosis as it shares 

similar clinical features with both asthma and CF.  

2.1.2.3 Invasive pulmonary aspergillosis 

IPA is considered a life-threatening type of Aspergillus-related pulmonary 

infection. Over 1 million people globally are affected by IPA, with a mortality rate of 30% 

to 95% [17]. It mainly targets immunocompromised hosts and is characterized by lung 

tissue invasion by Aspergillus hyphae. The classical risk factors include neutropenia, 

hematologic malignancy following chemotherapy, hematopoietic stem cell transplantation, 
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glucocorticoid and immunosuppressive therapy [18]. Other emerging risk factors cover 

critically ill patients in intensive care unit settings, solid organ transplantation, COPD and 

superinfection with influenza or COVID-19 [19, 20]. The lungs are usually the common 

site of primary infection, with the symptoms such as cough, sputum production, dyspnoea, 

pleuritic chest pain and hemoptysis following angioinvasion. IPA is one of the most 

common sources of haemoptysis in neutropenic patients, which might be related to 

cavitation that occurs with neutropenia recovery [21].  

2.1.2.3.1 Diagnosis of pulmonary aspergillosis 

The histopathological examination of lung tissue obtained by thoracoscopic or 

open-lung biopsy, computed tomography scanning, and microscopic examination can 

detect the presence of septate, acute and branching hyphae invading lung tissue. The 

histopathology, even though considered the gold standard method for IPA diagnosis, has 

been shown to differ according to the underlying host. Chest radiography is of less use in 

the early stages of IPA because of the high incidence of nonspecific signs than classic 

radiographic signs (such as the halo or air crescent sign) [22]. The recent advances in IPA 

diagnosis involve Aspergillus antigens, galactomannan (GM) and BDG detection in body 

fluids, such as serum or bronchoalveolar lavage fluid (BALF). These methods' reported 

sensitivity and specificity largely depend on the host characteristics. Serum GM has 

substantial false positivity rates caused by early antigen clearance from the blood due to 

circulating neutrophils [23]. As a result, BALF GM detection with sensitivity (81–86%) 

and specificity (88–91%) reported in many studies is preferred for critically ill non-

neutropenic patients suspected of IPA [24, 25]. Still, the limitation of GM detection in 

BALF includes false positivity by Aspergillus colonization without clinical and 

radiographic evidence of infection and other non-Aspergillus invasive fungal infections 

[26]. Detection of serum BDG, a fungal cell wall component also found to have similar 

sensitivity and specificity to serum GM [27]. However, the combination of both tests 

showed improved specificity and positive predictive value to the individual test.  

Polymerase chain reaction (PCR) is another technique in IPA diagnosis involving 

the detection of Aspergillus DNA in BALF and serum. The sensitivity and specificity of 

PCR analysis in BALF samples were obtained in the range of 67–100% and 55–95%, 

respectively [28], while for serum samples, sensitivity and specificity were 100% and 65–

92%, respectively [29, 30]. Together with the restriction of specialized laboratories with 

skilled workers, PCR is often associated with false-positive results where distinguishing 
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colonization from infection is impossible. Hence, combining at least two different methods, 

especially GM and PCR, is recommended to diagnose IPA. Studies have demonstrated that 

A. fumigatus PCR in BAL combined with GM can increase sensitivity and specificity up 

to 83% and 95%, respectively [31]. The lateral flow device (LFD) test involving the 

detection of glycoprotein secreted by Aspergillus spp. in BALF and serum is also used.  

The individual LFD test showed an overall pooled sensitivity of 73-90% and specificity of 

86-93% in BALF for patients with IPA [32, 33], whereas when checked together with PCR 

had more promising sensitivity [34]. LFD testing requires further multicenter studies to 

receive routine clinical practice recommendations. 

Despite advances in diagnostic methods, IPA remains challenging to diagnose as 

the performance and clinical utility of these tests vary not only by the stage of the fungal 

disease but also by patient groups. Although the combination of diagnostic methods seems 

to improve sensitivity and specificity, demand for new diagnostic tools is still growing to 

improve the accuracy and timeliness of IPA diagnosis. 

2.1.2.3.2 Treatment of pulmonary aspergillosis 

Three classes of antifungal agents, such as polyenes, azoles, and echinocandins, are 

mainly used to treat IPA. Amphotericin B, an ergosterol-binding polyene, causes the 

disintegration of the fungal membrane [35]. Broad-spectrum triazoles inhibiting ergosterol 

synthesis in the membrane of fungi include voriconazole, isavuconazole, and 

posaconazole. Posaconazole is commonly used as salvage therapy for IPA refractory to 

standard antifungal therapy [36]. Voriconazole, currently considered the treatment of 

choice in many patients with IPA, is more effective than itraconazole or amphotericin B in 

animal models of IPA [37].  Isavuconazole, another triazole with similar efficacy to 

voriconazole, is an alternative option in cases where voriconazole cannot be tolerated [38]. 

Echinocandins, such as caspofungin, micafungin, and anidulafungin, are antifungal agents 

that block the synthesis of BDG of fungal cell walls. While echinocandins have limited 

activity against Aspergillus, they may be used as adjunctive therapy in combination with 

other antifungal agents [39].  The choice of antifungal therapy depends on various factors, 

such as infection severity, underlying health status, drug interactions, and potential side 

effects. Despite the introduction of several antifungal agents, treatment of IPA remains 

challenging, and mortality rates are still high. Moreover, no available vaccine and the 

worldwide emergence of antifungal drug resistance to A. fumigatus seriously threatens the 

human population [40]. 
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2.2 Secondary metabolites of A. fumigatus 

Depending on growth conditions and for survival in hostile environments, A. 

fumigatus can produce a large number of secondary metabolites. Production of these 

metabolites benefits fungi during combat with host immune cells and increases 

competitiveness over other microbes, whereas some allow the fungus to acquire essential 

cofactors. One of the ways that A. fumigatus can thrive in the human body is through the 

production of secondary metabolites called siderophores. Even so, the production of these 

metabolites at specific stages of A. fumigatus growth and during its interaction with other 

microbes/cells is not well known. As a result, secondary metabolites, mainly siderophores 

and mycotoxins production, together with their potential role in diagnosis, are the main 

topic in this work. 

2.2.1 Fungal siderophores – structures, functions, and applications 

Iron, the most abundant element on the Earth, is a vital cofactor for various cellular 

processes, including DNA replication and electron transfer reactions. Nevertheless, 

excessive iron can be harmful due to its toxicity and ability to form cell-damaging reactive 

oxygen species (ROS); therefore, its bioavailability in humans is tightly regulated. In 

particular, most of the iron in circulation is tightly bound to proteins such as ferritin, 

transferrin, and lactoferrin. A. fumigatus uses siderophore-mediated iron uptake and 

reductive iron assimilation mechanisms to ensure the supply of iron. However, it was found 

that A. fumigatus virulence is primarily dependent siderophores-based mechanism than 

reductive iron-assimilation during infection in a mouse model for pulmonary aspergillosis 

[41]. 

Siderophores are small molecular weight, Fe3+ ion-specific chelators produced, 

secreted and reabsorbed during iron starvation. Most fungal siderophores are hydroxamate-

type, structurally grouped into four categories, fusarinines, coprogens, ferrichromes, and 

rhodotorulic acid. The only exceptions are carboxylate rhizoferrin (RHF) (mentioned in 

this thesis) secreted by Mucorales [42] and the catecholate pistillarin secreted by the 

Penicillium bilaii [43]. A. fumigatus produces two types of siderophores (Fig. 2.2 A): 

fusarinine-type for iron uptake, including fusarinine C (FsC) and its derivative 

triacetylfusarinine C (TafC) as well as ferrichrome-type ferricrocin (Fc) and 

hydroxyferricrocin (Hfc) (Fig. 2.2 B) for iron storage and distribution in hyphae and 

conidia [44] respectively. 
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Biosynthesis of siderophores in A. fumigatus involves several enzyme-catalyzed 

reactions as well as regulation of gene expression (Fig. 2.3). Ornithine-N5-monooxygenase 

SidA catalyzes the first step, after which biosynthesis pathways split for intra and 

extracellular siderophores with the binding of different acyl groups. The non-ribosomal 

peptide synthetase (NRPS) SidC is essential for the biosynthesis of Fc and Hfc, whereas 

the acetyltransferase SidG and the NRPS SidD are involved in the biosynthesis of TafC 

and FsC, respectively [44]. 

Figure 2.2 Structure of A. fumigatus siderophores and mycotoxins. A) Extracellular 

fusarinine C (R=H) and its N2-acetyl derivative triacetylfusarinine C (TafC) 

(R=acetyl). B) Intracellular ferricrocin (Fc) with cyclic hexapeptide Gly-Ser-Gly-(N5-

acetyl-N5-hydroxy-L-ornithine) in violet and HfC, hydroxylated Fc with unknown 

hydroxylation location. C) Gliotoxin D) Bismethyl gliotoxin. Iron chelating 

hydroxamate groups in blue, ester bonds in pink, sulphur in orange and methyl group 

in brown. 
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Figure 2.3 Postulated siderophore biosynthetic pathway of A. fumigatus. FsC and Fc are 

assembled by the non-ribosomal peptide synthetases SidD and SidC, respectively. TafC is 

derived from FsC catalyzed by SidG. Adapted from [41, 44]. 

 

Extracellular siderophores bound with ferric ions cross the fungal membrane via 

siderophore-iron transporters such as MirB and Sit1 which are involved in transporting 

secreted TafC and Fc, respectively [45, 46]. Subsequent to uptake inside the cytosol, iron-

complexed TafC and FsC are hydrolyzed by the esterase EstB and SidJ, respectively [47]. 

The iron is then supplied to the metabolism or transferred to Fc for hyphal iron storage. As 

the production of siderophores is controlled by iron availability in the environment, two 

transcription factors, SreA and HapX, are involved in iron regulation in A. fumigatus. 

Under high iron conditions, SreA represses the expression of genes involved in siderophore 

biosynthesis to avoid iron toxicity. Conversely, HapX is activated under iron depletion, 

causing the upregulation of genes involved in iron uptake and storage. 
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2.2.2 Mycotoxins-structure, biosynthesis and their roles in infections  

A. fumigatus secretes several mycotoxins, including, among others, 

fumiquinazolines, fumitremorgin, gliotoxin (Gtx) and fumagillin in response to 

environmental stimuli [48]. These mycotoxins exhibit antifungal (pseurotin) [49], 

(fumitremorgin B) [50] or anti-inflammatory (fumigaclavine C) [51] activity, while some 

provide competitive survival advantages. Moreover, mycotoxins such as fumagillin, 

melanins, trypacidin and Gtx are involved during interaction with the host immune system. 

The production of these metabolites is often influenced by environmental factors, such as 

nutrients and temperature, and could be modulated by genetic and epigenetic factors as 

well. 

Gtx, with a molecular mass of 326 Da, is one of the most abundant 

epipolythiodioxopiperazine mycotoxins produced by A. fumigatus (Fig. 2.2 C). It is 

characterized by the internal disulphide bridge, which can undergo repeated cleavage and 

reformation, thereby regulating its biological activity, including immunosuppression and 

redox activity [52]. The functional genomics studies revealed a gli cluster containing 13 

genes responsible for Gtx biosynthesis and its related metabolites’ production (Fig. 2.4) 

[53]. The pathway begins with forming the intermediate cyclo-phenylalanyl-serine 

catalyzed by the NRPS, GliP. gliG gene, which encodes for a glutathione S-transferase 

form bis-glutathionylated intermediate responsible for the sulfurization of Gtx. The 

resulting product is then modified by a series of enzymes in a coordinated manner, 

including GliK (glutamyltransferase), GliJ (a dipeptidase), GliI (aminotransferase), two 

cytochromes p450 monooxygenases (GliC and GliF) and finally by GliN (N-

methyltransferase) to form a Gtx backbone. Furthermore, gliotoxin is generated by a 

disulfide bridge cyclization catalyzed by oxidoreductase GliT while Gli A exports it outside 

the cell. GtmA functions as bis-thiomethyltransferase to form bisdethiobis(methylthio)-

gliotoxin (BmGtx). Moreover, gliotoxin biosynthesis is controlled by a variety of 

environmental and cellular factors. The transcription factor GliZ has been shown to 

positively regulate the expression of gli gene clusters in response to oxidative stress, 

wherein the disruption of GliZ could abolish the production and gliotoxin [54]. The global 

regulators LaeA [55] and VeA [56] also positively modulate Gtx production.  

 Due to its ability to manipulate the immune system, Gtx has garnered significant 

attention in recent layers. Gtx is known to cause apoptotic cell death in macrophages and 

monocytes. The toxin can suppress the activity of macrophages by inhibiting the production 

of ROS and nitric oxide [57]. Gtx is reported to block phagocytosis and activation of 
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nuclear transcription factor NF-κB, thereby stalling inflammatory response and cytokine 

production [58]. Moreover, Gtx could positively exacerbate aspergillosis by altering 

several neutrophil functions. The toxin is proven to hamper the oxidative burst of human 

neutrophils by inhibiting NADPH oxidase activity [59]. Gtx has been reported to modulate 

dendritic cell function by blocking antigen presentation and affecting subsequent T-cell 

responses [60]. Overall, the production of Gtx by A. fumigatus is an essential factor in its 

pathobiology and ability to cause disease in humans and other animals and could serve as 

a potential biomarker for diagnosing IPA. 

 

 

Figure 2.4 The proposed biosynthetic pathway of Gtx and BmGtx. A series of enzyme-

catalyzed steps are described to form dithiol gliotoxin, a co-substrate for either Gtx or 

BmGtx formation. GSH, glutathione S-transferase; SAM, S-adenosylmethionine;  GtmA, 

S-methyltransferase, Gtx, gliotoxin; BmGtx, bismethylgliotoxin;  adapted from reference 

[61]. 
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BmGtx, a dimethyl derivative of Gtx (Fig. 2.2 D), is a negative regulator of Gtx 

biosynthesis, where increased Gtx levels induce gtmA expression, facilitating BmGtx 

formation. This results in the depletion of dithiol gliotoxin and consequently reduces GliT-

mediated gliotoxin biosynthesis [62]. Therefore, BmGtx acts as a detoxifying agent against 

Gtx cytotoxicity, confirmed by its delayed production than Gtx in vitro and in alveolar 

epithelial and macrophage cell models [63]. BmGtx is also reported to be a more stable 

molecule than Gtx, indicating its potential use as a biomarker [64]. 

Overall, the production of secondary metabolites by A. fumigatus is a complex 

process regulated by various environmental and cellular factors. The selected secondary 

metabolites, particularly siderophores and mycotoxins, act as front-line virulence factors. 

As a result, the timing and profile of secretion of these metabolites during the course of A. 

fumigatus infection as well as during interaction with other cells is reported in this thesis. 

 

2.3 A. fumigatus in interaction studies in vitro 

A. fumigatus exists in diverse microbial communities, and studying its molecular 

interactions with other microorganisms and the host can provide insights into its pathogenic 

and survival strategies (Fig. 2.5).  

 

 

 

 

 

Figure 2.5 A. fumigatus interplay with siderophores and mycotoxin production. 

Consecutively, host innate immune cells neutrophils secrete reactive oxygen species 

(ROS) and antimicrobial compounds, and bacterial pathogen P. aeruginosa secretes its 

own siderophores, toxins and quorum sensing (QS) molecules, and poly mycovirus 

affects fungal virulence. 
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2.3.1 A. fumigatus-innate immune cell mutual interplay 

Following inhalation, A. fumigatus conidia are confronted with stage-specific innate 

immune responses (Fig. 2.6). In immunocompetent individuals, anatomical barriers, 

mainly lung epithelial cells, represent the first line of contact with inhaled conidia. Most 

inhaled conidia are cleared by mucociliary clearance; however, few can reach and interact 

with the alveolar epithelial cells [65]. Further, they encounter the first line of immune 

defence cells, alveolar macrophages, which also play an essential role in host iron 

homeostasis [66]. Alveolar macrophages express several soluble receptors such as 

pentraxin 3 (Ptx3), surfactant protein D, and surface pattern recognition receptors (PRRs) 

such as dectins and toll-like receptors (TLRs). PRR mediates conidial recognition via 

pathogen-associated molecular patterns. The detection of A. fumigatus cell wall 

components BDG, chitins and galactomannan by particular PRRs, leads to phagocytosis, 

conidial killing and the secretion of inflammatory chemokines and cytokines [67]. Mainly, 

dectin-1 allows macrophages to differentiate between the different morphological forms of 

A. fumigatus by recognizing BDG moieties on swollen and germinating conidia but not 

responding to resting conidia [68]. In vitro, studies have also shown macrophage-mediated, 

more efficient phagocytosis of swollen conidia than resting ones [69]. Dectin-2, a new C-

type lectin receptor, was reported to be expressed at increased levels by human lung 

alveolar macrophages in response to A. fumigatus and also displayed an NF-κB-dependent 

proinflammatory response in a time-dependent manner against swollen, but not resting 

conidia [70]. 

Conidia that escaped macrophage attack can germinate and penetrate through the 

alveolar space. Secreted pro-inflammatory mediators thereby recruit neutrophils, 

considered to be the vital innate immune cells for host defence against A. fumigatus. Studies 

have reported that neutrophil-depleted mice infected with A. fumigatus conidia stimulated 

high mortality rates and hyphae-induced lesions in the lung. However, macrophage-

depleted infected mice could still prevent conidial germination resulting in 100 % survival 

[71]. Like macrophages, neutrophils recognize A. fumigatus using various PRRs, including 

dectin-1 and TLRs [72]. Neutrophil utilizes both oxidative and non-oxidative mechanisms 

to kill A. fumigatus conidia and hyphae. Oxidative mechanisms involve NADPH oxidase-

mediated ROS production [73]. The neutrophil granules contain antimicrobial compounds 

such as serine proteases, defensins, Ptx3 and lysozyme comprising non-oxidative 

mechanisms for direct pathogen killing [74]. Ptx3 secreted in response to conidia and 
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inflammatory signal TNF-α has been reported to improve phagocytic and fungicidal 

immune response activities in vivo [75]. Neutrophil extracellular traps (NETs), composed 

of bound DNA with histones and antimicrobial proteins, have been implicated as another 

form of neutrophil-mediated protective mechanism against A. fumigatus. However, the 

NET-based killing of A. fumigatus is not well clarified since a recent study excluded the 

role of NETs in killing Aspergillus hyphae [76]. Conversely, the same study identified that 

the extracellular killing of A. fumigatus hyphae depends on ROS production, whereas 

intracellular inhibition of conidial germination mainly involves lactoferrin-mediated iron 

sequestration.  In turn, A. fumigatus fights back by secreting several metabolites. Melanins, 

namely pyomelanin and DHN melanin, being part of the outer surface of the conidial cell 

wall, can protect A. fumigatus against ROS [47]. Furthermore, apart from the 

immunosuppressive ability of Gtx mentioned above, other secreted toxins, such as 

fumagillin proved to hamper neutrophil function by inhibiting NADPH oxidase activity 

[48]. 

 

 

 

 

 

 

Figure 2.6 Innate immune response upon inhalation of A. fumigatus conidia. Initial 

recognition occurs via lung epithelial cells and alveolar macrophages. This results in 

the production of chemokines promoting the rapid recruitment of neutrophils, followed 

by the subsequent arrival of second-wave cells such as monocytes, pDCs, mast cells, 

eosinophils and NK cells. All of these innate cells cooperate in eliminating fungal 

conidia by producing a combination of cytokines and antifungal compounds. ROS, 

reactive oxygen species; NETs, neutrophil extracellular traps; TNF, tumour necrosis 

factor; IFN, interferon; pDCs, plasmacytoid dendritic cells. Adapted from [2]. 
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The whole host-pathogen interaction between A. fumigatus and immune cells 

engages in a nutrient war to carry out their necessary functions. As iron is one of the critical 

elements to A. fumigatus virulence, upon infection, the host strategically sequesters iron 

away from the invading pathogen via a phenomenon termed nutritional immunity. 

Neutrophils employ nutritional immunity mechanisms via lactoferrin and lipocalin-1-

mediated iron and fungal siderophore sequestration [77]. As the host can reduce nutrient 

availability, A. fumigatus exploit siderophores to scavenge metal ions even from tightly 

bound carrier proteins. TafC is stated to be able to extract iron in vitro from serum iron-

binding protein transferrin [78]. Therefore, the interaction between Aspergillus and 

immune cells is dynamic, where the fungus and the host both try to gain the upper hand in 

the infection (Fig. 2.5). 

2.3.2 A. fumigatus-Pseudomonas aeruginosa are frenemies  

Microbial interactions in polymicrobial infections can affect their individual fitness 

and impact the immune system's response. A. fumigatus and Pseudomonas aeruginosa are 

common opportunistic fungal and bacterial pathogens, respectively, co-existing in 

immunocompromised and immunocompetent individuals. The combined presence of both 

pathogens in the airways of cystic fibrosis (CF) patients is reported to aggravate disease 

progression [79]. From several studies, the prevalence of A. fumigatus colonization in CF 

patients was reported to be 16-58% [79, 80], whereas; the reported prevalence of both 

pathogens together is 15.8% [81]. The potential of interspecies interactions could be vast 

and lead to both beneficial and antagonistic relationships.  

 

2.3.2.1 P. aeruginosa defence mechanism 

Virulence of P. aeruginosa contributes to significant morbidity and mortality in CF 

lung disease, shown to be influenced by other microorganisms co-inhabiting the CF 

airways [82, 83]. P. aeruginosa cells communicate through a quorum sensing (QS) system 

by synthesizing small signalling molecules that regulates biological activities such as 

virulence, motility, biofilm formation and interaction with the host [84]. P. aeruginosa 

inhibits A. fumigatus through the secretion of an array of virulence factors, including QS 

molecules such as homoserine lactones, quinolones, phenazines, and siderophores. QS 

molecules-based inhibition of A. fumigatus was demonstrated in P. aeruginosa QS 

knockout strains [85]. Specifically, homoserine lactones and quinolones restricted A. 

fumigatus hyphae formation and reduced fungal biofilm mass [86, 87]. Phenazines, as 
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endogenous redox-active molecules comprising pyocyanin, phenazine-1-carboxamide, 1-

hydroxy phenazine (1-HP), and phenazine-1-carboxylic acid (PCA), can promote P. 

aeruginosa growth and survival under iron-limiting conditions in CF patients [88].  At high 

iron concentrations, phenazines inhibit A. fumigatus growth by producing reactive oxygen 

and nitrogen species, thereby damaging the mitochondrial ultrastructure of A. fumigatus 

hyphae. However, in an iron-limited environment, pyocyanin, phenazine-carboxamide and 

phenazine-carboxylic acid could promote the growth of A. fumigatus by reduction of ferric 

iron to ferrous iron. Dirhamnolipids another class of signal molecules hinder A. fumigatus 

growth by altering BDG synthase from the fungal cell wall [89]. 

In addition to inter-microbial signals, nutrient competition is a further mechanism 

exploited by P. aeruginosa during A. fumigatus interaction. During the battle for iron 

necessary for the metabolism of both pathogens in a shared microenvironment, P. 

aeruginosa secretes two siderophores, pyoverdines and pyochelin, for iron acquisition and 

storage. Less inhibitory activity against A. fumigatus growth in P. aeruginosa pyoverdine-

lacking mutants indicated its importance in fungal inhibition [90]. Pyoverdine alone can 

inhibit A. fumigatus growth and biofilm formation by reducing iron availability and 

increasing A. fumigatus siderophore secretion. Denial of iron to A. fumigatus is also 

employed by P. aeruginosa-produced bacteriophage Pf4 to inhibit the A. fumigatus biofilm 

formation [91]. 

 

2.3.2.2 A. fumigatus molecular weapons for combat within consortia  

 Despite a range of fungicidal properties of P. aeruginosa, A. fumigatus manages to 

survive within the shared ecosystem of the CF airways, indicating its ability to counteract 

the antagonistic actions of P. aeruginosa. The antifungal capacity of P. aeruginosa 

diminishes during A. fumigatus conidial transition into hyphae. Moreover, compared to 

preformed biofilm, the mature filamentous A. fumigatus biofilms were found to be more 

resistant to an inhibitory effect of P. aeruginosa [92]. A. fumigatus can produce various 

mycotoxins such as demethoxyfumitremorgin C, fumitremorgin, Gtx, and pyripyropene 

during biofilm formation in co-culture with P. aeruginosa [93]. It upregulates the secretion 

of Gtx explicitly, possessing antibacterial activity against P. aeruginosa in mixed biofilm 

formation [93, 94]. As a further line of defence to counteract iron denial by P. aeruginosa, 

A. fumigatus produces its siderophores. The role of A. fumigatus siderophores, mainly 

hydroxamate types, was confirmed using mutant strains lacking the sidA gene, which 

exhibited poor capacity in preserving A. fumigatus biofilms than wild-type strains during 
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exposure to phenazine and pyoverdine [95]. Furthermore, A. fumigatus also possess the 

ability to bio-transform phenazines into alternative forms, including conversion of PCA to 

1-HP, thereby inducing siderophore production [96]. Nonetheless, at a molecular level, the 

extent and role of A. fumigatus siderophore production as an antagonistic mechanism when 

exposed to P. aeruginosa is still unexplored and will be reported in this thesis. 

 

2.3.3 A. fumigatus-mycovirus intracellular interaction 

Mycoviruses, also known as fungal viruses, are widespread in fungal species. Most 

do not integrate into the host genome and are transmitted horizontally via hyphal fusion or 

vertically via conidiospores. They are classified into families based on their single or 

double-stranded RNA genomes [97]. Mycoviruses can have diverse effects on their fungal 

hosts, ranging from impact on growth, morphology, or altering pathogenicity, toxin 

production or drug resistance. In Saccharomyces cerevisiae, mycovirus encode 

glycoprotein toxin with the ability to kill other yeast without any cell contact [98]. 

Particular mycovirus infection was shown to modulate fungal toxins production, such as 

suppressing carcinogenic aflatoxins in A. flavus [99] or inducing a secondary metabolite 

and mycotoxin tenuazonic acid and ochratoxin A in plant pathogenic fungus Magnaporthe 

oryzae [100] and A. ochraceus [101] respectively. 

Mycoviruses infecting Aspergilli have been extensively studied, where around 7-

19% of A. fumigatus clinical isolates were found virus-infected [102]. A. fumigatus 

polymycovirus 1 (AfuPmV-1) [103], a member of the family Polymycoviridae, was 

initially uncovered in the A. fumigatus Af293 isolate [104]. Differential effects of AfuPmV-

1 infection in A. fumigatus have been extensively studied under several conditions, such as 

high salt and antifungal drugs. The results indicated that AfuPmV-1 infection sensitized A. 

fumigatus towards nikkomycin Z, an antifungal affecting chitin synthesis [105] and high 

salt stress [106]. The authors reported less virulence in mice [107] and mild hypervirulence 

in the wax moth infection model in virus-infected fungus [108]. Moreover, a recent study 

showed that mycovirus infection weakened A. fumigatus via altered fungal stress responses 

during inter-microbial interaction with P. aeruginosa [103].  

 To date, no direct correlation between the presence of mycovirus and the 

quantitative or qualitative modulation of A. fumigatus siderophores and mycotoxins has 

been studied, which is reported in this thesis. Even though the clinical relevance of A. 

fumigatus virus infection is controversial, understanding mycovirus–fungal host 

interactions could further illustrate their potential in the control of fungal infections. 



27 
 

2.4 Rhizopus species and mucormycosis 

After Aspergillus, Mucorales are the next common fungal pathogens in animals and 

humans. Mucorales are saprotrophic fungi comprising Rhizopus spp., Mucor spp., 

Lichthiemia spp., and some others that represent a permanent part of the human 

environment, as commonly found in soil, animal excrements and decaying material. 

Nevertheless, some species are widely used for the biotransformation of several medically 

and pharmaceutically necessary compounds, such as steroids and terpenoids and in the 

fermentation of food and a variety of cheese. The genus Rhizopus is differentiated by the 

formation of pigmented sporangiophores, 3-11 µm in diameter, arising alone or in whorls 

bearing sporangia from horizontally growing aerial hyphae called stolons (Fig. 2.7) [109]. 

Young sporangia are white, while mature sporangia are black, containing over 1000 spores. 

Rhizopus species have gained importance in both human health and industry as some 

species can act as plant pathogens causing spoilage of crops, while others are used in the 

fermentation of tempeh and ragi [110].  

Mucormycosis is a life-threatening, angioinvasive disease caused by spore 

inhalation of fungi belonging to the order Mucorales. R. oryzae is the predominant agent 

identified, followed by R. microsporus and R. homothallicus associated with 

mucormycosis [111-113]. The major risk factors include uncontrolled diabetes mellitus in 

ketoacidosis, corticosteroid treatment, organ transplantation, neutropenia, trauma and 

burns, malignant hematologic disorders, and immunosuppressive therapies [114, 115]. The 

global incidence of mucormycosis is rising, but the rise is excessive in countries such as 

India and China amongst patients with uncontrolled diabetes mellitus. It is indicated that 

the expected prevalence of mucormycosis in India is almost 70 times higher than the global 

average [116]. Invasive mucormycosis has mortality ranging from 23-80% in adult patients 

and up to 72.7% in paediatric patients [5]. Early diagnosis of mucormycosis is still 

challenging. The current diagnostic strategies rely on clinical findings, risk factor analysis, 

histopathology, and culture of specimens. The primary concern about these methods is that 

clinical signs may vary with the form and stage of the infection. Moreover, low sensitivity 

and false negativity are reported in culture methods in 50% of mucormycosis cases [117].  

Culture-independent molecular methods such as conventional PCRs, restriction fragment-

length polymorphism and DNA sequencing of defined gene regions are developed; 

however, the efficiency of these assays is yet to be studied [118, 119]. Moreover, there is 

no circulating antigen detection test similar to GM or BDG detection we know for invasive 
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aspergillosis available for diagnosing mucormycosis. Surgical debridement and antifungal 

agents such as liposomal amphotericin B and posaconazole are used in the treatment; 

however, even with treatment, mortality rates can be as high as 80% [120]. As early 

diagnosis is the key factor for successful disease management, diagnostic methods with 

more specific and sensitive molecular markers and secondary metabolite identification still 

need development in mucormycosis. 

 

2.5 Secondary metabolites of R. microsporus 

Recently polyketide synthase, NRPS, and L‐tryptophan dimethylallyl transferase 

encoding genes were identified in Mucoromycota [121]. The availability of host iron plays 

a critical role in predisposing patients to mucormycosis. Clinical observation demonstrated 

that the level of available free iron in serum is a crucial factor affecting diabetic 

ketoacidosis patients to mucormycosis [122], while in other observation, dialysis patients 

treated with the iron chelator deferoxamine were found to be susceptible to a deadly form 

of mucormycosis [123]. Rhizopus is known to secrete polycarboxylate siderophore RHF 

(Fig. 2.7) to supply iron through a receptor-mediated, energy-dependent process [124].  

RHF production is reported in R. delemar, Mucor circinelloides, Lichtheimia 

corymbifera, Syncephalastrum racemosum, Mucor heimalis, Rhizomucor pusillus and 

Cunninghamella echinulata. Several RHF analogues have also been described by directed 

fermentation [125]. The RHF biosynthetic gene, a member of the NRPS-independent 

siderophore family, has recently been identified in R. delemar [126]. Moreover, RHF is 

inefficient in capturing iron from serum; however, Rhizopus can use xenosiderophores 

such as deferoxamine to obtain iron from the host [127]. To overcome the lack of 

knowledge on virulence factors and for further development of a new tool for non-invasive 

diagnosis, R. microsporus metabolome was studied using high-performance [128] LC-MS 

in this thesis. 
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Figure 2.7 Vegetative structure of Rhizopus characterised by the presence of stolons and 

branched rhizoids (left). Sporangiophores bear sporangium, which carries asexual spores. 

Rhizoferrin structure is composed of two molecules of citric acid (green) linked to 1,4-

diaminobutane (black) through two amide bonds [129]. 
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2 OBJECTIVES OF THE THESIS 

 

The aim of this dissertation thesis is to comprehensively characterize R. microsporus and 

A. fumigatus siderophores and mycotoxins in vitro using LC-MS and demonstrate their 

utility in the diagnosis of invasive fungal infection in humans and animals. 

The specific goals include: 

 To design infection metallomics – a MS-based platform in a wide range of 

pathogen-related functional studies  

 To analyze the siderophore production in R. microsporus in vitro using MS. 

 To quantitatively assess A. fumigatus growth stage-specific siderophore and 

mycotoxin production to distinguish between colonization and invasive infection 

 To explore A. fumigatus siderophores and mycotoxins production during interaction 

with immune cells (neutrophils), bacterial pathogen (P. aeruginosa) and           

AfuPmV-1. 

 To demonstrate the application potential of infection metallomics to the invasive or 

noninvasive diagnoses of human IPA and equine aspergillosis. 
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4 EXPERIMENTAL PART 

 

4.1 LC-MS-based characterization of R. microsporus siderophores 

Materials presented in this section have been published in ref. [130]. 

R. microsporus identification and growth conditions  

R. microsporus isolate obtained from the sputum of an immunocompromised 

patient was grown in iron‐depleted mineral medium (residual content 235.5 μg of Fe/L) 

containing 55 mM glucose, 50 mM NH4Cl, 11.2 mM KH2PO4, 7 mM KCl, 2.1 mM 

MgSO4
.7H2O, 68 μM CaCl2

.2H2O, and 20 μM ZnSO4
.7H2O (pH 6.5). The medium was 

inoculated with spore suspension (107 spores/mL) and incubated for 48h at 30°C with 

shaking (190 rpm). The supernatant from the culture was separated by centrifugation 

(5,000× g, 4 °C, 15 min) and subsequently lyophilized.  

Metabolite extraction 

The lyophilized sample was re-dissolved in water, extracted two times with ethyl 

acetate and dried under reduced pressure. The remaining aqueous phase was mixed with 

four equivalents of methanol (MeOH) and incubated at −80 °C for 1 h. Precipitated proteins 

were removed by centrifugation (14,000×g, 4°C, 10 min), and the supernatant layer was 

transferred to a vial with the residual evaporated ethyl acetate fraction and concentrated 

under reduced pressure using a SpeedVac (catalog number SPD121P; Thermo Scientific, 

Pardubice, Czechia). 

HPLC-MS analysis 

The pooled extract was re-suspended in 5% LC‐MS‐grade acetonitrile (ACN) and 

injected onto an Acquity HSS T3 C18 analytical column (1.8 μm, 1.0 × 150 mm, Waters, 

Milford, MA, USA). Analytes were gradient‐eluted with a 50 μL/min flow rate (A: 1% 

ACN with 0.1% formic acid (FA) in water, B: 95% ACN with 0.1% aqueous FA): 0 min, 

2%; 2 min, 2%; 9 min, 60%; 11.0 min, 99%; 14 min, 99%; 14.5 min, 2%; and 20 min, 2% 

of B. The metabolites were quantified using HPLC‐MS on a Dionex UltiMate 3000 Ultra 

HPLC system (Thermo Fisher Scientific,Waltham, MA, USA) connected to a SolariX 12T 

Fourier transform ion cyclotron resonance (FTICR) MS (Bruker Daltonics, Billerica, MA, 

USA) in electrospray positive‐ion mode. A quadrupole filter to 200–700 and 500–1500 

Daltons adjusted with two continuous accumulations of selected ion windows. 
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Data processing 

All samples were measured in triplicates. Our in-house CycloBranch [40] version 

2.0.8 and Bruker Data Analysis 5.0 software performed qualitative and quantitative data 

processing, respectively. RHF and bis‐imido‐RHF were quantified in fermentation broths 

by the standard addition method. The limit of detection (LOD) and limit of quantitation 

(LOQ) were defined as the sum of the background average with 3 and 10 multiples of 

standard deviation [131] [131], respectively.  

 

4.2 LC-MS based A. fumigatus growth-specific siderophore and 

mycotoxin quantitation to distinguish between colonization and invasive 

infection 

Materials presented in this section have been published in ref. [132]. 

 

A. fumigatus identification and growth conditions  

A. fumigatus strain EI278 was isolated from a clinical sample received from the 

University Hospital in Motol (Prague, Czechia) and identified by phylogenetic analysis of 

the internal transcribed spacer regions 1 and 2. A. fumigatus conidia were harvested in 

phosphate-buffered saline (PBS) containing 0.01% Tween 80 from a culture grown at 37°C 

on malt extract agar (17, 3, and 20 g/L of malt extract, mycological peptone, and agar, 

respectively, adjusted to pH 5.4 before sterilization). The suspension was filtered using a 

5-µm SyringeStrainer (Pluriselect, San Diego, CA, USA). A. fumigatus conidia (108/mL) 

were inoculated into iron-limited minimal medium (pH 7) consisting of Na2HPO4
.12H2O 

(14.62 g/L), KH2PO4 (3 g/L), NaCl (0.5 g/L), NH4Cl (1 g/L); source of carbon: glucose (5 

g/L); trace elements: MgSO4
.7H2O (0.2 g/L), CaCl2

.2H2O (0.05 g/L), ZnSO4
.7H2O (0.01 

g/L), MnSO4
.H2O (0.017 g/L), CoCl2

.6H2O (0.0048 g/L), CuSO4
.5H2O (0.003 g/L), 

Na2MoO4 (0.0045 g/L). The experiment with four biological replicates was performed with 

10-mL cultures shaken in 50-mL Erlenmeyer flasks on an orbital shaker (190 rpm) at 37°C 

for 72 h. To detect fungal metabolites, samples of conidia, the residual fungal mass, and 

the supernatant were collected from each biological replicate at incubation times of 0 h, 3 

h, 5 h, 6 h, 7 h, 8 h, 9 h, 10 h, 12 h, 14 h, 18 h, 24 h, 48 h, and 72 h. Before further sample 

processing, the supernatants were filtered through a Whatman membrane (5 µm; VWR 

International, Stríbrná Skalice, Czechia) using a sterile syringe. The residual fungal mass 
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was washed three times with sterile water, centrifuged (14,000 x g for 2 min) at room 

temperature, and lyophilized. 

 

Microscopy 

Samples of 60 to 100 conidia collected up to 10 h of incubation were fixed in 37% 

formaldehyde. Their germination was observed using a DN45 light microscope (Lambda 

Praha Ltd., Prague, Czechia), and images were captured with an Eos 700D digital single-

lens reflex (SLR) camera (Canon, Inc., Tokyo, Japan). The recorded images were calibrated 

using the Fiji software suite [133] with a stage objective micromanipulator. 

 

Extraction and quantitation of metabolites 

Siderophores (Fc, Hfc, FsC, TafC, and triacetylfusarinine B (TafB)) and 

mycotoxins (Gtx, fumigaclavine A, fumiquinazoline C, fumiquinazoline D, 3-hydroxy-

fumiquinazoline A, and tryptoquivaline F/J) were extracted from A. fumigatus as 

mentioned in section 4.1 with some modifications. Briefly, samples (50 µL of conidia, the 

residual fungal mass suspension, or the supernatant) were spiked with a ferrioxamine E 

(FoxE) (50 ng/mL) internal standard and ferrated with FeCl3 (100 µM) and were subjected 

to two-step liquid-liquid extraction using ethyl acetate (150 µL) and MeOH (200 µL). 

Calibration standards of Fc, TafC, Gtx, fumigaclavine A, and fumiquinazoline D were 

prepared at final concentrations of 0.5, 1, 5, 10, 50, 100, 500, 750, and 1,000 ng/mL. The 

extracts were vacuum dried for 2 h at 35°C using a SpeedVac (catalog number SPD121P; 

Thermo Scientific, Pardubice, Czechia) and stored at -80°C until HPLC-MS analysis. 

HPLC-MS analysis 

Before the HPLC-MS analysis in triplicates, all samples were re-constituted in 150 

µL of 15% ACN. Previously reported LC settings (section 4.1) were applied for the 

separation of analytes. Siderophores and mycotoxins were detected using a SolariX 12T 

(FT-ICR) MS (Bruker Daltonics, Billerica, MA, USA) with electrospray positive-ion 

mode. MS parameters were tuned and adjusted to optimize the signal intensity of the 

analytes of interest by applying a quadrupole filter to facilitate the continuous accumulation 

of the selected ions at 100 to 700 and 500 to 1,500 m/z intervals for analyses of mycotoxins 

and siderophores, respectively. 
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Data processing and method validation 

All acquired LC-MS data were processed using DataAnalysis v.5.0 software 

(Bruker Daltonics, Germany). Fumiquinazoline C, 3-hydroxy-fumiquinazoline A, and 

tryptoquivaline F/J were annotated from mass spectra by matching the exact m/z values and 

product ion mass spectra. The detected analytes were quantified using external calibration 

standards. Assuming similar ionization efficiencies, Hfc was semiquantified using the Fc 

calibration curve, and fumiquinazoline C, 3-hydroxy-fumiquinazoline A, and 

tryptoquivaline F/J were semiquantified using the fumiquinazoline D calibration curve, 

while FsC and TafB were semiquantified using the TafC calibration curve. The results were 

averaged from triplicates. The sample preparation methods were validated using control 

growth medium samples, according to U.S. Food and Drug Administration guidelines for 

validating bioanalytical methods [134], in terms of the calibration curve (linearity), LOD, 

LOQ, intra- and interday accuracy and precision, selectivity, specificity, sensitivity, 

carryover, and autosampler stability. Instrumental LOD and LOQ values were defined as 

the lowest concentrations for which the SD [131] of the intercept equaled 3.3 and 10, 

respectively. The LOD, LOQ, linearity, and sensitivity were determined using a set of 

prepared nonzero calibration standards. A system suitability test using an HPLC peptide 

standard mixture (Sigma-Aldrich, Prague, Czechia) checked the instrument's performance. 

Statistical analysis 

The variations in the measured siderophores and mycotoxins from four biological 

replicates of A. fumigatus cultures at each stage of germination and subsequent growth 

were characterized in terms of means, SDs, standard errors of the means, and coefficients 

of variation using MS Excel 2016 and graphically visualized using OriginPro version 22 

software (OriginLab Corporation, Northampton, MA, USA). Data were presented as box 

plots displaying means ± SD. 
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4.2.1 A. fumigatus siderophores and mycotoxins production during 

interaction with neutrophils and P. aeruginosa 

 

Neutrophils isolation and A. fumigatus infection 

Neutrophils were isolated from anticoagulated blood using a neutrophil direct 

isolation kit employing (negative selection, StemCells; 

https://www.stemcell.com/products/easysep-direct-human-neutrophil-isolation-kit.html) 

based on manufacturer’s instructions. Cells were counted using trypan blue and Turck 

solution (50µL of cell suspension + 950µL of diluted trypan blue or Turck solution) by 

light microscopy (Olympus) at the beginning of the experiment. At every time point, the 

viability of cells was visualized using trypan blue and determined by light microscopy 

(Olympus). For the infection experiment, neutrophils (1×106 cells/mL) were transferred to 

a complete growth medium (RPMI 1640, 10% fetal bovine serum) in 24-well plates and 

incubated with A. fumigatus strain EI278 hyphae at 37 °C for 48 h in 5% CO2 atmosphere 

in triplicates. Entire plated neutrophils were transferred to a sterile tube and centrifuged for 

300g for 10 min. Supernatants collected were immediately stored at -80°C until further 

processing. PBS was used to wash cell pellets, with successive centrifugation at 300g for 

10 min. 

A. fumigatus and P. aeruginosa dual cultivation 

A. fumigatus (EI278) conidia (107conidia/mL) and P. aeruginosa (PAO1) cells 

(107cells/mL) were inoculated into iron-limited minimal medium (composition of the 

medium is similar to section 4.2). The experiment with three biological replicates was 

conducted as 100 mL culture into 500 mL Erlenmeyer flask shaken at 37˚C on an orbital 

shaker (190 rpm). For metabolite analysis, supernatants were collected at 0 h, 6 h, 9 h, 12 

h, 18 h, 24 h, 36 h, 48 h, and 72 h of incubation and immediately stored at -80 ˚C.  

Extraction of metabolites 

For siderophores (Fc, TafC and TafB), samples of supernatant were spiked with a 

FoxE (50 ng/mL) internal standard and ferrated with FeCl3 (10 mM) and were subjected 

to previously reported liquid-liquid extraction protocol (section 4.2). For Gtx and its 

metabolites, several solvent and solid phase extractions (SPE) were tested to reduce 

dilution due to tremendous siderophore production and to improve mycotoxin detection 

sensitivity. Initially, liquid-liquid extraction using chloroform-MeOH and 
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dichloromethane-MeOH was checked. Next, SPE (HLB and Sep-Pak, Waters, Milford, 

MA, USA) using appropriate elution solvent composition (50%, 60% and 100% 

MeOH+0.1% FA and 50%, 60% and 100% ACN+0.1% FA) were examined. Based on the 

results, a protocol using SPE HLB 3cc (150 mg) cartridge was finalized. The samples of 

supernatant (50 µL) were spiked with 2-heptyl-4(1H)-quinolone (10 ng/mL) as internal 

standard and were loaded on SPE cartridges preconditioned with 1mL MeOH +0.1% FA 

and equilibrated with 1mL 5% MeOH +0.1% FA. Polar impurities were removed with 1mL 

of 5%MeOH+0.1% FA, with the subsequent addition of 2mL of 60% MeOH +0.1% FA. 

The compounds of interest were eluted with 1mL of MeOH+0.1% FA. The extracts were 

then vacuum dried for 2 h at 35°C and stored at -80°C until HPLC-MS analysis. 

 

HPLC-MS analysis 

All the extracted samples from interaction with neutrophils and P. aeruginosa were 

reconstituted in 150 µL of 15% ACN. Siderophores (Fc, TafC, TafB) were analyzed by an 

Acquity M-class HPLC system connected to a Synapt G2-Si Q-TOF MS (Waters 

Corporation, Manchester, UK). Each sample was loaded onto an Acquity HSS T3 C18 

analytical column (1.8 μm, 1.0 × 150 mm, Waters Corporation, Manchester, UK). Gradient 

elution was performed at a 50 µL/min flow rate: 0 min, 5%; 2 min, 5%; 10 min, 50%; 14 

min, 95%; 16.5 min, 95%; 17 min, 5%; and 20 min, 5% of B. Solvent A contained 0.1% 

FA in the water, and solvent B contained 0.1% FA in ACN. The spectrometer was operated 

in electrospray positive-ion mode within 200–1200 m/z. 

Reconstituted samples for mycotoxins (Gtx and BmGtx) analysis were injected into 

an Acquity HSS C18/1.8-mm, 2.1 by 5-mm VanGuard precolumn connected to an Acquity 

HSS T3/1.8-mm, 1.0 x 150-mm analytical column (both from Waters, Prague, Czechia). 

Previously reported LC gradient conditions (section 4.1) were applied and detection was 

performed using a SolariX 12T (FT-ICR) MS (Bruker Daltonics, Billerica, MA, USA) with 

electrospray positive-ion mode. MS parameters were tuned and adjusted to optimize the 

signal intensity of the analytes of interest by applying a quadrupole filter for the continuous 

accumulation of the selected ions at 200 to 600 m/z intervals. 

Data processing 

Data for siderophores and mycotoxins were processed by MassLynx 4.1 software 

(Waters Corporation, Manchester, UK) and Cyclobranch [135] version 2.1.32, 

respectively. The detected analytes were quantified using external calibration standards in 
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technical duplicates. Instrumental LOD and LOQ values were defined as the lowest 

concentrations for which the SDs of the intercept equalled 3.3 and 10, respectively. 

Statistical analysis 

 The obtained results were statistically analysed using GraphPad Prism 8.0.1 

software (GraphPad, San Diego, CA, USA). A non-parametric Mann-Whitney test is used 

to compare between two groups for each time point where a P values of < 0.05 were 

considered statistically significant. The box plots are expressed as a mean ± SD. 

 

 

4.2.2 A. fumigatus siderophores and mycotoxins production during 

interaction with  the polymycovirus AfuPmV-1 

Materials presented in this section have been published in ref. [136] for siderophore 

analysis. 

Isolates 

In a masked study, five A. fumigatus strains as mentioned below, were maintained 

on malt extract agar (1.7% malt extract, 0.3% mycological peptone, 3% Bacto agar, pH 

5.4, for 10 days, at 37 ˚C.  

Strain 18–42 (VF);   UK Af293 cured from AfuPmV-1 

Strain 18–95 (VI);   UK Af293 with AfuPmV-1 

Strain 10–53 (VI);   USA Af293 with AfuPmV-1 

Strain 19–40 (VR);   18–42 re-infected with AfuPmV-1 

Strain 19–47 (VR);   18–42 re-infected with AfuPmV-1 

A. fumigatus UK AF293 strain (18–95) was cured using the protein synthesis inhibitor 

cycloheximide [104], producing a VF strain now designated 18–42. AfuPmV-1 was 

purified by differential polyethylene glycol precipitation and ultracentrifugation. Purified 

AfuPmV-1 was re-introduced in the VF Aspergillus by protoplast transfection, producing 

re-infected strains designated as 19–40 and 19–47. Strain 19-47 was misprinted, thereby 

corrected to 19-42 [137]. 
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Fungal strains cultivation 

For the detection of siderophores, strains 18-42, 18-95, 10-53, 19-40 and 19-42 (108 

conidia/mL) were grown in an iron-limited mineral medium with a similar composition 

mentioned in section 4.2. The samples of mycelia and supernatants were collected at 48, 

52, or 24, 31, 48, 54, and 72 h, respectively.  

For detection of mycotoxins, strains 18-42, 18-95 B, 19-40 and 19-42 (108 

conidia/mL) were inoculated into a minimal medium (composition is similar to section 4.2) 

along with FeCl3
.6 H2O (10 μM). The supernatant was collected at 18 h, 24 h, 36 h, 48 h, 

72 h and 96 h of growth and immediately stored at -80 ˚C.  

For gene expression analysis, conidia (107 conidia/mL) were inoculated in media 

containing Na2HPO4
.12H2O (14.62 g/L), KH2PO4 (3 g/L), NaCl (0.5 g/L), NH4Cl (1 g/L); 

source of carbon: glucose (5 g/L); trace elements: MgSO4∙7H2O (0.2 g/L), CaCl2·2H2O 

(0.05 g/L), FeCl3∙6 H2O (10 μM). The cultures were shaken for 48 h in flasks, at 39 °C, on 

an orbital shaker (190 rpm). The experiment was carried out with three biological 

replicates, and mycelia were collected at 48 h. The mycelia were washed with sterile water 

and centrifuged twice at 14,000× g, 2 min, at room temperature before RNA extraction. 

Extraction of metabolites 

Previously mentioned liquid-liquid extraction (section 4.2) and SPE protocol 

(section 4.2.1) was applied for siderophores (Fc, TafC and TafB) and mycotoxins (Gtx and 

BmGtx) respectively. 

HPLC-MS analysis 

Before the HPLC-MS analysis in triplicates, all samples were reconstituted in 150 

µL of 15% ACN. Previously reported LC-MS settings section 4.1 and section 4.2.1 were 

applied for quantification of siderophores and mycotoxins, respectively.  

RNA extraction, complementary c-DNA synthesis and quantitative polymerase chain 

reaction (qPCR) 

Total RNA was extracted from each strain 18-42, 18-95 B, 19-40 and 19-42 grown 

in three biological replicates for 48 h using the RNeasy mini kit (Qiagen). Following 

treatment with DNase I (Promega) and quantification by Nanodrop spectrophotometry, 

equal amounts of RNA were utilised as a template for cDNA synthesis using the 

SuperScript VI Reverse Transcriptase (Invitrogen). The qPCR assays were performed in 

the OneStepPlus Real-Time qPCR System (Applied Biosystems) utilizing the Power 
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SYBR Green PCR Master Mix (Applied Biosystems) and the relative standard curve 

quantitation method.  A. fumigatus β-tubulin sequence was used as an endogenous control. 

Target-specific primer pairs were designed using PrimerBlast and are listed in (Tab. 4.1). 

Gene Forward primer Reverse primer 

AfuPmV-1 ATAGGTCACGCCATAGCACG CCCAGCACTGAGAAGAGGTG 

β-tubulin AATTGGTGCCGC TTTCTGG CTATTCCGTCCCGACAACT 

gliG GCGACCCTCCGATCTTGTAG TGACGGTGTTGTGTGTGGA 

gliN ACTCCGAAAACGGCTACCTC AGGACTCGCAGATTGGGTTG 

gliA TACCTGCCGACCTACTTCCA TCCAGGTCGAGGGTGTAGAG 

gliT CTTCGACTCTGGCGTCTACC TCGAACAGCTGGTTGGTCTC 

gtmA TCCAGCGTACTCAACCACAC GAAGACCGGTGTCTAACGCA 

Table 4.1 The list of forward and reverse primers used. 

 

Statistical analysis 

Each sample was analysed in three technical replicates by MS, providing nine 

points for statistical analyses (3 x 3). The differences in the metabolite levels among A. 

fumigatus strains were presented as standard box plots with outliers plotted as individual 

points. The box plots were built using MS Excel 2016. Kruskal–Wallis One-Way ANOVA 

with Bonferroni (All-Pairwise) Multiple Comparison and Friedman’s Q Rank Test was 

used to compare the differences between the intra and extracellular metabolite levels in VF 

and VI A. fumigatus strains. Friedman’s Q Rank Test was explicitly used to test how the 

strain and growth-phase time affected siderophore levels. Statistical analysis was 

performed by NCSS 9 statistical software (NCSS, Kaysville, UT, USA). 

For LC-MS-based mycotoxin analysis, each sample was analysed in two technical 

replicates. Data are presented as box plots displaying means ± SD built using MS Excel 

2016. 

 For gene expression analysis of mycotoxins, the results from three technical 

replicates were plotted as box plots displaying means ± standard error of mean using MS 

Excel 2016. 
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4.3 Infection metallomics-based diagnosis 

4.3.1 Diagnosis of human invasive pulmonary aspergillosis 

Materials presented in this section have been published in ref. [132]. 

Extraction of metabolites 

According to a previously reported protocol, siderophores and mycotoxins were 

extracted from human urine and serum samples [138]. Briefly, urine and serum samples 

from patients and healthy individuals were centrifuged at 6,000 rpm for 30 s. All 

centrifuged samples (50 µL) were spiked with the FoxE (100 ng/mL) internal standard. 

Urine and serum samples from healthy individuals were used to prepare calibration 

standards of Fc, TafC, and Gtx at final concentrations of 0.1, 0.5, 1, 5, 10, 50, 100, 500, 

1,000, and 5,000 ng/mL. The samples were loaded onto Sep-Pak C18 1-mL Vac SPE 

cartridges (Waters, Prague, Czechia) preconditioned with MeOH+0.1% FA and 

equilibrated with H2O-0.1% FA. Impurities were removed with 200µL of 2%MeOH+0.1% 

FA, and the compounds of interest were eluted with 400µL of MeOH+0.1% FA.   

HPLC-MS analysis 

Before the HPLC-MS analysis in triplicates, all samples were reconstituted in 150 

µL 5% ACN. Siderophores and mycotoxins were separated using a Dionex UltiMate 3000 

HPLC system (Thermo Scientific, MA, USA). Reconstituted urine and serum samples were 

injected into an Acquity HSS C18/1.8-mm, 2.1 by 5-mm VanGuard precolumn connected 

to an Acquity HSS T3/1.8-mm, 1.0 by 150-mm analytical column (both from Waters, 

Prague, Czechia). Analytes were eluted at a 50-µL/min flow rate using the following 

gradient of buffers A and B: 1% B at 1 min followed by linear increases to 60% B at 20 

min and 99% B at 23 min and then a 3-min hold at 99% B, with a 2-min linear fall to 1% 

B and a 12-min hold before the next injection. Here, buffer A was 5% ACN with 0.1% 

aqueous FA, and buffer B was 95% ACN with 0.1% aqueous FA. Previously reported MS 

settings (section 4.2) were applied to quantify analytes. 

Data processing 

All acquired data were processed similarly to mentioned parameters in section 4.2. 

The urine concentrations of siderophores (Fc, TafC, and TafB) and Gtx were further 

normalized to the urine creatinine concentration to obtain creatinine index values [139] 

using the following formula: siderophore or secondary metabolite concentration 

(ng/mL)/creatinine concentration (mg/dL x 100). 
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Statistical analysis 

The clinical samples were statistically analyzed using GraphPad Prism 8.0.1 software 

(GraphPad, San Diego, CA, USA). The reported descriptive statistics include means, 

medians, interquartile ranges, SDs, standard errors of the means, and coefficients of 

variation. The Gaussian distribution of the data was tested using the D’Agostino-Pearson 

normality test, and as the normality test did not meet the requirements for parametric tests, 

nonparametric tests were used. The urine and serum samples were considered positive if at 

least one of the urine creatinine-indexed fungal metabolite or serum concentrations (TafC, 

TafB, Fc, or Gtx) were higher than an LC-MS method-defined LOD for a particular marker. 

 

4.3.2 Diagnosis of equine aspergillosis 

Materials presented in this section have been published in ref. [140]. 

Metabolite extraction 

Metabolites were extracted from serum and BALF samples using our previously 

reported two-step liquid-liquid extraction protocol (section 4.2). The samples were spiked 

with FoxE and Leucine-enkephalin internal standards to final concentrations of 50 and 25 

ng/mL, respectively. The control horse group serum and BALF samples were used to 

prepare matrix-matched calibration curves for Fc, TafC, and Gtx based on solutions with 

final concentrations of 1, 5, 10, 50, 100, and 250 ng/mL. 

 To extract metabolites from tissue samples, whole lungs were lyophilized and 

homogenized with a mortar and pestle. A 25 mg sample of the resulting homogenized 

powder was then dissolved in (400 µL) 15% LC-MS grade ACN followed by extraction as 

section 4.1 and quantification by the standard addition method. 

HPLC-MS analysis 

 Pooled samples of serum and BALF or lung homogenates were re-suspended in 150 

or 200 µL of 15% ACN, respectively and analysed in triplicates using similar LC-MS 

settings as in sections 4.1 and 4.2. 

Data processing 

 Qualitative and quantitative data analysis was conducted using the in-house 

CycloBranch version 2.0.19 software [135] and Data Analysis 5.0 (Bruker Daltonik, 

Bremen, Germany). 
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5 RESULTS AND DISCUSSION 

The goal of the first section of this thesis is to introduce infection metallomics a 

mass spectrometry platform we designed based on the central concept that microbial 

metallophores are specific, sensitive, non-invasive, and promising biomarkers of invasive 

infectious diseases. The second section of this thesis includes fungal pathogen R. 

microsporus in vitro cultivation, followed by LC-MS analysis of its siderophores. The third 

section involves in vitro cultivation of fungal pathogen A. fumigatus with subsequent 

growth stage-specific siderophore and mycotoxin quantification to distinguish between 

colonization and invasive infection. In addition, the time course quantification of A. 

fumigatus secondary metabolites during its interaction with neutrophils, bacterial pathogen 

P. aeruginosa and polymycovirus was performed. The fourth and last part is then focused 

on the application of infection metallomics-based diagnosis in human IPA and equine 

aspergillosis. 

5.1 Introduction to infection metallomics 

The results of this section have been published in the following article:  

R.H. Patil, D. Luptakova V. Havlicek, Infection metallomics for critical care in the post-

COVID era. Mass Spectrom Rev (2023) [141]. 

 

 In response to WHO alerts, we recognized an urgent need to improve diagnostics 

of the most clinically significant pathogens, and established infection metallomics, a MS-

based platform utilizing microbial and mammalian metallophores in functional and 

diagnostic applications. Both host cells and pathogens rely on metals such as iron, zinc, 

nickel, manganese or copper to carry out their essential functions. Thus, infection 

metallomics exclusively focuses on the analysis of metal‐containing infection biomarkers 

called metallophores using a combination of elemental and molecular MS. In this work, we 

summarized ESKAPEEc nosocomial bacterial pathogens standing for Enterococcus 

faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. 

aeruginosa, Enterobacter spp., Escherichia coli and mycobacteria as well as fungal 

pathogens such as Candida spp. and A. fumigatus metallophores, followed by the non-

invasive application of metallophores from a historical perspective (Fig. 5.1). 
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Figure 5.1 A historical perspective on non-invasive applications of metallophores. 

Unmarked entries are associated with MS detection. DfoB, desferrioxamine B; FC, 

ferricrocin; Ga, gallium; PET, positron emission tomography; TAFC,            

triacetylfusarinine C 

We then described a strategy of infection metallomics for detecting the onset of 

pathogenic infection in critically ill patients (Fig. 5.2). Either non-invasive such as breath 

condensate or urine, or invasive sampling (serum, BAL, endotracheal aspirate, sputum, or 

biopsy analysis) from critically ill patients can be used for detection of virulence factors 

secreted by infecting microbe. Rapid analysis with pathogen identification is crucial to 

initiate smart combination anti-microbial treatment during the window of opportunity, 

which exists when the pathogen consortium is transitioning from colonization to causing 

infection to the host.  

 

Figure 5.2 The concept of infection metallomics from bedside to laboratory. BAL, 

bronchoalveolar lavage; FTICR, Fourier‐transform ion cyclotron resonance; NMR, 

nuclear magnetic resonance; PCR, polymerase chain reaction. 
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At the bedside, the rapid analysis of non-invasively collected samples is achieved 

using MS, where isotopic data filtering can specifically detect metal-containing infection 

biomarkers at the pathogen-host interface within the time scale of hours. Alternatively, 

culturing clinical specimens, such as urine, serum, sputum, or aspirates, together with 

molecular tools, including PCR and gene sequencing, can be used for the characterization 

of less common pathogens. Further de novo approaches allow the isolation of new virulence 

factors from fermentation broths by preparative chromatography, followed by absolute 

structure determination using X‐ray diffraction and nuclear magnetic resonance techniques.  

We defined sample flow and key MS instruments (Fig. 5.3) used to directly monitor 

microbial Fe‐, Co‐, Zn‐, Mn‐, or Cu‐containing virulence factors, detected at concentrations 

of ng/L to μg/mL in humans or animal models. The suitable extraction protocols depend 

on the structure of these analytes [142].  

 

 

 

Figure 5.3 Sample flow and key MS instruments for infection metallomics with 

isotope data filtering. CB, CycloBranch software; FTICR, Fourier‐transform ion 

cyclotron resonance; HPLC, high‐performance liquid chromatography; ICP, 

inductively coupled plasma; MS, mass spectrometry 
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The analytical process initiates with LC followed by applying one of three MS techniques. 

An ESI or ion mobility spectrometry with a quadrupole/time‐of‐flight (TOF) instrument 

can provide excellent MS/MS data on metal‐containing compounds that might otherwise 

be difficult to dissociate. An even more powerful approach is to apply high-resolution 

FTICR-MS which enables unambiguous identification of metallophores in bodily fluid and 

tissue samples. Finally, inductively coupled plasma (ICP) MS is routinely used for metal 

quantitation, for instance, analysis of urine samples to detect uropathogenic strains. 

Metallophores can be analysed via targeted using a microbial siderophore database 

[143]  and de novo approaches [144]. Moreover,  CycloBranch is an explicitly designed 

software for infection metallomics where one can quickly identify all compounds 

exhibiting predefined isotopic features in a chromatographic or imzML data set [145]. 

Application of this tool involves both elemental (ICP MS) and molecular ESI or MALDI 

MS datasets (Fig. 5.4) with a bonus of de novo sequencing features [146]. 

 

Figure 5.4 In silico modelling of siderophores ferri‐ferricrocin and zinc‐pseudopaline 

isotopic profiles. Note that the mass defects of specific nuclides (in this case, 68/66Zn 

1.99881, 66/64Zn 1.9969, and 56/54Fe 1.99533) are used to identify metal‐containing 

species in both elemental and molecular mass spectrometry datasets. 

 

Further, MS-based analysis of lung, urinary tract and central nervous system (CNS) 

infections is elaborated. In lung infections, the airways represent a common entry point for 

fungal spores (Fig. 5.5). Inoculation of rat model with Aspergillus conidia was found to 
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induce secretion of TafC and Fc siderophores into the urine, serum, and lung tissue where 

the site of infection was investigated by positron emission tomography (PET) [147]. 

Another study demonstrated the use of MS imaging to visualize the distribution of 

microbial siderophores in infected rat lungs to detect the site of infection [148]. The fungal 

burden in rat lung tissue was determined by combining ICP-MS and scanning electron 

microscopy. This revealed a noticeable increase in the iron concentration in infected areas, 

attributing to both severe haemorrhage and secretion of fungal siderophores. The 

experiments with inoculation of variable conidial loads were conducted in 

immunocompromised rats to understand the difference in siderophore biomarker levels in 

neutropenic and non-neutropenic hosts. With higher inoculation with 108 Aspergillus 

conidia, the first A. fumigatus siderophore biomarkers (TafC and Fc) were detected in host 

urine as early as 4h postinfection [149]. However, with a lower inoculation dose of 104 

conidia to mimic the situation in immunocompetent hosts, a detectable MS signal was first 

observed 30 h after inoculation. Animal model studies have revealed that infectious fungal 

species exhibit high biological diversity, and MS methods can be used to monitor the 

distribution and metabolism of fungal siderophores in vivo. Moreover, A. fumigatus 

siderophore TafC has soon reported in human serum [150] and urine samples [139]. In 

mixed infection rat models and critically ill patients, mixed bacterial and fungal secondary 

metabolites were detected in the urine, indicating a distant lung infection. Similarly, 

analysis of breath condensate revealed an early infection by P. aeruginosa [151]. 

The application of infection metallomics in uropathogen characterization is another 

well‐developed field of clinical MS. E. coli is the most frequent pathogen, followed by 

Klebsiella, Enterobacter, Proteus spp., and Citrobacter isolated from urine in hospital 

settings [152]. E. coli is known to secrete siderophores, enterobactin and aerobactin, as well 

as the secondary metabolites dihydroxy-benzoylserine, its dimer and trimer, and 

dihydroxybenzoic acid (Hider & Kong, 2010). Enterobactin production has also been 

reported in urinary isolates of Klebsiella, Enterobacter, and Citrobacter. Siderocalin, a 

soluble protein with high ferric ion affinity, can starve E. coli for iron during urinary tract 

infections. Another uropathogen Staphylococcus aureus producing metallophores, 

staphylopine with binding affinity to Co, Ni, Zn, and Cu [153] and staphyloferrins A, B 

[154], which were found to be heterogeneously distributed within infectious foci [155]. 

Several uropathogenic strains, such as Yernia spp. Enterobacter spp. and Klebsiella spp. 

secrete the common biomarker yersiniabactin which binds iron, copper, and some other 

metals. The fungal pathogens Candida spp. and Aspergillus spp. are often associated with 
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nosocomial infections in critically ill patients, including the CNS. Due to the blood-brain 

barrier, diagnosing and treating CNS infections in neonates, children, and adults is 

particularly challenging. The meningitis‐causing microbe Neisseria spp. use heterologous 

siderophores secreted by other bacteria like E. coli [156]. Additionally, it was revealed that 

L. monocytogenes utilizes iron‐bound transferrin as its sole source of iron and also uses 

epinephrine and 3,4‐dihydroxyphenylalanine as well as xenosiderophores produced by 

other bacterial and fungal pathogens such as pyoverdine and ferrioxamine B  [157]. 

Infection metallomics using MS imaging could play a key role in describing pathogen 

routing pathways and mechanisms in CNS infections by visualizing the metallophores 

secreted by invading pathogens overlayed with the molecular signals of host defense 

molecules. 

 

Figure 5.5 Entry of pathogens into a critically ill patient. Around 70% of all intensive 

care unit cases are related to bacterial infections predominated with Gram-negative 

bacteria, whereas viral, fungal, and mixed infections account for around 20% of cases 

[158, 159]. 

Lastly, we compared the performance of infection metallomics-based diagnosis to 

routinely used clinical approaches, mainly culturing, microscopy and PCR in IPA            

(Fig. 5.6). Infection metallomics either outperformed or matched all existing diagnostic 

methods to four critical parameters such as sensitivity, specificity, invasivity and 

timeliness. Maximizing analytical dynamic range is the key technical challenge to 
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overcome while developing any diagnostic tool. Infection metallomics combined with 

isotopic data filtration can achieve a wide dynamic range by utilising microbes' tremendous 

capacity to secrete biomarker molecules into a host. For instance, P. aeruginosa is known 

to secrete 1011 pyoverdine molecules per cell per time point [160]. This vast production of 

virulence factors could be why the metabolomic approach outperformed other omics 

strategies in terms of sensitivity except for PCR.  

 

Figure 5.6 Performance of infection metallomics and four other techniques for 

diagnosing Aspergillus infections concerning four key criteria. sGM denotes 

galactomannan serology. bGM denotes galactomannan in bronchoalveolar lavage fluid. 

Performance is indicated using the following colour code: excellent, fair, and poor. Data 

presented from [151, 161] and [139]. b, bronchoalveolar lavage; PCR, polymerase chain 

reaction; s, serum. 

  

Alike every other new technique, infection metallomics also has some limitations. 

Although the clinical analysis of metallophores is attractive due to its non-invasivity, 

original site of certain infections, such as pulmonary and CNS infections, cannot be 

determined using non-invasive sampling. However, by combining infection metallomics 

with PET imaging also being non-invasive, it becomes possible to observe the specific 

accumulation of radioactive 68Ga‐siderophores in animals infected by bacteria or fungi. 

On the other hand, invasive sampling involving BALF and cerebrospinal fluid can reflect 

infection sites in pulmonary and CNS infections. Currently, no tools can describe the 

interplay between viral, bacterial, and fungal infections. However, at minimum, infection 

metallomics can assess and quantify the interplay between bacterial and fungal pathogen 

interaction in a host and monitor the microbiome's dynamic response to antibiotic, antiviral, 

and antimycotic therapies. Combined analysis of metallophores and their dynamics can 

determine how the infected pathogens are infiltrating into and proliferating within specific 

tissues and shed light on coinfections where eliminating one pathogen may lead to 
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increased activity by another. This study shows that infection metallomics can potentially 

improve outcomes in intensive care medicine by allowing safe sampling of highly infective 

patients with fungal, bacterial, and mycobacterial infections with minimal risk of disease 

transmission and reducing the financial and technical burden in hospital settings. Infection 

metallomics may thus advance medical MS, like the introduction of the MALDI Biotyper 

in 2009.  

 

5.2 LC-MS based characterization of R. microsporus siderophores 

The results of this section have been published in the following article: 

A. Škríba, R.H. Patil, P. Hubáček, R. Dobiáš, A. Palyzová, H. Marešová, T. Pluháček V. 

Havlíček, Rhizoferrin glycosylation in Rhizopus microsporus. J Fungi 6(2020)89 [130]. 

 

Metabolomic studies of R. microsporus are scarce; as a result, the metabolome of a 

R. microsporus patient isolate was reported in this study. The urinal and in vitro metabolic 

profiles of the same patient with proven R. microsporus invasive infection were compared. 

Additionally, a new chromatographic method for the separation of carboxylate siderophore 

was developed. Initially, for chromatographic method development for RHF, a standard 

Waters Acquity HSS T3 (1.0 × 150 mm, 1.8 μm) column was used. The stationary phase 

revealed significant adsorption of desferri‐ RHF. Therefore, the ferri form of RHF was 

utilised for better separation of molecules. Positive and negative ion modes were tested for 

the detection of RHF and its analogues. Further, the desolvation temperature and ion 

transfer optic parameters were optimized to decrease the in‐source fragmentation. Using 

developed chromatography and MS method, R. microsporus cultivation under iron‐limited 

conditions and D‐glucose as a carbon source provided RHF (345.3 ± 13.5 mg/g) and imido‐

RHF (1.2 ± 0.03 mg/g) as two dominant products in continuous accumulation of selected 

ions (CASI) 200-700 mass window (Fig. 5.7). The RHF trace was visible with a 

deteriorated peak shape of the protonated molecules at m/z 437.140 while imido‐RHF trace 

was detected for protonated molecules at m/z 419.130 (Fig. 5.7 E, D).  Further, we found 

that storage of samples, even in a lyophilized state for up to five months at room 

temperature, caused extensive RHF decomposition to the imido‐ and bis‐imido‐RHF forms 

(Fig. 5.7 B). The citryl‐RHF intermediate with an elution time of 2.36 min was 

characterized by the accurate mass of the protonated molecule at m/z 263.124 (263.124 
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calculated for C10H18N2O6). For the first time in this study, we report the production of 

glycosylated RHF analogues in directed cultivation (Fig. 5.7 G–I).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Chromatographic separation and tandem mass spectrometry of R. 

microsporus secondary metabolites. BPC: base peak chromatogram, Hex: hexose. (A, 

B), BPC in the 200–700 Daltons mass range of fresh or aged (5 months) lyophilizates; 

(C–E), extracted ion chromatograms corresponding to bis‐imido‐RHF, imido‐RHF, 

and RHF, respectively (0.005 Dalton window), (F–I) BPC and selected ion 

chromatograms of di‐Hex‐RHF, tetra‐Hex‐RHF, and di‐Heximido‐ RHF, respectively. 

(J–M) refer to the product ion mass spectra (10 eV collisional energy) of imido‐RHF, 

RHF, di‐Hex‐RHF, and tetra‐Hex‐RHF, respectively. The structure on the top 

indicates the intrinsic fragmentation in the RHF. 
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Compared to parent molecules (RHF and imido‐RHF), both di‐ and tetra‐Hex‐ RHFs had 

a mutually different and slightly lower affinity to the stationary phase. The positive‐ion ESI 

mass spectra provided clusters of protonated and cationized species. Ion signals of the 

putative mono‐ and tri‐Hex‐RHFs co-eluted with the corresponding di‐ and tetra-

analogues. Although the formation of mono‐ and tri‐Hex‐RHFs cannot be excluded, we 

concluded that the corresponding ionic species represent fragments rather than biosynthetic 

intermediates. Alternatively, di‐Hex‐imido‐RHF was well separated (Fig. 5.7I). The 

tandem MS of the di‐ and tetra‐Hex analogues revealed the consecutive losses of Hex units 

from the protonated molecules (Fig. 5.7 L, M) and the intrinsic fragmentations in the RHF 

(Fig. 5.7 J, K). The fragmentation pattern indicated in Fig. 5.7 correlated with the ion 

compositions derived from exact mass measurements. Moreover, CycloBranch software 

directly annotated other metabolites summarized in this study. 

Glycosylation of RHF provided more polar and possibly more enzymatically stable 

products. We speculated that RHF glycosylation could benefit the producer; e.g., R. 

microsporus converted zearalenone to its more soluble 4‐β‐D‐glucopyranoside [162]. Our 

results suggested that RHF is an analytically complex molecule for direct detection in 

patients with invasive mucormycosis, and its metabolic fate in the host body remains 

uncertain. Aged lyophilized samples exhibited considerable RHF and imido‐RHF 

instabilities (Fig. 5.7 B). This instability in human serum or urine is expected to be even 

more compromised owing to enzymatic processes in those matrices. Hence, bis‐imido‐RHF 

or its metabolic products should be among the few R. microsporus biomarkers remaining 

in bodily fluids for targeted metabolomics. Our experiments for detecting RHF analogues 

directly in patient urine or serum samples were also inconclusive. The reason was the 

antifungal treatment which most likely stopped siderophore production before sampling. 

However, analysis of patient urine suffering from pulmonary mucormycosis revealed the 

detection of the antifungal drug posaconazole along with all its major metabolites, 

including hydroxyderivatives or glucuronides, in a single LC-MS run. Nevertheless, RHF 

is the dominant product of R. microsporus cultivation under iron‐restricted conditions. 

Although RHF and its analogues could serve as potential candidates for zygomycete 

diagnostics, future studies are required to determine the biotransformations of RHF in the 

host and to reveal its chemical stability and protein binding precisely. 
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5.3 LC-MS-based A. fumigatus growth-specific siderophore and 

mycotoxin quantitation to distinguish between colonization and invasive 

infection 

The results of this section have been published in the following article: 

D. Luptakova, R.H. Patil, R. Dobias, D.A. Stevens, T. Pluhacek, A. Palyzova, M. Kanova, 

M. Navratil, Z. Vrba, P. Hubacek V. Havlicek, Siderophore-Based Noninvasive 

Differentiation of Aspergillus fumigatus Colonization and Invasion in Pulmonary 

Aspergillosis. Microbiol Spectr. 11(2023) [132]. 

 

Distinguishing invasive disease from benign colonization is a crucial biological 

challenge in clinical settings. Overdiagnosis and unnecessary treatment can occur if 

colonization is mistaken for infection. The importance of this study lies in demonstrating 

that siderophore analysis can distinguish between asymptomatic colonization and invasive 

pulmonary aspergillosis. We reported clear associations between fungal development 

phases, from conidial germination to the proliferative stage of invasive aspergillosis, and 

changes in secondary metabolite secretion. 

In order to analyze siderophore production during growth of A. fumigatus we first 

observed key stages of conidial germination using bright field microscopy. The conidia 

from the clinical isolate of A. fumigatus were incubated at 37°C in an iron-limited medium 

with glucose as a carbon source for 72 h. During the first 3 h of incubation, no 

morphological changes were observed in conidia, indicating conidial dormancy. Isotropic 

growth was observed between 3 and 6 h post-inoculation, wherein at 6 h, most conidia 

began swelling and doubled in size. Polarized growth began 6 h after inoculation. By 8 h, 

the majority of conidia had germ tubes growing from one side of the cell (Fig. 5.8). All 

these processes are asynchronous. As a result, the growth curves have broader distribution. 

The results summarized in Fig. 5.8 B and Fig. 5.9 revealed evident germination phase-

dependent variations in the abundances of A. fumigatus siderophores involved in iron 

homeostasis, quantified by HPLC-MS-based infection metallomics. Intracellular Hfc was 

mainly detected in dormant conidia. Further, its reappearance in residual fungal mass after 

48 h indicated the formation of asexual conidiophores at the air-glass interface, which 

cannot be eliminated in shaken cultures. 
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Figure 5.8 A) Transition of A. fumigatus conidia during germination, observed by bright-

field microscopy. Bar represents 10 μm. Top row- dormancy, middle row-isotropic 

growth and bottom row- polarised growth. B) Levels of intra and extracellular 

siderophores during A. fumigatus conidial germination. Data are presented as means ± 

standard deviations. Hfc, hydroxyferricrocin; Fc, ferricrocin; FsC, fusarinine C; TafC, 

triacetylfusarinine C; TafB, triacetylfusarinine B. 

 

Predominantly intracellular Fc marked the onset of isotropic growth, exhibited by the 

swelling of conidia. There was an exponential increase in its content, up to the constant 

level in the residual fungal mass, reflecting the need for iron accumulation necessary for 

hyphal growth and further conidiation. Fc reported to be transcellular [46], was also 

detected in the supernatant in this study. The gradual increase in FsC secretion was already 

detected at the beginning of the isotropic phase. It was followed by the secretion of TafC 

and its hydrolytic derivative TafB during the fungal transition to polarized growth. An 

inverse relationship of the abundances of TafC and TafB at the stationary phase of growth 

reflected the iron capture, release, or storage steps managed by Aspergillus. Moreover, the 

detection of mycotoxins, including fumigaclavine A, fumiquinazoline C, fumiquinazoline 

D, 3-hydroxy-fumiquinazoline A, and tryptoquivaline F/J, exclusively in conidia, 

demonstrated the ability of A. fumigatus to adapt to environmental conditions. 
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Figure 5.9 Time-related quantitative siderophore analysis in A. fumigatus in A) residual 

fungal mass and B) supernatant from 12 to 72 h postinoculation. Data are presented as 

means ± standard deviations. Hfc, hydroxyferricrocin; Fc, ferricrocin; FsC, fusarinine C; 

TafC, triacetylfusarinine C; TafB, triacetylfusarinine B. 

 

In this study, each A. fumigatus morphotype demonstrated both qualitatively and 

quantitatively different profiles of siderophores. The results showed that Hfc and Fc 

indicated the beginning of germination and isotropic growth of A. fumigatus, respectively, 

whereas TafC and TafB produced during later stages of germination marked the phase of 

proliferation. 

 

5.3.1. A. fumigatus siderophores and mycotoxins production during 

interaction with neutrophils and P. aeruginosa 

As mentioned earlier, siderophore and mycotoxins play a crucial role in A. 

fumigatus virulence, we sought to describe the dynamics of these metabolite's production 

during A. fumigatus interaction in vitro. The interaction between Aspergillus and host cells 

is crucial for successful invasion. Moreover, Aspergillus co-exists with other pathogens in 

nature and the host. Based on this, we designed an interaction experiment with innate 

immune cells, mainly blood-derived neutrophils, since they are part of the primary line of 

defence and with bacterial pathogen P. aeruginosa, which is most commonly found to 

cohabit with A. fumigatus. 
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Firstly, we developed a new extraction protocol for sensitive and simultaneous 

detection of both Gtx and BmGtx using LC-MS, thereby avoiding suppression by 

enormous siderophore secretion. SPE involving washing in a double volume of 60% MeOH 

+0.1FA followed by elution in 100% MeOH+0.1FA provided the best results for improved 

detection of Gtx and BmGtx with reduced carry over of siderophores.  

The analysis of co-culture supernatant with A. fumigatus and P. aeruginosa showed 

that Fc secretion was significantly suppressed in the presence of P. aeruginosa over 72 h 

of incubation (Fig. 5.10 A). TafC was first detected at 12 h in only single A. fumigatus 

culture with significantly lower production from the stationary phase of bacterial growth, 

i.e., from 18h in dual culture samples (Fig. 5.10 B).  Conversely, TafB secretion was 

detected at 24h, only in dual culture; however, further growth from 36h resulted in reduced 

TafB secretion in contrast to single culture (Fig. 5.10 C).  

 

  

 

 

 

 

Figure 5.10 Kinetics of siderophore production in A. fumigatus and P. aeruginosa 

during co-culture. Secretion of A) Fc and B) TafC was significantly higher in single 

culture of A. fumigatus than during co-culture with P. aeruginosa over 72 h. C) TafB 

was first quantified at 24h only in co-culture samples with further decreased in its 

production compared to single A. fumigatus culture. Data are presented as means ± 

SDs. The statistical significance (Mann-Whitney test) is indicated by ns (not 

significant),* (P < 0.05), **( P < 0.01). Af, A. fumigatus; Pa, P. aeruginosa 
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Our results indicated that during the competition for iron in a shared environment, 

P. aeruginosa dominates A. fumigatus by modulating iron acquisition strategies. 

Nevertheless, we could not detect Gtx or its metabolites in this study, even using a 

developed extraction protocol. This contradicts the other findings [163, 164]; however, 

given that the growth conditions used in those two studies differ than this study could have 

implications on Gtx secretion. 

Further, we determined siderophore and mycotoxins production in the interaction 

processes between neutrophil and A. fumigatus. Neutrophils are reported to respond 

specifically to hyphal forms of A. fumigatus [165] as a result, the experiment was carried 

out using neutrophils (1 x 106 cells/mL) and A. fumigatus hyphae (100 µg/mL). The results 

summarized in Fig. 5.11 showed that Fc, TafC and TafB content was significantly higher 

during the incubation of A. fumigatus with neutrophils until 36 h. The higher content of Fc 

and TafC was also detected at 48 h in A. fumigatus infected neutrophil samples; however, 

due to biological variation observed between replicates, it was statistically insignificant. 

Interestingly TafB was continuously detected till 48 h with neutrophil incubation, while 

single A. fumigatus culture showed detection till 18 h (Fig. 5.11 C). None of these 

siderophores was detected in control neutrophil supernatant or pellet samples. The more 

siderophore content detected from the beginning of the experiment was mainly due to the 

incubation of neutrophils with lyophilized A. fumigatus hyphae. From these results, we 

concluded that an experiment involving incubating A. fumigatus germinating conidia with 

neutrophils is necessary to study the kinetics of siderophore production during host-cell 

interaction.    
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Figure 5.11 A. fumigatus siderophore production upon incubation of hyphae with 

neutrophils over time. All siderophores content, A) Fc, B) TafC and C) TafB, was 

elevated during interaction with neutrophils than single A. fumigatus culture. Data are 

presented as means ± standard deviations. The statistical significance (Mann-Whitney 

test) is indicated by ns (not significant),* (P < 0.05), ** (P < 0.01). Af, A. fumigatus; N, 

neutrophils 

 

 

Regarding mycotoxins, we mainly targeted the detection of Gtx and its metabolites 

due to their immunosuppressive properties, as mentioned earlier. We quantified both Gtx 

and BmGtx in supernatant samples at 48h (Fig. 5.12). The detection of Gtx only at 48h 

could be a result of a possible defence strategy used by A. fumigatus against neutrophils. 

On the other hand, low zinc concentration, reported to play an essential role in Gtx 

regulation (in this case 4.2 µM), could also trigger Gtx production. 
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Our results indicated that siderophores, Fc, TafC, TafB and mycotoxins Gtx and BmGtx 

were the main molecules detected during an exposure of A. fumigatus hyphae to neutrophil 

cells. However, further experiments to overcome the mentioned limitations are necessary 

to confirm the findings. 

 

 

 

5.3.2 A. fumigatus siderophores and mycotoxins production during 

interaction with polymycovirus 

The results of one part of this section have been published in the following article: 

R.H. Patil, I. Kotta-Loizou, A. Palyzová, T. Pluháček, D.A. Stevens, V. Havlíček, Freeing 

Aspergillus fumigatus of the polymycovirus makes it more resistant in the competition with 

Pseudomonas aeruginosa due to altered iron-acquiring tactics (2021) [136]. 

Figure 5.12 Extraction of Gtx (M+H)1+(pink) and BmGtx (M+H)1+(blue) with their 

annotation in A. fumigatus incubated neutrophil supernatant at 48h. Gtx, gliotoxin; BmGtx, 

bismethylgliotoxin 
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Mycoviruses can affect a range of host phenotypes, including virulence and toxin 

production. One of our colleagues reported that mycovirus (AfuPmV-1) infection 

weakened A. fumigatus in competition with P. aeruginosa via altering fungal stress 

responses by a mechanism somehow linked to iron metabolism [103]. As a result, in this 

study, A. fumigatus iron-acquiring tactics are described during A. fumigatus 

polymycovirus-1 (AfuPmV-1) infection. Moreover, the effect of mycovirus on A. 

fumigatus mycotoxins (Gtx and BmGtx) production is also described. The results 

summarized in Fig. 5.13 revealed differential secretion kinetics of siderophores in virus-

free (VF) and virus-infected (VI) strains. The differences in the secretion rate of 

extracellular TafC between the VF and the VI strains were statistically significant 

(Kruskal–Wallis, p < 0.01) in the early (24 and 31 h) and stationary growth phase (48, 54, 

72 h) (Fig. 5.13). Similar secretion kinetics was observed for Fc detection in the 

supernatant. As Hfc and Fc are siderophores involved in iron storage, we also determined 

their content in conidia and fungal pellets in the stationary growth phase. However, the sum 

of Fc and Hfc content (µg per g of a pellet) was similar in VF and VI strains in the pellet 

and conidia. 

 

 

Figure 5.13 TafC secretion in A. fumigatus supernatant. TafC production was earlier in 

VF than in the VI strains, indicated by an # symbol. The error bars show a standard error 

of mean n=9. 
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Our study showed that polymycovirus infection altered the iron-acquiring tactics of 

A. fumigatus supported by rapid secretion of siderophores by VF than VI strains in the 

exponential growth of A. fumigatus. Thus, the VF strain was more resistant in iron 

competition against P. aeruginosa. Notably, we would like to state that rather than only 

selected time points, a study of a whole time course is essential, as the data could have been 

interpreted differently if only selected time points had been used for reaching conclusions 

(Fig. 5.13) (TafC secretion at 31 versus 72 h).  

Pigment production was another phenotype that we checked upon mycovirus 

infection. No differences in colouration between the five strains were visible on solid media 

of malt extract agar. Conversely, in an iron-limited liquid medium, green colour pigment 

secretion was visible only in VI strains. As mentioned earlier, A. fumigatus secretes 

different forms of melanin; as a result, this observation was verified using MALDI-MS for 

melanin detection in VI samples. None of the melanin or its precursors was detectable in 

our culture; therefore, we concluded that pigments secreted in VI strains were not 

associated with melanin production. Our data suggested that the presence of the virus in 

the infected fungal cell represents a substantial metabolic burden where AfuPmV-1 

proteins or RNA interfered with fungal siderophore synthesis and iron metabolism. As a 

result, fungal virulence attenuation through transfection of Aspergillus with mycoviruses 

could represent a promising experimental approach analogous to antibacterial phage 

therapy. 

As a next step, we have investigated whether AfuPmV-1 influences the production 

of mycotoxins in A. fumigatus. Gtx production is dependent on the presence of nutrients; 

therefore, this experiment was performed in a media containing all nutrients and trace 

elements, keeping AfuPmV-1 as a sole source of a stress factor. The analysis of the 

supernatants in this kinetic study revealed that Gtx and BmGtx were first detected at 36 h 

of incubation in VI strains (except for BmGtx in 19-40 detected at 24h) (Fig. 5.14). Gtx 

secretion was mainly observed in the stationary phase of fungal growth (36, 48 and 60 h) 

in all VI strains (Fig. 5.14 A).  
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On the other hand, BmGtx production was continuously detected over the complete 

time course of the study till 96 h in VI strains (Fig. 5.14 B). No Gtx nor BmGtx were 

detected in the VF strain at any time in our study. Moreover, increased levels of BmGtx 

after 60 h appear to correlate with a decrease in Gtx levels since bmGtx is a negative 

regulator of Gtx biosynthesis upon an increase in Gtx levels [62]. Our results support the 

hypothesis that Gtx thiomethylation is a potential A. fumigatus protection mechanism 

against Gtx toxicity. Results in this work indicated that AfuPmV-1 infection is a stress 

factor for A. fumigatus supported by differential secretion of A. fumigatus antibacterial 

mycotoxins, particularly Gtx and its derivative bmGtx.  

Among several nutrients, Gtx production is inversely related to zinc availability. 

Based on this observation and to further confirm previous LC-MS results, we performed 

gene expression analysis targeting Gtx biosynthesis genes, mainly gliG, gliN, gliT, gliA 

Figure 5.14 A) Gtx and B) BmGtx production in supernatant over the time course of 

96 h in VI strains. 
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and BmGtx gene gtmA.  Here similar VF and VI strains were grown under zinc-depleted 

media for 48 h. Initially, we confirmed the presence and content of AfuPmV-1 in all strains 

(Fig. 5.15 A). Our results indicated that expression of all the Gtx biosynthesis genes tested, 

i.e., gliG, gliN, gliT and gliA, were upregulated in VI strains than VF (Fig. 5.15 B). gtmA 

involved in BmGtx synthesis was also found to be expressed more in VI strains. As stated 

previously the study of the whole time course is essential, which is a limitation of this 

experiment. However, these results proved that zinc availability plays a vital role in Gtx 

production, supported by two studies indicating the upregulation of Gtx genes in zinc 

depletion and no detection of Gtx in the zinc-containing media in the VF strain. 

 

 

 

 

Figure 5.15 Relative expression of A) AfuPmV-1 in VI strains B) gli biosynthetic cluster 

including gliG, gliN, gliT and gliA together with gtmA in VF and VI strains in zinc-

depleted media at 48h. 
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5.4 Infection metallomics-based diagnosis 

All the knowledge obtained throughout the preparation of section 5.1 and 5.3 was 

utilized to demonstrate the potential utility of infection metallomics for diagnosing 

aspergillosis. Aspergillus spp. infections are frequent in both humans and animals; 

therefore, we conducted this study in the diagnosis of aspergillosis in humans as well as 

horses. 

 

Results shown in this section have been published in the following articles: 

D. Luptakova, R.H. Patil, R. Dobias, D.A. Stevens, T. Pluhacek, A. Palyzova, M. Kanova, 

M. Navratil, Z. Vrba, P. Hubacek V. Havlicek, Siderophore-Based Noninvasive 

Differentiation of Aspergillus fumigatus Colonization and Invasion in Pulmonary 

Aspergillosis. Microbiol Spectr. 11(2023) [132]. 

 

R. Dobias, P. Jahn, K. Tothova, O. Dobesova, D. Visnovska, R. Patil, A. Skriba, P. 

Jaworska, M. Skoric, L. Podojil, M. Kantorova, J. Mrazek, E. Krejci, D.A. Stevens V. 

Havlicek, Diagnosis of Aspergillosis in Horses. J Fungi 9(2023) [140]. 

 

 

5.4.1 Human invasive pulmonary aspergillosis  

The whole idea behind this work is based on the hypothesis that fungal growth-

dependent production of siderophores can allow differentiation of colonization and 

invasive infection in critically ill patients. Depending on the host’s status, once a conidial 

niche is established, with subsequent germination, tissue invasion, and angioinvasion, 

fungal virulence factors are disseminated via the bloodstream to other organs (Fig. 5.15). 

A. fumigatus excreted siderophores are, distributed from the site of infection to the 

circulation system from where they are filtered into the urine (Fig. 5.15 C). On the top, 

their concentrations could be affected by viability of the pathogen in response to host 

factors or antifungal treatment (Fig. 5.15 B). 
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Figure 5.15 Conceptual overview for characterization of A. fumigatus colonization and 

invasion in critically ill patients. The in vitro observations were transferred to human 

diagnostics. 

 

 

Therefore, the results from in vitro A. fumigatus germination study were applied to 

diagnosing IPA in vivo. In this 3-year observational, retrospective, noninterventional 

clinical study, 35 patients were enrolled, of which 22 patients with non-IPA infections 

served controls and 13 patients were diagnosed with probable IPA [166]. Applying our 

infection metallomics strategy, the characteristic A. fumigatus siderophores identified from 

in vitro study (section 5.3) were screened in urine and serum samples of all patients. Fc, 

TafC, TafB, and Gtx were the primary, secondary metabolites detected in IPA patients 

(Fig. 5.16). Importantly, none of these metabolites were detected in the controls. For urine 

analysis, biological variability in patients with diverse renal functions was partly 

compensated by applying a creatinine index. 
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Figure 5.16 Non-invasive detection of IPA in human urine of immunocompromised and 

immunocompetent patients. 

The results summarized in Fig. 5.17 indicated that the TafC/creatinine index provided the 

highest detection sensitivity of 92.3% (95% confidence interval [CI], 64.0 to 99.8%) and 

specificity of 100% (95% CI, 84.6 to 100%), substantially better than the indications 

provided by GM and BDG serology. The serum GM and BDG sensitivities were 46.2 and 

76.9%, respectively, and their specificities were 86.4 and 63.6% for the same patient 

cohort. Interestingly, we obtained poor sensitivity for TafC in serum (2 of 13 patients with 

IPA). 

 

Figure 5.17 Comparison of infection metallomics-based urine diagnosis with 

conventional serology indicating LOD, sensitivity, and specificity values for patients with 

IPA 
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Besides, this work is the first report of TafB and Gtx detection in human urine 

samples. However, our study is subject to certain limitations, including the low clinical 

sample size hence, prospective cohort studies are needed to validate our approach for 

routine clinical diagnosis. Nevertheless, we demonstrated the potential utility of infection 

metallomics by non-invasive determination of an array of biomarkers such as TafC, Fc, 

TafB and Gtx in a single analysis for reliable diagnosis of IPA. We presented clear links 

between germination or infection phase-dependent siderophore production and 

observations in critically ill patients. 

 

5.4.2 Equine aspergillosis 

A. fumigatus, A. niger, A. flavus, A. nidulans, and A. versicolor are the dominating 

species in equine aspergillosis [167]. In horses, aspergilli are known to cause guttural 

pouch mycosis [168] and rare equine invasive pulmonary aspergillosis with almost 100% 

mortality [169]. Similar to humans, diagnosis of IPA is challenging in veterinary medicine 

also. In this study, we combined PCR, GM and BDG serology and infection metallomics-

based metabolites detection. 

The study involved BALF and serum samples collected from 18 horses suffering 

from IPA (n=1), equine asthma (n=12), and five healthy controls. In this study, 

measurement of GM levels in BALF provided sensitivity and specificity close to 100% and 

94%, respectively, in the diagnosis of IPA (Fig. 5.18), consistent with the results obtained 

for the same approach in human intensive care [170]. Moreover, only Gtx was detected in 

the BALF and lung tissue samples, confirming the ongoing IPA. However, Aspergillus-

DNA offered lower specificities due to the presence of Aspergillus spp. in the BALF of the 

healthy control horses. 

 

 

 

 

Figure 5.18 Equine serum and BALF analysis for aspergillus biomarkers of invasive 

aspergillosis 
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In the same study, for the horses with guttural pouch mycoses (GPM) (n=2), the 

presence of A. fumigatus was confirmed by culture, DNA, and microscopy on tissue 

samples in case report 1 on day one sampling. In biomarker analysis, intracellular fungal 

components, i.e., GM and Fc, were positively detected; however, the extracellular fungal 

markers TafC and Gtx were not detected, specifying the presence of a non-proliferating 

localized fungal ball. However, the repeated sampling on day 7 revealed A. nidulans by 

culture with GM and Fc biomarkers.  

In case report 2 on GPM, the elevated Fc and GM levels were attributed to A. 

nidulans based on culture, Aspergillus-DNA, and microscopic analysis (Fig. 5.19). A. 

nidulans was the dominant species involved in both equine GPM cases examined in this 

work; as a result, panfungal biomarker Fc was detected. More extensive clinical studies are 

required for better inference, though our results indicate that combining two techniques 

could be helpful in the early equine IPA diagnosis. 

 

Figure 5.19 A. fumigatus diagnostic tools and biomarkers detection in equine guttural 

pouch debridement. 
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6 CONCLUSION 

 

This work introduced infection metallomics, a MS platform for detecting microbial 

metallophores, which are specific, sensitive, noninvasive, and promising biomarkers of 

invasive infectious diseases. This diagnostic minimises false positivity as mammalian cells 

do not synthesize microbial siderophores or mycotoxin molecules. Instrumentally, the 

concept was built on isotopically-filtered MS data (LC-MS and imzML formats with fine 

isotope structure resolution), which enabled untargeted metallophore analysis in microbes 

with understudied metabolomes or limited molecular studies. Specific isotopic profiles in 

Fe3+, Zn2+, Cu2+, Ni2+, and other elements made it possible to design new functional studies 

tools involving extra and intracellular metallophores relevant to lung, CNS, or urogenital 

tract infections. 

The metabolome mainly targeting siderophores was characterized for                                               

R. microsporus causing mucormycosis and A. fumigatus responsible for IPA using LC-MS. 

For the first time, the glycosylation of RHF, a siderophore of R. microsporus was described 

in a clinical isolate by LC-MS and accurate tandem MS. The stage-specific germination of 

A. fumigatus conidia and production of siderophores, mainly HfC, Fc, TafC, and FsC, was 

characterised for each A. fumigatus morphotype. This study showed that both qualitatively 

and quantitatively different profiles of siderophores could distinguish asymptomatic 

colonization and invasive infection. The role of siderophores and mycotoxins was further 

monitored to study the interplay among microbes involving A. fumigatus interaction with 

P. aeruginosa and polymycovirus as well as with host neutrophils in vitro. The data 

indicated that P. aeruginosa took the upper hand in co-culture with A. fumigatus, 

suppressing A. fumigatus siderophore production. Incubation of A. fumigatus with 

neutrophils indicated elevated siderophores levels and immunosuppressive Gtx and BmGtx 

detection. The AfuPmV-1 modified the expression of genes involved in Gtx biosynthesis, 

leading to upregulation of Gtx and BmGtx production in VI strains over VF strain 

demonstrated using qRT-PCR and LC-MS analysis. The AfuPmV-1 infection also 

interfered with the iron uptake strategies of A. fumigatus showed by the slowest onset of 

siderophore synthesis in VI strains than VF over the time course. 

The application of next-generation infection diagnostics was then documented in 

human and equine aspergillosis. The in vitro results from A. fumigatus germination were 
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translated to the bedside, where detection of fungal siderophores in urine (a clinical 

specimen distant from a deep infection site) enabled early, specific, and non-invasive 

diagnosing of patients suffering from IPA. This work is also the first report on the secretion 

of TafB and Gtx into human urine samples. In the one-health concept, the diagnosis of 

aspergillosis was elaborated in horses. Along with routine diagnostic methods such as BDG 

and GM detection, Gtx was found in the lung tissue and BALF in the fatal invasive 

aspergillosis case. However, in guttural pouch aspergillosis cases, two horses positively 

responded to antimycotic therapies; as a result drop in the concentration of intracellular and 

panfungal Aspergillus siderophore, Fc was detected in the debridement.  

In the near future, infection metallomics may expand to new application fields. 

Until now, primarily inter-cellular phenomena were interpreted and upgraded into the next 

generation infection diagnostics. Although initially developed with FTICR-MS, transfer to 

widely spread MALDI TOF instruments is feasible. The concept can be used in 

intracellular pathogens and may shift from infection metallomics to functional 

metallomics. Defining emerging metallophore targets in the host cells, investigating new 

chemical structures of metal-bound chelators, discoveries of NRPS systems coding 

metallophores in understudied species, and stating new treatment intervention sites 

represent just a few lists of areas in which infection metallomics might be of help. 
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SUMMARY 

Aspergillus fumigatus and Rhizopus microsporus are globally 

distributed pathogenic fungi responsible for causing a wide spectrum of 

infections called aspergillosis and mucormycosis, respectively. The diagnosis of 

these infections still faces challenges due to various factors such as non-specific 

clinical symptoms, overlapping risk factors, non-discrimination between 

colonization and invasive infection and limited sensitivity to already existing 

diagnostic tools. Moreover, the increase in antifungal resistance and vaccine 

unavailability to these infections emphasizes the critical need for specific and 

timely diagnostics.  

One area of research is using mycotoxins and microbial 

metallophores, specifically siderophores, which play crucial roles in fungal 

growth, survival, and pathogenesis; as a result, their complex structures could 

enable high diagnostic specificity. Liquid chromatography-mass spectrometry-

based metabolomics can provide accurate and rapid detection of these fungal 

metabolites and can also specify a comprehensive overview of pathogen-induced 

changes to the host cells following infection. 

Therefore, the main goal of this thesis is the liquid chromatography-

mass spectrometry (MS) based characterization of A. fumigatus and R. 

microsporus siderophores and other metabolites. The thesis focuses on the 

following four topics: introduction of infection metallomics, characterization of 

R. microsporus siderophores, characterization of A. fumigatus siderophores and 

mycotoxins to distinguish between colonization and invasion, as well as during 

inter-kingdom interaction with bacterial pathogen-Pseudomonas aeruginosa, 

host cells-neutrophils and polymycovirus and finally, infection metallomics 

based diagnosis of human and equine aspergillosis. 

The theoretical part covers general information on A. fumigatus and 

R. microsporus, related infections, secondary metabolites, and specific 

knowledge about each mentioned topic. Experimental, results and discussion 

parts are divided into corresponding sections to each topic. The first section 

introduces infection metallomics, a MS platform based on the central concept 

that microbial metallophores are specific, sensitive, noninvasive, and promising 

biomarkers of invasive infectious diseases. The second section of this thesis 

includes R. microsporus in vitro cultivation, followed by liquid chromatography-

mass spectrometry analysis of its siderophores. The third section involves in vitro 

cultivation of A. fumigatus with subsequent growth stage-specific siderophore 

and mycotoxin quantification to distinguish between colonization and invasive 

infection. Additionally, this section deals with the time course quantification of 

A. fumigatus secondary metabolites during its interaction with neutrophils, 

bacterial pathogen P. aeruginosa and polymycovirus. The analysis is performed 

using developed metabolite extraction protocol and mass spectrometry methods. 
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The fourth and last part focuses on applying infection metallomics-based 

diagnosis in human invasive pulmonary aspergillosis and equine aspergillosis. 

Taken together, this thesis shows the performance of the non-invasive 

infection metallomics armoury and makes difference towards the standard 

serology, cultivation, microscopy, or nucleic acid analyses routinely used in 

invasive fungal infection diagnostics. The thesis documents why the innovative 

non-invasive approach based on mass spectrometry based microbial 

metallophores detection with benefit of isotope data filtration is inherently more 

sensitive and specific in selected applications than classical clinical standards. 
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SOUHRN 

Aspergillus fumigatus a Rhizopus microsporus jsou celosvětově 

rozšířené patogenní houby způsobující široké spektrum infekcí obecně 

nazývaných aspergilóza a mukormykóza. Diagnostika těchto infekcí stále čelí 

problémům kvůli nespecifickým klinickým příznakům, překrývajícím se 

rizikovým faktorům, neschopnosti rozlišit mezi kolonizací a invazí patogenu a 

omezené citlivosti současných diagnostických metod. Nárůst rezistence vůči 

antimykotikům a nedostupnost vakcín proti těmto infekcím podtrhuje kritickou 

potřebu specifické a včasné diagnostiky.  

Jedna z oblastí výzkumu cílí na využití mikrobiálních metaloforů 

(konkrétně sideroforů) a mykotoxinů, které hrají klíčovou roli v růstu, přežívání 

a patogenezi hub. Metabolomika založená na kapalinové chromatografii a 

hmotnostní spektrometrii těchto biomarkerů může poskytnout rychlou, přesnou 

a specifickou detekci těchto patogenů. Zároveň může také reflektovat komplexní 

přehled změn vyvolaných patogenem v hostitelských buňkách po infekci.  

Hlavním cílem této práce je charakterizace sideroforů a dalších metabolitů A. 

fumigatus a R. microsporus pomocí kapalinové chromatografie a hmotnostní 

spektrometrie. Práce je rozdělena do čtyř témat: představení infekční 

metalomiky, charakterizace sideroforů R. microsporus, charakterizace sideroforů 

a mykotoxinů A. fumigatus pro rozlišení kolonizace, invaze a mezidruhové 

interakce s bakteriálním patogenem Pseudomonas aeruginosa, hostitelskými 

neutrofily a polymykovirem, a na závěr diagnostika aspergilózy u lidí a koní za 

využití infekční metalomiky.  

Teoretická část zahrnuje obecné informace o houbách A. fumigatus a 

R. microsporus, o infekcích, které tyto patogeny způsobují a  o konkrétních 

sekundárních metabolitech. Experimentální část, výsledky a diskuse jsou 

rozděleny do příslušných oddílů ke každému tématu. První oddíl představuje 

infekční metalomiku, hmotnostně spektrometrickou platformu založenou na 

ústředním konceptu, že mikrobiální metalofory jsou specifické, citlivé, 

neinvazivní a slibné biomarkery invazivních infekčních onemocnění. Druhá část 

této práce zahrnuje kultivaci R. microsporus in vitro, po níž následuje analýza 

jeho sideroforů pomocí kapalinové chromatografie a hmotnostní spektrometrie.  

 

 

 

 

 

 

 

 



4 
 

Třetí část zahrnuje kultivaci A. fumigatus in vitro s následnou 

kvantifikací sideroforů a mykotoxinů specifických pro daná růstová stádia s 

cílem rozlišit mezi kolonizací a invazivní infekcí. Dále se tato část zabývá 

kvantitativním popisem časového průběhu sekundárních metabolitů A. fumigatus 

při jeho interakci s neutrofily, bakteriálním patogenem P. aeruginosa a 

polymykovirem. Analýza se provádí pomocí námi vyvinutého protokolu 

extrakce metabolitů a metod hmotnostní spektrometrie. Čtvrtá a poslední část je 

zaměřena na aplikaci infekční metalomiky při diagnostice invazivní plicní 

aspergilózy u lidí a u koní.  

Tato práce ukazuje výkonnost neinvazivního přístupu infekční 

metalomiky v porovnání s rutinně používanými diagnostickými metodami, jako 

je standardní sérologie, kultivace, mikroskopie nebo analýza nukleových kyselin. 

Práce dokumentuje inovativní a neinvazivní přístup založený na detekci 

mikrobiálních metaloforů pomocí hmotnostní spektrometrie s využitím 

izotopové datové filtrace, jež je ve vybraných aplikacích citlivější a specifičtější 

metoda v porovnání s klasickými diagnostickými přístupy. 

 

 

 

 

 

 

 

 

 

 

 



5 
 

TABLE OF CONTENTS 

 
1 INTRODUCTION............................................................................6 

2  THEORETICAL PART..................................................................7 

   2.1  Aspergillus fumigatus.........................................................................7 

   2.2 Secondary metabolites of A. fumigatus..............................................7 

   2.3 A. fumigatus in interaction studies in vitro.........................................8 

   2.4 Rhizopus microsporus and mucoromycosis.......................................8 

   2.5 Secondary metabolites of R. microsporus..........................................9 

3 AIMS OF THE THESIS.................................................................10 

4 EXPERIMENTAL PART..............................................................11 

    4.1 Liquid chromatography-mass spectrometry (LC-MS) based 

characterization of R. microsporus siderophores...............................................11 

    4.2 LC-MS based A. fumigatus growth-specific siderophore and mycotoxin 

quantitation to distinguish between colonization and invasive 

infection..............................................................................................................12 

       4.2.1 A. fumigatus siderophores and mycotoxins production during 

interaction with neutrophils and P. aeruginosa...................................................14 

       4.2.2 A. fumigatus siderophores and mycotoxins production during 

interaction with polymycovirus..........................................................................16 

    4.3 Infection metallomics-based diagnostics..................................................18 

       4.3.1 Human invasive pulmonary aspergillosis...........................................18 

       4.3.2 Equine aspergillosis............................................................................20 

5 RESULTS AND DISCUSSION.....................................................21 

     5.1 Introduction to infection metallomics...............................................21 

     5.2 LC-MS based characterization of R. microsporus 

siderophores.......................................................................................................27 

     5.3 LC-MS based A. fumigatus growth-specific siderophore and 

mycotoxin quantitation to distinguish between colonization and invasive 

infection..............................................................................................................30 

        5.3.1 A. fumigatus siderophores and mycotoxins production during 

interaction with neutrophils and P. 

aeruginosa..........................................................................................................32 

        5.3.2 A. fumigatus siderophores and mycotoxins production during 

interaction with polymycovirus................................................ ..........................36 

       5.4 Infection metallomics-based diagnosis.............................................40 

          5.4.1 Human invasive pulmonary aspergillosis........................40 

          5.4.2 Equine aspergillosis........................................................42 

6 CONCLUSIONS.............................................................................44 

REFERENCES.................................................................................................46 

CURRICULUM VITAE..................................................................................50 



6 
 

1 INTRODUCTION 

Throughout history, infectious diseases caused by pathogenic bacteria, 

fungi, and viruses have afflicted humans. The recent COVID-19 (Coronavirus 

disease 2019) pandemic is a daunting reminder that this susceptibility continues 

even in the medically/scientifically enhanced world. Unfortunately, some of 

these microbial threats are still unrecognized or neglected, and fungi infecting 

billions of people yearly are examples of such overlooked threats. Fungal 

infections represent emerging global diseases, accounting for approximately 1.7 

million deaths annually [1]. During the COVID-19 pandemic, invasive fungal 

infection incidence increased significantly among hospitalized patients [2]. 

Regardless of the high mortality, invasive fungal infections remain understudied 

and underdiagnosed compared to other infectious diseases. Most fungal 

infections lack rapid, sensitive and timely diagnostics. Additionally, the long-

term prophylactic use of antifungal drugs in high-risk patients has stimulated 

multidrug resistance in fungi. With growing concern, World Health Organization 

recently released a fungal priority pathogen list wherein Aspergillus fumigatus 

belonging to the critical propriety group, and Mucorales from the high priority 

group will be mainly discussed in this thesis [3]. 

The need for high-throughput techniques capable of capturing diverse 

aspects of disease, such as definition and monitoring of changes in metabolites 

and proteins, has unlocked the door for mass spectrometry (MS)-based 

techniques in clinical diagnostics. MS with electrospray ionization (ESI) and 

matrix-assisted laser desorption/ionization (MALDI) were introduced in the late 

1980s to detect large protein molecules. Moreover, coupling liquid 

chromatography (LC) with ESI-MS added another dimension for the analysis of 

the crude biological mixture in less time, and expanded the analytical dynamic 

range. MS technologies are constantly evolving by designing new ion sources, 

boosting resolution and sensitivity, and miniaturization to bench-top instruments. 

Though MS-based tools are still underused in some clinical settings, it can 

potentially extend the current capabilities of detecting disease markers or 

therapeutic drug levels with exceptional precision, accuracy, and reproducibility.  
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2 THEORETICAL PART 

2.1 Aspergillus fumigatus 

A.fumigatus is a ubiquitous saprotrophic mould with the ability to survive 

up to 70 ˚C through a vegetative mycelial lifecycle occurring in the soil, air or 

decaying organic material. A. fumigatus produces asexual conidia on specialized 

hyphal structures called conidiophores to survive in adverse conditions or for 

reproduction. These conidia are usually small (2 to 5μm) in size, metabolically 

less active and are the primary source of distribution of Aspergilli in the 

environment. A healthy human inhales 100-1000 conidia daily, which travel 

through the respiratory tract to the alveoli and begin the infection route [4]. In 

immunocompetent individuals, macrophages quickly clear inhaled conidia. 

However, if not eliminated by the immune system and with the help of a 

favourable environment such as water and nutrients, it starts germination leading 

to invasive hyphal growth, which can penetrate pulmonary tissue. 

The germination of A. fumigatus conidia involves a specific morphological 

transition characterized by phases such as dormancy, isotropic growth, polarized 

growth and mycelium formation, critical for colonising A. fumigatus in the 

suitable host. The broad spectrum of disease caused by Aspergillus is dependent 

on the status of the host immune system. Among others, invasive pulmonary 

aspergillosis (IPA) is considered a life-threatening type of Aspergillus-related 

pulmonary infection with a mortality rate of 30% to 95% [5]   which is involved 

in this work. 

 

2.2 Secondary metabolites of A. fumigatus 

Depending on growth conditions and for survival in hostile 

environments, A. fumigatus can produce a large number of secondary 

metabolites. Production of these metabolites benefits fungi during combat with 

host immune cells and increases competitiveness over other microbes, whereas 

some allow the fungus to acquire essential cofactors. One of the ways that A. 

fumigatus can thrive in the human body is through the production of secondary 

metabolites called siderophores. A. fumigatus produces two types of 

siderophores: fusarinine-type for iron uptake, including fusarinine C (FsC) and 

its derivative triacetylfusarinine C (TafC) as well as ferrichrome-type ferricrocin 

(Fc) and hydroxyferricrocin (Hfc) for iron storage and distribution in hyphae and 

conidia [6] respectively. Moreover, A. fumigatus secretes several mycotoxins, 

including, among others, fumiquinazolines, fumitremorgin, gliotoxin (Gtx) and 

fumagillin in response to environmental stimuli [7]. These mycotoxins exhibit 

antifungal (pseurotin) [8], (fumitremorgin B) [9] or anti-inflammatory 

(fumigaclavine C) [10] activity, while some provide competitive survival 

advantages. Moreover, mycotoxins such as fumagillin, melanins, trypacidin and 

Gtx are involved during interaction with the host immune system.  



8 
 

\ Even so, the production of these metabolites at specific stages of A. 

fumigatus growth and during its interaction with other microbes/cells is not well 

known. As a result, secondary metabolites, mainly siderophores and mycotoxins 

production, together with their potential role in diagnosis, is the main topic in this 

work. 

 

2.3 A. fumigatus in interaction studies in vitro 

A. fumigatus exists in diverse microbial communities, and studying its 

molecular interactions with other microorganisms in addition to the host can 

provide insights into its pathogenic as well as survival strategies. A. fumigatus 

and bacterial pathogen P. aeruginosa cohabit in nature and mainly in the airways 

of cystic fibrosis patients [11]. The potential of interspecies interactions could be 

vast and lead to both beneficial and antagonistic relationships, as a result, A. 

fumigatus interplay with P. aeruginosa and neutrophils is studied in this thesis. 

A. fumigatus polymycovirus 1 (AfuPmV-1) [12], a member of the 

family Polymycoviridae, was initially uncovered in the A. fumigatus Af293 

isolate. To date, no direct correlation between the presence of mycovirus and the 

quantitative or qualitative modulation of A. fumigatus siderophores and 

mycotoxins has been studied, which is reported in this thesis. Even though the 

clinical relevance of A. fumigatus virus infection is controversial, understanding 

of mycovirus–fungal host interactions could further illustrate their potential in 

the control of fungal infections. 

2.4 Rhizopus species and mucoromycosis 

After Aspergillus, Mucorales are the next common fungal pathogens 

in animals and humans. Mucorales are saprotrophic fungi comprising Rhizopus 

spp., Mucor spp., Lichthiemia spp., and with some others that represent a 

permanent part of the human environment, as commonly found in soil, animal 

excrements and decaying material. The genus Rhizopus is differentiated by the 

formation of pigmented sporangiophores, 3-11 µm in diameter, arising alone or 

in whorls bearing sporangia from horizontally growing aerial hyphae called 

stolons [13]. Rhizopus species have gained importance in both human health and 

industry as some species can act as plant pathogens causing spoilage of crops, 

while others are used in the fermentation of tempeh and ragi [14].  

Mucormycosis is a life-threatening, angioinvasive disease caused by 

spore inhalation of fungi belonging to the order Mucorales. R. oryzae is the 

predominant agent identified, followed by R. microsporus and R. homothallicus 

associated with mucormycosis [15-17]. Invasive mucormycosis has mortality 

ranging from 23-80% in adult patients and up to 72.7% in paediatric patients [3]. 

Early diagnosis of mucormycosis is still challenging. The current diagnostic 

strategies rely on clinical findings, risk factor analysis, histopathology, and 

culture of specimens. The primary concern about these methods is that clinical 
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signs may vary with the form and stage of the infection. Moreover, low sensitivity 

and false negativity are reported in culture methods in 50% of mucormycosis 

cases [18]. As early diagnosis is the key factor for the successful management of 

the disease, diagnostic methods with more specific and sensitive molecular 

markers and secondary metabolite identification still need development in 

mucormycosis. 

2.5 Secondary metabolites of R. microsporus 

Recently polyketide synthase, non-ribosomal peptide synthetase  

(NRPS), and L‐tryptophan dimethylallyl transferase encoding genes were 

identified in mucoromycota [19]. The availability of host iron plays a critical role 

in predisposing patients to mucormycosis. Clinical observation demonstrated that 

the level of available free iron in serum is a crucial factor affecting diabetic 

ketoacidosis patients to mucormycosis [20], while in other observation, dialysis 

patients treated with the iron chelator deferoxamine were found to be susceptible 

to a deadly form of mucormycosis [21]. Rhizopus is known to secrete 

polycarboxylate siderophore rhizoferrin (RHF) to supply iron through a receptor-

mediated, energy-dependent process [22].  

RHF production is reported in R. delemar, Mucor circinelloides, 

Lichtheimia corymbifera, Syncephalastrum racemosum, Mucor heimalis, 

Rhizomucor pusillus and Cunninghamella echinulata. Several RHF analogs have 

also been described by directed fermentation [23]. Recently, the RHF 

biosynthetic gene, a member of the NRPS-independent siderophore family, has 

been identified in R. delemar [24]. Moreover, RHF is inefficient in capturing iron 

from serum; however, Rhizopus can use xenosiderophores such as deferoxamine 

to obtain iron from the host [25]. To overcome the lack of knowledge on 

virulence factors and for further development of a new tool for non-invasive 

diagnosis, R. microsporus metabolome was studied using high-performance LC-

MS in this thesis. 
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3 AIMS OF THE THESIS 

 

The aim of this dissertation thesis is to comprehensively characterize                                   

R. microsporus and A. fumigatus siderophores and mycotoxins in vitro using LC-

MS and demonstrate their utility in the diagnosis of invasive fungal infection in 

humans as well as animals. 

The specific goals include: 

 To design infection metallomics - a MS-based platform in a wide 

range of pathogen-related functional studies  

 To analyze the siderophore production in R. microsporus in vitro 

using MS. 

 To quantitatively assess A. fumigatus growth stage-specific 

siderophore and mycotoxin production to distinguish between 

colonization and invasive infection 

 To explore A. fumigatus siderophores and mycotoxins production 

during interaction with immune cells (neutrophils), bacterial 

pathogen (P. aeruginosa) and           AfuPmV-1. 

 To demonstrate the application potential of infection metallomics to 

the invasive or non-invasive diagnoses of human IPA and equine 

aspergillosis. 
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4 EXPERIMENTAL PART 

 

4.1 LC-MS-based characterization of R. microsporus siderophores 

 

R. microsporus identification and growth conditions  

R. microsporus isolate obtained from the sputum of an 

immunocompromised patient was grown in iron‐depleted mineral medium 

(residual content 235.5 μg of Fe/L) containing 55 mM glucose, 50 mM NH 4Cl, 

11.2 mM KH2PO4, 7 mM KCl, 2.1 mM MgSO4
.7H2O, 68 μM CaCl2

.2H2O, and 

20 μM ZnSO4
.7H2O (pH 6.5). The medium was inoculated with spore suspension 

(107 spores/mL) and incubated for 48h at 30°C with shaking (190 rpm). The 

supernatant from the culture was separated by centrifugation (5,000× g, 4 °C, 15 

min) and subsequently lyophilized.  

Metabolite extraction 

The lyophilized sample was re-dissolved in water, extracted two times 

with ethyl acetate and dried under reduced pressure. The remaining aqueous 

phase was mixed with four equivalents of methanol (MeOH) and incubated at 

−80 °C for 1 h. Precipitated proteins were removed by centrifugation (14,000×g, 

4°C, 10 min), and the supernatant layer was transferred to a vial with the residual 

evaporated ethyl acetate fraction and concentrated under reduced pressure using 

a SpeedVac. 

HPLC-MS analysis 

The pooled extract was re-suspended in 5% LC‐MS‐grade acetonitrile 

(ACN) and injected onto an Acquity HSS T3 C18 analytical column (1.8 μm, 1.0 

× 150 mm, Waters, Milford, MA, USA). Analytes were gradient‐eluted with a 50 

μL/min flow rate (A: 1% ACN with 0.1% formic acid (FA) in water, B: 95% 

ACN with 0.1% aqueous FA): 0 min, 2%; 2 min, 2%; 9 min, 60%; 11.0 min, 

99%; 14 min, 99%; 14.5 min, 2%; and 20 min, 2% of B. The metabolites were 

quantified using HPLC‐MS on a Dionex UltiMate 3000 Ultra HPLC system 

(Thermo Fisher Scientific,Waltham, MA, USA) connected to a SolariX 12T 

Fourier transform ion cyclotron resonance (FTICR) MS (Bruker Daltonics, 

Billerica, MA, USA) in electrospray positive‐ion mode. A quadrupole filter to 

200–700 and 500–1500 Daltons adjusted with two continuous accumulations of 

selected ion windows. 

 

Data processing 

All samples were measured in triplicates. Our in-house CycloBranch 

[40] version 2.0.8 and Bruker Data Analysis 5.0 software performed qualitative 

and quantitative data processing, respectively. RHF and bis‐imido‐RHF were 

quantified in fermentation broths by the standard addition method. The limit of 
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detection (LOD) and limit of quantitation (LOQ) were defined as the sum of the 

background average with 3 and 10 multiples of standard deviation [26] [26], 

respectively.  

 

4.2 LC-MS based A. fumigatus growth-specific siderophore and 

mycotoxin quantitation to distinguish between colonization and 

invasive infection 

 

A. fumigatus identification and growth conditions  

A. fumigatus strain EI278 was isolated from a clinical sample received 

from the University Hospital in Motol (Prague, Czechia) and identified by 

phylogenetic analysis of the internal transcribed spacer regions 1 and 2. A. 

fumigatus conidia were harvested in phosphate-buffered saline (PBS) containing 

0.01% Tween 80 from a culture grown at 37°C on malt extract agar (17, 3, and 

20 g/L of malt extract, mycological peptone, and agar, respectively, adjusted to 

pH 5.4 before sterilization). The suspension was filtered using a 5-µm 

SyringeStrainer (Pluriselect, San Diego, CA, USA). A. fumigatus conidia 

(108/mL) were inoculated into iron-limited minimal medium (pH 7) consisting of 

Na2HPO4
.12H2O (14.62 g/L), KH2PO4 (3 g/L), NaCl (0.5 g/L), NH4Cl (1 g/L); 

source of carbon: glucose (5 g/L); trace elements: MgSO4
.7H2O (0.2 g/L), 

CaCl2
.2H2O (0.05 g/L), ZnSO4

.7H2O (0.01 g/L), MnSO4
.H2O (0.017 g/L), 

CoCl2
.6H2O (0.0048 g/L), CuSO4

.5H2O (0.003 g/L), Na2MoO4 (0.0045 g/L). The 

experiment with four biological replicates was performed with 10-mL cultures 

shaken in 50-mL Erlenmeyer flasks on an orbital shaker (190 rpm) at 37°C for 

72 h. To detect fungal metabolites, samples of conidia, the residual fungal mass, 

and the supernatant were collected from each biological replicate at incubation 

times of 0 h, 3 h, 5 h, 6 h, 7 h, 8 h, 9 h, 10 h, 12 h, 14 h, 18 h, 24 h, 48 h, and 72 

h. Before further sample processing, the supernatants were filtered through a 

Whatman membrane (5 µm; VWR International, Stríbrná Skalice, Czechia) using 

a sterile syringe. The residual fungal mass was washed three times with sterile 

water, centrifuged (14,000 x g for 2 min) at room temperature, and lyophilized. 

 

Extraction and quantitation of metabolites 

Siderophores (Fc, Hfc, FsC, TafC, and triacetylfusarinine B (TafB)) 

and mycotoxins (Gtx, fumigaclavine A, fumiquinazoline C, fumiquinazoline D, 

3-hydroxy-fumiquinazoline A, and tryptoquivaline F/J) were extracted from A. 

fumigatus as mentioned in section 4.1 with some modifications. Briefly, samples 

(50 µL of conidia, the residual fungal mass suspension, or the supernatant) were 

spiked with a ferrioxamine E (FoxE) (50 ng/mL) internal standard and ferrated 

with FeCl3 (100 µM) and were subjected to two-step liquid-liquid extraction 

using ethyl acetate (150 µL) and MeOH (200 µL). Calibration standards of Fc, 



13 
 

TafC, Gtx, fumigaclavine A, and fumiquinazoline D were prepared at final 

concentrations of 0.5, 1, 5, 10, 50, 100, 500, 750, and 1,000 ng/mL. The extracts 

were vacuum dried for 2 h at 35°C using a SpeedVac (catalog number SPD121P; 

Thermo Scientific, Pardubice, Czechia) and stored at -80°C until HPLC-MS 

analysis. 

HPLC-MS analysis 

Before the HPLC-MS analysis in triplicates, all samples were re-

constituted in 150 µL of 15% ACN. Previously reported LC settings (section 4.1) 

were applied for the separation of analytes. Siderophores and mycotoxins were 

detected using a SolariX 12T (FT-ICR) MS (Bruker Daltonics, Billerica, MA, 

USA) with electrospray positive-ion mode. MS parameters were tuned and 

adjusted to optimize the signal intensity of the analytes of interest by applying a 

quadrupole filter to facilitate the continuous accumulation of the selected ions at 

100 to 700 and 500 to 1,500 m/z intervals for analyses of mycotoxins and 

siderophores, respectively. 

Data processing and method validation 

All acquired LC-MS data were processed using DataAnalysis v.5.0 

software (Bruker Daltonics, Germany). Fumiquinazoline C, 3-hydroxy-

fumiquinazoline A, and tryptoquivaline F/J were annotated from mass spectra by 

matching the exact m/z values and product ion mass spectra. The detected 

analytes were quantified using external calibration standards. Assuming similar 

ionization efficiencies, Hfc was semiquantified using the Fc calibration curve, 

and fumiquinazoline C, 3-hydroxy-fumiquinazoline A, and tryptoquivaline F/J 

were semiquantified using the fumiquinazoline D calibration curve, while FsC 

and TafB were semiquantified using the TafC calibration curve. The results were 

averaged from triplicates. The sample preparation methods were validated using 

control growth medium samples, according to U.S. Food and Drug 

Administration guidelines for validating bioanalytical methods [27], in terms of 

the calibration curve (linearity), LOD, LOQ, intra- and interday accuracy and 

precision, selectivity, specificity, sensitivity, carryover, and autosampler 

stability. Instrumental LOD and LOQ values were defined as the lowest 

concentrations for which the SD [26] of the intercept equaled 3.3 and 10, 

respectively.  

Statistical analysis 

The variations in the measured siderophores and mycotoxins from 

four biological replicates of A. fumigatus cultures at each stage of germination 

and subsequent growth were characterized in terms of means, SDs, standard 

errors of the means, and coefficients of variation using MS Excel 2016 and 

graphically visualized using OriginPro version 22 software (OriginLab 
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Corporation, Northampton, MA, USA). Data were presented as box plots 

displaying means ± SD.  

 

4.2.1 A. fumigatus siderophores and mycotoxins production during 

interaction with neutrophils and P. aeruginosa 

Neutrophils isolation and A. fumigatus infection 

Neutrophils were isolated from anticoagulated blood using a 

neutrophil direct isolation kit employing (negative selection, StemCells; 

https://www.stemcell.com/products/easysep-direct-human-neutrophil-isolation-

kit.html) based on manufacturer’s instructions. Cells were counted using trypan 

blue and Turck solution (50µL of cell suspension + 950µL of diluted trypan blue 

or Turck solution) by light microscopy (Olympus) at the beginning of the 

experiment. At every time point, the viability of cells was visualized using trypan 

blue and determined by light microscopy (Olympus). For the infection 

experiment, neutrophils (1×106 cells/mL) were transferred to a complete growth 

medium (RPMI 1640, 10% fetal bovine serum) in 24-well plates and incubated 

with A. fumigatus strain EI278 hyphae at 37 °C for 48 h in 5% CO2 atmosphere 

in triplicates. Entire plated neutrophils were transferred to a sterile tube and 

centrifuged for 300g for 10 min. Supernatants collected were immediately stored 

at -80°C until further processing. PBS was used to wash cell pellets, with 

successive centrifugation at 300g for 10 min. 

A. fumigatus and P. aeruginosa dual cultivation 

A. fumigatus (EI278) conidia (107conidia/mL) and P. aeruginosa 

(PAO1) cells (107cells/mL) were inoculated into iron-limited minimal medium 

(composition of the medium is similar to section 4.2). The experiment with three 

biological replicates was conducted as 100 mL culture into 500 mL Erlenmeyer 

flask shaken at 37˚C on an orbital shaker (190 rpm). For metabolite analysis, 

supernatants were collected at 0 h, 6 h, 9 h, 12 h, 18 h, 24 h, 36 h, 48 h, and 72 h 

of incubation and immediately stored at -80 ˚C.  

Extraction of metabolites 

For siderophores (Fc, TafC and TafB), samples of supernatant were 

spiked with a FoxE (50 ng/mL) internal standard and ferrated with FeCl3 (10 

mM) and were subjected to previously reported liquid-liquid extraction protocol 

(section 4.2). For Gtx and its metabolites, several solvent and solid phase 

extractions (SPE) were tested to reduce dilution due to tremendous siderophore 

production and to improve mycotoxin detection sensitivity. Initially, liquid-

liquid extraction using chloroform-MeOH and dichloromethane-MeOH was 

checked. Next, SPE (HLB and Sep-Pak, Waters, Milford, MA, USA) using 

appropriate elution solvent composition (50%, 60% and 100% MeOH+0.1% FA 
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and 50%, 60% and 100% ACN+0.1% FA) were examined. Based on the results, 

a protocol using SPE HLB 3cc (150 mg) cartridge was finalized. The samples of 

supernatant (50 µL) were spiked with 2-heptyl-4(1H)-quinolone (10 ng/mL) as 

internal standard and were loaded on SPE cartridges preconditioned with 1mL 

MeOH +0.1% FA and equilibrated with 1mL 5% MeOH +0.1% FA. Polar 

impurities were removed with 1mL of 5%MeOH+0.1% FA, with the subsequent 

addition of 2mL of 60% MeOH +0.1% FA. The compounds of interest were 

eluted with 1mL of MeOH+0.1% FA. The extracts were then vacuum dried for 2 

h at 35°C and stored at -80°C until HPLC-MS analysis. 

 

HPLC-MS analysis 

All the extracted samples from interaction with neutrophils and P. 

aeruginosa were reconstituted in 150 µL of 15% ACN. Siderophores (Fc, TafC, 

TafB) were analyzed by an Acquity M-class HPLC system connected to a Synapt 

G2-Si Q-TOF MS (Waters Corporation, Manchester, UK). Each sample was 

loaded onto an Acquity HSS T3 C18 analytical column (1.8 μm, 1.0 × 150 mm, 

Waters Corporation, Manchester, UK). Gradient elution was performed at a 50 

µL/min flow rate: 0 min, 5%; 2 min, 5%; 10 min, 50%; 14 min, 95%; 16.5 min, 

95%; 17 min, 5%; and 20 min, 5% of B. Solvent A contained 0.1% FA in the 

water, and solvent B contained 0.1% FA in ACN. The spectrometer was operated 

in electrospray positive-ion mode within 200–1200 m/z. 

Reconstituted samples for mycotoxins (Gtx and BmGtx) analysis 

were injected into an Acquity HSS C18/1.8-mm, 2.1 by 5-mm VanGuard 

precolumn connected to an Acquity HSS T3/1.8-mm, 1.0 x 150-mm analytical 

column (both from Waters, Prague, Czechia). Previously reported LC gradient 

conditions (section 4.1) were applied and detection was performed using a 

SolariX 12T (FT-ICR) MS (Bruker Daltonics, Billerica, MA, USA) with 

electrospray positive-ion mode. MS parameters were tuned and adjusted to 

optimize the signal intensity of the analytes of interest by applying a quadrupole 

filter for the continuous accumulation of the selected ions at 200 to 600 m/z 

intervals. 

Data processing 

Data for siderophores and mycotoxins were processed by MassLynx 

4.1 software (Waters Corporation, Manchester, UK) and Cyclobranch [28] 

version 2.1.32, respectively. The detected analytes were quantified using external 

calibration standards in technical duplicates. Instrumental LOD and LOQ values 

were defined as the lowest concentrations for which the SDs of the intercept 

equalled 3.3 and 10, respectively. 
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Statistical analysis 

 The obtained results were statistically analysed using GraphPad Prism 

8.0.1 software (GraphPad, San Diego, CA, USA). A non-parametric Mann-

Whitney test is used to compare between two groups for each time point where a 

P values of < 0.05 were considered statistically significant. The box plots are 

expressed as a mean ± SD. 

 

4.2.2 A. fumigatus siderophores and mycotoxins production 

during interaction with the polymycovirus AfuPmV-1 

Isolates 

In a masked study, five A. fumigatus strains as mentioned below, were 

maintained on malt extract agar (1.7% malt extract, 0.3% mycological peptone, 

3% Bacto agar, pH 5.4, for 10 days, at 37 ˚C.  

Strain 18–42 (VF);   UK Af293 cured from AfuPmV-1 

Strain 18–95 (VI);   UK Af293 with AfuPmV-1 

Strain 10–53 (VI);   USA Af293 with AfuPmV-1 

Strain 19–40 (VR);   18–42 re-infected with AfuPmV-1 

Strain 19–47 (VR);   18–42 re-infected with AfuPmV-1 

A. fumigatus UK AF293 strain (18–95) was cured using the protein synthesis 

inhibitor cycloheximide [29], producing a VF strain now designated 18–42. 

AfuPmV-1 was purified by differential polyethylene glycol precipitation and 

ultracentrifugation. Purified AfuPmV-1 was re-introduced in the VF Aspergillus 

by protoplast transfection, producing re-infected strains designated as 19–40 and 

19–47. Strain 19-47 was misprinted, thereby corrected to 19-42 [30]. 

Fungal strains cultivation 

For the detection of siderophores, strains 18-42, 18-95, 10-53, 19-40 

and 19-42 (108 conidia/mL) were grown in an iron-limited mineral medium with 

a similar composition mentioned in section 4.2. The samples of mycelia and 

supernatants were collected at 48, 52, or 24, 31, 48, 54, and 72 h, respectively.  

For detection of mycotoxins, strains 18-42, 18-95 B, 19-40 and 19-42 

(108 conidia/mL) were inoculated into a minimal medium (composition is similar 

to section 4.2) along with FeCl3
.6 H2O (10 μM). The supernatant was collected 

at 18 h, 24 h, 36 h, 48 h, 72 h and 96 h of growth and immediately stored at -80 

˚C.  

For gene expression analysis, conidia (107 conidia/mL) were 

inoculated in media containing Na2HPO4
.12H2O (14.62 g/L), KH2PO4 (3 g/L), 

NaCl (0.5 g/L), NH4Cl (1 g/L); source of carbon: glucose (5 g/L); trace elements: 
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MgSO4∙7H2O (0.2 g/L), CaCl2·2H2O (0.05 g/L), FeCl3∙6 H2O (10 μM). The 

cultures were shaken for 48 h in flasks, at 39 °C, on an orbital shaker (190 rpm). 

The experiment was carried out with three biological replicates, and mycelia 

were collected at 48 h. The mycelia were washed with sterile water and 

centrifuged twice at 14,000× g, 2 min, at room temperature before RNA 

extraction. 

 

Extraction of metabolites 

Previously mentioned liquid-liquid extraction (section 4.2) and SPE 

protocol (section 4.2.1) was applied for siderophores (Fc, TafC and TafB) and 

mycotoxins (Gtx and BmGtx) respectively. 

HPLC-MS analysis 

Before the HPLC-MS analysis in triplicates, all samples were 

reconstituted in 150 µL of 15% ACN. Previously reported LC-MS settings 

section 4.1 and section 4.2.1 were applied for quantification of siderophores and 

mycotoxins, respectively.  

RNA extraction, complementary c-DNA synthesis and quantitative 

polymerase chain reaction (qPCR) 

Total RNA was extracted from each strain 18-42, 18-95 B, 19-40 and 

19-42 grown in three biological replicates for 48 h using the RNeasy mini kit 

(Qiagen). Following treatment with DNase I (Promega) and quantification by 

Nanodrop spectrophotometry, equal amounts of RNA were utilised as a template 

for cDNA synthesis using the SuperScript VI Reverse Transcriptase (Invitrogen). 

The qPCR assays were performed in the OneStepPlus Real-Time qPCR System 

(Applied Biosystems) utilizing the Power SYBR Green PCR Master Mix 

(Applied Biosystems) and the relative standard curve quantitation method.  A. 

fumigatus β-tubulin sequence was used as an endogenous control. Target-specific 

primer pairs were designed using PrimerBlast and are listed in (Tab. 4.1). 

Gene Forward primer Reverse primer 

AfuPmV-1 ATAGGTCACGCCATAGCACG CCCAGCACTGAGAAGAGGTG 

β-tubulin AATTGGTGCCGC TTTCTGG CTATTCCGTCCCGACAACT 

gliG GCGACCCTCCGATCTTGTAG TGACGGTGTTGTGTGTGGA 

gliN ACTCCGAAAACGGCTACCTC AGGACTCGCAGATTGGGTTG 

gliA TACCTGCCGACCTACTTCCA TCCAGGTCGAGGGTGTAGAG 

gliT CTTCGACTCTGGCGTCTACC TCGAACAGCTGGTTGGTCTC 

gtmA TCCAGCGTACTCAACCACAC GAAGACCGGTGTCTAACGCA 

Table 4.1 The list of forward and reverse primers used. 
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Statistical analysis 

Each sample was analysed in three technical replicates by MS, 

providing nine points for statistical analyses (3 x 3). The differences in the 

metabolite levels among A. fumigatus strains were presented as standard box 

plots with outliers plotted as individual points. The box plots were built using 

MS Excel 2016. Kruskal–Wallis One-Way ANOVA with Bonferroni (All-

Pairwise) Multiple Comparison and Friedman’s Q Rank Test was used to 

compare the differences between the intra and extracellular metabolite levels in 

VF and VI A. fumigatus strains. Friedman’s Q Rank Test was explicitly used to 

test how the strain and growth-phase time affected siderophore levels. Statistical 

analysis was performed by NCSS 9 statistical software (NCSS, Kaysville, UT, 

USA). 

For LC-MS-based mycotoxin analysis, each sample was analysed in 

two technical replicates. Data are presented as box plots displaying means ± SD 

built using MS Excel 2016. 

 For gene expression analysis of mycotoxins, the results from three 

technical replicates were plotted as box plots displaying means ± standard error 

of mean using MS Excel 2016. 

 

 

4.3 Infection metallomics-based diagnosis 

 

4.3.1 Diagnosis of human invasive pulmonary aspergillosis 

 

Extraction of metabolites 

According to a previously reported protocol, siderophores and 

mycotoxins were extracted from human urine and serum samples [31]. Briefly, 

urine and serum samples from patients and healthy individuals were centrifuged 

at 6,000 rpm for 30 s. All centrifuged samples (50 µL) were spiked with the FoxE 

(100 ng/mL) internal standard. Urine and serum samples from healthy 

individuals were used to prepare calibration standards of Fc, TafC, and Gtx at 

final concentrations of 0.1, 0.5, 1, 5, 10, 50, 100, 500, 1,000, and 5,000 ng/mL. 

The samples were loaded onto Sep-Pak C18 1-mL Vac SPE cartridges (Waters, 

Prague, Czechia) preconditioned with MeOH+0.1% FA and equilibrated with 

H2O-0.1% FA. Impurities were removed with 200µL of 2%MeOH+0.1% FA,  

and the compounds of interest were eluted with 400µL of MeOH+0.1% FA.   
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HPLC-MS analysis 

Before the HPLC-MS analysis in triplicates, all samples were 

reconstituted in 150 µL 5% ACN. Siderophores and mycotoxins were separated 

using a Dionex UltiMate 3000 HPLC system (Thermo Scientific, MA, USA). 

Reconstituted urine and serum samples were injected into an Acquity HSS 

C18/1.8-mm, 2.1 by 5-mm VanGuard precolumn connected to an Acquity HSS 

T3/1.8-mm, 1.0 by 150-mm analytical column (both from Waters, Prague, 

Czechia). Analytes were eluted at a 50-µL/min flow rate using the following 

gradient of buffers A and B: 1% B at 1 min followed by linear increases to 60% 

B at 20 min and 99% B at 23 min and then a 3-min hold at 99% B, with a 2-min 

linear fall to 1% B and a 12-min hold before the next injection. Here, buffer A 

was 5% ACN with 0.1% aqueous FA, and buffer B was 95% ACN with 0.1% 

aqueous FA. Previously reported MS settings (section 4.2) were applied to 

quantify analytes. 

Data processing 

All acquired data were processed similarly to mentioned parameters 

in section 4.2. The urine concentrations of siderophores (Fc, TafC, and TafB) 

and Gtx were further normalized to the urine creatinine concentration to obtain 

creatinine index values [32] using the following formula: siderophore or 

secondary metabolite concentration (ng/mL)/creatinine concentration (mg/dL x 

100). 

Statistical analysis 

The clinical samples were statistically analyzed using GraphPad Prism 8.0.1 

software (GraphPad, San Diego, CA, USA). The reported descriptive statistics 

include means, medians, interquartile ranges, SDs, standard errors of the means, 

and coefficients of variation. The Gaussian distribution of the data was tested 

using the D’Agostino-Pearson normality test, and as the normality test did not 

meet the requirements for parametric tests, nonparametric tests were used. The 

urine and serum samples were considered positive if at least one of the urine 

creatinine-indexed fungal metabolite or serum concentrations (TafC, TafB, Fc, 

or Gtx) were higher than an LC-MS method-defined LOD for a particular marker. 
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4.3.2 Diagnosis of equine aspergillosis 

 

Metabolite extraction 

Metabolites were extracted from serum and BALF samples using our 

previously reported two-step liquid-liquid extraction protocol (section 4.1). The 

samples were spiked with FoxE and Leucine-enkephalin internal standards to 

final concentrations of 50 and 25 ng/mL, respectively. The control horse group 

serum and BALF samples were used to prepare matrix-matched calibration 

curves for Fc, TafC, and Gtx based on solutions with final concentrations of 1, 5, 

10, 50, 100, and 250 ng/mL. 

 To extract metabolites from tissue samples, whole lungs were 

lyophilized and homogenized with a mortar and pestle. A 25 mg sample of the 

resulting homogenized powder was then dissolved in (400 µL) 15% LC-MS 

grade ACN followed by extraction as section 4.1 and quantification by the 

standard addition method. 

HPLC-MS analysis 

 Pooled samples of serum and BALF or lung homogenates were re-

suspended in 150 or 200 µL of 15% ACN, respectively and analysed in triplicates 

using similar LC-MS settings as in sections 4.1 and 4.2. 

Data processing 

 Qualitative and quantitative data analysis was conducted using the in-

house CycloBranch version 2.0.19 software [28] and Data Analysis 5.0 (Bruker 

Daltonik, Bremen, Germany). 
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5 RESULTS AND DISCUSSION 

The goal of the first section of this thesis is to introduce infection 

metallomics we designed as mass spectrometry platform based on the central 

concept that microbial metallophores are specific, sensitive, noninvasive, and 

promising biomarkers of invasive infectious diseases. The second section of this 

thesis includes fungal pathogen R. microsporus in vitro cultivation, followed by 

LC-MS analysis of its siderophores. The third section involves in vitro cultivation 

of fungal pathogen A. fumigatus with subsequent growth stage-specific 

siderophore and mycotoxin quantification to distinguish between colonization 

and invasive infection. In addition, the time course quantification of A. fumigatus 

secondary metabolites during its interaction with neutrophils, bacterial pathogen 

P. aeruginosa and polymycovirus was performed. The fourth and last part is then 

focused on the application of infection metallomics-based diagnosis in human 

IPA and equine aspergillosis. 

5.1 Introduction to infection metallomics 

The results of this section have been published in the following article: 

R.H. Patil, D. Luptakova V. Havlicek, Infection metallomics for critical care in 

the post-COVID era. Mass Spectrom Rev (2023) [33]. 

 

 In response to WHO alerts, we recognized an urgent need to improve 

diagnostics of the most clinically significant pathogens, and established infection 

metallomics, a MS-based platform utilizing microbial and mammalian 

metallophores in functional and diagnostic applications. Both host cells and 

pathogens rely on metals such as iron, zinc, nickel, manganes or copper to carry 

out their essential functions. Thus, infection metallomics exclusively focuses on 

the analysis of metal‐containing infection biomarkers called metallophores using 

a combination of elemental and molecular MS. In this work, we summarized 

ESKAPEEc nosocomial bacterial pathogens standing for Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. 

aeruginosa, Enterobacter spp., Escherichia coli and mycobacteria as well as 

fungal pathogens such as Candida spp. and A. fumigatus metallophores, followed 

by the non-invasive application of metallophores from a historical perspective 

(Fig. 5.1). 
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Figure 5.1 A historical perspective on non-invasive applications of 

metallophores. Unmarked entries are associated with MS detection. DfoB, 

desferrioxamine B; FC, ferricrocin; Ga, gallium; PET, positron emission 

tomography; TAFC, triacetylfusarinine C 

We then described a strategy of infection metallomics for detecting 

the onset of pathogenic infection in critically ill patients (Fig. 5.2). Either non-

invasive such as breath condensate or urine, or invasive sampling (serum, BAL, 

endotracheal aspirate, sputum, or biopsy analysis) from critically ill patients can 

be used for detection of virulence factors secreted by infecting microbe. Rapid 

analysis with pathogen identification is crucial to initiate smart combination anti-

microbial treatment during the window of opportunity, which exists when the 

pathogen consortium is transitioning from colonization to causing infection to 

the host.  

 

Figure 5.2 The concept of infection metallomics from bedside to laboratory. 

BAL, bronchoalveolar lavage; FTICR, Fourier‐transform ion cyclotron 

resonance; NMR, nuclear magnetic resonance; PCR, polymerase chain reaction. 

At the bedside, the rapid analysis of non-invasively collected samples 

is achieved using MS, where isotopic data filtering can specifically detect metal-

containing infection biomarkers at the pathogen-host interface within the time 

scale of hours. Alternatively, culturing clinical specimens, such as urine, serum, 

sputum, or aspirates, together with molecular tools, including PCR and gene 

sequencing, can be used for the characterization of less common pathogens. 

Further de novo approaches allow the isolation of new virulence factors from 

fermentation broths by preparative chromatography, followed by absolute 
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structure determination using X‐ray diffraction and nuclear magnetic resonance 

techniques.  

We defined sample flow and key MS instruments (Fig. 5.3) used to 

directly monitor microbial Fe‐, Co‐, Zn‐, Mn‐, or Cu‐containing virulence 

factors, detected at concentrations of ng/L to μg/mL in humans or animal models. 

The suitable extraction protocols depend on the structure of these analytes [34].  

 

Figure 5.3 Sample flow and key MS instruments for infection metallomics with 

isotope data filtering. CB, CycloBranch software; FTICR, Fourier‐transform 

ion cyclotron resonance; HPLC, high‐performance liquid chromatography; ICP, 

inductively coupled plasma; MS, mass spectrometry 

The analytical process initiates with LC followed by applying one of three MS 

techniques. An ESI or ion mobility spectrometry with a quadrupole/time‐of‐flight 

(TOF) instrument can provide excellent MS/MS data on metal‐containing 

compounds that might otherwise be difficult to dissociate. An even more 

powerful approach is to apply high-resolution FTICR-MS which enables 

unambiguous identification of metallophores in bodily fluid and tissue samples. 

Finally, inductively coupled plasma (ICP) MS is routinely used for metal 

quantitation, for instance, analysis of urine samples to detect uropathogenic 

strains. 

Metallophores can be analysed via targeted using a microbial 

siderophore database [35]  and de novo approaches [36]. Moreover,  CycloBranch 

is an explicitly designed software for infection metallomics where one can 

quickly identify all compounds exhibiting predefined isotopic features in a 



24 
 

chromatographic or imzML data set [37]. Application of this tool involves both 

elemental (ICP MS) and molecular ESI or MALDI MS datasets (Fig. 5.4) with a 

bonus of de novo sequencing features [38]. 

 
Figure 5.4 In silico modelling of siderophores ferri‐ferricrocin and zinc‐

pseudopaline isotopic profiles. Note that the mass defects of specific nuclides 

(in this case, 68/66Zn 1.99881, 66/64Zn 1.9969, and 56/54Fe 1.99533) are used 

to identify metal‐containing species in both elemental and molecular mass 

spectrometry datasets. 

 

Further, MS-based analysis of lung, urinary tract and central nervous 

system (CNS) infections is elaborated. In lung infections, the airways represent 

a common entry point for fungal spores (Fig. 5.5). Inoculation of rat model with 

Aspergillus conidia was found to induce secretion of TafC and Fc siderophores 

into the urine, serum, and lung tissue where the site of infection was investigated 

by positron emission tomography (PET) [39]. Another study demonstrated the 

use of MS imaging to visualize the distribution of microbial siderophores in 

infected rat lungs to detect the site of infection [40]. The fungal burden in rat lung 

tissue was determined by combining ICP-MS and scanning electron microscopy. 

This revealed a noticeable increase in the iron concentration in infected areas, 

attributing to both severe haemorrhage and secretion of fungal siderophores. The 

experiments with inoculation of variable conidial loads were conducted in 

immunocompromised rats to understand the difference in siderophore biomarker 

levels in neutropenic and non-neutropenic hosts. With higher inoculation with 

108 Aspergillus conidia, the first A. fumigatus siderophore biomarkers (TafC and 

Fc) were detected in host urine as early as 4h post infection [41]. However, with 

a lower inoculation dose of 104 conidia to mimic the situation in 

immunocompetent hosts, a detectable MS signal was first observed 30 h after 

inoculation. Animal model studies have revealed that infectious fungal species 

exhibit high biological diversity, and MS methods can be used to monitor the 
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distribution and metabolism of fungal siderophores in vivo. Moreover, A. 

fumigatus siderophore TafC has soon reported in human serum [42] and urine 

samples [32]. In mixed infection rat models and critically ill patients, mixed 

bacterial and fungal secondary metabolites were detected in the urine, indicating 

a distant lung infection. Similarly, analysis of breath condensate revealed an early 

infection by P. aeruginosa [43]. 

The application of infection metallomics in uropathogen 

characterization is another well‐developed field of clinical MS. E. coli is the most 

frequent pathogen, followed by Klebsiella, Enterobacter, Proteus spp., and 

Citrobacter isolated from urine in hospital settings [44]. E. coli is known to 

secrete siderophores, enterobactin and aerobactin, as well as the secondary 

metabolites dihydroxy-benzoylserine, its dimer and trimer, and 

dihydroxybenzoic acid (Hider & Kong, 2010). Enterobactin production has also 

been reported in urinary isolates of Klebsiella, Enterobacter, and Citrobacter. 

Siderocalin, a soluble protein with high ferric ion affinity, can starve E. coli for 

iron during urinary tract infections. Another uropathogen Staphylococcus aureus 

producing metallophores, staphylopine with binding affinity to Co, Ni, Zn, and 

Cu [45] and staphyloferrins A, B [46], which were found to be heterogeneously 

distributed within infectious foci [47]. Several uropathogenic strains, such as 

Yernia spp. Enterobacter spp. and Klebsiella spp. secrete the common biomarker 

yersiniabactin which binds iron, copper, and some other metals. The fungal 

pathogens Candida spp. and Aspergillus spp. are often associated with 

nosocomial infections in critically ill patients, including the CNS. Due to the 

blood-brain barrier, diagnosing and treating CNS infections in neonates, children, 

and adults is particularly challenging. The meningitis‐causing microbe Neisseria 

spp. use heterologous siderophores secreted by other bacteria like E. coli [48]. 

Additionally, it was revealed that L. monocytogenes utilizes iron‐bound 

transferrin as its sole source of iron and also uses epinephrine and 3,4‐

dihydroxyphenylalanine as well as xenosiderophores produced by other bacterial 

and fungal pathogens such as pyoverdine and ferrioxamine B  [49]. Infection 

metallomics using MS imaging could play a key role in describing pathogen 

routing pathways and mechanisms in CNS infections by visualizing the 

metallophores secreted by invading pathogens overlayed with the molecular 

signals of host defence molecules. 
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Figure 5.5 Entry of pathogens into a critically ill patient. Around 70% of all 

intensive care unit cases are related to bacterial infections predominated with 

Gram-negative bacteria, whereas viral, fungal, and mixed infections account for 

around 20% of cases [50, 51]. 

Lastly, we compared the performance of infection metallomics-based 

diagnosis to that of four routinely used clinical approaches, mainly culturing, 

microscopy and PCR in IPA (Fig. 5.6). Infection metallomics either 

outperformed or matched all existing diagnostic methods to four critical 

parameters such as sensitivity, specificity, invasivity and timeliness. Maximizing 

analytical dynamic range is the key technical challenge to overcome while 

developing any diagnostic tool. Infection metallomics combined with isotopic 

data filtration can achieve a wide dynamic range by utilising microbes' 

tremendous capacity to secrete biomarker molecules into a host. For instance, P. 

aeruginosa is known to secrete 1011 pyoverdine molecules per cell per time point 

[52]. This vast production of virulence factors could be why the metabolomic 

approach outperformed other omics strategies in terms of sensitivity except for 

PCR.  

 
Figure 5.6 Performance of infection metallomics and four other techniques for 

diagnosing Aspergillus infections with respect to four key criteria. sGM denotes 

galactomannan serology. bGM denotes galactomannan in bronchoalveolar 

lavage fluid. Performance is indicated using the following colour code: 

excellent, fair, and poor. Data presented from [43, 53] and [32]. b, 

bronchoalveolar lavage; PCR, polymerase chain reaction; s, serum. 
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Alike every other new technique, infection metallomics also has some 

limitations. Although the clinical analysis of metallophores is attractive due to its 

non-invasivity, original site of certain infections such as pulmonary and CNS 

infections cannot be determined using non-invasive sampling. However, by 

combining infection metallomics with PET imaging also being non-invasive, it 

becomes possible to observe the specific accumulation of radioactive 68Ga‐

siderophores in animals infected by bacteria or fungi. On the other hand, invasive 

sampling involving BALF and cerebrospinal fluid can reflect infection site in 

pulmonary and CNS infections. Currently, no tools can describe the interplay 

between viral, bacterial, and fungal infections. However, infection metallomics, 

at minimum, can assess and quantify the interplay between bacterial and fungal 

pathogen interaction in a host and monitor the microbiome's dynamic response 

to antibiotic, antiviral, and antimycotic therapies. Combined analysis of 

metallophores and their dynamics can determine how the infected pathogens are 

infiltrating into and proliferating within specific tissues and shed light on 

coinfections where eliminating one pathogen may lead to increased activity by 

another. This study shows that infection metallomics can potentially improve 

outcomes in intensive care medicine by allowing safe sampling of highly 

infective patients with fungal, bacterial, and mycobacterial infections with 

minimal risk of disease transmission as well as reducing the financial and 

technical burden in hospital settings. Infection metallomics may thus advance 

medical MS, like the introduction of the MALDI Biotyper in 2009.  

 

5.2 Liquid chromatography-mass spectrometry (LC-MS) based 

characterization of R. microsporus siderophores 

The results of this section have been published in the following article: 

A. Škríba, R.H. Patil, P. Hubáček, R. Dobiáš, A. Palyzová, H. Marešová, T. 

Pluháček V. Havlíček, Rhizoferrin glycosylation in Rhizopus microsporus. J 

Fungi 6(2020)89 [54]. 

 

Metabolomic studies of R. microsporus are scarce, as a result, the 

metabolome of a R. microsporus patient isolate was reported in this study. The 

urinal and in vitro metabolic profiles of the same patient with proven R. 

microsporus invasive infection were compared. Additionally, a new 

chromatographic method for the separation of carboxylate siderophore was 

developed. Initially, for chromatographic method development for RHF, a 

standard Waters Acquity HSS T3 (1.0 × 150 mm, 1.8 μm) column was used. The 

stationary phase revealed significant adsorption of desferri‐ RHF. Therefore, the 

ferri form of RHF was utilised for better separation of molecules. Positive and 

negative ion modes were tested for the detection of RHF and its analogues. 

Further, the desolvation temperature and ion transfer optic parameters were 
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optimized to decrease the in‐source fragmentation. Using developed 

chromatography and MS method, R. microsporus cultivation under iron‐limited 

conditions and D‐glucose as a carbon source provided RHF (345.3 ± 13.5 mg/g) 

and imido‐RHF (1.2 ± 0.03 mg/g) as two dominant products in continuous 

accumulation of selected ions (CASI) 200-700 mass window (Fig. 5.7). The RHF 

trace was visible with a deteriorated peak shape of the protonated molecules at 

m/z 437.140 while imido‐RHF trace was detected for protonated molecules at m/z 

419.130 (Fig. 5.7 E, D).  Further, we found that storage of samples, even in a 

lyophilized state for up to five months at room temperature, caused extensive 

RHF decomposition to the imido‐ and bis‐imido‐RHF forms (Fig. 5.7 B). The 

citryl‐RHF intermediate with an elution time of 2.36 min was characterized by 

the accurate mass of the protonated molecule at m/z 263.124 (263.124 calculated 

for C10H18N2O6). For the first time in this study, we report the production of 

glycosylated RHF analogues in directed cultivation (Fig. 5.7 G–I).  

 

 

 

 

 

 

 

Compared to parent molecules (RHF and imido‐RHF), both di‐ and tetra‐Hex‐ 

RHFs had a mutually different and slightly lower affinity to the stationary phase. 

Figure 5.7 Chromatographic separation and tandem mass spectrometry of 

R. microsporus secondary metabolites. BPC: base peak chromatogram, 

Hex: hexose. (A, B), BPC in the 200–700 Daltons mass range of fresh or 

aged (5 months) lyophilizates; (C–E), extracted ion chromatograms 

corresponding to bis‐imido‐RHF, imido‐RHF, and RHF, respectively 

(0.005 Dalton window), (F–I) BPC and selected ion chromatograms of di‐

Hex‐RHF, tetra‐Hex‐RHF, and di‐Heximido‐ RHF, respectively. (J–M) 

refer to the product ion mass spectra (10 eV collisional energy) of imido‐

RHF, RHF, di‐Hex‐RHF, and tetra‐Hex‐RHF, respectively. The structure 

on the top indicates the intrinsic fragmentation in the RHF. 
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The positive‐ion ESI mass spectra provided clusters of protonated and cationized 

species. Ion signals of the putative mono‐ and tri‐Hex‐RHFs co-eluted with the 

corresponding di‐ and tetra-analogues. Although the formation of mono‐ and tri‐

Hex‐RHFs cannot be excluded, we concluded that the corresponding ionic 

species represent fragments rather than biosynthetic intermediates. Alternatively, 

di‐Hex‐imido‐RHF was well separated (Fig. 5.7I). The tandem MS of the di‐ and 

tetra‐Hex analogues revealed the consecutive losses of Hex units from the 

protonated molecules (Fig. 5.7 L, M) and the intrinsic fragmentations in the RHF 

(Fig. 5.7 J, K). The fragmentation pattern indicated in Fig. 5.7 correlated with 

the ion compositions derived from exact mass measurements. Moreover, 

CycloBranch software directly annotated other metabolites summarized in this 

study. 

Glycosylation of RHF provided more polar and possibly more 

enzymatically stable products. We speculated that RHF glycosylation could 

benefit the producer; e.g., R. microsporus converted zearalenone to its more 

soluble 4‐β‐D‐glucopyranoside [55]. Our results suggested that RHF is an 

analytically complex molecule for direct detection in patients with invasive 

mucormycosis, and its metabolic fate in the host body remains uncertain. Aged 

lyophilized samples exhibited considerable RHF and imido‐RHF instabilities 

(Fig. 5.7 B). This instability in human serum or urine is expected to be even more 

compromised owing to enzymatic processes in those matrices. Hence, bis‐imido‐

RHF or its metabolic products should be among the few R. microsporus 

biomarkers remaining in bodily fluids for targeted metabolomics. Our 

experiments for detecting RHF analogues directly in patient urine or serum 

samples were also inconclusive. The reason was the antifungal treatment which 

most likely stopped siderophore production before sampling. However, analysis 

of patient urine suffering from pulmonary mucormycosis revealed the detection 

of the antifungal drug posaconazole along with all its major metabolites, 

including hydroxyderivatives or glucuronides, in a single LC-MS run. 

Nevertheless, RHF is the dominant product of R. microsporus cultivation under 

iron‐restricted conditions. Although RHF and its analogues could serve as 

potential candidates for zygomycete diagnostics, future studies are required to 

determine the biotransformations of RHF in the host and to reveal its chemical 

stability and protein binding precisely. 
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5.3 LC-MS-based A. fumigatus growth-specific siderophore and 

mycotoxin quantitation to distinguish between colonization and 

invasive infection 

The results of this section have been published in the following article: 

D. Luptakova, R.H. Patil, R. Dobias, D.A. Stevens, T. Pluhacek, A. Palyzova, M. 

Kanova, M. Navratil, Z. Vrba, P. Hubacek V. Havlicek, Siderophore-Based 

Noninvasive Differentiation of Aspergillus fumigatus Colonization and Invasion 

in Pulmonary Aspergillosis. Microbiol Spectr. 11(2023) [56]. 

 

Distinguishing invasive disease from benign colonization is a crucial 

biological challenge in clinical settings. Overdiagnosis and unnecessary 

treatment can occur if colonization is mistaken for infection. The importance of 

this study lies in demonstrating that siderophore analysis can distinguish between 

asymptomatic colonization and invasive pulmonary aspergillosis. We reported 

clear associations between fungal development phases, from conidial 

germination to the proliferative stage of invasive aspergillosis, and changes in 

secondary metabolite secretion. 

In order to analyze siderophore production during growth of A. 

fumigatus we first observed key stages of conidial germination using bright field 

microscopy. The conidia from the clinical isolate of A. fumigatus were incubated 

at 37°C in an iron-limited medium with glucose as a carbon source for 72 h. 

During the first 3h of incubation, no morphological changes were observed in 

conidia, indicating conidial dormancy. Isotropic growth was observed between 3 

and 6 h post-inoculation, wherein at 6h, most conidia began swelling and doubled 

in size. Polarized growth began 6h after inoculation. By 8h, the majority of 

conidia had germ tubes growing from one side of the cell (Fig. 5.8). All these 

processes are asynchronous. As a result, the growth curves have broader 

distribution. 

The results summarized in Fig. 5.8 B and Fig. 5.9 revealed evident 

germination phase-dependent variations in the abundances of A. fumigatus 

siderophores involved in iron homeostasis, quantified by HPLC-MS-based 

infection metallomics. Intracellular Hfc was mainly detected in dormant conidia. 

Further, its reappearance in residual fungal mass after 48 h indicated the 

formation of asexual conidiophores at the air-glass interface, which cannot be 

eliminated in shaken cultures. Predominantly intracellular Fc marked the onset 

of isotropic growth, exhibited by the swelling of conidia. There was an 

exponential increase in its content, up to the constant level in the residual fungal 

mass, reflecting the need for iron accumulation necessary for hyphal growth and 

further conidiation. 
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Figure 5.8 A) Transition of A. fumigatus conidia during germination, observed 

by bright-field microscopy. Bar represents 10 μm. Top row- dormancy, middle 

row-isotropic growth and bottom row- polarised growth. B) Levels of intra and 

extracellular siderophores during A. fumigatus conidial germination. Data are 

presented as means ± standard deviations.  

 

 

Fc reported to be transcellular [57], was also detected in the supernatant in this 

study. The gradual increase in FsC secretion was already detected at the 

beginning of the isotropic phase. It was followed by the secretion of TafC and its 

hydrolytic derivative triacetylfusarinine B (TafB) during the fungal transition to 

polarized growth. An inverse relationship of the abundances of TafC and TafB 

at the stationary phase of growth reflected the iron capture, release, or storage 

steps managed by Aspergillus. Moreover, the detection of mycotoxins, including 

fumigaclavine A, fumiquinazoline C, fumiquinazoline D, 3-hydroxy-

fumiquinazoline A, and tryptoquivaline F/J, exclusively in conidia, demonstrated 

the ability of A. fumigatus to adapt to environmental conditions. 
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Figure 5.9 Time-related quantitative siderophore analysis in A. fumigatus in A) 

residual fungal mass and B) supernatant from 12 to 72 h postinoculation. Data 

are presented as means ± standard deviations.  

 

In this study, each A. fumigatus morphotype demonstrated both 

qualitatively and quantitatively different profiles of siderophores. The results 

showed that Hfc and Fc indicated the beginning of germination and isotropic 

growth of A. fumigatus, respectively, whereas TafC and TafB produced during 

later stages of germination marked the phase of proliferation. 

 

 

5.3.1 A. fumigatus siderophores and mycotoxins production during 

interaction with neutrophils and P. aeruginosa 

As mentioned earlier, siderophore and mycotoxins play a crucial role 

in A. fumigatus virulence, we sought to describe the dynamics of these 

metabolite's production during A. fumigatus interaction in vitro. The interaction 

between Aspergillus and host cells is crucial for successful invasion. Moreover, 

Aspergillus co-exists with other pathogens in nature and the host. Based on this, 

we designed an interaction experiment with innate immune cells, mainly blood-

derived neutrophils, since they are part of the primary line of defence and with 

bacterial pathogen P. aeruginosa, which is most commonly found to cohabit with 

A. fumigatus. 

Firstly, we developed a new extraction protocol for sensitive and 

simultaneous detection of both Gtx and BmGtx using LC-MS, thereby avoiding 

suppression by huge siderophore secretion. SPE involving washing in a double 

volume of 60% MeOH +0.1FA followed by elution in 100% MeOH+0.1FA 

provided the best results for improved detection of Gtx and BmGtx with reduced 

carry over of siderophores.  
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The analysis of co-culture supernatant with A. fumigatus and P. 

aeruginosa showed that Fc secretion was significantly suppressed in the presence 

of P. aeruginosa over 72h of incubation (Fig. 5.10 A). TafC was first detected at 

12h in only single A. fumigatus culture with significantly lower production  from 

the stationary phase of bacterial growth, i.e., from 18h in dual culture samples 

(Fig. 5.10 B).  Conversely, TafB secretion was detected at 24h, only in dual 

culture however, further growth from 36h resulted in reduced TafB secretion 

contrast to single culture (Fig. 5.10 C).  

 

Figure 5.10 Kinetics of siderophore production in A. fumigatus and P. 

aeruginosa during co-culture. Secretion of A) Fc and B) TafC was significantly 

higher in single culture of A. fumigatus than during co-culture with P. 

aeruginosa over 72 h. C) TafB was first quantified at 24h only in co-culture 

samples with further decreased in its production compared to single A. 

fumigatus culture. Data are presented as means ± SDs. The statistical 

significance (Mann-Whitney test) is indicated by ns (not significant),                

* (P < 0.05), **( P < 0.01). Af, A. fumigatus; Pa, P. aeruginosa 

 

Our results indicated that during the competition for iron in a shared 

environment, P. aeruginosa dominates A. fumigatus by modulating iron 

acquisition strategies. Nevertheless, in this study, even using a developed 

extraction protocol, we could not detect Gtx or its metabolites. This contradicts 

the other findings [58, 59]; however, given that the growth conditions used in 

those two studies differ than this study could have implications on Gtx secretion. 
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Further, we determined siderophore and mycotoxins production in the 

interaction processes between neutrophil and A. fumigatus. Neutrophils are 

reported to respond specifically to hyphal forms of A. fumigatus [60] as a result, 

the experiment was carried out using neutrophil (1 x 106 cells/mL) and A. 

fumigatus hyphae (100 µg/mL). The results summarized in Fig. 5.11 showed that 

content of Fc, TafC and TafB was significantly higher during the incubation of 

A. fumigatus with neutrophils till 36 h.The higher content of Fc and TafC was 

also detected at 48 h in A. fumigatus infected neutrophil samples, however, due 

to biological variation observed between replicates it was statistically 

insignificant. Interestingly TafB was continuously detected till 48 h with 

neutrophil incubation, while single A. fumigatus culture showed detection till 18 

h (Fig. 5.11 C). None of these siderophores were detected in control neutrophil 

supernatant or pellet samples.  

The more siderophore content detected from the beginning of 

experiment was mainly due to incubation of neutrophils with lyophilized A. 

fumigatus hypahe. From these result, we concluded that experiment involving 

incubation of A. fumigatus germinating conidia with neutrophils is necessary to 

study kinetics of siderophore production during host cell interaction.    

 

Figure 5.11 A. fumigatus siderophore production upon incubation of hyphae 

with neutrophils over the time course. All siderophores content A) Fc, B) TafC 

and C) TafB, was elevated during interaction with neutrophils than single A. 

fumigatus culture. Data are presented as means ± standard deviations. The 

statistical significance (Mann-Whitney test) is indicated by ns (not 

significant),* (P < 0.05), **(P < 0.01). Af, A. fumigatus; N, neutrophils 
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Regarding mycotoxins, we mainly targeted the detection of Gtx and 

its metabolites due to their immunosuppressive properties, as mentioned earlier. 

We quantified both Gtx and BmGtx in supernatant samples at 48h (Fig. 5.12). 

The detection of Gtx only at 48h could be result of a possible defense stratergy 

used by A. fumigatus against neutrophils. On the other hand, low zinc 

concentration reported to play important role in Gtx regulation (in this case 4.2 

µM) could also be the trigger for Gtx production. 

 

 

 

 

Our results indicated that siderophores, Fc, TafC, TafB and mycotoxins Gtx and 

BmGtx were the main molecules detected during an exposure of A. fumigatus 

hyphae to neutrophil cells. However, further experiments to overcome the 

mentioned limitations are necessary to confirm the findings. 

 

 

 

 

 

 

 

 

 

Figure 5.12 Extraction of Gtx (M+H)1+(pink) and BmGtx (M+H)1+(blue) 

with their annotation in A. fumigatus incubated neutrophil supernatant at 

48h. Gtx, gliotoxin; BmGtx, bismethylgliotoxin 
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5.3.2  A. fumigatus siderophores and mycotoxins production during 

interaction with polymycovirus 

The results of one part of this section have been published in the 

following article: 

R.H. Patil, I. Kotta-Loizou, A. Palyzová, T. Pluháček, D.A. Stevens, V. Havlíček, 

Freeing Aspergillus fumigatus of the polymycovirus makes it more resistant in 

the competition with Pseudomonas aeruginosa due to altered iron-acquiring 

tactics (2021) [61]. 

Mycoviruses can affect a range of host phenotypes including 

virulence and toxin production. One of our colleagues reported that mycovirus 

(AfuPmV-1) infection weakened A. fumigatus in competition with P. aeruginosa 

via altering fungal stress responses by a mechanism somehow linked to iron 

metabolism [12]. As a result, in this study, A. fumigatus iron-acquiring tactics are 

described during A. fumigatus polymycovirus-1 (AfuPmV-1) infection. 

Moreover, the effect of mycovirus on A. fumigatus mycotoxins (Gtx and BmGtx) 

production is also described. The results summarized in Fig. 5.13 revealed 

differential secretion kinetics of siderophores in virus-free (VF) and virus-

infected (VI) strains. The differences in the secretion rate of extracellular TafC 

between the VF and the VI strains were statistically significant (Kruskal–Wallis, 

p < 0.01) in the early (24 and 31 h) and stationary growth phase (48, 54, 72 h) 

(Fig. 5.13).  Similar secretion kinetics was observed for Fc detection in the 

supernatant. As Hfc and Fc are siderophores involved in the storage of iron, we 

also determined their content in conidia and fungal pellets in the stationary phase 

of growth. However, the sum of both Fc and Hfc content (µg per g of a pellet) 

was similar in VF and VI strains in the pellet and also in conidia. 
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Figure 5.13 TafC secretion in A. fumigatus supernatant. TafC production was 

earlier in VF than in the VI strains, indicated by an # symbol. The error bars 

show a standard error of mean n=9. 

Our study showed that polymycovirus infection altered the iron-

acquiring tactics of A. fumigatus supported by rapid secretion of siderophores by 

VF than VI strains in the exponential growth of A. fumigatus. Thus, the VF strain 

was more resistant in iron competition against P. aeruginosa. Notably, we would 

like to state that rather than only selected time points, a study of a whole time 

course is essential, as the data could have been interpreted differently if only 

selected time points had been used for reaching conclusions (Fig. 5.13) TafC 

secretion at 31 versus 72 h). Pigment production was another phenotype that we 

checked upon mycovirus infection. On solid media of malt extract agar, no 

differences in colouration between the five strains were visible. Conversely, in 

an iron-limited liquid medium, green colour pigment secretion was visible only 

in VI strains. As mentioned earlier, A. fumigatus secretes different forms of 

melanin; as a result, this observation was verified using matrix-assisted laser 

desorption MS for melanin detection in VI samples. None of the melanin or its 

precursors was detectable in our culture; therefore, we concluded that pigments 

secreted in VI strains were not associated with melanin production. Our data 

suggested that the presence of the virus in the infected fungal cell represents a 

substantial metabolic burden where AfuPmV-1 proteins or RNA interfered with 

fungal siderophore synthesis and iron metabolism. As a result, fungal virulence 

attenuation through transfection of Aspergillus with mycoviruses could represent 

a promising experimental approach analogous to antibacterial phage therapy. 
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As a next step, we have investigated whether AfuPmV-1 influences 

the production of mycotoxins in A. fumigatus. Gtx production is dependent on 

the presence of nutrients therefore, this experiment was performed in a media 

containing all nutrients and trace elements keeping AfuPmV-1 as a sole source 

of a stress factor. The analysis of the supernatants in this kinetic study revealed 

that Gtx and BmGtx were first detected at 36 h of incubation in VI strains (except 

for BmGtx in 19-40 detected at 24h) (Fig. 5.14). Gtx secretion was mainly 

observed in the stationary phase of fungal growth (36, 48 and 60h) in all VI 

strains (Fig. 5.14A).  

 

 

On the other hand, BmGtx production was continuously detected over 

the complete time course of the study till 96h in VI strains (Fig. 5.14B). No Gtx 

nor BmGtx were detected in the VF strain at any time point of our study. 

Moreover, increased levels of BmGtx after 60h appear to correlate with a 

decrease in Gtx levels since bmGtx is a negative regulator of Gtx biosynthesis 

upon an increase in Gtx levels [62]. Our results support the hypothesis that Gtx 

thiomethylation is a potential A. fumigatus mechanism of protection against Gtx 

Figure 5.14 A) Gtx and B) BmGtx production in supernatant over the time 

course of 96 h in VI strains. 
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toxicity. Results in this work indicated that AfuPmV-1 infection is a stress factor 

for A. fumigatus supported by differential secretion of A. fumigatus antibacterial 

mycotoxins, particularly Gtx and its derivative bmGtx.  

Among several nutrients, Gtx production is inversely related to zinc 

availability. Based on this observation and to further confirm previous LC-MS 

results, we performed gene expression analysis targeting Gtx biosynthesis genes, 

mainly gliG, gliN, gliT, gliA and BmGtx gene gtmA.  Here similar VF and VI 

strains were grown under zinc-depleted media for 48h. Initially, we confirmed 

the presence and content of AfuPmV-1 in all strains (Fig. 5.15A). Our results 

indicated that expression of all the Gtx biosynthesis genes tested, i.e., gliG, gliN, 

gliT and gliA, were upregulated in VI strains than VF (Fig. 5.15B). gtmA involved 

in BmGtx synthesis was also found to be expressed more in VI strains. As stated 

previously the study of the whole time course is essential, which is a limitation 

of this experiment. However, these results proved that zinc availability plays a 

vital role in Gtx production, supported by two studies indicating the upregulation 

of Gtx genes in zinc depletion and no detection of Gtx in the zinc-containing 

media in the VF strain. 

 

 

Figure 5.15 Relative expression of A) AfuPmV-1 in VI strains  B) gli 

biosynthetic cluster including gliG, gliN, gliT and gliA together with gtmA 

in VF and VI strains in zinc-depleted media at 48h. 
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5.4  Infection metallomics-based diagnosis 

All the knowledge obtained throughout the preparation of section 5.1 

and 5.3 was utilized to demonstrate the potential utility of infection metallomics 

for diagnosing aspergillosis. Aspergillus spp. infections are frequent in both 

humans and animals; therefore, we conducted this study in the diagnosis of 

aspergillosis in humans as well as horses. 

 

Results shown in this section have been published in the following articles: 

D. Luptakova, R.H. Patil, R. Dobias, D.A. Stevens, T. Pluhacek, A. Palyzova, M. 

Kanova, M. Navratil, Z. Vrba, P. Hubacek V. Havlicek, Siderophore-Based 

Noninvasive Differentiation of Aspergillus fumigatus Colonization and Invasion 

in Pulmonary Aspergillosis. Microbiol Spectr. 11(2023) [56]. 

 

R. Dobias, P. Jahn, K. Tothova, O. Dobesova, D. Visnovska, R. Patil, A. Skriba, 

P. Jaworska, M. Skoric, L. Podojil, M. Kantorova, J. Mrazek, E. Krejci, D.A. 

Stevens V. Havlicek, Diagnosis of Aspergillosis in Horses. J Fungi 9(2023) [63]. 

 

5.4.1 Human invasive pulmonary aspergillosis  

The whole idea behind this work is based on the hypothesis that fungal 

growth-dependent production of siderophores can allow differentiation of 

colonization and invasive infection in critically ill patients. Depending on the 

host’s status, once a conidial niche is established, with subsequent germination, 

tissue invasion, and angioinvasion, fungal virulence factors are disseminated via 

the bloodstream to other organs (Fig. 5.15). A. fumigatus excreted siderophores 

are, distributed from the site of infection to the circulation system from where 

they are filtered into the urine (Fig. 5.15C). On the top, their concentrations could 

be affected by viability of the pathogen in response to host factors or antifungal 

treatment (Fig. 5.15B). 
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Figure 5.15 Conceptual overview for characterization of A. fumigatus 

colonization and invasion in critically ill patients. The in vitro observations 

were transferred to human diagnostics. 

 

Therefore, the results from in vitro A. fumigatus germination study 

were applied to diagnosing invasive pulmonary aspergillosis in vivo. In this 3-

year observational, retrospective, noninterventional clinical study, 35 patients 

were enrolled, of which 22 patients with non-IPA infections served controls and 

13 patients were diagnosed with probable IPA [64]. Applying our infection 

metallomics strategy, the characteristic A. fumigatus siderophores identified from 

in vitro study (section 4.3) were screened in urine and serum samples of all 

patients. Fc, TafC, TafB, and Gtx were the primary, secondary metabolites 

detected in IPA patients (Fig. 5.16). Importantly, none of these metabolites were 

detected in the controls. For urine analysis, biological variability in patients with 

diverse renal functions was partly compensated by applying a creatinine index. 

 

Figure 5.16 Non-invasive detection of IPA in human urine of 

immunocompromised and immunocompetent patients. 
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The results summarized in Fig. 5.17 indicated that the TafC/creatinine index 

provided the highest detection sensitivity of 92.3% (95% confidence interval 

[CI], 64.0 to 99.8%) and specificity of 100% (95% CI, 84.6 to 100%), 

substantially better than the indications provided by GM and BDG serology. The 

serum GM and BDG sensitivities were 46.2 and 76.9%, respectively, and their 

specificities were 86.4 and 63.6% for the same patient cohort. Interestingly, we 

obtained poor sensitivity for TafC in serum (2 of 13 patients with IPA). 

 

Figure 5.17 Comparison of infection metallomics-based urine diagnosis with 

conventional serology indicating LOD, sensitivity, and specificity values for 

patients with IPA 

Besides, this work is the first report of TafB and Gtx detection in 

human urine samples. However, our study is subject to certain limitations, 

including the low clinical sample size and prospective cohort studies are needed 

to validate our approach for routine clinical diagnosis. Nevertheless, we 

demonstrated the potential utility of infection metallomics by non-invasive 

determination of an array of biomarkers such as TafC, Fc, TafB and Gtx in a 

single analysis for reliable diagnosis of IPA. We presented clear links between 

germination or infection phase-dependent siderophore production and 

observations in critically ill patients. 

 

 

5.4.2 Equine aspergillosis 

A. fumigatus, A. niger, A. flavus, A. nidulans, and A. versicolor are the 

dominating species in equine aspergillosis [65]. In horses, aspergilli are known 

to cause guttural pouch mycosis [66] and rare equine invasive pulmonary 

aspergillosis with almost 100% mortality [67]. Similar to humans, diagnosis of 

IPA is challenging in veterinary medicine also. In this study, we combined PCR, 

GM and BDG serology and infection metallomics-based metabolites detection. 
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The study involved BALF and serum samples collected from 18 

horses suffering from IPA (n = 1), equine asthma (n = 12), and 5 healthy controls. 

In this study, measurement of GM levels in BALF provided sensitivity and 

specificity close to 100% and 94%, respectively, in the diagnosis of IPA (Fig. 

5.18), which is consistent with the results obtained for the same approach in 

human intensive care [68]. Moreover, only Gtx was detected in the BALF and 

lung tissue samples, and confirmed the ongoing IPA. However, Aspergillus-DNA 

offered lower specificities due to the presence of Aspergillus spp. in the BALF 

of the healthy control horses. 

 

 

 

In the same study, for the horses with guttural pouch mycoses (GPM) 

(n=2), the presence of A. fumigatus was confirmed by culture, DNA, and 

microscopy on tissue samples in case report 1 on day one sampling. In biomarker 

analysis, intracellular fungal components, i.e., GM and Fc, were positively 

detected; however, the extracellular fungal markers TafC and Gtx were not 

detected, specifying the presence of a non-proliferating localized fungal ball. 

However, the repeated sampling on day 7 revealed A. nidulans by culture with 

GM and Fc biomarkers.  

In the case report 2 on GPM, the elevated Fc and GM levels were 

attributed to A. nidulans based on culture, Aspergillus-DNA, and microscopic 

analysis (Fig. 5.19). A. nidulans was the dominant species involved in both 

equine GPM cases examined in this work; as a result, panfungal biomarker Fc 

was detected. For better inference, larger clinical studies are required, though our 

results indicate that combining two techniques could be helpful in the early 

equine IPA diagnosis. 

 

 

Figure 5.18 Equine serum and BALF analysis for aspergillus biomarkers 

of invasive aspergillosis 

Figure 5.19 A. fumigatus diagnostic tools and biomarkers detection in 

equine guttural pouch debridement. 
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6  CONCLUSION 

This work introduced infection metallomics, a MS platform for 

detecting microbial metallophores, which are specific, sensitive, noninvasive, 

and promising biomarkers of invasive infectious diseases. This diagnostic 

minimises false positivity as mammalian cells do not synthesize microbial 

siderophores or mycotoxin molecules. Instrumentally, the concept was built on 

isotopically-filtered MS data (LC-MS and imzML formats with fine isotope 

structure resolution), which enabled untargeted metallophore analysis in 

microbes with understudied metabolomes or limited molecular studies. Specific 

isotopic profiles in Fe3+, Zn2+, Cu2+, Ni2+, and other elements made it possible to 

design new functional studies tools involving extra and intracellular 

metallophores relevant to lung, CNS, or urogenital tract infections. 

The metabolome mainly targeting siderophores was characterized for 

R. microsporus causing mucormycosis and A. fumigatus responsible for IPA 

using LC-MS. For the first time, the glycosylation of RHF, a siderophore of R. 

microsporus was described in a clinical isolate by LC-MS and accurate tandem 

MS. The stage-specific germination of A. fumigatus conidia and production of 

siderophores, mainly HfC, Fc, TafC, and FsC, was characterised for each A. 

fumigatus morphotype. This study showed that both qualitatively and 

quantitatively different profiles of siderophores could distinguish asymptomatic 

colonization and invasive infection. The role of siderophores and mycotoxins 

was further monitored to study the interplay among microbes involving A. 

fumigatus interaction with P. aeruginosa and polymycovirus as well as with host 

neutrophils in vitro. The data indicated that P. aeruginosa took the upper hand in 

co-culture with A. fumigatus, suppressing A. fumigatus siderophore production. 

Incubation of A. fumigatus with neutrophils indicated elevated siderophores 

levels and immunosuppressive Gtx and BmGtx detection. The AfuPmV-1 

modified the expression of genes involved in Gtx biosynthesis, leading to 

upregulation of Gtx and BmGtx production in VI strains over VF strain 

demonstrated using qRT-PCR and LC-MS analysis. The AfuPmV-1 infection 

also interfered with the iron uptake strategies of A. fumigatus showed by the 

slowest onset of siderophore synthesis in VI strains than VF over the time course. 

The application of next-generation infection diagnostics was then 

documented in human and equine aspergillosis. The in vitro results from A. 

fumigatus germination were translated to the bedside, where detection of fungal 

siderophores in urine (a clinical specimen distant from a deep infection site) 

enabled early, specific, and non-invasive diagnosing of patients suffering from 

IPA. This work is also the first report on the secretion of TafB and Gtx into 

human urine samples. In the one-health concept, the diagnosis of aspergillosis 

was elaborated in horses. Along with routine diagnostic methods such as BDG 

and GM detection, Gtx was found in the lung tissue and BALF in the fatal 
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invasive aspergillosis case. However, in guttural pouch aspergillosis cases, two 

horses positively responded to antimycotic therapies; as a result drop in the 

concentration of intracellular and panfungal Aspergillus siderophore Fc was 

detected in the debridement.  

In the near future, infection metallomics may expand to new 

application fields. Until now, mostly inter-cellular phenomena were interpreted 

and upgraded into the next generation infection diagnostics. Although initially 

developed with FTICR-MS, transfer to widely spread MALDI TOF instruments 

is feasible. The concept can be used in intracellular pathogens and may shift from 

infection metallomics to functional metallomics. Definition of emerging 

metallophore targets in the host cells, research on new chemical structures of 

metal-bound chelators, discoveries of NRPS systems coding metallophores in 

understudied species, and definition of new treatment intervention sites represent 

just a reduced list of areas in which infection metallomics might be of help. 
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