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ABSTRACT

Aspergillus fumigatus is an opportunistic fungal pathogen that causes life

threatening invasive aspergillosis (IA) in immunocompromised individuals.

Previous studies have shown that iron acquisition by siderophores is required for

virulence. We investigated the early transcriptional response of A. fumigatus to

human serum iron limitation via microarray analysis. At 2,4, or 6 hours post

inoculation, 173,771, or 477 genes were significantly up- or down-regulated,

respectively. Under iron limitation, several stress response genes were

upregulated, including bZip AP-1, a homolog of the Schizosaccharomyces

pombe stress response transcriptional activator PAP1. Mapping the microarray

expression data to a Saccharomyces cerevisiae transcriptional regulation

network revealed that the FHL1 homolog in A. fumigatus may upregulate the

cross-pathway-control transcriptional activator CpcA, a gene that has been

previously linked to virulence in A. fumigatus. In conclusion, this study has

identified a large number of candidate genes whose expression is altered by

human serum iron limitation.

Keywords: Aspergillus fumigatus; iron regulation; microarray analysis; qRT

PCR; stress response; invasive aspergillosis
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1 INTRODUCTION

1.1 The biology of the Fungi

Fungi are eukaryotic, heterotrophic, spore-forming organisms that have

widespread worldwide distribution and occupy a vast array of environments.

Fungi belong to the domain Eukarya and occupy the kingdom Fungi (Veuthey &

Bittar, 1998). They can exist as single-celled organisms (i.e., yeasts) or grow as

branched filaments known as hyphae that form a hyphal mass called a mycelium.

Certain fungal species have walls called septa that divide their hyphae. Fungi

have complex life cycles that can involve either or both sexual and asexual

reproduction. Many fungi species are saprophytic, and obtain nutrition from

decaying organic material via absorption through the plasma membrane. To

accomplish this, they can secrete a wide range of hydrolytic enzymes that can

break down many organic substances such as cellulose (Xu & Goodell, 2001),

lignin (Hattaka, 1994) and keratin (Friedrich et ai, 1999). Thus, fungi play an

important ecological role since they efficiently make nutrients such as carbon,

nitrogen and phosphorus available for exploitation by other organisms.

Fungi have impacted human life in both positive and negative ways. Fungi

are important in food production, such as wine, beer, cheese, and breads

(Bougher & Tommerup, 2000). Many hydrolytic enzymes produced by fungi are

used for many industrial practices. Fungi are also important in the production of



various drugs and antibiotics and as a result, have greatly improved the way we

treat disease. Nevertheless, many fungi cause food spoilage (Tournas, 1994)

and are pathogens of commercially significant plant species (Martinez-Espinoza

et ai, 2002; Maor & Shirazu, 2005). Of all the greater than 100,000 described

fungal species, only 270 species are known to cause human illness (Perfect,

1996), often resulting in superficial and subcutaneous infections in healthy

individuals (Bauman et ai, 2004). However, some fungal species have been

implicated in more serious human infections; such human fungal pathogens have

been divided into two categories: primary pathogens and opportunistic

pathogens. Primary pathogens, such as Histoplasma capsulatum, which causes

histoplasmosis upon exposure to contaminated soil and bird or bat guano

(Woods, 2002; Woods, 2003), cause disease in immunocompetent hosts. In

contrast, opportunistic fungal pathogens can lead to life-threatening invasive

mycoses in immunocompromised hosts, but have little effect on

immunocompetent individuals (Prescott et ai, 2002). For example, the

opportunistic yeast pathogen Candida albicans commonly causes systemic

infections in bone marrow and solid organ transplant patients (Trullas et ai,

2005), patients with chronic granulomatous disease (CGO) (Rosenzweig &

Holland, 2004), and HIV/AIOS patients (Ruhnke, 2004).

Of the known opportunistic fungal pathogens, Aspergillus species are the

major disease-causing airborne fungal pathogens in immunocompromised

patients (Shelton et aI, 2002; Herbarth et aI, 2003; Mezzari et ai, 2003; Cetinkaya

et ai, 2005; Fang et ai, 2005). Currently, there are over 200 known species of
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Aspergillus; however, only A. flavus, A. fumigatus, A. niger, A. terreus, A. lentulus

and A. nidulans cause disease (Minari et ai, 2002; Balajee et ai, 2005; Morgan et

ai, 2005; Zander et ai, 2005), though A. fumigatus is responsible for the vast

majority of all Aspergillus infections (Minari et ai, 2002; Morgan et ai, 2005;

Pagano et ai, 2006).

1.2 Introduction to Aspergillus fumigatus

The ascomycete fungus Aspergillus fumigatus is a filamentous,

saprophytic fungus that is found throughout the world. In the environment, A.

fumigatus grows in soil, where it degrades organic matter and plays an important

part in the recycling of carbon and nitrogen (Debeaupuis et ai, 1997; Rhodes,

2006). The fungus is thermophilic, withstanding temperatures up to 55°C

(Greaves, 1975), and reproduces asexually by producing copious amounts of

haploid conidiospores 2-31Jm in diameter from reproductive structures called

conidiophores (Figure 1.1). Strong air currents and environmental disturbances

thus aid in airborne dispersal of A. fumigatus spores. Although no known sexual

stage has yet been identified in A. fumigatus, the fungus has been classified

under the phylum Ascomycota based on the discovery of genes involved in

sexual reproduction mechanisms and mating (Galagan et ai, 2005; Nierman et ai,

2005; Paoletti et ai, 2005).
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Figure 1.1. Light microscope image of Aspergillus fumigatus.

A. fumigatus produces copious amounts of haploid spores, or conidiospores, from specialized
hyphae known as conidiophores. Goblet-shaped cells called phialides extend from the
conidiophores and mitotically produce chains of conidiospores. Image courtesy of the Fungal
Research Trust (www.fungalresearchtrust.org) with permission.

1.2.1 Diseases caused by A. fumigatus

Although A fumigatus is naturally found in the environment as a soil

growing saprophyte, in recent decades, Afumigatus has increasingly been

isolated as an opportunistic pathogen of humans. Since A fumigatus produces

abundant haploid conidiospores (with in-air concentrations of up to 16 colony

forming units/m3
) (Leenders et ai, 1999), they can easily enter the human

respiratory tract via inhalation. The first line of defence is clearance via the

mucociliatory elevator system, which operates at the level of the upper

4



respiratory tract. Spores that enter the lower respiratory tract and alveoli are

engulfed and killed by neutrophils and macrophages (Philippe et ai, 2003). These

defence mechanisms efficiently prevent the colonization of fungi inside the lung

environment in immunocompetent hosts. However, Aspergillus species may

cause a spectrum of diseases that range from acute hypersensitivity reactions to

fatal invasive diseases. These diseases have been categorized as follows: 1)

allergic diseases, such as allergic bronchopulmonary aspergillosis (ABPA); 2)

non-invasive diseases such as aspergilloma; and 3) invasive disease such as

invasive aspergillosis (Latge, 1999) (Table 1). All are described in greater detail

below.

1.2.1.1 Allergic bronchopulmonary aspergillosis (ABPA)

Allergic bronchopulmonary aspergillosis (ABPA) is a hypersensitivity

disease triggered by the inhalation of A. fumigatus conidiospores that leads to

airway injury and fibrosis due to direct fungal injury and host immune responses

(Zander, 2005). It is most common in patients with asthma, where it occurs in 5

22% of patients (Eaton et ai, 2000; Agarwal et ai, 2006)(Table 1). ABPA also

occurs in 2-8% of cystic fibrosis (CF) patients (Geller et ai, 1999; Mastella et ai,

2000) (Table 1). CF patients often exhibit mucosal blockage of the bronchial

pathways due to excess mucus production. It is believed that once spores have

entered the bronchial airway, the mucus in the bronchial lumen traps the spores

where they may germinate and form mycelia. These mycelia secrete proteases

that damage airway epithelia, which allows the movement of fungal allergens

across the epithelial layer (although bronchial wall invasion is absent) (Stevens et
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ai, 2003). Fungal allergens induce a Th2 CD4+ response, resulting in the release

of cytokines IL-4, IL-5, and IL-13 (Stevens et ai, 2003; Kaufmann, 2003), and

thus increase Aspergillus-specific and total serum IgE levels along with increased

eosinophil infiltration. As a result of such infiltration, ABPA can result in the

permanent dilation of the bronchial airway known as bronchiectasis, as well as

possible permanent scarring (Tillie-Leblond & Tonnel, 2005). ABPA is usually

treated with glucocorticosteroid therapy to suppress the immune response

(Greenberger, 2002).

1.2.1.2 Aspergilloma

Aspergilloma is the most common form of pulmonary aspergillosis and

occurs in patients who have pre-existing lung cavities as a result of such

diseases as tuberculosis, sarcoidosis, and other lung infections. In 45-89% of

patients who developed aspergilloma, tuberculosis was the main underlying

respiratory disease (Park & Jheon, 2002; Akbari et ai, 2005) (Table 1.1). It is

commonly referred to as a "fungal ball", since it consists mainly of a spherical

mass of hyphae, along with mucus, tissue debris, and fibrin occupying the lung

cavity. Sporulating conidiophores also occur at the margins of the fungal mass

within the space between the hyphal ball and the cavity lining. Although most

patients with aspergilloma are asymptomatic, the aspergilloma can cause

bleeding of the cavity wall (Franquet et ai, 2001), which can result in blood

present in sputum. In more serious cases where fungal hyphae rupture blood

vessels, hemorrhaging can occur, resulting in massive, fatal hemoptysis (Demir

et aI, 2006). Since drug therapy seems to be ineffective due to the inability of
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antifungal drugs to penetrate the fungal mass (Kawamura et ai, 2000), treatment

of aspergilloma is usually via surgical removal of the aspergilloma from the lung

(Carr, 2006).

1.2.2 Invasive aspergillosis

Invasive aspergillosis (IA) is an invasive disease caused by a small

number of Aspergillus species, primarily A. fumigatus, which occurs via inhalation

of airborne conidia by patients with compromised immune systems, such as

recipients of bone marrow and solid organ transplants (Wald et ai, 1997), cancer

patients undergoing cytotoxic chemotherapy (Bodey et ai, 1992; Pagano et ai,

2006), patients with chronic granulomatous disease (CGO) (Segal et ai, 1998;

Winkelstein et ai, 2000), and AIDS patients (Markowitz et ai, 1996; Minamoto et

ai, 1992) (Table 1.1). Invasive aspergillosis is now a leading cause of death in

leukemia, bone marrow transplant, and solid organ transplant centres, with high

mortality rates depending on the patient group (Latge, 1999)(Table 1.1). For

example, mortality rates due to IA are as high as 76% far those undergoing

allogenic hematopoetic stem cell transplants (HSCT) (Morgan, 2005), 78% for

lung transplant patients (Sole et ai, 2005),60% for acute leukemia patients

(Pagano et ai, 2006), and 100% mortality in central nervous system IA cases

(Jantunen et ai, 2003; Trullas et ai, 2005). Aspergillus nidulans, which is a close

relative of A. fumigatus, has also been shown to cause disease in humans, albeit

to a much lesser degree. Although A. fumigatus infections still predominate in

chronic granulomatous disease patients, infections caused by A. nidulans occur
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at a higher rate in this group and are associated with a more aggressive form of

IA and a higher mortality rate (Segal et ai, 1998).

Table 1.1. Aspergillus fumigatus diseases and incidence in various patient groups

Disease Patient Group Incidence (%) References

Allergic Asthma 5-22 Eaton et ai, 2000;
bronchopulmonary Agarwal et ai,
aspergillosis 2006
(ABPA)

Cystic Fibrosis 2-8 Geller et ai, 1999;
Mastella et ai,
2000

Aspergilloma Tuberculosis 45-89 Akbari et ai,
2005; Park &
Jheon, 2002

Invasive Lung transplant 13-33 Minari et aI,
aspergillosis (IA) 2002; Sale et ai,

2005

Heart transplant 1-2 Galvada et ai,
2005; Morgan et
al,2005

Acute leukemia 8-14 Cornet et ai,
2002; Pagano et
al,2006

Allogenic 13-33 Morgan et ai,
hematopoetic stem 2005; Cesaro et
cell transplant al,2007

Chronic 26-33 Winkelstein et ai,
granulomatous 2000; Liese et ai,
disease 2000

HIV/AIDS 4-5 Lin et ai, 2001;
Cornet et ai,
2002

Invasive aspergillosis has been classified into four types: 1) acute and

chronic aspergillosis; 2) tracheobronchitis and obstructive bronchial disease; 3)
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acute invasive rhinosinusitis; and 4) disseminated disease (Latge, 1999). Acute

aspergillosis (which is characterized by non-specific symptoms such as fever,

malaise, chest pain and weight loss) occurs rapidly in patients who are severely

immunocompromised, whereas the more prominent symptoms of chronic IA

occur in patients who are less immunosuppressed such as those with HIV/AIDS,

eGO and diabetes mellitus (Denning, 1998). Tracheobronchitis and obstructive

bronchial disease, characterized by bronchial inflammation plus excess mucus

and pseudomembrane production (and eventually dissemination due to the

fungal lung obstruction), is common with HIV/AIDS patients (Kemper et ai, 1993)

and lung transplant patients (Kramer et ai, 1991). Acute invasive rhinosinusitis

occurs as a result of hyphal invasion of sinus mucosa and/or the surrounding

bone, leading to neurological impairment, and is associated with a mortality rate

of 18% (Parikh et ai, 2004). Lastly, disseminated disease affects other organs

and tissue systems such as the kidneys, the upper and lower gastrointestinal

tract, and the brain and central nervous system. Symptoms of disseminated

cerebral disease include seizures and other neurological effects, coma, and

death (Hori et ai, 2002).

Treatment of invasive aspergillosis involves antifungal drug therapy. The

antifungal drugs amphotericin B, itraconazole and voriconazole are most

commonly administered (Patterson et ai, 2005). Until recently, treatment of IA

usually involved monotherapy of either amphotericin B deoxycholate or

itraconazole (Marr et ai, 2004); however the success rate of such drug therapies

was only about 53% (Herbrecht et ai, 2002). Voriconazole has now become the
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recommended first-line treatment of invasive aspergillosis (Marr et ai, 2004).

Combination therapy, which involves two or more different antifungal drugs

administered at once, has also been implemented with increased success. In a

study by Singh et al (2006), combination therapy of voriconazole and the

echinocandin caspofungin resulted in an increased gO-day survival rate in organ

transplant patients versus a control group that received a lipid formulation of

amphotericin B (67.5% versus 51 %). However, the benefits of combination

therapy have been questioned due to the possibility of drug antagonism.

Meletiadis et al (2007) showed that in a triple antifungal combination of

voriconazole, amphotericin Band caspofungin administered in vitro against A.

fumigatus, A. f1avus and A. terreus, synergism was observed at low

concentrations of voriconazole and amphotericin B and intermediate

concentrations of caspofungin; however, drug antagonism was observed at

increased concentrations of amphotericin Band voriconazole. Moreover, the

toxic effects of antifungal drugs are of concern: in a study by Bates et al (2001)

renal toxicity occurred in 30% of patients undergoing amphotericin B therapy,

which also coincided with a six-fold increase in mortality. Furthermore, azole

antifungals have the potential for resistance development (Sanglard, 2002).

A recent study by Walsh et al (2007) showed that the newer azole,

posaconazole, had a 42% success rate when used as salvage therapy in

patients who showed no response to conventional antifungal therapy (versus

26% in the control group). Nevertheless, even with recent improvements in

antifungal drug therapy and administration, mortality rates amongst IA patient
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groups are still very high. Thus new methods of effective drug therapy are

urgently needed to reduce mortality rates of invasive aspergillosis in

immunocompromised patients.

1.2.3 Virulence factors of Aspergillus fumigatus

Even though Aspergillus fumigatus is present in the environment in lower

concentrations compared to other Aspergillus species, A. fumigatus is

responsible for 53-68% of all Aspergillus infections (Minari et ai, 2002; Morgan et

ai, 2005; Pagano et ai, 2006); this suggests that A. fumigatus possesses unique

factors that aid in virulence. Most genes identified to date that aid in A. fumigatus

virulence are associated with the synthesis and uptake of essential nutrients.

Liebmann et al (2004) showed that the gene lysF, which is part of the lysine

biosynthesis pathway, was essential for A. fumigatus survival in vivo in a low

dose mouse model of invasive aspergillosis. Other genes that are involved in the

synthesis and uptake of essential nutrients include: cpcA, which encodes a

transcriptional activator of amino acid biosynthesis (Krappmann et ai, 2004);

pabaA, which is responsible for the final step in folate biosynthesis (Brown et ai,

2000); and pyrG, which encodes orotidine-5'-phosphate decarboxylase, involved

in uracil and uridine synthesis (D'Enfert et ai, 1996). Recently genes of the

ERG11 family (ERG11A and ERG11 B), which encode 14a-demethylase, the

known target of azole-based antifungal agents, were shown to be essential in a

mouse model of invasive aspergillosis (Hu et ai, 2007). There is also evidence

that secondary metabolites such as gliotoxin may be involved in virulence. Using

the highly virulent B-5233 clinical strain, Sugui et al (2007) showed that deletion
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of the gliP gene, which encodes the first step in the gliotoxin biosynthetic

pathway, attenuated virulence in neutropenic mice.

The ability of A. fumigatus to survive within the bloodstream indicates that

this fungus possesses mechanisms to acquire essential nutrients for growth and

reproduction. Serum is inhibitory to the growth of most microorganisms, including

most fungi, because free iron concentrations in serum are too low to support

growth (see section Role of iron in microbial pathogenesis in Introduction). It has

been shown that A. fumigatus can grow in media containing up to 80% human

serum, indicating that this pathogen possesses an effective mechanism for

obtaining iron from serum constituents (Gifford et ai, 2002). Other studies have

indicated that production of iron chelators (siderophores) that bind to host serum

iron binding proteins with high affinity in order to acquire iron for metabolic use

(Hissen et ai, 2005). It has been shown in a murine model of invasive

aspergillosis that sidA, the gene that is responsible for the first committed step in

siderophore biosynthesis, was required for virulence of A. fumigatus (Schrettl et

ai, 2004; Hissen et ai, 2005). Since the focus of the present study was to

examine how human serum iron limitation affects the transcriptome of A.

fumigatus, below is a survey of the importance of iron in the pathogenesis of

selected bacteria and fungi.

1.3 Role of iron in microbial pathogenesis

In most organisms, iron serves as an essential cofactor for many

metabolic pathways: iron comprises the reaction centres of many redox

enzymes, oxygen transport and storage proteins, and plays a key role in
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enzymes involved with DNA synthesis and repair (Chrichton &Ward, 1992;

1998). Iron also plays a critical role in innate host defence against microbial

infection. Sufficient intracellular concentrations of iron are required by neutrophils

and macrophages for NADPH oxidase production of reactive oxygen species

(i.e., the respiratory burst) and the production of inducible nitrogen oxide

synthase (iNOS)-mediated reactive nitrogen intermediates (RNI) (Alford et ai,

1991; Bartfay & Bartfay, 2000). Depletion of iron can result in cell death;

however, excess iron can lead to free radical generation via the Fenton reaction,

in which Fe2
+ reacts with hydrogen peroxide or lipid peroxides to produce

hydroxyl or lipid oxide radicals. These radicals can directly damage lipids, nucleic

acids and proteins (Halliwell & Gutteridge, 1984). The opposing needs of having

iron available for metabolism while limiting its availability to avoid free radical

formation are reconciled via iron sequestering mechanisms that are tightly

regulated.

Many pathogenic microbes have evolved mechanisms to scavenge iron

from the host. This interplay between host iron sequestration and iron uptake and

evasion of host innate immune defences by pathogens is key to understanding

the role that iron plays in microbial infection.

1.4 Iron regulation in the human host

The healthy human host presents an inhospitable environment for

microorganisms since host free iron concentrations are very limited (_10-18 M)

due to the host's iron sequestering mechanisms (Bullen, 1981). In humans, free

iron is mostly bound to specific iron-binding proteins such as transferrin (Tf),
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ferritin, lactoferrin (Lf), or bound to heme in hemoproteins. In plasma, transferrin

is the predominant iron-binding molecule and thus nearly all iron is bound to

transferrin. The diferric or monoferric Tf-iron complex (Fe2Tf or FeTf,

respectively) binds to transferrin receptor 1 (TfR1) and is taken up by endosomes

via receptor-mediated endocytosis (Schaible & Kaufmann, 2004). The low pH

inside the endosome facilitates the release of iron from transferrin and the apo

transferrin is shuttled back to the plasma membrane where it is released into the

plasma. Inside the endosome, insoluble Fe3+ is reduced to Fe2+ by ferric

reductases and Fe2+ passes through the endosomal membrane to the cytoplasm

via the divalent metal transporter-1 (DMT-1); a membrane-spanning H+/Fe2+

symporter. DMT-1 also mediates iron uptake from the intestinal lumen into the

intestinal epithelial cells (enterocytes)(Ganz & Nemeth, 2006). Basolateral iron

export into the plasma from duodenal enterocytes, macrophages, hepatocytes,

central nervous system cells and placental trophoblasts is facilitated by the

permease ferroportin, which is followed by oxidation of Fe2+to Fe3+via plasma

multicopper oxidases prior to transferrin loading (Ganz & Nemeth, 2006).

In the cytoplasm, some iron is stored in ferritin. Ferritin is assembled from

24 polypeptide subunits consisting of two types of ferritin chains, H-ferritin and L

ferritin, to form a spherical cage-like structure that can store up to 4500 iron

atoms (Harrison &Arosio, 1996). H-ferritin possesses a ferroxidase activity that

catalyzes iron-oxygen mineral formation, and Fe2+can enter or exit ferritin via

pores or released via lysosomal degradation (Theil, 2003). The process of iron

regulation in the human host is summarized in Figure 1.2.
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Figure 1.2. Iron regulation in the human host.

Saturated transferrin (holotransferrin) binds to transferrin receptor TFR1 (or TFR2) where it is
internalized into endosomes via endocytosis. Iron is transported from the endosome to the
cytoplasm via the divalent-metal transporter DMT-1. In the intestinal lumen, Fe3

+ is reduced to
Fe2

+ by the duodenal cytochrome B-like reductase DCYTB and is transported into the cytoplasm
via DMT-1. Macrophages take up heme-bound iron (e.g., hemoglobin, haptoglobin) via the
scavenger receptor CD163. Iron is then utilized in various metabolic pathways, used in heme and
Fe-S cluster synthesis in the mitochondria, or stored in ferritin. Ferric iron is exported from the
enterocyte via ferroportin where it is oxidized via oxidases (e.g., ceruloplasmin, hephaestin) and
is carried in circulation via iron binding proteins (i.e., transferrin). (modified from Schaible &
Kaufmann, 2004)

In addition, lactoferrin (Lf), a high-affinity iron-binding protein similar to

transferrin is not only present in body fluids (e.g., milk, saliva, tears, serum), but it

is also released from neutrophils upon degranulation (Ward et ai, 2002). Lf is

incompletely unsaturated with iron when in circulation, and can therefore clear
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free iron from the tissues. Thus, Lf acts as a defence molecule against microbial

invasion by making iron unavailable to the pathogen.

The neutrophil-gelatinase-associated lipocalin (NGAL, also known as

siderocalin), secreted by neutrophils and epithelial cells, has been recently

identified as having a role in innate immunity. NGAL forms complexes with iron

bound microbial siderophores, then is transported to late endosomes (Yang,

2002). NGAL is a 25kD glycosylated protein with 8 antiparallell3-sheets

surrounding a hydrophobic binding pocket. This protein also has a free cysteine

that binds to gelatinase, which results in either a heterodimeric complex of NGAL

and gelatinase when both are expressed together, or a homo-dimeric complex

(Kjeldsen et ai, 1994). In addition to being expressed in myelocytes in bone

marrow and stored in the granules of neutrophils, NGAL is highly expressed at

sites of inflammation in gut epithelial cells (Nielsen et ai, 1996). NGAL has also

been shown to be highly upregulated in respiratory tract epithelia, constitutively

expressed in bronchial goblet cells and by type II pneumocytes of the lungs

(Cowland et ai, 2003). Finally, NGAL production is induced in wounded skin cells,

further supporting a role for NGAL in innate immunity (Sorensen et ai, 2003).

The mechanism of NGAL's role in host defence is related to its ability to

bind microbial iron chelators, siderophores. It was shown that NGAL binds

siderophores of mycobacteria (Holmes et ai, 2005) as well as the E. coli

siderophore enterochelin with high affinity and Goetz et al (2002) showed that

apo-NGAL (i.e., NGAL with no bound siderophore) blocked growth of E. coli

under iron depleted conditions. In contrast, NGAL plus siderophore-bound Fe3
+
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was unable to block growth. An NGAL knockout mouse confirmed that the

biological function of NGAL synthesis in innate immunity is to reduce the amount

of siderophore iron available to microorganisms (Flo et ai, 2004). Tear lipocalin

(TL) is a related protein that binds a broad array of siderophore structures and its

secretion at mucosal surfaces including the respiratory tract suggests that it plays

a similar role in innate immunity (Fluckinger et ai, 2004).

1.5 Iron acquisition and utilization by pathogenic bacteria

1.5.1 Siderophore-mediated iron uptake

As in humans, iron serves as an important growth factor for microbial

pathogens. Most microorganisms require free iron concentrations of 10-6 to 10-7

M to carry out crucial metabolic processes; however, the pathogen's iron

requirements greatly exceed the actual free iron concentrations present inside

the host by >1010 times (Andrews et ai, 2003). Hence, pathogenic bacteria have

evolved specialized iron acquisition strategies. (For a summary of iron acquisition

mechanisms in bacteria, see Table 2)-. For example, some pathogens utilize

ferric iron-binding molecules known as siderophores. These have been classified

into three groups based on the chemistry of the iron chelating moiety:

catecholate, hydroxamate, and carboxylate (Neilands, 1995). Upon chelation of

iron, these complexes usually enter the cell via siderophore transporters and the

iron is reduced by reductases before being further utilized by the cell. Gram

negative bacteria take up iron chelating siderophores via cognate outer

membrane proteins (OMP) such as FepA, FhuA and FecA in Escherichia coli, all

of which have a structure of 22 ~-barrels with an N-terminal mixed a-helixl~-
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sheet globular cork domain (Peacock et ai, 2006). These aMP derive energy to

transport siderophores into the periplasmic space from the inner membrane

TonB/ExbB/ExbD protein complex. Binding of the siderophore to the aMP

induces a conformational change that is relayed to TonB, which then causes

TonB to bind to a 5-7 conserved amino acid region located on the N-terminal

cork domain of the aMP, called the TonB box (Peacock et ai, 2006). The

ExbB/ExbD proteins transmit the inner membrane proton gradient energy

through TonB to the aMP, which powers siderophore transport into the

periplasmic space, though the exact mechanism for siderophore transport

through these aMP is not well understood. Inside the periplasmic space, the

ferric iron dissociates from the siderophore and is accepted by a ferric binding

protein (Fbp). The ferric iron is then translocated across the inner membrane via

an ABC permease to the cytOSOl, where it is reduced and used in cellular

metabolism or stored in ferritin (Andrews et ai, 2003).

Some bacteria have evolved multiple siderophore systems that counteract

the host immune response while allowing for the acquisition of host iron. Abergel

et al (2006) hypothesize that Bacillus anthracis (the causative agent of the

disease anthrax) produces two distinct siderophores, bacillibactin (BB, a 2,3

chatecholate siderophore) and petrobactin (PB, a 3,4-chatecholate siderophore),

as a "stealth" mechanism to evade binding by siderocalin (NGAL). Abergel et al

(2006) explored the hypothesis that B. anthracis produces PB to acquire iron

from Tf while BB is sacrificed to saturate siderocalin. These investigators showed

that siderocalin had an extremely strong affinity for iron-bound and apo-BB, but
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was unable to bind PB. They concluded that the BB/PB pair evolved to evade

mammalian host response and to acquire the iron it needs for survival.

1.5.2 Transferrin receptor-mediated iron uptake

Some bacteria such as Neiserria spp. utilize cell surface receptors that

interact directly with host iron binding proteins. Instead of secreting siderophores

to scavenge iron within the host, N. meningitidis (the causative agent for bacterial

meningitis) and N. gonorrhoeae (the causative agent for gonorrhea) have outer

membrane receptors that bind to ferrated transferrin. The transferrin binding

receptor consists of a highly conserved integral outer membrane receptor, TbpA,

which shares sequence homology and functional similarity to E. coli siderophore

OMTs FepA and FhuA (i.e., a 22-stranded p-barrel and N-terminal cork domain),

and a surface exposed lipoprotein TbpB (Oakhill et ai, 2005, Sebastian et ai,

2002). Both TbpA and TbpB work together to remove iron from human transferrin

in a Ton-B dependent manner, after which the iron binds to the ferric binding

protein FbpA in the periplasm. The iron is then transported to the cytoplasmic

membrane acceptor FbpB where it is internalized by the bacterium (Chen et ai,

1993).

1.5.3 Hemin receptor-mediated iron uptake

Porphyromonas gingiva/is is a Gram-negative aerobic bacterium that is

involved in adult periodontic disease, and lacks the protoporphyrin IX (PPIX)
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biosynthetic pathway that synthesizes the cofactor hemin (the oxidized form of

heme). Since hemin is a necessary cofactor for metabolism and oxidative stress

protection mechanisms for most bacteria, P.gingivalis relies on acquiring

exogenous hemin from host proteins either by proteolytic degradation and/or

sequestering hemin from host hemin-binding proteins via high-affinity binding

receptors (Panek & O'Brian, 2002). In the genome of P. gingiva/is, three

multigenic clusters involved in haemin acquisition have been detected. Lewis et

al (2006), studied the hmu locus which is comprised of six genes, hmuYRSTUV.

In iron-depleted conditions, they found that HmuY, a 23 kDa haemin-binding

lipoprotein located in the outer membrane, was drastically upregulated. They also

found that the hmuSTUV portion of the gene locus encodes a cobalamin

biosynthesis/magnesium chelatase (HmuS), two putative transmembrane

permeases (HmuT and HmuU), and a putative N-terminal transmembrane

region-containing protein. This suggests that the hmu haemin-uptake locus is

novel in comparison to other Gram-negative iron-transport systems. Real-time

RT-PCR data showed that genes in the hmu locus are repressed by the

presence of iron and that increased hmu gene expression was dependent on

hemin (Lewis et ai, 2006). They concluded that the hmu locus encodes genes

that playa prime role in hemin uptake in P. gingivalis.

A summary of the aforementioned iron uptake mechanisms in bacteria is

presented in Table 2:
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Table 1.2. Iron uptake mechanisms in selected pathogenic bacteria

Iron uptake Bacteria
mechanism
Siderophore- Eschericia coli
mediated uptake

Bacillus anthracis
Burkho/deria cenocepacia
Yersinia pestis
Vibrio cho/erae
Pseudomonas aeruginosa

transferrin Neiserria spp.
receptor uptake

Haemophi/us influenzae

hemin receptor Porphyromonas gingiva/is
uptake

Moraxella catarrhalis

Yersinia pestis

1.5.4 Regulation of iron uptake in bacteria

References

Peacock et ai, 2006;
Andrews et ai, 2003.
Abergel et ai, 2006.
Visser et ai, 2003.
Perry et ai, 1999.
Henderson & Payne, 1994.
Lamont et ai, 2002.

Oakhill et ai, 2005;
Sebastian et ai, 2002;
Chen et ai, 1993.
Jarosik et ai, 1995

Panek & O'Brian, 2002;
Lewis et ai, 2006.
Furano & Campagnari,
2004.
Thompson et ai, 1999.

In both Gram positive and Gram negative bacteria, iron-uptake and

transport systems are regulated via the ferric-iron uptake regulator (Fur) protein.

In E. coli, siderophore biosynthesis and transport systems are repressed under

iron-rich conditions; it was shown that the 17-kDa Fur protein binds iron and the

ferrated-Fur complex binds to a 19bp consensus sequence located in the

promoter regions of iron regulated genes, known as the Fur box, to block

transcription (Hantke 1981; Bagg & Neilands, 1987). Since its characterization in

E. coli, Fur operons have been identified in other pathogenic bacteria. For

example, multiple iron transport systems exist in Shigella species (the causative

agent for dysentery) which are regulated by the Fur protein. They are also
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negatively regulated by the RNA regulator RyhB. The synthesis of siderophores

(both catecholate and hydroxamate), ferrous iron transporters, and heme uptake

systems are regulated by Fur and RhyB (Fig. 1.3). In the presence of iron, Fur

represses RyhB, which allows expression of invasion and acid resistance genes,

whereas in iron-deplete conditions Fur is inactive and RyhB represses genes

involved in iron metabolism, invasion and acid resistance (Oglesby et ai, 2005)

(Fig.1.3).

Iron transport 1_-_Fur--~I Shiga toxIn
systems

1

1
1.---1 EvgAS

1

bacterloferrttln I RhyB ----I superoxJde dlsmutase

VirB r---J
INVASION

GENES
ACID RESISTANCE

GENES

Figure 1.3 Fur-RyhB gene regulation in Shigella spp.

Under iron replete conditions, the Fur protein negatively regulates RyhB, which allows expression
of genes involved with invasion and acid resistance, as well as genes involved with iron storage
and immune defence mechanisms. Under iron limitation, iron transport systems and Shiga toxin
genes are expressed, while invasion and acid resistance genes are downregulated by RyhB.
(modified from Payne et ai, 2006)

In the Gram-positive organism Bacillus subtilis, Fur protein regulates the

synthesis of the siderophore bacillibactin (BB), and ferri-bacillibactin uptake is
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dependent on the Fur-regulated ABC transporter FeuABC (Miethke et ai, 2006).

Similarly, the genes that encode biosynthesis and transport of the tetrapeptide

hydroxamate siderophore ornibactin in Burkholderia cenocepacia are dependent

on the the orbS gene product, which encodes an extracytoplasmic function (ECF)

a factor; the ECF a factor is in turn regulated via a a -70 dependent promoter

which is targeted by the global regulator Fur (Agnoli et ai, 2006). Finally, it has

been found that the iron global regulator Fur controls the expression of the genes

that encode N. gonorrhoeae transferrin binding proteins (TbpA and TbpB), as

well as other major genes involved in catabolic, recombination and secretory

pathways in addition to iron transport (Sebastian et ai, 2002).

1.5.5 Non Fur-mediated iron regulation in bacteria

In addition to global iron regulation via Fur, other iron regulatory systems

have been identified. The study by James et al (2006) investigated the role of

LuxS-mediated quorum-sensing signaling in the regulation of hemin and iron

acquisition systems in Porphyromonas gingivalis. The autoinducer signal AI-2 is

produced by the enzymatic action of LuxS, which cleaves S-ribosylhomocysteine

to produce homocysteine and 4,5-dihydroxy-2,3-pentanedione (DPD), the AI-2

signal detected by various quorum sensing systems. hmuR and fetB, two genes

encoding outer membrane heme-binding proteins, appear to be negatively

regulated by LuxS signaling, whereas tlr, which encodes for a TonB-linked heme

binding receptor is positively regulated by LuxS. LuxS also negatively regulated

ftn (ferritin) and feoB1 (Fe2
+ transport protein) and positively regulated feoB2
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(Fe2
+ transport protein), thus demonstrating that LuxS signaling is also important

for acquisition of ferric iron (James et ai, 2006).

1.6 Iron acquisition and uptake in fungi

1.6.1 Saccharomyces cerevisiae

The yeast Saccharomyces cerevisiae has been studied extensively to

understand how eukaryotic microorganisms obtain iron from their environment,

along with the pathways associated with uptake and utilization of iron. Although

S. cerevisiae cannot synthesize its own siderophores, it can acquire and utilize

siderophores produced from other species (Lesuisse & Labbe, 1989). In addition,

this yeast utilizes two distinct high affinity iron acquisition systems. The first

system is 'reductive iron assimilation', in which ferric iron is reduced to ferrous

iron by surface metalloreductases and is then taken into the cell via the Fet3p

Ftr1 p membrane complex. Fet3p is a transmembrane multicopper oxidase that

oxidizes Fe2
+ to Fe3

+ (Askwith et ai, 2004); this Fe3
+ is then chaperoned from the

exocytoplasmic space into the cytoplasm via the transmembrane iron permease

Ftr1 p (Stearman et aI, 1996). These investigators showed that iron permeation

via Ftr1 p required constitutive iron oxidation by Fet3p, and Fet3p could not be

bypassed by the addition of exogenous Fe3
+. They suggested a model in which

Fe3
+ produced by Fet3p is channeled to Ftr1 p for uptake by the cell (Stearman et

ai, 1996). Recent evidence supporting this kinetic channeling model was

obtained by Kwok et al (2006) who showed the E185 residue in Fet3p and the

DASE motif of Ftr1 p interact in the binding and transport of iron (Fig. 1.4).
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Figure 1.4 The Fet3p-Ftr1 p membrane transport complex.

Fet3p is a multicopper oxidase which oxidizes Fe2
+ to Fe3

+ at its N-terminal domain via copper
oxidation sites (represented by teal circles); oxygen acts as an electron acceptor is reduced to
2H 20 during this process. Fe3

+ then interacts with the DASE motif of the Ftr1 p permease and is
transported across the membrane to the cytoplasm. (modified from Kwok et ai, 2006)

The second mechanism by which S. cerevisiae can acquire iron is via

"non-reductive iron assimilation', in which S. cerevisiae acquires siderophore-

bound Fe3
+ via mernbrane transporters. These transporters belong to the major

facilitator superfamily (MFS) of transporters which all consist of a single

polypeptide chain comprised of 12 - 14 transmembrane domains (Pao et ai,

1998). MFS proteins are secondary transporters, i.e., transport occurs down an

electrochemical gradient, and may act as either symporters or antiporters. Four

transporters have been identified in S. cerevisiae that are involved with

siderophore uptake, two of which are highly specific for their substrate: Taf1 p

(Arn2p) transports the hydroxamate siderophore N', N", N"'-triacetylfusarinine C
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(TAF) (Heymann et ai, 1999) whereas Enb1p (Arn4p) transports enterobactin

(Heymann et ai, 2000). Sit1p (Arn3p) is involved with transporting ferrioxamine B

and ferrichrome (Yun et ai, 2000), and Arn1 p transports various hydroxamate

siderophores including ferrichrome, ferrirubin and ferrirhodin (Heymann et ai,

2000b, Yun et ai, 2000b, Lesuisse et ai, 2001).

1.6.2 Regulation of S. cerevisiae iron transporters

Expression of these siderophore transporters is repressed under high iron

concentrations and is regulated via the transcriptional activators Aft1 and Aft2.

Under low iron conditions, the transcriptional factors Aft1 and Aft2 are active and

bind to iron regulatory elements in the promoter regions of more than 20 genes

involved in iron acquisition, uptake and utilization (collectively known as the iron

regulon) (Casas et ai, 1997; Rutherford et ai, 2003). The mechanisms by which

Aft1 and Aft2 sense cellular iron levels is not quite understood; however, recent

findings show that cellular redox state may have a role in iron inhibition of Aft1. It

has been shown that iron sensing by Aft1 and Aft2 requires intact Fe-S cluster

biosynthesis in the mitochondria as well as its functional export to the cytoplasm

(Chen et ai, 2002; 2004). Furthermore, the iron regulon genes were constitutively

expressed under conditions in which the monothiol glutaredoxins Grx3 and Grx4

(which are involved in maintaining cellular redox homeostasis) were absent.

These data suggest Grx3 and Grx4 are crucial for iron inhibition of Aft1 (Ojeda et

al,2006).
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1.6.3 Iron acquisition and regulation in Cryptococcus neoformans

The basidiomycete yeast Cryptococcus neoformans is an opportunistic

pathogen that causes meningoencephalitis in immunocompromised patients

such as HIV/AIDS patients and solid organ transplant patients (Mitchell &

Perfect, 1995). Studies have shown that iron plays a critical role in virulence of C.

neoformans. The fungus utilizes several different iron acquisition mechanisms,

such as high and low-affinity iron uptake mechanisms mediated by reductases at

the cell surface, and like S. cerevisiae , the fungus itself does not produce

siderophores but is capable of acquiring iron bound to siderophores of other

organisms (Jacobson et ai, 1998) via the siderophore transporter SIT1. Jung et al

(2006) utilized microarray analysis as well as various deletion mutants to show

that the iron-responsive global transcriptional regulator CIR1 (Cryptococcus iron

regulator) regulates iron acquisition genes such as iron permeases. CIR1, which

shares structural and functional similarities to other fungal GATA-type

transcription factors, also regulates major genes involved in virulence, such as

those that control capsule formation, cell wall melanin formation, and growth at

37°C (Jung et ai, 2006). Recently, Jung et al (2008) identified and characterized

two orthologs of the S. cerevisiae Ftr1 iron permease, CFT1 and CFT2. It was

shown that CFT1 and CFT2 expression is iron dependent, and that CIR1

positively regulates CFT1 and negatively regulates CFT2. Jung et al (2008) also

found that the cAMP-dependent protein kinase PKA influences expression of the

CFT1 and CFT2 iron permeases. Furthermore, deletion of cft1 caused reduced

growth and reduced iron uptake of holotransferrin and FeCI 3 in vitro, and CFT1

was shown to be necessary for virulence in a mouse model of infection (whereas
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CFT2 played no apparent role in iron uptake but did affect virulence) (Jung et ai,

2008).

1.6.4 Iron acquisition and uptake in Aspergillus species

The ability of A. fumigatus to survive within the human bloodstream

indicates that this fungus possesses mechanisms to acquire essential nutrients

for growth and reproduction. Serum is inhibitory to the growth of most

microorganisms, including most fungi, because free iron concentrations in serum

are too low to support growth. Gifford et al (2002) showed that A. fumigatus can

grow in media containing up to 80% human serum, indicating that this pathogen

possesses an effective mechanism for obtaining iron from serum constituents.

Survival of A. fumigatus in human serum in vitro involves high affinity removal of

iron from the serum iron binding protein transferrin via siderophores (Hissen et ai,

2004). Both A. nidulans and A. fumigatus produce two major hydroxamate

siderophores via non-ribosomal peptide synthesis: N', N", N"'-triacetylfusarinine

C (TAF), which consists of three N2-acetyl-tl-cis-anhydromevalonyl-tl

hydroxyornithine residues linked by ester bonds, and ferricrocin, which is a cyclic

hexapeptide with a Gly-Ser-Gly-(N5-acetyl-tl-hydroxyornithineh structure (Fig.

1.5) (Oberegger et ai, 2001; Nilius & Farmer, 1990; Winkelmann, 1992, Hissen et

ai, 2004). In both A. nidulans and A. fumigatus, TAF is mainly secreted to

scavenge iron from extracellular iron sources, whereas ferricrocin serves as an

intracellular iron storage molecule. (Oberegger et ai, 2001; Hissen et al 2004;

Eisendle et ai, 2004, Eisendle et ai, 2006).
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Figure 1.5 Major hydroxamate siderophores produced by both Aspergillus nidulans and
Aspergillus fumigatus.

A) N', N", N'''-triacetylfusarinine C (TAF); B) ferricrocin. (Hissen et ai, 2004)
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Figure 1.6 Siderophore biosynthetic pathway of Aspergillus nidulans and Aspergillus
fumigatus.

The gene sidA encodes L-ornithine ~-oxygenase, which is the first committed step in the
biosynthesis of hydroxamate siderophores. Nonribosomal peptide synthetases complete the
synthesis of ferricrocin (encoded by side in A. nidulans), and a final ~-transacetylase step
completes the synthesis of the secretory siderophore N',N",N"'-Triacetylfusarinine C (TAF).
(modified from Plattner & Diekmann, 1994)

Studies in both A. nidulans and A. fumigatus have shown that the

biosynthetic gene sidA, which encodes the enzyme L- ornithine-N5-oxygenase, is

responsible for the first committed step in hydroxamate siderophore synthesis

(Fig. 1.6) (Eisendle et ai, 2003; Schrettl et ai, 2004; Hissen et ai, 2005). The

coding sequence of A. fumigatus sidA shows 75% sequence homology to A.

nidulans sidA (Hissen et ai, 2005) and similar genes that encode L- ornithine-N5
-

oxygenase have previously been found in other microorganisms, such as sid1 in

the basidiomycete fungus Ustilago maydis (which produces the hydroxamate

siderophores ferrichrome and ferrichrome A), and pvdA in Burkholderia cepacia
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(which produces ornibactin) (Mei et ai, 1993; Sokol et ai, 1999). The virulence of

a sidA mutant compared to the parental and rescued strains was compared in a

mouse model of invasive aspergillosis; sidA was shown to be essential for

virulence in this model (Schrettl et ai, 2004; Hissen et ai, 2005).

Once iron has been scavenged by siderophores, the iron-bound

siderophores are taken up via transporters where the iron can be utilized by the

fungus. In A. nidulans, three genes have been characterized that encode

siderophore transporters: mirA and mirB encode MFS transporters that take up

enterobactin and TAF, respectively, whereas mire encodes another siderophore

transporter, whose function is not yet known (Eisendle et ai, 2003; Haas et ai,

2003). Furthermore, these siderophore transporters are orthologues of the MFS

siderophore transporters of S. cerevisiae (Haas et ai, 2003). Following

siderophore uptake, the ester bonds in TAF are hydrolyzed by an ornithine

esterase, the TAF hydrolysis products (mono- and di-hydroxamic acids) are

excreted, and the iron is either transferred to cellular ferricrocin for storage or

reduced and utilized in various metabolic pathways (Oberegger et ai, 2001). In

A.fumigatus, the TAF ornithine esterase, EstB, has recently been characterized;

the gene estB is located in an iron-regulated gene cluster on chromosome III and

encodes a 292 amino acid, 32.7kDa esterase that is localized in the cytosol

(Kragl et ai, 2007).
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In Aspergillus nidulans, siderophore biosynthesis and uptake are

negatively regulated by the transcriptional regulator SREA (Oberegger et ai,

2001). SREA is a GATA binding transcription factor that, under iron replete

conditions, binds to GATA sequences located in the promoters of genes involved

in iron homeostasis (i.e., siderophore biosynthesis and uptake genes) and blocks

their transcription. Expression of the siderophore permeases mirA, mirB and

mirC, as well as estB (ornithine esterase) has also been shown to be controlled

by SREA (Oberegger et al 2001; Haas et ai, 2003). In a study by Oberegger et al

(2001), deletion of sreA under iron-replete conditions leads to derepression of

fusigen synthesis (the unacetylated form of TAF), as well as TAF synthesis

whereas wild type do not produce siderophores under these conditions.

Derepression was only partial which suggests that additional mechanisms exist

in A. nidulans that regulate iron homeostasis. Eisendle et al (2004) investigated

the role of pH in gene expression of genes involved in siderophore biosynthesis

and uptake in Aspergillus nidulans. Under alkaline growth conditions, the pal pH

signaling pathway activates the zinc-'finger transcription factor PacC. PacC is an

activator of alkaline-expressed genes and a repressor of acid-expressed genes

(Tilburn et ai, 1995). PacC binding sites have been identified in the promoter

regions of the siderophore biosynthetic gene sidA and the siderophore

transporter genes mirA and mirB, and acidity and alkalinity mutants have

confirmed that the PacC-mediated ambient pH regulatory system mediates

siderophore uptake and biosynthesis (Eisendle et ai, 2004). In A. fumigatus,

however, the roles of SREA and ambient pH regulation via PacC have not been
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elucidated, and less is known about iron regulation of siderophore biosynthesis

and uptake. However, the existing data suggest that similar mechanisms to those

found in A. nidulans would operate in A. fumigatus.

To understand the changes in global gene expression in A. fumigatus in

response to the iron limitation imposed by serum, we employed A. fumigatus

microarrays. A brief introduction to microarray technology is presented below.

1.7 Microarrays

1.7.1 Microarrays as an experimental tool

Microarrays have become an increasingly powerful and popular tool for

experimental biology. DNA microarrays allow for the screening of gene

expression on a global scale, and thus can produce copious amounts of

expression data (Schena, 1999). These "gene chips" have widespread use, from

use as clinical diagnostic tools to gene expression profiling. The challenge with

microarray analysis has always been in the collecting, managing and analyzing

of these large datasets produced by microarray analysis, and is becoming even

more challenging as microarray technology becomes commonplace in laboratory

applications (Quackenbush, 2005).

Microarray technology usually employs two approaches. The first, and

most common approach is the two-channel (or two-colour) microarray, in which

two different eDNA samples are each labelled with a different fluorescent dye,

such as Cyanine-3 (Cy-3) or Cyanine-5 (Cy-5), and are simultaneously
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hybridized to the same glass slide (Quackenbush, 2001). These two-channel

microarrays are constructed by robotic deposition of thousands of short DNA

oligonucleotides (usually made from cDNA clones or synthetically synthesized

oligonucleotides) in a grid-like pattern, with each spot corresponding to a different

gene, onto a coated glass slide. The other approach is single-channel arrays,

such as Affymetrix GeneChips (Lockhart et ai, 1996). These chips are produced

using a DNA photolithographic process that involves the use of a 1.6cm2 quartz

wafer with a light-sensitive coating and different lithographic masks. When the

first mask is applied, ultraviolet light shining through the appropriate parts of the

mask deprotects areas on the chip. The chip is then flooded with one of four

activated nucleotides (i.e., adenine, guanine, cytosine, thymine), which couple to

the deprotected spots on the chip, and the excess nucleotides are washed away.

These coupling steps are repeated until thousands of 25-mer oligonucleotides

are synthesized on the chip. Total RNA or mRNA experimental samples labelled

with a fluorescent dye can then be hybridized to the chip and analyzed. For the

present study, we employed a two-channel microarray, and therefore we will

focus on experimental design and data analysis methods that pertain to this

methodology.

1.7.2 Microarray experimental design and analysis

When using a two-channel microarray approach, it is important to design

the experiment appropriately to directly address a particular experimental

question. There are four common designs: direct comparison, balance block

design, reference design, and loop design (Quackenbush, 2005). Direct
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comparison (which was utilized in our analysis) is the simplest of the four

approaches in which two distinct experimental samples are compared to each

other. This approach requires that the RNA samples are not limited. Due to

concerns that preferrentiallabelling of certain genes occurs by one of the two

f1uorophores, dye-swap (or flip-dye) replicates are used to eliminate any gene

dye effects (dye bias) (Kerr & Churchill, 2001). In dye-swaps, replicate slides are

hybridized with both samples in which the samples have been labelled with the

opposite fluorescent marker. Both the experimental and dye-swap slides are then

scanned by a microarray scanner, which employs lasers to excite the

fluorophores bound to the spots on the arrays, and records the emitted intensity

for each dye channel as a separate image. Software analysis of both dye

channel images quantifies the measured intensity value per spot and expresses

these values as a log2(ratio) value (Eisen & Brown, 1999). The expression levels

of replicate microarrays along with the dye-swap replicates are then averaged

between slides, or an analysis of variance (ANOVA) approach is used to

estimate the relative dye bias of the dye-swaps. Once enough replicates have

been performed, along with accounting for any dye bias, analysis of expression

data can proceed. To reduce the dataset further, low intensity filters are often

employed to eliminate spots that are not statistically significant from the

background.

Once background signals have been subtracted from the spot intensity

values, microarray expression values have to be normalized prior to the

application of any clustering methods and statistical analysis. The rationale
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behind normalization is to account for any bias that could have been introduced

such as systematic biases, unequal amounts of starting RNA, and differences in

labelling efficiencies between the two f1uorophores used (Yang et ai, 2002a;

Yang et ai, 2002b). Depending on the assumptions of the experimental design,

there are many approaches to normalization, including total intensity

normalization (which is relatively simple to implement but is insensitive to

systemic variations that could occur in the dataset), to the more commonly used

approach known as locally weighted linear regression (LOWESS) that estimates

systematic biases in the data and corrects for them by performing a large number

of linear regressions between expression data points and combining them to

form a smooth curve (Yang et ai, 2002a; Yang et ai, 2002b). Furthermore, once

the normalization method has been selected, it can either be applied globally

(i.e., applied to the entire dataset) or locally (i.e., applied to a subset of the data,

such as a subgrid on the microarray) depending on the assumptions of the

experimental design. For example, local normalization is often employed to

correct for systematic spatial variations such as inconsistencies between the

spotting pens used to manufacture the array as well as variations on the slide

surface as well as slight differences in hybridization conditions across the

microarray.

Interpretation of microarray data can be quite daunting, especially when

deciding which statistical analysis to perform on the dataset to determine which

genes show significant differences in expression, as well as interpreting any

interesting patterns of expression that may exist. Log2 (Cy5/Cy3) ratios are used
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to represent microarray ~xpression data instead of intensity ratios because the

up- and down-regulated expression values are on the same scale and are

comparable. For example, a two-fold change corresponds to a log2(ratio) of 1.0

(upregulation) or -1.0 (downregulation). "Heat maps" are a common visual tool

that applies a colour based on each gene's log2(ratio) expression value to create

a visual representation of expression. For example, log2(ratio) values close to

zero are black, whereas log2(ratio) values greater than zero are coloured red

(i.e., upregulation) and those values less than zero are coloured green (i.e.,

downregulation). In addition, popular clustering methods such as hierarchichal

clustering (Eisen et ai, 1998; Michaels et ai, 1998; Wen et ai, 1998) and k-Means

clustering (Soukas et ai, 2000; Aronow et ai, 2001) help to explore possible

expression patterns over the collection of samples by grouping genes together

that show similar expression. Verification of gene expression data by alternative

methods hel ps to confi rm whether the expression patterns seen in the microarray

data was due to actual changes in gene expression under experimental

conditions versus that due to bias. Verification of such expression data is usually

conducted on the RNA used for the microarray experiments with another method,

such as Northern analysis (Taniguchi et ai, 2001) or quantitative real-time

polymerase chain reaction (qRT-PCR) (Brazeau, 2004).

Finally, there is the challenge of attributing those genes in a particular

gene set to some sort of biological meaning. To address this challenge, certain

software programs such as GoFigure (Khan et ai, 2002) EASE (Hosack et ai,

2003), and GOPET (Vinayagam et ai, 2006) have been developed to assign
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each gene to particular Gene Ontology (GO) terms (Ashburner et ai, 2000). The

Gene Ontology (GO) project classifies gene products based on molecular

function, biological process and their cellular component. Coupling gene

expression data to their GO terms can, for example, provide a general functional

classification for a particular set of genes that are overrepresented in the dataset,

and more specific terms can specify what a particular gene actually does. In

addition, biological functions that are significantly overrepresented within the

identified gene list can also be identified by linking genes to medical subject

heading (MeSH) terms such as PubMed abstracts (Jennsen et ai, 2001; Djebbari

et ai, 2005), or mapped to signalling and metabolic pathway databases such as

the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et ai, 2004)

and BioCyc (Karp et ai, 2005; Green & Karp, 2006).

1.8 Aims of study

Iron is essential for all eukaryotes and most prokaryotes, and iron uptake,

storage and utilization is of critical importance for survival. The ways by which A.

fumigatus acquires and utilizes this essential nutrient can aid in our

understanding of how this organism thrives within the human host. The focus of

this study was to use microarray analysis to examine the change in gene

expression of A. fumigatus induced by human serum iron limitation. We

examined genes that were significantly upregulated and downregulated under

serum iron limitation via microarray analysis using TIGR TM4 software suite and

mapped our gene expression data against a yeast transcriptional regulation

network using the network visualization software Cytoscape to elucidate possible
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gene regulation and interactions. The ultimate goal of this research is to select

genes of interest for further investigation. Gene expression data was verified by

selection of several genes from the dataset and performing qRT-PCR analysis to

measure gene fold-changes under iron depletion.
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2 MICROARRAY ANALYSIS

2.1 Introduction

Iron is essential for all eukaryotes and most prokaryotes, and iron uptake,

storage and utilization is crucial for survival. Knowledge about how A. fumigatus

acquires and utilizes this essential nutrient can provide understanding of how this

opportunistic pathogen survives within the human host. Previous work in both A.

nidulans and A. fumigatus have shown that the biosynthetic gene sidA, which

encodes the enzyme L- ornithine-N5-oxygenase, is responsible for the first

committed step in hydroxamate siderophore synthesis (Eisendle et ai, 2003;

Schrettl et ai, 2004; Hissen et ai, 2005). Confirmation via a murine model of

invasive aspergillosis showed that sidA was required for virulence (Schrettl et ai,

2004; Hissen et ai, 2005). It was shown in A. nidulans that iron uptake and

regulation was controlled via the GATA-binding transcription factor SREA

(Oberegger et al 2001; Haas et ai, 2003), but not much is known about iron

regulation in A. fumigatus.

The aim of the research presented in this chapter was to examine the

changes in A. fumigatus gene expression in the presence of human serum iron

limitation via microarray analysis. We utilized A. fumigatus lO-mer glass

microarray slides provided by the Pathogen Functional Genomics Research

Centre (PFGRC) at the Institute of Genomic Research rrlGR; now known as the
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J. Craig Venter Institute (JCVI)]. By analysis of rnicroarray data using the TM4

software suite, we aimed to identify genes of interest for further study.

2.2 Materials and Methods

2.2.1 Establishing the optimum FeCI3 concentration for suppression of
siderophore biosynthesis

Previous studies have shown that A. fumigatus and A. nidulans grown in

Aspergillus minimal media (AMM) containing 1O~M FeS04 was sufficient for

downregulation of sidA, and hence cessation of siderophore secretion (Eisendle

et aI., 2003; Schrettl et ai, 2004). However, since minimal essential media (MEM)

+ 10% human serum has been chosen as the growth media, we needed to

determine the minimum concentration of iron needed to suppress siderophore

production to reduce the potential for oxidative stress posed by excess free iron

under such growth conditions. This concentration would be used in the

microarray studies as the iron-replete condition.

Aspergillus fumigatus American Type Culture collection (ATCC) 13073,

originally taken from a human pulmonary lesion, was grown on MYPD at 37°C for

3 days until fully conidiated. A. fumigatus conidiospores were harvested using a

sterile swab and phosphate-buffered saline (PBS) containing 0.05% Tween 20,

and filtered through a funnel containing a glass wool plug to remove mycelia.

Harvested spores were collected by centrifugation at 1700g for 5 minutes and

resuspended in 10mL sterile distilled water. Conidia were resuspended in 10mL

sterile water and quantified microscopically using a hemacytometer. Minimal
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essential media (MEM) was prepared using 0.93g MEM powder (without phenol

red, SIGMA), 220mg sodium bicarbonate dissolved in 90 rnl distilled water, and

filter sterilized through a 0.22j.Jm Millipore filter. Ten millilitres of human serum

(male, SIGMA) was added to MEM to a final concentration of 10% (v/v).

Erlenmeyer flasks (25mL) were soaked overnight in 5% nitric acid to remove

trace amounts of iron, washed six times in deionized water, then autoclaved.

Flasks containing 5ml MEM + 10% human serum were prepared in triplicate with

the following final concentrations of FeCI 3: OJ.JM, 1OJ.JM, 20j.JM, 30j.JM, 50j.JM,

100j.JM. Each flask was inoculated with 1 x 107 A. fumigatus conidia and

incubated overnight at 37°C on a rotary shaker at 150 rpm. Media was separated

from the mycelia via centrifugation at 1700g for 5 minutes and carefully removed

and transferred to 15ml Falcon tubes. Media was stored at -20°C for further

analysis. The mycelia were then washed three times in 10ml sterile distilled water

and fungal mycelia were dried on Whatmann filter paper. Mycelia (100mg) from

each growth condition were stored at -80°C for siderophore assays.

2.2.2 Siderophore assays of supernatant

Total siderophore concentrations were quantified using the chrome azurol

S (CAS) assay shuttle solution (1.5mL of 10mM HDTMA, 0.375ml of 1mM FeCb,

1.875mL of 2mM CAS, 25.4mg 5-sulfosalicylic acid, 1.077g piperazine in 12N

HCl, in 25ml volume of H20) according to protocols by Schwynn and Neilands

(1987). Media collected from the growth experiments were thawed in a 37°C

water bath and diluted 10-fold in sterile H20. Diluted media (1 OOj.Jl) was placed

in a 96-well microtitre plate, and 1OOj.Jl CAS shuttle solution (ingredients) was
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added to each well and left for 30 minutes at room temperature. The iron chelator

ethylenediaminetetraacetic acid (EDTA) was used to generate a standard

curve. Absorbance at 630nm was measured using a plate reader (Table 1).

Based on the results obtained from the CAS assay, it was determined that FeCI3

concentrations of greater than 50IJM are needed to suppress siderophore

production in A. fumigatus grown in MEM + 10% human serum.

2.2.3 Time course study of conidial germination in iron-limited and iron
replete media

To determine time points for sampling RNA, we examined phenotypic

changes in the A. fumigatus life cycle during early logarithmic phase. A.

fumigatus conidia were grown under iron-replete or iron-limited conditions (1 x

107 spores in 5mL MEM + 10% human serum, with or without 50IJM FeCb)

incubated at 37°C on a rotary shaker at 150rpm. Media was sampled every 30

minutes between 2 - 6 hours post inoculation and the morphological changes of

A. fumigatus conidiospores were monitored via microscopy. Conidia were fixed to

prevent any further changes using 10% formalin mixed 1:1 (v/v) with the conidial

suspension. Conidiospores were observed under 400X and 1OOOX magnification

and spore diameter was measured using an ocular micrometer. Observations of

conidial shape, diameter, clustering, and presence of hyphae were noted. Spore

diameters of ten spores from each time point under each growth condition were

measured and averaged. Based on these observations, it was determined that

RNA should be sampled at 2, 4, and 6 hours post-inoculation to coincide with

spore swelling, hyphal extension, and germination, respectively.
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2.2.4 Total RNA extraction

Total RNA was obtained from A. fumigatus using the Qiagen RNeasy

Plant Mini Kit. Harvested conidia (1 x 1010 conidia equivalent to - 100mg wet

weight) were resuspended in 450IJL RLT Buffer (Qiagen), frozen in liquid

nitrogen, and crushed using a mortar and pestle. Buffer RLT contains guanidine

isothiocyanate (GITC), which is a cell lysate and protein denaturant, and ~

mercaptoethanol, an RNase denaturing agent. The crushed spore mixture was

allowed to thaw before being placed into an RNase-free 1.5mL microcentrifuge

tube, and heated to 56°C for 5 minutes to increase the efficiency of cell lysis and

RNase denaturation, thus allowing increased yields of total RNA. The entire

lysate was pipetted directly onto a QIAshredder column, centrifuged for 2

minutes at 17000g , and the supernatant of the flow-through fraction was

transferred to a new microcentrifuge tube. Ethanol (2251JL of 100%) was added

to the cleared lysate, mixed immediately by pipetting and the mixture was then

added directly to an RNeasy mini column. The RNeasy column was centrifuged

for 15s at 17000g, and the flow-through discarded. 700IJL Buffer RW1 was added

to the RNeasy column, centrifuged for 15s at 17000g to wash the column, and

the flow-through and collection tube were discarded. The RNeasy column was

transferred to a new 2mL collection tube, 500IJL Buffer RPE was added to the

column and spun at 17000g for 15s. The flow-through was discarded and

another 500IJL volume of Buffer RPE was added to the column and centrifuged

for 2 minutes at 17000g. The RNeasy column was then transferred to a new

1.5mL collection tube. Two final elution steps, one with 20IJL RNase-free water

and another with 10IJL RNase-free water (for a final elution volume of 30IJL),
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were carried out via centrifugation at 17000g for 1 minute to maximize total RNA

concentration in minimal volume. Approximately 1- 3IJg RNNIJL for each sample

was obtained by this method.

Total RNA obtained using the Qiagen RNeasy Plant Mini Kit was

quantified spectrophotometrically using a NanoDrop ND-1 000

spectrophotometer. UV absorbance was also measured at 260nm and 280nm; a

ratio of 260:280 of 1.8 - 2.0 is characteristic of good quality RNA.

RNA quality was further determined by agarose gel electrophoresis. One

to three micrograms of total RNA was separated on a 0.7% agarose gel and the

relative intensity of the 28S and 18S ribosomal RNA bands was observed.

Detection was by ethidium bromide staining. Clean, crisp bands, along with a

28S: 18S ratio of 2: 1 indicated that the RNA obtained was of good quality.

2.2.5 Cy-Iabeled eDNA probe synthesis

cDNA probe synthesis and aminoallyllabeling was carried out according

to protocols set out by TIGR [Standard Operating Procedure (SOP) # M007] [The

Institute for Genomic Research - now known as the J. Craig Venter Institute

(JCVI) - http://www.tigr.org/tdb/microarray]. Two micrograms of each total RNA

sample from both conditions (MEM + 10% human serum, +/- FeCb) at each

timepoint was mixed in 1.5mL RNase-free microcentrifuge tubes with 2IJL

Random Hexamer primers (3mg/mL; Invitrogen), 1IJL RNaseOUT ribonuclease

(Invitrogen), and RNase-free water (Ambion) to a final volume of 18.51JL. The

RNNprobe mixture was incubated at 70°C for 10 minutes, snap-frozen on dry ice
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for 30s, then centrifuged briefly to bring down any condensation. At room

temperature, 6~L 5x First strand buffer, 3~L 0.1 M dithiothreitol (OTT), 0.6~L

25mM dNTP/5-(3-aminoallyl)-dUTP labeling mix, and 2~L SuperScript II reverse

transcriptase (200U/~L; Invitrogen) was added to the RNNprimer mix and

incubated in a thermocycler set to 42°C overnight. First strand synthesis was

terminated by addition of 1O~L 0.5M EDTA and 1O~L 1M NaOH, followed by

incubation at 65°C for 15 minutes and addition of 25~L 1M Tris (pH 7.0) to

neutralize pH.

Unincorporated aminoallyl-dUTPs and free amines were removed by

cleanup using the MinElute PCR purification kit (Qiagen). The cDNA probes were

eluted from the MinElute columns using two aliquots of 30~L phosphate elution

buffer (4mM KP04 pH 8.5) and dried to completion in a speed vac for -60

minutes.

The aminoallyl-Iabeled cDNA probes were resuspended in 4.5~L 0.1 mM

sodium carbonate buffer (pH 9.3) by pipetting up and down for several minutes.

Fresh tubes of Cy-3 and Cy-5 dyes were resuspended in 70~L DMSO. The

resuspended cDNA probes were then mixed with 4.5~L of the appropriate Cy dye

Probes generated from RNA taken from spores grown in the iron replete

conditions were labelled with Cy-3, whereas probes generated from RNA taken

from spores grown in the iron deplete condition were labelled with Cy-5. For the

dye-swap experiments, the labelling of the two samples was reversed. The

reaction was incubated at room temperature in the dark for 2 hours, followed by

35~L 100mM NaOAc (pH 5.2) to stop the coupling reaction. Unincorporated Cy
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dye was removed by using the MinElute PCR purification kit, and the Cy-Iabelled

cDNA probes eluted using two aliquots of 50IJL deionized water (for a final

elution volume of 100tJL).

A 1tJl sample from each Cy-Iabelled cDNA probe preparation was

quantified spectrophotometrically at the following wavelengths using the

NanoDrop ND-1000 Spectrophotometer: 260nm (for determination of cONA

concentration), 650nm (for determination of Cy-5 incorporation), and 550nm (for

determination of Cy-3 incorporation). For each sample, the total picomoles of

cDNA synthesized was calculated using the following equation:

pmol nucleotides =[00260 x volume (in tJL) x (37 ng/IJL) x (1 OOOpg/ng)]

(324.5 pg/pmol)

For each sample, the total picomoles of dye incorporation (Cy-3 or Cy-5) was

calculated accordingly using the following equations:

pmol Cy-3 = 00550 x volume (in IJL)

0.15

pmol Cy-5 = 00650 x volume (in IJL)

0.25

A pmol nucleotides/dye incorporation ratio of less than 20 is considered optimal

for hybridizations (Hedge et aI., 2000). Once dye incorporation was determined

to be optimal, hybridization to microarrays was conducted.
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2.2.6 Hybridization of Cy-Iabeled eDNA probes to TIGR A. fumigatus
mieroarrays

To ensure that no insoluble organic or inorganic residue remained on the

glass microarrays (which is crucial for reducing background noise when scanning

microarray slides) changes were implemented to the pre- and post-hybridization

wash steps outlined by TIGR protocols (SOP # MOOB, revision level 0.5) (TIGR,

http://www.tigr.org/tdb/microarray).Priortohybridization.slides were

prehybridized by immersion in 50mL prehybridization solution (5x SSC, 0.1 %

SOS, 1% BSA, preheated to 42°C) in a Coplin jar and incubated for 1 hour at

42°C. Washing of prehybridized slides was done via direct washing using a

steady flow of distilled water from a faucet. The water stream was directed to

non-spotted areas of the slide (i.e., the barcode area) so that the water gently

dispersed across the entire surface of the slide, thus quickly and effectively

rinsing the slide. After washing, the wet slides were promptly transferred to 50mL

Falcon tubes filled with isopropyl alcohol and agitated for two minutes to remove

residual organic residue. Slides were then dried in clean, dry 50mL Falcon tubes

via centrifugation at 1700g for 3 minutes and stored until further use.

Hybridization to the arrays was done following protocols set out by TIGR

(SOP# MOOB) (TIGR, http://www.tigr.org/tdb/microarray). To produce probe

mixtures, equivalent amounts of Cy-3 and Cy-5 labeled coNA samples were

aliquotted and mixed (100pmol Cy-incorporated probe minimum to 200pmol

optimal) prior to drying to completion in a Spin-Vac for -1 hand resuspension in

501-11 Ambion SlideHyb Buffer #2 (prewarmed to 60°C). The resuspended probes

were heated to 95°C for 5 minutes, mixed by finger flicking for 1 minute, then
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reheated for another 5 minutes at 95°C. The prehybridized Afumigatus

microarray slides were placed inside Corning microarray hybridization chambers

and LifterSlip CQverslips (Erie Scientific) were placed over the printed surface of

each test array. The resuspended probes were applied to the test arrays by

pipetting the probes along the edges of the LifterSlips, which were then drawn

across the printed surfaces via capillary action. Before sealing the hybridization

chambers, 20IJL hybridization solution was placed into the small wells on both

sides of the slide chamber (to maintain moist conditions within the chamber). The

chambers were then sealed using metal clamps, and incubated overnight at 42°C

in a hybridization oven.

The post-hybridization washing step was carried out with two 5-minute

washes in low stringency wash solution (2x SSC, 0.1 % SOS; heated to 55°C),

followed by two 5-minute washes in medium stringency wash solution (0.1x SSC,

0.1 % SOS; heated to 55°C), and two washes with high stringency wash solution

(0.1x SSC; room temperature). A final 5-minute wash in distilled water was

carried out prior to drying the slides in 50mL Falcon tubes via centrifugation at

2500rpm for 3 minutes. Hybridized microarray slides were stored in a sealed,

dark slide box until scanned.

2.2.7 Microarray slide scanning

TIGR A fumigatus Af293 Version 2 microarrays were utilized for our

experiment. Each microarray contains 21006 lO-mer oligos representing two

replicate sets of 10003 ORFs, along with 500 A thaliana in-slide control spots,

providing approximately 96.5% coverage of the A fumigatus genome (Appendix
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1 and TIGR, http://www.tigr.org/tdb/microarray). The ORFs on the TIGR arrays

represent protein coding sequences only and contain no intron sequences. A

total of five A. fumigatus Version 2 slides for each timepoint (2, 4 and 6 hours,

respectively) plus corresponding dyeswap slides were prepared and scanned.

Each slide represents an independent biological replicate that utilized separately

obtained RNA samples under both iron deplete and iron replete conditions per

timepoint. The need for technical replicates was eliminated since the microarrays

contained two sets of in-slide replicates (i.e., each ORF is represented twice on

the same slide). The microarrays were scanned using a ScannerArray Express

microarray scanner (Perkin-Elmer) that utilizes the ScannerArray Express

software by Packard Biosciences. Slides were scanned at the Centre for

Microbial Diseases and Immunity Research (CMDR) at the University of British

Columbia. The resulting scanned TIFF images of the completed arrays were

saved and used for further analysis using the TIGR TM4 Software Suite.

2.2.8 Microarray slide analysis

To obtain relative transcript levels, TIFF images were analyzed using

TIGR Spotfinder (http://www.tm4.org/spotfinder.html). The Spotfinder software

reads scanned slide images and using semi-automatic grid construction, along

with automatic and manual grid adjustments, Spotfinder centres each microarray

spot to a grid cell. The software then calculates spot intensities, medians and

means in relation to spot position, spot area, calculated background values and

quality control flags, and records the information to a .MEV file for downstream

analysis. Grids were aligned according to the TIGR Spotfinder printing pattern for
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the Version 2 slides, along with manual manipulation and alignment of each

individual grid with their corresponding spots prior to analysis. The resulting

.MEV files were linked to the corresponding A. fumigatus version 2 annotation file

(provided by PFGRC-TIGR; Appendix), saved and inputted into TIGR Microarray

Data Analysis System (MIDAS), a software tool used for normalization of

microarray slide data.

Figure 2.1. Screenshot of TIGR Spotfinder with experimental slide of A. fumigatus

MIDAS (http://www.tm4.org/midas.html) is a software tool used to

normalize spot intensity values prior to measurement to compensate for

variability between slides and Cy dyes, as well as other possible sources of

systematic error. In MIDAS, data on spot intensity for each set of slides per
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timepoint was normalized using LOWESS (Locally Weighted Scatterplot

Smoothing), a local regression technique for hybridizations with RNA-based

samples (Yang et ai, 2002a; Yang et ai, 2002b). A Standard Deviation

Regularization algorithm and a Cross-slide Replicates T-test were also

implemented in MIDAS, and the resulting .MEV files were inputted into TIGR

Multiple Experiment Viewer (MeV) for further analysis.

TIGR MeV (http://www.tm4.org/mev.html) is a highly versatile microarray

analysis tool that incorporates various algorithms for statistical analysis,

clustering, classification and visualization of microarray data. In TIGR MeV, data

at each timepoint were analyzed. A low-intensity cutoff filter was implemented to

select genes that showed greater than 1.4-fold up- or down-regulation. At-test (p

< 0.01) was also performed on the data to identify significantly up- or down

regulated genes under iron-limited conditions. The p-value cutoff was set to <

0.01 to reduce Type 1 error. The resulting data was organized and visualized

based on similar gene expression vectors using Euclidean distance and

hierarchical clustering with average linkage clustering to view the entire data set.

A K-means algorithm was implemented to group the genes into 20 to 60 clusters.

Clusters were selected based on intense and consistent increased and

decreased mRNA expression patterns (in the presence of human serum iron

limitation), and genes were selected for further analysis by qRT-PCR (Chapter

3). In addition, overrepresentation of gene categories based on GO biological

process was examined for each timepoint via EASE analysis (Saeed et ai, 2003)

in TIGR TM4.
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2.2.9 Mapping of microarray expression data to biological networks

To further understand how the regulation of A. fumigatus gene expression

is affected by human serum iron limitation, the microarray expression data for

each timepoint was mapped to Saccharomyces cerevisiae transcriptional

regulatory network data as published by Lee et al (2002). The entire A. fumigatus

genome (Af293) was first analysed to identify S. cerevisiae orthologs via

reciprocal-best BLAST to generate a list of 3188 predicted yeast orthologs

matching the entire list of A. fumigatus Af293 genes (9926 genes). A. fumigatus

Af293 gene sequence data was obtained from the TIGR Aspergillus fumigatus

Genome Project website (http://www.tigr.org/tdb/e2k1/afu1/). The S. cerevisiae

ortholog list was then combined with microarray expression data that showed

significant gene expression at each timepoint.

The microarray expression data was mapped to the transcriptional

regulatory network based on chip data that showed a confidence value of

p<0.005 (Lee et aI, 2002) using Cytoscape (Shannon et ai, 2003; Cline et aI,

2007). Cytoscape (http://www.cytoscape.org/) is an open source software

package that visualizes molecular and genetic interaction networks and

integrates gene expression data to these networks. The S. cerevisiae

transcriptional regulatory network data of Lee et al (2002) (obtained from

http://web.wi.mit.edu/young/regulatory_network/) was uploaded into Cytoscape

and visualized by the yFiles algorithm. The A. fumigatus expression data for each

timepoint was uploaded and mapped in Cytoscape via the plugin jActiveModules

to indicate highly connected network regions, and the highest scoring network
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regions were represented visually by small child networks, or modules. Each

node in each module was coloured according to the expression profile such that

downregulated genes were coloured green and upregulated genes were

coloured red. Pink nodes represented genes that showed no significant up- or

down-regulation.

2.3 Results

2.3.1 Siderophore biosynthesis is represssed at FeCb concentrations
greater than 1OO~M in MEM plus serum

To examine the transcriptional response of A. fumigatus in the presence of

human serum iron limitation, the growth conditions for iron-replete growth had to

be established. Excess iron can cause oxidative stress to the fungus via the

production of reactive oxygen species via Fenton chemistry (Halliwell &

Gutteridge, 1984), whereas too little iron could be quickly sequestered by iron

binding proteins present in human serum (e.g., transferrin). We therefore

examined the production of siderophores in the presence of MEM + 10% human

serum with the addition of FeCb using the CAS shuttle solution assay. Table 1

shows that concentrations of greater than or equal to 50~M FeCI3 were

necessary for the suppression of siderophore production. Therefore, the iron

replete condition for our experiments was established as MEM + 10% human

serum + 50~M FeCI3 , whereas our iron deplete condition was MEM + 10%

human serum (with no added iron).
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Table 2.1 Calculated siderophore concentrations of media obtained from A.fumigatus
grown in MEM + 10% human serum + FeCI3•

[FeC1 31in MEM + 10% serum

O~M 10~M 20~M 30~M 50~M 100~M

siderophore
concentration
(~M)a 8.43 4.23 3.03 2.25

±1.68 ±0.49 ±0.25 ±0.21 0.00 0.00

aValues represent the mean ± standard deviation of 3 independent experiments.

2.3.2 Spore sampling times coincide with spore phenotypic changes

To establish spore sampling times, we examined phenotypic changes that

occurred during incubation at 37°C under three media conditions: MEM only,

MEM + 10% human serum, MEM + 10% human serum + 50~M FeCb. After 2

hours, clusters of conidia were present in all media conditions. The presence of

swollen, pear shaped conidia at 4 hours marked germ tube extension, and at 6

hours hyphae were present, indicating complete germination (Table 2.2). It is

important to note that no significant differences in development between the

three growth conditions were observed (Fig. 2.2). Therefore, changes in gene

expression should be related to differences in iron availability rather than to

developmental differences.

55



-MEM
MEM + 10% Human Serum

- MEM + 10% Human Serum + 50~M FeCI3
11.------------------------------'---------,

:J +----------------------------------+----

i.S 4

Time (Hour)
.5 5.5

Figure 2.2 The average increase in the diameter of A. fumigatus conidiospores in minimal
essential medium (MEM) (trace iron), MEM + 10% human serum, and MEM +
10% human serum + 50mM FeCI 3.

Spores were shaken (150rpm) at 37°C and sampled every 30 minutes from 2 to 6 hours. Graph
shows mean ± standard deviation of n=10 independent experiments. Similar phenotypic changes
occur in both growth conditions over time; However, siderophores were detected in MEM + serum
after 2 hours but not in MEM + serum + FeCI3 (data not shown).
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Table 2.2. Conidial shape, clustering, and presence of germination in A. fumigatus conidia
incubated under various growth conditions.

Time (h) Conidia Shapea ClusteringD

MEM + MEM + MEM + MEM +
MEM serum + MEM serum +

serum Fe serum Fe

Presence of hyphaeC

MEM MEM + MEM +
serum serum + Fe

2.0 C C C Y Y Y N N N
2.5 C C C Y N N N N N
3.0 C/P/D C P Y N N N N N
3.5 C/P/D C/P C/P Y N Y N N N
4.0 C/P/D C/P C/P Y N Y N N N
4.5 C/P/D C/P C/P Y N Y N N N
5.0 C/P/D C/P C/P Y N Y N N N
5.5 C/P/D C/P C/P Y N Y Y N N
6.0 C/P/D C/P C/P Y N Y Y Y Y

a C - Circular; P - Pear; D - Deformed
b Y_Yes; N - No
c Y _Yes; N - No

2.3.3 Total RNA obtained from A. fumigatus conidiospores is of good
quantity and integrity

Total RNA obtained via the Qiagen RNeasy Plant Mini Kit (see Materials

and Methods) was quantified via the NanoDrop ND-1000 spectrophotometer, and

RNA integrity was assessed via agarose gel electrophoresis (Table 2.3,

Appendix 25). Approximately 1-31Jg/1JL total RNA was yielded by this method

from _1010 starting conidia. Total RNA samples also had 260:280 ratios of

approximately 2, which is indicative of clean RNA with little contamination by

proteins. Total RNA samples also showed clean, crisp bands corresponding to

the 285 and 185 ribosomal RNA (rRNA) species, with a relative intensity of 2:1

(Fig. 2.3). This indicated that the RNA is of good integrity.
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Table 2.3. Spectrophotometer readings of total RNA samples from A. fumigatus
conidiospores incubated at 37°C for 4 hours.

Conidiospores were grown in either 10mL MEM + Serum + FeCI3, or 10mL MEM + Serum (no
FeCI3) on a rotary shaker at 150rpm. Samples were quantified using a NanoOrop NO-1000
Spectrophotometer.

RNA Samples
RNA

A230 (230nm) 260:280 ratio concentration
(4h incubation)

(ngJ~L)

MEM + Serum +
11.693 2.21 981.0

FeC/3 #1
MEM + Serum +

14.648 2.18 998.4
FeCI3 #2

MEM + Serum +
16.531 2.20 1324

FeCI3 #3
MEM+Serum (no

14.204 2.17 954.3FeCI 3 ) #1
MEM+Serum(no

10.560 2.19 815.8
FeCI3 ) #2

MEM+Serum(no 20.540 2.19 1808FeCI3 ) #3

3
2
1.5,
0.75

L +1 +2 +3 -1 -2 -3

288 rRNA
188 rRNA

Figure 2.3 Ethidium bromide stained 0.7% agarose gel analysis of RNA from 6 hour-
samples

L: 1 kb DNA Ladder (Fermentas). (+) Indicates wild type conidia grown for 6 hours in MEM + 10%
serum + 50 IJM FeC/3 . (-) Indicates wild type conidia grown for 6 hours in MEM + 10% human
serum (no iron). 1, 2, 3 are separate samples.
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2.3.4 Cy-Iabeled cDNA probe synthesis yielded Cy-Iabeled probes of
sufficient quantity with good Cy-dye integration

Cy-Iabeled cDNA probes were synthesized from Total RNA obtained from

A. fumigatus conidia grown under both iron-limited and iron-replete conditions.

Cy-Iabeled cDNA (quantified using the NanoDrop ND-1000 spectrophotometer)

yielded probes with good Cy-dye integration, with cDNA nucleotide/Cy ratios less

than 20 (Table 2.4). Since a pilot study showed that 200 picomoles of Cy-Iabeled

probe were required to produce optimal results when hybridized to the microarray

slides (data not shown), the total amount of Cy-Iabeled probe yielded in most

samples was sufficient for hybridization.

Table 2.4. Example of Cy-Iabeled cDNA probe quantification.

RNA sampled at 6h post-inoculation was used to synthesize Cy-Iabeled cDNA probes. Cy-Iabeled
probes were quantified using a NanoDrop ND-1000 spectrophotometer. Similar quantification
procedures were conducted with all RNA samples taken at each timepoint.

cDNA Concentration (ng/I..IL)
cDNA Abs.26o

cDNA pmol nucleotides

(Cy3) Plus Fe
13.3
0.057
4099

(CyS) Minus Fe
16.7
0.043
5146

4.1
1\,50 =0.101
410

3.0
"550 =0.045
300

Dye Concentration (pmol/I..IL)
Dye Absorbance
Total Cy-probe amount
(pmol)
cDNA nucleotide/dye ratioa 13.7 12.6
a nucleotide/dye incorporation ratio of less than 20 is optimal for hybridization.
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2.3.5 TIGR A. fumigatus Version 2 microarray slides were selected for
hybridization of Cy-Iabeled cDNA probes

Despite successful hybridization of test cDNA probes to the TIGR test

slides, hybridization of Cy-Iabeled cDNA was unsuccessful in all 30 attempts

using the A. fumigatus Version 1 slides. No signal was visible on any grid for any

of the slides (data not shown). Version 1 slides contain 10003 lO-mer

oligonucleotides representing 10003 open reading frames (ORFs) along with 500

Arabidopsis thaliana control spots (Appendix 1). Eventually, TIGR revealed that

Version 1 slides were plagued by spot evaporation and therefore they released a

new version of A. fumigatus microarrays (Version 2). The A. fumigatus Version 2

microarray featured the same lO-mer oligonucleotides representing 10003 ORFs

along with 500 A. thaliana control spots as the Version 1 slides. In addition,

Version 2 had two replicate sets of oligo probes printed on each slide, and thus

48 grids instead of 24 exist on the chip (Appendix 1 and TIGR,

http://www.tigr.org/tdb/microarray). More importantly, the Version 2 slide coating

chemistry used an epoxy coating rather than aminosilane as had been used on

the Version 1 slides. Unlike the results obtained with the Version 1 slides,

hybridization of labeled cDNA probes to the Version 2 chips was successful in

nearly every attempt, and the slides produced were clean with little or no

background.

Due to discovery of possible genomic DNA contamination of RNA

obtained via the aforementioned RNA extraction methods, we had planned to

repeat the microarray hybridizations using fresh slides. We requested an

additional 25 microarrays from TIGR; however, the PFGRC at TIGR had
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prepared updated versions of the A. fumigatus microarray. The Aspergillus

fumigatus Version 2.1 microarray featured the same lO-mer oligonucleotides

representing 10003 open ORFs along with 500 A. thaliana control spots as the

Version 2 slides with two sets of oligo replicates printed on each slide (i.e., 48

grids) (TIGR, http://www.tigr.org/tdb/microarray). However, every hybridization

attempt revealed slide artifacts that confounded the scanned microarray data

(Appendix 2).

Since there were problems with the Version 2.1 slides, TIGR had provided

us with additional microarray slides. However, due to stated microarray printer

problems and the lack of availability of epoxy coated slides, TIGR provided us

with Version 3 microarray slides. These microarrays share the same spot

characteristics as the previous Version 2 and 2.1 slides (Appendix 1). However,

TIGR reverted to using aminosilane as their coating chemistry for the Version 3

slides, as for the Version 1 slides. Due to this change, we were unsuccessful in

producing hybridized slides that were free of background using our pre- and post

hybridization steps that were optimized for the Version 2 slides. We implemented

the latest revisions to the TIGR microarray hybridization steps

(http://pfgrc.tigr.org/index.php/microarray/protocols.html), and had increased the

duration of the washing steps, but were still unsuccessful in obtaining slides free

of background (Appendix 2). Thus, we have used the data solely obtained from

Version 2 slides.
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2.3.6 Analysis of scanned microarray data using TIGR TM4

After washing and scanning of the microarrays, the TIGR TM4 software

suite analyzed the generated TIFF image data. After application of a low-intensity

data filter to eliminate spots that showed less than a 1.41-fold increase/decrease

in expression, the gene data was grouped into clusters via a K-means clustering

algorithm that uses Euclidean distance and hierarchichal clustering with average

linkage clustering to visualize the data. This clustering approach organizes the

data into groups of genes (clusters) that show similar gene expression, and

orders these genes hierarchically within each cluster based on their expression

patterns. The 2h timepoint data was sorted into 20 clusters (Figure 2.4) whereas

the 4h and 6h timepoints were sorted into 60 clusters each (Fig. 2.5 and 2.6).

Clusters that showed consistently increased or decreased gene expression were

selected (indicated by dark boxes) and from those clusters, genes of interest

were selected for further analysis by qRT-PCR (Tables 2.5,2.6,2.7). Heatmaps

showing gene expression levels were also generated for each cluster selected;

downregulation is indicated by green whereas red indicates upregulation under

iron limitation (Fig. 2.7 and 2.8) (see Appendices 3 to 17).

Statistical analysis was performed on the microarray data for each

timepoint using TIGR MeV. A T-test was conducted (p<0.01) to select for genes

that showed significant up- or downregulation under iron-limitation.
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Figure 2.4 Gene clusters from 2h timepoint microarrays

Gene expression data was clustered into 20 clusters using a K-means clustering algorithm and
the resulting data was organized and visualized based on similar gene expression vectors using
Euclidean distance and hierarchical clustering with average linkage clustering to view the entire
data set. The y-axis represents log2(ratio) expression values, with the centre line representing no
change in gene expression. The x-axis represents individual samples. Clusters that showed
intense, consistent increased or decreased mRNA expression levels were selected (in bold
boxes), and genes were selected from these clusters for further analysis.
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Figure 2.5 Gene clusters from 4h timepoint microarrays.

Gene expression data was clustered into 60 clusters using a K-means clustering algorithm and
the resulting data was organized and visualized based on similar gene expression vectors using
Euclidean distance and hierarchical clustering with average linkage clustering to view the entire
data set. The y-axis represents log2(ratio) expression values, with the centre line representing no
change in gene expression. The x-axis represents individual samples. Clusters that showed
intense, consistent increased or decreased mRNA expression levels were selected (in bold
boxes), and genes were selected from these clusters for further analysis.
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Figure 2.6 Gene clusters from 6h timepoint microarrays.

Gene expression data was clustered into 60 clusters using a K-means clustering algorithm and
the resulting data was organized and visualized based on similar gene expression vectors using
Euclidean distance and hierarchical clustering with average linkage clustering to view the entire
data set. The y-axis represents log2(ratio) expression values, with the centre line representing no
change in gene expression. The x-axis represents individual samples. Clusters that showed
intense, consistent increased or decreased mRNA expression levels were selected (in bold
boxes), and genes were selected from these clusters for further analysis.
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Figure 2.7 Heatmap of Cluster 1 from 4h timepoint slides showing increased
downregulation under iron limitation.

Colour scale shown above heatmap indicates log2 Cy3/Cy5 ratio scale. Increased downregulation
is indicated by a green colour. Red indicates increased upregulation. Each column represents an
independent experiment.
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Figure 2.8 Heatmap of Cluster 3 from 6h timepoint slides showing increased upregulation
under iron limitation.

Colour scale shown above heatmap indicates log2 Cy3/Cy5 ratio scale. Increased downregulation
is indicated by a green colour. Red indicates increased upregulation. Each column represents
and independent experiment.
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Table 2.5. Selected up- or down-regulated A. fumigatus genes in iron-limited medium from
2h timepoint microarrays

(F) =GO identity corresponds to GO molecular function. Unless noted by (F), GO identity
corresponds to GO biological process

a)Oownregulated genes
Cluster Gene name Locus GOlD Process log2

(Cy5/Cy3)
3 ornithine Afu4g09140 GO:0006527 arginine -0.190

ami notransferase catabolic
process

3 bZip transcription Afu6g09930 GO:0006350 Transcription -0.217
factor (AP-1 ),
putative GO:0006979 oxidative

stress

b) Upregulated genes
Cluster Gene name Locus GOlD Process log2

(Cy5/Cy3)
6 L-ornithine N5- Afu2g07680 GO:0009405 pathogenesi 0.295

oxygenase (SidA) s
7 C2H2 finger Afu4g10380 GO:0003677 DNA binding 0.414

domain, putative (F) zinc ion
binding

GO:0008270
(F)

7 polyketide Afu3g02570 GO:0004315 3-oxoacyl- 0.020
synthase, putative (F) synthase

activity

GO:0016218 polyketide
(F) synthase

activity
13 bZip transcription Afu6g07530 GO:0006350 transcri ption 0.091

factor, putative
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Table 2.6. Selected up- or down-regulated A. fumigatus genes in iron-limited medium
from 4h timepoint microarrays.

(F) =GO identity corresponds to GO molecular function. Unless noted by (F), GO identity
corresponds to GO biological process

a)Downregutated genes
Cluster Gene name Locus GOlD Process Log2

(CyS/Cy3)
1 related to Afu4g06820 GO:0007047 cell wall -0.565

sporulation-specific organization/
gene SPS2, biogenesis
putative

3 alkaline serine Afu2g03380 GO:0006412 Translation -0.409
protease

3 MFS transporter, Afu4g13090 GO:0006810 Transport -0.356
putative

3 mitochondrial Afu2g09960 GO:0006457 protein folding -0.422
Hsp70 chaperone
(Ssc70), putative GO:0006628 mitochondrial

translocation

b) Upregutated genes
Cluster Gene name Locus GO Process Log2

(CyS/Cy3)
2 MFS transporter, Afu2g14230 GO:0006810 transport 0.548

putative
2 DNA repair protein Afu2g10710 None Found None found 0.505

rad9, putative
13 blip transcription Afu6g09930 GO:0006350 Transcription 0.160

factor (AP-1 )
putative GO:0006979 oxidative

stress
19 C6 transcription Afu6g11750 GO:0045449 regulation of 0.279

factor, putative transcri ption
19 blip transcription Afu1g17360 GO:0006350 transcription 0.268

factor (BACH2),
putative

19 blip transcription Afu4g12470 GO:0006350 transcri ption 0.357
factor CpcA

GO:0006521 regulation of
amino acid
metabolic
process

GO:0009405 pathogenesis

52 blip transcription Afu6g07530 GO:0006350 Transcription 0.214
factor, putative
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2.3.7 Statistical analysis of microarray data and gene overrepresentation
analysis

Statistical analysis was performed on the microarray data for each

timepoint using TIGR MeV. A t-test was conducted (values were considered

significant at p<0.01) to select for genes that showed significant up- or

downregulation under iron-limitation. At the 2h timepoint, 173 genes were found

to be significant. The 4h timepoint yielded 771 significant genes post-analysis. At

the 6h timepoint, 477 genes were found to be signi"ficant (See Appendices 18, 19

and 20). Overrepresentation of gene ontology categories was performed by

EASE (Saeed et ai, 2003) in TIGR TM4 software suite and organized based on

their Gene Ontology (GO) biological function. EASE analysis showed increased

gene hits during the 4h and 6h timepoints (Figure 2.9). During the 4h timepoint

gene overrepresentation in biological functional categories such as cellular

biosynthesis, macromolecule metabolism, nucleic acid metabolism, localization

and translation were present. In addition, genes involved in stress response

were present during the 4h and 6h timepoints under human serum iron limitation

(Figure 2.9).
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-Zh 4h 6h

GO Biological Process

Figure 2.9. Overrepresentation of genes under iron limitation (EASE analysis).

Graph data reflects the number of A. fumigatus gene hits and their corresponding biological
function according to Gene Ontology (GO) identifiers for each sampling time. EASE analysis of
microarray data was performed using TIGR TM4 software suite. The data do not indicate whether
the genes were up- or down-regulated, just that their transcriptional pattern differed in the
samples with our without iron.

The list of A. fumigatus stress response proteins from the 4h and 6h

timepoints were screened against other Aspergillus genomes using BLASTp, and

the number of hits was recorded (Tables 2.8 and 2.9). Based on the number of

hits generated, these stress response protein families are present amongst the

other Aspergillus species. Furthermore, there did not appear to be obvious

differences in the numbers of particular stress response proteins between the

pathogenic species (A. fumigatus, A. flavus, A. terreus) , the infrequent pathogens

(N. fischeri, A. nidulans) and the non-pathogenic species (A. oryzae and A.

clavatus).
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2.3.8 Mapping of microarray expression data to the S. cerevisiae
transcriptional regulatory network

The results of the reciprocal-best BLAST analysis generated 3188

predicted S. cerevisiae orthologs, which only represents 32% coverage of the

total number of A. fumigatus Af293 genes. When these yeast orthologs were

paired with the significantly expressed genes from each timepoint (i.e., 2h, 4h

and 6h), only 47 genes had corresponding orthologs at 2h, whereas 223 and 124

genes were assigned orthologs at the 4h and 6h timepoints, respectively.

Screening the significantly expressed genes from the 2h timepoint via

mapping to the yeast transcriptional network using Cytoscape yielded no results.

However, screening the 4h timepoint expression data against the yeast network

yielded two top scoring modules that represent highly connected network

regions. These two modules are displayed below (Figures 2.10 and 2.11).
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Figure 2.10 Module 1 showing transcriptional regulation of genes by FHL1.

Network generated by the jActiveModules plugin in Cytoscape revealed a module of
predominantly downregulated genes (green), most of which represent ribosomal proteins (RPs).
The cross-pathway-control transcription regulator GCN4 (CpcA), and two hypothetical proteins
YDL 133W and YLR326W were upregulated (red). FHL1 expression was neither up- nor down
regulated under iron limitation (represented by pink node).
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Figure 2.11 Module 2 involving interactions between GCN4(CpcA) and SKN7(SrrA)

Network generated by jActiveModules plugin in Cytoscape. Green nodes represent
downregulated genes, whereas upregulated genes are coloured red. Pink nodes represent genes
with no significant up- or down-regulation under iron limitation.
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Module 1 shows the yeast transcriptional regulator FHL1 regulating a

network of several genes, the majority consisting of genes that are involved with

the expression of ribosomal protein (RP) genes. A BLAST search of the A.

fumigatus genome revealed that FHL1 is most like the forkhead-like transcription

factor Fkh1/2 in A. fumigatus (Afu3g11960). Based on our expression data,

under human serum iron limitation FHL1 downregulates these RP genes. This

module also shows three genes upregulated under iron limitation which are all

regulated by FHL1: GCN4, the yeast ortholog of the A. fumigatus transcriptional

activator CpcA (Afu4g12470) involved in amino acid biosynthesis and virulence

(Krappmann et ai, 2004), and two hypothetical proteins YLR326W (Afu5g1241 0)

and YOL133W (Afu1g12980). In addition, the nuclear response regulator and

transcription factor SKN7 (Afu6g12520), which is an ortholog of the response

regulator SrrA involved with oxidative and osmotic stress responses in A.

nidulans (Vargas-Perez et ai, 2007), was downregulated and in the network, is

shown to be interacting with the downregulation of the ribosomal protein gene

RPS15. However, in this module, there is no direct interaction shown between

FHL 1 and SKN7 although an FHL1 binding site has been predicted in the

upstream region of SKN7 (Harbison et ai, 2004). In our expression data, the

FHL1 ortholog Fkh1/2 showed no significant up- or down-regulation.

The functional annotations of the two hypothetical proteins upregulated

under iron limitation, YLR326W and YOL133W (as shown in Fig. 2.10), were

further examined to determine their possible roles. YOL133W was found to

interact with Rmd1 p in a large-scale yeast two-hybrid screen by Uetz et al
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(2000). Rmd1 p is a cytoplasmic protein required for sporulation and meiotic

division in yeast (Enyenihi and Saunders, 2003; Huh et ai, 2003). YLR326W

contains an FHL1 binding site upstream of the gene start site (Harbison et ai,

2004), providing evidence that it is regulated by FHL1. It also has been confirmed

that YLR326W protein interacts with the yeast iron permease Ftr1 p in a genome

wide in vivo screen of protein-protein interactions via a protein-fragment

complementation assay (PCA) in S. cerevisiae (Tarassov et ai, 2008). This

implies that iron limitation plays a role in the regulation of the network outlined in

Module 1.

Module 2 (Fig. 2.11) consists of a small network of 10 nodes. This network

also shows the upregulation of GCN4, along with the downregulation of SKN7

under iron limitation. In this network, transcription of HIS4, which is involved in

histidine biosynthesis, is regulated by the transcription factor GCN4 which is

involved in general amino acid control (Hinnebusch, 1992). GRF10 (PH02) is a

homeodomain transcription factor that regulates expression of genes in several

different pathways, including basal expression of HIS4 (Arndt et ai, 1987). STP1

is a transcription factor that activates amino acid permease genes (Andreasson

and Ljungdahl, 2002) and may playa role in pre-tRNA processing (Wang et ai,

1992; Jorgensen et ai, 1997). In addition, this module shows downregulation of

the mitochondrial ribosomal protein MRPL24 (Afu4g10740) and fructose 1,6

bisphosphate aldolase FBA1 (Afu3g11690), which is required for glycolysis and

gluconeogenesis (Schwelberger et ai, 1989).
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The network also shows two genes known to be involved in the yeast

stress response, YAP1 and SKN7. Yap1 encodes a basic leucine zipper (bliP)

transcription factor involved in activation of the stress response under oxidative

stress. As previously mentioned, it is orthologous to PAP1 in S. pombe and the

A. fumigatus ortholog (blip AP-1). In the network generated by Cytoscape, YAP1

was not shown to be upregulated, even though our microarray data showed 1.42

fold upregulation of blip-AP1, whereas SKN7 was shown to be downregulated.

Therefore, YAP1 (blip AP-1) stress response pathway is upregulated whereas

the SKN7 stress response pathway is downregulated under iron limitation. A

summary of the foregoing network results is shown in Figure 2.12.
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Figure 2.12. Summary of network results

This is a schematic of the results of mapping of A. fumigatus microarray expression data to the S.
cerevisiae transcriptional interaction network of Lee et al (2002) using Cytoscape. Solid arrows
represent known interactions whereas dashed arrows represent interactions not yet known in A.
fumigatus. Gene names in red have been shown to be upregulated under iron limitation.
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2.4 Discussion

Microarray analysis is advantageous in that it can be utilized for global

gene expression analysis; however, the challenge lies in the management,

analysis, and interpretation of such data. Thus, microarray analysis can be

overwhelming to those embarking on such a task. Furthermore, the problems we

faced with the various versions of microarray slides provided by the PFGRC at

TIGR were quite daunting. The spotting issues and high post-hybridization

background problems posed many delays to our project. Nevertheless, the data

we obtained from the Version 2 slides was consistent amongst the replicate

slides prepared for each timepoint, and was verified via quantitative real-time

PCR (see Chapter 3).

As expected, upregulation of genes involved with iron regulation occurred

under iron limitation, such as sidA, which encodes L-ornithine-f\.f

monooxygenase, the first committed step in siderophore biosynthesis in A.

fumigatus (Eisendle et ai, 2003; Schrettl et ai, 2004; Hissen et ai, 2005). Frataxin

which is involved in Fe-S cluster assembly in mitochondria, was also upregulated

at 6h (Foury et ai, 2007). Furthermore, the microarray data showed increased

upregulation of polyketide synthases, which regulate the production of fungal

secondary metabolites and have been implicated in the synthesis of possible A.

fumigatus virulence factors such as conidial pigments (Brakhage & Liebmann,

2005).
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EASE analysis of significant genes showed that the 4-hour timepoint had

the most gene hits in GO biological function categories such as cellular

biosynthesis, macromolecule metabolism, nucleic acid metabolism, localization

and translation (Fig 2.9). This coincides with spore swelling, in which the spores

imbibe water to initiate germination and prepare for germ tube formation and

hyphal extension. Thus, it is logical to assume that genes involved with

biosynthesis and metabolism would be overrepresented at this time when the

spore has become metabolically active.

However, a surprising insight about the role of the oxidative stress

response under iron limitation was revealed by our analysis. EASE analysis of

significant genes at each timepoint showed increased overrepresentation of

genes involved in the stress response at 4 and 6 hours. Microarray analysis

showed upregulation of a number of basic leucine zipper (blip) transcription

factors, including blip AP-1, which is a homolog of blip factors Pap1 and Yap 1

which are involved in oxidative stress in the fission yeast Schizosaccharomyces

pombe and budding yeast Saccharomyces cerevisiae , respectively (Toda et ai,

1991; Toone et ai, 1998; Kudo et ai, 1999). Other stress response genes

triggered by iron limitation as shown by gene overrepresentation analysis

included a cytochrome c peroxidase (Afu6g13570), which according to BLAST

showed 51 % identity to cytochrome C peroxidase (Ccp1) in Cryptococcus

neoformans. Ccp1 catalyzes the degradation of hydrogen peroxide in

mitochondria as a defence mechanism against ROI, and Ccp1 was found to

contribute against exogenous sources of hydrogen peroxide and paraquat in vitro
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although not necessary for virulence in a murine model (Giles et ai, 2004). We

also determined that the stress response genes induced by iron limitation are

conserved amongst the other Aspergillus species based on multiple BLAST

searches. To explain the activation of the stress response despite extremely low

extracellular iron, we suspect that iron limitation causes mobilization of

intracellular iron stores inside conidia, which causes cytosolic free iron

concentrations to become elevated temporarily. This increase in free iron causes

the production of ROI via Fenton chemistry and thus poses a risk of oxidative

damage to the cell.

Mapping our microarray data to a Saccharomyces cerevisiae

transcriptional regulatory network also provided us with insights into the role of

iron limitation and stress response, as well as the role of the amino acid

biosynthesis transcriptional activator CpcA. Our data shows that iron limitation

imposed by human serum has a role in the activation of Fkh1/2, the A. fumigatus

ortholog of FHL1, which downregulates the expression several ribosomal

proteins while upregulating CpcA, the ortholog of yeast GCN4. CpcA is part of a

conserved signal transduction cascade in fungi that acts on protein sythesis. In

filamentous fungi, this system is referred to as Cross-Pathway Control (CPC) in

which uncharged tRNA molecules (as a result of amino acid starvation) bind to

the CPC sensor kinase GCN2, which results in protein kinase activity

phosphorylating the a-subunit of the elF2 complex at a highly conserved serine

residue (Ser-51) (Carsiotis and Jones, 1974; Carsiotis et aI, 1974; Wanke et ai,

1997; Hoffmann et ai, 2001). This results in translation of GCN4 (CpcA) to
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generate a global response. It has also been shown that CpcA deletion strains

displayed attenuated virulence in a murine mouse model of pulmonary

aspergillosis and thus CpcA contributes significantly to the virulence of A.

fumigatus in vivo (Krappmann et ai, 2004). Based on our expression data

mapped to the yeast regulatory network seen in Module 1 (Fig 2.10), the

downregulation of those ribosomal proteins seems logical as an effect of CpcA

regulation since upregulation of CpcA would trigger amino acid synthesis rather

than protein synthesis under amino acid starvation. However, we assume that

the spore would not be depleted of exogenous amino acid sources upon

encountering human serum in vivo, and thus it is surprising to see activation of

CpcA under the growth conditions we set in our experiment. Based on our data,

we speculate that iron limitation by human serum regulates CpcA via activation of

FHL1 (Fkh1/2), and in turn, plays a role in the virulence of A. fumigatus.

The network generated by Cytoscape (ModUle 1) also shows that Fkh1/2

(FHL1) also upregulates expression of hypothetical proteins YLR326W and

YDL133W. While YDL133W interacts with Rmd1 protein (Uetz et al 2000), which

is involved with sporulation and mitosis (Enyenihi and Saunders, 2003; Huh et ai,

2003), there is evidence that links the expression of YLR326W to extracellular

iron levels. This YLR326W protein has been shown to interact with the yeast

Ftr1 p, which is a high affinity iron permease that is involved in transporting iron

across the plasma membrane, and its transcription is induced under low iron

levels (Stearman et ai, 1996). It has been confirmed that YLR326W interacts with

the yeast iron permease Ftr1 p in a genome-wide in vivo screen of protein-protein
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interactions via a protein-fragment complementation assay (PCA) in S. cerev;s;ae

(Tarassov et ai, 2008). Furthermore, the high affinity permease ortholog of Ftr1 p

has been identified and characterized in A. fum;gatus as FtrA (Afu5g03800), and

was found to not be essential for virulence in a mouse model of invasive

aspergillosis (Schrettl et ai, 2004). Although not essential for virulence, this

interaction with FtrA and YLR326W under iron limitation suggests that iron

limitation posed by human serum plays a role in controlling expression of the

network outlined in Module 1.

Even thought Module 2 (Fig. 2.11) contained fewer genes, there were

several interesting interactions under iron limitation. For instance, the gene

network showed the interaction between HIS4, PH02 and the stress response

regulators GCN4 and SKN7. It has been shown that HIS4 can be induced by

GCN4 expression and that induction of HIS4 is completely dependent on Ph02p

in Gcn4p mutants (Brazas et ai, 1995), thus highlighting the intricate nature of

transcriptional regulation in this network. Lee et al (1999) showed in S. cerev;s;ae

that both YAP1 and SKN7 control thioredoxin and thioredoxin reductase in

response to oxidative stress, and although both cooperate to provide hydrogen

peroxide resistance, YAP1 and SKN7 each control a separate, specialized set of

oxidative stress genes. Our data implicitly shows that the YAP1 (bZIP AP-1)

pathway is being primarily induced under iron limitation versus the SKN7

pathway at the 4h timepoint. However, it is still too early to firmly assert that both

YAP1 and SKN7 stress response regulators play separate roles in the control of

gene expression as further experimentation into the roles of YAP1 (bZip AP-1)

87



and SKN7 (SrrA) is needed to determine their respective functions as they

pertain to iron regulation in A. fumigatus.

Prior to further experimentation, gene expression data 'from our microarray

experiments had to be verified. Verification of microarray expression data was

carried out using quantitative real-time reverse-transcriptase polymerase chain

reaction (qRT-PCR), and the procedure and results of such validation are

discussed in the following chapter.
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3 QUANTITATIVE REAL-TIME POLYMERASE CHAIN
REACTION (qRT-PCR) ANALYSIS OF SELECTED
GENES UPREGULATED IN IRON LIMITATION

3.1 Introduction

To confirm results from microarray experiments, the gene expression data

is verified via alternative experimental methods to eliminate array biases.

Verification of such expression data is usually conducted using Northern analysis

(Taniguchi et ai, 2001) or quantitative real-time polymerase chain reaction (qRT-

PCR) (Brazeau, 2004). In recent years, qRT-PCR has become a standard by

which mRNA targets are detected and quantified (Bustin, 2000) and thus has

become a mainstream quantification tool in research (Ginzinger, 2002).

Fluorescent reporter molecules, such as SYBR Green (Morrison et ai, 1998) or

probe-based chemistries such as TaqMan (Applied Biosystems), are used to

measure amplification products produced during each PCR cycle. For example,

when using a non-specific (i.e., non-probe based) chemistry such as SYBR

Green, fluorescent dye molecules are incorporated into nascent double stranded

DNA products as they are produced in each PCR cycle (Morrison et ai, 1998).

Specialized thermocyclers then detect the fluorescence produced by the

incorporation of SYBR Green. The higher the copy number of a certain mRNA

target, the sooner the detection of fluorescence (Gibson et ai, 1996), and

therefore quantification (via the use of appropriate software packages) in real-
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time is possible. Thus, qRT-PCR is a highly sensitive and quantitative detection

system that produces reliable and reproducible results (Orlando, 1998).

The aim of the research presented in this chapter was to verify a selection

of genes from our microarray analysis (see Chapter 2) via quantitative real-time

polymerase chain reaction (qRT-PCR). qRT-PCR is favoured as a verification

tool for microarray analysis because it is sensitive to small variations in mRNA

levels and that the correlation between microarray data and qRT-PCR data is

quite strong (Dallas et ai, 2005).

3.2 Materials and Methods

3.2.1 Selection of genes and primer design

To account for any possible difference in the amount of starting total RNA

in the experimental and control samples and for differences in the efficiency of

the reverse transcription reaction arising from sample to sample, a reference

gene (or housekeeping gene) was implemented as a control (Giulietti et ai, 2001;

Huggett et ai, 2005). Both f3-tubulin and actin (act1) were chosen as possible

reference genes. f3-tubulin has been successfully employed as the reference

gene for a qRT-PCR experiment that investigated the differential expression of

genes involved in siderophore biosynthesis and uptake in A. fumigatus (Power et

aI, 2006). In the study, f3-tubulin expression was constant when A.fumigatus was

grown in cultures containing 0-1 00 ~M FeS04. Act1 is the closest gene in terms

of sequence identity to Aspergillus nidulans' acnA (92% identity according to

BLAST; NCBI http://blasLncbi.nlm.nih.govl).Using Northern analysis, Eisendle et
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al (2004) showed that Act1 expression did not change when the fungus was

grown in iron-deplete conditions compared to iron-replete conditions.

The sidA and mirB genes were chosen as positive controls because their

expression has already been shown to be upregulated under iron limitation; sidA

encodes the first committed step of siderophore biosynthesis, whereas mirB

encodes a siderophore transporter (Eisendle et ai, 2003; Haas et ai, 2003;

Schrettl et ai, 2004; Hissen et ai, 2005). Polyketide synthases are involved in the

production of secondary metabolites in fungi and are involved in the synthesis of

virulence factors in A. fumigatus such as conidial pigments (Brakhage &

Liebmann, 2005). The C2H2 domain protein was chosen because it is a highly

conserved protein domain (Jacobs, 1992) involved in various transcription factors

in Aspergillus species. bZip AP-1 was selected because it shares sequence

homology to bZip Pap 1 in the ascomycete yeast Schizosaccharomyces pombe

(56% amino acid identity according to BLAST; NCBI

http://blast.ncbi.nlm.nih.gov/); Pap1 is transcription factor homolog involved in the

regulation of the oxidative stress response pathway (Toda et aI, 1991; Toone et

ai, 1998; Kudo et ai, 1999).

Primer sets for qRT-PCR were designed to amplify genes using sequence

data from the TIGR Aspergillus fumigatus (strain Af293) database

(http://www.tigr.org/).Primer design was carried out using the lOT (Integrated

DNA Technologies) Primer Quest program

(http://www.idtdna.com/Scitools/Applications/Primerquest/).Productsize.Tm,

and GC content were obtained from the lOT Primer Quest program. Primers
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were also checked for hairpin, self dimer, cross dimer, and palindrome properties

using Premier Biosoft International's NetPrimer program

(http://www.premierbiosoft.com/netprimer/index.html).Primers were chosen that

met the following criteria: 1) Product size between 200 to 250 bp, 2) Roughly

similar Tm for all primers (56°C-58°C), so that all reactions were run

simultaneously with similar conditions, and 3) No fragment amplification from the

ends of genes.

A BLAST search was run using NCBI nucleotide blast

(http://www.ncbi.nlm.nih.gov/BLAST) on all primer sequences to ensure that non

specific annealing to other targets would not occur. Chosen primers were

required to have BLAST scores of less than 30 (Wang & Seed, 2003). When

possible, primers spanning exon-exon boundaries were chosen to ensure that if

genomic DNA contamination were present, only eDNA (from mRNA) would be

amplified. The genes selected for further qRT-PCR analysis, and the

corresponding constructed primers are summarized in Table 3.1.
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Table 3.1. qRT-PCR primer design for selected A. fumigatus genes

Primer Tm
GC Product

Gene Primer Sequence (5'·3') content size
Length (OC)

(%) (bp)
Forward: 22 56.7 50.0 245

f3-tubulin
CAACGAGGCTCTGTACGACATT
Reverse: 21 56.5 52.4
AGACAGCACGGAAAGAGTGAG
Forward: 24 57.1 50.0 243

aet1
CGACTTTGAGCAGGAGATTCAGAC
Reverse: 24 57.6 50.0
CCACCAGACATGACAATGTTACCG
Forward: 20 56.9 50.0 238

sidA
ACGAAACTCAGTGGCAGCAT
Reverse: 22 57.5 50.0
TGTCCCGTAGGTCTCAAGTGTT
Forward: 21 57.2 47.6 241

mirB
AGCTTGAACGCTTATGCCACA
Reverse: 21 57.2 52.4
ACCCGACCTTGTAGAAGACCT
Forward: 22 56.0 50.0 219

blip-AP1 CGATGAGAAAGCAGCCAAGAAG
(putative) Reverse: 21 56.1 47.6

AGTTGTAAACGCTCCACCTGA

Polyketide
Forward: 21 57.2 52.4 236
TGTGATCGCAGGCTCATTCAG

synthase
Reverse: 25 57.2 57.2(putative) CCAGACCCATATCAGCATCTCTACT

C2H2 finger
Forward: 19 56.9 57.9 201
CGCCGCCAAGTCCCTATAA

domain
Reverse: 25 56.4 44.0(putative) AGGGTTTGGATAATTTGGGAGAGTC

3.2.2 RNA isolation and eDNA synthesis

For qRT-PCR analysis, new RNA samples were obtained from A.

fumigatus. Total RNA was obtained from -1 OOmg A. fumigatus conidiospores

grown in 10mL MEM + 10% human serum (Sigma) under iron replete (+ 50I-lM

FeCI3) or iron-deplete (no FeCI 3 added) conditions. Spores used for RNA

isolation were incubated in triplicate at 37°C with shaking at 150rpm for 2h, 4h
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and 6h. Total RNA was isolated as described in Chapter 2 using the RNeasy

Plant RNA minikit (Qiagen) and quantified via the NanoDrop ND-1000

Spectrophotometer. To remove any possible genomic DNA contamination, RNA

used for cDNA first-strand synthesis was treated with DNase1 (Fermentas). For

every 1~g RNA, 1~L DNAse1, 1~L 10X reaction buffer and DEPC-treated water

(to a final reaction volume of 1O~L) was added and heated at 37°C for 30

minutes, followed by addition of 1~L 25mM EDTA and incubation at 65° for 10

minutes. The DNase1-treated RNA was then purified using the Qiagen Plant

RNA minikit by addition of 350~L Buffer RLT, 200~L ethanol (100%) and

centrifugation through an RNeasy mini column for 15s at 17000g. The RNeasy

column was washed twice with 500~L Buffer RPE and centrifugation for 15s at

17000g, and the RNA eluted in 30~L RNase-free H20. After cleanup, RNA was

quantified via the NanoDrop ND-1000 Spectrophotometer. Total first-strand

cDNA was made using the SuperScript III First-Strand Synthesis Protocol

(Invitrogen) from total RNA isolated from both conditions (MEM + 10% human

serum +/- 50 ~M FeCI3) at each timepoint. In a 0.2 mL microcentrifuge tube, the

following components were added and mixed: 3 ~g total RNA, 1 ~L random

hexamers (50 ng/~L from Invitrogen), 1 ~L 10mM dNTP mix (Fermentas), and

RNase free water (Ambion) for a total volume of 13 ~L. Tube contents were

incubated at 65°C for 5 minutes and placed on ice for at least 1 minute. A cDNA

Synthesis Mix consisting of 4 ~L 5X First Strand Buffer (Invitrogen), 1 ~L 0.1 M

DTT (Invitrogen), and 1 ~L RNaseOUT ribonuclease (40 U/~L from Invitrogen)

was added to the RNA/primer mix. After the addition of 1 ~L SuperScript III
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reverse transcriptase (200 U/~L; Invitrogen), tube contents were incubated for 5

minutes at 25°C followed by 50 minutes at 50°C. The reaction was terminated by

incubation at lO°C for 15 minutes. After chilling the sample on ice for 1 minute, 1

~L RNase H (Invitrogen) was added and samples were incubated for 20 minutes

at 3rC to hydrolyze the RNA. Total first-strand cDNA was diluted 10X by the

addition of 180 ~L sterile distilled water and stored at -20°C.

3.2.3 Evaluation of amplification efficiency

Platinum SYBR Green qPCR SuperMix UDG Kit (Invitrogen) was used for

all qRT-PCR reactions. The protocol was followed as described by the kit with

some slight modifications. The final optimized conditions consisted of a 22.5 ~L

master mix: 12.5 ~L Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen),

0.9 ~L of each primer (5 ~M), and 8.2 ~L autoclaved distilled water. In a 0.2 mL

flat-cap PCR tube (Axygen Scientific), 2.5 ~L of cDNA template (first strand

cDNA synthesis diluted 1OX) was added to the master mix for a total reaction

volume of 25 ~L. Tube contents were briefly finger vortexed and centrifuged. A

no template control (NTC) was included for each gene. To minimize or eliminate

volume differences and carryover contamination, Maxymum Recovery filter tips

(Axygen Scientific) were used for pipetting.

qRT-PCR reactions were run using the Corbett Rotor-Gene qRT-PCR

system (running Rotor-Gene 3000 version 6.0.14 software). Cycling involved
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an initial 50°C hold step for 2 minutes for uracil-N-glycosylase (UDG)

decontamination followed by a 95°C hold step for 2 minutes to activate the

enzyme. Denaturation (95°C for 10 seconds), amplification (56°C for 15

seconds) and acquisition of SYBR Green fluorescence (72°C for 20 seconds)

were repeated 35 times. A melting curve analysis was performed (77°C to 95°C)

at the end of the run to ensure that no PCR products were made due to primer

dimers.

The amplification efficiency of each gene primer pair in comparison to

either {3-tubulin or act1 primers was examined by running a dilution series

(undiluted, 1/10, 1/50, 1/100) of the 6h cDNA template. If the amplification

efficiencies of the housekeeping gene and the gene of interest (GOI) are the

same, the comparative Ct method can be used instead of the absolute method

(Giulietti et ai, 2001; Livak & Schmittgen, 2001). Plots of normalized

fluorescence versus cycle number in linear and logarithmic scales were

constructed by the Rotor-Gene 3000 software (version 6.0.14). The threshold

level was set at 0.1 normalized fluorescence and Ct values were calculated for

each sample based on this level.

Amplification efficiency was analyzed by plotting ~Ct versus log of relative

amount of cDNA template for each growth condition (Livak & Schmittgen, 2001).

L\Ct was calculated by taking the absolute value of the Ct of GOI minus the Ct of
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the reference gene for each dilution sample and iron condition. If the reference

gene and GOI have similar amplification efficiency, the plot will have a nearly

horizontal line (slope <0.1) (Livak & Schmitlgen, 2001).

3.2.4 qRT-peR of selected genes

An initial qRT-PCR run was performed using the designed primers on 6

hour +Fe/-Fe cDNA samples to 1) ensure that the primers amplified the correct

sequence, 2) to check that there were no artifacts such as mis-primed products

and primer dimers present, 3) to optimize the concentration of primers used, the

qRT-PCR running profile, and the user technique. Data collected was from three

independent experiments for each time point and duplicate runs were performed

for each of the samples.

The Corbett Rotor-Gene 3000 software (version 6.0.14) constructed linear

and logarithmic scale plots of normalized fluorescence versus cycle number. The

threshold level of fluorescence was set at 0.1, which was selected as it was early

in the exponential phase, but above any background noise. Ct values were

generated by the software for each gene sample. Data analysis was conducted

using the comparative Ct method. First, ~Ct (Ct of GOI minus Ct of reference)

was calculated for each GOI (using f3-tubulin as the reference gene) under each

iron condition (Livak & Schmittgen, 2001). Then, ~~Ct (~Ct in iron-limiting

condition minus ~Ct in iron-replete condition) was calculated. The comparative

expression level was computed by using the formula T VlCI and reported (Livak &
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Schmittgen, 2001). t-tests were performed on the data set to determine if fold-

change expression of each GOI was significant under iron-limitation (p<0.05).

3.3 Results

3.3.1 Primers for genes of interest have similar amplification efficiency to
~-tubulin reference gene primers

The gene primers selected for qRT-PCR analysis were incubated with A.

fumigatus cDNA synthesized from total RNA obtained from spores grown under

both iron replete and iron deplete conditions. As expected, no Ct values were

calculated for the no template controls (NTC) (Figure 3.1). Melt curve analysis

showed no primer dimers were formed.

By running a dilution series of cDNA template using primers for both the

gene of interest (GOI) and a reference gene (fJ-tubulin or act1) (Fig. 3.1) and

plotting i1Ct values against the log of cDNA concentration (Fig. 3.22), we

determined whether or not the primers for the GOI shared similar amplification

efficiency with the reference gene primers. A slope of <0.1 indicates that the GOI

shares similar amplification efficiency with the reference gene primers. If not,

then the absolute Ct method has to be employed, which requires a standard

curve to be constructed using standards to quantify transcript levels. It was

determined that both sidA and mirB have similar amplification efficiency to act1

and fJ-tubulin, whereas the remaining GOls had similar amplification efficiency to

fJ-tubulin. Thus, fJ-tubulin was chosen as the reference gene for qRT-PCR

analysis of the selected A. fumigatus genes.
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Figure 3.1. Graphs of normalized fluorescence versus cycle number (a) and normalized
fluorescence in logarithmic scale versus cycle number (b) resulting from a
qRT-peR run using fJ-tubulin and sidA primers (c) to evaluate amplification
efficiency.

(Corbett Rotor-Gene 3000 version 6.0.14 software). Dilution series of undiluted,
1/10,1/50 and 1/100 6h eDNA samples were run. NTC refers to no template control.
Threshold level was set at 0.1 normalized fluorescence and Ct values were
calculated with respect to this level (c). As expected, no Ct values were observed
for the NTC samples.
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Figure 3.2. Amplification efficiency of sidA and act1 primers.

DCt = Ct value of gene of interest (sidA) minus Ct value of reference gene (act1). Plot of DCt
versus relative amount of cDNA template has slope < 0.1, therefore sidA primers have similar
amplification efficiency to act1 primers.

3.3.2 Genes of interest show increased upregulation under iron limitation

Since the GOI primer sets were found to have similar amplification

efficiency to primers for the reference gene ~tubulin, the comparative Ct method

of qRT-PCR was implemented. Fold expression levels were quantified based on

qRT-PCR data (Table 3.2). Both sidA and mirB showed highest fold-expression

levels under iron-limited conditions at 2h, with a 5.33-fold and a 8.73-fold

increase, respectively. Both sidA and mirB also had increased expression at 4h

and 6h. Polyketide synthase showed upregulation under iron-limitation over all

three timepoints, with the highest expression levels at 6h (2.51-fold). Both bZip

AP-1 and C2H2 finger domain showed low expression at 2h and 4h, then

showed upregulation at 6h. Our 6h qRT-PCR data for polyketide synthase, C2H2

and sidA corresponded to our microarray data at the 6h timepoint (Table 3.3).
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Table 3.3 Gene fold-change comparison.

Microarray data reported taken from log2 ratios produced by 5 duplicate slides plus dyeswaps at
6h in iron-limited medium (see Chapter 2). qRT-PCR data reported are from three separate
experiments with duplicate runs conducted for each experiment at 6h in iron-limited medium (see
Table 3.2).

Gene of interest (GOI) Fold-change (Microarray) Fold-change (qRT-PCR)

C2H2 finger domain
1.48 2.63

(putative)

Polyketide synthase
1.44 2.51

(putative)

bZip AP-1 (putative) 1.42a 2.18

sidA 1.27 2.57

mirB 1.67a 5.98

aFold-change data for blip AP-1 and mirB obtained from 4h timepoint microarrays under iron
limited medium (see Table 2.6) since blip AP-1 and mirB were not shown to be significantly up
or down-regulated by microarray analysis at 6h timepoint

3.4 Discussion

Validation of microarray data via qRT-PCR is a common method often

employed in microarray studies (Morey et ai, 2006). As expected, our positive

controls sidA and mirB were upregulated under iron limitation, and showed the

largest fold-expression at 2h and 6h, Wllich coincide with initial exposure to

human serum iron limitation and germ tube extention, respectively. For the most

part. the qRT-PCR data generated corresponded to the microarray data.

Expression data for polyketide synthase and the C2H2 finger domain

corresponds to the microarray data; both polyketide synthase and C2H2 finger

domain were shown to be upregulated under iron limitation at 6h. However, there

are often differences between qRT-PCR data and microarray data. Of the 5
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genes selected for validation, bZip AP-1 and mirB were shown to be upregulated

at 6h in the qRT-PCR data, which did not coincide with the rnicroarray data

(Table 3.3). The microarray expression data revealed upregulation of bZip AP-1

and mirB at 4h; conversely, bZip AP-1 and mirB showed no significant change in

expression level in the rnicroarray data at 6h. Also, overall fold-expression of the

qRT-PCR data was much higher than the fold-expression shown in the

microarray data.

There are several reasons that could account for the differences shown in

the qRT-PCR data and the microarray data. The RNA samples used for qRT

PCR analysis were from separate A. fumigatus cultures versus that used for the

microarrays; ideally, the same RNA samples used for rnicroarray analysis should

be utilized for qRT-PCR analysis in order to validate the expression data

generated from the microarrays. However, we did not have the opportunity to use

the same RNA samples due to delays incurred as a result of the problems with

the various slide versions and optimization of qRT-PCR. Degradation of RNA

used for microarray analysis occurred during this time. This reason warranted

new RNA samples to be obtained and processed for qRT-PCR analysis.

Furthermore, it is a common occurrence that microarray data often does not

match qRT-PCR data for several reasons, including the susceptibility of

microarray analysis to false positives and spatial bias, the differences between

normalization techniques utilized for both microarrays and qRT-PCR, the data

filtering techniques utilized, and microarray expression levels generally being

lower than that of qRT-PCR data (Yuen et ai, 2002). Nevertheless, the data we
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generated, regardless of discrepancies between the microarray data and qRT

PCR data, did provide us with useful leads into further investigation of the role of

the stress response in iron regulation during serum iron limitation; EASE analysis

did show overrepresentation of stress response genes under iron limitation

during 4h and 6h timepoints, microarray analysis did detect upregulation of bZip

AP-1 after 4 hours, and upregulation of bZip AP-1 was confirmed by qRT-PCR

analysis at 6h post-inoculation.

The data from both microarray analysis and qRT-PCR have helped

establish an insight into the role of the stress response in early exposure to

human serum iron limitation in A. fumigatus. Based on our data, we suspect that

under iron limitation, upregulation of stress response genes is due to a temporary

increase in cytosolic free iron concentration due to mobilization of internal iron

stores. This increase in cytosolic free iron would cause the formation of

damaging reactive oxygen intermediates and thus place the cell under oxidative

stress. Therefore, to cope, the cell responds via activation of the stress response.

We hope that this insight will help provide future avenues of research into how

the stress response and iron regulation playa role in the virulence and

pathogenicity of A. fumigatus.
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4 GENERAL DISCUSSION

Microarray analysis can offer many advantages in that it can be utilized to

screen gene expression on a global scale; however, the copious amounts of data

can be a challenge to manage, analyze, and interpret. Thus, microarray analysis

can be quite overwhelming to those embarking on such a task. One of the

problems with approaching microarray analysis is that there is no "gold standard"

or set way to conduct such analysis and to present and exchange such data.

Recently, the publication of procedures such as MIAME (Minimum Information

About a Microarray Experiment) has helped to provide consistency in reporting

data from microarray analysis (Brazma et ai, 2001). These include 1) the raw

data for each hybridization, 2) the final normalized dataset from these

hybridizations, 3) the essential sample annotation with experimental factors and

their corresponding values, 4) the experimental design implemented including

sample data relationships, 5) sufficient annotation of the array, and 6) the

essential data and laboratory processing protocols (Brazma et al. 2001), and

such standards have been adopted by several major journals.

Furthermore, the technical challenges associated with microarray printing

were evident in this study, particularly large batch-to-batch variation in slide

chemistry and quality. We achieved the most success with the Version 2

microarrays and the main difference between the Version 2 slides and the other
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versions (i.e., Version 1, Version 2.1 and Version 3) was the coating chemistry

employed to coat the glass slides. The version 2 slides implemented an epoxy

coating versus an aminosilane coating utilized in the other slide versions. Version

1 slides were blank due to spot evaporation (TIGR; http://pfgrc.tigr.org).

Furthermore, the aminosilane slides were plagued with high background post

hybridization, and no amount of washing or modifications to the pre-hybridization

or post-hybridization washes eliminated the background problems. Thus, we

suspect that the aminosilane coating was the cause of such background issues.

In a study on glass slide coating chemistries, it was found that slides that utilized

aminosilane coatings both prior to and post-blocking with BSA produced higher

background levels compared to slides that used other coating chemistries,

including epoxy-based coatings (Taylor et ai, 2003). This is because epoxy

based coatings allow the amine-terminated end of the oligonucleotides to be

bound covalently to the glass slide coating without the use of UV-crosslinking,

which can enhance the autofluorescence centres of glass and thus increase

background intensities of the substrate when scanned (Taylor et ai, 2003).

Our analysis showed upregulation of a number of zinc finger proteins

under human serum iron limitation, such as C2H2 binding domains and C6

transcription factors. The zinc-finger proteins make up the largest group of

transcription factors in eukaryotes (Jacobs, 1992). C2H2 zinc-finger proteins all

feature a consensus Cys-X2.4-Cys-X3-Phe-Xs-Leu-X2-His-X3-His DNA binding

domain, which form an antiparallel13-sheet and a-helix that interact with a central

Zn(lI) ion via two coordinated cysteine and histidine residues. One well-
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characterized fungal example is in A. nidu/ans, where the C2H2 transcription

factor br/A was found to be a key regulator in asexual spore formation (Adams et

ai, 1988; Chang & Timberlake, 1992). In contrast to the wide distribution of C2H2

proteins in eukaryotes, the C6 zinc cluster proteins are exclusively fungal. C6

transcription factors possess the consensus sequence CYS-X2-CYS-X6-CYS-XS-12

Cys-X2-CYS-X6-S-CyS, in which the cysteine residues bind two zinc atoms to

coordinate folding of the DNA binding domain (Gardner et ai, 1991; MacPherson

et ai, 2006). Some examples of well-characterized C6 transcription factors are

galactose regulator Ga/4 in S. cerevisiae (Marmorstein et ai, 1992; Lohr et ai,

1995) and Afir, which regulates a1~atoxin production in A. parasiticus and A.

nidu/ans (Erlich et ai, 1998; Fernandes et ai, 1998). Recently, Stb5 in S.

cerevisiae was found to be responsible for regulating the pentose phosphate

pathway and the production of NADPH, which is required for oxidative stress

resistance (Larochelle et ai, 2006).

As expected, we saw upregulation of genes involved with iron regulation,

such as sidA, which encodes L-ornithine-~-monooxygenase,the first committed

step in siderophore biosynthesis in A. fumigatus (Eisendle et ai, 2003; Schrettl et

ai, 2004; Hissen et ai, 2005). Frataxin, which is involved in Fe-S cluster assembly

in mitochondria (Foury et ai, 2007), was upregulated at 6h. Furthermore,

upregulation of polyketide synthases was found; these synthases regulate the

production of fungal secondary metabolites and have been implicated in the

synthesis of possible A. fumigatus virulence factors such as conidial pigments

(Brakhage & Liebmann, 2005).
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What was surprising about our analysis was the upregulation of stress

response genes in the presence of iron limitation. EASE analysis of significant

genes at each timepoint showed increased overrepresentation of genes involved

in the stress response at 4 and 6 hours. Specifically, microarray analysis showed

upregulation of a number of basic leucine zipper (bZip) transcription factors,

including bZip AP-1, which is involved in oxidative stress (Toda et ai, 1991;

Toone et ai, 1998; Kudo et ai, 1999). qRT-PCR confirmed the upregulation of this

gene in A. fumigatus.

Members of the bZip family consist of a diverse group of proteins in

eukaryotes that bind to promoter regions upstream of genes to regulate gene

expression. Structurally they are comprised of two alpha helices that dimerize via

heptad leucine repeats to form a coiled-coil structure known as a leucine zipper

(Landschulz et ai, 1988). The flanking alpha helices share a highly conserved

region of basic amino acid residues that act as DNA binding region that targets

upstream promoter consensus sequences.

bZip AP-1 was found to share sequence homology to bZip Pap1 in the

fission yeast Schizosaccharomyces pombe, which has been implicated in the

regulation of the stress response (Toda et ai, 1991; Toone et ai, 1998; Kudo et

ai, 1999). Pap1 belongs to the AP-1 (activating protein-1) family of transcription

factors, which consist of bZip proteins that form homodimers or heterodimers to

bind to the AP-1 DNA consensus sequences (Angel et ai, 1987; Lee et aI1987).

AP-1 transcription factors include the mammalian oncogene Jun that regulates

the functions such as cell proliferation, differentiation and apoptosis (Rinehart-

108



Kim et ai, 2000). AP-1 homologs have also been identified in yeasts, such as

Yap1 in Saccharomyces cerevisiae, (Moye-Rowley et ai, 1989) and Cap1 in

Candida albicans (Alarco and Raymond, 1999), both of which are also involved

in multiple drug resistance. Furthermore, the crystal structure of S. pombe Pap1

has been determined (Fujii et ai, 1998).

There are two main pathways in S. pombe that regulate stress response,

depending on the degree of osmotic stress, and both involve bZip transcription

factors (Ikner and Shiozaki, 2005). The first pathway is regulated by the mitogen

activated protein kinase (MAPK) Sty1 p. The stress-activated phosphorylation

cascade generated by Sty1 p activates the bZip transcription factor Atf1 p, which

then regulates a wide array of genes of the core environmental stress response

(CESR) (Quinn et ai, 2002). The second pathway is regulated by the bZip AP-1

factor, Pap1 (homologous to the mammalian c-Jun protein), which is directly

activated by increased ROS levels (Vivancos et ai, 2004) and activates a subset

of stress response genes upon localization to the nucleus from the cytoplasm

(Toda et al 1991; Toone et ai, 1998; Kudo et ai, 1999). The Pap1 pathway was

found to be more sensitive to hydrogen peroxide than the MAPK Sty1 pathway;

at lower concentrations of hydrogen peroxide, the Pap1 pathway was primarily

activated, whereas the Sty1 p/Aft1 p pathway was activated at HzOz levels at least

fivefold higher (Quinn et ai, 2002). Thus, the Sty1 p/Aft1 p pathway is primarily for

cell survival under oxidative stress whereas Pap1 p is for cell adaptation (Quinn et

al,2002).
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The role of iron in oxidative stress has been investigated in Aspergillus

species. In A. nidulans, it was shown that oxidative stress induced a 2.9-fold

increase in intracellular ferrated ferricrocin (Eisendle et ai, 2006). Recently,

Schrettl et al (2007) reported that a modified version of ferricrocin, called

hydroxyferricrocin (HFC), is utilized in A. fumigatus spores as an internal iron

storage molecule and plays a role in oxidative stress resistance. HFC synthesis

is mediated by the non-ribosomal peptide synthase sidC to produce ferricrocin,

followed by hydroxylation by ferricrocin hydroxylase to form HFC. Schrettl et al

(2007) showed that sidC mutants showed increased susceptibility to oxidative

stress, and that sensitivity to hydrogen peroxide in L1sidC mutants was reversed

via addition of extracellular iron to reduce requirement for mobilization of

intracellular stores, and by HFC loading, which suggests that the major role of

intracellular siderophores is efficient iron utilization (Schrettl et ai, 2007).

Furthermore, these investigators showed that intracellular siderophores are

necessary for germ tube formation, sporulation, catalase A activity and virulence

(Schrettl et ai, 2007).

Upregulation of the oxidative stress response seems counterintuitive

under human serum iron limitation because oxidative stress normally occurs

under high iron concentrations due to ROS production via the Fenton reaction

(Halliwell & Gutteridge, 1984). Based on our data and that of Schrettl et al

(2007), the stress response is activated due to the increased mobilization of iron

stores within conidia during early germination. In vivo, although extracellular iron

concentrations are kept low by the presence of serum binding proteins (Bullen,
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1981), cytosolic free iron concentrations would temporarily increase due to the

mobilization of iron from internal iron stores. This increase in intracellular iron

concentration could place the cell at risk of exposure to reactive oxygen

intermediates generated via Fenton chemistry. To reduce the possibility of

damage, the stress response is activated within the spore during germination

under iron limitation. In A. nidulans, Eisendle et al (2006) showed that iron-free

desferri-ferricrocin accumulated during iron deplete conditions, suggesting a

preventative mechanism for possible iron toxicity under such conditions.

Based on the genes selected from the microarray analysis, we can

speculate as to what might be occurring intracellularly in the presence of human

serum iron limitation. Upon early exposure to human serum, low iron levels are

sensed by the spore, which causes upregulation of iron acquisition mechanisms

such as siderophore production (encoded by sidA). Around 4 hours, internal

stores of iron within the conidia are mobilized to initially cope with such iron

limitation, and thus to compensate for the generation of reactive oxygen

intermediates via the Fenton reaction, genes involved with the stress response

such as bZip AP-1 are upregulated. During germ tube formation and hyphal

extension, upregulation of iron genes such as sidA and the siderophore

transporter mirB occurs due to the increased need for iron required for metabolic

function since internal iron stores would start to become depleted. Furthermore,

the influx of external iron via siderophore transport into the cytosol would result in

other iron regulation genes such as frataxin to be upregulated in order for proper

utilization of iron in metabolic processes (i.e., Fe-S cluster formation in the
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mitochondria). Also, genes involved in secondary metabolite production such as

polyketide synthase would be upregulated due to increased metabolic activity,

and thus aid the fungus in virulence. Further experimentation using knockout

mutants to test the effect of each of these genes under iron limitation would be

needed to confirm the proposed scheme.

During the course of my studies, a report was published showing that the

blip transcription factor putative homolog of S. cerevisiae Yap1, dubbed AfYap1,

was recently shown to be the major regulator in defence against reactive oxygen

intermediates in A. fumigatus (Lessing et ai, 2007). Furthermore, Lessing et al

(2007) showed that although AfYap1 deletion caused increased susceptibility to

ROI, it was not necessary for virulence in an intranasal murine mouse model.

Whether the regulation of stress response genes occurs in a similar manner as

the Pap1 pathway of S. pombe or by another mechanism has yet to be

elucidated. Although our future plans included experimental validation of the blip

AP-1 gene (now known as AfYap1), experimental confirmation of the role of

AfYap1 by Lessing et al (2007) has validated our microarray expression data.

Mapping expression data to regulatory networks is a powerful and useful

tool in understanding gene expression changes on a global scale. Utilizing such

functional genomic and proteomic tools can help filter and interpret the copious

amounts of data produced by microarray studies by assigning cellular processes

to expression profiles. Moving from a list of expressed genes to assigning cellular

function and interaction can be rather daunting, but there are several data

repositories that exist that provide such cellular network and expression profile
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data. For example, the Gene Expression Omnibus is a large public repository of

gene expression data (Barrett & Edgar, 2006), while networks based on genome

wide protein-DNA interactions such as the S. cerevisiae transcriptional regulatory

network published by Lee et al (2002) provide links between transcription factors

and the genes that they regulate. As more and more expression and network

data are submitted to such repositories, the amount of information available for

analysis of gene expression will only improve. Several software tools such as

Osprey (Breitkreutz et ai, 2003), GenMAPP (Dahlquist et ai, 2002), Cytoscape

(Cline et ai, 2007), and BioLayout (Goldovsky et ai, 2005) are readily available

that aid in network visualization and analysis, and those tools, along with the

creation of new analysis software, will continue to improve as the data

repositories grow.

So far, knowledge about A. fumigatus regulatory networks is in its infancy.

We intend to undertake a more rigorous analysis of our expression data by

mapping our data to regulatory networks once more Aspergillus network pathway

data is made available. We would also like to examine those genes that were

overrepresented in our microarray analysis, such as those involved in

metabolism (see EASE analysis in Chapter 2), via expression profile mapping to

gene networks. Since the recent completion of several Aspergillus genome

sequencing projects, along with the establishment of the Central Aspergillus Data

Repository (CADRE; http://cadre.man.ac.ukJ) - a central repository for housing,

managing and accessing Aspergillus genomic data (Mabey et ai, 2004)

metabolic network pathway modelling has begun to improve the functional
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annotation of Aspergillus genomes. For example, genome-wide transcription

analysis of A. nidulans grown on three different carbon sources was conducted in

order to identify global regulatory networks (David et ai, 2006). Recently, David et

al (2008) had constructed networks for central metabolism and relevant

secondary metabolites of Aspergillus nidulans utilizing previous metabolic

pathway databases available for A. niger and S. cerevisiae coupled with

biochemical, physiological and genetic information of A. nidulans. These

investigators linked 666 genes to metabolic roles, along with manually assigning

functions to 472 ORFs that had not been previously annotated, via comparative

genomics tools and pathway modelling (David et ai, 2008). Furthermore, Guthke

et al (2007) have recently published their microarray data involving the response

of A. fumigatus to a temperature shift from 30°C to 48°C. Via clustering and text

mining of their time-series expression data (i.e., for GO terms and gene

descriptions), these investigators were able to discover gene regulatory networks

involved with temperature resistance (Guthke et ai, 2007).

We would also like to explore the fuctional role of Fkh1/2 (FHL1) in A.

fumigatus and its role under iron limitation. Based on our network analysis, we

found a small network regulated by Fkh1 /2 under human serum-imposed iron

limitation. FHL1 encodes a transcriptional activator involved in expression of

ribosomal protein (RP) genes, similar to the binding domain of Drosophila

melanogaster Forkhead protein (Hermann-Le Denmat et aI, 1994). FHL1 is

regulated via a complex mechanism involving the coactivator Ifhp and

corepressor Crf1 p, along with the TOR (target of rapamycin) signalling pathway
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(Martin et ai, 2004). Under growth conditions, the TOR pathway represses

Yak1 p, which is a serine-threonine kinase, and thus maintains Crf1 p in an

inactive state within the cytoplasm. IIfp is able to bind to the Forkhead-associated

(FHA) domain of Fhl1 p in the absence of Crf1 p and activates the transcription of

ribosomal genes (Wade et ai, 2004, Rudra et ai, 2005). When the TOR signalling

pathway is inactive, Yak1 p is derepressed, and therefore Yak1 p can

phosphorylate Crf1 p. Activated Crf1 p then localizes to the nucleus and displaces

IIfp from the FHA domain of Fhl1 p. Once IIfp is displaced, ribosomal protein

expression is turned off (Martin et ai, 2004). Knowing this system of

activation/inactivation of FHL1, it would be interesting to create an Fkh1/2 mutant

or a TOR signalling pathway mutant to see how serum iron limitation induces

genes of the stress response and cross pathway control such as CpcA (GCN4),

and if that plays a role in virulence in A. fumigatus. The existence of the TOR

pathway has been established in A. nidulans, where five genes (torA, fprA, jipA,

sitA, and tapA) have been identified (Fitzgibbon et ai, 2005). Recently, Tian et al

(2007) established the transcriptional regulatory network of cross pathway control

in the filamentous ascomycete Neurospora crassa using 70-mer microarray data;

this regulon includes at least 443 genes that are direct or indirect targets of the

GCN4 ortholog CPC1. These investigators also performed comparative analysis

between S. cerevisiae Gcn4, Candida albicans CaGcn4 and the N. crassa CPC1

expression profiles to reveal a conserved regulon consisting of 32 genes, with 10

of these genes directly regulated by Gcn4p/CPC1 (Tian et ai, 2007). Combining
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our early transcriptome expression data with these recent findings could provide

further insight into A. fumigatus cross-pathway-control and iron regulation.

The copious amount of data we have obtained from our microarray

analysis has provided us with many possibilities for future avenues of study. We

hope that our expression data will be valuable in helping to improve the

functional annotation of A. fumigatus genes. We also hope that this data will yield

insights into the ways in which A. fumigatus regulates iron uptake at the

transcriptional level. Further insight into iron uptake mechanisms could result in

novel drug therapies being developed that can deprive A. fumigatus of potential

iron sources. Alternatively exploiting fungal iron uptake machinery for drug

delivery to directly kill the fungus may increase drug efficacy while minimizing risk

to the patient. Ultimately, we hope that the knowledge of the regulation of these

iron uptake mechanisms can inform drug designers in generating improved drug

treatments for the treatment of invasive aspergillosis.
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Appendix 1. TIGR A. fumigatus microarray slide comparison

Detailed descriptions of TIGR A. fumigatus microarray slides are available
at: http://pfgrc.tigr.org/index.php/microarray/available_microarrays.html

Array Name
A. fumigatus A. fumigatus A. fumigatus

Version 1 Version 21 2.1 Version 3

Elements on array 10003 21006 21006

Grids 24 48 48

!Array Type Ss oligo (70-mer) Ss oligo (70-mer) Ss oligo (70-mer)

Surface coating Aminosilane Epoxy Aminosilane

Printing buffer(s) Corning Pronto Buffer Nexterion with .01 CTAB Corning Pronto Buffer

Arraying
Lucidea Genetix Genetix

machine(s)

Oligo replicates 1x 2x 2x

Oligos designed 10003 10003 10003

ORFs w/o oligo 24 24 24

Controls
500 A. thaliana (70-

500 A. thaliana (70-mer) 500 A. thaliana
mer) (70-mer)

Design strain Af293 Af293 Af293
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Appendix 2: Microarray comparison post-hybridization

a) b) c) d) e) f)

Composite images of TIGR A. fumigatus microarray slides post hybridization. a)
Version 2 slide; b) ,c), d)Version 2.1 slides; e), f) Version 3 slides. Version 2
slides have little to no background, whereas the Version 2.1 slides all exhibit
signs of slide artifacts that cover the microarray print surface. The Version 3
slides all produced slides with high background, even when changes to the
prehybridization and posthybridization wash steps were implemented.
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Appendix 3: Cluster 3 from 2h timepoint
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Appendix 4: Cluster 6 from 2h timepoint
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Appendix 5: Cluster 7 from 2h timepoint
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Appendix 6: Cluster 1 from 4h timepoint
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Appendix 7: Cluster 3 from 4h timepoint
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Appendix 8: Cluster 13 from 4h timepoint
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Appendix 9: Cluster 19 from 4h timepoint
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Appendix 10: Cluster 52 from 4h timepoint
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Appendix 11: Cluster 3 from 6h timepoint

131



Appendix 12: Cluster 17 from 6h timepoint
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Appendix 13: Cluster 26 from 6h timepoint
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Appendix 14: Cluster 36 from 6h timepoint
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Appendix 15: Cluster 37 from 6h timepoint
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Appendix 16: Cluster 41 from 6h timepoint
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Appendix 17: Cluster 59 from 6h timepoint
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Appendix 18: List of statistically significant upregulated genes
after 2h in iron-limited medium

Locus Gene name p-value Log2(ratio)
Afu1g11740 hypothetical protein 0.0027 0.236
Afu1g06730 Lanthionine synthetase C-like protein superfamily 0.0088 0.245
Afu3g11840 NAD binding Rossmann fold oxidoreductase, putative 0.0015 0.224
Afu3g10230 conserved hypothetical protein 0.0095 0.196
Afu2g15860 methyltransferase 0.0068 0.238
Afu6g08490 inorganic diphosphatase, putative 0.0034 0.330
Afu1g04130 FG-GAP repeat protein, putative 0.0066 0.311
Afu1g13610 SH3 domain protein 0.0100 0.145
Afu5g11550 tRNA(m5U54)methyltransferase 0.0035 0.299
Afu3g11840 NAD binding Rossmann fold oxidoreductase, putative 0.0097 0.226
Afu6g10280 hypothetical protein 0.0033 0.221
Afu8g06230 hypothetical protein 0.0037 0.407
Afu3g03870 endo-1 ,4-beta~lucanase, putative 0.0061 0.311
Afu4g07790 hypothetical protein 0.0088 0.595
Afu6g04830 HATPase c domain protein, putative 0.0032 0.396
Afu2g17860 C6 transcription factor, putative 0.0016 0.446
Afu6g13280 Fox2 protein 0.0011 0.268
Afu5g14750 open readinq frame 5, putative 0.0037 0.181
Afu2g14390 methyltransferase, putative 0.0061 0.248
Afu7q00640 conserved hypothetical protein 0.0086 0.360
Afu3q06000 conserved hypothetical protein 0.0088 0.388
Afu6g03160 NACHT domain protein, putative 0.0049 0.122
Afu2g10130 phase-specific adhesin, putative 0.0028 0.468
Afu4g11680 conserved hypothetical protein 0.0069 0.231
Afu3g09570 conserved hypothetical protein 0.0035 0.328
Afu2g13350 suppressor of RNA polymerase b srb7 0.0029 0.225
Afu1g01370 glutathione S-transferase 0.0047 0.154
Afu4g11680 conserved hypothetical protein 0.0051 0.236
Afu2g17895 C6 transcription factor, putative 0.0063 0.128
Afu6g04170 killer toxin sensitivity protein (Iki1), putative 0.0043 0.529
Afu1g01360 hypothetical protein 0.0099 0.156
Afu3g07370 molybdopterin synthase large subunit CnxH 0.0039 0.309
Afu2g13280 hypothetical protein 0.0078 0.434
Afu1g17040 D-Iactate dehydrogenase 0.0051 0.343

oxidoreductase, short-chain dehydrogenase/reductase family,
0.0037 0.261

Afu8g04680 putative
Afu2g09620 phytanoyl·CoA dioxygenase family protein 0.0082 0.337
Afu5g09790 beta-Iactamase 00088 0231
Afu2g11870 beta-1 ,6 glucan synthetase (Kre6), putative 0.0010 0.201
Afu2g15160 alpha-L-arabinofuranosidase A 0.0076 0.256
Afu2g12170 hypothetical protein 0.0088 0.158
Afu4g00120 MFS transporter, putative 0.0098 0.174
Afu1q11640 cytosolic Cu/Zn superoxide dismutase, putative 0.0001 0.143
Afu3q06100 conserved hypothetical protein 0.0010 0232
Afu1g01570 hypothetical protein 0.0083 0.156
Afu7g03890 condensin complex component cnd2 0.0099 0.243
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Afu5g09800 hypothetical protein 0.0055 0.290
Afu4g06540 related to triA protein [imported] 0.0083 0.457
Afu5g13340 protein phosphatase 2C, putative 0.0075 0.242
Afu5g02590 20S cyclosome subunit (Cut9/Cdc16), putative 0.0028 0.224
Afu1g09020 nuclear pore complex protein (SonA), putative 0.0015 0.308
Afu1g11320 class II DAHP synthetase family protein 0.0024 0.193
Afu1Q10930 ammonium transporter 0.0074 0.378
Afu5g14760 hypothetical protein 0.0032 0.224
Afu6g12030 putative mamnosidase 0.0070 0.174
Afu2Q04210 conserved hypothetical protein 0.0022 0.347
Afu1Q15420 hypothetical protein 0.0008 0.153
Afu6q11740 actVA 4 protein 0,0043 0.270
Afu4g06960 UBX domain protein, putative 0.0006 0.591
Afu6g00570 hypothetical protein 0.0019 0.503
Afu7g01140 hypothetical protein 0.0030 0.246
Afu1g02830 npl4 protein 0.0062 0.236
Afu3g01030 RTA1 domain protein, putative 0.0093 0.181
Afu4g14380 conserved hypothetical protein 0.0002 0.127
Afu1q02090 Quinone oxidoreductase, putative 0,0009 0.212
Afu4q07940 oxidoreductase, 2-nitropropane dioxvoenase family, putative 0.0015 0.379
Afu2q12510 hypothetical protein 0.0018 0.347
Afu5g13710 cartoxylesterase, putative 0.0016 0.120
Afu1g10290 chromodomain helicase (Chd1), putative 0.0019 0.319
Afu5g12570 small nuclear ribonudeoprotein (LSM3), putative 0.0047 0.335
Afu2q16390 Sec2p domain protein, putative 0.0042 0.384
Afu4q07940 oxidoreductase, 2-nitropropane dioxvoenase family, putative 0.0038 0.197
Afu4q03810 hypothetical protein 0.0090 0.232
Afu3q03390 conserved hypothetical protein 0.0087 0,229
Afu2q05860 secretory pathway Ca2 -ATPase, putative 0.0033 0.255
Afu7q05970 mRNA transport requlator (Mtr10l, putative 0.0038 0.321
Afu1q03310 conserved hypothetical protein 0.0050 0,382
Afu2q04250 C6 finqer domain protein, putative 0.0076 0,190
Afu5Q12840 hydroxvacylq/utathione hYdrolase, putative 0.0006 0,225
Afu2q13020 mitochondrial dicartoxvlate carrier, putative 0.0008 0.219
Afu2q10920 enoyl-CoA hydrataseflsomerase family protein 0.0029 0.272
Afu4q08760 phospho-2-dehydro-3-deoxvheptonate aldolase, class II 0.0041 0.226
Afu3q02830 ankyrin repeat protein 0.0092 0.286
Afu6q14720 helicase, putative 0.0093 0.467
Afu5g10090 3-demethylubiQuinone-9 3-methyltransferase 0.0099 0.273
Afu1g13370 aldo-keto reductase (AKR7l, putative 0.0028 0.382
Afu3g03860 3-hydroxyacyl-CoA dehydroaenase, putative 0.0094 0.247
Afu5Q00500 maltose permease, putative 0.0053 0.135
Afu1Q05970 grr1 protein 0.0072 0.294
Afu4g06980 hypothetical protein 0.0019 0.173
Afu4g09350 hypothetical protein 0.0084 0.272
Afu6g11210 3-{)xoacyl-(acyl-carrier-protein) reductase 0.0057 0.271
Afu4Q12200 hypothetical protein 0.0042 0.274

PROBABLE GENTISATE 1,2-DIOXYGENASE
0.0027 0.250

Afu4g01520 OXIDOREDUCTASE PROTEIN
Afu2Q08460 pseudouridylate synthase 0.0092 0.177
Afu1Q11520 funqal specific transcription factor, putative 0.0030 0.350
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Afu1q10070 hypothetical protein 0.0007 0.114
Afu2q12990 cyc!ophilin 0.0040 0.352
Afu3q03070 MYND domain protein, putative 0.0020 0.514
Afu2001850 phvtanoyl-CoA dioxvqenase family protein 0.0018 0.129
Afu6q11950 hYDothetical protein 00078 0.153
Afu3g03070 MYND domain protein, putative 0.0055 0.430
Afu1g11530 2,4-dihydroxyhept-2-ene-1,7-dioic acid aldolase 0.0008 0.255
Afu7g03970 hypothetical protein 0.0068 0.286
Afu2g17430 oxidoreductase, 2-nitropropane dioxvaenase family, putative 0.0073 0.328
Afu6q01990 conserved hypothetical protein 0.0092 0.296
Afu4q07530 hypothetical protein 0.0097 0.239
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Appendix 19: List of statistically significant downregulated
genes after 2h in iron-limited medium

Locus Gene Name p-value Log2(ratio)
Afu2Q12480 GolQi inteQral membrane protein (Cln3), putative 0.0084 -0.161
Afu6Q02370 ARP2I3 complex 20 kDa subunit (p20-ARC), putative 0.0060 -0.262

oxidoreductase, short-chain dehydrogenase/reductase
0.0077 -0.161

Afu4q03680 family
Afu6g04270 fructose symporter 0.0018 -0.315

succinate dehydrogenase membrane anchor subunit,
0.0087 -0.453

Afu1g15590 putative
Afu8g05790 hypothetical protein 0.0023 -0.257
Afu1q06250 CAIB/BAIF family enzyme 0.0052 -0.198
Afu5Q05590 aspartokinase 0.0055 -0.357
Afu2Q06230 qlutamine amidotransferase:cyclase 0.0036 -0.297
Afu3q06450 protein mannosyltransferase 1 0.0011 -0.191
Afu2Q01280 D-mandelate dehydroQenase 0.0093 -0.378
Afu7Q01940 conserved hypothetical protein 0.0035 -0.491
Afu3g05360 histone H2A 0.0044 -0.322
Afu6q10700 Hsp10 0.0002 -0.316
Afu3q05360 histone H2A 0.0040 -0.335
Afu4q00840 hypothetical protein 0.0090 -0.356
Afu6Q13730 hypothetical protein 0.0064 -0.334
Afu4Q05940 phosphoethanolamine 0.0032 -0.194
Afu2q08940 conserved hypothetical protein 0.0006 -0.427
Afu6Q13730 hypothetical protein 0.0043 -0.428
Afu3q10120 TATA-box bindinQ protein 0.0011 -0.297
Afu7q06690 flavin-containinq monooxvqenase, putative 0.0025 -0.299
Afu2q08940 conserved hypothetical protein 0.0077 -0.320
Afu1q15310 sna41 protein 0.0047 -0.058
Afu4q13310 metallo-beta-Iactamase domain protein, putative 0.0067 -0.145
Afu2q14370 hypothetical protein 0.0098 -0.282
Afu2g04280 asparaQinase, putative 0.0043 -0.268
Afu3g11270 hypothetical protein 0.0076 -0.270
Afu6g11260 ribosomal protein L26 0.0083 -0.607
Afu5q05920 qlycyl-tRNA synthetase 0.0005 -0.295
Afu1 q06530 mitochondrial carrier protein (Ymc1), putative 0.0006 -0.233
Afu2q07980 dehydrin 5 0.0018 -0.121
Afu3q01430 mitochondrial benzodiazepine receptor, putative 0.0008 -0.332
Afu2q15450 hypothetical protein 0.0081 -0.195
Afu4q03440 conserved hypothetical protein 0.0034 -0.372
Afu1q12590 SIa1p 0.0070 -0.194
Afu3g03010 phosphate-repressible phosphate permease 0.0027 -0.262
Afu3g01430 mitochondrial benzodiazeoine receptor, putative 0.0099 -0.119
Afu4g03440 conserved hypothetical protein 0.0026 -0.425
Afu1q12590 SIa1p 0.0051 -0.204
Afu2q05760 beta-ketoacyl synthase (Cem1), putative 0.0009 -0.213
Afu7q01290 conserved hypothetical protein 0.0099 -0.252
Afu1 g12290 possible NADH-ubiquinone oxidoreductase 0.0045 -0.306
Afu5g07580 methylmalonvl-CoA decarboxvlase, aloha subunit, 0.0090 -0.305
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putative
Afu3q10590 hypothetical protein 0.0084 -0.381
Afu3q00860 hypothetical protein 0.0030 -0.414
Afu3q09790 ML163Wp 0.0082 -0.601
Afu6000410 amino acid pennease, putative 0.0076 -0.424
Afu3g04010 MFS transporter, putative 0.0028 -0.106

methylmalonyl-CoA decarboxylase, alpha subunit, 0.0038 -0.334
Afu5q07580 putative
Afu3g03560 coenzyme Adisulfide reductase 0.0031 -0.110
Afu6007490 WD repeat protein 0.0042 -0.216
Afu1g05500 cytosolic small ribosomal subunit protein S12 0.0088 -0.313
Afu4g09820 histone acetyltransferase subunit (Yaf9), putative 0.0017 -0.120
Afu3g13570 PUTATIVE TRANSMEMBRANE PROTEIN 0.0009 -0.054
Afu3g14960 IipH 0.0031 -0.279
Afu5005680 peptide chain release factor eRF/aRF, subunit 1 0.0036 -0.399
Afu2010030 vip1 protein 0.0014 -0.313
Afu6Q00770 extracellular arabinanase, putative 0.0073 -0.460
Afu7q00280 conserved hypothetical protein 0.0001 -0.066
Afu3q06740 C6 transcription factor (GaI4), putative 0.0029 -0.225
Afu2q08160 hypothetical protein 0.0049 -0.319
Afu2g04720 ubiquitin C-terminal hydrolase, putative 0.0041 -0.157
Afu1g17700 short chain dehydroqenase or 3-ketoacyl-CoA reductase 0.0039 -0.259
Afu3g15280 conserved hypothetical protein 0.0062 -0.226
Afu1g02210 60S ribosome bioqenesis protein Brx1, putative 0.0065 -0.347
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Appendix 20: List of statistically significant upregulated genes
after 4h in iron-limited medium

Locus Gene name p-value LOQ2(ratiol
Afu3g02540 hvpothetical protein 0.0075 0.247
Afu1g03630 GPI anchored protein, putative 0.0029 0.203
Afu4g12470 bZIP transcription factor CpcA 0.0038 0.357
Afu5Cl14680 hypothetical protein 0.0079 0.292
Afu1g12460 isoftavone reductase family protein 0.0058 0.180
Afu3g11890 L-asparaginase" 0.0069 0.257
Afu4g09410 malic acid transport protein, putative 0.0001 0.315
Afu1g11990 conserved hvpothetical protein 0.0048 0.225
Afu1g06730 Lanthionine svnthetase C-like protein superfamilv 0.0078 0.202
Afu1g04090 FAD dependent oxidoreductase, putative 0.0072 0.164
Afu6g07860 catabolite repressor protein (CreC), putative 0.0058 0.344
Afu3g07510 hvpothetical protein 0.0055 0.345
Afu5005900 protein kinase (Chm1), putative 0.0031 0499
Afu3005720 anucleate primary steriomata (ApsB), putative 0.0029 0.313
Afu6g09353 hvpothetical protein 0.0023 0.263
Afu8g05920 hypothetical protein 0.0022 0.483
Afu6g14270 hypothetical protein 0.0003 0.457
Afu2g16410 hypothetical protein 0.0001 0.541
Afu2g13420 conserved hypothetical protein 0.0018 0.427
Afu5g13920 p21 protein 0.0061 0.502
Afu7g06400 pectate lyase, putative 0.0011 0.329
Afu5g14680 hypothetical protein 0.0045 0.386
Afu4g00440 daunorubicin C-13 ketoreductase 0.0002 0.488
Afu3g03490 O-methyltransferase, putative 0.0046 0.366
Afu5g09900 RTA1 domain protein, putative 0.0007 0.359
Afu1g12460 isoftavone reductase family protein 0.0016 0.594

oxidoreductase, short-chain 0.0038 0411
Afu4g03680 dehydrogenase/reductase family
Afu5g09860 esterase, putative 0.0034 0.558

oligosaccharyltransferase subunit ribophorin II, 0.0024 0.535
Afu4g08660 putative
Afu2g05290 isoftavone reductase family protein 0.0001 0.646
Afu5g00540 extracellular signal protein, putative 0.0051 0490
Afu4g04280 AN1 zinc finger protein 0.0028 0.317
Afu3g02640 conserved hypothetical protein 0.0001 0490
Afu4g00290 succinyl-CoA synthetase beta subunit, putative 0.0006 0.353
Afu8g00200 CaI06, putative 0.0042 0.234
Afu4g09180 SET domain protein 0.0052 0.323
Afu1g11280 oxidoreductase, putative 0.0016 0.379
Afu7g04550 serine/threonine protein kinase, putative 0.0021 0.518
Afu1g11990 conserved hypothetical protein 0.0007 0.553
Afu3g03510 4-hydroxyphenylpyruvate dioxvoenase, putative 0.0029 0.652
Afu1g06730 Lanthionine synthetase C-like protein superfamily 0.0001 0.611
Afu1g04090 FAD dependent oxidoreductase, putative 0.0000 0.466
Afu5q12650 UPF0052 domain protein 0.0053 0.369
Afu6q12330 WD domain protein 0.0062 0.459
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Afu8q00220 cytochrome P450, putative 0.0005 0.504
Afu5q14190 beta-Qlucanase precursor 0.0017 0.369
Afu1g13610 SH3 domain protein 0.0050 0.335
Afu2q14230 MFS transporter, putative 0.0019 0.548

5-methyltetrahydropteroyltriglutamate-homocysteine
0.0013 0.372

Afu4g07360 S-methyltransferase
Afu2g15090 hypothetical protein 0.0029 0.662
Afu6g01970 GATA transcriptional activator (AreA), putative 0.0063 0.552
Afu3q07510 hypothetical protein 0.0034 0.426
Afu6q04270 fructose symporter 0.0049 0.245
Afu3g05720 anucleate primary sterigmata (ApsB), putative 0.0004 0.752
Afu6g09980 patched sphingolipid transporter (Ncr1), putative 0.0061 0.407
Afu8g00880 hypothetical protein 0.0091 0.213
Afu6g11860 hypothetical protein 0.0092 0.250
Afu2g17910 conserved hVPOthetical protein 0.0003 0.202
Afu2g14860 epoxide hvdrolase, putative 0.0021 0.259
Afu1g07040 Fructosamine-3-kinase, putative 0.0058 0.192
Afu6g07400 conserved hypothetical protein 0.0014 0.361
Afu1q16750 mitochondrial cation transporter, putative 0.0000 0.431
Afu5g14730 aldo-keto reductase (AKR13), putative 0.0036 0.541
Afu7q05320 DNA N-Qlycosylase, putative 0.0043 0.176
Afu1q02640 conserved hypothetical protein 0.0063 0.243
Afu2q11920 hypothetical protein 0.0005 0.333
Afu8g01940 C6 finqer domain protein, putative 0.0013 0.492
Afu8q07200 neutral amino acid pennease 0.0025 0.378
Afu4q07790 hypothetical protein 0.0055 0.360
Afu7g06510 acyl-CoA dehydrogenase, putative 0.0018 0.343
Afu4g02650 maltose pennease 0.0082 0.337
Afu4g07270 serine carboxypeptidase, putative 0.0001 0.383
Afu3g02520 MSF multidrug transporter, putative 0.0021 0.117
Afu5g06740 conserved hvpothetical protein 0.0003 0.499
Afu8g01380 NB-ARC domain protein, putative 0.0002 0.323
Afu6q04830 HATPase c domain protein, putative 0.0002 0.185
Afu7q01110 hypothetical protein 0.0072 0.378
Afu6q13400 arsenate reductase(Arc2l, putative 0.0058 0.210
Afu2q14860 epoxide hydrolase, putative 0.0020 0.301
Afu5q13200 thioesterase family protein 0.0055 0.220
Afu4q07680 hypothetical protein 0.0000 0.203
Afu1q07040 Fructosamine-3-kinase, putative 0.0034 0.245

exosome complex endonuclease 2/ribosomal RNA
0.0001 0.308

Afu2g08860 processinq protein, putative
Afu6g07400 conserved hypothetical protein 0.0014 0.343
Afu8g06230 hypothetical protein 0.0019 0.278
Afu5g03770 lipase 0.0052 0224
Afu2g11920 hypothetical protein 0.0029 0.174

aminomethyltransferase, probable ~mported],
0.0011 0.305Afu5q12430 putative

Afu4q07790 hypothetical protein 0.0060 0.473
Afu7q04800 hypothetical protein 0.0039 0.240
Afu7q06510 acyl-CoA dehydrogenase, putative 0.0005 0.362
Afu4g02650 maltose pennease 0.0070 0.110
Afu4q07270 serine carboxypeptidase, putative 0.0001 0.364
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Afu6g08680 phosphotyrosyl phosphatase activator 0.0071 0.235
Afu5g06740 conserved hypothetical protein 0.0003 0.452
Afu1g17110 long chain fatty alcohol oxidase, putative 0.0005 0.341
Afu2Q09430 hypothetical protein 0.0027 0.557
Afu2g01070 GPI-anchor biosynthesis protein (Pia-F), putative 0.0076 0.278
Afu8g05700 hypothetical protein 0.0008 0.411
Afu1g14650 WD repeat protein 0.0064 0.229
Afu2g13340 hypothetical protein 0.0046 0.132
Afu7g01060 cystein rich protein 0.0082 0.291
Afu5g07500 beta-Iactamase 0.0067 0.152
Afu7g06130 integral membrane protein 0.0079 0.396
Afu6g09710 MFS toxin efflux pump, putative 0.0060 0.538
Afu1g15700 hypothetical protein 0.0027 0.319
Afu8g07280 C6 transcription factor, putative 0.0079 0.424
Afu3g14320 sly1 protein 0.0015 0.163
Afu2g09430 hypothetical protein 0.0084 0.241
Afu2g07830 hypothetical protein 0.0024 0.406
AfuSg03750 WW domain protein 0.0074 0.247
Afu1g14640 hypothetical protein 0.0085 0.293
Afu6g13840 hypothetical protein 0.0046 0.169
Afu2g01440 mitochondrial carrier protein, putative 0.0072 0.157
Afu6g08040 RNP domain protein 0.0070 0.326
Afu7g06130 integral membrane protein 0.0046 0.478
Afu1a08980 MYG1 0.0073 0.294
Afu1q06450 related to cholesterol dehydroqenase 0.0009 0.425
Afu1q15700 hypothetical protein 0.0065 0.413
Afu5q00630 choline dehydrogenase, putative 0.0059 0.155
Afu3q06430 GOP/GTP exchanqe factor Sec2p, putative 0.0010 0.345
Afu6q13150 hypothetical protein 0.0090 0.554
Afu6g03160 NACHT domain protein, putative 0.0030 0.172
Afu6g12170 FKBP-type peptidyl-prolyl isomerase, putative 0.0063 0.184
Afu3g15070 hypothetical protein 0.0047 0.253
Afu2q14380 prenyl cysteine carboxvl methYltransferase, putative 0.0009 0.341

oxidoreductase, short-chain 0.0001 0.378
Afu5g02870 dehydroaenase/reductase familv
Afu1g11300 methyltransferase, putative 0.0059 0.178
Afu2g12870 vesicular-fusion protein sec17 0.0060 0.344
Afu5g02490 oxidoreductase, putative 0.0056 0.360
AfuSg11370 SerlThr protein phosphatase 0.0053 0.217
Afu3g10780 hypothetical protein 0.0000 0.274
Afu2g11250 aryl-alcohol dehydrogenase (MOl, putative 0.0024 0.278
Afu1g15410 CUE domain protein, putative 0.0053 0.418
Afu5g07520 cytochrome P450, putative 0.0019 0.398
Afu7g02470 mRNA processing protein (Mss51l, putative 0.0022 0.365
Afu4g06120 RSC complex subunit Sfh1, putative 0.0000 0.179
Afu1q15200 Hsp70 family protein 0.0021 0.362
Afu3q13730 nonribosomal peptide synthase(NRPS), putative 0.0087 0.294
Afu6g02845 Ethanolamine utilization protein eutQ 0.0017 0.478
Afu1g12470 hypothetical protein 0.0050 0.460
Afu3q15070 hypothetical protein 0.0024 0.282
Afu2q14380 prenyl cysteine carboxvl methyltransferase, putative 0.0034 0.621
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Afu5q07300 electron transfer flavoprotein, beta subunit [imported] 0.0033 0.192
Afu1q14380 3-ketoacyl-acyl carrier protein reductase 0.0017 0.177
Afu1q11300 methyltransferase, putative 0.0003 0.194
Afu7g01010 alcohol dehydrogenase, putative 0.0070 0.185
Afu5q11370 SerlThr protein phosphatase 0.0047 0.223
Afu5q02470 thiamine biosynthesis protein (Nmt1), putative 0.0051 0.412
Afu3q10780 hypothetical protein 0.0011 0.173
Afu4q06120 RSC complex subunit Sfh1, putative 0.0012 0.251

phosphatidylglycerol specific phospholipase C,
0.0046 0.217Afu3q01530 putative

Afu2q08970 hydroxvethylthiazole kinase 0.0030 0.506
Afu1q12790 hypothetical protein 0.0093 0.281
Afu2q17070 DUF298 domain protein 0.0030 0.537
Afu8q05650 hypothetical protein 0.0075 0.263
Afu6q10070 PEX11 domain protein 0.0042 0.461

endonuclease/exonuclease/phosphatase family
0.0028 0.408Afu2q16830 protein

Afu4g10370 3-demethvlubiquinone-9 3-methvltransferase 0.0009 0.367
Afu3g02400 ubiE/COQ5 methyltransferase 0.0018 0.315
Afu3g11760 MFS transporter, putative 0.0004 0.296
Afu1g15680 C6 finger domain protein, putative 0.0077 0.258
Afu7g08340 subtilisin-like protease 2, putative 0.0066 0.342
Afu4g08440 Patatin-like serine hvdrolase, putative 0.0031 0.414
Afu1q10200 cell cvcle control protein (Cwf4l, putative 0.0037 0.464
Afu4q09450 hypothetical protein 0.0044 0.392

Mitochondrial import inner membrane translocase
0.0029 0.488

Afu5q02200 subunit (TIM22), putative
Afu5q06690 transcriptional elonqation protein Spt4, putative 0.0082 0.328
Afu8q05650 hypothetical protein 0.0097 0.209
Afu1q01360 hypothetical protein 0.0078 0.169
Afu8q00910 conserved hypothetical protein 0.0087 0.317
Afu6q10070 PEX11 domain protein 0.0032 0.450
Afu4q13310 metallo-beta-Iactamase domain protein, putative 0.0012 0.249
Afu4q10370 3-demethylubiquinone-9 3-methvltransferase 0.0085 0.209
Afu2q13580 conserved hypothetical protein 0.0073 0.247
Afu3q02400 ubiE/COQ5 methyltransferase 0.0093 0.158
Afu1q07610 peroxisomal membrane protein pex16 0.0010 0.291
Afu3q13000 SCS1-like ATPase, putative 0.0047 0.324
Afu3q11760 MFS transporter, putative 0.0010 0.437
Afu8g00820 mamnogalacturonase, putative 0.0002 0.514
Afu2q04030 chromatin assembly factor 1 subunit S, putative 0.0072 0.428
Afu5q07950 serine/threonine protein kinase, putative 0.0097 0.286
Afu4g08440 Patatin-like serine hydrolase, putative 0.0021 0.257
Afu1g10200 cell cycle control protein (Cwf4), putative 0.0020 0.469
Afu4q12960 hypothetical protein 0.0011 0.214
Afu3q13500 hypothetical protein 0.0017 0.307
Afu3q02219 hypothetical protein 0.0048 0.247
Afu5q04060 ubiquilin conjuqating enzyme (UbcH), putative 0.0070 0.166
Afu4q12050 thermoresistant gluconokinase 0.0011 0.314
Afu1q10520 hypothetical protein 0.0026 0.269
Afu4q13990 hYDothetical protein 0.0003 0.345
Afu1g04020 Yip1 domain family 0.0025 0.418

146



2,3-diketo-5-methy1thio-1-phosphopentane
0.0068 0.426

Afu3q03940 phosphatase, putative
Afu8g04200 G-patch domain protein, putative 0.0093 0.144
Afu2g1071 0 DNA repair protein rad9, putative 0.0005 0.505
Afu6g12670 beta-alanine synthase, putative 0.0012 0.349
Afu4g09840 kynureninase 0.0043 0.587

Afu5Q03660
transcription initiation factor TFIID subunit beta,

0.0065 0.322
putative

Afu4q00890 hypothetical protein 0.0053 0.296
Afu2q15160 alpha-L-arabinofuranosidase A 0.0083 0.141
Afu4q11240 alpha-aminoadipate reductase lame subunit, putative 0.0037 0.122
Afu4q13220 hypothetical protein 0.0032 0.548
Afu2q17690 hypothetical protein 0.0034 0.286
Afu3q13190 hypothetical protein 0.0026 0.354
Afu3q13500 hypothetical protein 0.0001 0.201
Afu5q00100 hypothetical protein 0.0008 0.333
Afu4q12050 thermoresistant qluconokinase 0.0035 0.308
Afu1q04420 hypothetical protein 0.0012 0.549
Afu4q13990 hypothetical protein 0.0018 0.358
Afu1g03420 adenylate kinase 2 0.0002 0.549
Afu1q01900 dienelactone hydrolase family protein 0.0080 0.244
Afu1q04020 Yip1 domain family 0.0036 0.558
Afu8q04200 G-patch domain protein. putative 0.0003 0.237
Afu2g14420 cutinase, putative 0.0009 0.318
Afu6g08860 sugar isomerase, KpsF/GutQ 0.0082 0.162
Afu6g12670 beta-alanine synthase, putative 0.0093 0.298
Afu1g01220 conserved hvpothetical protein 0.0095 0.300
Afu2q15480 hvpothetical protein 0.0074 0.412
Afu2q01220 GTP cvclohvdrolase II, putative 0.0055 0.283
Afu4q00120 MFS transporter, putative 0.0024 0.318
Afu8q02020 qlycosyl transferase, qroup 2 family protein 0.0059 0.292
Afu3q00240 TPR domain protein 0.0008 0.239
Afu6q03040 MSF multidrug transporter, putative 0.0040 0.268
Afu3q01350 proteinase, putative 0.0000 0.597
Afu8g07340 HET domain protein, putative 0.0088 0.309
Afu3g10030 forkhead domain protein 0.0010 0.570
Afu1g05700 splicing factor 38 subunit 10 (SF3b10), putative 0.0064 0.361
Afu2g07850 hypothetical protein 0.0015 0.275
Afu6q12100 putitive nitrilase homoloq 0.0057 0.275
Afu3Q06100 conserved hypothetical protein 0.0004 0.470
Afu3q10550 hypothetical protein 0.0010 0.347
Afu4Q08460 conserved hypothetical protein 0.0083 0.327
Afu6q03360 oxidoreductase, zinc-bindinq 0.0025 0.239
Afu1Q16100 arsenite permease (ArsS\ putative 0.0016 0.149

UDP-GldGal endoplasmic reticulum nucleotide sugar
0.0066 0.158

Afu1 q05440 transporter
Afu1q05540 PXA domain protein 0.0024 0.351
Afu5q09810 hypothetical protein 0.0014 0.513
Afu4q06540 related to trfA proteinOmportedl 0.0053 0.183
Afu5q13340 protein phosphatase 2C, putative 0.0062 0.164
Afu5g01300 integral membrane protein 0.0035 0.224
Afu6Q08160 MOSC domain protein 0.0099 0.450
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Afu1g17400 hypothetical protein 0.0011 0.193
Afu3g00830 hypothetical protein 0.0065 0.300
Afu5g06250 hypothetical protein 0.0013 0.273
Afu5Q09690 hypothetical protein 0.0076 0.314
Afu1g05700 splicing factor 3B subunit 10 (SF3b10), putative 0.0009 0.415
Afu2g05050 hypothetical protein 0.0051 0.293
Afu6g12100 putitive nitrilase homolog 0.0024 0.383
Afu3g09480 15-hydroxvprostaglandin dehydrogenase (NAD 0.0059 0.319
Afu1g14350 2-deoXV-D-gluconate 3-dehydrogenase, putative 0.0084 0.364

oxidoreductase, short-chain
0.0034 0.193Afu5g14340 dehydrogenase/reductase family, putative

Afu1g17360 bZIP transcription factor (BACH2), putative 0.0070 0.268
Afu5g03700 hypothetical protein 0.0017 0.305
Afu1 g13240 adenosine deaminase, putative 0.0002 0.342
Afu2g16930 succinate:fumarate antiporter (Acr1), putative 0.0009 0.299
Afu1g15170 acyl-CoA thioesterase II 0.0086 0.246
Afu1g16100 arsenite pennease (ArsB), putative 0.0039 0.211

UDP-GldGal endoplasmic reticulum nucleotide sugar
0.0026 0.227Afu1g05440 transporter

Afu6g09190 metallopeptidase family M24, putative 0.0000 0.424
Afu3g05320 C2H2 finger domain protein, putative 0.0013 0.323
Afu3g03520 hypothetical protein 0.0078 0.325
Afu1g12410 salicylate hydroxylase 0.0002 0.342
Afu4g06540 related to trfA protein [imported) 0.0014 0.696
Afu6g01800 endoglucanase, putative 0.0075 0.127
Afu6g00450 feruloyl esterase, putative 0.0072 0.339
Afu4g14040 Hsp70 family protein 0.0009 0.290
Afu5g01190 conserved hypothetical protein 0.0090 0.418
Afu4g13610 hypothetical protein 0.0069 0.321
Afu4g12580 hypothetical protein 0.0072 0.329
Afu6g09090 conserved hypothetical protein 0.0018 0455
Afu1g01530 GrpB domain protein 0.0042 0.371
Afu2g07790 glycine rich cell wall structural protein, putative 0.0060 0.288
Afu5g12410 hypothetical protein 0.0001 0.347
Afu1g17720 oxidoreductase, putative 0.0011 0.290
Afu4g03520 conserved hypothetical protein 0.0022 0.297
Afu4g13670 WSC domain protein, putative 0.0089 0.220
Afu4g06960 UBX domain protein, putative 0.0086 0.364
Afu4g14650 ribokinase 0.0007 0.484
Afu7g06630 cytochrome P450 monooxvgenase, putative 0.0021 0.428
Afu2g05760 beta-ketoacyl synthase (Cern1), putative 0.0043 0.340
Afu6g02200 C2HC5 finger protein 0.0056 0.270
Afu4g00570 MFS multidrug transporter, putative 0.0042 0.495
Afu1 g02830 npl4 protein 0.0100 0.352
Afu7g04330 serine/threonine protein kinase, putative 0.0041 0.128
Afu5g00310 flavin-containing monooxygenase, putative 0.0065 0.218
Afu6g02940 chitin synthase activator (Chs3), putative 0.0051 0.372

LPXTG-motif cell wall anchor domain protein,
0.0001 0.314

Afu2g02770 putative
Afu1 g07250 SPX domain protein 0.0097 0.282
Afu6g12030 putative rhamnosidase 0.0013 0.300
Afu5g1 0250 hypothetical protein 0.0080 0.181
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Afu5Q12410 hypothetical protein 0.0020 0.519
Afu6q12210 endo-1,4-beta-xvlanase (XvnG1), putative 0.0034 0.444
Afu1q17720 oxidoreductase, putative 0.0072 0.245
Afu4q03520 conserved hvpothetical protein 0.0003 0.393
Afu4q00110 alpha-ketoglutarate-dependent taurine dioxvaenase 0.0038 0.463
Afu1g02580 lipase, putative 0.0028 0.332

C4-<iicarboxylate transporter/malic acid transport 0.0017 0.274
Afu3Q14640 protein
Afu2Q05490 HEAT repeat protein 0.0023 0.142
Afu1Q05060 uroporphvrinoQen decarboxvlase 0.0007 0.127
Afu3Q13270 phosphatidate cvtidvlvltransferase, putative 0.0030 0.374
Afu4Q06870 N-qlycosyl-transferase 0.0078 0.261
Afu8Q06560 DUF895 domain membrane protein 0.0003 0.273
Afu4Q00570 MFS multidruQ transporter, putative 0.0079 0.481
Afu7Q04040 hexokinase, putative 0.0035 0.440
Afu3Q09670 C6 zinc cluster transcription factor, putative 0.0073 0.143
Afu7Q04330 serine/threonine protein kinase, putative 0.0034 0.177
Afu5Q00310 fiavin-containinQ monOOXVQenase, putative 0.0071 0.526
Afu1Q12960 SCF ubiqurtin IiQase complex subunit CulA, putative 0.0020 0.187
Afu1Q05770 beta-qlucosidase, putative 0.0036 0.236
Afu5Q10520 alpha-1 ,2-mannosidase family protein 0.0000 0.164
Afu1Q07250 SPX domain protein 0.0014 0.307
Afu1Q11920 SH3 domain protein, putative 0.0012 0.291
Afu3g13970 phosphatidylserine decarboxylase (Psd2), putative 0.0041 0.346
Afu2g09690 hypothetical protein 0.0081 0.157
Afu3g10590 hypothetical protein 0.0013 0.519
Afu5g08690 RE31520p 0.0086 0.156
Afu8Q01720 hypothetical protein 0.0013 0.276
Afu2Q05100 Hypothetical protein 0.0015 0.126
Afu6q00660 conserved hypothetical protein 0.0070 0.310
Afu3g01590 hypothetical protein 0.0033 0.605
Afu3g13440 stomatin family protein 0.0010 0.348
Afu2g15440 integral membrane protein, putative 0.0022 0.391
Afu6g08890 thioesterase family protein 0.0018 0.315
Afu2Q12510 hypothetical protein 0.0005 0.346
Afu2g10480 conserved hypothetical protein 0.0099 0.256
Afu1Q09560 protein transport protein (LST8), putative 0.0010 0.337
Afu4Q14500 conserved hypothetical protein 0.0098 0.341
Afu2Q13980 ATP dependent RNA helicase(Dbp9), putative 0.0039 0.160
Afu4g10160 C6 transcription factor (AmyR), putative 0.0020 0.251
Afu7g06120 transmembrane transporter, putative 0.0031 0.181
Afu2g14580 manganese ion homeostasis (Frl, putative 0.0083 0.181
Afu2g14950 exonuclease, putative 0.0063 0.262
Afu6g07800 C6 finger domain protein, putative 0.0002 0.337
Afu7g05970 mRNA transport regulator (Mtr10), putative 0.0007 0.277
Afu1g02540 EF hand domain protein 0.0020 0.197
Afu5g12570 small nuclear ribonucleoprotein ILSM3), putative 0.0035 0.263
Afu8g05690 acetyltransferase, GNAT family family 0.0038 0.471
Afu8g02490 hypothetical protein 0.0085 0.402
Afu8q01720 hypothetical protein 0.0017 0.281
Afu2g05100 Hypothetical protein 0.0079 0.131
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Afu2Q16390 Sec2p domain protein, putative 0.0016 0.351
Afu8Q05870 2-haloalkanoic acid dehalogenase, putative 0.0070 0.377
Afu3Q13440 stomatin family protein 0.0014 0.398
Afu2Q15440 inteQral membrane protein, putative 0.0012 0.483

Glycerophosphoryl diester phosphodiesterase family
0.0013 0.329Afu2g00990 family

Afu6g00280 isoflavone reductase family protein 0.0099 0.272
Afu6g08890 thioesterase family protein 0.0083 0.338
Afu2g12510 hypothetical protein 0.0047 0.397
Afu6q10740 conserved hypothetical protein 0.0037 0.248
Afu2g10480 conserved hypothetical protein 0.0006 0.247
Afu8g02210 alpha-ketoglutarate-dependent taurine dioxygenase 0.0091 0.227
Afu8g01300 hypothetical protein 0.0004 0.359
Afu4g00760 hypothetical protein 0.0068 0.458

2-oxoglutarate dehydrogenase, E2 component,
0.0003 0.123

Afu3g05370 dihydrolipoamide succinvltransferase
Afu5g07880 a-pheromone receptor (PreA), putative 0.0016 0.457
Afu3g03480 cytochrome P450 monooxygenase, putative 0.0008 0.226
Afu6g14630 hypothetical protein 0.0014 0.199

transcription initiation factor TFIID complex 60 kDa
0.0098 0.248Afu5q03680 subunit

Afu1Q01730 qlycosyl hydrolase, putative 0.0077 0.441
Afu2Q16510 hYDothetical protein 0.0079 0.505
Afu1Q01210 hypothetical protein 0.0010 0.521
Afu1g03310 conserved hypothetical protein 0.0038 0.380
Afu3g02180 AM-toxin synthetase 0.0062 0.619
Afu2g03870 FKBP-type peptidyl-prolyl isomerase, putative 0.0086 0.307
Afu5g10090 3-demethylubiquinone-9 3-methyltransferase 0.0083 0.194
Afu5g08640 hypothetical protein 0.0093 0.321
Afu3g02970 aspergillopepsin, putative 0.0072 0.377
Afu8g07320 hypothetical protein 0.0007 0.367
Afu1g09000 conserved hypothetical protein 0.0011 0.367
Afu1q15360 conserved hypothetical protein 0.0066 0.573
Afu2g12370 conserved hypothetical protein 0.0033 0.328
Afu4g10940 DlpA domain protein 0.0066 0.217
Afu8g02470 trihydroxytoluene oxygenase 0.0006 0.750
Afu4g09920 conserved hypothetical protein 0.0061 0.370
Afu3Q06680 Li poyltransferase, putative 0.0007 0.270
Afu4q10930 N-acetyltransferase superfamily 0.0093 0.093
Afu4qOO340 hypothetical protein 0.0018 0.193
Afu2g07550 serine/threonine protein kinase (Ark1), putative 0.0027 0.572
Afu2g07650 RNA binding protein, putative 0.0035 0.370
Afu2g01020 hypothetical protein 0.0039 0.274
Afu6g11660 amidohydrolase, putative 0.0064 0.181
Afu4Q13710 hYDothetical protein 0.0029 0.415
Afu1Q11820 MFS transporter, putative 0.0012 0.415
Afu6Q09310 class V chitinase, putative 0.0071 0.247
Afu5g13420 Protein kinase domain-eontaininQ protein 0.0034 0.317
Afu6g14720 helicase, putative 0.0095 0.322
Afu2g00430 exo-beta-1,3-glucanase, putative 0.0093 0.390
Afu8g03990 U5 snRNP component (116 kDa), putative 0.0075 0.421
Afu6q10000 hypothetical protein 0.0025 0.381
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Afu1g01210 hypothetical protein 0.0004 0.391
Afu6g03350 acetyltransferase, GNAT family, putative 0.0039 0.368
Afu8g07320 hypothetical protein 0.0074 0.301
Afu1g09000 conserved hypothetical protein 0.0015 0.447
Afu1g15360 conserved hypothetical protein 0.0005 0.578
Afu4g09500 pfkB family carbohydrate kinase superfamily 0.0058 0.152
Afu3g06270 hypothetical protein 0.0091 0.216
Afu3g01660 putative hydrolase 0.0050 0.494
Afu3g06680 Lipoyltransferase, putative 0.0006 0.318
Afu5g00640 peroxisomal dehydratase, putative 0.0087 0.154
Afu4Q10930 N-acetyltransferase superfamily 0.0006 0.161
Afu1Q09730 PAP2 domain protein 0.0060 0.318
Afu4Q00340 hypothetical protein 0.0024 0.207

NADH:ftavin oxidoreductase/NADH oxidase family
0.0006 0.258Afu2g04060 protein

Afu8g04230 hypothetical protein 0.0088 0.312
Afu2g07550 serine/threonine protein kinase (Ark1), putative 0.0098 0.433
Afu1g12980 conserved hypothetical protein 0.0035 0.338
Afu6Q03530 Qlutamine synthetase 0.0072 0.301
Afu2g13300 conserved hypothetical protein 0.0054 0.402
Afu1Q16050 hypothetical protein 0.0007 0.547
Afu6q09310 class V chitinase, putative 0.0001 0.462
Afu5Q07560 capsular associated protein, putative 0.0010 0.254
Afu1Q10070 hypothetical protein 0.0074 0.176
Afu1g12420 hypothetical protein 0.0017 0.450
Afu2g10490 hypothetical protein 0.0003 0.357
Afu2g01360 GAF domain-containing proteins 0.0059 0.274
Afu6g03120 hypothetical protein 0.0041 0.443
Afu3g00950 ankyrin repeat protein 0.0000 0.467
Afu6g11210 3-oxoacYHacYI-carrier-protein) reductase 0.0000 0.347
Afu3g06620 dihydrofolate reductase 0.0022 0.348
Afu1g05470 3-oxo-5-alpha-steroid 4-dehydroQenase, putative 0.0049 0.184
Afu1g06190 hnmp arqinine n-methyltransferase 0.0052 0.465
Afu5g01090 UPF0075 domain protein 0.0041 0.221
Afu5q03240 pyruvate dehydroqenase kinase, putative 0.0093 0.296
Afu5g11980 MFS efflux transporter, putative 0.0082 0.297
Afu2g16060 conserved hypothetical protein 0.0077 0.253
Afu1Q10470 conserved hypothetical protein 0.0049 0.371
Afu2Q03370 conserved hypothetical protein 0.0055 0.183
Afu1Q01660 alpha-L-mamnosidase A precursor 0.0048 0.458
Afu5Q13540 vacuolar armadillo repeat protein Vac8, putative 0.0058 0.412
Afu3Q12820 kinesin family protein 0.0017 0.504
Afu2g00640 beta-N-hexosaminidase, putative 0.0059 0.335
Afu2g03640 Ras GTPase activating protein, putative 0.0007 0.542
Afu1g09070 hypothetical protein 0.0019 0.620
Afu1Q10070 hypothetical protein 0.0019 0.214
Afu4Q09100 DnaJ domain protein 0.0068 0.401
Afu2Q12990 cyclophilin 0.0061 0.391
Afu6q09120 hypothetical protein 0.0001 0.353
Afu2g10490 hypothetical protein 0.0069 0.129
Afu5Q05650 hypothetical protein 0.0062 0.375
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Afu2g01360 GAF domain-containinq proteins 0.0074 0.207
mRNA cleavage and polyadenylation specificity

0.0017 0.234
Afu1q02810 factor complex subunit, putative
Afu6q03120 hypothetical protein 0.0084 0.295
Afu1q12140 conserved hypothetical protein 0.0099 0.279
Afu8q00930 chitosanase, putative 0.0050 0.268
Afu6q13570 cytochrome c peroxidase, putative 0.0022 0.444
Afu6q11210 3-oxoacyf-(acyl-carrier-protein) reductase 0.0005 0.302
Afu3q06620 dihydrofolate reductase 0.0077 0.296
Afu2g02780 KH domain protein 0.0014 0.160
Afu5g01090 UPF0075 domain protein 0.0024 0.200
Afu4q12710 hypothetical protein 0.0040 0.363
Afu6q10790 MFS amine transporter, putative 0.0091 0.185
Afu2q00220 hydrolase 0.0004 0.433
Afu5q11980 MFS efflux transporter, putative 0.0041 0.348
Afu2q16060 conserved hypothetical protein 0.0050 0.325
Afu5g01980 histone deacetylase hda1 0.0031 0.123
Afu3g11110 Pumilio-family RNA bindinq repeat domain protein 0.0076 0.326
Afu3g10680 conserved hypothetical protein 0.0040 0.263
Afu5q11890 Rho quanyl nucleotide exchanqe factor, putative 0.0004 0.323
Afu7q04030 hypothetical protein 0.0051 0.237
Afu2q07930 hypothetical protein 0.0022 0.578
Afu3q09830 conserved hypothetical protein 0.0025 0.358
Afu7q08440 hypothetical protein 0.0000 0.266
Afu6g14460 2-haloalkanoic acid dehalogenase 0.0018 0.466
Afu3g03070 MYND domain protein, putative 0.0027 0.296
Afu4g02840 conserved hypothetical protein 0.0031 0.320
Afu1g02720 hypothetical protein 0.0060 0.486
Afu7g00840 short chain dehydroqenase/reductase family protein 0.0028 0.403
Afu2g09560 Mgm101 protein 0.0064 0.107
Afu4g12530 ccc1 protein 0.0034 0.304
Afu8g04790 ribosome bioqenesis protein, putative 0.0025 0.417
Afu4g00580 hypothetical protein 0.0052 0.259
Afu1q15560 hypothetical protein 0.0067 0.437
Afu3q01780 alcohol dehydroqenase, putative 0.0096 0.282
Afu8q05970 TRI7, putative 0.0039 0.459
Afu2q11350 peroxisomal 3-ketoacyf-coA thiolase (Kat1 l, putative 0.0038 0.242
Afu8g03900 RING finger domain protein, putative 0.0086 0.243
Afu4g01340 MSF monosaccharide transporter, putative 0.0074 0.153
Afu8g01260 hypothetical protein 0.0017 0.351
Afu5g07250 DUF300 domain protein, putative 0.0011 0.527
Afu2g01000 LIM domain protein 0.0085 0.162
Afu2g07930 hypothetical protein 0.0023 0.568
Afu2g14300 DUF636 domain protein 0.0083 0.181
Afu2g02090 methylated-DNA-protein-cysteine methyltransferase 0.0030 0.234
Afu3q09830 conserved hypothetical protein 0.0073 0.257
Afu6q03550 hypothetical protein 0.0034 0.460
Afu7g06010 conserved hypothetical protein 0.0052 0.239
Afu3g03070 MYND domain protein, putative 0.0003 0.350
Afu4g02840 conserved hypothetical protein 0.0052 0.313
Afu1g02720 hypothetical protein 0.0001 0.480
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Afu5g14990 hypothetical protein 0.0010 0.355
Afu1g11770 SURF-4 protein 0.0031 0.328
Afu5q03890 invariant surface glycoprotein 100, putative 0.0077 0.320

complex I intermediate associated protein CIA30
0.0001 0.340

Afu3g06220 homolog
Afu5g00260 metalloreductase, putative 0.0077 0.330

C4-dicarboxylate transporter/malic add transport
0.0042 0.340

Afu4g04540 protein, putative
Afu4g00580 hypothetical protein 0.0012 0.361
Afu2g15640 integral membrane protein DUF92 0.0054 0.264
Afu2g17270 MFS transporter, putative 0.0052 0.407
Afu5g00580 conserved hypothetical protein 0.0038 0.220
Afu5g09120 neutral amino acid permease, putative 0.0010 0.347
Afu2g03570 transposase 0.0015 0.370
Afu2q14350 AT DNA binding protein, putative 0.0083 0.420
Afu4g01340 MSF monosaccharide transporter, putative 0.0012 0.289
Afu2g12110 YaaE familv protein 0.0040 0.574
Afu8g01260 hypothetical protein 0.0012 0.254
Afu6a11750 C6 transcription factor, putative 0.0007 0.279
Afu5q07250 DUF300 domain protein, putative 0.0020 0.333
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Appendix 21: List of statistically significant downregulated
genes after 4h in iron-limited medium

Locus Gene name p-value Log2(ratlo)
Afu1g13480 UcrQ family 0.0006 -0.209
Afu2g04270 mitochondrial inner membrane translocase 0.0030 -0.204

subunit (TIM17), putative
Afu6g12660 40s ribosomal protein 0.0005 -0.460
Afu1g06390 translation elongation factor EF-1 alpha subunit, 0.0018 -0.599

putative
Afu1g06830 60s Acidic ribosomal protein superfamily 0.0039 -0.527
Afu8g06130 flug protein, putative 0.0002 -0.531
Afu3g06840 cytoso/ic small ribosomal subunit S4. putative 0.0067 -0.236
Afu4g03600 acetyltransferase, GNAT family family 0.0043 -0.536
Afu1g17370 scf1 protein 0.0030 -0.530
Afu6g04660 histone H3 variant, putative 0.0032 -0.205
Afu3g06970 cytosolic small ribosomal subunit S9, putative 0.0052 -0.619
Afu1 g04660 Ribosomal L15 0.0015 -0.785
Afu2g04480 xylosidase/arabinosidase, putative 0.0003 -0.577
Afu6g02000 NCS1allantoate transporter 0.0018 -0.273
Afu1g15850 C6 transcription factor, putative 0.0014 -0.625
Afu1g17370 scf1 protein 0.0072 -0.553
Afu2g12690 hypothetical protein 0.0072 -0.143
Afu2g10500 ribosomal protein S9 0.0022 -0.467
Afu6g04660 histone H3 variant, putative 0.0009 -0.127
Afu6g12180 conserved hypothetical protein 0.0024 -0.542
Afu6g02000 NCS1 allantoate transporter 0.0036 -0.198
Afu5g12100 pmt2 methyltransferase 0.0041 -0.149
Afu2g13010 cytochrome c oxidase polypeptide vib 0.0027 -0.418
Afu6g02450 ribosomal S30/ubiquitin fusion 0.0088 -0.320
Afu5g05630 hypothetical protein 0.0007 -0.789
Afu2g10090 ribosomal protein S15, putative 0.0090 -0.222
Afu5g00360 hypothetical protein 0.0026 -0.224
Afu4g00840 hypothetical protein 0.0032 -0.214
Afu6g12990 cytosolic large ribosomal subunit protein L7A 0.0021 -0.517
Afu7g05670 ribose-phosphate pyrophosphokinase 0.0018 -0.203

pyrophosphate synthetase)
Afu5g13390 conserved hypothetical protein 0.0009 -0.440
Afu6g02450 ribosomal S30/ubiquitin fusion 0.0024 -0.350
Afu4g00840 hypothetical protein 0.0068 -0.216
Afu6g12990 cytosolic large ribosomal subunit protein L7A 0.0012 -0.459
Afu1g11780 conserved hypothetical protein 0.0070 -0.192
Afu5g13390 conserved hypothetical protein 0.0031 -0.410
Afu7g05290 cytosolic small ribosomal subunit S15. putative 0.0029 -0.581
Afu7g05980 small nuclear ribonudeoprotein SmE, putative 0.0008 -0.248
Afu6g02440 60s ribosomal protein L24, putative 0.0017 -0.456
Afu6g07520 conserved hypothetical protein 0.0042 -0.208
Afu1g02070 cytochrome c1 , heme protein precursor 0.0084 -0.288
Afu7g06690 flavin-containing monooxygenase, putative 0.0033 -0.285
Afu2g08970 hydroxyethylthiazole kinase 0.0080 -0.402
Afu2g08940 conserved hypothetical protein 0.0056 -0.247
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Afu4g00490 conserved hypothetical protein 0.0046 -0.597
Afu2g14500 hypothetical protein 0.0015 -0.718
Afu3g07430 peptidyl-prolyl cis-trans isomerase, putative 0.0061 -0.276
Afu1g14410 60s ribosomal protein y117-b 0.0001 -0.374
Afu6g02440 60s ribosomal protein L24, putative 0.0001 -0.561
Afu6g07520 conserved hypothetical protein 0.0012 -0.135
Afu1g02070 cytochrome c1, heme protein precursor 0.0059 -0.340
Afu5g14470 hypothetical protein 0.0040 -0.272
Afu6g02280 allergen Asp F3 0.0093 -0.549
Afu6g03830 ribosomal protein L14 0.0093 -0.400
Afu1g05630 40s ribosomal protein s3 0.0010 -0.429
Afu6g08360 thiazole biosynthesis enzyme 0.0081 -0.377
Afu4g02940 bZIP transcription factor, putative 0.0068 -0.225
Afu6g04090 DUF28 domain protein 0.0003 -0.678
Afu1g06960 pyruvate dehydrogenase complex alpha subunit, 0.0077 -0.477

putative
Afu2g16790 glucosyltransferase 0.0099 -0.267
Afu3g00270 cell wall glucanase, putative 0.0025 -0.464
Afu4g03750 phthalate transporter, putative 0.0053 -0.274
Afu3g06090 transcription initiation factor TFIID subunIT 12, 0.0013 -0.412

putative
Afu2g00140 FAD monooxyqenase, putative 0.0058 -0.343
Afu5g14210 glucose-repressible gene protein-related protein 0.0086 -0.271
Afu6g03830 ribosomal protein L14 0.0007 -0.432
Afu1g05630 40s ribosomal protein s3 0.0004 -0.395
Afu4g03460 HLH DNA binding domain protein, putative 0.0057 -0.330
Afu2g11850 large subunit ribosomal protein L3 0.0007 -0.629
Afu1g04260 endo-1 ,3-beta-glucanase Engl1 0.0023 -0.375
Afu3g06640 40s ribosomal protein s27 type 0.0089 -0.632
Afu6g12720 cytosolic ribosomal protein (Rps29a), putative 0.0017 -0.520
Afu6g03820 nascent polypeptide-associated complex (NAC) O.OOSO -0.500

subunit, putative
Afu4g07730 cytosolic large ribosomal subunit L11, putative 0.0011 -0.430
Afu2g08710 hypothetical protein 0.0089 -0.106
Afu3g10920 ribosome associated protein (Stm1), putative 0.0047 -0.279
Afu3g11690 fructose-bisphosphate aldolase, class II 0.0047 -0.432
Afu2g16090 karyopherin alpha subunit, putative 0.0045 -0.287
Afu1g13500 transketolase TktA 0.0044 -0.424
Afu3g09210 endonuclease/exonuclease/phosphatase family 0.0023 -0.863

protein
Afu6g135SO ribosomal protein S13p/S18e 0.0049 -0.639
Afu6g12720 cytosolic ribosomal protein (Rps29a), putative 0.0032 -0.405
Afu1g04530 Ribosomal L18ae protein family 0.0014 -0.640
Afu4g07730 cytosolic large ribosomal subunit L11, putative 0.0024 -0.521
Afu3g10920 ribosome associated protein (Stm 1), putative 0.0001 -0.307
Afu1g13500 transketolase TktA 0.0012 -0.448
Afu1g16450 hypothetical protein 0.0073 -0.401
Afu1g04320 ribosomal protein S8.e 0.0029 -0.437
AfuSg03490 nucleoside diphosphate kinase 0.0041 -0.614
Afu4g10740 mitochondrial large ribosomal subunit L24, 0.0050 -0.201

putative
Afu6g03810 ATP synthase Dchain, mitochondrial, putative 0.0020 -0.263
Afu4g11730 glycerol dehydrogenase (GldB), putative 0.0001 -0.482
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Afu1g05080 ribosomal protein PO 0.0003 -0.337
Afu6g11260 ribosomal protein L26 0.0085 -0.434
Afu6g05110 mitochondrial import receptor subunit (tom40), 0.0086 -0.283

putative
Afu3g07870 conserved hypothetical protein 0.0043 -0.329
Afu2g10410 hypothetical protein 0.0044 -0.242
Afu6g13250 Ribosomal protein L31e 0.0034 -0.474
Afu1g16450 hypothetical protein 0.0075 -0.352
Afu1g04320 ribosomal protein S8.e 0.0022 -0.346
Afu4g11730 glycerol dehydrogenase (GldB), putative 0.0021 -0.467
Afu1g05080 ribosomal protein PO 0.0012 -0.389
Afu6g04970 phosphoserine aminotransferase 0.0096 -0.300
Afu8g04090 choline oxidase (CodA), putative 0.0091 -0.413
Afu3q00830 hypothetical protein 0.0083 -0.132
Afu2g03380 alkaline serine protease 0.0091 -0.409
Afu4q04460 Ribosomal protein L13e 0.0020 -0.539
Afu4g09520 SNARE protein 0.0021 -0.299
Afu3g00880 conserved hypothetical protein 0.0005 -0.481
Afu7g01460 ribosomal protein S5 0.0013 -0.522
Afu2g09210 ribosomal protein L10.e 0.0002 -0.524
Afu5g06240 alcohol dehydrogenase, putative 0.0009 -0.208
Afu6g14510 monooxygenase, putative 0.0024 -0.218
Afu5g10550 ATP synthase F1, beta subunit, putative 0.0037 -0.446
Afu4g13090 MFS transporter, putative 0.0067 -0.356
Afu7g04290 amino acid permease (Gap1), putative 0.0031 -0.349
Afu3g04310 snoRNA binding protein, putative 0.0007 -0.209
Afu3g05890 transcription elongation factor SPT6, putative 0.0078 -0.071
Afu2g03380 alkaline serine protease 0.0040 -0.416
Afu3g01430 mitochondrial benzodiazepine receptor, putative 0.0045 -0.348
Afu4g04460 Ribosomal protein L13e 0.0013 -0.578
Afu4g00730 HHE domain protein 0.0008 -0.744
Afu1g01610 hypothetical protein 0.0062 -0.284
Afu5g06240 alcohol dehydrogenase, putative 0.0018 -0.245
Afu4g02630 reverse transcriptase 0.0055 -0.336
Afu5g05540 nucleosome assembly protein 0.0003 -0.654
Afu5g04090 SGT1 and CS domain protein 0.0059 -0.224
Afu6g14510 monooxygenase, putative 0.0014 -0.283
Afu4g03920 MFS drug transporter, putative 0.0073 -0.280
Afu4g13090 MFS transporter, putative 0.0012 -0.440
Afu1q02830 npl4 protein 0.0096 -0.248
Afu3g13740 HSP70 family protein 0.0021 -0.468
Afu2g10340 AP-2 adaptor complex subunit beta, putative 0.0076 -0.524
Afu8g04180 C2H2 zinc finger protein 0.0087 -0.211
Afu2g01340 hypothetical protein 0.0036 -0.159
Afu1g10510 ribosomal protein L35, putative 0.0032 -0.394
Afu3g14990 alpha/beta hydrolase, putative 0.0020 -0.321
Afu7g08360 hypothetical protein 0.0037 -0.301
Afu5g11700 DNA mismatch repair protein Mlh1, putative 0.0060 -0.214
Afu3g10630 hypothetical protein 0.0014 -0.384
Afu3g06460 conserved hypothetical protein 0.0009 -0.603
Afu1g10510 ribosomal protein L35, putative 0.0036 -0.557
Afu3g14990 alpha/beta hydrolase, putative 0.0043 -0.162
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Afu7g05420 CHCH domain protein 0.0022 -0.419
Afu3g14620 extracellular endo-1,5-alpha-L-arabinase. 0.0009 -0.374

putative
Afu6g00660 conserved hypothetical protein 0.0074 .0.209
Afu5g01080 monosaccharide transporter 0.0045 -0.268
Afu4g10160 C6 transcription factor (ArnyR), putative 0.0005 .0.227
Afu5g11700 DNA mismatch repair protein Mlh1, putative 0.0022 .0.329
Afu1g10320 formin binding protein (FNB3), putative 0.0041 -0.246
Afu1g05500 cytosolic small ribosomal subunit protein S12 0.0077 .0.353
Afu7g04490 Ribosomal protein S28e 0.0032 -0.382
Afu1g15730 ribosomal protein S8 0.0061 .0.498
Afu2g02390 hypothetical protein 0.0003 .0.389
Afu3g11480 mitochondrial methylglutaconyl-CoA hydratase 0.0043 -0.289

(Auhl, putative
Afu4g03370 gaba-specific permease 0.0098 .0.259
Afu4g09140 omithine aminotransferase 0.0092 -0.278
Afu3g06520 hypothetical protein 0.0094 .0.114
Afu1g07440 Hsp70 chaperone (Hsp70), putative 0.0002 .0.811
Afu7g00210 C6 transcription factor, putative 0.0006 -0.231
Afu5g07560 capsular associated protein, putative 0.0035 -0.300
Afu8g02120 conserved hypothetical protein 0.0021 -0.299
Afu1g06770 Ribosomal protein S26e 0.0030 -0.500
Afu1g05500 cytosolic small ribosomal subunit protein S12 0.0056 -0.427
Afu7g04490 Ribosomal protein S28e 0.0064 -0.363
Afu1g15730 ribosomal protein S8 0.0058 -0.529
Afu1g07450 iron homoeostasis protein (Yhm 1), putative 0.0069 -0.201
Afu3g10330 hypothetical protein 0.0031 -0.200
Afu7g05740 malate dehydrogenase, NAD-dependent 0.0038 -0.489
Afu7g04240 conserved hypothetical protein 0.0034 -0.424
Afu2g14060 NADH-cytochrome b5 reductase 0.0011 .0.158
Afu4g03370 gaba-specific permease 0.0089 -0.274
Afu5g14510 beta-Iactamase 0.0070 -0.366
Afu1g05170 related to monocarboxylate transporter 0.0039 -0.245
Afu2g09960 mitochondrial Hsp70 chaperone (Ssc70), 0.0035 -0.422

putative
Afu6g08440 protoporphyrinogen oxidase, putative 0.0004 -0.412
Afu5g13420 Protein kinase domain-containing protein 0.0011 -0.355
Afu2g10100 60S acidic ribosomal protein P2 0.0009 -0.721
Afu1g03220 hypothetical protein 0.0079 -0.260
Afu2g05280 F-box domain protein 0.0024 -0.166
Afu3g10730 Ribosomal protein S7e 0.0004 -0.510
Afu1 g11130 60S ribosomal protein yl16a 0.0005 -0.561
Afu6g05200 Ribosomal L28e protein family 0.0021 -0.499
Afu3g08080 aconitate hydratase, putative 0.0093 -0.321
Afu7g01330 RNA binding complex component (TraX), 0.0079 -0.211

putative
Afu2g08730 hypothetical protein 0.0064 -0.234
Afu6g07430 pyruvate kinase 0.0011 -0.309
Afu3g13510 flavin containing amine oxidase, putative 0.0016 -0.359
Afu8g00340 hypothetical protein 0.0001 .0.353
Afu7g05660 elongation factor EF-3, putative 0.0012 .0.525
Afu6g03210 conidiation-specific protein 10 0.0006 -0.653
Afu3g10730 Ribosomal protein S7e 0.0004 -0.420
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Afu5g13840 NUDIX domain, putative 0.0040 -0.174
Afu1g11130 60S ribosomal protein yl16a 0.0000 -0.714
Afu2g07380 Eukaryotic ribosomal protein L18 0.0015 -0.577
Afu5g00590 hypothetical protein 0.0014 -0.202
Afu2g17550 yellowish-green 1 0.0080 -0.258
Afu6g07770 alanine aminotransferase, putative 0.0074 -0.258
Afu1g06150 L-serine dehydratase, putative 0.0020 -0.250
Afu6g12520 response regulator, putative 0.0006 -0.250
Afu5g06470 serine/threonine protein kinase, putative 0.0017 -0.520
Afu2g12060 F-box and WD repeat-containing protein 0.0017 -0.289
Afu8q04840 RING finqer protein 0.0080 -0.318
Afu7g05660 elongation factor EF-3, putative 0.0017 -0.493
Afu2g16670 conserved hypothetical protein 0.0007 -0.313
Afu6g03690 Sodium transport ATPase, putative 0.0009 -0.579
Afu3g05600 ribosomal protein L27a 0.0007 -0.489
Afu6g09380 hypothetical protein 0.0001 -0.225
Afu5q09330 CipC protein 0.0021 -0.491
Afu4g08810 DUF757 domain protein 0.0083 -0.439
Afu3g06760 ribosomal protein L37 0.0021 -0.275
Afu2g01590 non-classical export protein (Nce2), putative 0.0000 -0.430
Afu2g14310 phosphoribulokinase/uridine kinase family 0.0041 -0.087

protein
Afu3g06370 CHCH domain protein 0.0073 -0.500
Afu8g04190 hypothetical protein 0.0095 -0.339
Afu3g09280 eukaryotic translation initiation factor 3 subunit 0.0068 -0.275

EifCk, putative
Afu4g07210 mitochondrial acetolactate synthase small 0.0008 -0.306

subunit, putative
Afu1q14580 Utp11 protein superfamily 0.0007 -0.367
Afu1g05390 mitochondrial ADP,ATP carrier protein (Ant), 0.0015 -0.396

putative
Afu6g11650 short-chain dehydrogenase/reductase family 0.0028 -0.356

protein, putative
Afu8g01810 conserved hypothetical protein 0.0077 -0.210
Afu4g06820 related to sporulation-specific gene SPS2, 0.0017 -0.565

putative
Afu7g06180 hypothetical protein 0.0071 -0.203
Afu6g02740 hypothetical protein 0.0007 -0.313
Afu6g09240 protein kinase, putative 0.0073 -0.222
Afu4q03730 dienelactone hydrolase 0.0056 -0.195
Afu6q13500 hypothetical protein 0.0015 -0.344
Afu2g13710 NADH-ubiquinone oxidoreductase 49 kDa 0.0067 -0.280

subunit, putative
Afu2g16170 DNA-directed RNA polymerase ",, 47 KD 0.0018 -0.209

subunit, putative
Afu2g06130 fungal specific transcription factor, putative 0.0074 -0.193
Afu2g04050 hypothetical protein 0.0023 -0.226
Afu1g14900 hypothetical protein 0.0015 -0.196
Afu3g05600 ribosomal protein L27a 0.0000 -0.629
Afu6g14210 ubiquitin conjugating enzyme (UbcS), putative 0.0023 -0.281
Afu3g14540 30 kDa heat shock protein 0.0085 -0.487
Afu3g06760 ribosomal protein L37 0.0004 -0.298
Afu2g01590 non-classical export protein (Nce2), putative 0.0015 -0.272
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Afu3g06370 CHCH domain protein 0.0091 -0.280
Afu1g17120 elongation factor-1 gamma 0.0084 -0.313
Afu3g09280 eukaryotic translation initiation factor 3 subunit 0.0007 -0.346

EifCk. putative
Afu4g07210 mitochondrial acetolactate synthase small 0.0048 -0.424

subunit, putative
Afu8g06830 endoglucanase, putative 0.0034 -0.349
Afu1g14580 Utp11 protein superfamily 0.0028 -0.457
Afu4g01630 reverse transcriptase, putative 0.0005 -0.659
Afu1g05390 mitochondrial ADP,ATP carrier protein (Ant), 0.0026 -0.424

putative
Afu3g08990 hypothetical protein 0.0032 -0.276
Afu1g07710 mitochondrial carrier protein, putative 0.0027 -0.560
Afu4g06820 related to sporulation-specific gene SPS2, 0.0005 -0.703

putative
Afu4g03200 conserved hypothetical protein 0.0079 -0.339
Afu5g06780 carbamoyl-phosphate synthase, small subunit 0.0003 -0.270
Afu6g09240 protein kinase, putative 0.0004 -0.393
Afu4!:l03730 dienelactone hydrolase 0.0036 -0.317
Afu3g14000 ml02 protein 0.0004 -0.162
Afu5g07490 steroid monooxygenase ~mportedl 0.0013 -0.226
Afu5g08840 PHD finger domain protein 0.0071 -0.315
Afu2g06130 fungal specific transcription factor, putative 0.0010 -0.369
Afu1!:l11160 Sas10/Utp3 familv protein 0.0044 -0.290
Afu6g10650 ATP citrate lyase, subunit 1, putative 0.0092 -0.224
Afu5g14360 C6 transcription factor, putative 0.0081 -0.291
Afu7g05520 hypothetical protein 0.0032 -0.310
Afu2g10850 C6 finger domain protein, putative 0.0044 -0.366
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Appendix 22: List of statistically significant upregulated genes
after 6h in iron-limited medium

Locus Gene name p-value Log2(ratio)
Afu6g14270 hypothetical protein 0.0046 0.140
Afu1g15490 MFS multidrug transporter, putative 0.0006 0.272
Afu4g02610 conserved hypothetical protein 0.0089 0.380
Afu6g02920 synaptobrevin 0.0012 0.492
Afu3g00180 short chain dehydrogenase, putative 0.0004 0.447
Afu7g01750 DUF218 domain protein 0.0023 0.583
Afu6g13300 GTP-binding nuclear protein Ran, putative 0.0021 0.291
Afu3g03370 hypothetical protein 0.0072 0.251
Afu3g03490 O-methyltransferase, putative 0.0015 0.218
Afu2g00150 catecholamine-O-methyltransferase, putative 0.0005 0.203
Afu3g09390 AMMECR1 0.0034 0.540
Afu2g05290 isoflavone reductase family protein 0.0035 0.309
Afu1g03060 F-actin capping protein beta subunit 0.0063 0.174
Afu6g13590 3-isopropylmalate dehydrogenase 0.0007 0.489
Afu4g03600 acetyltransferase, GNAT family family 0.0090 0.396
Afu1g11990 conserved hypothetical protein 0.0001 0.232
Afu2g03920 G1 cyclin 0.0035 0.352
Afu6g09800 ankyrin repeat protein 0.0004 0.321
Afu2g02590 aspartyl-tRNA synthetase 0.0073 0.295
Afu3g06580 WD repeat protein 0.0100 0.309
Afu1g04780 peroxisomal ABC transporter (PXA1), putative 0.0062 0.237
Afu5g13550 hypothetical protein 0.0034 0.244
Afu3g00180 short chain dehydrogenase, putative 0.0012 0.226
Afu3g03370 hypothetical protein 0.0004 0.215
Afu2g07770 Ras small monomeric GTPase RasB 0.0070 0.401
Afu2g05290 isoflavone reductase family protein 0.0081 0.177
Afu3g07590 ER-Goigi SNARE complex subunit (Sed5), putative 0.0000 0.200
Afu6g09650 microsomal dipeptidase precursor 0.0044 0.320
Afu2g07400 mitochondrial carTier protein, putative 0.0074 0.260
Afu2g03920 G1 cyclin 0.0083 0.183
Afu1g13610 SH3 domain protein 0.0055 0.132
Afu5g13320 UV radiation resistance protein (UVRAG), putative 0.0039 0.206
Afu4g11150 meltrin alpha 0.0008 0.409
Afu3g13340 related to transfonning protein rno 0.0086 0.266
Afu3g01790 isoflavone reductase family protein 0.0019 0.328
Afu4g13870 hypothetical protein 0.0046 0.204
Afu1g02640 conserved hypothetical protein 0.0091 0.172
Afu4g07790 hypothetical protein 0.0095 0.410
Afu2g15470 neutral amino acid pennease 0.0081 0.441
Afu3g07950 transporter. putative 0.0006 0.195
Afu1g14520 !!I ERROR, product name unspecified !!! 0.0029 0.258
Afu5g07620 DUF1212 domain membrane protein 0.0072 0.235
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Afu8g06140 sensor histidine kinase/response regulator, putative 0.0069 0.503
Afu1 g11 070 G-patch domain protein, putative 0.0091 0.267
Afu6g12530 eif-2b 0.0010 0.366
Afu2g08680 hypothetical protein 0.0090 0.272
Afu8g01770 hypothetical protein 0.0095 0.188
Afu8g04760 ureidoglycolate hydrolase 0.0044 0.179
Afu4g10510 mitochondrial chaperone Frataxin, putative 0.0002 0.580
Afu6g07400 conserved hypothetical protein 0.0095 0.217
Afu3g00870 acety1transferase, GNAT family, putative 0.0072 0.176
Afu1 g14520 !I! ERROR, product name unspecified !I! 0.0002 0.325
Afu5g07620 DUF1212 domain membrane protein 0.0006 0.392
Afu6g03790 hypothetical protein 0.0072 0.330
Afu2g10350 ER membrane DUF1077 domain protein, putative 0.0014 0.176
Afu7g02300 conserved hypothetical protein 0.0051 0.218
Afu2g17560 1,3,6,8-tetrahydroxynaphthalene reductase 0.0065 0.188
Afu5g01690 conserved hypothetical protein 0.0033 0.225
Afu5g10190 hypothetical protein 0.0094 0.235
Afu7g06130 integral membrane protein 0.0040 0.262
Afu1g06450 related to cholesterol dehydrogenase 0.0025 0.272
Afu7g02070 pyridine nucleotide.<Jisulphide oxidoreductase (Nfrl),

0.0069 0.291putative
Afu3g07610 hypothetical protein 0.0009 0.459
Afu6g03790 hypothetical protein 0.0047 0.310
Afu4g09160 ankyrin repeat protein 0.0041 0.285
Afu2g17560 1,3,6,8-tetrahydroxynaphthalene reductase 0.0001 0.Q75
Afu1g01130 hypothetical protein 0.0013 0.234
Afu5g10190 hypothetical protein 0.0007 0.191
Afu5g07500 beta-Iactamase 0.0027 0.141
Afu7g06130 integral membrane protein 0.0074 0.239
Afu1g11780 conserved hypothetical protein 0.0026 0.143
Afu6g13340 hypothetical protein 0.0012 0.177
Afu2g15940 Arc1 p protein 0.0034 0.288
Afu5g09990 C6 transcription factor, putative 0.0049 0.203
Afu5g02930 Iysophospholipase, putative 0.0078 0.206
Afu6g07720 phosphoenolpyruvate carboxykinase 0.0085 0.227
Afu2g10690 MFS phosphate transporter, putative 0.0032 0.261
Afu3g09570 conserved hypothetical protein 0.0070 0.172
Afu2g02410 hypothetical protein 0.0029 0.398
Afu2g13350 suppressor of RNA polymerase b srb7 0.0092 0.124
Afu2g02080 C2H2 finger domain protein, putative 0.0001 0.325
Afu2g14380 prenyl cysteine carboxyl methyltransferase, putative 0.0054 0.277
Afu2g17980 cytochrome p450, putative 0.0080 0.105
Afu1g01920 hypothetical protein 0.0094 0.293
Afu7g01160 cytochrome P450 alkane hydroxylase, putative 0.0015 0.469
Afu6g10210 guanine deaminase, putative 0.0053 0.417
Afu3g00310 extracellular phytase, putative 0.0061 0.279
Afu1g14060 C2H2 finger domain protein, putative 0.0083 0.204
Afu6g02260 hypothetical protein 0.0004 0.228
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Afu7g01510 SNARE domain protein 0.0024 0.227
Afu1g01770 dehydrogenase 0.0054 0.202
Afu5g02490 oxidoreductase, putative 0.0027 0.289
Afu7g01010 alcohol dehydrogenase, putative 0.0052 0.192
Afu3g14710 toxin biosynthesis proten, putative 0.0072 0.159
Afu4g00560 NAD binding Rossmann fold oxidoreductase, putative 0.0054 0.225
Afu5g06710 DUF89 domain protein 0.0046 0.138
Afu8g06320 hypothetical protein 0.0096 0.313
Afu6g06930 3-oxoacyl-{acyl-carrier-protein) reductase 0.0069 0.162
Afu4g04170 conserved hypothetical protein 0.0041 0.131
Afu8g00790 hypothetical protein 0.0096 0.337
Afu8g00910 conserved hypothetical protein 0.0010 0.331
Afu8g00470 hypothetical protein 0.0095 0.292
Afu2g11880 hypothetical protein 0.0058 0.131
Afu1g16370 molybdenum cofactor biosynthesis protein (MoaC), 0.0073 0.313putative
Afu6g08210 GINS DNA replication complex subunit Sld5, putative 0.0011 0.484
Afu4g04300 alanine racemase family protein, putative 0.0081 0.250
Afu2g04030 chromatin assembly factor 1 subunit S, putative 0.0070 0.067
Afu7g04160 integral peroxisomal membrane protein 0.0062 0.371
Afu4g08440 Patatin-like serine hydrolase, putative 0.0016 0.272
Afu3g12990 hypothetical protein 0.0096 0.284
Afu5g11360 AP-3 adaptor complex subunit beta, putative 0.0048 0.168
Afu1g01240 C6 transcription factor, putative 0.0029 0.214
Afu2g01730 hypothetical protein 0.0049 0.173
Afu4g00870 antigenic cell wall galactomannoprotein, putative 0.0031 0.224
Afu8g00910 conserved hypothetical protein 0.0022 0.232
Afu1g16370 molybdenum cofactor biosynthesis protein (MoaC),

0.0008 0.349putative
Afu8g07330 isofiavone reductase family protein 0.0054 0.156
Afu4g04300 alanine racemase family protein, putative 0.0041 0.297
Afu8g04680 oxidoreductase, short-chain

0.0087 0.237
dehydroqenase/reductase family, putative

Afu8g02460 hypothetical protein 0.0050 0.219
Afu2g02100 dihydrolipoamide dehydrogenase 0.0084 0.220
Afu7g04160 integral peroxisomal membrane protein 0.0027 0.333
Afu4g08440 Patatin-like serine hydrolase, putative 0.0006 0.198
Afu3g12990 hypothetical protein 0.0082 0.292
Afu8g04800 valyl-tRNA synthetase 0.0005 0.331
Afu3g02219 hypothetical protein 0.0014 0.332
Afu4g08750 hypothetical protein 0.0082 0.180
Afu5g02330 major allergen Asp F1 0.0022 0.204
Afu6g02320 hypothetical protein 0.0042 0.141
Afu5g12340 hypothetical protein 0.0014 0.203
Afu1g01380 alpha-1 ,6-mannosyltransferase subunit (Hoc1), 0.0057 0.240

putative
Afu5g03600 nucleotide binding protein, putative 0.0007 0.369
Afu2g14960 thioredoxin, putative 0.0090 0.267
Afu3g13610 oxidoreductase, zinc-binding, putative 0.0063 0.331
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Afu2g01030 1-aminocyclopropane-1-earboxylate deaminase 0.0012 0.348
Afu1g09250 CUE domain protein, putative 0.0041 0.348
Afu2g15480 hypothetical protein 0.0091 0.274
Afu1g10880 P-type calcium ATPase, putative 0.0006 0.412
Afu6g07840 methionine-R-sulfoxide reductase, putative 0.0083 0.256
Afu6g00740 hypothetical protein 0.0024 0.290
Afu1g07130 dienelactone hydrolase family protein 0.0041 0.331
Afu2g12170 hypothetical protein 0.0017 0.172
Afu2g09870 eukaryotic translation initiation factor 3 subunit EifCg,

0.0028 0.345
putative

Afu2g01030 1-aminocyclopropane-1-earboxylate deaminase 0.0041 0.329
Afu7g07030 WD repeat protein 0.0081 0.112
Afu1g01280 polyketide synthase, putative 0.0075 0.168
Afu3g01460 salicylate hydroxylase 0.0080 0.191
Afu5g14320 hypothetical protein 0.0088 0.385
Afu3g09210 endonuclease/exonuclease/phosphatase family 0.0055 0.266

protein
Afu3g02990 skeleton binding protein 0.0063 0.100
Afu3g03760 hypothetical protein 0.0088 0.288
Afu3g15120 hypothetical protein 0.0012 0.444
Afu2g08630 conserved hypothetical protein 0.0045 0.390
Afu4g12630 COP9 signalosome subunit 7 (CsnG), putative 0.0064 0.209
Afu4g10270 phosphatase-like protein (PTPLA), putative 0.0024 0.176
Afu6g02350 DUF207 domain protein 0.0009 0.234
Afu1g01570 hypothetical protein 0.0008 0.282
Afu4g04200 myo-inositol-1 (or 4)-monophosphatase 0.0070 0.191
Afu7g08450 omithine decarboxylase 0.0014 0.172
Afu5g14350 c-24(28) sterol reductase 0.0078 0.331
Afu5g05920 glycyl-tRNA synthetase 0.0012 0.203
Afu3g07870 conserved hypothetical protein 0.0050 0.292
Afu3g03760 hypothetical protein 0.0029 0.283
Afu4g14010 oxidoreductase, short chain 0.0046 0.180dehydroqenaselreductase family superfamily
Afu4g01200 extracellular guanyl-specific ribonuclease, putative 0.0002 0.208
Afu4g00400 methyltransferase, putative 0.0024 0.354
Afu3g06100 conserved hypothetical protein 0.0055 0.245
Afu2g13550 lactoylglutathione lyase 0.0003 0.235
Afu2g03720 peptidyl-prolyl cis-trans isomerase 0.0028 0.238
Afu3g09940 acetyltransferase, GNAT family, putative 0.0050 0.361
Afu4g08460 conserved hypothetical protein 0.0091 0.261
Afu4g10270 phosphatase-like protein (PTPLA), putative 0.0038 0.223
Afu1g13240 adenosine deaminase, putative 0.0012 0.191
Afu2g15180 hypothetical protein 0.0037 0.180
Afu6g03360 oxidoreductase, zinc-binding 0.0050 0.186
Afu8g05080 hypothetical protein 0.0083 0.238
Afu8g02480 hypothetical protein 0.0028 0.194
Afu5g13450 triosephosphate isomerase 0.0098 0.262
Afu6g12740 dienelactone hydrolase family protein 0.0061 0.109
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Afu4g03240 cell wall galactomannoprotein Mp1 0.0005 0.294
Afu4g00110 alpha-ketoglutarate-dependent taurine dioxygenase 0.0060 0.346
Afu2g03860 plasma membrane low affinity zinc ion transporter, 0.0037 0.290putative
Afu1g04820 D-xylose reductase (XyI1), putative 0.0091 0.218
Afu1g01610 hypothetical protein 0.0079 0.280
Afu6g00570 hypothetical protein 0.0005 0.135
Afu7g05050 hypothetical protein 0.0059 0.350
Afu3g12060 Methionine synthase, vitamin-B12 independent,

0.0071 0.363putative
Afu1g10930 ammonium transporter 0.0047 0.419
Afu2g01510 integral peroxisomal membrane peroxin, putative 0.0035 0.272
Afu2g08230 MFS transporter, putative 0.0026 0.292
Afu6g10140 C6 transcription factor, putative 0.0066 0.262
Afu3g02660 hypothetical protein 0.0052 0.243
Afu5g10250 hypothetical protein 0.0011 0.300
Afu1g00110 hypothetical protein 0.0037 0.340
Afu5g13450 triosephosphate isomerase 0.0054 0.287
Afu4g03240 cell wall galactomannoprotein Mp1 0.0001 0.286
Afu1g04820 D-xylose reductase (XyI1), putative 0.0047 0.262
Afu1g01610 hypothetical protein 0.0097 0.252
Afu2g15820 SNARE domain protein 0.0051 0.222
Afu2g01510 integral peroxisomal membrane peroxin, putative 0.0013 0.411
Afu2g08230 MFS transporter, putative 0.0042 0.278
Afu4g09980 cytochrome P450 monooxygenase, putative 0.0029 0.327
Afu2g07720 cytochrome b5, putative 0.0099 0.153
Afu3g06300 Rho GTPase Rac, putative 0.0036 0.421
Afu3g00670 DUF1275 domain protein 0.0097 0.267
Afu6g08430 conserved hypothetical protein 0.0030 0.186
Afu6g13700 hypothetical protein 0.0098 0.275
Afu2g08890 dihydrofolate reductase 0.0006 0.306
Afu4g14120 cutinase, putative 0.0003 0.235
Afu2g02930 hypothetical protein 0.0021 0.341
Afu4g10350 polyubiquitin (UbiD), putative 0.0041 0.223
Afu6g08890 thioesterase family protein 0.0085 0.089
Afu4g03160 cell cycle control protein (Cwf26), putative 0.0005 0.250
Afu5g06450 DigA protein 0.0096 0.200
Afu1g10510 ribosomal protein L35, putative 0.0028 0.274
Afu6g08430 conserved hypothetical protein 0.0003 0.142
Afu2g02930 hypothetical protein 0.0056 0.359
Afu3g10330 hypothetical protein 0.0094 0.194
Afu4g13710 hypothetical protein 0.0010 0.406
Afu2g11 01 0 dihydroorotate reductase PyrE, putative 0.0045 0.332
Afu6g06420 mitochondrion biogenesis protein (Mdm31), putative 0.0034 0.517
Afu3g10330 hypothetical protein 0.0061 0.167
Afu5g10290 fructose-bisphosphate aldolase, putative 0.0035 0.094
Afu1g17080 acetyl transferase, GNAT family, putative 0.0003 0.266
Afu6g10690 cleavage and polyadenylylation specificity factor 0.0063 0.351
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subunit Fip1, putative
Afu8g02840 mitochondrial dynamin GTPase (Dnm1), putative 0.0084 0.179
Afu4g14320 hypothetical protein 0.0042 0.266
Afu2g02430 conserved hypothetical protein 0.0004 0.317
Afu3g09310 hypothetical protein 0.0081 0.289
Afu6g09340 hypothetical protein 0.0076 0.291
Afu5g14240 ThiJ/Pfpl family protein 0.0001 0.304
Afu1g02890 dUTPase 0.0076 0.430
Afu1g12140 conserved hypothetical protein 0.0084 0.378
Afu1g11140 Sterol desaturase family 0.0023 0.249
Afu5g00950 C6 transcription factor, putative 0.0007 0.366
Afu8g05320 mitochondrial F1 ATPase subunit alpha, putative 0.0072 0.204
Afu2g16060 conserved hypothetical protein 0.0009 0.249
Afu7g04400 hypothetical protein 0.0076 0.134
Afu6g00180 hypothetical protein 0.0013 0.419
Afu4g09100 DnaJ domain protein 0.0047 0.145
Afu5g13840 NUDIX domain, putative 0.0033 0.239
Afu6g09340 hypothetical protein 0.0080 0.228
Afu1 g02890 dUTPase 0.0010 0.407
Afu2g03890 Protein phosphatase 2C, putative 0.0016 0.329
Afu3g06620 dihydrofolate reductase 0.0042 0.078
Afu3g11640 homoserine dehydrogenase 0.0043 0.266
Afu1 g11140 Sterol desaturase family 0.0002 0.234
Afu7g01870 PHD finger domain protein, putative 0.0005 0.260
Afu1g12210 NADH oxidase 0.0043 0.328
Afu5g00950 C6 transcription factor, putative 0.0022 0.264
Afu8g05320 mitochondrial F1 ATPase subunit alpha, putative 0.0042 0.198
Afu1g01660 alpha-L-rhamnosidase A precursor 0.0041 0.215
Afu2g03640 Ras GTPase activating protein, putative 0.0070 0.197
Afu2g17200 hypothetical protein 0.0077 0.191
Afu2g03300 hypothetical protein 0.0092 0.323
Afu2g01590 non-classical export protein (Nce2), putative 0.0089 0.285
Afu6g13670 conserved hypothetical protein 0.0034 0.285
Afu3g05770 RAS small monomeric GTPase, putative 0.0028 0.400
Afu1g15580 ASMTL 0.0022 0.250
Afu1g05390 mitochondrial ADP,ATP carrier protein (Ant), putative 0.0059 0.172
Afu2g11230 nuclear pore protein (SEH1), putative 0.0038 0.242
Afu6g01990 conserved hypothetical protein 0.0012 0.159
Afu5g07600 SH2-containing inositol 5-phosphatase 2 0.0009 0.403
Afu4g01350 hypothetical protein 0.0002 0.342
Afu3g08060 conserved hypothetical protein 0.0095 0.296
Afu3g14000 mlo2 protein 0.0031 0.232
Afu7g05100 hexose transporter protein 0.0032 0.346
Afu1 g11960 altemative NADH-<1ehydrogenase 0.0020 0.217
Afu1g00190 hypothetical protein 0.0081 0.181
Afu6g12850 hypothetical protein 0.0068 0.349
Afu2g02090 methylated-DI'JA-protein-cysteine methyltransferase 0.0070 0.267
Afu5g14410 cysteine dioxygenase 0.0052 0.070

165



Afu5g09130 polysaccharide deacetylase family protein 0.0030 0.183
Afu1g05390 mitochondrial ADP,ATP carrier protein (Ant), putative 0.0056 0.266
Afu2g01230 dihydrodipicolinate synthetase family protein 0.0033 0.411
Afu3g01780 alcohol dehydrogenase, putative 0.0088 0.222
Afu5g07600 SH2-containing inositol 5-phosphatase 2 0.0041 0.381
Afu4g01350 hypothetical protein 0.0042 0.333
Afu1g11960 alternative NADH-dehydrogenase 0.0019 0.216
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Appendix 23: List of statistically significant downregulated
genes after 6h in iron-limited medium

Locus Gene name p-value Log2(ratio)
Afu6g09353 hypothetical protein 0.0011 -0.281
Afu6g05330 hypothetical protein 0.0027 -0.130
Afu1g13480 UcrQ family 0.0048 -0.206
AfuSg00800 conserved hypothetical protein 0.0071 -0.475
Afu3g02540 hypothetical protein 0.0023 -0.172

mitochondrial inner membrane translocase subunit
Afu2Q04270 (TIM17), putative 0.0047 -0.200
Afu4Q13270 orm1 protein 0.0013 -0.281
Afu3g02740 calcium-calmodulin-dependent protein kinase II 0.0017 -0.238
Afu1g03630 GPI anchored protein, putative 0.0044 -0.349
Afu1g16350 hypothetical protein 0.0039 -0.381
Afu3g00630 conserved hypothetical protein 0.0008 -0.235
Afu4g12840 class II aldolase/adducin domain protein 0.0099 -0.230
Afu6g10840 hypothetical protein 0.0048 -0.478
Afu1g11740 hypothetical protein 0.0014 -0.174
Afu5g02350 hydrolase, carbon-nitrogen family, putative 0.0031 -0.241
Afu1g13630 glycerate dehydrogenase 0.0005 -0.184
Afu2g15430 L-xylulose reductase 0.0030 -0.289

Afu1Q06180 trimethyllysine dioXYQenase 0.0058 -0.259
Afu1g12930 G protein complex alpha subunit GpaB 0.0042 -0.298
Afu6g02590 protein kinase, putative 0.0045 -0.209
Afu4g07130 diphosphomevalonate decarboxylase 0.0000 -0.281
Afu8g01450 GABA permease, putative 0.0023 -0.142
Afu1Q06640 zinc-bindinQ oxidoreductase, putative 0.0005 -0.502

carboxy-cis,cis-muconate cyclase muconate lactonizing
Afu6g11580 enzyme) 0.0074 -0.258
Afu1g08970 conserved hypothetical protein 0.0044 -0.185
Afu7g01220 famesyJ-diphosphate famesyltransferase, putative 0.0006 -0.157
Afu2g12480 Goigi integral membrane protein (Cln3), putative 0.0072 -0.159
Afu5g06720 MFS sugar transporter, putative 0.0021 -0.171
Afu8g02570 monooxygenase, fiavin-binding family 0.0005 -0.250
Afu1g11440 RNA export mediator (Gle1), putative 0.0005 -0.468
Afu4g12600 phosphoribosyl-aminoimidazole carboxylase 0.0014 -0.250
Afu1Q11490 vacuolar endopolyphosphatase, putative 0.0018 -0.323

Afu3Q03700 SUQar transporter subfamily 0.0082 -0.268
Afu4Q09330 conserved hypothetical protein 0.0020 -0.319
Afu3g07510 hypothetical protein 0.0020 -0.193
Afu6g04270 fructose symporter 0.0063 -0.289
Afu5Q06020 hypothetical protein 0.0093 -0.254
Afu5Q14480 hypothetical protein 0.0078 -0.242
Afu3g03290 hypothetical protein 0.0057 -0.222

Afu3g02540 hypothetical protein 0.0008 -0.235
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oxidoreductase, short-chain dehydrogenase/reductase
Afu5g09150 family 0.0016 -0.164
Afu4Q13970 conserved hypothetical protein 0.0056 -0.470
Afu7Q07040 hypothetical protein 0.0017 -0.433

U3 small nucleolar ribonucleoprotein subunit (Imp3),
Afu2g08320 putative 0.0014 -0.208
Afu3g02740 calcium-calmodulin-dependent protein kinase II 0.0085 -0.207
Afu2g13150 hypothetical protein 0.0019 -0.285

ferredoxin-like iron-sulfur subunit of mitochondrial
Afu1Q06610 complex I 0.0020 -0.372
Afu1g12460 isoflavone reductase family protein 0.0054 -0.226
Afu8g00200 CaI06, putative 0.0015 -0.114
Afu1 g05550 conserved hypothetical protein 0.0021 -0.386
Afu8g01450 GABA permease, putative 0.0013 -0.157
Afu5g06720 MFS sugar transporter, putative 0.0020 -0.175
Afu3g07510 hypothetical protein 0.0001 -0.216
Afu6g08940 hypothetical protein 0.0039 -0.089
Afu7g00750 hypothetical protein 0.0017 -0.365
Afu3g13660 Ctr copper transporter family protein 0.0099 -0.200
Afu8g02390 hypothetical protein 0.0076 -0.267
Afu1g04300 hypothetical protein 0.0028 -0.083
Afu8g06070 hypothetical protein 0.0037 -0.272
Afu1g05190 hypothetical protein 0.0082 -0.179
Afu6g08680 phosphotyrosyl phosphatase activator 0.0061 -0.299
Afu6g02000 NCS1 allantoate transporter 0.0016 -0.093
Afu3g08260 cohesin complex subunit (Psm1), putative 0.0020 -0.166
Afu7g00750 hypothetical protein 0.0058 -0.333
Afu3g13660 Ctr copper transporter family protein 0.0045 -0.223
Afu6g02390 thioesterase family protein 0.0059 -0.103
Afu4g13760 hypothetical protein 0.0025 -0.171
Afu5g11540 related to ribosomal protein S5 0.0011 -0.039
Afu4g02650 maltose permease 0.0009 -0.096
Afu1q06130 alpha-L-mamnosidase A precursor 0.0053 -0.219
Afu6q04830 HATPase c domain protein, putative 0.0100 -0.259
Afu1g11100 hypothetical protein 0.0011 -0.216
Afu5g00240 hypothetical protein 0.0042 -0.301

Afu4qOO790 hypothetical protein 0.0017 -0.147
Afu2g01190 proline rich protein, putative 0.0031 -0.189
Afu7g00270 monooxyqenase, putative 0.0038 -0.235

PROBABLE O-SIALOGLYCOPROTEIN
Afu7q05240 ENDOPEPTIDASE 0.0073 -0.154
Afu2g08270 hypothetical protein 0.0021 -0.154
Afu1g11100 hypothetical protein 0.0006 -0.347

Afu2g01190 proline rich protein, putative 0.0005 -0.287
Afu6Q12990 cvtosolic lame ribosomal subunit protein L7A 0.0024 -0.328
Afu1g13080 BRCT domain protein 0.0006 -0.256
Afu5g08170 autophagocytosis protein aut1 0.0048 -0.276

Afu5g03740 isopenicillin N-CoA epimerase, putative 0.0010 -0.364
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small nucleolar ribonucleoprotein complex subunit,
Afu2g01780 putative 0.0023 -0.275
Afu4g06140 dipeptidyl peptidase III 0.0030 -0.247
Afu5g03760 class III chitinase ChiA1 0.0008 -0.260

Afu3q10120 TATA-box bindinq protein 0.0030 -0.175
Afu1g11300 methyltransferase, putative 0.0001 -0.163
Afu6g09540 endoglucanase, putative 0.0021 -0.182

carboxyphosphonoenolpyruvate phosphonomutase,
Afu2q03820 putative 0.0002 -0.118
Afu1g04620 alcohol dehydrogenase, zinc-containing, putative 0.0044 -0.142
Afu2g12740 conserved hypothetical protein 0.0012 -0.199
Afu2g13650 hypothetical protein 0.0059 -0.138
Afu5q02950 conserved hypothetical protein 0.0001 -0.423
Afu2g08940 conserved hypothetical protein 0.0082 -0.218

RNA polymerase I specific transcription initiation factor
Afu1q02590 RRN3 superfamily 0.0002 -0.277
Afu1q15200 Hsp70 family protein 0.0092 -0.206
Afu6g02440 60s ribosomal protein L24, putative 0.0048 -0.086
Afu1g01370 glutathione S-transferase 0.0022 -0.186
Afu6g09540 endoqlucanase, putative 0.0079 -0.201
Afu1g01040 conserved hypothetical protein 0.0064 -0.122
Afu3g14890 pectate lyase 0.0038 -0.293
Afu6g05090 RNA polymerase II Elongator subunit, putative 0.0011 -0.210
Afu1 g04770 hypothetical protein 0.0025 -0.105
Afu5g14470 hypothetical protein 0.0069 -0.296
Afu4g00940 short chain dehydrogenase, putative 0.0012 -0.162
Afu1q12190 conserved hypothetical protein 0.0087 -0.196
Afu2g02260 conserved hypothetical protein 0.0004 -0.210
Afu2g00180 neutral amino acid permease 0.0013 -0.119
Afu4g14660 hypothetical protein 0.0088 -0.116
Afu2g04720 ubiQuitin C-terminal hydrolase, putative 0.0051 -0.155
Afu6g06440 proteasome component Prs3, putative 0.0001 -0.599
Afu8g04810 casein kinase, putative 0.0010 -0.127
Afu2g02260 conserved hypothetical protein 0.0057 -0.293
Afu4g03750 phthalate transporter, putative 0.0024 -0.376
Afu6g11970 WSC domain protein, putative 0.0072 -0.141
Afu4q14660 hypothetical protein 0.0004 -0.194

Afu6g03020 monooxiqenase 0.0007 -0.339
Afu5g07190 beta-glucosidase 0.0067 -0.098
Afu5Q00100 hypothetical protein 0.0005 -0.166
Afu6q02600 phosphoqlycerate mutase family protein 0.0041 -0.323
Afu6g08740 4-hydroxvphenylpyruvate dioxygenase, putative 0.0004 -0.154
Afu2g02960 translation factor pelota, putative 0.0035 -0.107
Afu6g09320 LysM domain protein, putative 0.0069 -0.208
Afu4q09840 kynureninase 0.0043 -0.348
Afu4g06940 Des-1 protein 0.0100 -0.150
Afu1g11340 glycosyl hydrolase family 88, putative 0.0002 -0.241

Afu4g00890 hypothetical protein 0.0016 -0.239
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Afu4g11570 G-patch domain protein (TFIP11), putative 0.0082 -0.170

Afu5g09850 tRNA exportin, putative 0.0018 -0.210
Afu5g10130 bZIP transcription factor, putative 0.0035 -0.120
Afu5g12820 mitochondrial inner membrane protease subunit 1 0.0001 -0.166
Afu4q03321 ubiE/GOQ5 methvltransferase, putative 0.0083 -0.186
Afu4g06180 casein kinase II beta subunit GKB1 0.0003 -0.229
Afu1g06170 proteasome regulatory partide subunit Rpt5, putative 0.0026 -0.301
Afu4g00890 hvpothetical protein 0.0027 -0.238
Afu1g01440 hypothetical protein 0.0003 -0.759
Afu1g13780 histone H4 0.0004 -0.299
Afu2g15400 hypothetical protein 0.0072 -0.212
Afu2g12630 allergen Asp F13 0.0093 -0.118
Afu2g15790 G-type cyclin (Ume3), putative 0.0047 -0.169
Afu5g09800 hypothetical protein 0.0031 -0.257
Afu5g00980 multidrug resistant protein 0.0051 -0.091
Afu2g11520 MFS monosaccharide transporter, putative 0.0097 -0.266
Afu4g14040 Hsp70 family protein 0.0069 -0.053
Afu1g00280 hypothetical protein 0.0054 -0.149
Afu1g13780 histone H4 0.0054 -0.444

oxidoreductase, short chain dehydrogenase/reductase
Afu6q13830 familv 0.0007 -0.111

oxidoreductase, short-chain dehydrogenase/reductase
Afu4g13520 family 0.0038 -0.125
Afu2g15660 aldehyde dehydrogenase family protein, putative 0.0083 -0.078
Afu7g03890 condensin complex component cnd2 0.0034 -0.221
Afu4g10240 small nuclear ribonudeoprotein SmD3, putative 0.0030 -0.173
Afu3g02730 hypothetical protein 0.0085 -0.141
Afu8g05390 hvpothetical protein 0.0031 -0.293
Afu1g15420 hvpothetical protein 0.0007 -0.468
Afu8g06680 acyl-GoA thioesterase 0.0002 -0.336
Afu7g00180 nucleoside-diphosphate sugar epimerase, putative 0.0056 -0.126
Afu4g03440 conserved hypothetical protein 0.0043 -0.179

Afu4q14110 hvpothetical protein 0.0009 -0.225
Afu3g11810 hvpothetical protein 0.0006 -0.181
Afu3g13110 hvpothetical protein 0.0076 -0.493
Afu2g04700 RNA binding effector protein (Scp160), putative 0.0097 -0.133

Afu4g10240 small nuclear ribonudeoprotein SmD3, putative 0.0034 -0.161
Afu5g14760 hypothetical protein 0.0042 -0.281
Afu8g05390 hvpothetical protein 0.0037 -0.250
Afu8g06680 acyl-GoA thioesterase 0.0016 -0.229

Afu2g05490 HEAT repeat protein 0.0025 -0.236
Afu5g06100 SUMO activating enzyme (AosA), putative 0.0029 -0.213
Afu4g13860 monooxygenase, putative 0.0072 -0.249
Afu8g00210 dimethylallyl tryptophan synthase, putative 0.0014 -0.188
Afu1g07580 cell polarity protein (Alp11), putative 0.0007 -0.097
Afu3q00920 RTA1domain protein, putative 0.0050 -0.221

Afu6g00410 amino acid pennease, putative 0.0014 -0.191

Afu1g16470 metallo-beta-Iactamase domain protein, putative 0.0050 -0.123
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Afu4g14120 cutinase, putative 0.0008 -0.594
Afu3g00920 RTA1 domain protein, putative 0.0010 -0.328
Afu4g01230 GABA pennease, putative 0.0005 -0.231
Afu8g02790 exocyst complex component sec10, putative 0.0028 -0.195
Afu4Q01220 hypothetical protein 0.0012 -0.134
Afu6Q02310 hypothetical protein 0.0084 -0.274
Afu2Q04320 NADH-dependent flavin oxidoreductase, putative 0.0087 -0.167
Afu4g06840 G-patch DNA repair protein (Drt111), putative 0.0009 -0.293

Afu4Q09320 antiQenic dipeptidyl-peptidase Dpp4 0.0089 -0.178
Afu2g10100 60S acidic ribosomal protein P2 0.0000 -0.459
Afu3g10730 Ribosomal protein S7e 0.0022 -0.307
Afu4g07310 conserved hypothetical protein 0.0009 -0.212
Afu8q04840 RING finqer protein 0.0097 -0.328
Afu1g13790 histone H3 0.0085 -0.144
Afu2g07380 Eukaryotic ribosomal protein L18 0.0068 -0.252
Afu1g12140 conserved hypothetical protein 0.0025 -0.181
Afu1g01460 blr1152, putative 0.0025 -0.184
Afu7g01330 RNA binding complex component (TraX), putative 0.0029 -0.177
Afu2g13060 calcineurin binding protein, putative 0.0069 -0.194
Afu8g04910 GABA pennease 0.0034 -0.307
Afu6g11950 hypothetical protein 0.0055 -0.496
Afu5g02410 DEAD/DEAH box helicase, putative 0.0096 -0.144
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Appendix 24: TIGR A. fum;gatus microarray annotation files

For annotation files, please go to:

Version 1 annotation:

http://pfgrc.jcvi.org/index.php/microarray/array_description/aspergillus_fumigatus/
version 1.html

Version 2 annotation:

http://pfgrc.jcvi.org/index.php/microarray/array_description/aspergillus_fumigatus/
version2. html

Version 3 annotation:

http://pfgrc.jcvi.org/index.php/microarray/array_description/aspergillus_fumigatus/
version3.html
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Appendix 25: RNA quantification data for microarray analysis

2h RNA samples

RNA Samples A230 (230nm) 260:280 ratio RNA concentration
(2h incubation) (ng/ull
MEM + Serum +

14.769 2.23 1229.1
FeCI3 #1

MEM + Serum +
16.505 2.22 1166.2

FeCI3 #2
MEM + Serum +

11.664 2.20 785.1
FeCI3 #3

MEM + Serum +
6.217 2.13 443.2

FeCI3 #4
MEM + Serum +

12.589 2.20 723.5
FeCI3 #5

MEM+Serum (no 12.133 2.10 161.4
FeCI3) #1

MEM+Serum(no 11.783 2.15 551.4
FeCI3) #2

MEM+Serum(no 2.794 2.10 110.8
FeCb) #3

MEM+Serum(no
21.780 2.22 1336.2

FeCb} #4
MEM+Serum(no 10.108 2.14 456.5

FeCb} #5

4h RNA samples

RNA Samples A230 (230nm) 260:280 ratio RNA concentration
(4h incubation) (ng/~ll
MEM + Serum +

11.693 2.21 981.0
FeCI3 #1

MEM + Serum +
14.648 2.18 998.4

FeCI3 #2
MEM + Serum + 16.531 2.20 1324

FeCI3 #3
MEM + Serum + 11.798 2.09 571.2

FeCI3 #4
MEM + Serum + 13.691 2.16 487.2

FeC13 #5
MEM+Serum (no 14.204 2.17 954.3

FeCI3) #1
MEM+Serum(no

10.560 2.19 815.8
FeCI3} #2

MEM+Serum(no 20.540 2.19 1808
FeCI3) #3

MEM+Serum(no 22.847 2.22 894.3
FeCI 3} #4

MEM+Serum(no 15.721 2.23 1514.9
FeCI3) #5
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6h RNA samples

RNA Samples A230 (230nm) 260:280 ratio RNA concentration
(2h incubation) (ngIJjL)
MEM + Serum +

37.998 2.10 3249.7
FeCI3 #1

MEM + Serum +
29.005 2.17 2064.8

FeCIJ #2
MEM + Serum +

32.924 2.13 2916.9
FeCI3 #3

MEM + Serum +
28.322 2.19 1585.2

FeCI3 #4
MEM + Serum + 12.196 2.24 1088.8

FeCI3 #5
MEM+Serum (no 20.100 2.19 1816.1

FeCI3) #1
MEM+Serum(no 29.239 2.18 1961.5FeCI3) #2
MEM+Serum(no 19.593 2.22 1126.9

FeCI3) #3
MEM+Serum(no 21.399 2.14 1832.2

FeCI3) #4
MEM+Serum(no 16.786 2.22 1494.3

FeCI3) #5
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