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Abstract 
Negative cell autotropisms are ubiquitous in true filamentous fungi. Three clear 
examples are: (1) determination of the site of germ tube emergence from a spore away 
from surrounding spores; (2) avoidance of growing adjacent germ tubes during colony 
initiation; and (3) avoidance of growing adjacent vegetative hyphae and branches at the 
colony periphery. These tropisms may be important in reducing the competition of 
neighbouring germ tubes/hyphae for nutrients. Despite their widespread occurrence, in 
fungi, little is known about the signalling processes governing these negative tropisms. 
The overall aim of the research described in this thesis was to analyse negative 
autotropisms in the human pathogen Aspergillus fumigatus in order to understand their 
mechanistic basis. 

High resolution confocal microscopy was used to analyse negative autotropisms during 
conidial germination, germ tube growth, vegetative hyphal growth in A. fumigatus. The 
interaction between living cells was found to be a prerequisite for self-avoidance. A 
novel 3D image analysis method was developed which allowed the quantification of 
angles formed between germ tubes to measure self-avoidance. Results from this 
quantification showed the angles are narrower than expected due to the propensity of 
germ tubes to invade their substratum by means of an unknown mechanism. Self-
avoidance in vegetative leading hyphae may play a role in the formation of barrier zone 
between two approaching colonies. 

NO was found not to influence negative autotropisms based on experiments using the 
NO-scavenger PTIO. Ten chemical compounds, previously found to cause germination 
self-inhibition, were also found not to influence the self-avoidance responses. However, 
one of these compounds, nonanoic acid, induced the formation of specialised asexual 
hyphal aggregates known as synnemata (coremia) after 48 hours, the first such report in 
A. fumigatus to-date. Using gas chromatography-mass spectrometry, a fungal headspace 
analysis above colonies of the wild type, and a secondary metabolism defective strain 
(ΔpptA) which exhibits self-avoidance, revealed six common volatile organic 
compounds (VOCs) between the two strains. The potential self-avoidance activities of 
these six VOCs remain to be analysed. 

A non-biased phenotypic screen of 16 G-protein coupled receptor (GPCR) deletion 
mutants and 90 protein kinase deletion mutants revealed that 7 of the GPCR mutants 
and 13 of the kinase mutants were defective in self-avoidance by undergoing hyphal 
aggregation. The GPCRs belong to four classes of fungal receptors involved in 
pheromone-, carbon-sensing, nitrogen-, and steroid-sensing. The kinase mutant screen 
identified homologues of Saccharomyces cerevisiae in the mitogen-activated protein (MAP) 
kinase cascade that belongs to the mating pheromone response pathway, along with 
other kinase homologues involved in nutrient sensing, that may be involved in self-
avoidance responses.  

My results indicate that negative, self-avoidance autotropisms are probably responses to 
a combination of multiple, extracellular stimuli which activate multiple signalling 
pathways in germinating spores, germ tubes and hyphae. Some of these signals (e.g. 
pheromones) may be derived from these cells whilst others are probably derived from 
the microenvironment around the growing cells. It is proposed that, based on the 
balance between the combination of signals received, the fungal cell “decides” where to 
grow in the form of a self-avoidance response, thus maximising its growth efficiency 
and therefore fitness to the external environment. 
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Epigraph 
Ἰθάκη 

Σὰ βγεῖς στὸν πηγαιμὸ γιὰ τὴν Ἰθάκη,  
νὰ εὔχεσαι νἆναι μακρὺς ὁ δρόμος,  
γεμάτος περιπέτειες, γεμάτος γνώσεις. 

Τοὺς Λαιστρυγόνας καὶ τοὺς Κύκλωπας,  
τὸν θυμωμένο Ποσειδῶνα μὴ φοβᾶσαι,  
τέτοια στὸν δρόμο σου ποτέ σου δὲν θὰ βρεῖς,  
ἂν μέν᾿ ἡ σκέψις σου ὑψηλή, ἂν ἐκλεκτὴ  
συγκίνησις τὸ πνεῦμα καὶ τὸ σῶμα σου ἀγγίζει. 

Τοὺς Λαιστρυγόνας καὶ τοὺς Κύκλωπας,  
τὸν ἄγριο Ποσειδώνα δὲν θὰ συναντήσεις,  
ἂν δὲν τοὺς κουβανεῖς μὲς στὴν ψυχή σου,  
ἂν ἡ ψυχή σου δὲν τοὺς στήνει ἐμπρός σου. 

Νὰ εὔχεσαι νά ῾ναι μακρὺς ὁ δρόμος.  
Πολλὰ τὰ καλοκαιρινὰ πρωϊὰ νὰ εἶναι  
ποὺ μὲ τί εὐχαρίστηση, μὲ τί χαρὰ  
θὰ μπαίνεις σὲ λιμένας πρωτοειδωμένους· 

νὰ σταματήσεις σ᾿ ἐμπορεῖα Φοινικικά,  
καὶ τὲς καλὲς πραγμάτειες ν᾿ ἀποκτήσεις,  
σεντέφια καὶ κοράλλια, κεχριμπάρια κ᾿ ἔβενους,  
καὶ ἡδονικὰ μυρωδικὰ κάθε λογῆς,  
ὅσο μπορεῖς πιὸ ἄφθονα ἡδονικὰ μυρωδικά. 

Σὲ πόλεις Αἰγυπτιακὲς πολλὲς νὰ πᾷς,  
νὰ μάθεις καὶ νὰ μάθεις ἀπ᾿ τοὺς 
σπουδασμένους.  
Πάντα στὸ νοῦ σου νἄχῃς τὴν Ἰθάκη.  
Τὸ φθάσιμον ἐκεῖ εἶν᾿ ὁ προορισμός σου. 

Ἀλλὰ μὴ βιάζῃς τὸ ταξείδι διόλου.  
Καλλίτερα χρόνια πολλὰ νὰ διαρκέσει.  
Καὶ γέρος πιὰ ν᾿ ἀράξῃς στὸ νησί,  
πλούσιος μὲ ὅσα κέρδισες στὸν δρόμο,  
μὴ προσδοκώντας πλούτη νὰ σὲ δώσῃ ἡ Ἰθάκη. 

Ἡ Ἰθάκη σ᾿ ἔδωσε τ᾿ ὡραῖο ταξίδι.  
Χωρὶς αὐτὴν δὲν θἄβγαινες στὸν δρόμο.  
Ἄλλα δὲν ἔχει νὰ σὲ δώσει πιά. 

Κι ἂν πτωχικὴ τὴν βρῇς, ἡ Ἰθάκη δὲν σὲ γέλασε.  
Ἔτσι σοφὸς ποὺ ἔγινες, μὲ τόση πείρα,  
ἤδη θὰ τὸ κατάλαβες ᾑ Ἰθάκες τί σημαίνουν. 

 

 

 

 

 

 

Ithaka 

 
When as you set about on the passage to Ithaca 
do wish for the journey to be long, 
full of adventures, full of learnings. 
 
The Lestrygonians and the Cyclopes, 
the enraged Poseidon, don't fear them, 
suchlike you will not encounter in your journey, 
if your thought, remains high, if your body 
and mind are touched by excellent excitement. 
 
The Lestrygonians and the Cyclopes, 
the fierce Poseidon, you will not meet them, 
if you don't carry them within your soul, 
if your soul doesn't place them before you. 
 
Do wish for the journey to be long; 
for the summery mornings to be many, 
whereas with what pleasure, with what joy 
will you enter in first seen ports. 
 
Do stop by the Phoenician markets, 
and do acquire the fine commodities 
nacres and corals, amber and ebony pieces, 
and luscious perfumes of all kinds, 
as abundant luscious perfumes as you can. 
 
Do go to many Egyptian cities, 
do learn and do learn by the scholars. 
Always do keep your mind on Ithaca, 
the arrival there is your destination. 
  
But do not hasten the trip at all. 
It'd be better if it lasted many years; 
and you old man by then moor at the island, 
rich with the lot you earned on the journey, 
without expecting Ithaca to give you riches. 
  
Ithaca gave you the nice trip. 
Without her you wouldn't have set about the 
journey. 
But now she does have nothing to give you 
anymore. 
  
And should you find her poor, Ithaca did not 
deceive you. 
As wise as you became, with such experience. 
you would have understood by now what do 
the Ithacas stand for. 
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1.1 The Kingdom of Fungi 

The three-domain system of life (Woese et al., 1990), which classifies three main 

domains of life (Bacteria, Archaea, Eucarya), has undergone many revisions since it was 

proposed. One of the latest revisions suggests that life can be classified into a two-

superkingdom (Prokaryota and Eukaryota) further divided into seven-kingdom system 

(Archaea, Bacteria, Protozoa, Chromista, Fungi, Plantae, Animalia) (Ruggiero et al., 

2015). The kingdom of Fungi comprises of ~99,000 described species (Kirk et al., 

2008) with a recent estimate of the total species number ranging from 2.2 to 3.8 million 

(Hawksworth and Lücking, 2017). Fungi diverged more recently from animals than 

plants, which was 1.538 billion years ago (animal-fungus) compared to 1.547 billion 

years ago (animal-plants), based on data obtained from comparison of 75 genes present 

in plants, animals and fungi (Wang et al., 1999).  

 

Further classification of the fungal kingdom is based primarily upon their sexual 

structures. Thus, the kingdom is divided into two subkingdoms: Dicarya (Neomycota) 

and Eomycota. Dicarya consist of the phyla Ascomycota, fungi whose meiotic spore 

products are contained in asci (sacks), and Basidiomycota, fungi which produce 

specialised support cells for their spores (basidia). Eumycota contains more primitive 

fungal life forms, and, notably, the only fungal phylum with a motile life stage cycle, the 

Chytridiomycota (James et al., 2006). 

 

Fungi are a very diverse group of heterotrophic organisms; able to occupy a wide range 

of niches across the globe ranging from extreme conditions such as nuclear reactors 

and the Antarctic up to survival in the International Space Station (reviewed by 

Newsham, 2012). This high adaptability can be partly attributed to the diverse 

capabilities of nutrient assimilation in the fungal kingdom. Fungi have adapted a diverse 

range of metabolic pathways which has resulted in them being major participants in the 

carbon, nitrogen, sulphur and phosphate biogeochemical cycles (Hawksworth, 1991). 

 

A defining characteristic of the majority of species in the fungal kingdom is the 

presence of a glucan-chitinous cell wall, as opposed to the cellulose cell wall in plants. A 

dynamic organelle, its presence is vital for many morphological and functional 

processes in the fungal cell cycle. The fungal cell wall’s components are predominantly 

glycoproteins and polysaccharides, mostly glucan (mainly 1,3-glucan) and chitin 

(reviewed by Bowman and Free, 2006).  
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1.2 The genus Aspergillus 

The Aspergillus genus consists of approximately 250 species. However, due to the 

complex taxonomy of the genus this number might be smaller because of conflicting 

references on the agreed number of accepted species (Peterson, 2008). The Aspergillus 

genus belongs to the taxonomic Order Eurotiales (Eurotiomycetidae/ Eurotiomycetes/ 

Pezizomycotina/ Ascomycetes) which includes fungi with a wide range of metabolic 

functions. Many species of this Order are highly important for the food industry (e.g. 

Aspergillus oryzae is used to produce sake by rice fermentation). Furthermore, it includes 

species that have a significant negative impact on human health, such as A. flavus and 

A. parasiticus which produce aflatoxins and neurotoxins respectively, or species 

responsible for infectious diseases such as aspergillosis by A. fumigatus and A. niger and 

in immunocompromised patients (Kirk et al., 2008). 

 

The subphylum of Pezizomycotina consists of ascomycetes that grow and reproduce by 

producing hyphae and ascospores in their sexual cycle. The ascospores are located in 

one of the four specialised species-dependent, differentiated multi-hyphall structures 

called ascocarps: cleistothecia, perithecia, apothecia or pseudothecia. These structures 

differ in size, shape and the location of asci within them (Poggeler et al., 2006). The 

ascocarp of the members of the Aspergillus genus is the cleistothecium.  

 

The species of the Aspergillus genus are identified by the presence of a common 

morphological trait, the reproductive structure of the asexual cycle. This structure 

consists of the conidiophore which results in specialised lines of cells: the metulae and 

phialides. The latter cells produce the conidiospores through mitosis. The name 

Aspergillus originates from the botanist Pietro Antonio Micheli who in 1729 described 

the fungus for the first time. The chains of conidia growing radially from the 

conidiophores resemble the aspergillum, an instrument used in the Catholic church for 

sprinkling holy water during communion (Fig. 1.1).  

 

For most of the species belonging to the Aspergillus genus a sexual cycle stage has not 

been described, despite them being in the Ascomycota phylum. The Aspergillus genus 

contains many fungal anamorphs, i.e. fungi that have no known sexual cycle. These 

anamorphs are connected to twelve distinct teleomorphic species, on which production 

of ascospores by meiosis can be observed (Dyer and O’Gorman, 2012). Usually the 

taxonomy of the teleomorph, if it is known, predates the one of the 
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anamorph. This rule does not apply by convention to the fungi belonging to the 

Aspergillus genus (as voted during the International Commission of Penicillium and 

Aspergillus, Amsterdam, Netherlands, April 2012). Instead the genus retains its name 

(sensu Raper and Fennell, 1965) and other names are treated as optional when they have 

meaning, e.g. when genes of sexual development are described. 

 

1.2.1 Biology of Aspergillus fumigatus 

The first description of A. fumigatus was detailed by Fresenius (1850) after observing 

isolates from air sacs and bronchi of a bustard. It is an opportunistic saprotrophic 

fungus found in soil where it participates in the carbon and nitrogen cycles by 

decomposing organic matter (Mullins et al., 1976). It’s genome has been sequenced and 

consists of 9,926 predicted genes distributed in eight chromosomes (Fedorova et al., 

2008; Nierman et al., 2005). In their ecological niche Aspergilli encounter a highly 

competitive environment; having to compete against ~4,000 prokaryotic and eukaryotic 

species per gram of soil (Montesinos, 2003). The competition for nutrients necessitates 

Figure 1.1 Scanning-electron microscopy image of the A. fumigatus conidiophore. 
The stalk (A) is a differentiated supporting hyphal structure upon which grow the 
phiallides (B), bottle-shaped differentiated cells. Phiallides divide mitotically to 
produce conidiospores (or conidia) (C). A distinguishing feature of the A. fumigatus 
conidiophore is the lack of basal cells between the stalk and the phialides called 
metualae (singular metula) which are a common in other Aspergilli (eg. A. nidulans).  
Reproduced from https://wellcomecollection.org. 

A 
B 

C 
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Table 1.1 The taxonomy of 
Aspergillus fumigatus (NCBI 

taxonomy, 2018) 

Taxonomy 

Kingdom Fungi 

Phylum Ascomycota 

Subphylum Pezizomycotina 

Class Eurotiomycetes 

Family Aspergillaceae 

Genus Neosartorya 

a complex signalling machinery which would 

interact with and sense the external 

environment guiding growth towards optimal, 

or away from adverse, conditions for the 

fungus to optimise its fitness to best compete 

within its microhabitat (tropic responses, 

examined in section 1.3). 

 

The life cycle of Aspergillus fumigatus consists of 

an asexual and a, recently described, sexual stage (O’Gorman et al., 2009) and shares 

many similarities with Aspergillus nidulans life cycle (Casselton and Zolan, 2002). The 

discovery of the sexual stage has resulted in a re-evaluation of the A. fumigatus 

taxonomy, attributing the name Neosartorya fumigata to the teleomorph. The asexual 

cycle is divided in three stages (Adams et al., 1998): a) germination of the conidiospore, 

b) hyphal growth and c) production of specialised structures for spore production. The 

germination of the airborne conidia occurs after their establishment on a substrate. If 

the conditions are suitable enough (abundance of nutrients and humidity) the conidia 

start to swell in an almost uniform manner (isotropic growth) and then germinate. The 

germination rate is dependent on the concentration of conidia as well as the 

temperature of the environment, with optimal growth conditions range from 25 ºC to 

37 ºC (Araujo and Rodrigues, 2004). The main fungal structure, post-germination, is the 

septate filamentous hypha. All hyphae are characterised by polarised growth, extending 

apically while branching at the same time to produce the vegetative mycelium. The third 

stage includes the differentiation of aerial hyphae into conidiophores which in turn 

produce the mitotic products of the asexual cycle, the conidia, which are dispersed in air 

(Fig. 1.2).  

 

The wild type strain of A. fumigatus produces greenish to grey colonies on solid media, a 

factor based on the colour of the highly abundant conidia in the colony. The 

conidiospores are spherical in shape with a size ranging from 2.5 to 3 μm in diameter, a 

trait which allows the conidia to enter the lung alveoli easily (Latgé, 2001). Once the 

conidium germinates it produces a small specialized hypha called the germ tube. The 

conidium combined with its germ tube, which is initially multinucleate lacking a septum, 

is defined as the germling. As the hypha grows the first septum is usually formed 

between the spore and germ tube marking the first compartmentalisation event in the 
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cell. Subsequent septation and changes in the cell wall composition results in the 

multinucleate, mature hyphae (Fig. 1.2).  

 

1.2.2 Fungal diseases caused by Aspergillus fumigatus 

Although 100-10,000 Aspergillus fumigatus conidia are estimated to be inhaled daily by 

humans (Latgé, 1999), they have little effect on healthy individuals as they are removed 

by cilia on airway  epithelial cells and alveolar macrophages (Fig 1.3). However, in the 

case of immunodeficient hosts its effects can be dramatic. Aspergillus-related diseases 

occur frequently with 2.3 million episodes alone documented in Europe annually. The 

vast majority of those cases (approx. 2 million) are allergic disease in asthma and cystic 

fibrosis patients (Kleinkauf et al., 2013), while more than 200,000 cases of invasive 

aspergillosis (IA) are documented annually, mortality rates of IA range from 30-95% 

Figure 1.2 The life cycle of Aspergillus fumigatus. Hyphae are multinucleate 
compartmentalized structures, which can differentiate into conidiophores or asci. 
The former produce multiple chains of conidia (mitotic reproduction), the latter 
contain the ascospores (produced meiotically). Asci are contained inside a specialized 
structure, the cleistothecium. Successful gemination leads to the formation of new 
hyphae. Details on specific structures in main text. Reproduced with permission 
from Moreno-Velasquez, 2017. 
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(Brown et al., 2012). The worldwide numbers of aspergillosis cases are even greater: 

chronic pulmonary aspergillosis (CPA) is estimated to affect more than 3 million 

patients every year. Severe asthma with fungal sensitisation (SAFS) is believed to affect 

3.25-14 million adults, while allergic bronchopulmonary aspergillosis (ABPA) is 

estimated to affect 4 million individuals with asthma and cystic fibrosis (reviewed by 

Brown et al., 2012). 

 

The common requirement in all Aspergillus-related diseases is the inhalation of Aspergillus 

spores; the most common species (due to larger conidia dispersal) being A. fumigatus. 

Conidia can attach to the epithelium of damaged areas in the lung and if they escape the 

immune response germinate and establish fungal colonies. The reasons for A. fumigatus 

being a highly successful ubiquitous fungal pathogen are attributed to its physical and 

metabolic characteristics (Kwon-Chung and Sugui, 2013). More specifically, A. fumigatus 

Figure 1.3 Types of Aspergillosis diseases. In normal hosts Aspergillus conidia do not 
have any effect. In immunocompromised hosts (ICH) conidia can germinate and 
disrupt the epithelial cell layer causing invasive aspergillosis (IA). A particular case is 
that of Aspergilloma where a biomass of differentiated mycelium (“a fungal ball”) is 
formed in lung cavities which have resulted by previous damage due to illness or 
injury (acute cases). More chronic forms of infection and/or colonization include 
chronic pulmonary aspergillosis and chronic necrotic pulmonary aspergillosis (CPA 
and CNPA, respectively). Asthma and cystic fibrosis patients can have fungal 
burdens which results in secondary conditions such as severe asthma with fungal 
sensitisation (SAFS) or allergic bronchopulmonary aspergillosis (ABPA). Host 
natural defences besides the immune system leukocytes include cilia of the epithelial 
layers lining the bronchioles and alveolae. Reproduced from Van de Veerdonk et al., 
2017. 
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has a wide metabolic range which allows for the successful establishment in different 

environmental conditions. Moreover, its conidia are so small that are easily dispersed 

through air and can reach the lung bronchioles through the respiratory tract. Last but 

not least, the optimal temperature of the fungus’ growth is 37 °C, the same as human 

body temperature which results in rapid growth in immunocompromised patients.  

 

Among cystic fibrosis and asthma suffers a secondary inflicted condition is ABPA, an 

inflammatory lung disease characterised by hypersensitivity to fungal products. ABPA 

has been the most severe allergic pulmonary complication caused by A. fumigatus and 

has five distinct stages: the acute, remission, exacerbation, glucocorticoid dependent 

and fibrotic stage. There are at least 21 known allergens from A. fumigatus that cause 

ABPA reviewed in Singh et al. (2014). Severe cases of ABPA are found in cystic fibrosis 

patients, in which anti-IgE treatment has been tested (Jat et al., 2013). However, no 

successful therapy has been identified for treating ABPA.  

 

Invasive aspergillosis is the most severe form of Aspergillus infection. Denning (1998) 

reviewed the different most common forms of IA which include: invasive pulmonary 

aspergillosis, Aspergillus tracheobronchitis, invasive sinusitis, disseminated, cutaneous 

and cerebral aspergillosis. Successful aspergillosis treatment with antifungals remains 

elusive. Previous strategies for managing aspergillosis included treatment with azoles, 

yet fungal strains have developed resistance to these drugs (Chowdhary et al., 2014; 

Seyedmousavi et al., 2014). However there are many factors affecting virulence, 

participating in different cellular functions, which can serve as potential targets 

(reviewed in Abad et al., 2010).  

 

The most common form of IA is pulmonary aspergillosis. Airborne conidia are inhaled 

by the host and establish in the alveoli. The adherence of A. fumigatus to host cells is 

dependent on several molecules, mainly the carbohydrates located in the fungal cell wall 

(Sheppard, 2011). The hyphal cell-wall exopolysaccharide galactosaminogalactan (GAG) 

has been shown to mediate adherence of A. fumigatus hyphae to fibronectin and 

epithelial cells and conceal the hyphal β-glucan from the immune system (Gravelat et 

al., 2013). Post-adherence there are two potential developments during fungal 

establishment: 1) either the fungus grows on top of the respiratory epithelium, or 2) 

conidia are internalised by epithelial cells and germinate internally. The epithelial 

responses and interactions with the fungal cells depend on the fungal morphotype and 
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host cell origin (Bertuzzi et al., 2018). It has been shown that dormant inhaled conidia 

possess a coherent outer layer of densely packed hydrophobic proteins, called 

hydrophobins, which mask the underlying immunogenic cell wall and result in the 

absence of immune response, even in healthy hosts (Aimanianda et al., 2009; 

Aimanianda and Latge, 2010). Once the conidia undergo isotropic growth prior to 

germination, the hydrophobin layer is disrupted, presenting antigens that stimulate an 

immune response. Another line of defence against the host’s immune system is the 

ability to scavenge the Reactive Oxygen Species (ROS) produced by macrophages either 

by the production of melanin or by inducing apoptosis of the macrophages in the first 

place  (Dagenais and Keller, 2009; Van De Veerdonk et al., 2017). 

 

In immunocompromised hosts germlings can further grow and disrupt endothelial and 

epithelial cells. Further progression of the infection results in hyphae invading the lung 

tissue, entering the circulatory system through blood capillaries and further 

dissemination to other organs. The signals and precise process that leads to tissue 

invasion by hyphae have yet to be determined.  

 

1.3 Fungal cell tropisms 

A tropism is defined as the directional growth of a cell in response to an external 

(environmental) stimulus. Fungal tropic responses are important since they maximise 

the survivability and the successful establishment of a fungus in its niche. These 

tropisms can: assist successful invasion of a host and facilitate the avoidance of intra- 

and inter-species competition for nutrients necessary for growth while attracting the 

same species for mating at the same time. More specifically, by employing a signalling 

machinery which can sense external stimuli and modulate the fungal growth pattern, 

fungal tropic responses ensure that the fungus a) avoids potentially harmful interactions 

(e.g. negative tropisms) or b) is attracted to beneficial sources for nutrient assimilation, 

reproduction and growth (i.e. positive tropisms). Essentially, the equilibrium of all the 

external signals and the corresponding responses in a wild-type cell is what defines the 

growth patterns and sporulation of the fungus. Tropisms identified to date in fungi 

include thigmotropism, galvanotropism, phototropism, chemotropism and tropisms 

towards nutrients. Although significant progress has been made, knowledge on 

tropisms and their signalling machinery in A. fumigatus is still rather limited. Cases of 

such studied tropisms are examined in the corresponding subsections. 
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1.3.1 Thigmotropisms 

A thigmotropism is the adjusted directional growth of an organism in response to the 

variation of a substrate’s physical properties, such as its microtopography and hardness. 

The first report of touch-sensing response in fungi was made in Arthobotrys oligospora, a 

nematode-trapping fungus, which creates a cellular capture loop that swells upon touch, 

constricting any nematode which passes through (Drechsler, 1937). Thigmotropisms 

have also been well-described in phytopathogenic fungi. Different species have 

developed two basic strategies for locating the leaves’ stomata in order to infect the 

plant: some species like Cymadothea trifolii grow along the peripheries of the epidermal 

cells (Roderick, 1993) while others cross the junctions between adjacent cells on the leaf 

surface at a 90° angle which improves their chances of locating stomata through which 

they invade their host (Hoch et al., 1993; Read et al., 1997). 

 

Thigmotropism in human fungal pathogens, such as C. albicans, has previously been 

reported (Gow, 2004, 1993; Piérard et al., 2007). Despite the fact that thigmotropism is 

well-recognised in pathogenesis, it seems that it is not a prerequisite for successful 

infection. Brand et al. (2008) have shown that non-thigmotropic mutants of Candida 

albicans are not so successful during infection. However, the mutations affecting 

thigmotropism in these strains are pleiotropic and as a result the observed phenotype 

cannot be linked exclusively to them.  

 

To date, there is no definite protein or complex which has been shown to be contact-

induced and thus mechanosensory in fungi. However, investigation of thigmotropism 

and galvanotropism (section 1.3.2) in C. albicans revealed the participation of Ca2+ in 

these tropisms (Brand et al., 2007) (Fig. 1.4). The data in the referenced study predict a 

model in which extracellular calcium enters the cell through the Mid1-Cch1p calcium 

channel complex. This subsequently leads to hyphal re-orientation in accordance with 

the localization of Ca2+ influx. It seems that thigmotropic responses require the 

presence of two signals to happen: physical contact and a chemical signal which would 

then initiate the appropriate response. The former can be transduced by different 

signalling pathways in the cell such as intracellular Ca2+-signalling, the cell wall integrity 

pathway, and via integrin-like proteins. Diffusible signals can be sensed by seven-

transmembrane receptor to induce specific downstream cascades. As a result, distinct 

pathways may be involved in the recognition of thigmotropic signals and the activation 

of thigmotropic responses. A comprehensive review discussing fungal thigmotropisms 
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and their molecular regulation has been recently presented by Almeida and Brand 

(2017). 

 

The homologue proteins of Cch1p and Mid1 (CchA and MidA, respectively) have been 

identified in A. fumigatus. Restriction of extracellular Ca2+ by the addition of chelating 

agents results inhibits growth of the null mutants of those proteins (De Castro et al., 

2014). However, their direct involvement in thigmotropic responses has yet to be 

tested. 

 

1.3.2 Galvanotropisms 

A galvanotropism is cellular growth in a specific direction in response to an imposed 

direct current of electricity. Different fungi respond differently to changes in the electric 

fields’ charge. Directional growth responses of filamentous fungi to fields of >2-5 

V/cm have been observed, although zoospores of oomycetes are able to sense and 

respond to much weaker electric fields. Galvanotropism occurs naturally during 

recruitment of these zoospores from plant roots that produce sufficient electrical 

currents to attract them (Miller and Gow, 1989; van West et al., 2002).  

 

Figure 1.4 Suggested model for galvanotropism (A) and thigmotropism (B) in 
C. albicans. Cch1 is a high-affinity calcium channel and Mid1 is a 
transmembrane protein that is necessary for Ca2+ during pheromone response. 
After Ca2+ enters the cell calcineurin is activated that leads to a cascade leading 
to the change in hyphal orientation. Reproduced from Brand et al. (2007).  
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Experiments done with C. albicans have demonstrated that the fungus reorients its 

hyphae to the electric current, growing towards the negative pole (cathode) of the 

electric field (Brand et al., 2007). This phenomenon is calcium-dependent as it was 

shown when the fungus was incubated with extracellular calcium (1mM). Presence of 

calcium chelators (BAPTA) disrupts this orientation, unless larger concentrations (up to 

~3 mM) of calcium are added. The model on how calcium has been suggested to 

regulate orientated growth is shown in Fig. 1.4. The role of calcium in the 

rearrangement of apical growth direction is believed to involve that Ca2+-dependent 

actin polymerisation and depolymerisation. Interestingly when incubating microtubules 

on a kinesin-coated surface, appliance of electric current forces the microtubules to 

rearrange their axis in parallel to the current (Kim et al., 2007).  

 

Galvanotropism in Neurospora crassa is pH-dependent, an indication that different 

membrane components such as ion channels contribute to the sensing of the stimulus. 

Notably an isoelectric point has been described by Lever et al. (1994) in which the 

fungus displays grows perpendicular to the electric current. In A. fumigatus 

galvanotropisms are also dependent on extracellular Ca2+ with germ tubes growing 

towards the anode in electrical fields of 25 V/cm (Lever et al., 1994). In general, 

filamentous fungal pathogens do not display strong galvanotropic responses in their 

hosts, indicating that they are not sensitive enough to detect the weak electric fields in 

host tissue. 

 

1.3.3 Phototropisms 

Phototropisms, the directed growth in response to light, was reported very early in 

fungi in the Phycomyces genus (Castle, 1930). Phycomyces blakesleeanus reacts to light by 

bending its fruiting body stem (sporiangiophore) towards white light or by avoiding 

ultraviolet wavelengths. Phototropism in P. blakesleeanus requires the products of the 

madA and madB genes which form a complex (Sanz et al., 2009). The madA gene 

encodes for a protein that is similar to the blue-light photoreceptor in N. crassa WC-1 

which contains a zinc-finger domain (Ballario et al., 1996). 

 

Additionally, the conidiophores of Aspergillus giganteus have been observed to react 

positively towards white light, with the tropism effect being reversed when they are 

stimulated with ultraviolet wavelengths (Trinci and Banbury, 1968). This kind of 

tropism in a saprotrophic species, which mainly inhabits soil where sunlight is scarce, 
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could be explained by the molecular mechanism guiding its life cycle. The life cycle in 

several Aspergillus species is regulated by the complex governed by the VeA protein 

(Bayram et al., 2008; Kim et al., 2002). In wild type strains light inhibits the VeA protein 

which normally induces the production of sexual structures. Thus, in conditions where 

light is present, asexual reproduction is promoted which is metabolically less complex 

and produces a vast number of spores. A. fumigatus has recently been shown to regulate 

growth, metabolism and stress resistance in response to blue and red light (Fuller et al., 

2013). 

 

1.3.4 Chemotropisms 

A chemotropism is defined as the directed growth responding to a signalling chemical 

molecule. A well-studied type of positive chemotropism in lower eukaryotes is their 

response to the species’ mating pheromones. One of the simpler systems investigated is 

the chemotaxis of Dictyostelium discoideum cells to cAMP gradients that result in 

formation of a multicellular cell aggregation called a ‘slug’. The yeast Saccharomyces 

cerevisiae has also been used for its well-defined pheromone tropism system. During the 

initiation of its life cycle sexual stage S. cerevisiae cells grow towards the pheromone 

gradient of the opposite mating type cells in order to mate (reviewed by Merlini et al., 

2013). A review detailing the necessary proteins and presenting model pathways on 

these two systems has also been presented by Arkowitz (1999).  

 

In summary, there is a requirement for a receptor to the signal. Once the receptor has 

been activated, signal transduction cascade takes place activating corresponding cellular 

functions. One of the most important of these functions is actin polymerization so as 

to rearrange the cells’ growth towards the gradient. The intracellular turnover rate of 

the chemoattractant is also important to maintain the sensing of environmental signal 

gradient constant and avoid desensitization towards it. 

 

Pheromones have also been described in N. crassa which is a heterothallic fungus with 

two mating types, mat a and mat A (Metzenberg and Glass, 1990). Two of them 

(peptides CCG-4 and MFA-1) are crucial for male fertility in the organism, while the 

CCG-4 peptide is important for the polarized growth of trichogynes, the receptive 

hyphae during sexual cycle of N. crassa (Kim and Borkovich, 2006). Another type of 

self-tropism described first in N. crassa is the oriented growth of conidial anastomosis 

tubes (CATs, section 1.3.4.1).  
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Oxygen has also been suggested to be a positive chemotropic factor for fungi by 

Robinson (1973). Despite clearly showing that there is directed growth in densely 

populated conidia of Geotrichum candidum, this study does not conclusively show that 

oxygen is without a doubt as Robinson’s conclusions are speculative based on the 

limitations of perforated-plate assay used.  

 

An important fungal tropism is the tropism towards nutrients. It has been observed that 

during starvation the typical symmetrical shape in S. cerevisiae is disrupted and the fungus 

produces invasive pseudohyphae in search for the restricting nutrients (Gimeno et al., 

1992). 

 

1.3.4.1 Conidial Anastomosis Tubes (CATs) 

A particular case of positive chemotropisms are the formation of Conidial Anastomosis 

Tubes (CATs, Roca et al., 2004; Fig. 1.5). CATs are cell protrusions emerging from 

conidia and which are thinner and shorter than regular germ tubes. CATs home 

towards each other, in contrast to the negative chemotropism observed in vegetative 

hyphae. It has been shown that even if conidia are rearranged in relation to each other 

using optical tweezers CATs still home towards each other’s’ tips. This provides 

convincing evidence that that the signal inducing this positive chemotropism is both 

released and sensed at CAT tips (Roca et al., 2005a). Since their discovery, many fungal 

species have been verified to produce CATs (Roca et al., 2005b).  

 

Figure 1.5 (A) CATs in N. crassa shown by arrowheads. (B, C) CATs protruding and 
homing towards each other from conidia, Bar scale = 5 μm. Reproduced from Roca 
et al. (2005b) 
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The presence of CATs could potentially provide at least three main advantages for the 

fungus: a) faster colony establishment due to early formation of hyphal network, b) 

sharing of nutrients and water between fused germlings and c) horizontal gene 

exchange, which may be particularly important in fungi that have no known sexual cycle 

(Read et al., 2010). In the latter case, genetic diversity in a species may be secured even 

though there is no efficient meiotic recombination (Ishikawa et al., 2012). The signalling 

pathways that regulate CAT formation and fusion are detailed in section 1.4.1.  

 

Negative self-chemotropisms in fungi were also described very early and have been 

proposed to be more dominant than any positive tropism to nutrient availability (Clark, 

1902; Fulton, 1906). Despite that, and contrary to positive chemotropism, little is 

known about negative self-tropisms regarding the chemical signals and/or pathways 

governing the phenomenon in filamentous fungi. A study using Mucor and Aspergillus 

has verified that there is a ubiquitous inhibitory substance secreted by hyphae which is 

responsible for the inhibition of germination in fresh conidia and inability of growing 

hyphae to grow towards it (Bottone et al., 1998). This substance has not been 

characterized yet, although the self-inhibition during growth that subsequently leads to 

radial growth of a fungal culture is widely-observed and well-known. No CATs have 

been observed in A. fumigatus to date. In fact, hyphal fusion occurs very rarely in the 

fungus but is induced highly stressful conditions (Read and Bromley, personal 

communication).  

 

1.3.5 Other fungal tropisms 

Other fungal tropisms have also been described. These include gravitropism and 

tropisms towards nutrients. Gravitropism is the directed growth as a response to earth’s 

gravitational pull and has been studied extensively in the Phycomyces genus, which 

displays negative gravitropism (Dennison and Shropshire Jr., 1984). A recent study has 

unveiled that during fungus gravistimulation a major shift in the Ca2+ and H+ ion flux 

from the tip to the base of the zygomycete sporangiophore is observed (Zivanovic, 

2012). This change in the ion flux pattern during sporiangophore formation is absent in 

a mutant that has no gravitropic response. It has recently been shown in Phycomyces 

blakesleeanus that an octahedral crystal matric protein (OCTIN) makes up sedimenting 

vacuolar crystals to activate signalling pathways that modulate the tropic growth of 

sporangiophores which bear sporangia containing asexual sporangiophores. 
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Interestingly, OCTIN originated by horizontal gene transfer from gram-negative 

bacteria (Anh Nguyen et al., 2018). 

 

Gravisensation and gravitropism are highly important to basidiomycetes as they have to 

organise their lamellae in the most efficient way for dispersing their spores by positively 

responding to gravity. Hyphae in the toadstool stalk, on the other hand, respond 

negatively to gravity (Grolig et al., 2006; Kern, 1999). A study with Flammulina velutipes 

toadstools suggested that each gravity-sensing hypha has its own gravisensor which 

results in the regulated secretion of a growth factor resulting in the bending of the 

hypha in appropriate ways (Kern et al., 1997). All in all, tropisms are a fundamentally 

and ubiquitous aspect of fungal polarized growth. This suggests that they are governed 

by conserved similar signalling pathways and regulatory mechanics. 

 

1.3.6 Negative cell autotropisms (selfavoidance) 

Negative cell autotropisms in fungi were first described at the end of the 19th century. 

Miyoshi (1894) showed that fungal hyphae can avert their growth in response to 

specific nutrient extracts, and poisons. In his study, Clark (1902) concluded that 

Rhizopus displayed negative chemotropism in response to a secreted factor from its own 

mycelium; the phenomenon overcame any positive chemotropism which may have 

been induced by food sources or oxygen. He also noted that his tested methodology did 

not verify whether negative tropisms are a result of copper sensing or not. Recent work 

involving Geotrichum candidum, Gliocladium roseum, Humicola grisea and Trichoderma viride as 

test organisms showed that negative chemotropisms are induced by copper (Cu), and 

cadmium (Cd) treatment in all tested fungi (Fomina et al., 2000).  

 

Previous work had suggested that exhibited negative autotropisms during germination 

in arthrospore pairs of G. candidum, were a result of oxygen availability instead of the 

accumulation of the fungus’s own metabolites (Robinson, 1973a). These findings 

contradicted the conclusions  presented by Clark (1902) and Fulton (1906). Data 

obtained with early microfluidics experiments also suggested that the factor inducing 

negative cell tropisms is a self-secreted component which is diffusible, unstable and 

locally effective (Müller and Jaffe, 1965). This suggests that signalling may be induced 

by a volatile organic compound (VOC), something discussed in further detail in section 

1.5 and Chapter 5. The model would also suggest that the governing factor is uniformly 

secreted in the extracellular environment with pulsatile or more rapid secretions taking 
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place at specific cell points. Further study of autotropisms in B. cirenea revealed that 

different pH caused by citrate buffers do not affect negative germination autotropisms 

in B. cinerea (Jaffe, 1966). Data from the same study suggested that saturation with CO2 

(0.3%-3%) reversed any chemoattraction between spores. 

 

Surprisingly, little research has been carried out on negative fungal autotropisms in the 

recent years. Simulations and flow experiments in S. cerevisiae showed that the protease 

Bar1 secreted by MATa cells degrades the α-factor creating a gradient towards the 

MATα cells. This gradient results in avoidance of neighbouring MATa cells and growth 

towards MATα cells (Jin et al., 2011). Computational simulations have also been carried 

out to estimate the percentage of negative autotropisms taking place in a hyphal fungal 

colony (Meskauskas et al., 2004b) using a Neighbour-Sensing algorithm (Meskauskas et 

al., 2004a).  

 

In summary, two main models have been proposed to explain the causal factors of self-

avoidance in fungi: (a) the “staling reaction” caused by a self-secreted agent or 

environmental molecule which accumulates around hyphae and instigates outward 

growth or aversion (Müller and Jaffe, 1965; Stadler, 1952), and (b) the “limiting nutrient 

factor or agent” model which causes hyphae to search for higher concentrations away 

from neighbouring cells (Jin et al., 2011; Robinson, 1973b, 1973a). 

 

In the context of disease, negative (auto)tropisms are crucial for the successful infection 

of the host by a fungal pathogen. It has been showing that A. fumigatus cells interacting 

with neutrophils stimulate evasive hyphal branching and avoidance of the interaction 

point. This responses has been shown to be independent of neutrophil NADPH 

oxidase activity (Ellett et al., 2017). Therefore, it is crucial to understand the 

mechanism(s) of growth avoidance in the fungus. 

 

1.3.6.1  Negative  autotropisms  in  neuron  cells  of  higher 

eukaryotic organisms 

The phenomenon of negative autotropisms has been extensively studied in neuron cells 

of higher eukaryotes. Negative cell autotropisms are essential for the correct formation 

and establishment of dendrite networks in higher eukaryotes (Kise and Schmucker, 

2013). The first report of self-avoidance in neurons was made by Kramer and Stent 
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(1985) when they observed that some neuron axons in the leech Haementeria ghilianii did 

not overlap leading to hypothesis of neuron self-recognition and repulsion.  

 

In the past two decades, significant steps have been made towards the understanding of 

self-avoidance and its role in neuronal networking in Drosophila and mice. The first 

breakthrough towards understanding the signalling machinery responsible was made 

when Slit proteins were identified as ligands for the Roundabout (Robo) receptor 

(Brose et al., 1999; Kidd et al., 1999; Li et al., 1999). These studies verified that there is 

an evolutionarily conserved, extracellular signal mediator (Slit peptide) which affects 

growth direction of neuron axons when it binds to its corresponding Robo receptor. 

The Slit-Robo pathway functions through the Rho GTPases Cdc42 and Rac1 (Fan et 

al., 2003; Wong et al., 2001) while receptor tyrosine phosphatases serve as positive 

regulators of the pathway (Sun et al., 2000). Netrin signalling is another type of 

signalling demanding a secreted cue to induce self-avoidance. Netrin-1 has been shown 

to bind to the Deleted in Colorectal Cancer (DCC) receptor and induce repulsion 

(Hamelin et al., 1993; Hong et al., 1999). 

 

Another molecular strategy adopted for dendrite self-avoidance is the use of contact-

mediated recognition and avoidance. In Drosophila, this is achieved by Dscam (Down’s 

syndrome Cell Adhesion Molecule, Kidd and Condron, 2007; Matthews et al., 2007; 

Millard and Zipursky, 2008; Soba et al., 2007), a gene cluster which encodes (through 

alternative splicing) a set of immunoglobulin superfamily adhesion receptors located on 

the cell surface. In the case of two neurons expressing the same isoform of the Dscam1 

receptor, the homophilic interaction of the dimer is not stable and thus the neuronal 

branches tilt away from each other. Mutant Drosophila larvae which carried strong loss-

of-function allelles of Dscam due to modification of their cytoplasmic ends, showed 

branch aggregation (clumping) of their neurons (Matthews et al., 2007; Fig. 1.6). In 

vertebrates, deletion of the PDZ-interacting C-terminus of DSCAM resulted in variable 

phenotypes of self-avoidance, ranging from normal to complete loss-of-function, 

depending on the type of neuronal cell (Garrett et al., 2016). DSCAM has also been 

associated with the netrin signalling pathway (Purohit et al., 2012). 

 

In mice the prominent molecules involved in contact-mediated self-avoidance are the 

cadherin adhesion molecules encoded by the cluster of the γ-protocadherin (pcdhcγ) 

genes (Hayashi and Takeichi, 2015; Hoang and Grueber, 2013; Keeler et al., 2015; 
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Rubinstein et al., 2015). A study in a specific type of cerebellar cortex neuron cells 

(Purkinje cells) has revealed that the Slit-Robo pathway is autonomous to the Phdhγ 

one, while both result in self-avoidance. Although Dscams and Pcdhs are evolutionary 

distinct gene clusters, it is notable that self-avoidance is achieved through mainly three 

conserved functions: a) both gene clusters produce multiple isoforms of 

transmembrane molecules, b) isoforms of both clusters are a result of random 

combinatorial gene expression, and c) homophilic adhesion between those isoforms is 

what guides the self/non-self discrimination and results in self-avoidance or successful 

synapse respectively.  

 

The research carried out in neurons shows that recognition signalling pathways 

converge towards the same signalling cascades and that self-avoidance is in fact a 

multifactorial response. A general categorisation of self-avoidance responses in neurons 

divides them into the following major groups: a) those depending on a soluble 

extracellular signal, and b) those dependent on contact-based recognition and repulsion.  

 

1.4 Molecular mechanisms and signalling pathways during 

tropisms 

Tropisms are largely regulated by three overlapping signalling pathways: the MAPK 

signalling pathway, signalling by small-GTPases and signalling by calcium. Components 

of all systems have been shown to be present in A. fumigatus, as described in the 

following sections. 

 

Figure 1.6 Neuron cells with 
wild type functioning Dscam1 
(left) and loss-of-function allele 
(right) in Drosophila. The loss-
of-function mutants result in 
the neuron axons aggregating 
and/or overlapping during 
growth contrary to the wild 
type in which they spread away 
from one another. Scale bar = 
50 μm. Reproduced from 
Matthews et al. (2007). 
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1.4.1 MAP kinases signalling and fungal cell tropisms 

Fungal cells encounter a wide range of environmental obstacles during their growth and 

development. The response to those signal cues and the coordination of their responses 

involves the interaction of different signal transduction pathways. 

 

The MAP (Mitogen-Activated Protein) kinase pathways have been studied extensively 

in S. cerevisiae and govern several cellular functions in response to external stimuli (Fig. 

1.7). In the instance of the pheromone MAP kinase response pathway, in order for the 

pathway to be initialised a signal (protein pheromone) Mat-a or Mat-α, and a cognate 

G-coupled protein receptor (GPCR), Ste2 or Ste3, are required. Once the receptor is 

activated by the necessary signal it further activates the downstream G-protein subunits 

Ste4 and Ste18. In turn, they activate the Ste20 which regulates the activation of the 

MAP kinases cascade through phosphorylation. Once the cascade is activated it in turn 

activates transcription factors in the nucleus and readjust actin polymerisation in the 

cytoplasm, as a response to the initial signal which results in a positive cell tropism 

(asymmetrically polarized yeast cells called ‘shmoos’ homing towards each other). 

Bardwell (2004) reviews the MAPK pheromone response in S. cerevisiae in detail. 

 

Besides the pheromone response pathway involved in mating, the cell wall integrity 

(CWI), and high osmolarity stress response (HOG) MAP kinase pathways also play key 

roles regulating filamentous and invasive growth, (Hamel et al., 2012; Fig. 1.7). These 

pathways are crucial for the maintenance of the fungal lifestyle as they are the first line 

of defence for fungi to cope with stresses. The fungal cell wall is crucial as it contributes 

to cell morphology, maintenance and provides physical support amongst its many other 

functions. For these reasons, the cell wall and the CWI described components are 

appealing drug targets in A. fumigatus (Valiante et al., 2015). The HOG-MAPK pathway 

is also involved in adaptation to stress by transmission of environmental osmotic 

signals and has been described in A. fumigatus (Ma and Li, 2013). Besides acting as 

stress-coping mechanisms, MAP kinase pathways have also been identified to be 

important in influencing virulence during infection in a range of pathogenic fungi 

(reviewed by Turrà et al., 2014).  

 

In N.crassa, MAP kinase signalling is involved during CAT fusion, sharing some 

common stages with the pathway in S. cerevisiae. The MAPK pathway still induces cell-

cycle arrest at G1, actin reorganization and transcription of relevant genes. It is 
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suggested that the whole signalling pathway is governed by a “ping-pong” mechanism, 

in which the self-signalling molecule is alternately secreted in a pulsatile fashion from 

CAT tips homing towards each other. This oscillation period of MAPK recruitment  is 

very short (6-12 min), contrary to that in S. cerevisiae during the pheromone response 

(~150 min) (Read et al., 2009). This short time indicates that no transcriptional events 

can take place during the signalling.  

Figure 1.7 Overview of main MAPK signaling pathways in S. cerevisiae. It is evident 
that there are common kinase components in pathways regulating responses to 
different types of stress/signals (cross-talk). The consensus of the MAPK pathways 
is the necessity of a stimulus, which is sensed by a receptor. During signal 
transduction it is common that an upstream kinase (such as Ste20) regulates the 
MAPK cascade, the final kinase of which phosphorylates the appropriate 
transcription factor to initiate a response. Reproduced from Hamel et al. (2012). 
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MAP kinases interact with the polarisome through their downstream effectors, such as 

the small GTPase Cdc42 (Atay and Skotheim, 2017). The polarisome is a key 

multiprotein complex involved in regulating the actin cytoskeleton and secretory 

machinery required for polarized hyphal growth. The associated exocyst is composed of 

proteins that regulate secretory vesicle docking and fusion with the plasma membrane 

(Riquelme et al, 2018). These protein complexes are in turn associated with the 

Spitzenkörper (Spk; Araujo-Palomares et al., 2009, Fig 1.8) which is a multi-component 

structure dominated by vesicles. It plays an intimate and crucial role regulating the 

morphogenesis and direction of growth of hyphal tip growth by regulating vesicle 

delivery to and from the apical regions of the hypha by regulating cell wall turnover in 

the region (Read, 2017; Riquelme et al., 2018; Riquelme and Martínez-Núñez, 2016). 

The Spk is present in mature A. fumigatus hyphae (personal observations). It is believed 

that tropic responses involving MAPK signalling pathways can affect the polarisome 

and Spk via downstream effectors thus changing the polarity axis of an extending 

hyphal cell. 

 

1.4.2 Small GTPase signalling and fungal cell tropisms 

It has been shown that an essential factor for establishment of cell polarity in 

filamentous fungi and yeasts is the small Rho-family small GTPase, Cdc42 (Harris, 

2011; Johnson and Pringle, 1990) by regulating the organization of the actin 

Figure 1.8 Organisation of hyphal tip polarity apparatus in (a) germ tubes and (b) 
mature hyphae. In germlings, the polarisome is distributed under the plasma 
membrane and is regulated by the MAPK signalling pathways and small GTPases, 
promoting nucleation of actin in the region. In mature hyphae the polarisome 
interacts downstream with the Spitzenkörper (Spk) which acts as a vesicle supply 
centre (VSC) to the tip. Hyphal tip extension and polarity maintenance rely on the 
balanced action between cell wall-loosening enzymes and cell wall-synthesizing 
enzymes delivered through vesicles at the apical region. Reproduced from Berepiki 
et al. (2011). 
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cytoskeleton (Spiering and Hodgson, 2011; Tapon and Hall, 1997). The Rho-family 

GTPases are anchored to the membrane lipid bilayer. They are activated by a guanine 

nucleotide exchange factor (GEF) and deactivated by a GTPase-activating protein 

(GAP). Among the targets of the activated Cdc42/Rho complex is the Ste20 

component of the MAPK signalling pathway (Tapon and Hall, 1997). 

 

In other fungal species there have been recent breakthroughs that shed some light to 

Cdc42 function and how it affects tropic growth. In C. albicans, Cdc42 along with Ca2+ 

influx are essential for the polarised growth during thigmotropisms and 

galvanotropisms (Brand et al., 2014). During galvanotropisms, Cch1 is activated, raising 

locally the influx of Ca2+. This leads to reinforcement of weak Cdc42 polarity signals 

resulting in change of growth towards the cathode (Fig. 1.9).  

 

In true filamentous fungi apart from the presence of the homologue to Cdc42, a Rac1 

Figure 1.9 Cdc42 signaling during galvanotropism. Cdc42-GDP is recycled in the 
cytosol, by Rdi1 or endocytosis and vesicle trafficking. During the latter case it is 
recruited back to the membrane by formin-nucleated actin cables to the membrane. 
Depolarisation of the membrane leads to accumulation of Cdc42 in the membrane, 
which leads to actin reorganisation and directed growth. Reproduced from Brand et 
al. (2014) 
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homologue also exists (Kwon et al., 2011). Rac1 is similar to Cdc42 and is responsible 

for regulation of morphogenesis functions in animal cells. Possibly due to the presence 

of Rac1, cdc42 null strains are not lethal, i.e. Cdc42 is not essential, while the cdc42 rac1 

double mutants are. A recent study has provided insight into the CDC-42 and RAC-1 

functionality during chemotropic responses in N. crassa (Lichius et al., 2014). In a wild 

type strain CDC-42 and RAC-1 are located in the apex of the tips of growing germ 

tubes, whereas in mature hyphae CDC-42 is more confinely localised to the apex in 

contrast to RAC-1 which forms an apical ring outside that region (Araujo-Palomares et 

al., 2011). Both deletion mutants show defects in polarity establishment during 

vegetative hyphal growth, however these mutations display distinct growth phenotypes. 

In Δrac-1 cells, initiation and maintenance of polarised growth of elongated germ tubes 

and mature hyphae could be observed. However, this is not the case in Δcdc-42 cells 

which are unable to establish and maintain a polar axis. Both mutants show an inability 

in forming CATs (Lichius et al., 2014). The conclusion of the later study was that while 

CDC-42 is sufficient for germ tube formation and growth while retaining self-

avoidance (negative chemotropism), RAC-1 is essential for CAT formation and fusion 

(positive chemotropism).   

 

Another important small GTPase in hyphal morphogenesis is Ras. In A. fumigatus, RasA 

regulates hyphal morphogenesis, polarity establishment and maintenance and stress 

response (Fortwendel et al., 2008, 2005, 2004). Its function is controlled similarly to the 

Rho GTPases with its own GEFs and GAPs and has been suggested that to regulate 

signalling through the Cdc42 and Rac1 pathways (Harris, 2011). A recent study has 

shown that the correct localisation of RasA in the plasma membrane is crucial for A. 

fumigatus growth, hyphal morphogenesis, cell wall integrity and virulence (Al Abdallah 

and Fortwendel, 2015). Spatial regulation of RasA is achieved through a series of post-

translation modification steps, such as farnesylation, palmitoylation and 

carboxymethylation. 

 

1.4.3 Calcium signalling 

Calcium signalling is a ubiquitous pathway in organisms which is being found to be 

involved in many cellular functions in fungi including growth, cell wall integrity and 

drug resistance.  
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As far as fungi are concerned, calcium signalling has been well-studied in S. cerevisiae. An 

increase in the intracellular Ca2+ concentration activates its primary intracellular chelator 

calmodulin. Once bound to Ca2+, calmodulin regulates are a large number of other 

proteins. One of its main target proteins is the Ca2+/calmodulin-dependent 

phosphatase calcineurin. The increase of the intracellular Ca2+ can be a result of ion 

influx through the Ca2+ transporter Cch1 or by release of calcium ions from internal 

stores such as the endoplasmic reticulum. Calcineurin’s substrate is the transcription 

factor Crz1 (calcineurin-responsive zinc finger 1), which is normally phosphorylated 

and located in the cytosol in its inactive form. Once it has been dephosphorylated by 

calcineurin it enters the nucleus and induces the Crz1-dependent genes (Thewes, 2014; 

Fig. 1.10).  

 

Studies in A. fumigatus have revealed an orthologue to Crz1, CrzA which is responsible 

for increased tolerance to high calcium and manganese concentrations (Soriani et al., 

Figure 1.10 Calcium signalling pathway in S. cerevisiae. Reproduced from Thewes 
(2014). 
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2008). Additionally, CrzA regulates conidial germination and hyphal growth as well as 

being an important virulence factor for the pathogenicity of the fungus (Cramer et al., 

2008). Even though CrzA is an important calcineurin substrate, it is not the only one 

affected during calcium signalling. The results from Almeida et al. (2013), investigating 

three genes that suppress the calcium intorelance in a crzAΔ strain, indicate that in 

Aspergillus nidulans there are responses that are calcineurin-dependent yet CrzA-

independent. Furthermore, the CkiA essential casein kinase transporter protein 

(Apostolaki et al., 2012) is implicated to participate in the calcium signalling pathway, 

yet its role is not yet fully understood. All in all, the final target of different signalling 

pathways during tropisms is the rearrangement of the actin microfilaments in response 

to the primary external signal. 

 

Evidence for calcium signalling in fungal cell tropisms have been found in relation to 

thigmotropisms, and galvanotropisms in Candida albicans (Fig. 1.3), as well as positive 

CAT tropisms (Hernandez-Ortiz et al., in prep). 

 

1.5 Volatile Organic Compounds (VOCs) as signal molecules 

in fungal development and growth 

As it has already been stated in section 1.3.6, Müller and Jaffe (1965) suggested that the 

signal molecule inducing negative autotropisms in Botrytis should be a diffusible, 

unstable and locally-effective compound. These properties are intrinsic to volatile 

organic compounds (VOCs), a class of low molecular weight, carbon-containing 

chemical compounds (Herrmann, 2010). In their review, Pennerman et al. (2016) 

summarise the diverse roles Aspergillus that VOCs have in the fungus’ lifestyle (Fig 

1.11).  

 

In recent years there has been rising interest in identifying volatiles which affect fungal 

growth and development (Leeder et al., 2011; Ugalde, 2006; Ugalde and Rodriguez-

Urra, 2014) and microbial interactions (Jones and Elliot, 2017). Notable cases of the 

latter involve the stimulation of growth of Aspergillus fumigatus by volatiles emitted by 

the Gram negative bacterium Pseudomonas aeruginosa, possibly through dimethyl sulfide 

(Briard et al., 2016). On the contrary, co-cultivation of A. nidulans with C. albicans results 

in growth inhibition of the former in a way that resembles farnesol-induced apoptosis 

(Semighini et al., 2006). These findings are of significant importance for three main 

reasons: a) they show that microbes can interact at a distance through the air via 
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volatiles, b) this communication can be intra- or inter-kingdom, c) in the context of 

fungal infections, this communication has implications on how we understand fungal 

interactions during the infection and disease, as they can potentially be signal initiators 

for the formation of biofilms, a developmental stage in which fungi can thrive and 

survive. The biofilm phenotype of the fungus is refractory to most conventional 

antifungal treatment options, due to the inability of agents to properly kill the fungal 

biomass inside the biofilm (Mowat et al., 2008). 

 

All in all, although steps have been made towards the identification of VOCs involved 

in fungal development, their implications in cell-cell communication and what 

downstream signalling pathways they activate are only now beginning to be understood.  

 

1.6 Research aims of this thesis 

It is evident that despite the fact the negative cell autotropisms in filamentous fungi are 

ubiquitous, having first been observed and described in the late 19th century, little 

knowledge has been gathered regarding the signalling machinery responsible for this 

kind of response. The main objective of the research described in this PhD thesis was 

Figure 1.11 VOCs in Aspergillus are primarily studied for the application in 
industry, but interest has arisen in their role in inter-microbial communication. 
Reproduced from Pennerman et al. (2016) 
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to investigate negative autotropisms in A. fumigatus and elucidate the signalling which is 

responsible for these responses. The main questions addressed in the research 

described in were: 

(1) Are negative cell tropisms observed in A. fumigatus? If so, at which 

developmental stage(s) are they prevalent? 

(2) Can any small extracellular molecules be identified that act as signals for this 

tropism? 

(3) What is the downstream signalling machinery involved in this kind of tropic 

response? 

Chapter 2 describes the materials and methods used in my thesis research. 

Chapter 3 describes the approach undertaken during this PhD project with the aim to 

establish a consistent quantification method for the self-avoidance phenomenon during 

the emergence of germ tubes from conidia of A. fumigatus. The approach was also 

applied to quantifying germ tubes invading the agar substratum by A. fumigatus 

germinating hyphae under different conditions. All experiments were carried out using 

live-cell imaging. 

Chapter 4 focuses on attempts to identify the signal molecule responsible for self-

avoidance. Different chemical compounds with reported roles in the fungal germination 

and development were screened and assessed for their impact, if any, on self-avoidance. 

Secondly, I analysed the volatome of A. fumigatus in culture using mass spectroscopy. I 

also describe the development of a new sampling methodology for mass spectroscopy 

to assess the qualities of the fungal headspace. By sampling the wild type and a mutant 

fungal strain with metabolic deficiencies I aimed to answer what the candidate signal 

molecules would be, by analysing if there are any qualitative similarities between the 

volatomes of A. fumigatus wild type and a metabolically deficient strain which exhibits 

self-avoidance. 

Chapter 5 details the mechanistic investigation of the signalling mechanism involved in 

self-avoidance. My aim was to screen known homologue proteins from genomic knock-

out libraries of A. fumigatus and find whether the self-avoidance response is severely 

hindered, indicating the likely participation of the corresponding signalling pathway. To 

this end, the full kinase KO library of A. fumigatus was screened, along with select G-

protein coupled receptor (GPCR) knockout mutants, using live-cell imaging. 
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2.1 Chemicals 

All chemicals and reagents used in this study were purchased from Sigma 

(http://www.sigmaaldrich.com/united-kingdom.html), unless otherwise stated.  

 

2.2 Handling of microorganisms 

The wild type and all genetically modified (GM) Aspergillus fumigatus strains were 

considered class 2 containment level organisms for the purposes of handling and 

manipulations. Microbiological handling was carried out using established techniques 

under fully sterile conditions following the general guidelines and regulations set by the 

Health and Safety Executive (http://www.hse.gov.uk/biosafety/GMO/) and applied 

by the University of Manchester. Decontamination of the microbiological laminar flow 

cabinet Bio2+ (ENVAIR, UK) before and after handling of microorganisms was 

achieved by thorough wiping with 1:100 Chemgene HDL4H (Medimark Scientific, UK) 

and subsequent wiping with 70% w/w industrial methylated spirit (IMS, Fischer 

Scientific, UK).  

 

2.3 Fungal strains 

All strains used in this work are listed in Table 2.1. The wild type strain used for this 

study was A. fumigatus CEA10 (Fedorova et al., 2008; Girardin et al., 1993; Monod et al., 

1993). The gfp::pyrG strain is a strain which expresses the Green Fluorescent Protein 

(GFP) constitutively in the cytoplasm under control of the A. fumigatus β-tubulin 

promoter (benAp). Its parental strain is CEA17 a strain which carries mutations in it 

orotidine-5΄-decarboxylase gene (pyrG) resulting in the strain being auxotrophic for 

uracil and uridine (D’Enfert, 1996). Strains with assigned numbers 4-94 are kinase 

knockout mutants generated by Furaiji et al. (unpublished) in the Manchester Fungal 

Infection Group (MFIG). Their parental strain was FGSC A1160p+ (ΔakuBKU80::pyrG1 

pyrG- MAT1-1) (Fraczek et al., 2013). The deletion of akuBKU80 gene encodes for a DNA 

repair protein which promotes non-homologous end joining of DNA strands; its 

deletion results in high percentage of homologous DNA recombination (da Silva 

Ferreira et al., 2006). Deletion of the genes encoding for the predicted kinases was 

achieved by insertion of the hph cassette encoding for the hygromycin B 

phosphotransferase gene (the knockout mutants are resistant to hygromycin B). Strains 

95-110 are seven-transmembrane G-protein coupled receptor knockout mutants of A. 

fumigatus, which were kindly provided by the Axel Brakhage group (Ηans Κnöll 
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Institute, Jena). The ΔpptA strain is a mutant strain carrying a deletion of the 

phosphopantetheinyl transferase, PptA, as well as being auxotrophic to lysine and iron 

ions (Allen et al., 2011; Johns et al., 2017).  

 

Table 2.1 Fungal strains used during this study. 

# Strain Locus Genotype Source 

1 CEA10 - Wild type, MAT1-1 
MFIG 

Collection 

2 gfp::pyrG - pyrG- benAp::gfp::pyrG1 
MFIG 

Collection 

3 
FGSC A1152 

(CEA17) 
- pyrG- 

MFIG 
Collection 

4 FGSC A1160 - ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

5 - AFUB_045810 
ΔAFUB_045810::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

6 - AFUB_021710 
ΔAFUB_021710::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

7 - AFUB_053300 
ΔAFUB_053300::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

8 - AFUB_032300 
ΔAFUB_032300::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

9 - AFUB_026400 
ΔAFUB_026400::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

10 - AFUB_044560 
ΔAFUB_044560::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

11 - AFUB_030660 
ΔAFUB_030660::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

12 - AFUB_052450 
ΔAFUB_052450::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

13 - AFUB_041010 
ΔAFUB_041010::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

14 - AFUB_043130 
ΔAFUB_043130::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

15 - AFUB_010510 
ΔAFUB_010510::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

16 - AFUB_029710 
ΔAFUB_029710::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

17 - AFUB_018770 
ΔAFUB_018770::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

18 - AFUB_020560 
ΔAFUB_020560::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

19 - AFUB_029320 
ΔAFUB_029320::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

20 - AFUB_025560 
ΔAFUB_025560::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

21 - AFUB_038630 
ΔAFUB_038630::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

22 - AFUB_029240 
ΔAFUB_029240::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

23 - AFUB_016170 
ΔAFUB_016170::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

24 - AFUB_048440 
ΔAFUB_048440::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 
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# Strain Locus Genotype Source 

25 - AFUB_013090 
ΔAFUB_013090::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

26 - AFUB_006780 
ΔAFUB_006780::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

27 - AFUB_053440 
ΔAFUB_053440::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

28 - AFUB_039620 
ΔAFUB_039620::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

29 - AFUB_045840 
ΔAFUB_045840::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

30 - AFUB_051750 
ΔAFUB_051750::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

31 - AFUB_026080 
ΔAFUB_026080::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

32 - AFUB_029820 
ΔAFUB_029820::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

33 - AFUB_027640 
ΔAFUB_027640::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

34 - AFUB_038060 
ΔAFUB_038060::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

35 - AFUB_001600 
ΔAFUB_001600::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

36 - AFUB_053500 
ΔAFUB_053500::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

37 - AFUB_018600 
ΔAFUB_018600::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

38 - AFUB_010360 
ΔAFUB_010360::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

39 - AFUB_044400 
ΔAFUB_044400::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

40 - AFUB_028770 
ΔAFUB_028770::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

41 - AFUB_036500 
ΔAFUB_036500::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

42 - AFUB_023730 
ΔAFUB_023730::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

43 - AFUB_027480 
ΔAFUB_027480::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

44 - AFUB_030570 
ΔAFUB_030570::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

45 - AFUB_053520 
ΔAFUB_053520::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

46 - AFUB_039100 
ΔAFUB_039100::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

47 - AFUB_007300 
ΔAFUB_007300::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

48 - AFUB_014350 
ΔAFUB_014350::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

49 - AFUB_006320 
ΔAFUB_006320::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

50 - AFUB_052630 
ΔAFUB_052630::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

51 - AFUB_035220 
ΔAFUB_035220::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

52 - AFUB_019930 
ΔAFUB_019930::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 
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53 - AFUB_017750 
ΔAFUB_017750::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

54 - AFUB_011380 
ΔAFUB_011380::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

55 - AFUB_027890 
ΔAFUB_027890::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

56 - AFUB_056020 
ΔAFUB_056020::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

57 - AFUB_089870 
ΔAFUB_089870::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

58 - AFUB_059390 
ΔAFUB_059390::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

59 - AFUB_059540 
ΔAFUB_059540::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

60 - AFUB_059090 
ΔAFUB_059090::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

61 - AFUB_066150 
ΔAFUB_066150::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

62 - AFUB_071620 
ΔAFUB_071620::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

63 - AFUB_056110 
ΔAFUB_056110::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

64 - AFUB_082700 
ΔAFUB_082700::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

65 - AFUB_072650 
ΔAFUB_072650::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

66 - AFUB_073970 
ΔAFUB_073970::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

67 - AFUB_078810 
ΔAFUB_078810::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

68 - AFUB_093160 
ΔAFUB_093160::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

69 - AFUB_075210 
ΔAFUB_075210::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

70 - AFUB_090090 
ΔAFUB_090090::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

71 - AFUB_078920 
ΔAFUB_078920::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

72 - AFUB_066030 
ΔAFUB_066030::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

73 - AFUB_095720 
ΔAFUB_095720::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

74 - AFUB_060320 
ΔAFUB_060320::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

75 - AFUB_087320 
ΔAFUB_087320::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

76 - AFUB_078980 
ΔAFUB_078980::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

77 - AFUB_053960 
ΔAFUB_053960::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

78 - AFUB_070630 
ΔAFUB_070630::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

79 - AFUB_072800 
ΔAFUB_072800::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

80 - AFUB_072000 
ΔAFUB_072000::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 
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81 - AFUB_095640 
ΔAFUB_095640::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

82 - AFUB_087120 
ΔAFUB_087120::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

83 - AFUB_075350 
ΔAFUB_075350::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

84 - AFUB_054020 
ΔAFUB_054020::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

85 - AFUB_081540 
ΔAFUB_081540::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

86 - AFUB_055480 
ΔAFUB_055480::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

87 - AFUB_056640 
ΔAFUB_056640::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

88 - AFUB_074550 
ΔAFUB_074550::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

89 - AFUB_098230 
ΔAFUB_098230::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

90 - AFUB_099170 
ΔAFUB_099170::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

91 - AFUB_096030 
ΔAFUB_096030::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

92 - AFUB_096080 
ΔAFUB_096080::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

93 - AFUB_099990 
ΔAFUB_099990::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

94 - AFUB_006190 
ΔAFUB_006190::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

95 - AFUB_089280 
ΔAFUB_089280::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 

96 ΔgprA AFUB_034900 
ΔgprA::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

97 ΔgprB AFUB_055410 
ΔgprB::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

98 ΔgprC AFUB_090350 
ΔgprC::AnpyrG ΔakuBKU80 

pyrG- 
   Ηans Κnöll 
Institute (ΗΚΙ) 

99 ΔgprD AFUB_028290 
ΔgprD::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

100 ΔgprF AFUB_052610 
ΔgprF::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

101 ΔgprG AFUB_011350 
ΔgprG::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

102 ΔgprJ AFUB_007220 ΔgprJ::AnpyrG ΔakuBKU80 pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

103 ΔgprH AFUB_052640 
ΔgprH::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

104 ΔgprI AFUB_047630 ΔgprI::AnpyrG ΔakuBKU80 pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

105 ΔgprL AFUB_046660 
ΔgprL::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

106 ΔgprK AFUB_101830 
ΔgprK::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

107 ΔgprM AFUB_090880 
ΔgprM::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

108 ΔgprO AFUB_038590 
ΔgprO::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 



Chapter 2 – Materials and Methods 

 

76 

# Strain Locus Genotype Source 

109 ΔgprP AFUB_073100 
ΔgprP::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

110 ΔgprT AFUB_096360 
ΔgprT::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

111 ΔnopA AFUB_088000 
ΔnopA::AnpyrG ΔakuBKU80 

pyrG- 
Ηans Κnöll 

Institute (ΗΚΙ) 

112 ΔpptA AFUB_024520A 
ΔAFUB_024520A::hph 

ΔakuBKU80::pyrG1 pyrG- MAT1-1 
MFIG 

Collection 
 

2.4 Culture media and growth conditions 

Handling of microorganisms is described in section 2.2. Nutrient media for A. fumigatus 

were prepared according to Table 2.2 (Vogel, 1956). Aspergillus media were based on 

protocols detailed by Arst and Cove, 1973 and Pontecorvo et al., 1953. For experiments 

involving solid media, 1.5% w/v agar (Oxoid No1, ThermoScientific, UK) was added 

before autoclaving. Salt, vitamin and trace elements solutions were kept refrigerated for 

preservation and used as needed. For the cultivation of the ΔpptA strain lysine and iron 

sulphate (FeSO4) were added as supplements to the medium to a final concentration of 

100 μM and 10 μM, respectively. 

 

To obtain A. fumigatus spores, strain isolates were streaked in tissue culture flasks 

containing up to 10 ml of either Aspergillus Complete Media Agar (ACMA) or 

Sabouraud Dextrose Agar (SDA, OXOID, Thermo Fischer Scientific, UK), and 

incubated for 5 days at 37 ºC or until confluent mycelial growth was observed. 

Subsequently, 10 ml of sterile saline-Tween20 solution (0.9% NaCl, 0.05% v/v 

Tween20) was pipetted into each flask, followed by vigorous shaking of the sealed-tight 

flask to obtain a saturated spore suspension. Spore suspensions were subsequently 

filtered through two layers of sterile Miracloth® (Calbiochem, UK) into 15 ml 

Corning™ Falcon™ conical centrifuge tubes and were centrifuged at 4,000 rpm for 10 

min at room temperature (RT). The supernatant was discarded, and the precipitate was 

resuspended in 1 ml of 0.05% Saline-Tween20. Spore concentration was measured 

using a 0.200 mm depth haemocytometer (Fuchs-Rosenthal, VWR) with a conventional 

benchtop optical microscope and adjusted according to requirements of individual 

experiments. 

 

For short term storage, tissue culture flasks containing confluent mycelium or 

Corning™ Falcon™ tubes with spore suspensions were stored at 4 ºC. Long term 

storage of strains was achieved by mixing 1 ml of spore suspension with 500 μl of 
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100% sterile glycerol in sterile CryoTubes (Nunc, Thermo Fischer Scientific, UK) and 

stored at -80 ºC. 

Table 2.2 Media and stock solutions for culturing of fungal strains 

Media/Stock solution 
(final volume) 

Component Quantity 

Aspergillus Complete 
Medium (ACM) (1 L) 

Adenine (add, until completely dissolved) 0.075 g 
Glucose 25 g 

 Yeast extract 1 g 
 Bacteriological Peptone 2 g 
 Casamino acids 1 g 
 100x Vitamin Solution 10 ml 
 50x Salt Solution 20 ml 
 Ammonium tartrate (from 500mM stock) 10 ml 
 pH 6.5 with 10 M NaOH 
  

Aspergillus Minimal 
Medium (AMM) (1 L) 

Glucose 10 g 
Biotin Solution (0.1 mg/ml, 4 C) 10 ml 

 Salt Solution 20 ml 
 Ammonium tartrate (from 500mM stock) 10 ml 
 pH 6.5 with 10 M NaOH 
 

50x Aspergillus Salt 
solution (1 L) 

KCl (Potassium chloride) 26 g 
MgSO4·7H2O (Magnesium dihydrogen heptahydrate) 26 g 

 KH2PO4 (Potassium dihydrogen orthophosphate) 76 g 
 Trace element solution 50 ml 
 Chloroform (functions as preservative) 1.5 ml 
 

100x Vitamin Solution 
(1 L) 

4-aminobenzoic acid (PABA) 400 mg 
Thiamine 50 mg 

 Biotin 1 mg 
 Inositol 24 g 
 Nicotinic acid 100 mg 
 Panto (DL-pantothenic acid) 200 mg 
 Pyridoxine  250 mg 
 Riboflavin 100 mg 
 Choline chloride 1.4 g 
   

Trace Elements 
Solution (1 L) 

Na2B4O7·10H2O (di-sodium tetraborate decahydrate) 40 mg 
CuSO4·5H2O (cupric sulphate pentahydrate) 400 mg 

 FePO4·2H2O (ferric orthophosphate dihydrate) 800 mg 
 MnSO4·2H2O (manganese sulphate dihydrate) 800 mg 
 Na2MoO4·2H2O (sodium molybdate dihydrate) 800 mg 
 ZnSO4·7H2O (zinc sulphate heptahydrate) 8 g 
 

Vogel's Medium 
(VM) (1 L) 

50x Vogel's Salts 20 ml 

 Sucrose 15 g 
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Media/Stock solution 
(final volume) 

Component Quantity 

50x Vogel’s Salts (1 L) Na3Citrate·5.5H2O 150 g 
 KH2PO4 (Potassium dihydrogen orthophosphate) 250 g 
 NH4NO3 (Ammonium nitrate) 100 g 
 MgSO4·7H2O (Magnesium dihydrogen heptahydrate) 10 g 
 CaCl2·2H2O (Calcium chloride dihydrate) 5 g 
 Vogel's Trace Elements 5 ml 
 Biotin Solution (0.1 mg/ml, 4 C) 2.5 ml 
 Chloroform (functions as preservative) 2 ml 
  

Vogel's Trace 
Elements (100 ml) 

Citric acid monohydrate 5 g 
ZnSO4·7H2O (zinc sulphate heptahydrate) 5 g 

Fe(NH4)2(SO4)2·6H2O(Ammonium iron(II) sulphate) 1 g 
 CuSO4·5H2O (copper sulphate pentahydrate) 0.25 g 
 MnSO4·1H2O (manganese sulphate monohydrate) 0.05 g 
 H3BO3 (boric acid) 0.05 g 
 Na2MoO4·2H2O (sodium molybdate dihydrate) 0.05 g 
 Chloroform 2 ml 
  

 

2.5 Livecell imaging 

2.5.1 Sample preparation 

All live-cell imaging experiments were carried out either using the “inverted agar block 

method” or by imaging spores grown in liquid media in 8-well μ-slide culture chambers 

(Ibidi USA Inc.).  

 

For the inverted agar block method (Hickey et al., 2002; Fig 2.1), 4-5 μl droplets 

containing 3x105 fungal spores/ml were inoculated in a 35mm x 10mm treated 

polystyrene petri dish (Corning Inc.) containing 3 ml of either AMMA or VMA (to limit 

substrate autofluorescence). The spore concentration was chosen for optimal 

germination rates according to Araujo and Rodrigues (2004). Plates were incubated for 

8-12 h at 37 ºC, depending on the purpose of individual experiments. An agar block of 

approximately 1 cm3 was cut with a scalpel and was placed inverted on top of 

approximately 40 μl of medium placed on a 48 mm x 64 mm No 1.5 glass coverslip 

(Agar Scientific, UK). If the droplet contained any fluorescent stains (section 2.6.2), the 

block was left for 10 minutes for the stain to take effect before imaging. 

 

Imaging of 8-well μ-slide culture chambers were conducted by injecting 200 μl of media 

containing fungal spores (final concentration 3x105) in each well. The μ-slide culture 
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chambers were subsequently incubated for 8-12 h at 37 ºC. Staining of cells, when 

required, was achieved by slowly dropping 100 μl of the stain (3X of the final 

concentration) in the desired well and incubating for 20 min, before imaging. 

 

In experiments involving fluorescent microbeads, Flash Red Microspheres (nominal 

diameter = 7.5 μm, exc./emm. = 660/690, cat. No. FSFR007, Bangs Laboratories, Inc) 

were mixed at a 1:1 ratio with spores giving a final combined spore/microbead 

concentration of 3 x 105. These samples were then incubated for 8-10 h at 37 ºC, before 

imaging. In nitric oxide (NO) scavenging experiments, spores were inoculated as 

described and the NO scavenger 2-Phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-

oxide (PTIO) was injected in the mixture at the desired concentration (50-500 μM). 

Spore germination was subsequently imaged at 37 ºC at a time-lapse experiment.  

 

2.5.1.1 Chemical gradient plate assays 

To assess the effects of chemical compounds on the germination of spores and 

induction of avoidance by young hyphae, a chemical compound gradient assay was 

generated in a 9 cm Petri dish containing Aspergillus Minimal Medium Agar (AMMA). 

To this end, 3 x 105 spores (final volume = 0.5 ml) were spread on AMMA with the use 

of a plastic spreader and left to dry. Subsequently, a Whatman® Antibiotic Assay Disc 

(6 mm, Sigma-Aldrich) was placed securely at the centre of the inoculated Petri dish. 

This filter disc contained 10 μl of the compound to be assayed (Table 2.3). All chemical 

compounds were diluted in appropriate organic solvents (either ethanol or chloroform 

which also served as controls) to a final concentration of 1 M. The Petri dishes were 

incubated at 37 °C for 24 h and observed using stereomicroscopy. For conventional 

Figure 2.1 The inverted agar block method for live-cell imaging of fungal cells. 
Reproduced from Dahms and Czymmek (2015) 
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photography of fungal colonies an Olympus OM-D E-M1 camera with an attached 

Olympus M.Zuiko Digital ED, 12-40 mm, f/2.8 Pro lens was fixed on a column 35 cm 

above the plates. The lens focal length was adjusted at 25 mm to minimize spherical 

aberrations (ISO200, f/5.6, aperture priority mode).  

 

To test if the chemical gradients affected leading vegetative hyphae at the periphery of a 

colony, 5 μl of AMM containing 3x105 spores/ml were inoculated on a Petri dish 

containing AMMA and incubated for at least 48 h at 37 °C. Subsequently, a Whatman® 

Antibiotic Assay Disc (6 mm, Sigma-Aldrich), containing 10 μl of 1M the compound to 

be tested, was placed 1 cm away from the edge of the colony, and the fungal colonies 

further incubated for 24 h at 37 °C. Petri dishes with the fungal colonies were imaged 

using stereomicroscopy and conventional photography. 

 

Table 2.3 Chemical compounds used for gradient plate assays 

Molecule Structure Group 
MW  

(g/mol) 

Hydrogen Peroxide 
Reactive 
Oxygen 
Species 

34.014 

Dimethyl sulfoxide 
(DMSO) 

 

Sulfoxide 78.129 

trans,trans-2,4-
hexadienal  

Aldehyde 96.129 

phenylethyl alcohol Aromatic 
alcohol 

122.167 

1-Octen-3-ol Fatty alcohol 128.215 

3-Octanone Ketone 128.215 

1-Octanol  Fatty alcohol 130.231 

2-(4hydroxyphenyl) 
ethanol 

 

Aromatic 
alcohol 138.166 
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Molecule Structure Group 
MW  

(g/mol) 

Nonanoic acid 
Carboxylic 

acid 158.241 

Tryptophol 
Aromatic 
alcohol 161.20 

Farnesol 
 

Sesquiterpene 
alcohol 222.37 

 

2.5.2 Proteins and dyes used for fluorescence microscopy 

A variant of the wild type Green Fluorescent Protein (GFP) was used in the gfp::pyrG 

strain. This superfolder GFP (sGFP, Cava et al., 2008) displays excitation/emission 

maxima at 489 nm and 509 nm respectively, and was constitutively expressed in the 

cytoplasm (section 2.3). 

 

Fluorescent dyes serving as specific markers for cell compartments were used to stain 

fungal cells depending on experimental needs (Hickey et al., 2004). Stock solutions were 

prepared in the organic solvent dimethyl sulfoxide (DMSO), and further diluted when 

applied to cells before imaging. Dyes used in this study along with their properties and 

targets are summarised in Table 2.4. Concentration denotes the final concentration in 

the cell suspension for each dye. As a general principle, staining with dyes was achieved 

by incubation for at least 20 min prior to observation. Excitation and emission spectra 

for all fluorescent proteins and dyes were validated using the λΛ-scan function (lambda-

Lambda-scan) of the Leica TCS SP8X confocal microscope.  

Table 2.4 Fluorescent dyes used in this study. 

Dye Target/Marker of Concentrations

Excitation 

wavelengths 

(nm) 

Emission 

wavelengths 

(nm) 

Calcofluor White 

(Fluorescent 

brightener 28) 

Cell wall chitin 1 μg/ml 405 450-550 

Propidium iodide Cell death 5 μg/ml 543 >550 

FM4-64 Lipid membranes 5 μΜ 515 >550 
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2.5.3 Confocal LaserScanning Microscopy (CLSM) 

Live-cell imaging of fungal cells at high resolution was performed using a laser-scanning 

confocal microscope (Leica, TCS SP8X), which was mounted on an inverted 

microscope and equipped with a blue diode 405 laser, argon ion laser (457 nm, 476 nm, 

488 nm and 514 nm), and a tuneable white light laser (400 nm-700 nm). Simultaneous 

brightfield images were captured with a transmitted light detector. The laser intensity 

and laser exposure to the cells were kept to a minimum to reduce photobleaching and 

phototoxic effects. A 40x/0.85 Numerical Aperture (NA) dry, a 63x/1.4 NA water, and 

a 63x/1.4 HC PL AP CS2 Oil objective lens were used. Imaging was carried out at 

room temperature, and for time-lapse experiments at 37°C in a microscope 

temperature-controlled chamber (Cube & Box, CH). Confocal images were captured 

using the Leica Application Suite X (LAS X).  

 

For medium to high-throughput imaging of cells grown in 8-well chamber slides, the 

MATRIXscreener module of the Leica SP8 was used. This allowed the capture of 

multiple fields of view (FOV) in a single well-based on the algorithm chosen. For my 

experimental purposes, the Multiple Regular Matrices pattern was chosen which 

allowed the scanning of multiple equidistant scan-fields in a single well and across 

multiple equidistant wells. The 40x/0.85 NA dry lens was used for the MATRIX screen 

exclusively to minimise image aberrations caused by the evaporation of the immersion 

liquid.  

 

2.5.4 Stereomicroscopy 

A Leica MZ FLIII optical stereomicroscope was used for low magnification imaging of 

hyphae at the periphery of fungal colonies. Magnification used ranged from 0.75X to 

6.3X. Mirrors and lighting were adjusted appropriately to generate a shadow effect 

resembling differential interference contrast (DIC). Images were captured using an 

attached Retiga6000 Monochrome CCD (charge-coupled device) camera (QImaging, 

Can) controlled by the MicroManager v1.4.22 programme (open-source software based 

on ImageJ). Images were saved as 12-bit lossless TIFF format.  

 

2.5.5 Light Sheet Fluorescence Microscopy (LSFM) 

To image germinated spores inside solidified agar Light Sheet Fluorescence Microscopy 

(LSFM) was used. Since a thin slice of the sample is illuminated by a sheet of light, the 
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main advantage of LSFM over CLSM is that it allows deep penetration of the excitation 

(provided that the sample is clear), has significantly higher acquisition speeds (100-1000 

times faster) and causes reduced damage by irradiation of the samples (Fadero et al., 

2018). For my experimental purposes a 2 mm agar column sample was imaged in its 

entirety. 

 

Sample were prepared as follows: 2 mm suction capillary columns (Zeiss) were used to 

suck liquid AMMA containing low gelling point agarose instead of agar (4% w/v). The 

reasons for choosing low gelling point agarose was because a) it does not polymerise 

rapidly/immediately when making contract with the capillary walls, b) it produces 

images of far superior optical clarity than agar in LSFM due to limited interference with 

the light sheet. The nutrient substrate was left to solidify and then the upper tip was cut 

with a sharp razor blade to cut off the meniscus formed to produce a flat surface. 

Subsequently, 3 μl of AMM (liquid) containing 3 x 105 gfp::pyrG spores/ml were placed 

Figure 2.2 Selective plane illumination microscopy (SPIM) during light sheet 
microscopy imaging. The medium with agarose (2 mm thick in diameter) was 
pushed outside the capillary and was exposed in a chamber filled with media. Light 
sheet illumination was used for excitation of the sample with the microscope 
objective being perpendicular to the light sheet at all times. The sample was rotated 
to image from all sides, and the image was reconstructed using the ZEN software. 
Reproduced from Huisken et al. (2004). 
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at the top of the capillary and left to dry. Afterwards, AMMA (with low gelling point 

agarose 1.5% w/v) was sucked into the capillary and left to solidify. With this 

preparation the spore suspension became concentrated at the interface of the two 

media with different agarose concentrations, thus different stiffness.  

 

Imaging of the capillary samples was performed in a Zeiss Z.1 Light Sheet Microscope 

using the selective/single plane illumination microscopy method (SPIM, Huisken et al., 

2004; Fig. 2.2). The chamber in which the sample was immersed was filled with fresh, 

sterile AMM. The W Plan-Apochromat 20x/1.0 NA lens was used, along with a 488-60 

nm LASER and LBF 405/488/561 beam splitter filter. An AxioCam ICm1, controlled 

by the ZEN software (Zeiss) was used to detect fluorescence signals. 

 

2.5.6 Microscopy Image Analysis  

All images acquired by CLSM and LSFM were processed and analysed using the Imaris 

4D image analysis suite v8.0 (Bitplane AG) or Leica Application Suite X (LAS X). 

Segmentation of 4D-stacks obtained by CLSM was achieved using the FilamentTracer, 

Spots, or Surfaces functionalities in Imaris, with default settings, fine tuning the 

thresholds to reduce background when needed.  

 

Stereomicroscopy images were processed with the FIJI freeware software suite. Images 

were converted to from 12-bit to 8-bit and adjustments were made in the 

brightness/contrast ratio and dynamic range. Gamma was not adjusted in any image. 

All images and photos were further processed and sorted without any retouching in 

Adobe Photoshop CS6 and Adobe Illustrator CS6. 

 

2.6 Mass spectroscopy methods 

2.6.1 Fungal headspace analysis 

A novel method of headspace extraction and analysis involving mass spectroscopy was 

developed to investigate the Volatile Organic Compounds (VOCs) secreted by A. 

fumigatus. The methodology is summarised in Figure 2.5 at the end this section. 
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2.6.1.1 Headspace sampling apparatus 

For the headspace sampling, 50 ml Büchner filter flasks (Scientific Glass Laboratories 

Limited, Stoke-on-Trent, UK) containing 10 mL of solid Aspergillus minimal media 

(AMMA) were inoculated with 1 mL of conidial suspension containing a total of 3 x 105 

spores. After gentle shaking to ensure the suspension has covered the entirety of the 

medium surface, the flasks were sealed and placed in incubation at 37 °C.  

 

The headspace sampling apparatus was made of inert material. The headspace chamber 

was composed of the glass flasks, where the flask opening was sealed with a 

polytetrafluoroethylene (PTFE) stopper (Sigma Aldrich, Gillingham, UK). A hollow 

stainless-steel tube was fixed through the PTFE stopper and exposed within the 

headspace chamber. VOC samples were trapped on a sorbent tube fixed onto a three-

way stainless-steel ball valve (Thames Restek, Saunderton, UK) attached to the outside 

part of the exposed hollow tube. In addition to quartz wool and gauzes within the 

hollow tube (Sigma Aldrich, Gillingham, UK), this set up prevented any fungal conidia 

from attaching to the outside of the sample sorbent tube. PTFE tape was used to seal 

and prevent gas leaks (Fig. 2.3). 

Figure 2.3 Experimental setup of the headspace sampling apparatus. A flask (1) 
containing the media with the fungal samples was sealed with a PTFE stopper (2) to 
prevent any gas leaks. The three-way stainless valve (3) was used to direct flow 
accordingly. A tube was placed to gather any VOCs passively up until the sampling 
time point (4) at which point the valve was switched to permit flow to the active 
sampling tube (5). Active sampling was achieved by vacuum suction by the Acti-
VOC low-flow pump at 50 ml/min to avoid turbulence and VOC degradation. 
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Stainless steel sorbent tubes packed with a multi-sorbent bed consisting of Tenax TA, a 

registered trademark of the poly(2,6-diphenyl-p-phenylene oxide) porous polymer resin, 

and Carbograph 5TD (medium/strong sorbent of light hydrocarbons) were used for 

capturing headspace and quality control samples (Fig. 2.4). The detection range of 

VOCs for such tubes is C2-C30. Tubes were conditioned between use at 330 °C for 60 

min with a constant dry N2 flow of 100 ml/min through the tubes and limited to a 

maximum number of 100 thermal cycles. Sorbent tubes were tightly sealed with brass 

caps outside of sampling, conditioning, and desorption. Tubes were transported to and 

from the fungal laboratory in a protected container and were stored at 4°C after sample 

collection for no longer than one week before desorption. 

 

2.6.1.2 Headspace sampling 

During active sampling, headspace gas was drawn out using a low-flow pump (Acti-

VOC, Markes International, Llantrisant, UK) at a flow rate of 50 mL/min for 2 min 

(expected total volume sampled was up to 100 ml). Headspace was sampled at two time 

points for germination (0 to 8 h) and maturation or conidiation (12-24 h) for all fungal 

strains and media samples. Passive sampling (i.e. diffusive sampling) was performed 

between 0 and 8 h, and 12-24 h. Passive sampling relied upon reaching a pressure-

dependant equilibrium i.e. between the atmospheric pressure within the headspace 

chamber and the external atmospheric pressure. In theory, headspace gas is drawn out 

of the chamber with minimal flow (generated by increased pressure), where VOCs are 

adsorbed onto the sorbent material.  

 

After culture headspace sampling flasks were treated with Chemgene HLD4D 

Figure 2.4 Stainless steel sorbent tubes used during the fungal headspace sampling 
and analysis. The orifice caps were removed during sampling, and headspace gas was 
collected either passively or sucked through the tube and bound to the TenaxTA 
(here Tenax-GR) resin (reproduced from Markes website). 
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(Medimark Scientific, UK) for 24 h. After heating to bring the contained medium to a 

melting point, the medium was discarded, the flasks thoroughly washed with tap water, 

rinsed with Milli-Q water and autoclaved to be used for subsequent sampling 

experiments.  

 

2.6.2 Sample analysis 

All sample analysis was carried out by Dr Iain White (Fowler Group, Manchester 

Institute of Biotechnology, University of Manchester). Samples were analysed in 

randomised intra-experimental blocks by TD-GC-ToF-MS (GCT Premier, Waters 

Corporation, Manchester, UK). Briefly, sorbent tubes were heated to 320 °C (5 min 

hold) before being purged with helium (1 ml/min). Compounds were transferred onto 

a cold trap (kept at 0 °C) before being desorbed a second time to 330 °C (3 min hold) 

and transferred into the GC column for separation. The DB-5ms Ultra Inert GC 

column (30 m length, 0.25 mm internal diameter, 0.25 μm film thickness) had a helium 

carrier gas flow set to a constant pressure method (69 kPa), and was subjected to a 

temperature ramped program starting at 40 °C, first ramp to 170 °C at 6 °C/min, and 

the second ramp to 250 °C at 15 °C/min (total GC run time of 27 min).  

 

After chromatographic separation, VOCs were transferred to the mass spectrometer 

and subjected to electron ionisation in positive mode (70eV) before further separation 

in the time-of-flight mass analyser. Mass spectra were acquired in centroid format, at a 

rate of 10 scans/s over an m/z range of 40 to 500 Da. Each sample included an internal 

standard (4-bromofluorobenzene in N2) and each run included a minimum of two 

external standard mixtures at the start and end of a run, or every block of 10 samples in 

a continuous run. All samples were desorbed twice to prevent carry-over.  

 

2.6.3 Data analysis 

Raw gas chromatography-mass spectroscopy (GC-MS) data files were converted to 

mzXML format. Samples were pre-processed (peak integration and smoothing, baseline 

correction, and retention time alignment) using both the XCMS package (Smith et al., 

2006) through R software (R Core Development team, version 3.4.2) and Chromalynx 

batch analysis using the ApexTrack peak integration algorithm (Masslynx software, 

Waters Corporation, Manchester, UK). XCMS and Chromalynx parameters were tuned 

using the VOC standards mixture (Table 2.5). The NIST14 mass spectral library was 
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used for compound identification. Peak areas were normalised by the internal standard 

for each sample. To test statistical significance between two different sample groups, 

the non-parametric Mann Whitney-U test was used (α ≤ 0.05). Chemical compounds 

and their related metabolic pathways were looked up in the Kyoto Encyclopedia of 

Genes and Genomes (KEGG, Ogata et al., 1999). The automated data analysis was 

carried out by Waqar Ahmed and cross-validated by manual analysis by myself.

 

Figure 2.5 Fungal headspace sampling and analysis process. Headspace sampling (2) 
was carried out over the course of 24 hpi (1) using media as control and other fungal 
strains CEA10 and ΔpptA. This included the passive collection of headspace over 
the course and active sampling of the whole headspace to a different Tenax TA-
Carbograph 5TD tube which was analysed by Iain White in the Manchster Institute 

of Biotechnology (TD-GC-ToF-MS). Acquired data was then matched against a 
NIST14 library and further analysed (4). Please refer to text for further details. 
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Table 2.5 Standards used to tune XCMS and Chromalynx parameters. 

Mixture Compounds 

VOC standards mix Acetone, Isoprene, Benzene, 3-pentanone, 1,4-dioxane, 
Toluene, Octane, Butyl acetate, p-xylene, Nonane, 
Benzaldehyde, 1-heptanol, Decane, 3-carene, Limonene, 
Undecane, Nonanal, Tetralin, Dodecane, Methyl indole, 
Tridecane, Tetradecane, Pentadecane 

External standards Styrene, a-pinene, Camphene, Pyrazine, Humulene, 
Longifolene, Valencene, Bergamot oil, Farnesene 

 

2.7 DNA and protein homology analyses 

To identify homologue DNA and protein orthologue sequences of the kinase knockout 

mutant strains (section 2.3) in silico analysis was carried out using the Basic Local 

Alignment Search Tool (BLAST; Altschul et al., 1990). Two algorithms were used for 

the same kinases: protein-protein similarity (blastp) and protein-DNA database 

(tblastn). The results were cross-referenced and search returns (“hits”) with the highest 

similarity (% identities and number of positives), lowest E-value, as well as conserved 

domains. The BLAST analysis was performed in the EnsemblFungi webpage of A. 

fumigatus A1163 (http://fungi.ensembl.org/Aspergillus_fumigatusa1163/Info/Index) 

against the sequenced and annotated genomes of Neurospora crassa OR74A (Galagan et 

al., 2003), Candida albicans SC5314 (Fonzi and Irwin, 1993; Odds et al., 2004) and 

Saccharomyces cerevisiae S288C (Goffeau et al., 1996). Further investigation of homologue 

gene and protein sequences functions was performed in the corresponding organism 

genome webpage: N. crassa (https://www.ncbi.nlm.nih.gov/genome/19), C. albicans 

(http://www.candidagenome.org/), and S. cerevisiae (https://www.yeastgenome.org/). 

 

2.8 Statistical analysis 

Unless otherwise state, all data sets were analysed using either Student’s t-test or one-

way analysis of variance (ANOVA) statistical comparison with 95% confidence 

intervals. All statistical analyses were performed using GraphPad Prism software v7.04 

(GraphPad Software, Inc.). All comparisons were deemed significant if their p-value 

was lower than 0.05. All experiments were conducted at least in triplicate.  
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 3.1 Introduction 

One of the characteristics of a fungal mycelium is that it grows uniformly outwards, 

resulting in a circular colony if there are no local restrictions on growth (e.g. nutrient 

availability, competition, or growth inhibition factors). This macroscopic observation is 

effectively a manifestation of the growth taking place at the microscopic level and 

results from processes initiated during the germination of the fungus. Another 

observation of the growth patterns during this early stage of colony establishment is 

that germlings seem to be more-or-less equally spaced between themselves (Fig. 3.1). 

There are is little understanding of how this mycelial growth pattern, which results in 

uniform radial growth, is achieved. The main hypothesis used to explain this 

phenomenon of radial growth is that it results of from negative cell tropisms (self-

avoidance) between adjacent germ tubes in the young colony and between mature 

hyphae and their branches in older colonies.   

Figure 3.1 Self-avoidance is evident in a fungal microcolony. Fungal hyphae grow 
uniformly outwards from the original germination site and arrange their growth 
direction depending on the position of neighbouring cells. Scale bar = 20 μm.  
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Current knowledge of negative cell tropisms in fungi and neuron cells of higher 

eukaryotes has been summarised in section 1.3.6. Trinci et al. (1979) performed the first 

simple quantification of avoidance in three filamentous fungal species Aspergillus 

nidulans, Mucor hiemalis and N. crassa (Table 3.1). In their study, the measured distances 

between pairs of approaching hyphae showed that there is great variability of the 

avoidance: a) between species, and b) between pairs of the same species. This great 

variability was the first indicator that self-avoidance has intrinsic difficulties in its 

quantification using vegetative hyphae. This is almost certainly a result of the changes in 

a hypha’s polarity being a result of many, complex and different factors/signals which 

may or may not be related to negative autotropisms. Thus, the probability of falsely 

identifying polarity changes as a result of self-avoidance is high (false positive results). 

All these combined, dictate the necessity for a quantitative assay of avoidance which is 

fast, simple, relevant to the biology of the fungus and provides reproducible and 

comparable results. 

 

Virtually all previous studies involving self-avoidance in filamentous fungi have been 

limited to the responses of vegetative hyphae. However, it has actually been found to 

occur much earlier during colony development with (a) the sites of emergence of germ 

tubes from spores, and (b) during germ tube interactions (Lichius et al., 2014).  In the 

latter study it was shown that the active small GTPase, CDC42, in adjacent germ tube 

tips approaching each other became correspondingly repositioned in each of these tips 

away from each other and that this repositioning occurred before a repulsive growth 

response was observed.  Previously, CDC42 had been shown to involved in polarity 

establishment and polarity regulation in hyphae of N. crassa (Lichius et al., 2014). These 

results indicate that the morphology of the initial microcolony is very much influenced 

by self-avoidance.  

 

Table 3.1 Distances separating pairs of hyphae when autotropic responses were 
first observed. Each result is a mean of 10-24 observations along with its standard 
deviation. Distances displayed may not necessarily represent the time when the self-
avoidance response is initiated in the observed fungal species (reproduced from 
Trinci et al., 1979).  

 

Mean distance 
between pairs of 

hyphae when 
autotropic responses 
were observed (μm) 

Minimum and maximum 
distances between pairs of hyphae 
when autotropic responses were 

first observed (μm) 

 Minimum Maximum 
Neurospora crassa 30±11 15 51 

Aspergillus nidulans 27±16 4 68 
Mucor hiemalis 24±10 11 46 
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One potential problem with studying self-avoidance in probably the majority of 

ascomycete species, including N. crassa, is that germ tubes and mature hyphae undergo 

vegetative cell fusion involving positive chemotropisms (section 1.3.4.1), which could 

potentially complicate the analysis of self-avoidance. However, there have been no 

published reports of cell fusion during the early and late stages of colony development 

in A. fumigatus. This property, along with its medical importance as a pathogen, makes 

A. fumigatus an ideal experimental system in which to analyse the mechanistic basis of 

self-avoidance in a filamentous fungus.  

 

For potential mechanisms involved in self-avoidance, some insight can be extracted 

from the research on neuron self-avoidance (section 1.3.6.1). Two main mechanisms 

are prevalent in neurons: a) communication through extracellular signal secretion or b) 

touch-sensing during establishment of neuron cell synapses. These two mechanisms are 

necessary to secure two important processes: cell self-sensing and recognition. In 

nature, cell self-sensing is highly important as it ensures the cells recognise one another 

and avoid non-optimal interactions.  

 

In fungal biology, self-recognition has been studied extensively and involves vegetative 

compatibility groups (VCGs) which have been described in numerous hyphomycetes 

and basidiomycetes (Glass and Kuldau, 1992; Leslie, 1993). Incompatibility between 

two strains is dependent on allelic and nonallelic genetic systems and regulates whether 

strains from the same species can fuse to form heterokaryons (hyphae with genetically 

different nuclei). The het locus first described in N. crassa (Mylyk, 1976) is crucial for 

these interactions. Incompatibility is triggered when two strains with different alleles in 

one or more het loci fuse. Whereas allelic incompatibility does not affect sexual 

function, nonallelic interactions (genetic differences in two separate loci) result in 

incompatability. Strains from the same species are distributed into different groups 

according to their compatibility; species in the same VCG are compatible with each 

another. Incompatible strains typically produce a barrage reaction where the two 

colonies meet; hyphae in that zone are degenerated or dying, hence growth is stalled. 

Genes related to self-recognition and incompatibility have been identified through 

comparative genomic hybridisation and in silico analysis in Aspergilli (Fedorova et al., 

2009, 2005; Pál et al., 2007). Heterokaryon incompatibility can be considered a self-

avoidance response which ensures the successful mating and reproduction in 

filamentous fungi. 
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3.1.1 Aims of the research described in this chapter 

These were to:  

(1) Assess the presence of self-avoidance in A. fumigatus at different developmental 

stages (germination, germ tube growth, mature hyphal growth, and the 

approach towards each other of two colonies).  

(2) Elucidate whether spore-spore contact is a determining factor in defining the 

initial germination site from a spore, and whether self-avoidance is exclusively 

dependent upon the latter. 

(3) Determine whether germ tubes avoid inert objects.  

(4) Determine whether self-avoidance responses require the interaction between 

living and metabolising cells. 

(5) Develop and apply a novel approach to quantify self-avoidance during early 

growth of A. fumigatus post-germination. This included an analysis of substrate 

invasion by young fungal hyphae.  

(6) Image avoidance responses in the barrier zone between two approaching 

colonies. 

3.2 Results 

3.2.1 Selfavoidance occurs early during germination 

As discussed in the introduction of this chapter, filamentous fungi grow in a uniform, 

radial manner. This general observation applies to the fungal colony at both the 

macroscopic and microscopic levels. To produce this growth pattern, two hypotheses 

can be proposed: 

(1) Hypothesis 1: Self-avoidance is a touch-mediated process. The growth pattern and 

distribution of germ tubes in a microcolony, formed from a group of 

ungerminated spores in contact with each other, is a direct result of a touch-

sensing mechanism. With this mechanism the initial site of germ protrusion is 

formed away from the touching surfaces of spores and then germ tubes grow 

outwards post-germination uninfluenced by adjacent cells. An extension of this 

hypothesis is that the growth direction of germ tubes is influenced by a further 

touch-sensing mechanism which would predict that the pattern of subsequent 

growth should be unable to discriminate between suitably sized objects that are 

living or inert. 

(2) Hypothesis 2: Self-avoidance is influenced partly by sites of germination and subsequent non-

touch mediated interaction between adjacent germ tubes. The pattern of germ tube self-
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avoidance during early colony formation are primarily achieved by a 

combination of their sites of germ tube emergence and signalling between 

adjacent germ tubes in the absence of a touch-sensing mechanism.  

To test whether the microcolony formation is a dynamic process taking effect after 

germination or it is only defined by a touch-sensing mechanism occurring before 

germination, spores were examined in CLSM time-course experiments at 6 hours post-

inoculation (hpi) in AMM. During the latter germination stages, which usually take 

place between 6-7 hpi in AMM, or 8-9 hpi in AMMA, the germ tubes grew from the 

original cell protrusion sites on the spore. Figure 3.2 provides evidence that the spacing 

occurring between germ tubes in a group of spores is the result of self-avoidance and 

can be quantified. It is evident that the germ tubes rearrange their growth axis 

depending on whether their initial protrusion site is ideally placed away from 

neighbouring cells. This observation provides evidence that the form of a fungal 

microcolony is a result of micro-adjustments in polarity during germ tube extension. 

Figure 3.2 Self-avoidance during the latter stages of conidial germination. CLSM 
images of conidia grown in liquid Vogel’s media (VM). Spores are defined as A-E in 
the group. Red arrows mark the central tip point of the original germ tube 
protrusion. Yellow arrows mark the subsequent tip central growth axis (as described 
in Lichius et al., 2014). It is evident that the main tip growth axis is constantly being 
rearranged depending on its relative position to adjacent cells. White arrows show 
the final growth axis from the time lapse images germ tubes compared to the 
projected growth (marked during the protrusion) if no self-avoidance occurred. The 
angle of reorientation (angle between red-white vectors) was estimated to be 
39.9°±7.3° (n = 20 measurements). Scale bar = 5 μm. 
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These micro-adjustments can be considered a result of negative autotropisms which 

take place post-germination. The mean minimum distance of sensing adjacent cells is 5 

μm (n=20 measurements). These results, however, do not preclude the possibility that a 

touch-sensing mechanism does not have some role in determining the early stages of 

directional growth by germ tubes emerging from a group of aggregated spores. 

 

3.2.2  Contact  is  a  determining  factor  for  the  initial 

germination site 

To further test hypothesis 1 of whether contact between adjacent cells determines the 

site of germination establishment thus determining the future pattern of outward 

growth, freshly harvested spores were mixed with inert red fluorescent microbeads 

(exc./em. = 660/690, Bangs Laboratories, Inc) at a 1:1 ratio and germinated overnight. 

Samples were imaged with CLSM using the inverted agar method (section 2.5.1). Angles 

were measured for single microbead-germling pairs that lacked any surrounding 

cells/beads (n=17). The angle measured was that of the line connecting the centre of 

the microbead, the centre of the original spore (germling head) and the germ tube. If 

hypothesis 1 is correct then the angle formed between the germ tube and the centre of 

the microbead should ideally be within the 270º of the non-touch zone, as the 

germination site would be as far away as possible from the microbead as an avoidance 

response due to contact.  

 

The results actually showed that the germination site of conidia was influenced by 

whether they touched neighbouring inanimate objects, such as microbeads. Figure 3.3 

provides a representative example of one these experiments. While germlings are in 

contact with the fluorescent microbeads the germ tube does not avert its growth axis 

(Fig. 3.3A). This is partly consistent with the results shown in Fig 3.2, in which both the 

germination site and subsequent angle between emerging germ tubes was dependent on 

the location of touching adjacent spores. In 87.5% of the cases (35/40 pairs measured) 

the germ tube did not redirect its growth until it came in touch with the microbead, in 

which case it either subtly redirected it growth or grew tangentially to the sphere 

surface. Furthermore, in Fig. 3.3B-C avoidance of the sites of germination between 

adjacent spores can be observed even though there was no contact.  

 

These results reveal that the angles formed between the germ tubes and the microbeads 

is significantly lower than that theoretically ideally predicted in our hypothesis (~180º). 
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Although there are rare occasions in which the angle can reach up to 150 degrees, this 

falls into the extreme end of the Gaussian distribution (+3σ). The statistical analysis 

suggests that there is 95% probability that the mean angle is in the range of ~71º-98º. 

Since the substratum (AMMA) on which the spores are germinating is a homogenous 

Figure 3.3 Segmented confocal images showing that the sites of germination were 
influenced by inanimate objects such as fluorescent microbeads (arrows in A-C), but 
the direction of germ tube growth was not. Neighbouring germlings continued to 
affect the sites of germination and self-avoidance is evident as shown in (A). In (B) 
and (C) the same dataset is displayed from different 3D perspectives. The asterisk 
shows two germlings where self-avoidance at the germination site was observed 
even though it was not induced by contact. Furthermore, the growing germ tube 
seemed to be insensitive to the neighbouring microbeads (arrows) until contact, 
when it bounces off and away from them. The graph (D) summarises the 
quantification of the angles formed between the germ tube and the line connecting 
the centres of microbead-spore head. The scatter plot displays the mean value of 
84.59º (n=17), which is significantly lower than the mean angle (121.9º) formed 
between a spore-spore pair quantified in the same way (n=30).  Error bars display 
the upper and lower 95% confidence intervals (CI) of the mean. The p-value was 
calculated by a Student's unpaired t-test. Scale bar = 5 μm 
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mixture of culture medium components, we can reject that there is any kind of external 

stimulus providing a gradient which would affect the polarity of germination other than 

the contact with adjacent microbeads.  Thus, since the estimated mean angle formed 

between the germ tube and the microbead is significantly lower (84º.6) than the angle 

formed between a germling and an adjacent spore head (122º.0, Fig. 3.3D), contact 

does not exclusively affect the initial protrusion site location during germination. 

 

In summary, results presented in this section are consistent with contact between a 

spore and an inanimate object mimicking a spore (a polystyrene microbead) being able 

to influence the sites of germ tube emergence from the spore although the sites of 

germination were not dependent on a touch-mediated mechanism.  Furthermore, little 

or no avoidance response of a germ tube growing in close proximity to an inanimate 

microbead was observed.  These results combined would suggest that the interaction 

between living cells plays a primary role in causing the self-avoidance to occur, hence I 

proceeded to test this hypothesis. 

 

3.2.3  Selfavoidance  requires  interaction  between  living 

cells 

The next question addressed was whether the interacting cells both required to be 

living. For this purpose, an experiment was conducted with a mixed population of 

living and dead A. fumigatus conidia. Conidia of A. fumigatus CEA17 expressing cytosolic 

GFP were killed by first allowing them to germinate in AMM at 37 °C (8-10 hours) and 

killing by incubating them for 20 min at 80 °C. They were subsequently mixed in a 1:1 

ratio with living spores of the same strain, to a final combined concentration of 3 x 105 

spores/ml. Propidium iodide (PI) was added to the spore suspension (final 

concentration 5 μΜ) to serve as a marker for dead cells (the damaged plasma 

membranes of dead cells are permeable to the dye and stain red, whereas living cells 

remain unstained). Cell germination was imaged over a ten-hour time-course with 

CLSM at 37 °C (Fig. 3.4 and 3.5).  

 

Figure 3.4 shows that the initial site of protrusion is not influenced by contact between 

a living spore and a dead spore. Furthermore, the germ tube did not avert its axis away 

from the dead cells post-germination but ran along their surfaces instead. Figure 3.5 

provides another example of live cells being unaware of the dead hyphae, as they 

germinate towards the dead cells and do not avert their germ tubes until contact or at 
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all. The hypothesis that cell-cell communication is necessary is supported since no 

negative autotropisms were displayed by living cells in close proximity to either dead 

spores or dead germlings. However, the alternative hypothesis that contact is crucial for 

self-avoidance cannot be either validated or rejected due to the nature of the 

experiment. More specifically, heat-treated cells would most likely have their membrane 

proteins denaturated to the point where they would not be functional, thus no 

interaction would be possible in the first place. 

 

To provide convincing evidence that two interacting living cells are required for self-

avoidance responses, a second experiment was performed. This involved using spores 

of the CEA17 strain which are auxotrophic for uracil and uridine (Table 2.1). When 

incubated in AMM without uracil and uridine these remain in a non-metabolising 

dormant state.  They were mixed in a 1:1 ratio with WT spores (final combined 

concentration: 3 x 105 spores) and incubated in AMM without any supplements and 

imaged over a ten-hour time-course with CLSM at 37 °C (Fig. 3.6).  

 

Figure 3.4 Lack of self-avoidance between a living germling (expressing GFP in the 
cytosol) and 3 heat-killed cells (propidium iodide staining, red) during germination of 
the former. The living germling was not influenced by the positions of the adjacent 
dead cells and did not avoid them; instead its germ tube (asterisk) grew along the 
surface of the dead cells, unaffected by their presence. Scale bar = 5 μm 

* * * 

*
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The auxotrophic CEA17 conidia were unable to undergo isotropic growth and 

germinate in AMM without uracil and uridine. However, they were not dead, just non-

metabolising and in a dormant state. The WT germ tubes exhibited avoidance of 

dormant spores (Fig. 3.6) indicating that both interacting cells required to be living. Due 

to the lack of swelling the hydrophobin outer layer of the cell is intact (Dague et al., 

2008) thus any interaction between live and dormant cells would be a result of a 

response to an external signal or plain simple contact without the involvement of 

Figure 3.6 Negative tropisms between cells require that they are both living. Living 
WT conidia mixed with conidia of the pyrG1 auxotroph in AMM without 
uracil/uridine. Only the prototrophic conidia have undergone isotropic growth and 
germinated. Their germ tubes avoid (arrows) the auxotrophic conidia which are 
dormant and non-metabolising, although there are cases where they ignore them 
(asterisk). Scale bar = 5 μm 

Figure 3.5 Lack of self-avoidance between living cells (expressing GFP in the cytosol) 
and heat-killed, grown germlings (propidium iodide staining, red). The living cells are 
unaffected by previously grown hyphae; its germ tubes grow towards the dead hyphae 
and do not change their course (asterisks). Interactions between cells were measured to 
test whether the observation is significant. Analysis showed that 18 out of 20 
approaching events (90%) between living and dead hyphae, a crossover took place (no 
self-avoidance). This is compared to 6/20 between living hyphae (30%). Scale bar = 10 
μm 
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surface receptors. This result would suggest that although CEA17 spores are not able to 

germinate, they can produce a faint but sufficient signal for wild type-like cells to 

register as an avoidance cue. Taken together, these results provide evidence that self-

avoidance involves the communication of at least two living cells. 

 

3.2.4 Development  of  a  quantification method  to measure 

negative autotropisms 

Sections 3.2.1 and 3.2.7 show that self-avoidance can occur in different developmental 

stages of A. fumigatus by influencing the site of germ tube emergence from conidia and 

the growth of germ tubes. The negative autotropisms of germ tubes occurred after 6-12 

hours after inoculation. To analyse this latter process, a quantification method was 

developed using the Imaris 4D image analysis software (Bitplane) for segmentation and 

measurements using A. fumigatus germlings incubated on AMMA for 8-10 hours at 37 

°C. The basic principle of the quantification method was to convert each hypha into a 

vector defined by two points: one point in the middle of the germling head and another 

up to 20 μm along the hypha’s axis; the result being a line which passes through the 

centre of the hyphal tube. Figure 3.7 (B-D) provides an example of a fungal 

microcolony and describes the process of obtaining the resulting vectors attributed to 

each of the germlings. The angles between adjacent tubes were measured based on 

standard vector analysis (Gibbs and Wilson, 1901) as follows: in a three-dimensional 

Euclidean space, ℝ3, a point A has three coordinates (xA, yA, zA). A vector 𝐴�⃗� is the 

vector defined by points A (xA, yA, zA) and B (xB, yB, zB). Hence, the coordinates of 

vector 𝐴�⃗� can be defined as:  

 

(1) 𝐴�⃗�  xB- xA  𝚤  xB- xA  𝚥  xB- xA  𝑘  ABx𝚤   ABy𝚥  ABz𝑘,  

Where 𝚤, 𝚥, 𝑘 are the unit vectors for the x, y, z axes respectively 

 

The cosine of the angle θ between two vectors 𝐴�⃗� and 𝐶�⃗� can be calculated by their 

dot product equation, hence we can calculate the angle itself: 

 

(2) 𝑐𝑜𝑠𝜃
⃗∙ ⃗

⃗ ⃗
 

 
 

 

(3) θ radians    arccosθ  cosθ-1 
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(4) θ degrees   θ radians  x 180°/π 

 

The data coordinates for each point were analysed on and extracted from Imaris and 

were further processed on Microsoft Excel and GraphPad Prism 7 as detailed in section 

2.8. 

 

 

 

Figure 3.7 Process of quantification of germ tube emergence from conidia. The 
basic principle is to convert the fungal hypha into a vector which has specific 
coordinates that can be extracted digitally. The relative position of the germ tubes 
to one another and their position in the block of agar can then be determined (A).  
A group of eight germlings as can be visualised in Imaris. The arrow points at a 
germling which has grown into the agar block (B). The same group of germlings 
with generated vectors running through the germ tubes along their axis of growth 
(C). Final image of the vectors if the digital volume is removed (D).  
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3.2.5  Angles  formed  between  germ  tubes  can  provide  an 

estimate of avoidance in hyphal cells  

For the quantitative analysis of self-avoidance responses during germination, germlings 

8-10 hours post-inoculation, were grown on 1.5% w/v agar AMMA, imaged using the 

inverted agar method and the angles of a total of 400 pairs were measured using the 

approach presented in section 3.2.4. Pairs were distributed to groups based on the 

number of spores in the group they belonged to (from a pair of spores up to seven 

spores per group; Fig. 3.8). Angles were measured for both the raw 3D data and their 

2D-projections in the XY plane, which were obtained by running the corresponding 

Matlab script provided by the Imaris XT module.  

 

Fig. 3.9A demonstrates that there is a large variance in the angle of avoidance between 

Figure 3.8 Germ tubes tend to be equally spaced from one another in a group of 
germlings. This phenotype can be attributed to negative cell autotropisms as it is 
shown in section 3.2.1. CLSM images of pyrG::gfp strain, 8 hpi at 37 ºC. Scale bar = 5 
μm 
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germ tubes in fungal microconies. However, when adjusted to further predict the mean 

values of the corresponding measurements (Fig. 3.9B), it is evident that the mean size 

of the angles is inversely proportionate to the number of spores in each corresponding 

group; the more the spores are, the smaller the angles between them get. This is as 

expected as cells have less space to orientate their hyphae out of the original inoculation 

and germination area. With the exception of angles in a pair of germlings set, angles 

measured in the 2D projections are almost equal to the quotient of the division of 360° 

(full circle) to the number of cells in the group. This would correspond to the angles as 

the microcolony is observed from above.  

 

Interestingly, in the 3D sets the angles were narrower than their corresponding 2D 

projections. What is particularly interesting is that the mean angles in the 3D sets are no  

wider than 80° (in groups consisting of three spores; Table 3.2); the maximum angle of 

avoidance during germination was no greater than 80° in the wild type. The largest 

mean angle could be observed in the group of three spores, possibly because the 

potential avoidance signal is coming and sensed from all directions by the cell, while the 

number of cells is still quite small to allow maximum spacing between them. Table 3.2 

summarises the statistical data for all measurements.  

 

The results of negative cell tropism quantification have raised the question of whether 

the resulting angles are an exclusive result of self-avoidance or if there are other 

tropisms involved in the growth of the fungal microcolony during germination. 

 2D projection 3D raw stacks 

Spores in group Mean angle (º) SD Mean angle (º) SD 

2 94.85 ± 9.02 42.85 70.18 ± 5.39 26.63 

3 120.78 ± 6.78 33.82 75.95 ± 5.94 29.79 

4 90.073 ± 7.83 36.12 69.26 ± 4.78 23.10 

5 70.78 ± 6.59 26.50 55.52 ± 5.06 19.62 

6 61.80 ± 8.49 20.10 50.09 ± 6.24 16.70 

7 48.92 ± 15.3 26.64 38.42 ± 12.74 22.06 

Table 3.2 Summary of the mean values, their confidence interval (95%) range and 
standard deviation (SD) for the data presented in Figure 3.9. 
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Figure 3.9 Angles of avoidance between germ tubes differ significantly between 
acquired 3D stacks and their 2D projections (A). These show that the z-
coordinate is crucial when quantifying the phenomenon. Despite the significant 
variance in acquired values, the confidence intervals (95%) of the mean are well 
defined (B). Data values are summarised in Table 3.2 

A 

B 
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3.2.6 A. fumigatus has a propensity to invade its substrate  

A. fumigatus germ tubes have a propensity to invade their substratum (Nick Read, and 

Geoff Robson, personal communications), a quality which may be directly involved 

with virulence. Initially it was thought this might be a response to gravity (i.e. a 

geotropic response). However, multiple experimental replicates revealed that A. 

fumigatus tends to invade its substratum (1.5% w/v agar) regardless of the direction of 

the gravity vector (data not shown). A second experiment was then designed to 

demonstrate whether substrate stiffness is a determining factor of fungal invasion. To 

this end conidia were inoculated onto AMM with different agar concentrations (0.7%, 

Figure 3.10 Aspergillus fumigatus has a propensity to invade its substratum. The 
stiffness is a factor which influences the fungus invasiveness. 
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1%, 2%, 3%, 4%, and 5% w/v); increasing concentrations of agar result in increased 

stiffness of the substratum. Germlings were observed with CLSM using the inversed 

agar method. 

 

Figures 3.10 and 3.11 demonstrate that stiffness influences the ability of the fungus to 

invade its substrate. Up to and including 2% w/v agar concentrations, the fungus can 

penetrate the medium and grow inside it. Interestingly, the fungus was not able to 

Figure 3.11 Higher agar concentrations prevented the fungus’ ability to significantly 
invade the medium other than by forming very short protrusions into it. Pseudocolour 
scale runs from blue for germ tubes growing on the agar surface through to red which 
is the deepest depth reached into the agar. 



Chapter 3 – Analysis of negative tropisms in A. fumigatus 

 

114 

penetrate substrates with agar concentrations equal to or greater than 3% (w/v) but 

grew on their surface. This indicates that although the fungus can assimilate nutrients 

from such substrates, it does not have the strength to breach the medium surface and 

grow into it. The angles of invasion were quantified according to the methodology 

presented in section 3.2.4 and the results are summarised in Figure 3.12. The mean 

angles of invasion ranged from 55º to 62º (Table 3.3). In stiffer substrates (3% w/v 

agar), a few germ tubes had a limited ability to penetrate the agar surface (Fig. 3.11), 

with the median value (disregarding those extreme cases) reaching as low as ~ 3º for 

3% and 4% w/v agar. When the fungus was grown on 5% w/v agar, its ability to invade 

was completely prevented. To verify whether the inability to invade was due to 

mechanical restrictions, an experiment was conducted in which spores were 

‘sandwiched’ between two types of AMMA media; 1% and 4% w/v agar. The setup 

used was inside an appropriate capillary tube, and the germling was imaged 12 hpi using 

Light Sheet Fluorescence Microscopy (LSFM). LSFM was used because it can image at 

depths of 100-500 μm into a tissue sample (Andilla et al., 2017). With the experimental 

capillary set up used here (section 2.5.5) imaging was made possible up to 1 mm into 

the sample. Spores grown at the interface of the two types of media exhibit ability of 

invasion towards the 1% w/v agar but no invasion at 4% w/v agar. Figure 3.13 details 

one such example, where the growing germ tube germinates in the 1% w/v agar but 

cannot penetrate the 4% w/v agar interface once it encounters it. 
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Agar 
concentration  

0.7% w/v 2% w/v 3% w/v 4% w/v 5% w/v 

Mean 55.27± 
3.36 

61.98± 
5.00 

11.54± 
10.28 

10.64± 
10.48 

1.997± 
0.76 

Median 53.43 62.6 3.064 3.691 1.588 

Std. Deviation 11.19 11.29 17.01 19.66 1.659 

Table 3.3 Statistical values for Figure 3.12 

Figure 3.12 Angle of invasion of germ tubes in varying concentrations w/v of agar 
in media. Up to 2% w/v agar invasion was unhindered. Stiff substrates (3% w/v agar 
or more) had a severe impact on the fungus’ ability to penetrate the substratum, with 
the angle of invasion being no more than 10 degrees. Measurements of at least 20 
single germlings per condition. Bars represent the median value for each sample. The 
p-value was calculated by a one-way analysis of variance (ANOVA).  
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Figure 3.13 Germ tubes have limited ability to invade stiff surfaces. LSFM images showing 
germlings growing approx. 1 mm deep inside solid AMM at the interface of agarose at 1 
and 4% concentrations. Arrows 1 and 2 point at the shadow around the germling which is 
produced by light-sheet during image acquisition when it meets the germling (arrow 3, A). 
In (B) the light sheet diffraction effect allows the visualisation of the interface where the 
1% and 4% w/v agarose media meet in the capillary. Merge of the two images (A) and (B) 
to produce (C) shows that the spore germinates and grows normally in 1% w/v agar but 
redirects its axis along the interface when it meets the stiffer surface, because it cannot 
successfully penetrate it. (D) Graphic representation summarising the concept of A-C. 
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3.2.7 Selfavoidance during colony approach 

A characteristic of slow growing colonies approaching each other is the formation of a 

barrier zone (Porter, 1924; Skidmore and Dickinson, 1976). The characteristics of the 

zone is a lagging growth of the leading hyphae of the colony; the mechanisms 

responsible for this phenomenon are poorly understood. To analyse whether the 

‘barrier effect’ of two colonies of A. fumigatus is a result of negative tropism interactions 

between the hyphae of the neighbouring fungal colonies, the following experiment was 

Figure 3.14 Self-avoidance during two colonies approaching each other. Hyphae 
approaching horizontally or vertically are insensitive to one another, indicated by 
arrows in A-C. Hyphae at the edge of the colonies (arrows) display negative 
tropisms from a long distance (~ 1 mm), and adjust their growth to avoid each 
other (D-F).  
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performed.  

 

Two drops of 2 μl ΑΜΜ containing 103 spores were inoculated 2 cm apart on a Petri 

dish containing AMMA. Cells were incubated for 24 hours at 37 °C and imaged at 

room temperature using stereomicroscopy. Figure 3.14 shows a five-hour time-lapse 

demonstrating the hyphal interactions between the two colonies at the centre and the 

edge of the barrier zone. Hyphae which are growing directly towards each other at the 

centre are ‘self-avoidance insensitive’, i.e. they do not change the course of their 

growth, but touch and climb over one another instead. Hyphae at the sides of the 

barrier zone exhibit avoidance, probably due to the less steep angle of approach, as it 

can be seen from Fig 3.14 (D-F).  

 

3.3 Discussion 

Negative autotropisms in fungi have been observed since the turn of the 19th to the 20th 

century (Clark, 1902; Fulton, 1906; Miyoshi, 1894). Although the phenomenon is 

ubiquitous in all filamentous fungi, and fungi producing pseudohyphae or shmoos (Jin 

et al., 2011), only few advancements have been made in quantifying the phenomenon 

(Trinci et al., 1979) and understanding its mechanistic basis. The overall aim of the 

research described this chapter was to describe the range of negative autotropisms in A. 

fumigatus and develop quantitative image analysis methods to facilitate the experimental 

determination of their mechanistic basis.   

 

3.3.1  Negative  autotropisms  during  germination  require 

cellcell interactions between living cells 

A common characteristic in filamentous fungi is the unidirectional, radial pattern of 

their mycelial growth which has been attributed to the apical extension of leading 

hyphae, resulting in the circular morphology of the colonies (Trinci, 1971). I first tested 

the hypothesis whether this characteristic is a result of apical growth extension of the 

first protrusion site from germinating conidia or the germ tubes readjusting their 

growth in relation to neighbouring cells.  

 

In N. crassa, the tip-to-tip homing followed by avoidance occurs after the re-localisation 

of active small-GTPases (imaged by a fluorescent CRIB-reporter) at the hyphal tip 

Polarity is also established when the uniform localisation of small-GTPases below the 
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cell membrane changes to a more concentrated region of the cell (Lichius et al., 2014). 

Time-lapse experiments monitoring germination (Fig. 3.1) provide evidence that 

rearrangement of the growth axis occurs very early post-germination in A. fumigatus. 

Any germ tubes which are at a critically close distance from neighbouring cells subtly 

rearrange their growth to grow as far as possible, i.e. they avoid cells of the same type. 

Thus, the unidirectional, radial growth pattern is not a direct result of hyphal extension 

from the initial polarity establishment event when the germ tube emerges from a spore. 

Negative autotropisms (self-avoidance) between cells contribute to the adjustment and 

correction of the hyphal growth direction even at the early developmental stages post-

germination.  

 

I also tested the hypothesis of whether the initial germ tube protrusion site produced at 

the end of the isotropic growth stage of conidia prior to germination is a self-avoidance 

response initiated by touch (i.e. contact with adjacent conidia). The results from the 

quantitative experiments performed on spore germination in the presence of 

microbeads (section 3.2.2) showed that germ tubes were able to sense inanimate objects 

in terms of autotropic responses. When a germ tube came in touch with a fluorescent 

microbead it either grew tangentially without any visible redirection or slightly 

readjusted its growth direction. Investigation of the phenomenon in C. albicans has 

revealed that hyphae of the fungus follow the contour of hard surfaces with its 

Spitzenkörper (Spk) located asymmetrically towards the underlying surface it is in 

contact with (Thomson et al., 2015). My results indicated that touch-responses can 

contribute to the initial polarity site during spore germination or the precise direction of 

a germ tube that comes into contact with another spore/germ tube sized object. 

However, the negative self-avoidance autotropisms in A. fumigatus are not dependent on 

contact-mediated responses and primarily involve cell-cell communication which is not 

dependent on touch-sensing.  

 

To analyse the nature of the cell-cell communication involved in the self-avoidance 

experiments further, I performed the following two experiments. The first involved 

mixing living wild type spores with heat-killed, dead wild type spores. The second 

involved mixing living wild type spores with those of an auxotroph grown on AMM in 

the absence of the supplements uridine and uracil with which it requires to germinate 

and grow normally. Under these conditions the auxotrophic spores were living but 

remained dormant, and were unable to undergo isotropic growth prior to germination, 
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because they are unable to metabolise.  The outcome of these experiments was that 

wild type germ tubes did not respond to the dead cells (spores or germ tubes) but did 

avoid the autotrophic cells (dormant spores). It was thus concluded that the interacting 

cells needed to be living for self-avoidance responses to occur. Lack of swelling would 

also indicate that the hydrophobin layer of the spore has not been broken (Aimanianda 

et al., 2009; Dague et al., 2008; Wösten, 2001). The hydrophobin layer reduces the 

surface tension of the medium in which the fungal spores germinate and grow, while 

maintaining permeability to gaseous exchange of molecules smaller than 200 Da (Wang 

et al., 2005). These findings would indicate that any communication between the 

prototrophic and auxotrophic cells is mediated through a small, gaseous signal. This 

hypothesis is tested in Chapter 4.  

 

3.3.2 Germ  tubes  invade  their  substratum by an unknown 

mechanism  

To further understand negative autotropisms during the germination of A. fumigatus, a 

novel quantification method was developed. This enabled, in a reproducible manner, 

the measurement of angles formed between germ tubes derived from adjacent spores in 

3D space and in 2D projections of the corresponding CLSM-acquired datasets. My 

results showed that there were significant differences between the 3D stacks and the 

2D projections of the same dataset revealing that the z-coordinate is a crucial factor 

which needs to be considered when quantifying self-avoidance responses. This 

observation verifies that germlings have a propensity to invade the substratum (i.e. they 

do not only grow on top of the agar surface). The angle of germ tube avoidance was 

never greater than 75.95º ± 5.94º, in the case of 3 spores, while pairs of germ tubes had 

a slightly narrower mean angle (70.18º ± 5.39º). A possible explanation for this result 

would be that whatever signal induces self-avoidance, it is potent only to certain degree. 

Thus, the germ tubes cannot avert their growth any more than the region over which 

signal has its effect. Another influencing factor to take into consideration when 

interpreting adjacent germ tubes avoiding each other is that their site of emergence 

from the spore will influence the initial direction of germ tube growth before this is 

overcome by self-avoidance signalling between the germ tubes themselves. 

 

However, what seems to be the most important factor influencing these measurements 

is the fungus’ propensity to invade its substratum, almost immediately post- 

germination. An initial experiment revealed that A. fumigatus tends to invade its 
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substratum (1.5% w/v agar) regardless of gravity. Subsequent experiments assessed the 

influence of the hardness/stiffness of the agar substratum on this invasive capability. 

When grown on up 2% w/v agar, A. fumigatus retained its ability to invade its 

substratum, with a significant restriction occurring at 3% w/v agar onwards. Light-sheet 

fluorescence microscopy experiments showed that the fungus has a preference of 

growing in soft media composed of agarose and nutrients and will grow along the 

interface with a stiffer surface, a finding which has already been reported in C. albicans 

(Thomson et al., 2015). Interestingly, the hyphal form of the dimorphic fungus 

Schizosaccharomyces japonicus can penetrate much stiffer substrata consisting of 5% w/v 

agar (Sophie Martin, personal communication).  

 

Previous studies have assessed the reduced modulus (Er) as a measure of agar stiffness 

using depth-sensing nanoindentation (Nayar et al., 2012) and have found that 0.5% w/v 

agar has an Er of 30 kPa while 5% w/v agar has an estimated reduced modulus of 650 

kPa. These results are well below or within the turgor pressure range (400-800 kPa) 

reported in filamentous fungi (Howard and Valent, 1996; Lew, 2005). To put this into 

the context of possible penetration of mammalian cells by fungal hypha, the 0.5% w/v 

agar stiffness is greater than the stiffness encountered in endothelial cells (Mathur et al., 

2001, 2000). Tip-pressure experiments in A. nidulans revealed that a pressure gradient of 

60 MPa/m is needed to stall tip growth (González-Bermúdez et al., 2017). Such local 

gradients are hardly encountered in the human body. These facts, coupled with the 

general propensity for germ tubes to invade the substratum they are growing on, may 

provide significant insights into the ability of fungi to invade mammalian host tissue.  

 

It is not clear what the mechanism by which germ tubes exhibit penetration into agar 

substrata of 2% (w/v) or lower. Possibilities include that it is:  

(1) a negative tropism to a gaseous signal which forms a gradient with its highest 

concentration on the agar surface and then decreasing with increasing depth from 

the surface because of its reduced diffusion through the agar medium. In this 

respect it could be the same volatile self-avoidance signal that is involved in germ 

tube avoidance.   

(2) a positive thigmotropic response to a substratum with this range of stiffness. This 

needs to be tested with different types of media of same stiffness (i.e. different 

hardening polymers besides agar/agarose). More appropriately atomic force 
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microscopy could be used to verify the stiffness of such media, before 

experimentation. 

(3) an ‘agar-philic’ tropism due to the specific hydrophilic chemistry coating the germ 

tube surface which prefers to grow in a hydrophilic agar environment than at the 

agar-air interface. It should be taken into consideration that Aspergillus nidulans has 

been shown to use agar as a carbon source (Payton et al., 1976; Payton and Roberts, 

1979), so this agar-philic tropism may be in fact be a tropism towards a rich carbon 

source, which is inverted at higher agar concentrations due to a change of 

physiochemical properties of the substrate (hydrophobicity, xerophilicity etc.).  

If mechanisms (2) or (3) are operating, then competition with self-avoidance signals will 

be influencing the angles in 3D down into the agar substratum that the germ tubes 

would be growing in.  

 

3.3.3 Selfavoidance is observed between different colonies 

of the same species 

Approaching colonies of A. fumigatus demonstrate a zone of growth ‘inhibition’ in the 

region they meet facing (data not shown). This barrier effect closely resembles the same 

phenomenon encountered in fungal species exhibiting heterokaryon incompatibility 

(Ishikawa et al., 2012) with the difference that the gap is ultimately closed and mycelia 

mesh in together. Using time-lapse live-cell imaging I observed the growth patterns of 

vegetative hyphae at the edge of approaching A. fumigatus colonies. My results showed 

that vegetative hyphae in the centre of the arc facing the neighbouring colony at a steep 

angle did not avert their growth axis but grew unhindered towards the opposite colony. 

This occurred even in regions where no mycelium was observable with naked eye. 

Interestingly, hyphae that approached one another at much broader angles seem to 

sense and respond better to their neighbouring leading hyphae of the confronting 

colony, by readjusting tip and thus growth direction.  No hyphal degeneration was 

observed suggesting that no incompatibility self-recognition response took effect. 

Similar observations have been made with N. crassa during when leading hyphae of two 

colonies approached each other when they were grown on cellophane (Robson G., 

personal communication). Another study using N. crassa showed that perpendicular 

approach to a 2 μm microfabricated ridge resulted in no hyphal re-orientation in 

contrast to hyphae approaching at a 45º angle which did result in re-orientation along 

the path of least resistance next to the ridge (Stephenson et al., 2014). These 
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observations combined with my results would implicate that the angle of approach is 

crucial for tip-sensing and tip growth redirection as a negative autotropic response.  

 

Although negative autotropisms between leading hyphae of two interacting colonies 

seem to play an important role in developing the barrier zone, another possibility which 

could result in fungal self-avoidance is sensing of nutrient gradients. As nutrients are 

depleted the closer they are to the hyphae a nutrient gradient is formed. This gradient is 

proportional to the distance from the hyphae (the further it is from cells, the higher the 

gradient). This would mean that fungal hyphae arrange their growth towards nutrients 

(positive chemotropism) away from other hyphae, which is perceived as self-avoidance. 

Thus, increased nutrient depletion in this region of interaction may also play a role in 

causing some inhibition or aversion of hyphal growth in this region. This mechanism 

would also contribute the variance in quantification of self-avoidance and the 

heterogeneity of responses. 

 

3.4 Summary 

The main findings of the research described in this chapter can be summarised as 

follows: 

(1) Self-avoidance has been described and analysed at different developmental 

stages of A. fumigatus: conidial germination, germ tube growth, mature hyphal 

growth, and the approach towards each other of two colonies).  

(2) Self-avoidance autotropisms during conidial germination, germ tube growth and 

the growth of mature vegetative hyphae and branches primarily involve cell-cell 

communication and the interaction between living cells. 

(3) The self-avoidance responses in A. fumigatus are not dependent on touch-

sensing although touch-responses can contribute to the initial polarity site 

during spore germination or the precise growth direction of a germ tube that 

comes into contact with another spore/germ tube sized object.  

(4) A novel 3D image analysis approach to quantifying self-avoidance during the 

early stages of the growth of A. fumigatus following germination was developed.  

(5) Germ tubes of A. fumigatus have a propensity to invade their agar by an 

unknown mechanism.  This facility may be important during host tissue 

invasion.  
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(6) Self-avoidance responses of the leading hyphae of approaching hyphae from 

two colonies play a role in giving rise to a form of barrier zone in the region in 

which they interact but this does not involve a self-incompatibility response.  
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4.1 Introduction 

Experiments conducted using cryo-electron scanning microscopy revealed that the A. 

fumigatus retains the ability of self-avoidance during germination and germ tube 

elongation when it is grown on cellophane (Read, 2017; Fig. 4.1). Since hyphae are 

grown on a semi-permeable membrane, intercellular communication takes place 

predominantly through air or via signal molecules, which are able to pass through the 

cellophane. Nutrient depletion may also be sensed through the membrane.  Good 

candidates for a gaseous signal molecule, if it exists, are volatile organic compounds 

(VOC). 

 

Volatile organic compounds have been previously reported to act as interspecies and 

intraspecies signal mediators (Jones and Elliot, 2017; Fig. 4.2). Bacteria use a wide 

variety (low estimate is ~1,000) of low molecular weight compounds (<300 Da) with 

high volatility and low vapour pressures (0.01 kPa at 20 ºC) to communicate with other 

Figure 4.1 Cryo-Scanning Electron Microscopy image of A. fumigatus germlings 
grown on cellophane. Germlings have been grown on a hard surface without any 
intermediate nutrient, hence interhyphal communication may occur only through air 
or small molecules permeating the membrane. One of the hypotheses which this 
observation suggests is that a volatile compound may act as a signal and induce self-
avoidance. Reproduced from Read (2017). 
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neighbouring organisms in their immediate environment (Schulz and Dickschat, 2007).  

The intrinsic chemical properties of VOCs make them ideal signal molecules: a) their 

high vapour pressure leads to a formation of concentration gradient away from the 

secreting cell, b) smaller volatile compounds tend to be unstable with a short half-life so 

they do not saturate the immediate extracellular environment, c) they can evaporate and 

diffuse through heterogeneous mixtures of solids, liquids and gasses. Previous reports 

have also shown that small compounds such as nitric oxide (NO) are crucial for the 

successful fungal infection of plants by fungi (Samalova et al., 2013) and pheromone 

regulation in plant  germination (Šírová et al., 2011). Volatile organic compounds have 

also been reported to be implicated in the regulation of germination, sexual 

development and quorum sensing in fungi (reviewed by Albuquerque and Casadevall, 

2012; Leeder et al., 2011; Ugalde, 2006; Ugalde and Rodriguez-Urra, 2014). The search 

for novel VOCs which may act as early infection markers is also of interest as research 

has shown that volatiles serve as communication signals during microbial infection in 

human lungs (Barkal et al., 2017). By co-culturing three types of bronchiole cells in 

custom-designed microfabricated slides, this study showed that there is an increased 

Figure 4.2 Volatile chemical compounds have diverse signalling roles in the 
microbial world. Their chemical complexity may range from inorganic substances 
(e.g. ammonia) to complex organic alcohols and acids. Roles may include cell 
communication between microbial communities of the same species or interspecies 
communication with mutually beneficial or antagonistic results. Reproduced from 
Jones and Elliot, 2017).  
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cytokine production by bronchioles in response to an A. fumigatus–Pseudomonas aeruginosa 

volatile co-treatment. This greater inflammatory response would suggest that 

multikingdom (bacterial-fungal-human) indirect interactions are complex factors which 

contribute to the process of lung infection. Biosynthetic gene clusters (BGCs) of 

secondary metabolites have been annotated and described in A. fumigatus (Inglis et al., 

2013; Owens et al., 2014). These gene clusters (26 described to date) encode for  a 

variety of secondary metabolites which provide advantages to the fungus’ diverse 

lifestyle (Bignell et al., 2016). It is evident that analysis of the volatome in A. fumigatus 

strains of interest would contribute to identify potential key VOCs important for 

growth, development and infection and tie them to described BGCs.  

 

4.1.1 Aims of the chapter 

The overall aim of the research described in this chapter was to explore the hypothesis 

as to whether the potential signal molecule(s) that cause the self-avoidance responses of 

A. fumigatus during germination and growth is a secreted (volatile) compound. To 

achieve this aim, three main approaches were taken:  

1. The scavenging of the gas nitric oxide (NO) to determine if it influenced self-

avoidance responses.  

2. The direct screening of VOCs previously reported to regulate fungal cell 

differentiation and growth to determine if any influence self-avoidance 

responses.  

3. A volatome analysis of the A. fumigatus wild type and a mutant strain 

compromised in secondary metabolism grown over a period of 24 hours to 

identify compounds which may be implicated in self-avoidance responses. 

 

4.2 Results 

4.2.1 Scavenging of nitric oxide  (NO) does not affect self

avoidance 

Nitric oxide (NO) is a small molecule which has been shown to be involved in host-

pathogen interactions in bacterial infections (review by Spiro, 2007), microbial 

symbioses (reviewed by Wang & Ruby, 2011) and germination of pollen seeds 

(reviewed by Šírová et al. 2011). In filamentous fungi, the work of Samalova et al. (2013) 

has provided insights into the role of NO during infection of rice blast by the fungus 



Chapter 4 – Attempts at determining the identity of the extracellular, self-avoidance 
signal 

 

132 

Magnaporthe oryzae. This study provided strong evidence that cytoplasmic NO levels are 

increased during the germination and appressorium formation of the fungus, suggesting 

that NO may play a role in the germination and infection of the plant.  

 

To determine whether NO acts as a signalling molecule for negative cell tropisms in A. 

fumigatus, spores were incubated in AMM in the presence of the NO scavenger 2-

Phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO; Akaike et al., 1993). PTIO 

is a highly selective nitric oxide scavenger (Goldstein et al., 2003) as shown by the 

equations below:  

 

PTIO + ·NO → PTI + ·NO2   (1) 

·NO2 + ·NO → N2O3   (2) 

 

The reaction described by the second equation takes place at low PTIO concentrations 

(~5 μM) at which both NO2 and NO are at comparable concentrations. At higher 

PTIO concentrations, all NO is converted to NO2. For the purpose of my experiment 

the following concentrations of PTIO were used: 0 μΜ (control), 50 μΜ, 250 μΜ, and 

Figure 4.3 The influence of the NO scavenger PTIO on isotropic growth of 
spores, germination and germ tube growth. Increasing concentrations of the NO 
scavenger resulted in a successive increase in the inhibition of isotropic growth, 
spore germination and germ tube growth. Y-axis represents the population 
percentage.  
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500 μΜ. These were similar concentrations of PTIO shown to influence germination 

and appressorium formation by M. oryzae (Samalova et al. (2013). In my analysis, cell 

germination and growth were imaged in time-lapse, starting at 6 hpi (end of isotropic 

growth of the spore), using confocal microscopy. To quantify the effect of NO on 

spore germination, spores were classified as follows:  

(1) Spores which are still swelling (i.e. they are still undergoing isotropic growth). 

(2) Germinated spores in which there is obvious polarity asymmetry and the germ 

tube is no longer than 5 μm 

(3) Germlings with elongated germ tubes which are longer than 5μm 

 

The time-lapse results show that germination and growth of A. fumigatus in the presence 

of up to and including 250 μM PTIO is gradually delayed compared to the untreated 

control (Fig. 4.3). At 250 μM of scavenger concentration, germ tube tip growth 

redirection was still observed in response to cells approaching each other (Fig. 4.4). At 

500 μΜ PTIO the germination process was significantly slower (Fig. 4.3); conidia were 

reaching the end of the isotropic stage of germination only at the 16-hour mark 

contrary to the average 6-8 hpi observed in the wild type. These observations provide 

Figure 4.4 Scavenging of NO has no effect on negative autotropisms. Confocal 
time-lapse imaging of A. fumigatus conidia growing in AMM with 250 μM PTIO 
(NO scavenger) from 10 hpi up to 12 hpi. Spores germinated normally and exhibit 
self-avoidance when approaching each other (red arrows indicate hyphal 
reorientation). Scale bar = 5 μm  
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evidence that NO is not necessary for self-avoidance responses but may be involved in 

the germination process. The latter observation is consistent with the results reported 

by Samalova et al. (2013) in M. oryzae.  

 

4.2.2  Volatile  organic  compounds  (VOCs)  with  reported 

biological  activity  do  not  directly  induce  avoidance 

responses of A. fumigatus 

A range of chemical compounds which are VOCs have been reported as playing diverse 

roles in signalling in the fungal kingdom. These compounds that occur naturally in 

fungal species, are secreted in detectable amounts and have been associated with several 

aspects of developmental such as regulation of asexual development, auto-inhibition of 

germination due to population density, and modulation of growth (Leeder et al., 2011; 

Ugalde, 2006; Ugalde and Rodriguez-Urra, 2014). My hypothesis was that there is a 

possible connection between spore germination autoinhibition and the negative 

autrotropic effect of germ tube emergence from spores, and thus spore germination 

autoinhibition is another aspect of self-avoidance. To test this hypothesis several 

compounds previously characterized for their role in germination autoinhibition (Table 

4.1) were screened to test their possible tropic effects on germination and determine 

whether they could induce avoidance of A. fumigatus germ tubes. The experimental set 

up is as described in Section 2.5.1.1 and involved performing high magnification 

stereomicroscopy of germinating spores in the zone around a filter paper disc soaked in 

the compound and placed on solid AMMA previously inoculated with conidia. 

 

If the screened chemical compound was indeed an avoidance-inducing factor, then the 

following avoidance responses might be predicted (Fig. 4.5):  

(1) The majority of initial germ site protrusions would be on the spore side away 

from the highest concentration of the compound. 

(2) In a ‘zone of inhibition’ the emerging germ tubes would grow down the 

concentration gradient provided that they were unaffected by other factors (e.g. 

adjacent hyphae).  

(3) Some germ tubes in the presence of low concentrations of the compound at the 

periphery of the zone of inhibition would exhibit directional growth which is 

more-or-less tangential to the centre of the source of the compound in the filter 

paper disc. 
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Despite the fact that 1-octanol (Gillot et al., 2016; Herrero-Garcia et al., 2011), 1-octen-

3-ol (Chitarra et al., 2004; Herrero-Garcia et al., 2011), and 3-Octanone (Herrero-Garcia 

et al., 2011) have been reported to be a germination self-inhibitor in other fungi no 

effect was observed in A. fumigatus. Farnesol has been reported to affect the cell wall 

integrity (CWI) pathway causing apoptosis-like cell death in A. fumigatus (Dichtl et al., 

2010), and A. flavus (Wang et al., 2014). Interestingly, farnesol represses the transition to 

filamentous form in C. albicans (Egbe et al., 2017). In the conducted screen, farnesol did 

not affect germination after 24 hours, but cells displayed aberrant hyphal growth due to 

stress as shown in Fig. 4.7. 

 

Of the tested compounds, only tryptophol and nonanoic acid induced changes in 

overall colony growth compared to the control (ethanol). These compounds induced 

the formation of zones of inhibition similar to that observed in Kirby-Bauer antibiotic 

tests (Fig. 4.6). In the presence of 2,4-hexadienal, spores did not germinate for the first 

24 hours, but mycelial growth was observed after 48 hours (Fig. 4.9). The zones of 

Table 4.1 Chemical compounds selected for their effect on the self-inhibition of 
germination and co-ordination of growth in Ascomycota. Also listed, are reference 
fungal species that the compound is reported to have an effect on. Table adapted 
from Tables published in Leeder et al. (2011) and Ugalde and Rodriguez-Urra 
(2004). 
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inhibition were further observed under the stereomicroscope to validate if growth 

follows the hypothetical pattern described in Fig. 4.5.  These results are shown in Fig. 

4.7. 

 

Compounds were further assessed for their ability to induce the avoidance of mature A. 

fumigatus hyphae. AMMA plates were inoculated with a 4 μl drop containing ~1,200 

spores and left to grow for 3 days at 37 °C. A Whatman® Antibiotic Assay Disc was 

placed on one side of the approaching colony and inoculated with 10 μl of the tested 

compound (concentration of 1M), and plates were left to incubate for one more day.  

 

Farnesol, tryptophol, nonanoic acid and 2,4-hexadienal notably induced a delay in 

growth at the interface where hyphae met with high gradients (Fig. 4.7). 

Stereomicroscopy imaging showed that farnesol and tryptophol treatments resulted in 

visibly altered growth of hyphae that resulted in denser mycelia. Hyphae approaching 

Figure 4.5 Hypothetical model of avoidance to a factor during germination and 
germ tube growth. Germlings grow away from higher avoidance factor 
concentrations down the formed gradient. Some germ tubes in the presence of low 
concentrations of the avoidance at the limits of the zone of inhibition exhibit 
directional growth which is more-or-less tangential to the centre of the source of the 
avoidance factor meeting the gradient, avert their growth axis and grow along its 
interface. 
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Figure 4.6 Chemical compound screen assay. The activities of selected compounds 
on germination and self-avoidance of A.fumigatus CEA10 was assessed. Tryptophol, 
nonanoic acid and 2,4-hexadienal showed visible effects on germination compared 
to the control. Petri dishes were imaged after incubation for 24 hours at 37 °C. 



Chapter 4 – Attempts at determining the identity of the extracellular, self-avoidance 
signal 

 

138 

the nonanoic gradient also grew visibly slower compared to the rest of the colony edge 

but did not have a significantly altered hyphal structure compared to the wild-type and 

in contrast to the effects of tryptophol. 2,4-hexadienal treatment resulted in the most 

pronounced growth inhibition of approaching hyphae, which formed a dense mycelial 

network. None of these compounds displayed growth close to the hypothetical model 

(Fig. 4.5).  

 

Stereomicroscopy observations of the compound-treated germinating spores showed 

that farnesol and tryptophol did not affect germination but had an effect on the shape 

Figure 4.7 Effects of selected compounds on A. fumigatus CEA10 morphology and 
development during germination and vegetative growth. After 24 h, farnesol and 
tryptophol treatments resulted in the formation of small microcolonies at high 
concentration gradients. Nonanoic acid affected germination in a dose dependent 
manner; higher concentrations resulted in the delayed germination. Vegetative 
hyphae (72+ hpi) approaching the same gradients formed dense mycelial networks 
on all occasions with visible morphological aberrations of the hyphae approaching 
the tryptophol gradient. 
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of fungal microcolonies; their hyphae were noticeably thicker and shorter than the wild 

type. Out of all the tested compounds trans,trans-2,4-hexadienal displayed the most 

potent germination inhibitory function on A. fumigatus, with no visible germination at 

24 hpi. The nonanoic acid gradient resulted in a dose dependent effect on germination; 

spores in higher gradients germinated slower than the ones in the presence of low 

concentrations of nonanoic at the periphery of the zone of inhibition. This result 

suggested that nonanoic acid might be a good candidate compound to further test as a 

potential avoidance compound. 

 

One of the common VOCs in the preliminary volatome analysis of both strains (wild 

type and ΔpptA) was found to be acetic acid (section 4.2.5), as its presence was detected 

Figure 4.8 Acetate did not induce of avoidance in A. fumigatus. Stereomicroscopy 
images showing that A.fumigatus hyphae at the periphery of the fungal colony are not 
affected by the acetate buffer gradient. Bright white hyphae are cells in focus, while 
the grey hyphae are underlying hyphae. Whatman® filter disc with acetate buffer is 
on the right. 
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in both the culture media and the A. fumigatus cultures. To evaluate whether acetate 

affects hyphal direction, plates were inoculated with A. fumigatus spores and incubated 

for 24 hours at 37 ºC. After 24 hours, a Whatman® Antibiotic Assay Disc was placed 1 

cm from the edge of the formed fungal colonies containing 5 μl of sodium acetate 

buffer (varying concentrations, pH 6.0) and plates were left to incubate for 24 hours. 

Fungal hyphae approaching the filter disk were imaged using a stereomicroscope. 

Sodium acetate did not induce negative tropisms in A. fumigatus even with gradients 

generated by high concentration of acetate (1M) on the filter disk (Fig. 4.8). This would 

suggest that sodium acetate does not affect hyphal orientation in A. fumigatus under the 

tested conditions.  

 

4.2.3  Nonanoic  acid  induces  the  formation  of  synnemeta 

(coremia) in A. fumigatus 

To test whether the inhibition zones were a result of delayed germination or a 

fungistatic effect of the tested compounds described in section 4.2.2, plates were 

incubated for 24 more hours (total 48 hpi) at 37 °C. Spores on the plates treated with 

2,4-hexadienal not only germinated after 24 hours but also grew and sporulated 

significantly outside the zone of inhibition throughout the plate. A zone of growth 

inhibition was still observed (Fig. 4.9) after 48 hours (radius ~0,95±10 mm, N=5), 

compared to the controls (H2O and ethanol). This suggests that A. fumigatus CEA10 has 

increased sensitivity to 2,4-hexadienal which results in a significant delay of 

germination.  

 

Plates treated with nonanoic acid retained their zone of inhibition (radius ~0.8±8 mm, 

N=5). Sporulation on the rest of the media was observed (Fig. 4.10). Unexpectedly, all 

plates that were treated with nonanoic acid formed specialised aggregated hyphal 

structures that grew vertically in the air, away from the medium (results of three 

different experiments, 3-5 different cultures per experiments). Isolation of those 

structures and observations using confocal microscopy revealed that they consisted of a 

very tightly meshed mycelium with indiscriminate boundaries (data not shown). After 

further incubation for 24 h at 37 ºC conidiation was observed at the top of the vertically 

formed hyphae. These observations combined would suggest that these structures are 

in fact synnemata (alternatively called coremia; Watkinson, 1979); which are aggregated 

hyphae that have adhered together to resemble a stalk that bear compact conidiophores 

at their top (Read, 1994).  
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Figure 4.9 Inhibition zones formed by 2,4-hexadienal and nonanoic acid persist 
after 48 h of incubation. A. fumigatus CEA10 spores have germinated, grown and 
sporulated after 48 h in 2,4-hexadienal treated plates. The inhibition zone formed by 
the nonanoic acid gradient has persisted after 24h and synnemata have formed at the 
edge of inhibition ring. 
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Figure 4.10 Images of the synnematous structures formed in A. fumigatus. (A) 
Synnemata (coremia) are formed after 48 h treatment with nonanoic acid at the edge 
of the zone of inhibition (photo taken with conventional camera). (B) 
Stereomicroscopy image of the synnemata (white hyphal structures) using incident 
lightning from above. (C) Same synnemata (dark hyphal structures on the right of 
the image) illuminated with transmitted light from below. The structures are thick 
enough that light cannot pass through as it can with the vegetative hyphae (bright 
structures.). 

A 
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4.2.4 Nonanoic acid inhibits germination in A. fumigatus 

As shown in section 4.2.3, nonanoic acid inhibited germination of A. fumigatus spores in 

a dose-dependent manner. Spores in the zone of inhibition exhibited delayed 

germination compared to the cells at the zone periphery. To assess if the directionality 

of germ tube emergence was affected by a concentration gradient formed by nonanoic 

acid (as the best candidate for inducing self-avoidance, section 4.2.2), hydrogen 

peroxide (which acts as ROS) and the aldehydes nonanal and decanal were evaluated in 

disk diffusion experiments.   

 

To this end a compound treatment experiment was carried out in triplicates as 

described in the previous sections. Nonanal and decanal were found to common VOCs 

in the preliminary volatome analysis; they were detected in both the culture media and 

the A. fumigatus cultures (section 4.2.6). As they share similar structure to nonanoic acid, 

they were assessed for their ability to generate the same phenotype as nonanoic acid. 

Chloroform and itraconazole were used as controls; the former was used as the 

Figure 4.11 Sensitivity of A. fumigatus to concentration gradients formed by 
aldehydes, nonanoic acid and ROS. Nonanal and decanal are aldehydes found in the 
media and exhibit inhibition of germination at high concentrations. Hydrogen 
peroxide had a pronounced inhibitory effect compared to the rest of the tested 
compounds.
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(organic) solvent for the tested compounds and itraconazole as a control for generation 

of zone of inhibition (final conc. 80 μg/ml). Hydrogen peroxide (H2O2) was used in an 

undiluted state (30% w/w), while nonanal, decanal and nonanoic acid were adjusted to 

1M concentration. Lines passing through the filter disc centre were drawn with a 

marker on the back of the Petri dish to have an estimate of the gradient orientation 

during quantification. 

 

Inhibition zones were formed in all conditions except for the controls (Fig. 4.11). The 

lack of effect on A. fumigatus germination in the controls is rather surprising and 

unexpected and suggests that the compounds may not have properly diffused through 

the antibiotic disk. This observation would also apply to the experimental results shown 

in Figure 4.6. Treatment with hydrogen peroxide results in the largest radius size of all 

tested compounds (Fig 4.12). Stereomicroscopy observations revealed that at 24 hours 

fungi spread on the plates with chloroform and itraconazole displayed normal 

conidiation and no zones of inhibition (Fig. 4.13). Inhibition zones induced by nonanal, 

decanal and hydrogen peroxide had no intermediate effect on A. fumigatus germination; 

spore germination was inhibited in the inhibition zone up until where the cells grew 

unrestricted. Minor exceptions of spores germinating inside the inhibition zone induced 

by nonanal and decanal were observed. These observations would suggest that the zone 

of inhibition is in fact a zone of dead cells, with a few exceptions being resistant cells. 

Figure 4.12 Radius of inhibition zone caused by tested compounds. Values are the 
results of five separate measurements. Error bars depict standard deviations. 
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Cells on the plates treated with nonanoic acid consistently displayed varying degrees of 

Figure 4.13 Aldehydes, ROS and nonanoic acid affect A. fumigatus germination. 
While nonanal, decanal and hydrogen peroxide completely hindered germination in 
a cytostatic manner, nonanoic acid displayed a dose dependent effect. White 
asterisks denote the filter discs, while yellow asterisks show the lines drown to depict 
the gradient direction. 
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germination depending on the concentration of the compound, as described in section 

4.2.2.  

 

Hyphal orientation of germinated cells in the inhibition zone was quantified in relation 

to the gradient direction using the FIJI image analysis programme (N =100-120 for 

each condition). Angles were quantified for germlings found inside the radius of the 

inhibition zone. Thus, no measurements for chloroform, itraconazole and hydrogen 

peroxide were conducted.  

 

Orientation angles were measured as the angle formed between the germ tubes and the 

concentration gradient generated by the filter disk. If the spore is the centre of a circle, 

Figure 4.14 Orientation angles of hyphae in respect to VOC gradients. (A) Diagram 
showing how the angles were calculated. 0º indicates that the measured hypha grows 
away from the concentration gradient (negative tropism), 180º or -180º denotes 
growth towards the gradient (chemoattraction). (B) Results of measured angles for 
nonanal, decanal and nonanoic acid. (C) Frequency distribution of measurements 
presented in (B). y-axis depicts the angles from -180º→0º→180º per each condition. 
The frequencies did not follow a normal Gaussian distribution (see text for details). 
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FIJI calculated the orientation angle between 0º-180º as according to the method 

shown in Fig. 4.14A. Germ tubes extending down the course of the concentration 

gradient would have a 0º angle and would grow along the gradient, whereas germ tubes 

growing at a 180º angle would be growing up and thus against the concentration 

gradient. According to the model described in section 4.2.2, the expected orientation 

angles of germ tubes growing against an avoidance inducing compound should range 

from 90º to -90º (zero degrees denoting growth away the concentration gradient). It is 

apparent from Fig. 4.14B that this is not the case for any of the studied compounds, as 

angles of 180º were observed. Moreover, the frequency distribution of all observed 

angles would be expected to be very close to a Gaussian distribution if the chemical 

compound tested was an avoidance inducer. However, all conditions failed the 

D’Agostino-Pearson normality test significantly (p value < 0.0001). Statistical 

comparison of the mean orientation angles (one-way ANOVA) showed that there is 

statistical significance between nonanoic acid and the other two compounds; p value of 

0.0102 and 0.0180 for nonanal and decanal respectively. The mean orientation angles 

estimated for decanal and nonanal were not significantly different (Fig. 4.14C).  

 

4.2.5  Establishment  of  a novel  fungal  volatome  extraction 

methodology 

To identify more volatile organic compounds that induce avoidance of A. fumigatus 

hyphae I proceeded to analyse the volatome profile of A. fumigatus colonies. Since 

negative cell autotropisms are evident between germ tubes and between the leading 

hyphae of mature vegetative hyphae development (discussed in Chapter 3), my 

hypothesis is that if a VOC is a signal molecule, it would be present in the A. fumigatus 

volatome profile regardless of the fungal colony’s age.  

 

To help establish a threshold in which we could subtract volatiles which are potentially 

not implicated in self-avoidance, a strain which has severe limitations in secondary 

metabolism was used; ΔpptA (Johns et al., 2017). As described in their study, the 

knockout (deletion mutant) of the phosphopantetheinyl transferase A (PptA) resulted 

in severe secondary deficiencies and auxotrophies for lysine and iron. However, the 

ΔpptA strain does exhibit negative autotropisms (Fig. 4.15), thus any common 

compounds between its volatome and the wild type would be candidates for a screen to 

identify their role (if any) in self-avoidance (Fig. 4.16).  
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To extract and analyse the A. fumigatus volatome, a novel approach of sampling was 

developed. Previous studies have used a solid-phase microextraction (SPME) of the 

volatome using a polydimethylsiloxane (PDMS) needle to ‘passively’ collect the 

headspace, i.e. space above the fungal colony containing vapours (Costa et al., 2016; 

Heddergott et al., 2014). In my study an alternative approach was taken which involved 

the sampling of the headspace using thermal desorption tubes. This novel method 

(described in section 2.6) provides a few advantages over the previously reported ones. 

More specifically:  

a) any data produced from the GC-MS analysis is semi-quantifiable in relation to 

initial biomass, since the headspace is cleared with vacuum, 

Figure 4.15 The ΔpptA strain displays negative cell autotropisms similar to the wild 
type. The deletion mutant show spread of germ tubes away from one another (left 
column, upper view of datasets) and the same invasion tropism (right column, side 
view of the same datasets) described in Chapter 3. Scale bar = 20 μm 
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b) transportation and off-line analysis of samples is possible; samples are stored 

with robust and sealed tubes, 

c) headspace is effectively ‘reset’ after each sampling, producing a volatome profile 

which is representative of the respective colony stage, 

d) most, if not all, volatiles produced by the fungus are sampled in a non-

stochastic way, because the sampling is independent of each volatile’s vapour 

pressure,  

e) culture aeriation conditions remain virtually the same as the flask communicates 

and is supplied environmental air through its side hose barb. As a result, cells 

are stressed minimally, and a time-course experiment can be conducted for the 

same fungal colony.  

 

4.2.6 A. fumigatus CEA10 and ΔpttA share common VOCs 
The volatome of the A. fumigatus CEA10 (WT) strain was collected and analysed to 

identify unique volatile organic compounds. The detailed description of the sampling 

method, data collection and analysis of the GC-MS results can be found in section 2.6. 

Figure 4.16 Venn diagram showing the target volatiles which may serve as self-
avoidance signals. Each circle represents the whole volatome obtained by either a 
young colony (light) or a mature one (dark). The red asterisk indicates the section 
containing the target common volatiles for all sampled conditions, which can be 
signal molecules for negative cell tropisms. For this concept both strains (WT and 
metabolically deficient) exhibit self-avoidance.  
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GC-MS analysis was carried out by Dr Iain White in the Manchester Institute of 

Biotechnology (MIB). To identify headspace VOCs related to instrument artefacts (i.e. 

from TD-GC-MS, sorbent tubes, and headspace apparatus), the list tables of detected 

compounds from the chromatography analysis were assessed for the presence of any 

VOCs related to silicone by-products emitted from heating of the analytical equipment 

or chemical compound leftovers from instrument cleaning and maintenance. A sample 

chromatogram and its corresponding table from the generated raw data can be found in 

the Appendix (A.5).  

 

The predominant VOCs were identified as difluoro(dimethyl)silane (1.65 min), ethanol 

(1.77 min), benzene (2.49), benzoic acid (13.24 min) and several siloxane compounds 

(contaminants produced from silicone tubing) throughout the retention time range 

(Cyclotrisiloxane, hexamethyl-, Cyclotetrasiloxane, octamethyl-, Cyclopentasiloxane, 

decamethyl-, Cycloheptasiloxane, tetradecamethyl-) (Appendix 1). Similarly, 

assessments were made to identify common VOCs from sterile media control samples. 

The predominant compounds were identified as acetic acid (2.07 min), benzaldehyde 

(7.55 min), phenol (7.88 min), acetophenone (10.21 min), nonanal (11.21 min), decanal 

(13.83 min), 2-ethylhexyl acrylate (14.32 min), and several saturated alkanes (C12-C16). 

 

Unique VOCs were identified in the A. fumigatus CEA10 (wild type) cultures at the 12-

24-hour time course, present in at least three out of six samples. These included the 

terpenes cyclopentene (Ret. Time: 1.86 min), himachalene (20.41 min), the terpene 

precursor molecule α-bergamotene (19.31 min) and the 2-methoxy-furan (4.02 min). 

VOCs collected with the passive method did not differ significantly from the ones 

collected actively (data not shown). Unique VOCs were also identified in the A. 

fumigatus ΔpptA strain, namely furan, 2,5-dimethyl- (2.80 min), butanal, 3-methyl- (2.42 

min), styrene (5.80 min), and dodecanoic acid (21.93 min). 

 

Several compounds that were common to the A. fumigatus CEA10 and the ΔpptA strain 

were identified. Table 4.2 summarises the samples found in at least three out of the six 

samples analysed per condition and strain for the full culture time-course. 

Unexpectedly, decanoic acid was detected in the ΔpptA cultures, which would imply 

that the loss-of-function of the PptA palmitoyltransferase is partly recovered so that 

acetyl-CoA can participate in the fatty acid biosynthesis pathway. Figure 4.17 

demonstrates the common compounds in both strains. Due to the limitation of time it  
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Table 4.2 Common volatiles between the A. fumigatus CEA10 and ΔpptA strains 
grown for 12-24 h. Volatiles belong to different chemical functional groups 
(benzenes, pyrazines, acids, terpenes). Only two compounds (ethyl acetate and 
himachalane) were produced in significantly different quantities in either strain 
(Mann-Whitney U test for estimation of p value). Data generated by Waqar Ahmed. 

 

VOC  
Retention 

time  
(min) 

Molecular 
weight 

(g/mol) 

Mean peak intensity p value 

CEA10 ΔpptA  

Ethyl acetate 2.16 88.1 0.16 ± 0.28 1.93 ± 1.52 0.023 

Butanal, 3-
methyl- 

2.42 86.1 – 1.03 ± 1.19 0.149 

Styrene 5.80 104.1 – 0.61 ± 0.46 0.072 

Pyrazine 3.10 80.1 2.17 ± 1.26 3.16 ± 2.28 0.786 

 Pyrazine, 
methyl- 

4.43 94.1 1.37 ± 0.40 2.10 ± 0.67 0.114 

α-Pinene* 6.83 136.2 0.38 ± 0.24 0.25 ± 0.35 0.570 

Camphene* 7.25 136.2 0.70 ± 0.13 0.41 ± 0.59 0.441 

Limonene* 9.24 136.2 0.62 ± 0.43 0.40 ± 0.60 0.570 

Himachalene 20.47 204.4 3.58 ± 3.41 – 0.026 

Decanoic acid 21.93 172.2646 0.06 ± 0.11 0.58 ± 0.58 0.337 

* confirmed identification and retention time using external standard (MS1) 
In bold = p < 0.05  

 

was not possible to test the reported compounds for their ability to influence avoidance 

in A. fumigatus, but it is a question which should be addressed in the future (section 6.4). 
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4.3 Discussion 

The aim of the research described in this chapter was to provide insights into what 

chemical compound(s) may be acting as extracellular signal molecules to promote 

negative autotropisms. Previous data has shown that communication between 

germinating spores and germ tubes growing on cellophane is highly likely to be 

occurring through air and not via any liquid intermediate (Fig. 4.1). It should be noted 

that other possible hypotheses which could explain self-avoidance based on this 

observation (e.g. sensing of and growth toward high nutrient gradients) were not tested. 

Self-avoidance has also been observed between germlings and spores with intact 

hydrophobin layer indicating that any communication may be mediated through gases 

(section 3.2.3). For these reasons, I first chose to investigate whether NO might have 

negative autotropic properties. However, experiments with a NO scavenger produced 

no evidence for it having this type of signalling role.  In the second study I analysed the 

inhibitory, tropic and morphological effects of several VOCs on A. fumigatus that had 

previously been characterized as germination autoinhibitors in various fungal species 

(Table 4.1). From these studies, nonanoic acid turned out to have the most interesting 

effects but unfortunately without conclusive negative autotropic signal properties. 

Thirdly, I analysed the volatomes of fungal cultures from 0-24 hours old using a new 

volatome extraction methodology to gather all the VOCs from the headspace above 

compounds. Compounds common between two different strains and produced at the 

different culture times, were identified but none of these was nonanoic acid (Fig. 4.15). 

Figure 4.17 Venn diagram showing volatiles in at least 50% of the analysed samples 
(12-24 hours) of A. fumigatus CEA10 and ΔpptA. Even though ΔpptA has been 
reported to be limited in producing secondary metabolites, complex metabolites 
such as limonene and decanoic acid were observed. 
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4.3.1  Scavenging  of  nitric  oxide  has  an  impact  on 

germination but does not affect selfavoidance 

NO is a small, gaseous, lipophilic molecule able to diffuse freely through the lipid 

bilayer. Its biochemical traits render it an ideal messenger through Reactive Nitrogen 

Species (RNS) signalling. Previous studies have provided evidence that NO acts a 

messenger at key developmental stages in fungi, such as sporulation (Golderer et al., 

2001),  germination (Samalova et al., 2013) or sexual development (Baidya et al., 2011), 

in seed germination of plants (Arc et al., 2013; Šírová et al., 2011), and neuron 

organisation in higher eukaryotes (Grueber and Truman, 1999). Most notably, NO is 

involved in the antimicrobial response by mononuclear phagocytes (Lowenstein et al., 

1994; Stuehr, 2004) and cytotoxic immune response to tumour cells by activated 

macrophages (Weigert and Brüne, 2008). Nitric oxide radicals have also been shown to 

provide tolerance towards Amphotericin B (AmB; Vriens et al., 2017). Fungi have 

developed a NO-homeostasis mechanism using specific proteins, the flavohemoglobins 

(reviewed by Cánovas et al., 2016) which would also explain the lack of NO 

involvement in the immune response to A. fumigatus conidiospores by pulmonary 

alveolar macrophages (Michaliszyn et al., 1995), but it would not explain the increased 

mortality rates of spores in the same fungus by NO donors (Kunert, 1995). 

 

The influence of nitric oxide (NO) on germination and self-avoidance of A. fumigatus 

was assessed in experiments using the NO scavenger, PTIO. Self-avoidance seemed to 

be unaffected in all tested PTIO concentrations although it did delay germination. As 

previously mentioned, NO has already been reported to inhibit germination and 

appressorium formation in Magnaporthe oryzae in a similar manner (Samalova et al., 

2013). These results thus indicated that NO is not implicated in self-avoidance.  

 

4.3.2  Nonanoic  acid  influences  spore  germination  in  A. 

fumigatus 

The effect of organic compounds in germination and self-avoidance was tested by a 

simple gradient assay using antibiotic filter disks. These involved chemical compounds 

reported for their use in self-inhibition of germination, and growth modulation (Leeder 

et al., 2011; Ugalde, 2006; Ugalde and Rodriguez-Urra, 2014). Quite surprisingly, the 8-

carbon oxylipins 3-octanol, 1-octen-3-ol, 3-octanone did not show any effect on A. 

fumigatus germination even though they have been reported to inhibit germination in A. 
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nidulans (Herrero-Garcia et al., 2011). Tyrosol [2-(4hydroxyphenyl)ethanol] did not 

affect germination of A. fumigatus either, an expected result as it is a positive 

germination effector in C. albicans (Chen et al., 2004). However, since the controls 

(chloroform, itraconazole) showed the same unexpected phenotype during the assays, 

these results suggest that there is a systematic error with how the assay was performed 

in the first place, rendering these observations untrustworthy at this stage. 

 

Notable compounds with an effect on germination or fungal morphology included 

farnesol, tryptophol (indole-3-ethanol), nonanal, decanal, hydrogen peroxide, 2,4-

hexadienal, and nonanoic acid (Figs. 4.6 and 4.11). Sodium acetate did not induce any 

avoidance of fungal hyphae at any concentration tested (100 mM – 1M), suggesting that 

at the tested pH (6.0) sodium acetate is not the self-avoidance signal.  

 

Tryptophol (indole chemical group) and farnesol (sesquiterpene alcohol) gradients did 

not induce a germination inhibition zone but caused substantial morphological 

differences in microcolony formation. Notably, microcolonies formed near the 

antibiotic disk showed reduced growth and thicker hyphae compared to the mycelium 

at the inhibition zone periphery. Tryptophol also induced a very distinct morphology in 

the vegetative hyphae compare to the control: stereomicroscopy observations showed 

that the mycelium is denser and the hyphae thicker. In S. cerevisiae it has been reported 

that tryptophol induces filamentation (Chen and Fink, 2006). Furthermore, a recent 

study in N. crassa has shown that tryptophol is a side-product of the auxin hormone 

indole-3-acetic acid biosynthesis pathway (Sardar and Kempken, 2018). The reason why 

tryptophol had different morphological effects on S. cerevisiae and A. fumigatus are 

unclear.  Farnesol did not seem to affect germination or hyphal growth to the same 

extent. Although microcolonies were observed near the antibiotic disk where 

compound concentration is expected to be higher, cells grew normally. This contradicts 

earlier findings which have reported that farnesol induces apoptosis in A. fumigatus 

(Dichtl et al., 2010) and A. flavus (Wang et al., 2014) and limits growth in C. albicans and 

S. cerevisiae through translation inhibition (Egbe et al., 2017). It is possible that in the 

experimental assay farnesol did not diffuse well into the media similar to the controls, 

thus a concentration gradient was not formed resulting in cells being unaffected by the 

compound.  
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The aldehydes nonanal and decanal were present in all the GC-MS samples (media 

controls and fungal cultures, section 4.2.6), hence they were selected to verify if those 

compounds present in the media would affect A. fumigatus self-avoidance. Hydrogen 

peroxide has been shown to induce oxidative stress response in filamentous fungi and 

inhibit germination (Angelova et al., 2005). My results showed that nonanal and decanal 

affect germination similarly to ROS but in a milder manner (Fig. 4.11-4.12) causing an 

inhibition zone around the antibiotic disc. Slight differences between the size of the 

inhibition zone could be attributed to the different diffusion rates of each compound 

(also applicable to nonanoic acid discussed later). The reason why nonanal and decanal 

affect A. fumigatus germination is unclear since the former has been reported as a 

germination stimulator in the rust fungus Puccinia graminis (Rines et al., 1974). 

Interestingly, it has also been shown to be an inhibitor of Arabidopsis thaliana seed 

germination (Hung et al., 2014). The aldehyde 2,4-hexadienal, which has also been 

reported as a germination self-inhibitor in Colletotrichum fragariae (Miyagawa et al., 2000), 

induced a much stronger effect of delayed germination. A possible explanation for the 

ROS simulated effect of aldehydes (nonanal, decanal, hexadienal) can be found in the 

aldehydes’ chemical properties. Initial VOC concentration placed on the filter disk was 

high enough to cause autoxidation of the tested aldehyde with environmental oxygen to 

form peroxides and hydroperoxides. Thus, the observed germination inhibition zone is 

a secondary effect of the tested aldehydes and does necessarily entail a direct interaction 

of the compound with the cells. 

 

Of all tested compounds, the most interesting results were obtained from the nonanoic 

acid assay. Nonanoic acid showed clear intermediate effects on the germination rate of 

A. fumigatus; germination at higher concentrations. This finding is in agreement with 

previous studies which have shown that nonanoic acid acts as a quorum sensing 

effector (self-inhibitor) of germination (Breeuwer et al., 1997; Garrett and Robinson, 

1969).  

 

4.3.3  Synnematous  structure  formation  is  induced  in  the 

presence of nonanoic acid 

To verify whether the delayed germination in the inhibition zone caused by nonanoic 

acid recovered, fungal cultures were incubated for a further 24 hours (48 hours total). 

Although germination did not recover (stereomicroscopy observations not shown), the 

grown mycelium displayed normal sporulation compared to the control. The most 
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surprising feature of the mycelium in plates treated with nonanoic acid was the 

formation of long, white hyphal structures growing almost perpendicularly to the 

substrate surface (Fig. 4.10). Attempts to image those hyphae using CLSM showed that 

they are aggregated together into very dense structures. Incubation for a further 24 h 

resulted in asexual sporulation on top of those structures. These are coremia (or 

sometimes called synnemata); and are specialised multihyphal aggregates involved in 

asexual reproduction (Watkinson, 1979; Read, 1994).  

 

Synnemata are characteristic of Penicillium species and have been reported formed when 

mycelia of different strains of the species approach one another in forests (Muntanola-

Cvetkovic et al., 2001). Entomopathogen fungi such us Paecilomyces tenuipes (Kana-Uchi 

and Fukatsu, 1999) and Beauveria bassiana (Lee et al., 2010), and the nematophagous 

Arthrobotrys oligospora (Werthmann-Cliemas and Lysek, 1986) have been shown to form 

synnemata. Ordinary saprotrophs such as Doratomyces stemonitis have also been shown to 

produce synnemata (Read, 1994). In addition to a number of Aspergillus species 

described by Raper and Fennell (1965), synnemata have recently been reported in A. 

coremiiformis, A. togoensis (Varga et al., 2011), A. caelatus (Hubbes, 1975) and an A. flavus 

mutant strain when grown on Murashige-Skoog agar (McAlpin, 2001).  

 

Several attempts have been made to elucidate what promotes the formation of 

synnemata in filamentous fungi. Studies have shown that the growth media is a 

determining factor (McAlpin, 2001), and the dark and then light illumination conditions 

during culture (Kana-Uchi and Fukatsu, 1999). Chemical assays using terpenes and 

unsaturated acids in Ceratocystis ulmi revealed that the most prominent inducer of 

synnemata formation are linoleic acid (C18H32O2) and, to a lesser extent, limonene 

(C10H16). These chemicals were not tested in A. fumigatus to verify their role, if any, in 

the formation of coremia/synnemata because of the limitation of time. Interestingly, I 

identified limonene as a VOC secreted by A. fumigatus (Fig. 4.17). It is possible that 

limonene may induce the aggregation and differentiation of hyphae to produce the 

synnematous structures. To my knowledge this is the first report of coremium 

formation in A. fumigatus. The phenotype is consistent with the formation of an 

incompatibility reaction associated with vegetative incompatibility (described in section 

3.1). This could mean that nonanoic acid may serve as an incompatibility factor 

between strains of the same species. This hypothesis needs to be tested by further 

experimentation. 
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4.3.4 Volatome analysis of A.  fumigatus CEA10 and ΔpptA 

can provide insight in potential signalling molecules  
I found that all tested VOCs that have been reported to effect fungal growth and 

development (Table 4.1; Leeder et al., 2011; Ugalde and Rodriguez-Urra, 2014) were 

unsuccessful in inducing avoidance of A. fumigatus hyphae. Therefore, it was necessary 

to identify other VOCs that would be candidate signal molecules for self-avoidance. To 

achieve this a novel method of volatile headspace sampling was developed with the 

samples analysed with TD-GC/TOF-MS (section 2.6). The methodology was chosen 

over the traditional solid phase micro-extraction methods reported before (Costa et al., 

2016; Heddergott et al., 2014) due to its greater capacity for trapping VOCs and high 

durability of materials which allowed storage and transport for off-site analysis. 

Volatome extraction was achieved by vacuum suction using a specialised pump and was 

chosen over gas purging (substitution) using inert gases such as CO2 or N2 because they 

resulted in culture disruption by drastically lowering the pH and possibly affecting 

volatome composition through degradation caused by turbulence inside the headspace 

chamber. The strain ΔpptA was used as an external reference strain because it displayed 

self-avoidance, yet it is defective in the production of several secondary metabolites 

(Johns et al., 2017). Hence, common VOCs between the wild type and ΔpptA could be 

potential signals for self-avoidance. 

 

Identified VOCs in A. fumigatus CEA10 and ΔpptA included monoterpene compounds 

α-pinene, camphene and limonene. Other identified VOCs of the sesquiterpene class 

were identified more frequently and in higher abundance in CEA10 (eg. himachalene). 

Monoterpenes and sesquiterpenes have been reported to be the most prevalent volatiles 

in A. fumigatus (Heddergott et al., 2014) and have also been reported in a study 

investigating VOCs from human breath as diagnostic markers for invasive pulmonary 

aspergillosis (Koo et al., 2014). According to the online KEGG database (Ogata et al., 

1999) and Heddergott et al. (2014), biosynthesis of terpene VOCs originates from the 

melvanoate pathway, which is essential for the production of secondary metabolites. 

Farnesyl diphosphate and geranyl diphosphate act as precursors to monoterpene and 

sesquiterpene biosynthesis. The suppression of sesquiterpene production in the ΔpptA 

mutant suggests a decreased production of secondary metabolite production. For 

example, both α-bergamotene and trans-β-bergamotene have been associated with the 

production of fumagillin (Heddergott et al., 2014), an extracellular metabolite that was 

absent in the ΔpptA LC-MS profiles as shown previously (Johns et al., 2017). Our 
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results support these observations since α-bergamotene was identified in one CEA10 

sample and not at all in ΔpptA. Τerpene-based compounds are not exclusive to 

Aspergillus spp.; C. albicans is known to release the terpenoid farnesol which mediates 

quorum sensing mechanisms and has been known to inhibit Pseudomonas aeruginosa 

signalling (Cugini et al., 2007; Hornby et al., 2001). 

 

Other compounds common in CEA10 and ΔpptA included pyrazines. Pyrazines are 

nitrogen-containing cyclic compounds are well described for their presence in bacteria 

metabolism (Schulz and Dickschat, 2007) and have recently gained interest as fungal 

metabolites (Dickschat, 2017a). Even though pyrazine biosynthesis in Aspergillus spp. is 

not fully understood, pyrazine groups can be found within the chemical structure of 

some secondary metabolites such as aspergillic acid or gliotoxin (Heddergott et al., 

2014), where pyrazines may be released in the headspace during their biosynthesis or 

degradation.  

 

Ethyl acetate was identified once in CEA10, but significantly more in ΔpptA (5/6 

samples), and has been identified from many fungi (including A. fumigatus) in a previous 

study (Matysik et al., 2009). Butanal, 3-methyl- and decanoic acid were also more 

frequently identified in ΔpptA. Butanal, 3-methyl-, and a methylated furan were found 

as discriminatory VOCs in a recent study investigating fungal headspace profiles under 

hypoxic conditions (Rees et al., 2017). Increased ethyl acetate, butanal, 3-methyl-, 

decanoic acid, and the identified furan-based compounds in the ΔpptA strain may be 

the result of accumulation of these volatile components because of the disruption of 

fatty acid synthesis due to the absence of PPTase (Dickschat, 2017). 

 

Several VOCs previously reported in A. fumigatus (Heddergott et al., 2014) or A. niger 

(Costa et al., 2016) were not identified in our samples, a result which can be explained 

in several ways. The most important aspect of our analysis was that it aimed at 

identifying VOCs which are present during early fungal growth (6-12 hours) and during 

later developmental including early sporulation events (12-24 hours). Besides the aim of 

identifying novel VOCs which may be self-avoidance signals, there are also medical 

applications of this analysis. A recent study has demonstrated that communication of 

microbes via VOCs in human organotypic lung models is possible (Barkal et al., 2017). 

Therefore, it is important to identify VOCs which are indicative of germination and 

early fungal growth and can be used as infection markers of timely fungal infection 
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diagnosis as it has already been shown in studies (Hertel et al., 2015; Rees et al., 2017). 

For instance, our results demonstrate the absence of terpene compounds from 0 to 8 h, 

and their presence after 12-24 h. As terpene compounds are thought to be by-products 

from the production of several secondary metabolites, they may be useful indicators of 

successful host colonisation or culture growth. In contrast, Heddergott et al. (2014) 

analysed the volatome of A. fumigatus after 48 hpi with the SPME method, which would 

explain the prevalence of terpene-based VOCs in their results. Another important 

aspect of the results of my analysis is that they are based on a relatively low number of 

replicates (6 per condition) which would explain why only few VOCs are consistently 

present across >50% of the samples. 

 

4.4 Summary 

The main results of the research described in this chapter can be summarised as 

follows: 

(1) NO is probably not a VOC involved in signalling negative autotropisms 

because highly selective scavenging of NO with PTIO does not affect it.  

(2) A range of VOCs, which have been previously shown to be shown to cause 

self-inhibition of spore germination, were tested to determine whether they also 

affect self-avoidance. However, the results from these experiments proved 

inconclusive. 

(3) Nonanoic acid induced the formation of synnemata (coremia) after 48 hours at 

the edge of the germination inhibition zone. It was hypothesised that nonanoic 

may play a role as a vegetative compatibility factor in producing this form of 

apparent incompatibility reaction.  

(4) Several volatiles common to the wild type and a secondary metabolism deficient 

strain (ΔpptA) were identified by GC-MS and need to be assayed further to 

investigate whether they have a role in self-avoidance. 
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5.1 Introduction 

Chapter 3 showed that negative autotropisms are important in regulating the 

morphogenesis of the colony from the point of determining the site of germ tube 

emergence from spores, and in regulating the directional growth of germ tubes and 

mature vegetative hyphae relative to those of other germ tubes and vegetative hyphae in 

their proximity.  The mechanistic basis of negative autotropic growth responses in fungi 

is not understood.  The research described in chapter 4 attempted, using several 

different approaches, to identify the extracellular signal molecule(s) responsible for 

negative autotropisms. However, no strong candidates for the self-avoidance signal(s) 

were found. 

 

In this chapter, mutant screening was performed using a collection of deletion 

(knockout) mutants of A. fumigatus that had been generated at the Hans-Knöll Institute 

(HKI, Jena) and the University of Manchester.  These mutants were defective in two 

classes of proteins: G-coupled protein receptors and protein kinases. 

 

The only studies that have been performed to understand the intracellular signalling 

involved in negative autotropisms in filamentous fungi have been conducted on N. 

crassa using a fluorescent reporter of active rho GTPases (Lichius et al., 2014).  This 

study provided evidence that these small GTPases, with CDC42 being the most likely 

candidate, are involved during avoidance between two germ tubes of the same mating 

type. More specifically, Lichius et al. (2014) showed that as germ tubes approached each 

other, re-localisation of the small GTPases away from the adjacent germ tubes 

occurred, and this was followed by the repulsive growth of the germ tube tips resulting 

in negative autotropisms.  

 

A study in S. cerevisiae suggested that a protease, Bar1, secreted by MATa cells can act as 

a regulator of the pheromone concentration (by degrading the α-factor), enabling 

MATa cells to recognise and avoid each other. By creating a gradient through 

degradation of the α-factor, MATa cells move towards MATα cells and away from 

ΜΑΤa. The study proposed that this mechanism has been established as a means for 

efficient mating between yeast cells (Jin et al., 2011). 
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The only previous mutant analyses on self-avoidance responses have been made in 

neuronal cells. It has been previously shown that the mechanistic basis self-avoidance 

can be described in three stages: (i) (self-)recognition of cells either through 

pheromones or touch mechanisms by receptors localised on the membrane, (ii) 

activation downstream signalling cascades which results in (iii) axon rearrangement by 

actin-polymerisation (reviewed by Guan & Rao, 2003; Lefebvre, Sanes, & Kay, 2015; 

section 1.3.6.1). Interestingly, the consistent phenotype of self-avoidance dendrite 

mutants shows that axons tend to aggregate together due to either loss of self-

recognition or inability to diverge away from neighbouring structures (Fig. 5.1).  

 

5.1.1 Aims of the research described in this chapter 

The overall aim of the research described in this chapter was to perform a phenotypic 

screen of knockout strain libraries of A. fumigatus, to determine components of the 

signalling pathways involved in the regulation of negative autotropisms. Mutants 

compromised in the following two classes of proteins were screened: 

(1) Sixteen (16) G-protein coupled receptors (GPCRs).  

(2) Ninety (90) protein kinases.  

Figure 5.1 Self-avoidance mutant phenotypes in neuron cells. The 
filamentous axons of a mutant dendrite aggregate resulting in limited 
coverage of the area in which the cell grows. Reproduced from 
Lefebvre et al. (2015). 
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5.2 Results 

5.2.1  Phenotypic  screens  performed  on  GPCR  and  kinase 

deletion mutants 

To provide evidence for different GPCRs and kinases being involved in regulating 

negative autotropisms in A. fumigatus, deletion mutant collections of 16 GPCRs 

(provided by Axel Brakhage’s group) and 90 protein kinase (provided by the 

Manchester Fungal Infection Group) were phenotypically screened. Each strain was 

grown on Aspergillus minimal agar medium (AMMA) and Aspergillus complete agar 

medium (ACMA) and observed by stereomicroscopy at 24 and 48 hpi as described in 

section 2.5.4. The screen was conducted with a non-targeted, blind method to eliminate 

any bias; each strain was assigned a code without prior specific knowledge of its 

corresponding gene deletion. Imaging was done in triplicates per strain (at least 3 

distinct colonies per strain and different Petri dish per colony).  

 

Phenotypes were primarily determined on AMMA 3% w/v to ensure as many hyphae 

in the same focal plane as possible (see section 3.2.6), as hyphae were more sparsely 

distributed on this type of media and growth/development patterns were easier to 

distinguish. Furthermore, the hyphal aggregation phenotype was more obvious on 

AMMA. For the purposes of the screen two traits were looked into in terms of growth: 

(i) the ability of the fungus to grow on chemically defined minimal media, and (ii) the 

presence or lack of avoidance between vegetative hyphae at the periphery of the young 

colonies or between germ tubes during the early stages of colony initiation. Vegetative 

hyphal/germ tube aggregation were the morphological phenotypes used as indicators of 

defective self-avoidance responses.  

 

5.2.1.1  Phenotypic  screen  of  Gprotein  coupled  receptor 

knockout mutants  

G-protein coupled receptors have a central role in extracellular sensing and responses 

to extracellular signals in fungi and are responsible for the activation of a wide range of 

signalling pathways (Xue et al., 2008). For this reason, 16 strains which had had their 

genes encoding for GPCRs deleted were screened to verify if one or more were 

compromised in negative autotropisms.  
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All GPCR null mutants displayed normal macroscopic growth phenotypes, as viewed 

with the naked eye, on both minimal AMMA and complete ACMA media (Fig. 5.3 and 

5.4). However, 7 out of the 16 GPCR mutants showed hyphal aggregations compared 

to the wild type when observed grown on ACMA under the stereomicroscope (Fig. 

5.4). These aggregations were regarded as a likely result of defective self-avoidance 

responses. The lack of self-avoidance was also evident during germination of all of the 

same 7 GPCR null strains in AMM that were observed to undergo aggregation between 

vegetative hyphae. The germ tubes of these mutants aggregated and were not equally 

spaced apart like in the wild type (Fig. 5.5). Table 5.1 summarises the phenotypes of the 

GPCR mutants in relation to self-avoidance.  GPCRs that belonged to Classes I and II 

(pheromone reception), III (carbon sensing), IV (nitrogen sensing) and VIII 

(progesterone-like receptors) underwent germ tube and vegetative hyphal aggregation. 

These Classes of GPCRs are as described in Cabrera et al. (2015) and Lafon et al. (2006).  

 

To verify quantitively the stereomicroscopic observations, GPCR self-avoidance null 

mutants were quantified as follows: hyphae grown on AMMA were measured for 

avoidance and crossover events on both the wild type and the GPCR knockout strains. 

Figure 5.2 Mean colony size of GPCR null strains grown on AMMA and ACMA 
for 24 hours compared to the wild type. Apart from ΔgprC and ΔgprG no significant 
differences were observed. Measurements of five colonies per strain.  
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For the purposes of the quantification only the main hyphae were considered (not 

lagging hyphal branches, which would de facto have a more confined space to grow into). 

Avoidance events were defined as a pair of hyphae converging and then maintaining 

visible distance, e.g. grow in parallel. Crossover events were defined as events in which 

considerable lengths of hyphae (> 20 μm) were growing together, or hyphae forming 

aggregates, or a pair of hyphae approaching each other and crossing over without any 

growth redirection. A ratio of crossover to avoidance events was calculated. Data was 

normalised, and a one-way ANOVA was carried out to test the significance. The results 

are summarised in Fig. 5.6. 

 

 

 

 

 

 

Table 5.1 GPCR deletion mutant strains classification in A. fumigatus (Lafon et al., 
2006), their functions, growth, and their phenotype in relation to defects in the self-
avoidance based on the results presented in Figures 5.3-5.4. The self-avoidance null 
phenotypes were observed when the fungal strains were grown on AMMA for 24 
hours. mPR-like/PAQR denotes the progesterone receptors (mPR) belonging to the 
progestin and adipoQ receptor (PAQR) gene family. 

Fungal 
GPCR 
Class 

Description GPCR 
Class 

A. fumigatus 
gene 

A. fumigatus 
Locus 

KO exhibits 
self-avoidance 

AMMA 
Growth 
(mm) 

ACMA 
Growth 
(mm)

I 
Pheromone 
receptor-like gprA AFUB_034900 No 8.53 14.12 

II 
Pheromone 
receptor-like 

gprB AFUB_055410 No 9.71 14.41 

III Carbon sensor gprC AFUB_090350 No 8.28 12.22 
 Carbon sensor gprD AFUB_028290 No 9.85 14.21 

IV Nitrogen sensor gprF AFUB_052610 No 8.73 14.28 
 Nitrogen sensor gprG AFUB_011350 Yes 10.1 12.85 
 Nitrogen sensor gprJ AFUB_007220 No 9.31 14.16 

V cAMP sensor gprH AFUB_052640 Yes 9.83 14.35 
 cAMP sensor gprI AFUB_047630 Yes 10.04 14.23 
 cAMP sensor gprL AFUB_046660 Yes 9.64 14.63 

VI RGS domain gprK AFUB_101830 Yes 10.08 13.89 
VII mPR-like/PAQR gprM AFUB_090880 Yes 9.79 14.8 
VIII mPR-like/PAQR gprO AFUB_038590 Yes 10.26 14.75 

 mPR-like/PAQR gprP AFUB_073100 Yes 9.25 14 
 mPR-like/PAQR gprT AFUB_096360 No 9.47 14.72 

IX Microbial Opsin nopA AFUB_088000 Yes 8.56 14.24 
  wild type Yes 9.93 15.43 
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Figure 5.3 Stereomicroscopy images of GPCR deletion mutant strains showing 
negative autotropisms when grown on AMMA. Red arrows indicate events of 
hyphal aggregations, while yellow arrows show events of cell avoidance. Scale bar = 
100 μm. 
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Figure 5.4 Stereomicroscopy images of GPCR deletion mutant strains grown on 
ACMA. No significant change to phenotype compared to the wild type was 
observed in these mutant strains. Scale bar = 100 μm. 
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Figure 5.5 Confocal images of GPCR deletion mutant strains grown on AMM (10 
hpi). Aggregated germ tubes (red asterisk) during germination were observed 
compared to the wild type. Cells are stained with calcofluor white. Scale bar = 20 
μm. 

*  * * 

* 

* 
*  * 

* 
* 
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Figure 5.6 Number of avoidance and crossover events between hyphae in the 
GPCR null strains grown on AMMA. All GPCR strains shown in Fig 5.3 have 
significantly higher number of crossover events between approaching hyphae than 
the wild type. Notably, the pheromone receptor-like GPCRs have the highest ratio 
of crossover to avoidance events. Measurements of 25-30 hyphal pairs per strain.  

Figure 5.5 (continued) Confocal images of GPCR deletion mutant strains grown 
on AMM (10 hpi). Hyphal aggregations (red asterisk) during germination are 
observed compared to the wild type. Cells are stained with calcofluor white. Scale 
bar = 20 μm. 

* 

* 

* 

* 

* 
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5.2.1.2 Phenotypic screen of protein kinase deletion 

mutants 
Figure 5.7 summarises the results of the phenotypic screen of protein kinase deletion 

mutants. Of 115 genes predicted to be encoding for proteins with kinase activity, 25 

were essential and could not be obtained after deleting the corresponding gene (Al-

Furaiji et al., unpublished). Of the viable strains, 26 exhibited severe growth defects 

when grown on AMMA either macroscopically at a colony level or microscopically. 

Thirteen strains exhibited normal growth macroscopically, yet when viewed under the 

stereomicroscope showed evidence of hyphal aggregation that was commonly 

accompanied by aberrant patterns of polarized growth, abnormal patterns of branching 

or an inability to form branches. Common phenotypes were the inability to branch or 

aberrant branching, and abnormal polarity. Subsequently, the gene products (predict 

proteins) for each strain were run through 2 distinct BLAST algorithms (blastp and 

tblastn) for the identification and validation of homologous genes to the knocked-out 

genes using the reference wild type fungal strains of Neurospora crassa OR74A (Galagan 

et al., 2003), Candida albicans SC5314 (Fonzi and Irwin, 1993; Odds et al., 2004) and 

13

26

25

51

KINASE KNOCKOUT STRAINS PHENOTYPES

Self-avoidance defects Severe growth defects

Essential genes Normal phenotype

Figure 5.7 Phenotypes of the A. fumigatus kinase knock-out strains. Out of 115 genes 
predicted to be encoding for proteins with kinase activity, 25 were essential and could 
not be obtained after deleting the corresponding gene (Al-Furaiji et al., unpublished). 
Of the viable strains, 26 displayed severe growth defects when grown on AMMA 
either macroscopically at a colony level or microscopically. Thirteen strains exhibited 
normal growth macroscopically yet showed aberrant polarity and hyphal aggregations 
when observed under the stereomicroscope.  
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Saccharomyces cerevisiae S288C (Goffeau et al., 1996) for comparison.  

 

The 13 kinase KO strains exhibiting defective phenotypes in self-avoidance (hyphal 

aggregation) grew normally on AMMA compared to the wild type (data not shown), but 

the leading vegetative hyphae at the colony periphery exhibited limited abilities at 

avoiding neighbouring hyphae. 

 

Table 5.2 provides a list of the self-avoidance defective mutants along with their 

homologue genes/proteins in the N. crassa, C. albicans, and S. cerevisiae, while Figures 5.8 

and 5.9 provide representative images of each mutant strain considered likely to be 

defective in self-avoidance. Kinase family classification was carried out by Al-Furaiji et 

al. (unpublished) according to the Kinomer database (Martin et al., 2009). Similar to the 

phenotypes of self-avoidance mutant cells in neuron studies that exhibited aggregation 

(Fig. 5.1), fungal hyphae exhibited aggregations with minimal avoidance or in some 

cases complete insensitivity to their neighbours. In the latter case, hyphae do not 

diverge at all but instead come in direct contact with the adjacent hyphae and then 

followed and grew alongside them in pairs. Interestingly, three out of these thirteen 

self-avoidance genes are homologous to MAP kinases involved in chemotropic mating 

and self-fusion responses (NRC-1 = MAP kinase kinase kinase; MEK-2 = MAP kinase 

kinase; MAK-2 = MAP kinase; Read et al., 2009). The homologues of these three MAP 

kinases in A. fumigatus are: ste11/steC = NRC-1; ste7= MEK-2; mpkB/Fus3 = MAK-2 

(Table 5.2).   Depending on which kinase is deleted the severity of the phenotype 

varied. One such example can be identified when the kinase knockout strains of the 

aforementioned MAP kinase cascade are examined. In both figures 5.8 and 5.9 the 

ΔmpkB strain retains the most prominent self-avoidance phenotype; minimal hyphal 

coverage over the same field-of-view (FOV).  

 

Of the remaining genes likely to be involved in self-avoidance, in budding yeast the 

homologues have a diversity of roles in: sensing glucose deprivation (Rim15/ Tak1); the 

cell cycle (Ms1/Rpk1); cation homeostasis (Hrr25); mRNA metabolism and cation 

metabolism (Sky1 – there are two homologues of this protein); cell growth and DNA 

damage response (Cka2); protein kinase C signalling (Pkh3); and telomere regulation 

(Tel1). Figure 5.10 shows the number of avoidance/crossover events for these strains 

grown on AMMA, obtained with the methodology described in section 5.2.1.1. 
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Figure 5.8 Self-avoidance defective strains of A. fumigatus grown on Aspergillus 
Minimal Media Agar (AMMA, details on next page). 
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Figure 5.8 (cont.) Self-avoidance defective strains of A. fumigatus grown on 
Aspergillus Minimal Media Agar (AMMA). In the wild type (CEA10) there is 
occasional crossover between hyphae (red arrows), but generally they are well-
spaced and avoid one another (yellow arrow). In the self-avoidance defective 
mutants, hyphal aggregations are prominent (red arrows). These can either lead to 
many hyphae bundling together and growing alongside in a uniform way or single 
events where the hypha comes in touch with the obstructing cell before it bounces 
off (e.g. ΔAFUB_072650 – kinase of unknown function/homologue). All these 
phenotypes are very similar to the ones observed in mutant neuron cells defective in 
negative autotropisms. Scale bar = 100 μm. 
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Figure 5.9 Self-avoidance defective strains of A. fumigatus grown on Aspergillus 
Complete Media Agar (ACMA, details on next page).  
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Figure 5.9 (cont.) Self-avoidance defective strains of A. fumigatus grown on 
Aspergillus Complete Media Agar (ACMA). The nutrient-rich substrate does not 
rescue the self-avoidance null phenotype on the tested strains. This suggests that 
nutrient sensing may be implicated in self-avoidance, as deleted kinases such as the 
AfSte20, SteC, AfSte7, MpkB (AfFus3) are downstream components of the nutrient 
sensing pathway in S. cerevisiae. Scale bar = 100 μm 
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Figure 5.10 Number of avoidance and crossover events between hyphae in the 
kinase null strains grown on AMMA. All kinase knockout strains shown in Fig 5.8 
have significantly higher numbers of crossover events between approaching hyphae 
than the wild type. Notably, the number of crossover events is consistent across the 
strains. Measurements of 30-40 hyphal pairs per strain.  
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5.3 Discussion 

5.3.1 GPCRs and negative autotropisms in A. fumigatus  

My results provide evidence that GPCR genes are not essential for fungal growth on 

either AMM or ACM (Fig 5.2). The results of the phenotypic screen of GPCR mutants 

provided very surprising evidence that 7 different GPCRs, belonging to different 

classes, and involved in pheromone reception, carbon sensing, nitrogen sensing, and the 

sensing of steroid pheromones resembling progesterone, are involved in self-avoidance 

responses.  These results strongly suggest that multiple extracellular signals are sensed 

by these GPCRs and that these activated multiple downstream signalling pathways to 

elicit self-avoidance responses.  This finding suggests that the strategy of searching for 

the identity of single extracellular self-avoidance molecule is flawed because more than 

one signal may be required to elicit a self-avoidance response.  

 

Nutrient sensing GCPRs have been shown to be important regulator of budded-to-

hyphal (BTH) form transition in C. albicans through activation of the cAMP-PKA 

pathway by Gpr1 (Maidan et al., 2005; Midkiff et al., 2011). The nutrient sensor Gpr1 

has also been shown to be a regulator of pseudohyphal differentiation in S. cerevisiae 

(Ansari et al., 1999; Lorenz et al., 2000; Tamaki et al., 2000). In A. nidulans the GprD 

acts as a nutrient sensor closely related to the PKA pathway; ΔgprD mutants exhibit 

downregulation of PKA activity (de Souza et al., 2013)(de Souza et al., 2013). In A. 

fumigatus deletion of the genes encoding for GprC and GprD resulted in 

downregulation of primary metabolism genes and upregulation of genes related to 

secondary metabolism (Gehrke et al., 2010)(Gehrke et al., 2010). The same study 

showed that hyphal extension was reduced, and that germination was retarded, two 

findings which are not in agreement with my observations. In N. crassa, deletion of the 

gene encoding for GPR-4 resulted in lower mass accumulation when the fungus was 

grown on a variety of different carbon sources (Li and Borkovich, 2006)(Li and 

Borkovich, 2006). In a study investigating the effect of signalling pathway inhibitors in 

C. albicans and A. fumigatus it was revealed that certain GPCR antagonists (e.g. 

Clozapine) influenced A. fumigatus germination (Toenjes et al., 2009). In the same study, 

antagonists of the Ca2+ signalling pathway affected neither germination nor self-

avoidance. My results show that nutrient sensing related GPCR knockouts results in 

limited adaptation of the fungal hyphae and growth aberrations. This would suggest 

that A. fumigatus may be vulnerable to such conditions as it cannot adjust quickly to 

nutrient limitations and does not grow uniformly as the wild type. These observations 
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highlight the possibility of nutrient-sensing GPCRs being targets of interest for 

antifungals, which is further discussed in section 6.2.3. 

 

The loss-of-function of a GPCR which results in lack of self-avoidance can explained as 

follows: since the GPCR is not transcribed, the related small GTPases (Ga, Gβ) are in a 

constant unbound state, in which they can be activated by a Guanine Exchange Factor 

(GEF). As a result, Ste20 and its downstream effectors are constitutively active resulting 

in abnormal polarity behaviour and lack of avoidance. Since the effect is possibly 

dependent on a variety of factors, some self-avoidance can still be observed but in 

general the fungal hyphae have a limited ability to change their polarity in response to 

neighbouring cells. Consequently, since the regulation of actin polymerisation, hence 

polarity, is affected hyphal aggregations are formed. 

 

5.3.2  Multiple  protein  kinases,  including  one  MAP  kinase 

pathway, play roles in selfavoidance 

Intracellular kinases are key mediator proteins of the signal transduction between the 

extracellular environment and a cell’s response. Kinases have also been shown to be 

vital for host-pathogen interactions and cross-kingdom communication (Segorbe et al., 

2017; Turrà et al., 2014). Since they are vital components fungal growth, development 

and adaptation to external environmental cues, I tested whether any kinases are 

involved in the self-avoidance response of A. fumigatus by conducting an unbiased 

phenotypic screen on different growth conditions.  

 

The results of the phenotypic screen showed that homologues of the principal 

components of the chemotropic responses during N. crassa mating and during self-

fusion between CATs also seem to be involved in regulation of self-avoidance. All these 

kinases are involved in range of signalling cascades in S. cerevisiae such as the mating and 

pheromone response or the filamentous and invasive growth pathways (Hamel et al., 

2012). The MpkB/Fus3 homologue kinase pathway, MAK-2, has also been implicated 

in cell communication in N. crassa with HAM-5 acting as a scaffold protein in the 

pathway (Dettmann et al., 2014). MAK-2 is also essential for the oscillatory ping-pong 

communication mechanism during CAT chemostropism up to and including cell fusion 

in N. crassa (Fleissner et al., 2009; Read et al., 2009; Serrano et al., 2017; Weichert et al., 

2016). Homologues of the MAPK cascade involved in mating have also been identified 

in C. albicans (Liu, 2001). The results of the phenotypic screen would suggest that this 
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MAP kinase pathway is involved in two opposing responses in filamentous fungi: 

hyphal attraction during cell fusion and hyphal repulsion during self-avoidance. Clearly 

other, yet to be identified, signalling components are involved in regulating which of 

these two opposing responses is activated. At this stage one can only speculate what 

these signalling components might be.  However, it quite possible that some or all of 

the proteins listed in Table 5.2, and which when deleted result in a defective self-

avoidance response, play a role in this regulation. The fact that multiple extracellular 

signals and multiple GPCRs may have to be sensed in combination may be a key aspect 

of how self-avoidance and chemoattraction are differentially regulated. The receptor 

involved in CAT chemotropisms has not yet identified and is not one of the known 

GPCRs (Read et al., 2012).   

 

The Pkh3 kinase in S. cerevisiae, is a similar kinase to the mammalian phosphoinositide-

dependent kinase 1 (PDK1) and yeast kinases Pkh1/Pkh2 which are responsible for the 

activation of the Pkc1 and Pkc1-effector pathway (Inagaki et al., 1999) and its knockout 

also results in limited self-avoidance. Pkh1-3 kinases have been shown to affect polarity 

via the interaction of the TORC and cAMP-PKA signalling pathways in S. cerevisiae 

(Roelants et al., 2002; Voordeckers et al., 2011).  

 

The Hrr25 was initially associated with repair of damaged DNA; its mutation resulted 

in increased sensitivity to DNA damaging agents (Hoekstra et al., 1991), but it was later 

identified as the casein kinase 1 (Csk1) homologue and shown to phosphorylate Crz1 

both in vivo and in vitro thus acting as a negative regulator of the Ca2+/calcineurin 

pathway.  

 

The Rim15 kinase is also affected by the cAMP-PKA nutrient sensing signalling 

pathway maximising adaptability during the G0-cell cycle stage (Cameroni et al., 2004) 

and has also been shown to affect kinases Ime1 and Ime2 (Vidan and Mitchell, 1997) 

which are responsible for pseudohyphal growth in S. cerevisiae in nonfermentable carbon 

sources (Strudwick et al., 2010). The knockout of the latter resulted in severe growth 

defects in A. fumigatus (Appendix 2).  

 

Lastly, of high interest would be the predicted kinase of the AFUB_072650 locus, 

which has no known homologues in any of the fungal databases that was search against.  

 



Chapter 5 – Mechanistic investigation of signalling involved in fungal self-avoidance 

 

191 

Another interesting indication of my mutant screening results was that the regulation of 

actin cytoskeleton during negative autotropisms is not guided directly through the 

traditional Cdc42-Wiskott-Aldrich syndrome protein (WASP)-Arp2/3 pathway 

(Burianek and Soderling, 2013; Tyler et al., 2016), but it is the resultant of more 

complex interactions of integrated pathways. This is based on the observation that 

kinase deletion mutants affect polarity and growth axis rearrangement, which are not 

directly involved in the aforementioned pathway. 

 

5.4 Summary 

The results of the research described in this chapter can be summarised as follows:  

(1) A screen of 16 GPCR and 115 protein kinase mutants were screened for hyphal 

aggregation as a phenotypic readout of defects in self-avoidance responses. 

(2) Seven G-protein coupled receptors were identified as possibly being involved in 

negative autotropisms of A. fumigatus. They belong belonging to four different 

classes of GPCRs involved in pheromone reception, carbon sensing, nitrogen 

sensing, and the sensing of steroid pheromones resembling progesterone.  

(3) Thirteen protein kinases were identified as possibly being involved in negative 

autotropisms of A. fumigatus. 

(4) The results suggest that multiple extracellular signals are involved in the self-

avoidance response.  
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6.1 Introduction 

During this PhD project I set out to investigate the fungal negative cell autotropisms, 

analyse them and gain insights into the signalling pathways involved in their regulation. 

The key motivation for undertaking such a task was that although fungal self-avoidance 

was one of the first types of tropisms to be identified (Miyoshi, 1894), little progress 

was made during the 20th century to elucidate the mechanisms regulating this kind of 

response. It is notable that in the last decade there has only been one study regarding 

self-avoidance of fungal cells using S. cerevisiae (Jin et al., 2011). In contrast, significant 

advances have been made into understanding self-avoidance of neuron cells. However, 

self-avoidance responses by these cells seems to be fundamentally different to that in 

filamentous fungi such as A. fumigatus because only in the former are the responses 

contact-/touch-mediated (summarised in section 1.3.6.1).  

 

Advances in live-cell imaging, rapid generation of fungal gene deletion libraries and 

improvements in analytical chemistry methods involving GC-MS, have provided 

powerful new experimental approaches to investigate the phenomenon of cell 

avoidance (section 1.3.6). The study’s experimental organism, A. fumigatus, was chosen 

not only because it is an established experiment system but also for its impact as a 

human pathogen, as any key components of self-avoidance may have been linked to 

reported (Abad et al., 2010) or novel virulence genes and/or markers. Figure 6.1 

summarises the thought processes of this thesis based on the overall aims raised in 

section 1.6 and their respective answers to the key questions addressed in these aims.  
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Negative cell autotropisms in A. fumigatus 

Are negative cell tropisms 
observed in A. fumigatus? If so, 
at which developmental stage(s) 
are they prevalent? 

What signalling pathways 
regulate self-avoidance?

Can any small extracellular 
molecules be identified that act 
as signals for this tropism? 

What is the downstream 
signalling machinery involved in 
this kind of tropic response? 

Yes, self-avoidance is present in 
every developmental stage of A. 
fumigatus, having an important 
role on germination and colony 
morphology. 

Several molecules were screened 
with no visible influence on self-
avoidance. VOCs have been 
identified which may be 
implicated in self-avoidance. 

 

Evidence that components of 
the MAPK and GPCRs of the 
pheromone response and 
nutrient sensing signalling 
pathways may regulate self-
avoidance in A. fumigatus  

Figure 6.1 Questions addressed in this research thesis. Blue boxes denote general 
topics, red boxes present the research aims raised in section 1.6, and green boxes 
provide brief summarised answers to the related aims. 
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6.2 Key findings 

6.2.1  Selfavoidance  is  a  defining  factor  in  A.  fumigatus 

germination, colony morphology and expansion 

Negative autotropisms of vegetative hyphae and branches at the colony periphery and 

and positive autotropisms of hyphal branches behind the colony periphery were first 

shown by live-cell imaging in Neurospora crassa. Overall, the vegetative hyphae strongly 

tended to grow outwards from the colony centre. The specialized hyphal branches 

undergoing positive autotropisms towards each other in the inner colony regions 

underwent cell fusion (Hickey et al., 2002). In A. nidulans young hyphae tend to avoid 

one another before they switch to biofilm formation (Stephen Osmani, personal 

communication). My results showed that in A. fumigatus self-avoidance defined the sites 

of germ tube emergence from spores (section 3.3.2). These germ tubes then averted 

their growth away from neighbouring spores and adjacent germ tubes (section 3.2.1). 

This change of direction was also observed in between adjacent mature vegetative 

hyphae at the colony periphery and between the hyphae of 24-hour approaching 

colonies (section 3.2.7). Depending on the angle of approach they seemed to be either 

unaware of each other or they changed their growth course to a parallel one. The 

observation that the angle of approach may be involved in hyphal sensing and 

subsequent tropic response is similar to the thigmotropic response observed in N. crassa 

(Stephenson et al., 2014). The barrier zone observed in fungi (Porter, 1924; Skidmore 

and Dickinson, 1976) due to intraspecies vegetative incompatibility or interspecies 

competition may be attributed to a significant extent to this hyphal avoidance. 

 

Experiments during germination have shown that the original protrusion site during 

germination was dependent on the site of contact between spores or spores in close 

proximity, while it was affected to a lesser extent by contact or near contact between 

spores and inert objects such as polystyrene microbeads (section 3.3). This would 

suggest that intercellular communication takes place between germinating spores in 

contact/near contact, probably after the 3-hour mark of isotropic growth when the 

hydrophobin layer covering each spore has been disrupted (Dague et al., 2008). After 

the germination site is established and the first germ tube protrudes from the spore, 

negative autotropisms take effect and tip growth is affected depending on the relative 

location of the original germination site to the adjacent cells (section 3.2.1). 

Experiments which involved dead, and dormant cells showed that the self-avoidance 

responses of germ tube tips require the interaction between living cells (section 3.2.3).  
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To quantify negative cell autotropisms in A. fumigatus a novel 3D image analysis method 

was developed which measured the angles of spacing between germ tubes early post-

germination. Analysis of 3D data and its 2D projections revealed that the z-axis (depth) 

is a crucial factor which must be considered when assessing the phenomenon when 

spores are germinated on agar medium. The mean angle of avoidance did not exceed 

70.18º ± 5.39º in a pair of spores, which would suggest that any inducing signal loses its 

potency at greater angles. The propensity of A. fumigatus germlings to invade their 

substratum was also measured. Although the mechanism by which they invade their 

substrate is still unclear, my results showed that their ability to invade surfaces is 

inhibited in increased stiffness. This observation may be important in the context of 

host tissue invasion and the interaction between fungal hyphae and host cells (section 

3.2.6). 

 

6.2.2 Screen of VOCs as potential extracellular  signals did 

not reveal any effect on fungal avoidance 

The first step in understanding the signalling machinery guiding self-avoidance was to 

identify the extracellular signal(s) which induce(s) this response. Volatile organic 

compounds (VOCs) were tested as their biochemical properties make them ideal signal 

molecules: they are small, then can diffuse through the cell membrane and their half-life 

is short enough to negate oversaturation of the signal in the hyphal micro-environs. I 

tested their activity on germination inhibition and self-avoidance.  

 

The effect of nitric oxide scavenging on spore germination and avoidance was 

investigated with the use of PTIO, a cell permeable NO scavenger. Nitric oxide is a 

molecule of interest in fungal disease and my results showed that increased PTIO 

concentrations inhibited spore germination in A. fumigatus but did not affect negative 

autotropisms during germination and germ tube elongation (section 4.2.1). To my 

knowledge this is the first report of intracellular NO depletion inhibiting germination of 

A. fumigatus.  

 

A wide range of volatile compounds (organic and inorganic) have been reported to 

influence germination, modulate growth and development in fungi (Leeder et al., 2011; 

Ugalde and Rodriguez-Urra, 2014). I tested VOCs which have been reported as self-

inhibitors of germination in different ascomycetes (section 4.2.2). My hypothesis was 

that at a low concentration these germination self-inhibitors might act as self-avoidance 
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signals, especially if self-inhibition of germination is one aspect of self-avoidance. Of all 

the tested compounds, only nonanoic acid visibly affected inhibition, in a dose-

dependent manner. However, self-avoidance was not affected at all. Interestingly, 

nonanoic acid induced the formation of synnemata (coremia), hyphal aggregations 

which act as secondary conidiation structures, at the edge of inhibition zone formed by 

the concentration gradient at 48 hpi (section 4.2.3). Although synnemata have been 

reported before in Aspergilli (Hubbes, 1975; McAlpin, 2001; Varga et al., 2011), to my 

knowledge this is the first report of their presence in A. fumigatus.  

 

The technical limitations of the chemical compound screen (i.e. controls not working 

properly) dictated the necessity to explore other avenues to identify novel compounds 

which may act as self-avoidance signals. As Chapter 3 detailed (summarised in section 

6.2.1), negative autotropisms in A. fumigatus are prevalent in all growth and 

developmental stages: from spore germination to growth of vegetative hyphae. 

Therefore, if a VOC generates self-avoidance it would be present at both growth stages. 

For this reason, a novel GC-MS method was developed to analyse the fungal headspace 

of A. fumigatus wild type (CEA10) and a secondary metabolism deficient strain (ΔpptA), 

which was found to exhibit self-avoidance. This method was sensitive enough to detect 

compounds that consisted of 2-30 carbon atoms. Mass spectrometry results revealed 

that both strains secreted a diverse range of chemical compounds, though the ΔpptA 

was limited in the production of sesquiterpenes which comprise the majority of the 

secondary metabolites in A. fumigatus (Heddergott et al., 2014). Common volatiles 

between the two strains were found but were not analysed to determine if they 

individually elicited self-avoidance responses due to time restrictions (section 4.2.6). 

These need to be assayed further (section 6.4) to verify whether they are involved in 

self-avoidance.  

 

6.2.3  Selfavoidance  may  be  the  result  of  multiple 

extracellular signals 

I proceeded to investigate if there are any of the well characterized G-protein coupled 

receptors (GPCRs) and which protein kinases are involved in negative autotropisms in 

A. fumigatus. To achieve this, 16 GPCR and 90 viable protein kinase deletion mutants 

were screened for any hyphal aggregations which would be a phenotypic marker of 

possible defects in self-avoidance responses. Out of the 16 GPCRs, 7 showed hyphal 

aggregations when grown on minimal nutrients media (AMMA) and abnormal 
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germination phenotypes when grown in liquid AMM (section 5.2.1.1). These deletion 

mutants belong to four different classes of fungal GPCRs which are involved in 

pheromone reception, carbon sensing, nitrogen sensing, or sensing of steroid 

pheromones in the budding yeast. The wild type phenotype of these strains was 

recovered when they were grown on ACMA. Colony size was not affected significantly 

compared to the wild type under either condition. Growth aberrations of the GPCRs 

belonging to the nutrient sensing pathways were also interesting from a 

medical/pharmacological perspective, since nutrient GPCRs are fungal specific and can 

be used in a drug discovery screen (reviewed by Dijck, 2009). More recently, steps have 

been made in discovering GPCR-selective drugs, covering a wide-range of diseases and 

conditions, (Hauser et al., 2017), as well as antibodies (Ayoub et al., 2017) and small 

drugs targeting the GPCR heterotrimeric complex (Ayoub, 2018). Also, of interest is 

the implication of the GprT belonging to the mPR/PAQR class of GPCRs which are 

induced by steroid signals. Although the dependency of oxylipin signalling and quorum 

sensing pathways on GPCRs has been reported (Affeldt et al., 2012), the oxylipins I 

screened (Chapter 4) did not affect self-avoidance. It would be interesting to see the 

role of steroid signals on negative autotropisms, as this type of chemical compounds is 

easily diffusible through the cell membrane. 

 

The relationship between the kinase signalling pathways and self-avoidance was also 

investigated. To this end, 90 kinase knockout mutant strains were screened for their 

phenotypic growth patterns. Twenty-six displayed severe growth defects which ranged 

from aberrations in branching to limited growth rate. Thirteen protein kinases 

maintained growth similar to the wild type but displayed hyphal aggregations when 

observed under the stereomicroscopy. Three mutants MAP kinases and homologues of 

those involved belong to the pheromone response pathway in budding yeast and in 

self-fusion during conidial anastomosis tube chemoattraction and fusion. Evidence was 

also obtained for kinases involved in nutrient sensing through regulation of the cAMP-

PKA pathway (Fig. 6.2) in S. cerevisiae also possibly being involved in self-avoidance. 

Taken together, the phenotypic screen results indicate that negative autotropisms are 

the result of multiple extracellular stimuli, the possible equilibrium of which produce 

self-avoidance responses. This was an unexpected result because in marked contrast, 

positive tropisms in yeast (shmoos during cell mating) and filamentous fungi 

(trichogynes during cell mating; CATs during vegetative cell fusion) produce what is 
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generally believed to be a single pheromone or pheromone-like chemoattractant signal 

(Fischer-Harman et al., 2012; Merlini et al., 2016). 

 

6.3 Conclusions 

6.3.1  Hypotheses  explaining  the  mechanism  of  negative 

tropisms in fungi 

It is evident that self-avoidance takes place between cells in all developmental stages of 

a vegetative fungal colony (sections 3.2.1 and 3.2.7). However, the mechanisms of 

communication during self-avoidance responses are unknown. The results presented in 

this thesis are consistent with two alternative hypotheses explaining the mechanisms of 

communication resulting in negative autotropisms determining sites of germ tube 

emergence from conidia, and self-avoidance between germ tubes and between 

vegetative hyphae:  

(1) Fine-tuned sensing of gradients of extracellular chemicals, that can act as self-

avoidance signals, and which are produced and sensed by adjacent hyphae.  These 

chemicals may be antagonistic causing hyphae to grow away (negative tropism) 

from the highest concentration of the chemical. Alternatively, the chemical (e.g. 

nutrient) may naturally be in the form of a gradient adjacent to the hyphae as it is 

consumed or inactivated by the presence of hyphae. In this case the hypha will be 

undergoing a positive tropism towards it.                

(2) Pulsatile release of an antagonistic chemical that alternates between adjacent 

hyphae. A similar process forms the basis of the ‘ping-pong’ mechanism during 

CAT chemotropism which is involved in N. crassa except in this case the released 

chemical is a chemoattractant (Read et al., 2009). 

My results provided no evidence for cell-cell contact, as exhibited by neurons  

(Zipursky & Grueber, 2013; section 1.3.6.1), playing a significant if any role in these 

negative autotropisms (section 3.2.2).  

 

A novel unifying model connecting the two hypotheses is shown in Figure 6.2.  

Deletion of certain GPCRs leads to lack of activation and unbinding their related G-

proteins which in turn could activate their downstream effectors. In such a case the 

hyphal tip sensing is compromised, and hyphae cannot readjust growth according to the 

corresponding external stimulus. My results also indicate that several kinases related to 

the cAMP-PKA pathway as regulators or downstream effectors are also involved. 
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Therefore, self-avoidance is a result of potentially two types of external stimuli, the 

repulsion due to a pheromone secreted by neighbouring cells and the attraction towards 

high concentration gradients of nutrients. These external stimuli can either be the 

Figure 6.2 Hypothetical model of signalling regulation during self-avoidance in 
vegetative hyphae at the colony periphery. Relations between signalling components 
based on literature (see text). Two main types signals may be responsible for self-
avoidance: (i) pheromone response and (ii) nutrient availability. In the former case, 
hyphae may sense a signal molecule which is emitted by neighbouring hyphae. This 
hypothesis would suggest a ‘ping-pong’ communication mechanism between the 
two hyphae, with the signal molecule being emitted in pulses to avoid saturating the 
gradient around the sensing hyphae. The hyphae would divert its growth from the 
highest concentration towards the lowest. In the latter mechanism, the hyphal tip 
grows towards the highest concentration of carbon and nitrogen sources. Since 
those nutrients are possibly more depleted in the area surrounding neighbouring 
hyphae, a micro-gradient is formed which can be sensed by the tip of an 
approaching hypha. Subsequently, the tip may rearrange its growth towards higher 
concentrations of the sensed nutrient. Thus, what we perceive as negative 
autotropism may in reality be a positive chemotropism. Based on the balance 
between the combination of signals received, the fungal cell “decides” where to 
grow in the form of a self-avoidance response, thus maximising its growth efficiency 
and therefore fitness to the external environment. Straight lines represent direct 
interactions, dotted lines represent interactions which include more intermediate 
components, question marks denote unknown relations, asterisks mark components 
which are essential for growth in A. fumigatus. Model is based on reported 
interactions in N. crassa and S. cerevisiae literature. See text for more details.  
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negative tropism towards a pheromone or the positive tropism towards a nutrient 

gradient. To my knowledge this is the first time that a proposed model unifies 

observations and hypotheses made in the past (presented in section 1.3.6). 

 

6.4 Future perspectives 

This study has raised a few interesting questions regarding negative autotropisms in A. 

fumigatus. However, several key questions remain unanswered:  

(1) What influence do GC-MS identified VOCs have on self-avoidance? As an 

extension, are there are early growth representative VOCs in A. fumigatus which 

can be identified as early infection markers? 

(2) What is the effect of nonanoic acid in other Aspergilli? Does it inhibit 

germination? Does it induce the formation of synnemata in other species of this 

genus? What other compounds reported to induce synemmata in other 

filamentous fungi, can also induce them in A. fumigatus?  

(3) How is the Spitzenkörper, as the primary organelle complex involved in the 

directional growth of hyphae (Read, 2018), regulated to generate hyphal 

negative autotropisms in A. fumigatus? 

(4) Do small rho-GTPases (e.g. CDC42) play a role in regulating the self-avoidance 

response of determining the site of germination from spores and the vegetative 

hyphal avoidance response at the colony periphery. This should be analysed 

using a fluorescent CRIB reporter of active rho-GTPases, as described 

previously with germ tubes of N. crassa (Lichius et al., 2014). 

(5) Although, a phenotypic screen of the kinase knockout library was conducted, 

reverse complementation experiments were not carried out. The effect of 

induced kinase inhibition was left also left untested. To this extent, an ideal 

venue of experiments would be to generate mutant strains of the kinases 

implicated to self-avoidance so they can be tested by chemical genetics through 

live-cell imaging (Fleißner, 2013; Gregan et al., 2007). Ideally, this should be 

done in all A. fumigatus mating types, as this study used only MAT1-1 strains. 

(6) The phenotypes of GPCR deletion mutant strains on media with different 

carbon (e.g. sorbitol, sucrose, fructose) and nitrogen (e.g. methionine, urea, uric 

acid) sources needs to be analysed in order to elucidate whether there is any 

phenotype rescue under those conditions. 

(7) Other prominent signalling pathways, such as the Reactive Nitrogen Species 

(RNS) and the NADOX complex have not been tested for their possible roles 
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in negative autotropisms. Breakthroughs in imaging of intracellular ROS in 

fungi have been made (Marschall and Tudzynski, 2014) which could help verify 

if intracellular ROS change when adjacent germ tubes/hyphae approach each 

other.  
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A.1 – Siloxane products detected in the volatome analysis 

 
Retention time 

(min) 
Relative 

abundance 
Compound 

1.64 6.6625 Sulfur dioxide 
1.7 1.775 Silane, difluorodimethyl- 
4.26 4.65 Cyclotrisiloxane, hexamethyl- 
7.93 3.675 Cyclotetrasiloxane, octamethyl- 
11.9 5.35 Cyclopentasiloxane, decamethyl- 
16 3.8375 Cyclohexasiloxane, dodecamethyl- 

19.82 0.9125 Heptasiloxane, hexadecamethyl- 

23.12 0.5375 Hexasiloxane, 1,1,3,3,5,5,7,7,9,9,11,11-
dodecamethyl- 

Table A.1 Siloxane products detected in fungal headspace analysis 
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A.2  Table of essential kinases in A. fumigatus 
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A.3  Table of kinases with growth defects in A. fumigatus 
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A.4 – Phenotypes of growth defect kinase deletion mutants 
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A.5  –  Sample  chromatogram  and  table  from  the  volatome 
analysis 
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Table A.4 Results of peaks analysis against NIST-library of Figure A.2. Scan 
corresponds to the scan ID attributed by the analysis equipment, abundance denotes 
absolute ion count. 
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Development of an adaptable headspace sampling
method for metabolic profiling of the fungal
volatome†
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Pulmonary aspergillosis can cause serious complications in people with a suppressed immune system.

Volatile metabolites emitted by Aspergillus spp. have shown promise for early detection of pathogenicity.

However, volatile profiles require further research, as effective headspace analysis methods are required

for extended chemical coverage of the volatome; in terms of both very volatile and semi-volatile com-

pounds. In this study, we describe a novel adaptable sampling method in which fungal headspace

samples can be sampled continuously throughout a defined time period using both active (pumped) and

passive (diffusive) methods, with the capability for samples to be stored for later off-line analysis. For this

method we utilise thermal desorption-gas chromatography-mass spectrometry to generate volatile

metabolic profiles using Aspergillus fumigatus as the model organism. Several known fungal-specific

volatiles associated with secondary metabolite biosynthesis (including α-pinene, camphene, limonene,

and several sesquiterpenes) were identified. A comparison between the wild-type A. fumigatus with a

phosphopantetheinyl transferase null mutant strain (ΔpptA) that is compromised in secondary metabolite

synthesis, revealed reduced production of sesquiterpenes. We also showed the lack of terpene com-

pounds production during the early growth phase, whilst pyrazines were identified in both early and late

growth phases. We have demonstrated that the fungal volatome is dynamic and it is therefore critically

necessary to sample the headspace across several time periods using a combination of active and passive

sampling techniques to analyse and understand this dynamism.

1. Introduction

Pulmonary aspergillosis (PA) is a group of fungal infections of
the respiratory tract which can exacerbate disease in patients
with ineffective immune defences, such as those with cystic
fibrosis or asthma.1 The causative pathogens of PA (whether
invasive or non-invasive forms) are Aspergillus spp. for which
the current clinical identification method requires microbial
culture or PCR which can be time consuming (up to several
days), inefficient, and insensitive. Delays in initiating treat-

ment for these diseases can have a significant outcome on
patient mortality.2 Early and accurate detection of Aspergillus
spp. colonisation within the lung is therefore crucial for diag-
nosis of PA.

Volatile organic compounds (VOCs) are known to play a role
in intracellular communication between microbes, and
between microbes and the host,3,4 and are largely investigated
as potential biomarkers of respiratory disease and for the
differentiation of pathogens.5,6 Exploratory analysis of VOCs
emitted by fungi typically involves headspace analysis of in
vitro cultures, as the headspace gas is a rich source of VOCs
and directly indicative of extracellular activity. However, the
headspace can be sensitive to several factors including second-
ary metabolite production,7 interaction with other fungi or
bacteria,8,9 environmental contaminants or stresses,10 and
sampling and analysis methods.11 It is therefore important to
profile the volatome under a range of conditions, such as at
different growth phases, using a suitable sampling method.

In this study we have used A. fumigatus CEA10 as the model
organism to develop an adaptable and simple headspace
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sampling method in which samples may be taken at several
time points from the same culture, sampled under active
(pumped) or passive (diffusive) sampling means, and where
VOCs may be stored and transported for off-line analysis. To
demonstrate proof-of-principle of the method we developed,
we tested the method’s performance by identification of
known fungal VOCs from A. fumigatus and compared the VOC
profile of wild-type A. fumigatus to a mutant strain lacking poly-
ketide synthase (PKS) and non-ribosomal-peptide synthase
(NRPS) activity and hence with impaired secondary metab-
olism production.

2. Experimental
2.1. Strains and growth conditions

Two strains of Aspergillus fumigatus were used for headspace
analysis – a wild-type strain (FGSC A1163) and a phosphopan-
tetheinyl transferase (PptA) null mutant (ΔpptA) derived from
the aforementioned wild-type. The ΔpptA strain was recently
shown to lack effective secondary metabolite, siderophore, and
lysine biosynthesis,12 rendering the enzyme a potential anti-
fungal target.

A. fumigatus CEA10 (n = 5) and ΔpptA (n = 6) strains were
cultured on Sabouraud Dextrose Agar (Oxoid, Basingstoke, UK)
for three to five days at 37 °C. Spores (conidia) were harvested
with 10 mL PBS-Tween80 (Sigma-Aldrich, Gillingham, UK)
0.05% v/v (PBS composition in 1 litre: NaCl 8 g, KCl 0.2 g,
Na2PO4 1.44 g, KH2PO4 0.24 g, pH = 7.4). The suspension was
subsequently filtered through a sterile double layer of
Miracloth (Merck Millipore, Darmstadt, Germany), and the fil-
trate was centrifuged at 5500g for 10 min. After discarding the
supernatant, the precipitate containing the spores was re-sus-
pended in 5 mL of fresh PBS-Tween 80 0.05%. Spores were
counted using a Fuchs-Rosenthal haemocytometer and a con-
ventional optical benchtop microscope to optimise the concen-
tration of spores.

2.2. Headspace sampling

The headspace chamber was composed of glass, and the flask
opening was sealed with a PTFE stopper (Sigma-Aldrich,
Gillingham, UK). A hollow stainless-steel tube was exposed
within the headspace chamber, and VOC samples were
trapped on a sorbent tube fixed onto a three-way stainless-steel
ball valve (Thames Restek, Saunderton, UK) attached to the
outside part of the exposed hollow tube. This set up prevented
any aerosolised conidia to attach outside of the sample
sorbent tube and within the valve. PTFE tape was used as a
seal and to prevent fixtures prone to gas leaks.

For the headspace sampling, 100 mL Büchner filter flasks
(Scientific Glass Laboratories Limited, Stoke-on-Trent, UK)
containing 10 mL of solid Aspergillus minimal media (AMM)
were inoculated with 1 mL of conidial suspension containing a
total of 3 × 105 spores. After gentle shaking to ensure the sus-
pension has covered the entirety of the media surface, the
flasks were sealed and incubated at 37 °C. All manipulations

were carried out in a Class 2 microbiological cabinet under
aseptic conditions.

During active sampling, headspace gas was drawn out
using a low-flow pump (Acti-VOC, Markes International,
Llantrisant, UK) with a flow rate of 50 mL min−1 for 2 min,
resulting in a total sample volume of 100 mL per sample.
Headspace was sampled at two time points for germination
(0 to 8 h) and maturation or conidiation (12 to 24 h) for all
fungal strains and media samples. Passive sampling (i.e.
diffusive sampling) was performed between 0 and 8 h, and 12
and 24 h. Passive sampling relied upon reaching a pressure-
dependant equilibrium; i.e., between the atmospheric
pressure within the headspace chamber and the external
atmospheric pressure. Headspace gas is drawn out of the
chamber with minimal flow (generated by increased
pressure), where VOCs are adsorbed onto the sorbent
material. The total volume was therefore unknown as the
passive flow per minute was not recorded. Although purging
the headspace was an option, we chose not to use a gas purge
method (i.e. with inert gases such as CO2 and N2) as induc-
tion may disrupt the culture (by drastically lowering the pH,
through HCO3

− in the case of CO2) and cause turbulence
within the headspace chamber. An illustration of active and
passive sampling is shown in Fig. 1.

After sampling, flasks were treated with Chemgene HLD4D
(Star Lab group, Milton Keynes, UK) for 24 h. After heating to
bring the contained media to a melting point, the media was
discarded, the flasks were thoroughly washed with water,
rinsed with sterile water and autoclaved to be used for sub-
sequent sampling experiments.

2.3. Sample desorption and analysis

Samples were purged through stainless-steel thermal desorp-
tion tubes packed with a multi-bed sorbent containing Tenax
TA and Carbograph 5TD (Markes International, Llantrisant,
UK). The sorbent material was chosen based on the extended
trapping range (C3 to C30) without retaining a high concen-
tration of water molecules.

Tubes were reconditioned at 330 °C for 60 min with a con-
stant dry N2 flow of 100 mL min−1 through the tubes. Sorbent
tubes were tightly sealed with brass caps during storage and
transportation. After adsorption, sorbent tubes were trans-
ported for analysis in an airtight container and stored at 4 °C
for no longer than one week before desorption.

Samples were analysed in randomised blocks by Thermal
Desorption-Gas Chromatography-time of flight-Mass
Spectrometry (TD-GC-tof-MS). Briefly, tubes were heated in a
thermal desorption unit (Unity 2, Markes International,
Llantrisant, UK) to 320 °C (5 min hold) before being purged
with helium (1 mL min−1). Compounds were transferred onto
a cold trap (kept at 0 °C) before being desorbed a second time
to 330 °C (3 min hold) and transferred into the GC column for
separation. The Agilent DB-5 ms Ultra Inert GC column (30 m
length, 0.25 mm internal diameter, 0.25 μm film thickness)
within an Agilent 6890 GC oven (Agilent Technologies, West
Lothian, UK) had a helium carrier gas flow set to a constant
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pressure method (69 kPa), and was subjected to a temperature
ramped program starting at 40 °C, first ramp to 170 °C at
6 °C min−1, and the second ramp to 250 °C at 15 °C min−1

(total GC run time of 27 min). After chromatographic separ-
ation, VOCs were transferred to the mass spectrometer (GCT
Premier, Waters Corporation, Manchester, UK) and subjected
to electron ionisation (EI) in positive mode (70 eV), before
further separation in the time-of-flight mass analyser. Mass
spectra were acquired in centroid format at a scan rate of 10
scans per s, between m/z 40 and 500.

Each sample was purged with an internal standard to
account for analytical variation and to normalise samples
(1 ppmv 4-bromofluorobenzene in N2), and each batch run was
bracketed by a mixture of VOC standard chemicals (>95%
purity, Sigma-Aldrich, Gillingham, UK) to monitor instrument
performance. External standards were also run independently
to confirm the identification of some VOCs of interest to MSI
level 113,14 (see Table S1† for further information on the VOC
mixture and external standards).

2.4. Data analysis and VOC Identification

Raw GC-MS data files were converted to mzXML format using
the MSConvert software (ProteoWizard v. 3.0.8738, Los
Angeles, USA). Samples were pre-processed (peak integration
and smoothing, baseline correction, and retention time align-
ment) using both the XCMS package15 through R (R Core
Development team, version 3.4.2) and Chromalynx batch ana-
lysis using the ApexTrack peak integration algorithm
(Masslynx software, Waters Corporation, Manchester, UK).
XCMS and Chromalynx parameters were tuned using the VOC
standards mixture (Table S1†). The National Institute of

Standards and Technology mass spectral library (NIST version
2014, Gaithersburg, USA) was used for compound identifi-
cation of chromatographic peaks i.e. MSI level 2. In addition,
some VOCs were identified with NIST and a chemical standard
i.e. MSI level 1 (where orthogonal data are used to identify a
compound).13,14

Peak intensities were normalised by the internal standard
for each sample. To test statistical significance between two
different sample groups, the non-parametric Mann Whitney-U
test was used (α ≤ 0.05). For multivariate analysis, features
with >50% of missing values were removed. Remaining
missing values were imputed using the random forest proxi-
mity algorithm.16,17 Features were then range scaled and mean
centred.

Principal component analysis (PCA) between strains and
time points was carried out to visualise sample separation,
batch effects, and identify outliers. If no clear separation was
visible between groups, further supervised analysis in the form
of Principal component-discriminant function analysis
(PC-DFA) was performed using the adegenet package.18 Here,
the number of PCs used in the final model were optimised
using stratified random sampling (×1000) where data were
split into an internal training and validation set (ratio of
75 : 25). From this internal validation, the optimised number
of PCs with the lowest root mean squared error (RMSE) from
the percentage of successful predicted outcomes was chosen
for the final model. PC-DFA loadings from each discriminant
function were extracted and features were identified through a
NIST library search. The features and identifications were
compared to the results of compounds identified through the
Chromalynx software.

Fig. 1 Illustration of culture samples (media, CEA10, and ΔpptA), and headspace sampling methods (passive sampling and active sampling) where
the blue arrows signify headspace gas flow. The headspace sampling apparatus is comprised of several parts, labelled as (a) three way ball valve
(brass or stainless steel), (b) thermal desorption tube containing sorbent material, (c) hollow tube (PTFE or stainless steel) and PTFE stopper combi-
nation forming an gas tight seal, (d) headspace chamber (glass), (e) input flow filter (in active sampling mode only), and (f ) a calibrated and controlled
low flow pump.
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3. Results
3.1. Headspace sampling method development

Data pre-processing and treatment resulted in a total of 1450
features (m/z fragment ions at a specific retention time), which
served as input into multivariate analysis. Clusters of discrimi-
natory features were extracted and a total of 35 compounds
were identified, 11 of which were identified to MSI level 1 (i.e.
with a NIST library search and chemical standards).

Headspace sampling was performed to assess the impact of
different hardware materials on volatile profiles obtained from
tissue culture flasks. The selected materials were glass for the
chamber, stainless-steel to channel VOCs towards the sorbent
trap, and polytetrafluoroethylene (PTFE) material to seal flask
openings. Chromatograms of headspace samples from an
empty plastic cell culture flask compared to an empty glass
flask are shown in the ESI (Fig. S1†), where a larger number of
contaminant VOCs were present from the cell culture flask.

Sampling was performed within the incubator to minimise
changes in temperature and pressure, where any fluctuation in
these would alter the vapour pressure of headspace VOCs. The
sampling volume was chosen based on headspace volume
clearance. In our case, this was set to 50 mL min−1 for 2 min to
clear a headspace volume of approximately 80 mL. Headspace
gas was replaced by ambient air through the flask side arm.
Active sampling resulted in increased number of VOCs identi-
fied, the most significant being sesquiterpenes, when com-
pared to passive sampling (see chromatograms in Fig. S2†).

From blank control samples of the apparatus, known VOCs
associated with instrument artefacts (i.e. from the analytical
instrument, sorbent tubes, cleaning and maintenance, and
headspace apparatus) were identified as difluoro(dimethyl)

silane (1.65 min), ethanol (1.77 min), benzene (2.49 min),
benzoic acid (13.24 min) and several siloxane compounds
throughout the retention time range which, through process of
elimination, were thought to originate from the borosilicate
glass flask (cyclotrisiloxane, hexamethyl-, cyclotetrasiloxane,
octamethyl-, cyclopentasiloxane, decamethyl-, cycloheptasil-
oxane, tetradecamethyl-). VOCs from AMM media control
samples were identified as acetic acid (2.07 min), benz-
aldehyde (7.55 min), phenol (7.88 min), acetophenone
(10.21 min), nonanal (11.21 min), decanal (13.83 min), 2-ethyl-
hexyl acrylate (14.32 min), and several saturated alkanes (C12–

C16). A typical chromatogram of a media-only control sample
is shown in ESI Fig. S2.† These compounds were excluded
from further analysis for the identification of discriminatory
fungal VOCs.

3.2. Fungal VOC profiles

The sum of all peak intensities i.e. the total ion count was
assessed for whole sample reproducibility between replicate
headspace samples for each strain. Across CEA10 replicates,
passive sampling showed an increased relative standard devi-
ation (RSD) between active (0–8 h = 13.82%, 12–24 h = 14.13%)
and passive sampling (0–8 h = 19.66%, 12–24 h = 19.24%),
whereas ΔpptA samples showed higher variation between
replicates overall compared to that CEA10 for all both active
(0–8 h = 36.03%, 12–24 h = 28.60%) and passive (0–8 h =
18.06%, 12–24 h = 50.93%) sampling methods, except 8 h pas-
sively collected samples (CEA10 = 19.66%, ΔpptA = 18.06%).

No clear class separation was shown by PCA and therefore
supervised analysis was performed. Fig. 2 shows a PC-DFA
scores plot between wild-type CEA10 and mutant ΔpptA
strains (6 PCs, Total Explained Variance: 82.3%) for both

Fig. 2 PC-DFA scores plot (nPCs: 6, TEV: 82.3%) of A. fumigatus CEA10 (CEA10-active in blue, and CEA10-passive in purple) and ΔpptA strains
(ΔpptA-active in red, and ΔpptA-passive in orange) sampled from 12 to 24 h. Ellipses are drawn as a guide and are have no statistical significance.
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passive and active sampling methods (total of four classes:
CEA10 active, CEA10 passive, ΔpptA active, and ΔpptA passive).
PC-DFA loadings from the first discriminant function (DF1,
Fig. S3†) revealed VOCs unique to CEA10, identified as cyclo-
pentene, 2-methoxyfuran, α-bergamotene, and himachalene.
Additional sesquiterpene VOCs were identified in A. fumigatus
CEA10 and included isocaryophillene and α-bisabolene from
one CEA10 strain sample. Differential VOCs from DF1 were
also identified for ΔpptA, identified as 2,5-dimethylfuran,
3-methylbutanal, styrene, and dodecanoic acid. In addition, a
sesquiterpene identified as cis-thujopsene was identified from
one ΔpptA strain sample. VOCs (n = 4) were also identified in
at least one sample from both strains, namely ethyl acetate,
α-pinene, camphene, and limonene.

Eleven VOCs were identified across a minimum of three
replicates (in either or both CEA10 and ΔpptA strains from the
12 to 24 h time point using active sampling) and are listed in
Table 1, along with mean peak intensities and p value follow-
ing statistical testing between CEA10 and ΔpptA sample
groups.

3.3. Volatiles specific to germinating and maturing colonies

PC-DFA was also carried out on headspace samples (10 PCs,
TEV: 93.5%) collected between 0 to 8 h (i.e. during germina-
tion) and between 12 to 24 h time periods (Fig. 3) using both
active and passive sampling techniques, hence resulting in
four classes used in the model. No fungal VOCs were found for
samples collected passively between 0 and 8 h, whereas using

Table 1 Fungal volatile organic compounds identified from CEA10 and ΔpptA strains

VOC Average retention time (min) Molecular weight (g mol−1)

Mean peak intensity ± SD

p valueCEA10 ΔpptA

Ethyl acetate 2.16 88.1 0.16 ± 0.28 1.93 ± 1.52 0.023
3-Methylbutanal 2.42 86.1 — 1.03 ± 1.19 0.149
Styrene 5.80 104.1 — 0.61 ± 0.46 0.072
Pyrazine 3.10 80.1 2.17 ± 1.26 3.16 ± 2.28 0.786
Methylpyrazine 4.43 94.1 1.37 ± 0.40 2.10 ± 0.67 0.114
α-Pinenea 6.83 136.2 0.38 ± 0.24 0.25 ± 0.35 0.570
Camphenea 7.25 136.2 0.70 ± 0.13 0.41 ± 0.59 0.441
Limonenea 9.24 136.2 0.62 ± 0.43 0.40 ± 0.60 0.570
Himachalene 20.47 204.4 3.58 ± 3.41 — 0.026
Decanoic acid 21.93 172.3 0.06 ± 0.11 0.58 ± 0.58 0.337

a Confirmed identification to MSI Level 1 by retention time and m/z fragmentation using external standards; all other identifications are MSI
Level 2. Some VOCs were not identified in the other sample (signified by a em dash). SD = standard deviation.

Fig. 3 PC-DFA scores plot (nPCs: 10, TEV: 93.5%) of A. fumigatus CEA10 headspace sampled at 0 to 8 h, where samples collected passively are
coloured light green and samples collected actively are coloured dark green. Also shown are samples collected between 12 to 24 h, where samples
collected passively are coloured light blue, and samples collected actively are coloured dark blue. Ellipses are drawn as a guide and are have no stat-
istical significance.
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active sampling at 8 h contained methylpyrazine and pyrazine.
These compounds were also present in 12 to 24 h passive and
active samples with no difference between the two time-points
for both pyrazine (p = 0.383) or methylpyrazine (p = 0.200).
PC-DFA Loadings from DF2 revealed the presence of terpene-
based compounds (α-pinene, camphene, limonene, and hima-
chelene) in the 12 to 24 h samples.

4. Discussion

We have developed a headspace sampling method for off-line
analysis of the fungal volatome, allowing continuous sampling
of a culture over several time-points with passive and/or active
sampling methods. Materials were tested and chosen to mini-
mise instrument artefacts and contaminants. As thermal de-
sorption tubes are used to pre-concentrate headspace VOCs,
storage and transport of samples between laboratories and off-
line analysis by TD-GC-MS is possible. In addition, the sorbent
material, flask volume, and gas flow can be changed. Together
with metabolomic-driven data processing and supervised ana-
lysis, a time segmented non-targeted profile for an extended
coverage of the fungal volatome is possible.

To test the method, we have demonstrated proof-of-concept
through sampling and identification of known VOCs associ-
ated with A. fumigatus (Table 1), which included monoterpene
compounds α-pinene, camphene, and limonene identified in
both A. fumigatus CEA10 and ΔpptA strains. The sesquiterpene
himachalene was identified more frequently and in higher
abundance in the wild-type strain CEA10 (MSI level 2) com-
pared to other sesquiterpenes. Sampling metabolically-derived
VOCs is generally difficult, and we have shown that some com-
pounds were not identified across all replicates of a either
CEA10 or ΔpptA strains.

Monoterpenes and sesquiterpenes have been identified
from A. fumigatus headspace by Heddergott et al.19 and in a
recent study investigating breath VOCs as diagnostic markers
for invasive PA.20 As described by in both studies, and through
the online KEGG database,21 biosynthesis of terpene-based
VOCs originates from the melvanoate pathway, essential for
the formation of secondary metabolites, in which farsenyl
diphosphate and geranyl diphosphate are the precursors to the
biosynthesis of monoterpenes and sesquiterpenes, respect-
ively. The suppression of sesquiterpenes in the ΔpptA mutant
is consistent with the role of pptA in activating NRPS and PKS
enzymes. Sesquiterpenes are precursors for the production of
some secondary metabolites.19 It is important to note that
terpene compounds are not exclusive to Aspergillus spp. and
may be released by other fungi species such as Candida.
Terpenes are also common in plant-based diets – an important
consideration for clinical biomarker studies.

Pyrazines are nitrogen-containing cyclic compounds and
their presence in bacterial metabolism is well described.22

Recently, pyrazine compounds have gained interest as fungal
metabolites.23 In our study, we were able to identify pyrazine
and methylpyrazine in both the CEA10 and ΔpptA strains. The

biosynthesis of pyrazines by Aspergillus spp. is not fully under-
stood, however pyrazine groups can be found within the
chemical structure of some secondary metabolites such as
aspergillic acid or gliotoxin,19 in which pyrazines may be
released in the headspace during their biosynthesis or degra-
dation. As pyrazines share a similar chemical structure to
azoles, they may have an inhibitory role in cellular growth.
Styrene, another cyclic compound, was also identified from
ΔpptA. Although styrene has been identified in other
Aspergilli,24 and to our knowledge this is the first description
of it being identified in A. fumigatus.

Ethyl acetate was identified only once in CEA10 and 5/6
ΔpptA samples, and has been identified from fungal head-
space (including A. fumigatus) in a previous study.25

3-Methylbutanal and decanoic acid were also more frequently
identified in ΔpptA. 3-Methylbutanal, and a methylated furan
were identified in a recent study investigating fungal head-
space profiles under hypoxia conditions.10 Increased ethyl
acetate, 3-methylbutanal, decanoic acid, and the identified
furan-based compounds may be indicative of fatty acid bio-
synthetic intermediates in the ΔpptA strain, due to the inacti-
vation of fatty acid synthases.

To demonstrate the versatility of the headspace sampling
method, we identified VOCs released during the early growth
phase of A. fumigatus, which included pyrazine and methyl-
pyrazine using active and passive sampling techniques. As
mentioned earlier, pyrazine compounds are known fungal
VOCs. However, in many studies headspace samples were col-
lected during a single time point and usually at a mature stage
of growth (for example 48 h to 96 h). It is therefore important
to recognise that some VOCs are suggestive of early cellular
growth, and therefore useful in the early indication or diagno-
sis of aspergillosis, as shown by previous studies.10,26

Furthermore, VOCs can be transiently present within the head-
space (depending on their partition coefficient) and sampling
at different time periods is necessary to capture VOCs only
present during a particular growth phase. For instance, in this
study we showed the absence of terpene compounds from
0–8 h, and their presence in 12–24 h. As terpene compounds
are thought to be by-products from the production of second-
ary metabolites, they may be useful indicators of successful
host colonisation or culture growth.

Several VOCs that have been reported in literature were not
identified within our samples, for which there may be several
reasons, such as the use of different strains, different culture
conditions (e.g. incubation temperature, growth media) or
different sampling time-points to those previously used. In
addition, several VOCs were identified in the media (such as
alkanes, aldehydes/ketones, and alcohols). These were
excluded from further analysis as quantitative analysis would
require a higher number of replicates to determine their
increased or decreased level of production.

Alternative methods are available for headspace analysis,
such as direct mass spectrometric analysis without chromato-
graphic separation, but these do not allow resolution of iso-
baric chemical species. Techniques such as off-line SPME may be
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an alternative to this method.19,27 Future work would involve
comparing different sorbents and developing denatured head-
space profiles of several species, and global metabolome cover-
age between both headspace and liquid matrices.

5. Conclusions

In this study we have demonstrated a novel proof-of-concept
for the sampling and analysis of fungal culture headspace
using A. fumigatus as the test organism. The presence of
known fungal VOCs from acquired TD-GC-MS data shows
feasibility of the method for profiling the in vitro volatome,
towards a biological understanding of fungal metabolism. In
addition, we have shown that volatile metabolites are indica-
tive of germination, which has potential benefits for clinical
diagnostics. Finally, we have shown the dynamic nature of the
fungal volatome and how important it is to sample the fungal
headspace at different times using active and passive sampling
techniques to analyse and understand the significance of this
dynamism.
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