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Summary

Summary

The interconnection of developmental programs and secondary metabolism is regulated by the
velvet domain proteins in numerous filamentous fungi. Velvet domain proteins constitute a
family of fungal specific transcription factors with structural similarities in the DNA binding
and dimerization domain of mammalian Rel-domains, including NF-xB as regulator for
inflammation and infection. Velvet factors bind to promoters of thousands of genes and a
large amount of their downstream targets remains to be analyzed. This study focuses on the
Zinc cluster transcription factor A (ZtfA) as repression target of the velvet factor VosA in the
filamentous fungi Aspergillus nidulans and A. fumigatus. The A. nidulans AztfA strain forms
diminished numbers of conidiophores with conidiospores of short-term viability compared to
the wild type. A ztfA overexpression strain forms conidiophores in conditions when the
wildtype grows with vegetative hyphae. The ztfA overexpressing strain increases conidiophore
formation during sexual development in the dark, where conidiation normally is repressed.
The conidiation pathway proceeds in a strictly time-tuned manner and several regulators are
involved in its temporal control. The ztfA gene product was exclusively found in nuclei of
hyphae, conidiophores and germinating spores. ZtfA activates the conidiation pathway
through the major regulatory gene brlA and the conidiation activator-encoding genes fIbC and
fIbD. ZtfA represents a novel component of the timely adjusted choreography of conidiation.
ZtfA controls expression of several secondary metabolite genes, including austinol or
dehydroaustinol biosynthesis. It forms a complex with the transcription repressor RCoA and
might execute parts of its regulatory functions as a heterodimer. The phosphorylation status of
ZtfA is presumably part of its control function. ZtfA regulates genes of the oxidative stress
response system in the presence of hydrogen peroxide. ZtfA is conserved among Aspergilli as
exemplified by the characterization of the A.fumigatus counterpart. AfZtfA is part of the
fungal adhesion, but dispensable for conidiation. In summary, ZtfA regulates asexual
development, secondary metabolite expression and oxidative stress response downstream of
the velvet factor VosA in the filamentous fungus A. nidulans and is involved in the regulation

of adhesion factors in A. fumigatus.



Zusammenfassung

Zusammenfassung

Velvet-Domanen-Proteine verkniipfen Entwicklungsprogramme und Sekundarmetabolismus
in zahlreichen filamentdsen Pilzen. Velvet-Domanen-Proteine stellen eine Familie von Pilz-
spezifischen  Transkriptionsfaktoren  dar, welche in ihrer DNA-Binde- und
Dimerisierungsdoméne strukturelle Gemeinsamkeiten mit Rel-Doménen, einschlie3lich der
NF-kB Faktoren von S&ugetieren aufweist. Velvet-Faktoren binden Promotoren tausender
Gene und das Gros ihrer nachgeschalteten Ziele ist noch unbekannt. Die vorliegende Studie
konzentriert sich auf den Zink Cluster Transkriptionsfaktor ZtfA als Repressions-Ziel des
Velvet-Faktors VosA in den filamentdsen Pilzen Aspergillus nidulans und A. fumigatus. Im
Vergleich zum Wildtyp produziert der A. nidulans ztfA Deletionsstamm eine stark
verminderte Zahl an Konidiophoren, welche Konidiosporen mit verkirzter Lebensfahigkeit
hervorbringen. Eine ztfA Uberexpression produziert Konidiophore sogar unter Bedingungen,
unter denen der Wildtyp nur vegetative Hyphen bildet. Die ztfA Uberexpression produziert
eine erhohte Anzahl an Konidiophoren wahrend des sexuellen Wachstums im Dunkeln, in
welchem normalerweise die Konidiosporulation reprimiert ist. Der Signalweg der
Konidiosporulation lauft in einer strikten Zeitfolge ab und mehrere Regulatoren sind an seiner
zeitlichen Kontrolle beteiligt. ZtfA aktiviert den Signalweg der Konidiosporulation uber
dessen Hauptregulator, kodiert durch das brlA Gen und Uber die Konidiations-Aktivatoren,
kodiert durch fIbC und flbD und stellt eine neue Komponente des zeitabh&ngigen Ablaufs der
Konidiosporulation dar. ZtfA kontrolliert die Expression mehrere Sekundérmetabolit-Gene,
einschlieBlich der Biosynthese von Austinol und Dehydroaustinol. Es bildet einen
Proteinkomplex mit dem Transkriptionsrepressor RcoA und (bt seine regulatorischen
Funktionen vermutlich teilweise als Heterodimer aus. Der Phosphorylierungszustand von
ZtfA ist vermutlich Teil seiner Funktionskontrolle. ZtfA reguliert Gene der oxidativen Stress-
Antwort in der Gegenwart von Wasserstoffperoxid. ZtfA ist konserviert in Aspergillen, wie
beispielhaft durch die Charakterisierung seines Gegenstiicks in A. fumigatus gezeigt wird.
AfZtfA ist Teil der Regulation der pilzlichen Adhé&sion, jedoch entbehrlich fur die Bildung
von Konidiophoren. Zusammenfassend reguliert ZtfA in A. nidulans asexuelle Entwicklung,
Sekundarmetabolit-Expression und die Antwort auf oxidativen Stress, nachgeschaltet zu dem

Velvet-Faktor VosA. In A. fumigatus ist es wichtig fur die Adhé&sion.



Introduction

1. Introduction

1.1 Aspergillus nidulans — a genetic model for filamentous fungi

Aspergillus nidulans, member of the most common fungal genus Aspergillus, is a well-
established genetic model for filamentous fungi (de Vries et al., 2017). It is able to produce
asexual conidiophores and sexual cleistothecia in response to environmental conditions, such
as pH, temperature and light. The soil borne mold is a member of the phylum Ascomycota,
which comprises the mostly unicellular saccharomycetes and mycelial ascomycetes with a
short dikaryotic phase in their life cycle. The latter group propagates vegetatively via
formation of indefinite hyphae and forms complicated multicellular structures upon
establishment of suitable internal and external conditions. A characteristic of all members of
the phylum Ascomycota is the formation of the name-giving multicellular structure: the ascus.
This sac-like structure represents a compartment within the fruit body, which produces sexual
meiospores, called ascospores (Braus et al., 2002; Pdggeler et al., 2006) (FIGURE 1). The
ascus is protected by the ascocarp (Greek: askos = sac, karpos = fruit), the visible fruit body.
The ascocarp is called cleistothecium in A. nidulans, due to its closed form (Greek: kleistos =
closed, theke = case) and is surrounded and nursed by multi-nucleated Hille cells, which
differentiate from hyphae forming nest-like structures around the developing cleistothecium
(Latin: nidulans = nest). Fruit bodies are highly complex structures of the sexual life cycle of
fungi and represent overwintering structures.

Aspergillus comprises a large genus with significant impact on humankind, since most
Aspergilli are secondary metabolite producers. Fungal secondary metabolites can be useful or
deleterious. Hence, several representatives of Aspergillus spp. are of medical or economic
importance, such as A. niger, the main source for citric acid production, A. oryzae,
indispensable for Asian cuisine, A. flavus, a wide-spread crop contaminant or A. fumigatus, a
serious health threat in immunocompromised patients (Bhatnagar-Mathur et al., 2015; Chen et
al., 2016; Despot et al., 2016; Johnk et al., 2016; Kobayashi et al., 2007; Wang et al., 2017).
The large enzymatic variety of Aspergilli renders the genus a large source of industrially and
medically important fungi.

A. nidulans is a homothallic fungus and as such is able to undergo sexual development
without the presence of a partner with a different mating type (FIGURE 1). Mitotic division
during asexual development yields conidiophores, which produce haploid mitotic

conidiospores in two to three days after germination whereas sexual cleistothecia form
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binucleate ascospores, which mature after approximately seven days (Braus et al., 2002;
Pdggeler et al., 2006). In contrast to homothallic fungi, heterothallic fungi like A. fumigatus
need a partner of opposite mating type to undergo sexual differentiation.

Ascospore  Hulle cell

Ascus

Stalk

| & _— Foot cell
S ] :
Cleistothecium
Conidiospore
oo

&
Phialide
2 TS 0 .”."'f ol
um ® 9&;,;’- %‘-’
&b ‘\
o5

Y
Primordi

Metula
@

Nest

-]

Conidiophore

FIGURE 1: Developmental programs of A. nidulans.

A. nidulans can undergo sexual (left hand side) as well as asexual (right hand side)
development leading to the formation of sexual cleistothecia (predominantly formed in the
dark under low oxygen supply) or asexual conidiophores (formed in light when oxygen is
present) as spore forming units. Adapted from Bayram et al., 2010.

Since the genome of A. nidulans is completely sequenced (Galagan et al., 2005) and an
increasingly large number of phenotypical, transcriptomic and proteomic approaches have
been carried out, it is one of the most feasible genetic models for haploid filamentous fungi.

1.2 The velvet regulators

Important regulators of developmental programs in filamentous fungi are the velvet proteins,
which form complex regulatory networks (Bayram et al., 2008a, 2008b; Kafer, 1965; Kato et
al., 2003; Kim et al., 2002; Park et al., 2012a; Satterlee et al., 2016). Velvet proteins
constitute a family of fungal specific regulatory proteins, which mostly comprises four
members. The founding member of this family, velvet A (VeA), was identified more than half
a century ago as a developmental regulator with a central role in transduction of the
development inducing light signal (Ké&fer, 1965). The velvet family further comprises the
factors VelB, VelC (velvet-like B and C) and VosA (viability of spores A). Velvet proteins

share the name-giving velvet domain and are highly conserved among filamentous fungi
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(Ahmed et al., 2013; Bayram et al., 2008a; Ni and Yu, 2007). The velvet domain does not
exhibit sequence similarities with known protein domains, but structural similarities to the Rel
homology domain of NF-kBs were found recently (Ahmed et al., 2013). NF-«kBs constitute a
family of mammalian transcription factors. They are involved in apoptosis and inflammatory
response but also in broad metabolic processes and cell proliferation (Engelmann and
Haenold, 2016; Sun and Andersson, 2002). Velvet factors contain a DNA-binding and
dimerization domain and act as transcription factors in A.nidulans and Penicillium
chrysogenum (Ahmed et al., 2013; Becker et al., 2016).

VeA is involved in the coordination of sexual development and secondary metabolism and is
part of the light control of fungal development (Alkahyyat et al., 2015; Bayram et al., 2008a;
Calvo, 2008; Kim et al., 2002; Mooney and Yager, 1990; Stinnett et al., 2007). VeA is
necessary for cleistothecia formation (Kim et al., 2002). Involvement of VVeA and other velvet
proteins in virulence has been shown in several fungi, such as A. flavus, several Fusarium spp.
and others (Duran et al., 2009; Merhej et al., 2012; Myung et al., 2012; Wang et al., 2016;
Wiemann et al., 2010). VeA interacts with several proteins. It forms a protein complex with
the white-collar (WC) proteins LreA and LreB and the phytochrome FphA, which fulfils
light-triggered regulatory functions (Hedtke et al., 2015; Purschwitz et al., 2008; Ruger-
Herreros et al., 2011). WC proteins are involved in light regulation in fungi and activate
expression of the major conidiation regulator-encoding bristle gene (brlA) in response to light
(Chen et al., 2009; Froehlich et al., 2002; He and Liu, 2005; Ruger-Herreros et al., 2011,
Smith et al., 2010). VeA forms a heterotrimeric complex with VelB and the methyltransferase
LaeA (lack of afIR expression A) in the nucleus, known as the velvet complex, which acts as a
major regulator of secondary metabolism (Bayram et al., 2008a; Estiarte et al., 2016; Lind et
al., 2016; Sarikaya-Bayram et al., 2010; Schumacher et al., 2015; Wang et al., 2016)
(FIGURE 2) (see CHAPTER 1.3). The VeA-VelB heterodimer, which forms in the cytoplasm
prior to velvet complex formation, is presumably the main mechanism for VelB to enter the
nucleus as VelB does not exhibit a conserved nuclear localization sequence (NLS) (Bayram et
al., 2008a; Bayram and Braus, 2012; Sarikaya-Bayram et al., 2010). Nuclear import of the
VeA-VelB heterodimer is controlled by the methyltransferases VipC (VeA interacting protein
C) and the VipC associated protein VapB (Sarikaya-Bayram et al., 2014). Both
methyltransferases are recruited by VapA to the plasma membrane and released upon
environmental triggers (Sarikaya-Bayram et al., 2014). The VipC-VapB heterodimer
negatively influences VeA-VelB nuclear entrance after release from the plasma membrane. It
also forms heterotrimeric complexes with VeA in the nucleus. Either VipC-VapB or the
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heterotrimer acts positively on asexual and negatively on sexual development and influences
histone posttranslational modifications (Sarikaya-Bayram et al., 2014, 2015) (FIGURE 2).
VelB was proposed to be an activator of conidiation since a loss of velB results in diminished
conidiophores, whereas an overexpression (OE) leads to increased conidiation (Park et al.,
2012b). VelB exhibits a positive regulation on the biosynthesis of sterigmatocystin, a potent
mycotoxin (Bayram et al., 2008a; Bayram and Braus, 2012; Bryant et al., 2016; Gruber-
Dorninger et al., 2016).
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FIGURE 2: The velvet regulatory network.

The depicted schema summarizes the velvet protein network of A. nidulans. The a-importin
KapA shuttles VeA-VelB into the nucleus. VipC-VapB is released from VapA at the plasma
membrane and negatively regulates VeA-VelB nuclear entry. Both velvet proteins form
several complexes in the nucleus. VeA-VelB recruits LaeA to form the velvet complex, which
activates sexual development and secondary metabolism. VeA forms a heterotrimeric
complex with VipC-VapB. Either this heterotrimer or VipC-VapB act as activator of asexual
and repressor of sexual development and influence histone posttranslational modifications.
VelB forms homodimers and presumably acts positively on asexual development. The VelB-
VosA heterodimer is important for spore viability and trehalose biosynthesis and acts as a
repressor of early asexual development. The function of the VosA-VelC heterodimer is not
clear, but it is proposed to positively regulate sexual development. Positive regulatory
influences are shown in green, negative regulatory influences in red. Adapted from Sarikaya-
Bayram et al., 2014, 2015.
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VelB forms an alternative heterodimer with VosA in the nucleus (Sarikaya-Bayram et al.,
2010) (FIGURE 2). The VelB-VosA heterodimer exhibits a time dependent dual function: it
represses brlA expression during vegetative growth but regulates conidiospore viability and
maturation by activation of wetA (wet-white A) and other genes, which products are important
for conidiospore maturation and trehalose biosynthesis during late asexual growth (Bayram et
al., 2008a; Lee et al., 2016; Ni and Yu, 2007; Park et al., 2012b; Sarikaya-Bayram et al.,
2010) (see CHAPTER 1.5.3).

VelB and VosA, and their homologs, are inter-dependent in promoting spore maturation and
viability (Sarikaya-Bayram et al., 2010; Wang et al., 2014; Webster and Sil, 2008). VosA is
involved in conidiospore quality and virulence of several pathogenic fungi as well (Li et al.,
2015; Wang et al., 2015). VeA and VosA seem to be exchanged as VelB binding partners in
VelB heterodimers, since a deletion of laeA leads to increased VosA-VelB heterodimer
formation (Sarikaya-Bayram et al., 2010).

The role of the fourth velvet protein VelC is a matter of ongoing investigation up to date.
In vitro analyses suggest the formation of a VosA-VelC heterodimer, which was proposed to

positively regulate sexual development (Park et al., 2012a, 2014).

1.3 Secondary metabolism

Filamentous fungi, and especially the Aspergilli, are a reservoir for yet undescribed secondary
metabolites (SMs) (Alberti et al., 2017; Brakhage, 2013; Chen et al., 2016; Despot et al.,
2016). A. nidulans produces several SMs, such as penicillins, sterigmatocystin,
benzaldehydes, emericellamides, orsellinic acid, orcinol and orcinol-related compounds,
diindoles, austinol and dehydroaustinol (Brakhage, 2013; Gerke et al., 2012b; Giles et al.,
2011; Lo et al., 2012; Nahlik et al., 2010; Schroeckh et al., 2009). SM genes often are
organized in clusters in fungal genomes and are controlled by cluster-specific transcription
factors and master regulators, which interconnect developmental programs with SM
biosynthesis (Bok and Keller, 2004; Calvo et al., 2002; Keller et al., 2005). Therefore, SM
biosynthesis is activated by environmental triggers such as light, temperature, pH, nutrient
availability and presence of other organisms and connected to developmental programs
(Bayram et al., 2008a; Brakhage, 2013). Fruit body formation is genetically linked to
secondary metabolism in response to illumination (Busch et al., 2003; Kato et al., 2003; Kim
et al., 2002). Expression of secondary metabolite genes is reoriented during onset of
conidiation (Garzia et al., 2013). SM gene clusters are often silent during laboratory growth
(Gerke and Braus, 2014).
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Bridging factors between developmental programs and secondary metabolism are the velvet
factors. VeA regulates developmental programs together with secondary metabolism in
response to environmental cues (Bayram et al., 2008a, 2008b; Calvo et al., 2004; Duran et al.,
2007; Kato et al., 2003; Li et al., 2006; Myung et al., 2012; Sarikaya-Bayram et al., 2010)
(see CHAPTER 1.2). Deletion of veA leads to a change in secondary metabolite production and
VeA is necessary for sterigmatocystin production (Dreyer et al., 2007; Estiarte et al., 2016;
Kato et al., 2003; Myung et al., 2009). Sterigmatocystin is a potent toxin and in several
Aspergilli the penultimate precursor of aflatoxin, which is related to apoptosis and
disequilibrium between reactive oxygen species (ROS) and ROS defense mechanisms in host
cells of pathogens (Chen et al., 2013; Mughal et al., 2017). This is reflected on transcriptional
level: VeA is necessary for aflR expression, which encodes the major regulator of
sterigmatocystin and penicillin biosynthesis in A. nidulans and is the ortholog of the aflatoxin
regulator from A. flavus and A. parasiticus (Woloshuk et al., 1994; Yu et al., 1996a). A key
element of the VeA-mediated regulation of secondary metabolism and developmental
programs is the velvet complex (VelB-VeA-LaeA) (Bayram et al., 2008a; Bok and Keller,
2004; Cohrs et al., 2016; Martin, 2016; Schumacher et al., 2015) (CHAPTER 1.2). LaeA is a
master regulator of secondary metabolism in fungi and one of the very few SM regulators,
which is conserved (Bok and Keller, 2004; Butchko et al., 2012; Jiang et al., 2016; Liu et al.,
2016; Reyes-Dominguez et al., 2010; Wang et al., 2016; Wu et al., 2012). Secondary
metabolism is silenced in the absence of laeA, whereas its overexpression results in increased
production of several secondary metabolites (Amaike and Keller, 2009; Bok et al., 2006b;
Bok and Keller, 2004; Chettri and Bradshaw, 2016; Jiang et al., 2016; Martin, 2016; Shaaban
et al., 2010). Its role in SM regulation, however, is species specific (Chettri and Bradshaw,
2016; Linde et al., 2016; Liu et al., 2016). Involvement of LaeA and the other velvet complex
members in virulence, probably via activation of mycotoxin production, has been
demonstrated for several pathogenic fungi (Estiarte et al., 2016; Kumar et al., 2016; Lopez-
Diaz et al., 2017) (see CHAPTER 1.2). Further SM master regulators have been identified, such
as the multicluster regulator A (McrA), which represses a number of SM genes, or the
remediator of secondary metabolism (RsmA) (Oakley et al., 2016; Yin et al., 2013). Other
developmental regulators are involved in SM regulation as well, such as the Flb (fluffy low
brlA) factor FIbA or the master transcription factor A (MtfA) (Hicks et al., 1997; Keller et al.,
1994; Lind et al., 2015; Yu et al., 1996a).
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1.4 Vegetative polar growth in A. nidulans

Initially, filamentous fungi form vegetative hyphae, also called mycelia. The filamentous
growth mode allows fungi to adhere to substrates and invade them. Undifferentiated hyphae
elongate by extending their plasma membrane and cell wall with new material from distal
areas in a polarized manner until internal and external stimuli induce developmental programs
(Adams et al., 1998; Herrero-Garcia et al., 2015; Riquelme, 2013). These hyphae form
branched two dimensional networks by fusion via anastomosis tubes (Gabriela Roca et al.,
2005). A prerequisite for polarized hyphal growth is the Spitzenkdrper, located at the center
of the hyphal tip (Fajardo-Somera et al., 2015; Harris, 2009; Schultzhaus et al., 2017; Virag
and Harris, 2006). The Spitzenkdrper is a dynamic center for vesicle organization and supply,
which is required for cell wall and plasma membrane component transport (Schultzhaus et al.,
2017; Virag and Harris, 2006). An important function of the hyphal tip is sensing and
adaption to new environmental stimuli and the Spitzenkdrper might serve as a signaling hub
and protein-recycling center in this context (Harris, 2009; Schultzhaus et al., 2015;
Schultzhaus and Shaw, 2016).

An essential aspect of the vegetative life style is polarity of growth. FIbB and FIbE are
transcription factors that are necessary for hyphal polarized growth and FIbB accumulates at
the hyphal tip (Etxebeste et al., 2008; Garzia et al., 2009, 2010; Herrero-Garcia et al., 2015)
(FIGURE 3).

FIGURE 3: Repressors block conidiation during hyphal growth of A. nidulans.
VosA-VelB heterodimers and NsdD block brlA expression during vegetative growth. SfgA
restricts the FIbB-FIbE heterodimer to apical localizations (apical nuclei) and negatively
influences FIbD and FIbC. FluG starts to accumulate what removes the repressing effect of
SfgA upon the Flb factors. Adapted from Lee et al., 2016.

FIbE forms heterodimers with FIbB and is necessary for the apical FIbB accumulation
(Herrero-Garcia et al., 2015). Subsequently, FIbB migrates to the most apical nucleus, enters
and accumulates in this and subsequent nuclei (Etxebeste et al., 2008, 2009; Garzia et al.,
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2009; Herrero-Garcia et al., 2015) (FIGURE 3). This migration depends on an intact actin
skeleton and is crucial for the gain of competence to induce asexual development (Garzia et
al., 2009; Herrero-Garcia et al., 2015). In the nucleus, FIbB binds to the brlA promoter (Kwon
et al., 2010a) (see CHAPTER 1.5). brlA encodes the master regulator of conidiation and is
repressed by VosA-VelB and NsdD (Adams et al., 1988; Lee et al., 2014, 2016) (FIGURE 3).
The nuclear localization of FIbB is dependent on the conidiation repressor SfgA (suppressor
of fluG A), which restricts FIbB localization to the most apical nuclei in newly formed hyphal
branches (Etxebeste et al., 2008, 2009) (FIGURE 3).

1.5  Asexual development

1.5.1 The conidiophore

Conidiophores are the asexual spore-producing structures in A. nidulans, which consist of
four cell types (the stalk with a vesicle, metulae, phialides and airborne conidiospores) and are
produced after achievement of developmental competence approximately 18 to 20 h post
germination (Axelrod et al., 1973; Mims et al., 1988; Yager et al., 1982) (FIGURE 4).
Conidiophores arise from a thick-walled hyphal foot cell, on which a stalk with a terminal
multinucleated vesicle is produced (Mims et al., 1988). On top of this vesicle, a layer of
uninucleated metulae is formed, which produce two to three spore forming phialides per
metula in a budding-like process (Adams et al., 1998; Fischer, 2002; Garzia et al., 2013;
Mims et al., 1988; Yu, 2010). Repeated mitoses of the phialides ultimately lead to formation
of haploid airborne conidiospores, which are isogenic to the parental organism. Mature
conidia are formed after approximately 15 to 24 h post induction of asexual development in
light (Fischer, 2002; Mooney and Yager, 1990; Yu, 2010) (FIGURE 4).

15-24h
Spore formation —
Conidiospore
10-12h ohisiid
Metulae and Phialides ialide
5_6h Metula
Vesicle formation Vesicle
of €+ Stalk
Oh
Induction == o & —— <4—— Foot cell

FIGURE 4: The conidiophore of A. nidulans.
The formation of a conidiophore over time is shown. Cell nuclei are given in red. Note that
conidiospores and phialides are mononucleated (not shown). Adapted from Yu, 2010.
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Attributes of mature conidiospores are four-layered cell walls, covered by a rodlet layer of
hydrophobins and accumulate trehalose, which is proposed to promote long-time viability
(Bayry et al., 2012; Beever and Dempsey, 1978; d’Enfert and Fontaine, 1997; Ni and Yu,
2007; Sewall et al., 1990a).

Asexual development is induced in response to external (e.g. light, temperature, pH, nutrient
availability) and internal (e.g. metabolites) signals (Oiartzabal-Arano et al., 2016; Rodriguez-
Urra et al., 2012). Transcriptional changes during ongoing development in response to
illumination conditions affect approximately 19% of genes in A. nidulans (Bayram et al.,
2016). Developmentally competent mycelia differentially regulate approximately 5% of their
genes when grown in light for only 30 min, the minimum time required for initiation of
conidiation in A. nidulans, compared to growth in the dark (Mooney and Yager, 1990; Ruger-
Herreros et al., 2011). Several sexual development-related genes are downregulated during
the transition from vegetative to asexual growth. brlA and genes, which products are involved
in conidium differentiation, pigmentation and integrity are upregulated during this process
(Garzia et al., 2013). Around 7% of the genes are differentially expressed after 24 h of growth
in light, compared to vegetative growth (Bayram et al., 2016). Conidiation can be separated
into two phases of genetic differentiation: the early phase where initiation of conidiophore
development occurs due to upstream developmental activators (UDAS) of brlA, and the late
phase, characterized by the central developmental pathway (CDP), which leads to spore
formation and maturation (Etxebeste et al., 2010a; Garzia et al., 2013; Herrero-Garcia et al.,
2015; Oiartzabal-Arano et al., 2015).

1.5.2 Upstream developmental activators induce conidiation after de-repression of brlA
occurred

Premature asexual development is hindered during vegetative growth in A. nidulans by
repression of the major conidiation activator BrlA. This repression is accomplished indirectly
by SfgA and directly by VosA and NsdD (never in sexual development D) (Han et al., 2001;
Lee et al., 2014, 2016; Ni and Yu, 2007; Seo et al., 2006). De-repression occurs in a time
dependent manner. Firstly, FluG (fluffy G) removes the repressive effects of SfgA on
conidiation by accumulation of a small molecular weight marker (Lee and Adams, 1994a; Lee
et al., 2014; Seo et al., 2003, 2006). Secondly, the repressors NsdD and VosA dissociate from
the brlA promoter, allowing the Flb factors to activate brlA expression (Garzia et al., 2010;
Lee et al., 2014, 2016) (FIGURE 5).

11
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VosA is proposed to exhibit this repression as homodimer or heterodimer with VelB and
DNA-binding of VosA as well as the VosA-VelB heterodimer to the brlA promoter was
shown (Ahmed et al., 2013; Park et al., 2012b; Sarikaya-Bayram et al., 2010). Recently, a
direct action upon the brlA promoter has been shown for NsdD as well (Lee et al., 2016). Lee
and co-workers found that a AnsdDAvosA double mutant produces conidiophores as early as
12 h in submerged cultures whereas the WT hardly forms conidiophores under these culture
conditions (Lee et al., 2016). The repression of conidiophore development by NsdD was
observed in A. flavus and A.fumigatus, indicating a similar regulation of conidiation
repression in Aspergilli in general (Lee et al., 2016). Binding of NsdD and VosA to the brlA
promoter together determines full suppression of conidiation (Lee et al., 2016). After removal
of, probably multiple, NsdD(s) and VVosA from the brlA promoter (after approximately 18 h of
vegetative growth), the Flb factors FIbB, FIbD and FIbC bind to the brlA promoter and
activate brlA expression (Etxebeste et al., 2008, 2009; Garzia et al., 2010; Kwon et al., 2010a;
Wieser and Adams, 1995).

The conidiation cascade, or central developmental pathway (CDP), BrlA->AbaA->WetA is
activated by the upstream developmental activators (UDAs) network (Adams et al., 1988,
1998; Yu et al., 2006). These are the products of the flb genes (Adams et al., 1992; Wieser et
al., 1994). The flb genes fIbB, fIbC, floD and fIbE encode transcription factors, which activate
brlA expression (Etxebeste et al., 2008, 2009, Garzia et al., 2009, 2010, Kwon et al., 2010a,
2010b; Wieser and Adams, 1995) (FIGURE 5). Conservation of function has been shown for
several of these genes in other fungi as well (Kwon et al., 2010b; Malapi-Wight et al., 2014;
Matheis et al., 2017; Son et al., 2014; Yao et al., 2016).
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FIGURE 5: The upstream developmental activators induce brlA expression of A. nidulans.
The accumulating FIuG signal represses SfgA. NsdD and VosA-VelB dissociate from the
brlA promoter and allow the Flb factors to activate brlA, which initiates conidiophore
formation. Adapted from Lee et al., 2016.

The UDA genes are already expressed during vegetative growth (Garzia et al., 2013) (see
CHAPTER 1.4). The flb gene products activate brlA in two cascades: the basic-leucine-zipper
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(bZIP) transcription factor FIbB activates the cMyb transcription factor FIbD and, together
with FIbE, which is important for proper FIbB activation (see CHAPTER 1.4), both
transcription factors subsequently induce brlA expression (Etxebeste et al., 2008, 2009,
Garzia et al.,, 2009, 2010; Herrero-Garcia et al., 2015; Wieser and Adams, 1995). A
prerequisite for this activation is the absence of repressive effects of SfgA upon nuclear
localization of the Flb factors (Etxebeste et al., 2009). Deletion of flb genes lead to the
production of increased amounts of aerial hyphae and decreased and delayed conidiation due
to impaired brlA activation, which leads to a fluffy cotton-like phenotype (Adams et al., 1998;
Wieser et al., 1994; Yu et al., 2006). Besides the FIbB/FIbE->FIbD->BrlA cascade, a second
cascade exists: FIbC—>BrlA (Kwon et al., 2010a). flboC encodes a C2H2 transcription factor
that binds to promoter regions of brlA, abaA (abacus A) and vosA, but not of wetA in vitro
(Kwon et al., 2010a; Sewall et al., 1990b). fIbC OE is sufficient to induce brlA, abaA and
vosA expression (but not wetA) independently of FIbB and FIbE (Kwon et al., 2010a).

The RGS (regulator of G-protein signaling) domain protein FIbA functions in an indirect
activation of conidiation. Together with the other Flb factors, FIbA is required for light
dependent activation of brlA and required for response of fluG and flbB to light (Ruger-
Herreros et al., 2011). However, FIbA is involved in normal asexual growth but not
absolutely required for conidiation (Adams et al., 1998; Lee and Adams, 1994b). FIbA
regulates a heterotrimeric G-protein signaling pathway by inactivating FadA (Ga-subunit)
(Yu et al., 1996b). FadA is in its active form guanosine triphosphate (GTP)-bound and
inhibits asexual development and production of the secondary metabolite sterigmatocystin by
transmitting a proliferation supporting signal to its downstream factor PkaA (Hicks et al.,
1997; Kato et al., 2003; Shimizu et al., 2003; Shimizu and Keller, 2001; Yu et al., 1996b).
PkaA inhibits brlA and aflR expression (Shimizu and Keller, 2001; Yu et al., 1996a)
(FIGURE 6).

GTP
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FIGURE 6: FIbA indirectly regulates conidiation of A. nidulans.

FIbA indirectly activates conidiation, proposedly by repression of a G-protein signaling
pathway, which represses development via FadA. Activating effects are shown in green,
repressing effects in red. Adapted from Shimizu et al., 2003.
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1.5.3 The central developmental pathway leads to conidiophore formation

Activation of brlA expression is the key step in the pathway leading to the formation of
conidiospores (Adams et al., 1988). brlA mRNA starts to accumulate during late vegetative
growth at the onset of development after 24 h post germination, peaks at 6 h post asexual
induction and is detectable until 48 h when asexual development is completed (Etxebeste et
al., 2008; Garzia et al., 2009). brlA mRNA accumulation, as well as accumulation of abaA,
flb gene, and fluG transcripts, is light dependent (Mooney and Yager, 1990; Ruger-Herreros et
al., 2011). brlA consists of two overlapping transcripts, brlAa and brlAp (Prade and
Timberlake, 1993). brlAB regulates brlAa expression (Barton and Prade, 2008; Han et al.,
1993). brlA OE leads to spore formation from hyphae in vegetative cultures whereas strains
lacking brlA form aerial hyphae but vesicles, metulae or further cell types are absent (Adams
et al., 1988; Boylan et al., 1987).

The C2H2 zinc finger transcription factor BrlA activates abaA in the mid phase of conidiation
(Adams et al., 1988, 1990; Andrianopoulos and Timberlake, 1994; Boylan et al., 1987).
AbaA is necessary for phialide differentiation (Sewall et al., 1990b). abaA mutants produce
cells with intermittent tumefactions and non-separated conidiospores instead of conidia-chains
(Clutterbuck, 1969). Phialides are absent in these mutants and metula-like cells are formed
instead (Sewall et al., 1990b). brlA as well as the AbaA downstream target wetA are
differentially expressed in AabaA, indicating feedback regulation of the CDP (Boylan et al.,
1987) (FIGURE 7).
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Q Q Conidiation

FIGURE 7: The central developmental pathway exhibits autoregulatory feedback loops in
A. nidulans.

A model of the genetic interactions of the central developmental pathway (CDP) is shown.
The CDP comprises BrlA->AbaA->WetA and exhibits several autoregulatory feedback
loops. VelB-VosA represses brlA expression during vegetative growth and is necessary for
spore viability and trehalose biogenesis during ongoing conidiospore formation and
maturation. Green arrows indicate activating and red lines repressing effects. Dotted lines
indicate proposed interactions. Adapted from Park et al., 2012a; Yu, 2010.
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AbaA, in contrast to BrlA, is not sufficient to induce conidiation as abaA OE does not
produce conidiophores under non-inducing conditions (Mirabito et al., 1989). In both, abaA
OE as well as in AabaA, brlA expression is upregulated (Aguirre, 1993; Kwon et al., 2010g;
Ni and Yu, 2007; Tao and Yu, 2011). wetA, which gene product has self-regulating abilities,
is activated by AbaA in the late phase of conidiation (Adams et al., 1998; Boylan et al., 1987,
Mirabito et al., 1989). WetA is necessary for the synthesis of conidiospore wall components
and stability of mature conidia (Boylan et al., 1987; Clutterbuck, 1969; Marshall and
Timberlake, 1991; Mirabito et al., 1989; Sewall et al., 1990a). wetA mutants form colorless
autolyzing conidia and accumulation of sporulation-specific mMRNAs is absent (Boylan et al.,
1987; Marshall and Timberlake, 1991; Sewall et al., 1990a). wetA OE is not sufficient to
induce brlA or abaA expression but spore-specific mRNAs accumulate (Marshall and
Timberlake, 1991).

Important factors for conidiospore maturation and viability are the velvet proteins VosA and
VelB (Ni and Yu, 2007; Sarikaya-Bayram et al., 2010) (see CHAPTER 1.2). Both are required
for trehalose biogenesis and the activation of genes involved in spore maturation (Ni and Yu,
2007; Sarikaya-Bayram et al., 2010; Wang et al., 2015, 2014). Trehalose is a storage
component and an important factor for conidiospore viability and rapid loss of trehalose is
accompanied by viability loss in conidiospores (Fillinger et al., 2001; Nguyen Van Long et
al., 2017; Ni and Yu, 2007; Novodvorska et al., 2016; Sarikaya-Bayram et al., 2010).
Expression of both, vosA and velB, is activated by AbaA in the late phase of conidiation
(Garzia et al., 2013; Park et al., 2012b) (FIGURE 7). VOsA activates wetA and other genes,
which products are important for the formation of cell wall components and for trehalose
biogenesis, during spore maturation in A. nidulans (Al-Bader et al., 2010; Borgia et al., 1996;
Fillinger et al., 2001; Ni and Yu, 2007). VosA is abundant in phialides, metulae and
conidiospores, but MRNA and protein levels decrease rapidly during vegetative growth after
spore germination (re-establishment of a new colony) (Ni and Yu, 2007). Low levels of VosA
are present in vegetative growth where it represses brlA expression (Ni and Yu, 2007) (see

CHAPTER 1.2).

1.6 Sexual development

A. nidulans forms cleistothecia as closed sexual fruit bodies (FIGURE 1 and 8). The formation
of fruit bodies is coupled to a plethora of environmental and endogenous factors like nutrient
availability, surface contact, oxygen availability, illumination, pheromones or the cellular
redox status (Busch and Braus, 2007; Ugalde and Rodriguez-Urra, 2016). It is an important
15
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process because it opens up the possibility of genetic rearrangement. Two haploid nuclei from
compatible mating partners are fused to a diploid (karyogamy). Since A. nidulans is a
homothallic fungus, this can happen within the same individual (selfing) or involve two
individuals (mating) (see CHAPTER 1.1). Selfing results in offspring genetically identical to
the parent whereas mating results in genetic recombination events (Busch et al., 2007).
Karyogamy is followed by meiosis during which the genome is reduced to a haploid. The
newly formed haploid nuclei are enclosed in new cells during ascosporogenesis, resulting in
the formation of ascospores. The asci are protected by the cleistothecium (ascocarb), which is
surrounded by multi-nucleated Hulle cells. Hille cells differentiate from hyphae forming nest-
like structures around the developing cleistothecium (FIGURE 8). The proposed function of the
Hille cells is the protection and nourishment of the maturating nests (Braus et al., 2002;
Sarikaya-Bayram et al., 2010). Sexual ascospores are released from the cleistothecium after

maturation and are easily transported by water and resistant to it.
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FIGURE 8: Cleistothecium development in A. nidulans.

Development of cleistothecia from nests is schematically depicted (upper part). Ascospores
(dark violet) are formed within asci (closed structures, light violet). The cleistothecium
(violet) is surrounded by Hille cells (yellow). Schematic presentation of important steps in
the transition from vegetative hyphae to cleistothecia and involved genes (lower part).
Adapted from Busch and Braus, 2007.

Cleistothecia represent overwintering structures, which are formed in the soil. Darkness and
limited oxygen supply, and thus increase in carbon dioxide pressure, are two major triggers of

sexual development in A. nidulans (Busch and Braus, 2007; Champe et al., 1994; Pdggeler et
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al., 2006). A number of G-proteins, such as FadA (Ga-subunit), SfdA (GB-subunit) and GpgA
(Gy-subunit) as well as the mitogen-activated protein kinase SakA/HogA, are crucial for
transduction of development inducing signals (Busch and Braus, 2007; Pdggeler et al., 2006).
Several transcription factors are involved in cellular rearrangement processes and
cleistothecia formation, such as SteA, NsdD, StuA, DopA, MedA and CpcA (Busch and
Braus, 2007; Han et al., 2001; Poggeler et al., 2006; Vallim et al., 2000). Except for SteA, the
aforementioned transcription factors are involved in asexual development in A. nidulans as
well (Busby et al., 1996; Dutton et al., 1997; Pascon and Miller, 2000). Phosphorylation
events triggered by the kinase SakA (e.g. of the stress regulator AtfA) are common regulation
mechanisms of growth states, cell cycle arrest and spore dormancy in fungi (Lara-Rojas et al.,
2011).

The ubiquitin-dependent proteasomal protein degradation machinery is necessary for fruit
body formation. Defects in the COP9 signalosome, which acts as a negative regulator for
ubiquitin ligases that mark specific proteins for proteasomal degradation, lead to a block of
sexual development at the stage of primordia (Beckmann et al., 2015; Busch et al., 2007;
Busch and Braus, 2007; Meister et al., 2016). Also deletions of particular F-box proteins,
which act as substrate-specifying subunits of cullin ring ubiquitin ligases (CRL), such as
Fbx15, Fbx23 and GrrA result in either blocked (Fbx15, GrrA) or constitutive (Fbx23) sexual
development (Krappmann et al., 2006a; von Zeska Kress et al., 2012).

Significant transcriptomic changes occur during sexual development in A. nidulans (Bayram
et al., 2016). Genes involved in cell wall biogenesis, like the chitin synthase encoding chsC,
are differentially regulated during these processes (Busch and Braus, 2007). Most specifically
upregulated genes during sexual development are found after 72 h in contrast to asexual
development, where induction of genes peaked at late developmental stage after 48 h (Bayram
et al., 2016). At this time point, sexual development is not yet finished and ascosporogenesis
is in progress (FIGURE 8). These changes do not only comprise cell structure specific gene
expressions. Also primary metabolism is altered to efficiently utilize accumulated nutrients to

nurture developing cleistothecia (Bayram et al., 2016; Busch and Braus, 2007).

1.7  Oxidative stress defense: survival mechanism in fungi

1.7.1 Enzymatic response to oxidative stress
Organisms produce reactive oxygen species (ROS) as by-products of aerobic respiration and
other metabolic functions due to oxygen excitation, partial reduction and radical and peroxide
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formation (Aguirre et al., 2005). ROS are used as intracellular signaling molecules as well as
for inter-species communication, for example in symbioses and in pathogenic processes
(Marschall and Tudzynski, 2016; Nath et al., 2016; Zhang et al., 2016). The production of
ROS, and thus oxidative stress during development can actively be regulated in fungi
(Poggeler et al., 2006). ROS are produced as defense mechanism by host immune systems of
animals and their counterparts in plants (Camejo et al., 2016; Moye-Rowley, 2003). ROS can
damage all kinds of biomolecules like nucleotides, proteins and lipids (Breitenbach et al.,
2015; Sato et al., 2009). Therefore, fast and potent mechanisms to counteract ROS stress are
crucial for fungal fitness and success.

ROS are detoxified by enzymatic mechanisms and redox systems, which provide reducing
power (Aguirre et al., 2005; Matsuzawa, 2017). Several enzymes, such as superoxide
dismutases and catalases are involved in the oxidative stress response (OSR). At least five
catalases exist in A. nidulans: catalases A-D and the uncharacterized AN8553 gene product
(Bayram et al., 2016; Kawasaki et al., 1997; Kawasaki and Aguirre, 2001; Navarro et al.,
1996). Deletion of catA, catB and catC, as well as double and triple deletions did not have
developmental influences in A. nidulans (Kawasaki et al., 1997; Kawasaki and Aguirre,
2001). CatA is preferentially found in conidiospores, whereas CatB is a hyphal catalase and
both protect against external as well as internal H,O, (Kawasaki et al., 1997; Navarro et al.,
1996). CatC is proposed to act on very specific stress situations since expression of catC is
not induced during oxidative or osmotic stress and only slightly upregulated by heat shock
stress (Kawasaki and Aguirre, 2001). The catalase-peroxidase CatD functions as a H,0,
scavenger and during heat stress only in old mycelia (24 h and thereafter) (Kawasaki and
Aguirre, 2001).

1.7.2 Thioredoxin and glutathione system

Besides the enzymatic OSR proteins, several oxidative stress defense systems have evolved.
Key mechanisms in the OSR are the thioredoxin and the glutathione system (Aguirre et al.,
2005; Bakti et al., 2017; Carmel-Harel and Storz, 2000; Sato et al., 2009; Thon et al., 2007).
The main cellular oxidative stress defense system is the glutathione system, a redox-buffer
system (Bakti et al., 2017; Breitenbach et al., 2015). Glutathione peroxidase, for which
glutathione functions as electron donor, specifically reduces H,O, to H,O (Breitenbach et al.,
2015; Meister and Anderson, 1983; Sato et al., 2009). The glutathione system exhibits
interplay with a second redox system, the thioredoxin system (Sato et al., 2009; Thon et al.,
2007). Thioredoxins are small, omnipresent proteins of 12 to 13 kDa, which function as
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oxidoreductases. They act as electron donors for thioredoxin peroxidases, similarly to
glutathione (Sato et al., 2009; Thon et al., 2007). Glutathione and thioredoxin are reduced by
their specific reductases, which use NADPH as electron donor, after the oxidation processes
(Breitenbach et al., 2015; Sato et al., 2009; Thon et al., 2007)

1.7.3 Transcription factors involved in the oxidative stress response

Rapid transcriptional regulation events are important for the fungal defense against ROS
stress. The OSR is mainly regulated by nuclear localization control of specific transcription
factors and their protein phosphorylation (Moye-Rowley, 2003). Several examples of fungal
transcription factors are known, where nuclear localization is regulated by oxidative stress (da
Silva Dantas et al., 2015; Glover-Cutter et al., 2014; Jin et al., 2015; Morano et al., 2012,
Moye-Rowley, 2003). Yapl from Saccharomyces cerevisiae, which corresponds to NapA of
A. nidulans, is required for expression of thioredoxin TRX2 and involved in the regulation of
the glutathione biosynthesis (Asano et al., 2007; Kuge and Jones, 1994; Moye-Rowley, 2003;
Wu and Moye-Rowley, 1994). Transcriptional regulation by Yapl in the OSR is regulated via
an exportin: Yapl enters the nucleus in unstressed situation but is rapidly shuttled out again,
whereas oxidative stress leads to a nuclear Yapl accumulation and subsequent transcriptional
regulation of target genes (Isoyama et al., 2001). Localization of its homologs from other
yeasts is controlled in an oxidant-responsive manner as well (Moye-Rowley, 2003). Skn7 is,
together with Yap1l, required for oxidative stress tolerance (Moye-Rowley, 2003). Yapl and
Skn7 are interdependent and likely function in the same OSR pathway via activation of TRX2
(thioredoxin) expression (Krems et al., 1996; Morgan et al., 1997). NapA (A. nidulans AP-1
homolog A) is the Yapl ortholog in A. nidulans. It is important for the stress-mediated
activation of several genes of the OSR, such as catB, trxR and trxA in A. nidulans. Strains,
which lost napA are not able to grow on medium supplemented with oxidative stress inducers
(Asano et al., 2007). Several transcription factors are activated by mitogen-activated protein
kinase (MAPK) phosphorylation cascades upon oxidative stress, such as Atfl of
Schizosaccharomyces pombe or its homolog in A. nidulans, AtfA (Hagiwara et al., 2008;
Lara-Rojas et al., 2011; Shiozaki and Russelp, 1996). Deletion of the gene encoding the
MAPK SakA, which interacts with AtfA, leads to increased sensitivity of conidiospores to
oxidative stress and decreased spore viability in A. nidulans (Kawasaki et al., 2002; Lara-
Rojas et al., 2011).

Another fungal mechanism in response to stresses is the adjustment of the cellular protein
composition. Target proteins are labeled for degradation by multi-subunit SCF Cullin RING
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ligases, which employ F-box proteins as substrate specific adaptors (Johnk et al., 2016; Yu,
2010). The F-box protein Fbx15 in A. fumigatus is necessary to shuttle SsnF into the nucleus
in response to oxidative stress (Johnk et al., 2016). SsnF is a subunit of the transcriptional co-
repressor complex RcoA-SsnF and mislocalization of SsnF in Afbx15 correlates with an
upregulation of catB (Johnk et al., 2016). In S. cerevisiae, the corresponding Ssn6-Tupl co-
repressor complex coordinates the expression of three to five percent of the whole genome
and is involved in mating, nutrient sensing, DNA-damage repair and stress response (Derisi et
al., 1997; Parnell and Stillman, 2011).

1.8 Zinc cluster proteins: a fungal specific type of transcription factors
Transcriptional control of genes is of importance for organisms in order to cope with
changing environments and internal constitution. Cells possess a variety of regulatory proteins
for these purposes. Amongst them the group of zinc binding proteins represents the largest
group of transcription factors in eukaryotes. This group is divided into three subgroups:
Cys;His; (C2H2), Cys, (C4) and Cysg (C6). The last one, also called zinc cluster proteins, is
primarily present in fungi (with few exceptions in other microorganisms) and is not found in
bacteria, plants or animals (MacPherson et al., 2006; Scazzocchio, 2014; Schjerling and
Holmberg, 1996). C6 proteins are mainly involved in the regulation of either i) carbon and
nitrogen metabolism, ii) secondary metabolism or iii) asexual or sexual development (Chang
and Ehrlich, 2013). A number of C6 proteins are involved in virulence and pathogenicity in
several fungi, such as A. fumigatus and Candida albicans (Bok et al., 2006a; Boyce et al.,
2015; Dufresne et al., 2000; Issi et al., 2017; Lu et al., 2014; Rybak et al., 2017; Vandeputte
et al., 2011). DNA-target sequence specificity of C6 proteins is given by a unique linker
region between the zinc fingers and, in many cases, a dimerization domain, which together
constitute the DNA binding domain (DBD) (Johnston and Dover, 1987; MacPherson et al.,
2006; Mamane et al., 1998; Reece and Ptashne, 1993). The DBD (C6) domain is often located
near the N-terminus of proteins, but C-terminal localization has been shown as well
(MacPherson et al., 2006). C6 proteins contain in many cases a region of weak similarity that
follows the C6 domain. This region was designated the middle homology region (MHR) since
it is framed by the C6 domain and the regulation domain at the C-terminus of the protein,
which is in most cases an acidic activation domain forming a negatively charged area
(Schjerling and Holmberg, 1996) (FIGURE 9). C6 proteins are known to be able to form
homodimers and heterodimers with other zinc cluster proteins, as well as with non-zinc
cluster proteins (Akache et al., 2004; Amar et al., 2000; Karpichev et al., 1997; Karpichev
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and Small, 1998; Mamnun et al., 2002; Rottensteiner et al., 1997) (FIGURE 9). These
monomers or dimers bind short DNA recognition sequences of inverted, everted or direct
repeats (MacPherson et al., 2006). Self-regulation via feedback loops was found for several
C6 proteins (Delahodde et al., 1995; Hiesinger et al., 2001; Hon et al., 2005; Larochelle et al.,
2006; Rottensteiner et al., 1997; Zhang et al., 2001).
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FIGURE 9: C6 proteins are fugal-specific DNA-binding proteins.

The upper part depicts a model of the functional parts of a typical C6 protein. The DNA-
binding domain (DBD) comprises the zinc cluster (Zn), a linker region and the dimerization
domain. The middle homology region (MHR) is framed by the DBD and the acidic activation
region. A model of protein-DNA interactions exhibited by C6 proteins is depicted in the lower
part. C6 proteins typically bind short DNA sequences with inverted, everted or repeated
orientation as monomers, homo- and heterodimers. Adapted from MacPherson et al., 2006.

Transcription factors need to be localized in the nucleus in order to fulfill their task of
regulating gene expression. C6 proteins can be divided into two groups with respect to their
localization: i) proteins, which are permanently localized in the nucleus and ii) proteins,
which are localized in the cytoplasm and shuttled into the nucleus upon their activation signal
(MacPherson et al., 2006). For the former group it is postulated that its members are activated
by target molecules or metabolic intermediates and constitutive promoter binding has been
shown for a number of C6 proteins (Flynn and Reece, 1999; Harbison et al., 2004;
Kirkpatrick and Schimmel, 1995; MacPherson et al., 2006; Sellick and Reece, 2003, 2005).

The second group needs to be transported into the nucleus with the help of importers. Several
different and redundant import strategies have been shown for C6 proteins (Hasper et al.,
2004; MacPherson et al., 2006; Nikolaev et al., 2003). A general import strategy is not known
for C6 proteins (MacPherson et al., 2006). Protein transport into the nucleus takes place by
the binding of the o/f importin heterodimer to nuclear localization sequences (NLS) of the

respective cargo protein and the import of the complex into the nucleus through nuclear pores
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(Beck and Hurt, 2017; Garcia et al., 2016; Gorlich et al., 1995; Kohler et al., 1999; Lim et al.,
2015; Miyamoto et al., 2016; Nakielny and Dreyfuss, 1999; Schwartz, 2016). The NLS in C6
proteins can be localized within as well as outside of the C6 domain.

1.9  Aspergillus fumigatus — a pathogenic mold

1.9.1 A fumigatus as soil borne fungus with pathogenic potential

A. fumigatus represents an opportunistic pathogenic member of the genus Aspergillus. Like
A. nidulans, it is a soil borne fungus, which lives on decaying biological material and plays an
important role in the natural recycling of carbon and nitrogen sources (Adav et al., 2015;
Brakhage and Langfelder, 2002; Flipphi et al., 2009; Wang et al., 2012). Its versatile
metabolism is one factor, besides other factors, like high thermotolerance, oxidative stress
resistance, mycotoxin production, that renders A. fumigatus a potent pathogen (Krappmann
and Braus, 2005). The saprophytic mold exhibits high genetic diversity, accompanied by high
adaptability to changing environmental conditions (Debeaupuis et al., 1997; Verweij et al.,
2016b). Its increasing resistance towards widely used fungicides renders it a serious health
treat in industrialized countries (Verweij et al., 2016a, 2016b). A. fumigatus is the second
most common agent of fungal infections in humans after Candida albicans (Kaur and Singh,
2013). Immunocompetent individuals rarely encounter problems by inhaling of spores due to
an efficient innate immune response. In immunocompromised patients, however, A. fumigatus
spores can evoke life threatening infections with high mortality rates of up to 90% (Dagenais
and Keller, 2009; Denning, 1998; Kousha et al., 2011; Lamoth et al., 2016; Latgé, 1999;
Wasylnka and Moore, 2003).

1.9.2 Developmental programs of A. fumigatus

Asexual development in A. fumigatus is similar to A. nidulans. The conidiophore in
A. fumigatus resembles the characteristics of the A. nidulans conidiophore in organization,
except for the missing layer of metulae (Brakhage and Langfelder, 2002; Tao and Yu, 2011,
Yu, 2010) (FIGURE 10). Conidiospores of this opportunistic pathogenic mold are considerably
smaller compared to A. nidulans, what contributes to their virulence since they easily reach
the lung alveoli after inhalation (Dagenais and Keller, 2009; Kaur and Singh, 2013; Yu,
2010). They are resistant to various stresses and stress defense mechanisms are extensively
studied (Hagiwara et al., 2008; Johnk et al., 2016; Kwon-Chung and Sugui, 2009; Muszkieta
et al., 2016).
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FIGURE 10: Comparison of conidiophores of A. nidulans and A. fumigatus.

Schematic comparison of conidiophores from A. nidulans and A. fumigatus is shown. The
organization is similar in both fungi, but the conidiophores of A. fumigatus lack metulae. Cell
nuclei are shown in red. Note that nuclei of the mononucleated conidiospores and phialides
are not shown. Adapted from Yu, 2010.

A. fumigatus is, in contrast to A. nidulans, a heterothallic fungus. For long, A. fumigatus was
designated a member of the fungi imperfecti (Deuteromycota), which do not possess a sexual
reproductive cycle or for which such a cycle has not been discovered (Geiser et al., 1996).
The fungus possess all genetic requirements for a sexual life cycle (Galagan et al., 2005;
Nierman et al., 2005). In 2009, sexual development could be shown for A.fumigatus
(O’Gorman et al., 2009). The process of sexual propagation requires specific temperature,
media and extended periods of time (up to six months) (O’Gorman et al., 2009). As for many
other pathogenic fungi, the sexual life cycle remains a rare event in A. fumigatus and asexual
propagation is favored (Dyer and O’Gorman, 2012; Ene and Bennett, 2014).

Corresponding OSR genes from A. nidulans are present in A. fumigatus as well, such as trxR
(trrl in A. fumigatus), catA, catB and catD (catA, 1, 2) to name but a few (Abadio et al.,
2011; Calera et al., 1997; Paris et al., 2003). Moreover, conidiospores and hyphae of
A. fumigatus are resistant to high temperatures of up to 75°C and 55°C, respectively
(McCormick et al., 2010; Perez-Nadales et al., 2014; Sueiro-Olivares et al., 2015).

1.9.3 The central developmental pathway is conserved in A. fumigatus

Similarly to A. nidulans, BrlA of A. fumigatus is a necessary developmental activator, which
function is conserved among both species (Mah and Yu, 2006; Tao and Yu, 2011). wetA and
abaA expression are dependent on BrlA in this fungus as well (Tao and Yu, 2011). AbaA
function is conserved among A. nidulans and A. fumigatus as AbaA is involved in phialide
differentiation and activation of wetA expression in both fungi (Tao and Yu, 2011). WetA is
involved in cell wall biogenesis of conidiospores and is necessary for trehalose biogenesis,

spore viability and integrity and stress tolerance (Tao and Yu, 2011). An A. fumigatus AwetA
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mutant produces colorless conidia with imperfect separation and drastically reduced viability
(Tao and Yu, 2011). During vegetative growth, hyphal branching is reduced in AwetA,
comparable to the situation in A. nidulans (Tao and Yu, 2011). In both, AabaA and AwetA,
brlA expression is upregulated, indicating negative feedback regulatory circuits (Tao and Yu,
2011). This shows that the conidiation cascade BrlA->AbaA->WetA is conserved between
A. nidulans and A. fumigatus and plays a key role in both fungi. Nevertheless, regulatory
details are distinctly different, especially with respect to autoregulation and feedback loops
(Park et al., 2012a; Shin et al., 2015; Tao and Yu, 2011; Yu, 2010).

1.9.4 Differences of upstream developmental activator functions between A. nidulans
and A. fumigatus

FIuG is necessary for conidiation in A. nidulans (see CHAPTER 1.5). In contrast, FIuG is not
required for the activation of conidiation in A. fumigatus, as AfluG mutants conidiate like the
WT during asexual development (Mah and Yu, 2006). A. fumigatus is able to sporulate in
liquid cultures, where development is blocked in A. nidulans and only vegetative growth
occurs. Though, sporulation under submerged conditions in A. fumigatus is dependent on
FIuG (Mah and Yu, 2006). Hence, existence of more than one conidiation pathway has been
hypothesized in this fungus (Mah and Yu, 2006; Yu, 2010). FIbE is proposedly conserved
among Aspergilli, as fIbE of A. fumigatus fully complements the loss of flbE in A. nidulans
(Kwon et al., 2010b). A loss of flbB in A. fumigatus leads to decreased conidiation and
delayed expression of brlA and abaA, but not of wetA and vosA (Xiao et al., 2010). FIbB
functions in the early phase of conidiation, comparable to the situation in A. nidulans (see
CHAPTER 1.5). Production of the SM gliotoxin, a potent mycotoxin with antioxidant function,
is absent in AflbB (Choi et al., 2007; Owens et al., 2014; Xiao et al., 2010). This phenotype
could not be fully restored by introduction of flbB from A. nidulans into A. fumigatus AflbB
(Xiao et al., 2010). This is due to the fact that A. nidulans flbB encodes one transcript,
whereas flbB produces two transcripts in A. fumigatus (Etxebeste et al., 2008; Xiao et al.,
2010). Two FIbB polypeptides are present in A. fumigatus, which are both important for
gliotoxin biosynthesis and morphological development (Xiao et al., 2010). Furthermore, flbE
and brlA are involved in the regulation of gliotoxin production (Xiao et al., 2010). floD
MRNA only accumulates if products of both, flbB and fIbE are present, indicating a similar
genetic dependency as found in A. nidulans (Garzia et al., 2009, 2010; Xiao et al., 2010) (see
CHAPTER 1.5). In contrast to A. nidulans, where FIbB and FIbE are interdependent and form a
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complex, both factors are independently expressed in A. fumigatus (Garzia et al., 2009;
Herrero-Garcia et al., 2015; Mah and Yu, 2006).

1.9.5 Velvet factor control of secondary metabolism and development

The four velvet proteins, crucial developmental and SM regulators (see CHAPTER 1.2) are
conserved in A. fumigatus (Park et al., 2012a). Genomic and metabolomic analyses have
revealed that A.fumigatus supposedly is able to produce several hundred secondary
metabolites (Dolan et al., 2015; Frisvad et al., 2009; Frisvad and Larsen, 2016; Lind et al.,
2015). VeA and LaeA play important roles in the regulation of gliotoxin production, a potent
mycotoxin, and couple SM production to virulence (Dagenais et al., 2010; Dhingra et al.,
2013; Perrin et al., 2007). Similar to the situation in A. nidulans, VeA represses brlA
expression in A. fumigatus (Park et al., 2012a). VelB represses brlA in A. fumigatus as well,
which is in contrast to the situation in A. nidulans, where VelB is hypothesized to positively
regulate brlA expression (Park et al., 2012a). A loss of veA and velB, but not of velC, leads to
conidiophore formation in submerged cultures in conidiation-suppressing media, whereas
AvosA forms vesicle-like structures under these conditions and accumulates brlA mRNA after
24 h of vegetative growth (Park et al., 2012a). Moreover, VosA and VelB are involved in
trehalose biogenesis, as respective mutants showed decreased trehalose content of spores and
decreased spore viability, indicating conservation of their general necessity for trehalose
biogenesis (Park et al., 2012a). In contrast, trehalose is abolished in corresponding mutants in
A. nidulans (Ni and Yu, 2007; Sarikaya-Bayram et al., 2010). VeA is besides VelB and VosA
an important regulators of conidiosporogenesis and involved in the regulation of stress
resistance of conidiospores in A. fumigatus (Shin et al., 2016). These findings show that
several developmental genes from A. nidulans are involved in virulence and secondary
metabolite regulation in A. fumigatus and distinct reprogramming of the genetic machinery

occurred after species differentiation.

1.10 Aim of this study

The aim of this study was to analyze the regulatory level downstream of the VosA control of
transcription. Therefore, a VosA controlled transcription factor (ZtfA) was analyzed in more
detail. Velvet regulators bridge developmental programs and secondary metabolism in
filamentous fungi. VosA binds to promoter sequences of approximately 1500 genes but the

vast majority of these targets is uncharacterized, amongst them the ztfA gene (Ahmed et al.,
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2013). ztfA corresponds to A. niger scl-2 (sclerotia-like 2) (A.F.J. Ram, personal
communication). scl-2 was originally described by Jargensen and collaborators, who aimed at
increasing secondary metabolite production in the industrial fungus A. niger (Jgrgensen et al.,
2011). The A. niger scl-2 mutant exhibits diminished asexual sporulation and the formation of
sclerotia-like structures, which are thought to correspond to cleistothecia in A. nidulans and
are rarely produced in the laboratory (Frisvad et al., 2014; Jargensen et al., 2011). Besides its
developmental phenotype, the scl-2 mutant displays severe impairment in SM production.
However, no further genetic analyses of this mutant or any putative ortholog among other
fungi have been conducted so far.

The ztfA gene product exhibits a C6 domain as the only obvious protein domain and was
therefore denominated Zinc cluster transcription factor A (ZtfA). Genetic relationships
between the velvet proteins and ZtfA are investigated in the present study. The regulatory
influences of ZtfA upon the conidiation pathways are examined through phenotypical and
transcriptional analyses in detail in A. nidulans. Involvement of ZtfA in the regulation of
secondary metabolite biosynthesis is analyzed as well. An investigation of SM production and
its transcriptional regulation reveals further connections between developmental programs and
secondary metabolism in A. nidulans. Oxidative stress response is often coupled to secondary
metabolism and hence is investigated in addition.

A functional conversion of developmental to virulence regulators between non-pathogenic
and pathogenic fungi is common and a possible role of the respective ortholog in
pathogenicity of A. fumigatus is investigated. The examination of its involvement in important
determinants for pathogenicity as well as virulence in an invertebrate model gives further
insights into the aforementioned functional conversion of regulators between genetic and

pathogenic model fungi.
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2. Materials and methods

2.1 Chemicals and materials

Buffers, solutions and media were prepared with chemicals purchased from the companies
APPLICHEM GMBH (Darmstadt, Germany), BD BiosCIENCES (Heidelberg, Germany), CARL
RoTH GMBH & Co. KG (Karlsruhe, Germany), FLUKA (Neu-Ulm, Germany), INVITROGEN
(Carlsbad, CA, USA), MERck KGAA (Darmstadt, Germany), BiozyME ScCIENTIFIC GMBH
(Hessisch Oldendorf, Germany), RocHE DIAGNOSTICS GMBH (Mannheim, Germany), SIGMA-
ALDRICH CHEMIE GMBH (Munich, Germany), SERVA ELECTROPHORESIS GMBH (Heidelberg,
Germany), OxoIb DEUTSCHLAND GMBH (Wesel, Germany).

Plastic consumables, such as pipet tips, reaction tubes, inoculation loops etc., were purchased
from SARSTEDT AG & Co. (Numbrecht, Germany), STARLAB GMBH (Hamburg, Germany) and
NERBE PLUS GMBH (Winsen/Luhe, Germany).

Polymerases and restriction enzymes were obtained from THERMO FISHER SCIENTIFIC
(Schwerte, Germany), trypsin was purchased from SERVA ELECTROPHORESIS GMBH
(Heidelberg, Germany). Primers were obtained from EUROFINS GENOMICS GMBH (Ebersberg,
Germany). The GeneRuler 1kb DNA ladder and the PageRuler™ Prestained Protein Ladder
(THERMO FISHER SCIENTIFIC) were used for DNA and protein on-gel band size determination.
Filtropur filters with a pore size of 0.2 and 0.45 pm for small-scale sterile filtration of
chemicals were purchased from SARSTEDT. Ampicillin (RoTH), pyrithiamine hydrobromide
(SiIGMA-ALDRICH), clonNAT nourseothricin dihydrogen sulfate from WERNER BIOAGENTS
(Jena, Germany) and phleomycin (INVIVOGEN) were used for selection of microorganisms.
DNA- and protein amounts were measured with a NanoDrop ND-1000 photospectrometer
from PEQLAB BloTECHNOLOGIE GMBH (Erlangen, Germany). Agarose gel electrophoresis was
performed with Mini-Sub® Cell GT chambers and the PowerPac™ 300 power supply and
SDS-polyacrylamide gel electrophoresis and EMSAs were performed with the Mini-Protean®
Tetra Cell, Mini Trans-Blot® Electrophoretic Cell and powered with the PowerPac™ 3000
from Bl10-RAD LABORATORIES (Hercules, CA, USA). Proteins were transferred from SDS-
polyacrylamide gels onto Amersham™ Protran™ 0.45 pm NC nitrocellulose blotting
membranes and DNA was blotted to Amersham™ Hybond-N™ nylon membranes from GE
HEALTHCARE (Little Chalfont, United Kingdom). Chemiluminescence was detected either by
utilization of Amersham™ Hyperfilm™-ECL from GE Healthcare, which were exposed with
the Optimax X-ray Film Processor from PROTEC GMBH & Co. KG (Oberstenfeld, Germany),

or by exposure of the membranes with the Fusion SL chemiluminescence detector from
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PEQLAB. For centrifugation of 1.5 and 2 ml reaction tubes, Biofuge fresco (cooled) and
Biofuge pico centrifuges from HERAEUS INSTRUMENTS GMBH (Hanau, Germany) were used.
For centrifugation of 10, 15 and 50 ml centrifuge tubes Rotixa/RP from ANDREAS HETTICH
GMBH & Co. KG (Tuttlingen, Germany), 5804R from EPPENDORF AG (Hamburg, Germany)
and 4K15C from SIGMA LABORZENTRIFUGEN GMBH (Osterode am Harz, Germany) were
used. For pH determination a WTW bench pH/mV Routine meter pH 526 (SIGMA-ALDRICH)
was used.

Further materials, instrumentations and suppliers are indicated in the subsequent chapters.

2.2  Media and growth conditions

Chemicals for media preparation were dissolved in dH,O and sterilized by autoclavation at
121°C for 20 min at two bar. Thermally unstable supplementations were dissolved in dH,O
and sterile filtered.

2.2.1 Bacterial growth

Escherichia coli strains DH5a™ (Hanahan, 1985), DH10B™ (Lorow and Jessee, 1990) and
One Shot® TOP10 (INVITROGEN) were used for construction and amplification of recombinant
plasmids. Genotypes of these strains are given in TABLE 1. E. coli strains were cultivated in
lysogeny broth (LB) (Bertani, 1951) medium (1% (w/v) tryptone, 0.5% (w/v) yeast extract,
1% (w/v) NaCl) on a rotary shaker at 37°C. Ampicillin was used as selective agent in a
concentration of 100 mg/ml. Solid medium was prepared by supplementation with 2% (w/v)

agar.

TABLE 1: E. coli strains used in this study.

Strain name Genotype

DH5a™ F-, A(argF-lac)169, ¢80dlacZAM15, AphoA8, gInX44(AS), A-, deoR481, rfbC1,
gyrA96(NalR), recAl, endAl, thiEl, sdR17

DH10B™ F- mcrA A(mrr-hsdRMS-mcrBC), ¢80dlacZAM15, AlacX74, deoR, recAl, araD139,

A(ara, leu)7697, galU, galK, rpsL, endAl, nupG
One Shot® TOP10  F- mcrA, A( mrr-hsdRMS-mcrBC), ¢80dlacZAM15, AlacX74, recAl, araD139,
A(araleu)7697, galU, galK, rpsL (StrR), ndAl nupG

2.2.2 Fungal growth

The A. nidulans veA" strain AGB 551 (Bayram et al., 2012) was used as wildtype (WT) host
for A. nidulans strains constructed in this study. A. fumigatus strain AfS35 (Krappmann et al.,
2006b) was used as host for A. fumigatus strains constructed in this study.
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A. nidulans and A. fumigatus strains were grown in minimal medium (MM) (1% (w/v)
glucose, 7 mM KCI, 2 mM MgSO4, 70 mM NaNOgs, 11.2 mM KH,PO4, 0.1% (v/v) trace
element solution pH 5.5 (Kafer, 1977)). London medium (LM) (1% (w/v) glucose, 7 mM
KCI, 2 mM MgSO4, 5 mM (NH4),C4H406, 11.2 mM KH,PO4, 0.1% (v/v) trace element
solution pH 5.5 (Kafer, 1977)) was used to prevent expression of ztfA OE driven by "niaD.
2% (w/v) agar was added for solid MM plates. Aspergilli were grown at 37°C in baffled
flasks under shaking conditions on a rotary shaker for vegetative growth for 24 h, or for
shorter time periods when indicated. A. nidulans strains were grown on solid MM plates
under constant white light for two to four days (d), or longer where indicated, to induce
asexual development. Sexual development was induced by growing fungal strains in the dark
for up to 7 d on solid MM plates, which were tightly sealed with Parafilm® M (MEeRck) to
prevent oxygen supply.

A. fumigatus strains were grown in the presence of oxygen but without illumination. Strains
were grown for 24 h in submerged cultures for synchronized growth. After this, mycelia were
harvested and washed through sterile Calbiochem Miracloth filters (MERCK) and subsequently
shifted onto solid MM plates (Fischer, 2002). Tests including the ztfA OE were carried out on
MM supplemented with 10 pg/ml doxycycline to induce ztfA expression (Helmschrott et al.,
2013).

Conidiospores were harvested in 0.96% (w/v) NaCl with 0.002% (v/v) Tween-80 (SIGMA-

ALDRICH) and stored at 4°C.

TABLE 2: Fungal strains used in this study.

= promoter, phleo® = phleomycin resistance (non-recyclable), p.c. = personal
communication. A. nidulans strains are denominated AGB or FGSC, A. fumigatus strains are
denominated ACS, AfS or AfGB.

Strain name Genotype Reference

FGSC A4 veA” McCluskey et al., 2010
AGB551 AnkuA::argB, pyrG89, pyroA4, veA" Bayram et al., 2012
AGB596 PgpdA::sgfp-phleo™; pabaAl, yA2, veA* Bayram et al., 2012
AGB1007 AnkuA::argB, pyrG89, pyroA4, veA®, AztfA::six This study
AGB1008 AnkuA::argB, pyrG89, pyroA4, veA", six::"niaD::ztfA This study
AGB1009 AnkuA::argB, pyrG89, pyroA4, veA", ztfA::sgfp::six This study
AGB1010 AnkuA::argB, pyrG89, pyroA4, veA®, sgfp::ztfA::six This study
AGB1011 AnkuA::argB, pyrG89, pyroA4, veA®, ztfA::six This study
AGB1012 AGB1009, transformed with pME3173 This study
AGB1013 AGB1010, transformed with pME3173 This study
AGB1014 AGB551, transformed with pME3173 This study
AGB1015 AnkuA::argB, pyrG89, pyroA4, veA”, This study
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AGB1016
AGB1017
AGB1018

AGB1019
AGB1020

AGB1022
AGB1023
AGB1024

AGB1025
AGB1026

AGB1028
AGB1029
AGB1031
AGB1032
AGB1033

AGB1035
AGB1036
AGB1037

AGB1039
AGB1040
AGB1041

AGB1043
AGB1044
AGB1045

AGB1047
AGB1048
AGB1049

AGB1051

AGB1052
AGB1053

AGB1054

AGB1055
AGB1056
AGB1057
AGB1058
AGB1059

AGB1062
AGB1063
AGB1064

PthA: :thAS327A,T464A,8504»506A: “Six

AnKuA::argB, pyrG89, pyroA4, veA", AfluG::six
AnkuA::argB, pyrG89, pyroA4, veA’, AfluG::six, AztfA::six
AnkuA::argB, pyrG89, pyroA4, veA’, AfluG::six,
six::PniaD::ztfA

AnkuA::argB, pyrG89, pyroA4, veA*, six::"niiA::fluG
AnkuA::argB, pyrG89, pyroA4, veA®, AztfA::six,
six::PniiA:fluG

AnkuA::argB, pyrG89, pyroA4, veA®, AafIR::six
AnkuA::argB, pyrG89, pyroA4, veA’, AaflR::six, AztfA::six
AnkuA::argB, pyrG89, pyroA4, veA®, AaflR::six,
six::PniaD::ztfA

AnkuA::argB, pyrG89, pyroA4, veA®, six:: niiA::afIR
AnkuA::argB, pyrG89, pyroA4, veA®, AztfA::six,
six::PniiA::afIR

AnkuA::argB, pyrG89, pyroA4, veA®, AabaA::six
AnkuA::argB, pyrG89, pyroA4, veA®, AabaA::six, AztfA::six
AnkuA::argB, pyrG89, pyroA4, veA®, AbrlA::six
AnkuA::argB, pyrG89, pyroA4, veA®, AbrlA::six, AztfA::six
AnkuA::argB, pyrG89, pyroA4, veA*, AbrlA::six,
six::PniaD::ztfA

AnkuA::argB, pyrG89, pyroA4, veA®, AflbB::six
AnkuA::argB, pyrG89, pyroA4, veA®, AflbB::six, AztfA::six
AnkuA::argB, pyrG89, pyroA4, veA®, AflbB::six,
six::"niaD::ztfA

AnkuA::argB, pyrG89, pyroA4, veA", AflbC::six
AnkuA::argB, pyrG89, pyroA4, veA®, AfIbC::six, AztfA::six
AnkuA::argB, pyrG89, pyroA4, veA®, AflbC::six,
six::"niaD::ztfA

AnkuA::argB, pyrG89, pyroA4, veA", AflbD::six
AnkuA::argB, pyrG89, pyroA4, veA*, AflbD::six, AztfA::six
AnkuA::argB, pyrG89, pyroA4, veA®", AflbD::six,
six::"niaD::ztfA

AnkuA::argB, pyrG89, pyroA4, veA®, AfIbE::six
AnkuA::argB, pyrG89, pyroA4, veA®, AfIbE::six, AztfA::six
AnkuA::argB, pyrG89, pyroA4, veA’, AflbE::six,
six::"niaD::ztfA

AnkuA::argB, pyrG89, pyroA4, veA*, phleo®,
PniaD::ztfA::eyfp-C, "niiA::rcoA::eyfp-N

AGB1051, transformed with pME3173

AnkuA::argB, pyrG89, pyroA4, veA*, phleo®,
PniaD::ztfA::eyfp-C, "niiA::eyfp-N

AnkuA::argB, pyrG89, pyroA4, veA*, phleo®, PniaD::eyfp-C,
PniiA::rcoA::eyfp-N

AGB1053, transformed with pME3173

AGB1054, transformed with pME3173

AnkuA::argB, pyrG89, pyroA4, veA", AvosA::six
AnkuA::argB, pyrG89, pyroA4, veA", AvosA::six, AztfA::six
AnkuA::argB, pyrG89, pyroA4, veA", AVosA::six,
six::PniaD::ztfA

AnkuA::argB, pyrG89, pyroA4, veA*, AvelC::six
AnkuA::argB, pyrG89, pyroA4, veA’, AvelC::six, AztfA::six
AnkuA::argB, pyrG89, pyroA4, veA®, AvelB::six

This study
This study
This study

This study
This study

This study
This study
This study

This study
This study

This study
This study
This study
This study
This study

This study
This study
This study

This study
This study
This study

This study
This study
This study

This study
This study
This study

This study

This study
This study

This study

This study
This study
S. Thieme, p.c.
This study
This study

This study
This study
S. Thieme, p.c.

30



Materials and methods

AGB1065 AnkuA::argB, pyrG89, pyroA4, veA’, AvelB::six, AztfA::six This study

AGB1066 AnKuA::argB, pyrG89, pyroA4, veA’, AveA::six J. Gerke, p.c.

AGB1067 AnkuA::argB, pyrG89, pyroA4, veA’, AveA::six, AztfA::six This study

ACS39 AakuA::loxP, ApyroA::pyroA-TetOn-ztfA C. Sasse, p.c.

AfS35 AakuA::loxP Krappmann et al., 2006b
AfGB129 AakuA::loxP, AztfA::six This study

2.3 Morphological methods: conidiospore and cleistothecia quantification
Determination of conidiospore numbers was performed by utilization of a Coulter Z2 particle
counter (BECKMAN COULTER GMBH, Krefeld, Germany) or spore humbers were determined
with a Thoma cell counting chamber (hemocytometer) (PAUL MARIENFELD GMBH AND Co.
KG, Lauda-Konigshofen, Germany). Total numbers of conidiospores were determined by
complete harvesting of all conidiospores from plates in 0.96% (w/v) NaCl with 0.002% (v/v)
Tween-80 (SIGMA-ALDRICH). Conidiospores per 5 mm? solid medium were determined by
excising plugs of agar from point inoculated cultures with the larger end of a 200 um pipette
tip. Spores were harvested from these plugs and counted with a hemocytometer.

For quantifying cleistothecia, 2000 spores of indicated strains were point inoculated and
grown for 8 d in light or dark to induce asexual or sexual development. Agar plugs of 5 mm?
were cut out using the larger side of a 200 pl pipette tip and cleistothecia were individualized
on a new agar plate and counted with help of a SZX12-ILLB2-200 binocular microscope
(OLympus DEUTSCHLAND GMBH, Hamburg, Germany). The quantification was tested with

plated cultures (1*10” spores per strain) with similar results.

2.4 Nucleic acid methods

2.4.1 Isolation and purification of fungal genomic DNA

Strains were grown overnight (o/n) in liquid cultures for extraction of genomic DNA. Mycelia
were harvested through Miracloth filters, frozen in liquid nitrogen and ground with a MM400
table mill from RETSCH TECHNOLOGY GMBH (Haan, Germany). Ground mycelia were mixed
with 500 pl genomic DNA lysis buffer (Lee and Taylor, 1990) (50 mM Tris-HCI ph 7.2, 50
mM EDTA, 3% (w/v) SDS, 1% (v/v) B-mercaptoethanol) and incubated 15 min at 65°C.
Subsequently mycelia solution were mixed with 100 pl 8 M potassium acetate and
centrifuged for 15 min at 13000 rpm at room temperature (rt). Supernatant was mixed with
100 pl 8 M potassium acetate and centrifuged for 15 min at 13000 rpm at rt. Supernatant was

transferred into new test tubes and mixed with 300 pl isopropanol and centrifuged 10 min at
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13000 rpm at rt. DNA pellets were washed twice with 70% (v/v) ethanol and dried at 42°C
before resolving in H,O at 65°C.

2.4.2 Isolation and purification of fungal RNA

Strains were grown vegetatively or asexually for RNA isolation. Mycelia were harvested
through sterile Miracloth filters (MERCK) and immediately frozen in liquid nitrogen. Frozen
mycelia were ground with a table mill (RETscH) directly before RNA extraction. RNA from
approximately 200 pl of ground mycelia was isolated with the RNeasy® Plant Miniprep Kit
from QIAGEN (Hilden, Germany) according to manufacturer’s instructions without addition of
B-mercaptoethanol. Concentrations were measured with a Nanodrop ND-1000 (PEQLAB).
cDNA was transcribed from 0.8 pg RNA with the QuantiTect® Reverse Transcription Kit

(QIAGEN) according to manufacturer’s conditions.

2.4.3 Isolation and purification of plasmid-DNA and linearized DNA fragments
Plasmid DNA was extracted from E. coli cultures by utilization of the QIAprep® Spin
Miniprep Kit (QIAGEN) or the NucleoSpin® Plasmid Kit (MACHEREY-NAGEL) according to
manufacturer’s specifications. Plasmid DNA was eluted from spin columns with dH,O and
stored at -20°C.

Linearized DNA fragments from PCR amplification or enzymatic digests for plasmid
linearization and construct excision were mixed with 10x DNA loading dye (10% (v/v) Ficoll
400, 200 mM EDTA pH 8.0, 0.2% (w/v) bromophenol blue, 0.2% (w/v) xylene cyanol FF),
separated by agarose gel electrophoresis and gel pieces with respective DNA bands were cut
out of the gel. DNA was purified from agarose gels by employing the QIAquick® Gel
Extraction Kit (QIAGEN) or the NucleoSpin® Gel and PCR Clean-up Kit from MACHEREY-
NAGEL GMBH & Co. KG (Diren, Germany).

2.4.4 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) (Saiki et al., 1988) was employed to amplify DNA
fragments for plasmid construction and to determine the presence of desired plasmids in
E. coli after plasmid construction via seamless cloning or ligation (colony PCR) (Bergkessel
and Guthrie, 2013; Hofmann and Brian, 1991). PCRs were performed in T Professional
Standard 96, T Professional Trio 48 and T Professional Standard 96 Gradient thermocyclers
from BIOMETRA GMBH (Gottingen, Germany) and in Primus 96 Thermal Cyclers from MWG
BioTeECH AG (Ebersberg, Germany). Phusion® High-Fidelity DNA Polymerase (THERMO

32



Materials and methods

FISHER SCIENTIFIC) was used for DNA amplification via PCR and PCR programs were
designed after manufacturer’s instructions and according to calculated melting temperatures
(Twm) of utilized primers. The OligoCalc program was used for calculation of primer Tys and

salt adjusted temperatures were regarded as best assumption (Kibbe, 2007).

2.4.5 Agarose gel electrophoresis

Agarose gel electrophoresis was employed for separation of DNA fragments according to size
(Lee et al., 2012a). 1% (w/v) agarose gels containing 0.001 mg/ml ethidium bromide were
used in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA). DNA was applied in 10x
DNA loading dye and visualized in-gel by exposure to UV light (A = 254 nm) in a Gel iX20
Imager Windows Version and the Intas GDS gel documentation software from INTAS SCIENCE
IMAGING INSTRUMENTS GMBH (Goéttingen, Germany) or on a TFX-20 MX Vilber Lourmat

Super Bright transilluminator (SIGMA-ALDRICH).

2.4.6 Quantitative real-time polymerase chain reaction

Gene expression was measured by guantitative real-time PCR (gRT-PCR) utilizing MESA
GREEN gPCR MasterMix Plus for SYBR® Assay purchased from EUROGENTEC (Liittich,
Belgium) in a CFX Connect™ Real-Time System (BioRAD). The utilized gqRT-PCR protocol
is given in TABLE 3. Primers for gqRT-PCR were designed utilizing the Primer3 software
(Koressaar and Remm, 2007; Untergasser et al., 2012) and are given in TABLE 4. Gene
expression was measured from 1:5 dilutions of respective cDNA. Obtained gRT-PCR data
was analyzed with the CFX Manager™ 3.1 software package (Blo-RAD) using the 2-AACT
method for relative quantification of gene expression (Schmittgen and Livak, 2008).
Expression of gpdA, h2A (AN3468) and 15S rRNA were used for A. nidulans gRT-PCR and
h2A (Afu3g05360) and gpdA expression were used for A. fumigatus as references for relative
quantification.

For measurement of the expression of oxidative-stress related genes, strains were grown in
submerged cultures at 37°C on a rotary shaker for 24 h. Subsequently, 5 mM H,0, was
added. Control strains were left untreated. Incubation was prolonged for another 30 min
shaking on the rotary shaker and mycelia were harvested as described above.

gRT-PCR measurements were conducted in several biological replicates as indicated. Each

biological replicate was measured in three technical replicates.
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TaABLE 3: JRT-PCR program used in this study.
Steps 2 to 4 were repeated for 36 times.

Step Temperature [°C] Duration [min]

1 95 5:00

2 95 0:15

3 60 0:22 repeated 36 times
4 72 0:40

5 95 0:10

6 Melt curve: 65 to 95, 0:05 per step

increment 0.5

TABLE 4: Primers for qRT-PCR used in this study.

Primers for gRT-PCR with A. fumigatus cDNA are marked with . All other primers are for
A. nidulans cDNA.

Designation ~ Gene 5’ —sequence — 3’ Size
HO277 Afu3g13110 A CCT GCC GTA ACA TTG CTT CTT G 22mer
HO278 Afu3g13110 B CAC AGT CAT CAT CCT CCG ATC C 22mer
HO660 Afu3g00880 * A GCT CTG ACT CTC ACT GCC TTC G 22mer
HO661 Afu3g00880 * B AAG CTT GTT GAC GGG AGG GTA G 22mer
HO788 uge3 ¥ A CCT ATG GCC GTA CCA AAT GGA T 22mer
HO789 uge3 B GTG GGA GTC TGT CTG GGG TCT T 22mer
jg787 flbA A CCC TTC TTC TTC TTC CCC TCC T 22mer
jg788 flbA B AAA ACT GGG TGT GGT TGT GGT G 22mer
jg793 afiR A GAA GGC AGG ACC ACC AGT TAC A 22mer
jg794 afiR B CCC TCA AGA AGC GAA GGA GAA A 22mer
jg814 veA A CAA CGA GCA TCA GCA CAA ACA T 22mer
jg815 veA B AGC AGG AAT CGG CGT AGA AGA T 22mer
jg816 velB A CCC CTC CGT GTA TCC GTC TAA T 22mer
jg817 velB B AGC CGA GTG CTT CAC AAG ATT T 22mer
jg818 VOsA A CTT CCA TTC CAC CGT CTA CTG C 22mer
jg819 vosA B CGT CCG TCT TTC GCA TTT CA 20mer
jg824 stcU A TTG AGC ACT TCG GAT ACC TGG A 22mer
jg825 stcU B TTG GAA CTT GTIG AGG ATG ATG C 22mer
jg1482 easA A ATC ACC AGC GAA CCT CTC TTA G 22mer
jg1483 easA B AGG CTT TCA ATC ACC AGA CTC C 22mer
jgl484 easB A TTC GTIC AAG TTT AGT GGC GTT A 22mer
jg1485 easB B CGT TGT GGG TCA AGA AGT AGG T 22mer
jg1486 easC A ACC TTC ATT GGA AAC ATC AAC G 22mer
jg1487 easC B TAG GGT CGT CAG GGA TTC TG 20mer
jg1488 easD A AGC GAC TTC CAC CAT TAC AGT G 22mer
jg1489 easD B AGT TTC TGC TTC CCT GAT GTIT C 22mer
kt272 ztfA (ANO585) A TTC AGT CTC ACC AAC GGG ACA T 22mer
kt273 ztfA (ANO585) B GAT ACG CGA GTT TGG GTT TTC C 22mer
kt274 brlA A CAG GAT CAC TCC CCA ACA ACA C 22mer
kt275 brlIAB GTA AGC GAG TCC TTG AGC GAC A 22mer
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kt278
kt279
kt308
kt309
kt310
kt311
kt312
kt313
kt316
kt317
kt320
kt321
kt332
kt333
kt397a
kt398a
kt399a
kt400a
kt401a
kt402a
kt404
kt405
kt436
kt437
kt438
kt439
kt440
kt441
kt491
kt492
kt531
kt532
kt533
kt534
kt548
kt549
kt550
kt551
kt578
kt579
kt584
kt585
kt586
kt587
kt588

35

15S rRNA A
15SrRNA B
gpdA A
gpdA B
velC A

velC B
h2A. X A
h2A.X B
h2AX A
h2AX ¥ B
ZtfA (Afu6g11110) * A
ztfA (Afubg11110) ¥ B
brlA * A
brlIA®' B
floB A

floB B

floC A

floC B

floD A

floD B

fluc A

fluG B
ausA A
ausA B
ausF A
ausF B
ausH A
ausH B
nsdD A
nsdD B
catB A

catB B

trxR A

trxR B

floE A

floE B

sfgA A

sfgA B

catA A

catA B
napA (AN7513) A
napA (AN7513) B
rsmA A
rsmA B
glrA A

GAT
TGG
AAC
ACC
CCA
AGA
TCT
CAC
TGG
GGA
CAG
TGA
TCA
TTG
AGT
TGG
ATC
GTT
CAA
GGT
GAC
TCG
AGG
CGA
TGT
TGC
GGA
ACT
TCA
CAG
TTA
GGT
CCC
ATG
TGA
TGT
ACT
AGG
AGG
GTC
CCG
ACT
ATC
TAA
CCG

CCG
CAC
GCT
AGT
ATC
AGC
CGA
CCT
AGT
GAT
CAG
TGC
TCA
GAG
TCG
GGA
TCA
GTT
CAA
CCA
ATC
CGT
TGG
AGG
CCA
GAA
CTT
CGG
TCT
AGG
ATC
CGT
TAG
TAT
CGA
TAC
TTT
GTG
AAG
CTT
GCA
TTG
GCT
TTC
AAG

CGA
GTC
TCT
GGA
GAC
ATG
GCT
GGG
ATC
GGC
CAG
GGA
AGC
TGG
ACT
TTG
TCT
GAG
AGC
TGA
AAT
GTA
AGA
AAA
CCA
TGG
CCA
TCT
CAC
TCA
GAA
GTT
AGG
CCG
AGA
TAG
AGC
ATT
TTC
GAG
TCT
TGG
GGC
CGA
TTG

AAA
TAT
TGC
GGA
TCC
CCG
TGC
CAA
TCG
GAG
ACT
GCT
AGG
CTC
TCT
TCT
GCA
CTG
ATC
GGT
CTG
TAT
ACT
CGG
CAC
AGA
AGG
CAA
CAG
TAA
TCT
GTC
CTA
TCC
TGA
ACG
GCT
CAT
TGG
CAC
TAC
CAG
AGT
TTC
AGG

ACC
AGC
ACC
GGG
GCT
GTG
TGG
TAG
CTG
GAA
AGG
ACT
TGC
TTC
CGT
TCA
GGC
TAA
AAC
ATA
CTG
GGG
GCT
ACT
GAG
GAA
GCT
ATC
CCA
CAG
CGA
GTG
ACG
TCA
GGA
ACC
CTT
TTC
GCA
CTT
GAC
GGT
CAT
CGT
ATT

TTA
CCA
ACC
GAT
CCT
GTT
AAA
TGA
CTG
TGA
GGT
TCT
AGT
ATG
CAG
AAT
TCT
TCG
AGC
GGG
AAA
TAA
CAG
GAG
AAA
TTT
AAA
GAC
CAA
TGC
ACG
GTA
GTC
TCG
TGG
CAT
CGA
AGC
ATG
GAA
ATT
TGT
TAT
CCT
TGC

CCA
CAG
AA
GA
CT
TT
CG
CG
AA

TC
cC
TC
TG
TTC
ATC
TAC
GTG
TCT
TCT
TCC
GAT
GA
AG

cC
GG
CA
TTA
TTG
ACC
GTA
TTT
AGT
TAT
CAC
GAT
AAC
TG
GC
CT
TC
cC
TG
AT

C
T
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22mer
22mer
20mer
20mer
20mer
20mer
20mer
20mer
20mer
20mer
20mer
20mer
20mer
20mer
22mer
22mer
22mer
22mer
22mer
22mer
22mer
22mer
20mer
20mer
20mer
20mer
20mer
20mer
22mer
22mer
22mer
22mer
22mer
22mer
22mer
22mer
22mer
22mer
20mer
20mer
20mer
20mer
20mer
20mer
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kt589 glrAB TCG ACG TTG GTG TTT TGG TA 20mer
kt590 trxA A GAA ATT CGC CCA GAC CTA CA 20mer
kt591 trxA B CCA ACC ACA TCG CTA ACC TT 20mer
RH382 orsA A GAT GAT GAC GCA GAG GAG GAG A 22mer
RH383 orsA B AGG GCT TTC AGG TGG ATG TAG G 22mer

2.5  Plasmid construction for genetic manipulation of fungi

2.5.1 Cloning strategies

For the fusion of DNA sequences for plasmid construction fusion-PCR (Szewczyk et al.,
2006) and the GeneArt® Seamless Cloning and Assembly Kit (INVITROGEN) or the GeneArt®
Seamless Cloning and Assembly Enzyme Mix (INVITROGEN) was used. As templates for PCR
amplified DNA fragments genomic DNA from A. nidulans FGSC A4 and A. fumigatus AfS35
was used. All constructs harboring a recyclable marker cassette were cloned into the ECORV
multiple cloning site of pBluescript SK+. For excising of all genetic cassettes constructed this
way outermost primers of each construct introduce Mssl restriction sites. Linearization of
constructs with this strategy results in on-locus integration into the genome of transformed

fungi.

2.5.2 Primer and plasmid design

Plasmids generated and used in this study are listed in TABLE 5 and the primers used for their
construction are listed in TABLE 6. Primers and genetic construct maps were designed with the
Lasergene software package from DNA STAR INC. (Madison, W1, USA). Genetic information
was obtained from AspGD (Cerqueira et al., 2014) and CADRE (Mabey Gilsenan et al.,
2012). Construction strategies are described in detail in the next chapter. For all plasmids
containing constructs, which were excised with Mssl (in GTTT/AAAC motives) for
transformation into Aspergilli, a naturally occurring AAAC or GTTT quadruplet was used as
terminal sequence towards the plasmid backbone. Terminal primers of these constructs
introduced the respective second half of the Mssl restriction site. This strategy leads to the
absence of additional base pairs in the genomes of fungi transformed with respective plasmids
and genes potentially lying in respective regions were not interrupted (FIGURE 11). Primers
used for seamless cloning reactions were designed to introduce 15 base pairs (bp)
complementary to adjacent sequences in the way that two adjacent sequences share a 15 bp

homology region.
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GTTT. AAAC

FIGURE 11: Cloning strategy employed for the generation of constructs for genetic
manipulation of Aspergilli.

Schematic depiction indicates primer design and general architecture of plasmids constructed
in this study. Primers comprise regions with 15 bp end homology to the adjacent DNA-
fragment. Outermost nucleotide sequences naturally containing one half of the Mssl
restriction site were chosen as terminal sequences for PCR-amplified constructs. The
fragment amplified from Aspergillus genomic DNA is shown in green, the second half of the
Mssl restriction site, introduced by the respective primer, is given in red, the plasmid
backbone is given in black, RM = recyclable marker cassette. Note that after recycling of the
marker cassette, only the mutated genomic region (green) and a six site as substitute for the
recyclable marker cassette is present in the fungal genome.

TABLE 5: Plasmid constructed and used in this study.

A. nidulans genes are denoted with AN put in front, A. fumigatus genes are marked with Afu.
All plasmids constructed in this study use pBluescript SK+ as backbone, if not stated
otherwise. ” = promoter, ' = terminator, ® = resistance, natRM = recyclable nat” resistance
cassette from pME4304, phleoRM = recyclable phleoRM resistance cassette from pME4305,
ptrARM = recyclable ptrA resistance cassette from pSK485, p.c. = personal communication.

Plasmid Description Reference
pBluescript SK+  Cloning vector, amp® FERMENTAS GMBH
pJG137 Plastmid for BiFC containing niaD"-Swal-"niaD/"niiA-Pmel- J. Gerke, p.c.
pJG158 lr’]\;:'-JAA::ANAveA::natRM J. Gerke, p.c.
pPME3173 PgpdA::intron::mrfp::h2A cDNA in EcoRV and "gpdA::natR in Bayram et al., 2008a
Smal of pBluescript I KS
pPME3741 BiFC vector; PniiA::neyfp::cul A::niiA' and "niaD::candA- Helmstaedt et al., 2011
N::C::ceyfp::niaD"::AfpyrG::wA, bla
pME4292 Plasmid contains sgfp B. Johnk, p.c.
pME4304 six-"xylP::B-rec::trpC'-nat"-six J. Gerke, p.c.
pME4305 six-"xylP::p-rec::trpC'-phleo®-six J. Gerke, p.c.
pPME4575 ANAztfA::natRM This study
PME4576 Pztfa:: ANztfA::sgfp::natRM This study
pME4577 ANZztfA::phleoRM This study
pPME4578 natRM::"niaD:: ANztfA This study
pME4579 PztfA::sgfp:: ANztfA::phleoRM This study
pME4580 PZtfA:: ANZEFASIZTATISIASN0ES00A. . nhleoRM This study
pME4581 ANAfluG::phleoRM This study
pME4582 phleoRM:: niiA:: ANfIUG This study
pPME4584 ANAafIR::phleoRM This study
pPME4585 phleoRM:: niiA::ANafIR This study
pME4587 ANAabaA::phleoRM This study
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PME4589
PME4591
PME4593
PME4595
PME4597
PME4599

pPME4600
PME4601
PME4602
PME4603
PME4605
PME4606
PSK485

ANADbrlA::phleoRM

ANA(fIbB::phleoRM

ANAfIbC::phleoRM

ANA(fIbD::phleoRM

ANACfIbE::phleoRM

PniaD::ANztfA::ceyfp in Swal restriction site,
PniiA::ANrcoA::neyfp in Pmel restiction site of pJG137
PniaD::ANztfA::ceyfp, "niiA::neyfp
PniaD::ceyfp, "niiA::ANrcoA::neyfp
ANAvelC::phleoRM

ANAvosA::natRM

ANAvelB::natRM

AfuAztfA::ptrARM
Six-pxylP::B-rec::trpCt-ptrA-six

This study
This study
This study
This study
This study
This study

This study
This study
This study
S. Thieme, p.c.
S. Thieme, p.c.
This study

Hartmann et al., 2010

TABLE 6: Oligonucleotides used for sequence amplification and plasmid construction.

Name 5’ —sequence — 3’ Size
kt145 CTA TAG GCC TGA GTG TAA GAA GTC AAG AAG CGG TCA ATG 39mer
ktl46 ATA ATA TGG CCA TCT ATG TTT TGA GGG ACT CCA ACT C 37mer
kt203 CTG CAG GAA TTC GAT GTT TAA ACG CTG AAG TTT GTG GGA G 40mer
kt204 ATC GAT AAG CTT GAT GTT TAA ACG CTG TAA GTT GGA TCA GC 41mer
kt208b CTG CAG GAA TTC GAT GTT TAA ACC TGG TAT GAA CGA CTT TCC 42mer
kt209 CTG CAG GAA TTC GAT GTT TAA ACC ATC GCT CTG GTA GCT TC 41mer
kt211 ATA ATA TGG CCA TCT CTC AAC CGC CTA TCA CTC TAG 36mer
ki214 CTA TAG GCC TGA GTG CTG GTA GTC TTA CGG TGA GTT G 37mer
kt215 CTG CAG GAA TTC GAT GTT TAA ACA GGA TTC GGT GAT TTC TTT C 43mer
kt218 ATA ATA TGG CCA TCT TCG TCT CCT ACA GCA GGA C 34mer
kt221 CTA TAG GCC TGA GTG TTG GTA GGT TGA GGG TCC C 34mer
kt224  ATC GAT AAG CTT GAT GTT TAA ACC CTA CTT TCA CAA CGA GG 41mer
kt225 ATC GAT AAG CTT GAT GTT TAA ACC GGA GCG TAT CAC CTA TC 41mer
kt226 ~ ATC GAT AAG CTT GAT GTT TAA ACC AAA GAC CCA GCT AAA AAC 42mer
kt228 ACC ACC GCT ACC ACC GTC GTT GAC CAT ATC ATC CAA C 37mer
kt229 CTA TAG GCC TGA GTG TTA CTT GTA CAG TTC GIC CAT G 37mer
kt230 CTA CTT GTA CAG TTC GIC CAT GC 23mer
kt231 CTA TAG GCC TGA GTG TTA GTC GTT GAC CAT ATC ATC C 37mer
kt234 ACC ACC GCT ACC ACC GTC GTT CAC CAT ATC ATC CAA G 37mer
kt241  ATG CAA TCA CTC GTC CTC CC 20mer
kt251  ATA ATA TGG CCA TCT GAT GGC GGG CGC GGT GAT T 34mer
kt252 GAC GAG TGA TTG CAT GTG AGA GTA TGG GAT AGG AAA ATA AT 41mer
kt253 ATA AGC TTG ATG TTT AAA CAT TAA GTA TCC AGT ATG ATC AG 41mer
kt300 GAT GGC GGG CGC GGT GAT 18mer
kt302 GTG AGA GTA TGG GAT AGG AAA ATA 24mer
kt307 GCC CTT GCT CAC CAT CTG GTA GTC TTA CGG TGA GTT G 37mer
kt337 ATA ATA TGG CCA TCT GTG AGA GTA TGG GAT AGG AAA ATA 39mer
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kt341
kt342
kt343
kt345
kt348
kt349
kt350

kt353
kt354
kt355
kt356
kt361

kt362
kt363

kt364
kt365
kt407
kt409
kt415
kt416
kt417
kt418
kt421
kt422
kt430
kt431
kt432
kt433
kt434
kt442
kt487
kt488
kt489
kt490
kt515
kt516
kt517
kt518
kt519
kt520
kt521
kt522
kt523
kt524

39

CTG
CTA
ATA
ACC
CTG
CTA

ATA
ATC
ACC

CTG
CTA
ATA

ATC
CTT
ATC

ATC
TTC
ATC

ATC
CAT
CGC
TCT
TGC
CGC
CGT
CGC
TAT
GTG
TGA
CTC
CAG
GGC
CCA
CTG
CTA
ATA
ATA
CTG
CTA
ATA
ATC
CTG
CTA
ATA
ATC
CTG
CTA

CAG
TAG
ATA
GCG
CAG
TAG
ATA

GCG
CAG
TAG
ATA

GAT
GG
GAT

GAT

GAT
GAT
ACT
CCG
TGC
GAA
CCG
GGC
TCC
cecr
CGA
CTT
TGG
CAA
GGC
ACT
CAG
TAG
ATA
AGC
CAG
TAG
ATA
GAT
CAG
TAG
ATA
GAT
CAG
TAG

GAA
GCC
TGG
cce
GAA
GCC
TGG

cce
GAA
GCC
TGG
AAG

TTC
TGA
CCA
GCC
TTC
TGA
CCA

GCC
TTC
TGA
CCA
CTT

GAT
GTG
TCT
ATC
GAT
GTG
TCT

ATC
GAT
GTG
TCT
GAT

GTT
GGC
GTC
ATG
GTT
GAT
GGT

ATG
GTT
GGA
CCT
GTT

TAA
GAT
TAA
GCC
TAA
ATT
TGA

GAG
TAA
GCA
CCT
TAA

ACA
GAA
TCT
ACT
ACT
TGC
ATA

ccC
ACC
GAC
TTA
ACA

GAC
CCA
TTC
cnc
GGC
ATA
ATC

CCA
CTG
cce
CCA
AAA

ATC
GCA
TCC
TCT
GTT
TGA
TGG

GCG
GTC
AAG
TGT
TAT

TCC
AAC
TGA
TCA
GCA
TAC
AAT

ATC
AGA
ATT
CTA
GAT

ATG CCG GTT
TAA AGG AC
GCG TAT TCA
CTC CG

CCT TGG GTT
AGG CCC GCA
GAT ATT TAT

AG

CAC TGA GCA
CGC TC

TGA ACA GAC
CGT GCT TCG

AAGC TTG ATG TTT AAA CAC CAA CTG CAG GCC TCG G

AAG

AAG
AAG
CTC
CCA
AGG
cce
GCC
GAT
ATC
CGT
CTG
CAG
AGC
GCT
CAA
AGG
GAA
GCC
TGG
TTG
GAA
GCC
TGG
AAG
GAA
GCC
TGG
AAG
GAA
GCC

CTT

CTT
CTT
ACA
TCG
CCG
GTA
TGC
GGA
GCC
CAG
AAG
TCG
TTG
CCA
GCC
CTT
TTC
TGA
CCA
ATG
TTC
TGA
CCA
CTT
TTC
TGA
CCA
CTT
TTC
TGA

GAT

GAT
GAT
TTT
TTT
GGC
TTT
AAG
GCG
ACG
TTT
TCA
CAC
CTG
GAG
TAG
GGC
GAT
GTG
TCT
TTT
GAT
GTG
TCT
GAT
GAT
GTG
TCT
GAT
GAT
GTG

GTT

GTT
GTT
ATG
ATG
GGT
TCA
ATC

TAA

TAA
TAA
CAA
CGC
CGT
CTT

ACG

ACA
ACT
TCA
AGC
TGA
GTA

ACG

CGC
CGT
CTC
ATT
CCA
CAG

AGT

CGC
CTG
GTC
GAC
TAT
cnc

ACG

CGC
CGG
CTC
CAA
CAT
GTC

CTG TAA CAG

TAA GCG
CTG AGT CG
ccC

cC

CCA AC

CAT

CCGT CCA GTG TAC GCG GAG

GTG
TCA
TTG
CAA
CTG
cce
TTG
CGC
GTT
GTC
AAC
AAA
GTT
GGT
CCT
GTT
GTT
TGA
TCG
GTT
GTT
TTG

AGC
CAT
AC

CGG

CGC
GCT
CGC
TAA
TTC
AGA
CAA
TAA
GGT
GAC
TAA
TAA
GGA
TTT
TAA
TAA
CGA

AAG
GAT

GAC

CAG
TTG

ACG
GAG
AAC
GAA
ACG
CGA
AGC
ACA
ACC
TAG
CAA
ACG
ACG
AAC

GGC
ATA

ATG

GGC
GCT

CcccC
CGA

CGT
CTC
GCT
TCG
TAG
CAC
TCG
TCG
GCG
AAC
TGT

GAG
GAC

TCC

TTC
TTG

AAC
CGG
GAG
AAC
CTT
GTG
CTT
TGT
TGC
TTT
ACC
TCG
AAG
GTT

GAG
GTT

CAA

ATG
GCG

CcccC
GGC
GGC
CTA
CTT
AAT
TTT
ATG
TCA
TGA
TGC
AGA
TGC
GGT

GTG GCT

TC

ACA CTG

TGA TC
CCG TAA G
CCA CTT C
AG

TTC

ACA CGC cC
AGC TCA G
AAG AG

cc

AGG C

CGA CTC
GAT G

ATG

TTG
GCG

TG

GCA

CAA

45mer
41mer
43mer
38mer
43mer
45mer
48mer

35mer
44mer
38mer
43mer
50mer

41mer
48mer

39mer
41mer
35mer
35mer
38mer
36mer
18mer
34mer
33mer
39mer
20mer
35mer
19mer
33mer
34mer
22mer
39mer
33mer
38mer
40mer
40mer
35mer
36mer
41mer
40mer
38mer
35mer
37mer
39mer
37mer
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kt525  ATA ATA TGG CCA TCT ACG ATC ACA CGA CTC TCT TC 35mer
kt526 ATC GAT AAG CTT GAT GTT TAA ACA CCG TAG ACT TGT CCA G 40mer
ki527 CTG CAG GAA TTC GAT GTT TAA ACG ACT TGT TTG CTC GTC TC 41mer
kt528 CTA TAG GCC TGA GTG GGT AAG GCG ACG ACG GC 32mer
kt529 ATA ATA TGG CCA TCT TTG CTG TAC GAG TTA TAT TAC GAC 39mer
ki530 ATC GAT AAG CTT GAT GTT TAA ACT AGT GAG ACC TAC CAG C 40mer
kt539 CTA TAG GCC TGA GTG TCA TGA ATA CAT CGT CTC ATC AG 38mer
kt540 CTA TAG GCC TGA GTG TTA CTC TTC GTC ATC GCC TG 35mer
kt541 CTA TAG GCC TGA GTG TCA GTT CAA GAG GTT GTC GAG 36mer
kt542 CTA TAG GCC TGA GTG TCA CGA AAA CGT TTT GTT GAA GAA TC 41mer
kt543 CTA TAG GCC TGA GTG TCA TTC ATC CCA GCC GTC C 34mer
kt544 CTA TAG GCC TGA GTG TCA ATA CCT CTC CAC AAG CC 35mer
kt545  CTA TAG GCC TGA GTG TCA GGC GTG GCG GAG GAT 33mer
kt546 CTA TAG GCC TGA GTIG CTA GAC AGC CTC AAC CGC 33mer
SR120 ATG GTG AGC AAG GGC GAG GAG 21mer
SR121 ACC ACC GCT ACC ACC CTT GTA CAG TTC GTC CAT GCC 36mer
SR18 GGT GGT AGC GGT GGT GTG AGC AAG GGC GAG GAG 33mer
SR193 CGC CCG CCA TCG TTT ATG GTG AGC AAG GGC GAG 33mer
SR195 ACT CTC ACA TTT ATG GCC GAC AAG CAG AAG AAC G 34mer
kt182 CAT CAG TGC CAG CTG TCT TCG 21mer
kt183 GAT GTG CTG CAA GGC GAT TAA GTT G 25mer
ktl84 GGC TTT ACA CTT TAT GCT TCC G 22mer
ki266  GAG AAG CGC GAT CAC ATG G 19mer
kt267 GCA TGG CGG ACT TGA AGA AG 20mer
ki268 GAA CCC GTG CCC TAT ACT ATC 21mer
kt290 CTT TTT GTG GCC CTT CCT CC 20mer
kt291 AAA CCA TCG CTC TGG TAG CTT C 22mer
kt338 CGT GGA ACA GCT GAA GTC AC 20mer
kt339 CTC TGA TAT CTA TAG GTC AAT AGA G 25mer
kt372 CAT AGA TAG AGA TAG GGC TTG 21mer
kt373  CAT AAT ATG GCC ATC TGT GAG 21mer
kt374 GAA TCC TGT TAA AAT CAG TAT ATC ATG 27mer
kt375 GGA ATG ATT CTT CTT TTG TTG AAG G 25mer
kt424 CAA CTA GGC TTG AGC TCC TC 20mer
kt425  GAA CAA TCT TCG AGA TTC TGC TC 23mer
kt426 CCA ATC AGA GCC TCG GAA TC 20mer
kt427  GTT CTA TGG ACT GTT ACC GAT TC 23mer

2.5.3 Recyclable marker cassettes as selection markers

All plasmids constructed during this study, which were used for homologues recombination,
harbor recyclable marker cassettes based on the bacterial recombination system, which
employs a prokaryotic small B-serine recombinase and its six recognition sequences (Canosa
et al., 1996; Hartmann et al., 2010; Rojo et al., 1993; Rojo and Alonso, 1994). This system
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allows the excision of the respective marker cassette off the fungal genome after successful
transformation (FIGURE 12). This procedure allows a marker-free mutation and only leaves a
relatively small six recognition site of 100 nucleotide base pairs (bp). After excision of the
marker cassette, the same selection marker can be used again in the same host strain. This
system prevents large resistance cassettes to interfere with the genetic equipment of the host.

Three different recyclable marker cassettes were used, allowing utilization of three different
selective agents. pSK485 harbors the A. oryzae ptrA gene, which confers resistance against
pyrithiamine (Hartmann et al., 2010). The pyrithiamine resistance marker cassette from
pSK485 is termed ptrARM (ptrA recyclable marker) in the following. pME4304 (J. Gerke,
p.c.) harbors the natl gene from Streptomyces noursei, which grants resistance against
nourseothricin (Kiick and Hoff, 2006). The nourseothricin resistance marker cassette from
PME4304 is termed natRM in the following. pME4305 (J. Gerke, p.c.) harbors the ble gene
from Streptoalloteichus hindustanus, which confers resistance to phleomycin (Drocourt et al.,

1990). The phleomycin resistance marker cassette is termed phleoRM in the following.

y = = 7 WT locus
\ };’ "\% ,"
A Y
PRGN AN Before
.- \ s
- trpCt H marker -I >~ marker
recylcing

After
I marker

recylcing

FIGURE 12: Schematic depiction of integration and recycling of a recyclable marker
cassette.

A gene deletion is given as example. The ORF (red) of the gene of interest (GOI) is replaced
by a recyclable marker cassette, comprising the B-serine recombinase gene (B-rec), driven by
the xylose-inducible promoter ("xyIP) and employing the trpC terminator (trpC"). Expression
of PxylP::B-rec is induced by supplementation of the medium with xylose. This leads to an
excision of the whole cassette from the fungal genome, only leaving a small six site as scar.
Dotted lines indicate 5° and 3’ region (green) adjacent to the GOI ORF, which are used for
homologous recombination. This promotes on-locus integration of the respective construct.

2.5.4 Sequencing of plasmids
Plasmids constructed in this study were sequenced by SEQLAB SEQUENCE LABORATORIES
GmMBH (Gdéttingen, Germany). Obtained sequences were analyzed with the Lasergene

software package (DNA STAR INC.). All plasmids constructed in this study and cloned in
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pBluescript SK+ were sequenced with the primers kt182, kt183, kt184 and kt339, which bind
near both six sites of the recyclable marker cassettes and near the EcoRV cloning site of
pBluescript SK+. Further primers are indicated in the respective sub-chapters (see CHAPTER
2.5.5).

2.5.5 Plasmid and strain construction of A. nidulans mutant strains
All DNA fragment sizes given in the upcoming sections are rounded. Genomic DNA of
FGSC A4 (A. nidulans WT, veA") and AfS35 (A. fumigatus WT, AakuA), respectively, was

used as template, if not stated otherwise.

255.1 Construction of the AztfA cassette and AztfA strain in A. nidulans

For construction of an A. nidulans AztfA strain the 2.7 kb long 5’ region of the ztfA (AN0585)
gene was amplified from A. nidulans FGSC A4 genomic DNA with primers kt208b/214
introducing overhangs of 15 bp homolog to pBluescript SK+ and the six site of the recyclable
marker cassette, respectively. The respective 2.2 kb long 3’ region was amplified with primers
kt211/224 likewise introducing overhangs of 15 bp homolog to the six site of the recyclable
marker cassette and pBluescript SK+. Both sequences and the natRM cassette were cloned
into the EcoRV multiple cloning site of pBluescript SK+ in a seamless cloning reaction
according to manufacturer’s conditions, resulting in pME4575. The deletion cassette was
subsequently excised with Mssl and integrated into AGB551, resulting in the strain
AGB1007. The correct replacement of the original gene with the deletion construct was
verified by Southern hybridization before as well as after marker recycling.

2552 Construction of plasmid pME4578 and ztfA OE strain in A. nidulans

For the overexpression of ztfA the 1.3 kb nitrate-inducible promoter ("niaD) was amplified
with primers kt251/252, which introduce overhangs of 15 bp complementary to the six site of
the recyclable marker cassette and the ztfA gene, respectively. The ztfA open reading frame
(ORF) itself and a small part of the 3’ region (1.8 kb) were amplified with primers kt241/253.
The 5° region was amplified with primers kt208b/214. The 5’ region, natRM cassette, "niaD
and the ztfA gene were fused and cloned into pBluescript SK+ in a seamless cloning reaction,
resulting in plasmid pME4578. The plasmid was sequenced with additional primers kt290,
kt291, kt338, kt372 and kt373. The ztfA OE construct was subsequently excised with Mssl
and integrated into AGB551, resulting in AGB1008. Homologous recombination was verified

by Southern hybridization.
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2553 Plasmid and strain construction of GFP-fusions of ZtfA in A. nidulans

sgfp was amplified from pME4292 using primers, which introduce a 15 bp linker region
between the ztfA and the sgfp gene. For a ztfA::sgfp construct sgfp was amplified using
primers SR18, introducing the 15 bp linker and kt229 introducing 15 bp overhang to six. The
ztfA ORF and its 5’ flanking region (4.4 kb) was amplified using primers kt208b/228. The
latter one introduces the deletion of the stop codon of ztfA and 15 bp homolog to the linker of
sgfp. The ztfA 3’ region was amplified using primers kt211/224. The three sequences (5° UTR
and ztfA, sgfp, 3> UTR) together with the natRM cassette were cloned into pBluescript SK+
resulting in pME4576. The plasmid was sequenced with additional primers kt266, kt267,
kt290, kt291 and kt338. Subsequently, the ztfA::sgfp construct was excised off the plasmid
and integrated into AGB1007 resulting in AGB1009. Successful transformation at the correct
locus was verified by Southern hybridization.

An N-terminally tagged fusion construct (sgfp::ztfA) was obtained by a seamless cloning
reaction cloning the 5° flanking region of ztfA, sgfp, ztfA ORF, the phleoRM cassette and the
ztfA 3’ flanking region in pBluescript SK+, resulting in pME4579. Therefore, the 1.9 kb ztfA
5’ flanking region was amplified with primers kt209/307. kt307 introduces a 15 bp overhang
to sgfp and a start codon. sgfp was amplified with primers SR120/121. The ztfA ORF was
amplified with primers kt230, introducing an overhang for the linker of sgfp and a deletion of
the start codon, and kt231. The 1.3 kb 3’ flanking region was amplified using primers
kt211/225. The plasmid was sequenced with additional primers kt266, kt267, kt290, kt291
and kt338. Subsequently, the sgfp::ztfA construct was excised from pME4579 with Mssl and
integrated into AGB1007, obtaining AGB1010. Homologous integration of the construct was
verified by Southern hybridization. The plasmid pME3173 containing "gpdA::rfp::h2A was
integrated into AGB1009 and AGB1010, resulting in AGB1012 and AGB1013, respectively,
for a better visualization of nuclei and ectopic integration was verified by microscopy. To
obtain a negative control for microscopy, pME3173 was integrated into AGB551 resulting in
AGB1014.

2554 ztfA complementation in A. nidulans

The ztfA ORF and its 5° UTR (4.4 kb) was amplified with primers kt208b/231. The ztfA 3’
UTR was amplified with primers kt211/224 and both fragments together with the phleoRM
cassette were cloned into pBluescript SK+, giving rise to pME4577. The plasmid was
sequenced with additional primers kt290 and kt338. The ztfA complementation cassette was
excised and cloned into AGB1007, resulting in AGB1011.
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AS327A,T464A,8504-506A in A. nidulans

2555 Construction of plasmid and strain: ztf
A strain expressing a permanently dephosphorylated ZtfA protein was constructed. Therefore
plasmid pME4580 was constructed as follows: 1.9 kb of the 5’ region adjacent to the ztfA
ORF and first 1 kb part of the ztfA ORF was amplified with primers kt209/430. Thymine at
position 1038 is exchanged with guanine using primer kt430, therefore introducing the first
mutation in the gene product of the serine residue at amino acid position 327 to alanine. The
next 431 bp of the ztfA ORF were amplified with primers kt431/432. kt432 introduces a
mutation of arginine to guanine at bp position 1449, which leads to an exchange of threonine
at amino acid residue 464 to alanine. Adjacent 135 bp were amplified with the primer pair
kt433/434, which introduce a mutation of arginine and guanine to guanine and cytosine at bp
position 1569 and 1570 and thymine to guanine at position 1572. The last 172 bp of the ztfA
ORF were amplified with the primer pairs 442/231. kt442 introduces a mutation of thymine to
guanine at bp position 1575. These alterations lead to an exchange of the serine stretch at
amino acid position 504 to 506 with an alanine stretch. The four fragments together
constituting the mutated ztfA ORF and its 5’ adjacent region were fused in a series of fusion
PCRs (Szewczyk et al., 2006), resulting in one fragment. The 3’ adjacent region to the ztfA
ORF was amplified with the primer pair kt211/225. Both fragments and the phleoRM cassette
were cloned into pBluescript SK+ in a seamless cloning reaction. The plasmid was sequenced
with additional primers kt290, kt291 and kt338. The ztfAS3/AT464ASS04506A caseette was

excised and integrated into AGB1007, resulting in AGB1015.

2556 Construction of plasmids and strains: AfluG, fluG OE and the fluG/ztfA
double mutants in A. nidulans

1 kb of the 5” flanking region of fluG was amplified with primers kt341/342, which introduce
15 bp overhangs to the EcoRV restriction site of pBluescript SK+ and the six site,
respectively. 1 kb of the 3’ flanking region was amplified with the primer pair 343/364 and
both fragments together with the phleoRM cassette were cloned into the EcoRV restriction
site of pBluescript SK+ in a seamless cloning reaction, giving rise to pME4581. The fluG
deletion cassette was excised from pME4581 and integrated into the genome of AGB551,
AGB1007 and AGB1008, resulting in AGB1016, AGB1017 and AGB1018, respectively. The
same 5’ flanking region, the fluG gene with a short part of its 3* region (3 kb), amplified with
kt345/365, the "niiA, amplified with primers kt337/300 and the phleoRM cassette were cloned
into pBluescript SK+ in a seamless cloning reaction, resulting in pME4582. The plasmid was
sequenced with additional primers kt372, kt373 and kt375. The "niiA:fluG cassette was
excised and integrated into AGB551 and AGB1007, resulting in AGB1019 and AGB1020.

44



Materials and methods

2557 Construction of plasmids and strains: AafIR, aflIR OE and the aflIR/ztfA
double mutants in A. nidulans

1 kb of the 5’ flanking region adjacent to aflR was amplified with kt348/349. 1.5 kb of the 3’
region adjacent to aflR was amplified with kt350/361. Both fragments together with the
phleoRM cassette were cloned into pBluescript SK+ in a seamless cloning reaction, resulting
in pME4584. The AafIR cassette was excised from pME4584 and integrated into AGB551,
AGB1007 and AGB1008, resulting in AGB1022, AGB1023 and AGB1024, respectively.

The aflR OE construct was accomplished by cloning the same 5’ region together with the
phleoRM cassette, "niiA, amplified with kt337/300, and the aflR ORF and a short 3’ flanking
region, together spanning 2.5 kb (primer kt353/362), into pBluescript SK+, resulting in
PME4585. The plasmid was sequenced with additional primers kt372, kt373 and kt374. The
PniiA::aflR cassette was excised and integrated into AGB551 and AGB1007, giving rise to
AGB1025 and AGB1026, respectively.

2.55.8 Construction of plasmids and strains: AabaA and the abaA/ztfA double
mutants in A. nidulans

1.5 kb of the 5’ region adjacent to the abaA ORF were amplified with kt354/355 and together

with the phleoRM cassette and 1.4 kb of the 3’ region adjacent to abaA (primers kt356/363)

cloned into pBluescript SK+, resulting in pME4587. The AabaA cassette was excised and

integrated into AGB551 and AGB1007, resulting in AGB1028 and AGB1029, respectively.

2559 Construction of plasmids and strains: AbrlA and the brlA/ztfA double
mutants in A. nidulans

1.7 kb of the 5’ region adjacent to the brlA ORF was amplified with kt487/488. 1.2 kb of the

brlA 3’ region was amplified with kt489/490. Both fragments and the phleoRM cassette were

cloned into pBluescript SK+ in a seamless cloning reaction, resulting in pME4589. The AbrlA

cassette was excised and integrated into AGB551, AGB1007 and AGB1008, resulting in

AGB1031, AGB1032 and AGB1033, respectively.

2.5.5.10 Construction of plasmids and strains: AflbB and the flbB/ztfA double
mutants in A. nidulans

1.2 kb of the 5’ region adjacent to the flbB ORF was amplified with kt515/516. 1 kb of the

respective 3’ region was amplified with kt517/518. Both fragments together with phleoRM

cassette were cloned into pBluescript SK+ in a seamless cloning reaction, resulting in

PME4591. The AflbB cassette was excised from the plasmid and integrated into AGB551,

AGB1007 and AGB1008, resulting in AGB1035, AGB1036 and AGB1037, respectively.
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25511 Construction of plasmids and strains: AflbC and the flbC/ztfA double
mutants in A. nidulans

1.2 kb of the 5’ region adjacent to the fIbC ORF was amplified with kt519/520. 1 kb of the

respective 3’ region was amplified with kt521/522. Both fragments together with the

phleoRM cassette were cloned into pBluescript SK+ in a seamless cloning reaction, resulting

in pME4593. The AfIbC cassette was excised from the plasmid and integrated into AGB551,

AGB1007 and AGB1008, resulting in AGB1039, AGB1040 and AGB1041.

2.5.5.12 Construction of plasmids and strains: AfloD and the flbD/ztfA double
mutants in A. nidulans

1.1 kb of the 5’ region adjacent to the floD ORF was amplified with kt523/524. 1.2 kb of the

respective 3’ region was amplified with kt525/526. Both fragments together with the

phleoRM cassette were cloned into pBluescript SK+, resulting in pME4595. The AflbD

cassette was excised from the plasmid and integrated into AGB551, AGB1007 and AGB1008,

resulting in AGB1043, AGB1044 and AGB1045, respectively.

2.55.13 Construction of plasmids and strains: AfIbE and the fIbE/ztfA double
mutants in A. nidulans

1.3 kb of the 5” region adjacent to the flIbE ORF was amplified with kt527/528. 1.1 kb of the

respective 3’ region was amplified with kt529/530. Both fragments together with the

phleoRM cassette were cloned into pBluescript SK+, resulting in pME4597. The AflbE

cassette was excised from the plasmid and integrated into AGB551, AGB1007 and AGB1008,

resulting in AGB1047, AGB1048 and AGB1049.

2.5.5.14 BiFC plasmid and strain construction for interaction studies of ZtfA with
RcoA in A. nidulans

For BIiFC studies one half of a split yfp was fused to ztfA, resulting in ztfA:.ceyfp, and the
other half was fused to rcoA, leading to rcoA::neyfp. Both gene fusions were set under the
control of the bidirectional nitrate-inducible PniiA/"niaD promoter and terminators and
integrated ectopically in respective mutants. All BiFC plasmids constructed in this study were
sequenced with additional primers kt268, kt372, kt373, kt424, kt425, kt426 and kt427.

For these constructs, ztfA was amplified from cDNA from vegetatively grown WT cultures
(instead of genomic DNA) with primers kt407/415. ceyfp was amplified from pME3741 with
primers kt416/417 and neyfp with primers kt421/422. rcoA was amplified from cDNA with
primers kt409/418. pJG137 was utilized as backbone vector, which was digested in a two-step
digestion with Mssl and Smil to excise the bidirectional nitrate-inducible promoter, which was

46



Materials and methods

reintroduced as fragment amplified with the primers kt300/302. Prior to utilization of a
seamless cloning reaction to clone the fragments together, resulting in pME4599, ztfA and
rcoA were fused to their respective eyfp parts by fusion PCR (Szewczyk et al., 2006).
PME4599 was ectopically integrated into AGB1007 resulting in AGB1051 and AGB1014,
resulting in AGB1052. As controls for BiFC experiments both genes fused to the same half of
the split eyfp used for pPME4599 were cloned into pJG137 as backbone together with the
nitrate-inducible promoter and the respective other half of the split eyfp without a gene
connected to it. For the free half of the eyfp primers introduced a start codon to allow for free
eYFP expression. Free ceyfp was amplified with primers kt416/SR195 and cloned in a
seamless cloning reaction with rcoA::neyfp and the bidirectional nitrate-inducible promoter
into pJG137, resulting in pME4601. pME4601 was introduced into AGB551 and AGB1014,
resulting in AGB1054 and AGB1056, respectively. Free neyfp was amplified with primers
kt422/SR193 and cloned in a seamless cloning reaction into pJG137 together with ztfA::ceyfp
and the nitrate-inducible promoter, resulting in pME4600. pME4600 was introduced into
AGB551 and AGB1014, resulting in AGB1053 and AGB1055 respectively.

2.5.5.15 Construction of plasmids and strains for velvet/ztfA double mutant strains
of A. nidulans

The 2.4 kb 5’ region of velC was amplified with primers kt203/145 and the 2.1 kb 3’ region

was amplified with primers kt146/204. Both sequences together with the phleoRM cassette

were cloned into pBluescript SK+, resulting in pME4602. The deletion construct was excised

from the plasmid and integrated into AGB551 resulting in AGB1062. To obtain a double

deletion of velC and ztfA, the ztfA deletion cassette from pME4575 was integrated into

AGB1062, resulting in AGB1063.

PME4603 (AvosA, harbors the natRM marker; S. Thieme, p.c.) was integrated into AGB1007

and AGB1008, resulting in AGB1058 and AGB1059, respectively.

The ztfA deletion cassette from pME4575 was integrated into AGB1066 (AveA::six; J. Gerke,

p.c.) to obtain the AveAAztfA strains (AGB1067) and into AGB1064 (AvelB::six; S. Thieme,

p.c.) to obtain the AvelBAztfA strain (AGB1065).

2.5.5.16 Plasmid for AztfA and strain construction in A. fumigatus

2 kb of the ztfA 5’ flanking region from A. fumigatus were amplified with the primer pair
kt215/221 and 2 kb from the respective 3’ flanking region were amplified with the primer pair
kt218/226. Both fragments and the ptrARM were cloned into pBluescript SK+, resulting in
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PME4607. The AztfA cassette was excised from the plasmid and integrated into Afs35,
resulting in AfGB129.

2.6 Genetic manipulation of microorganisms

2.6.1 Transformation of fungi

A. nidulans and A. fumigatus were transformed by polyethylene glycol-mediated protoplast
fusion as described before (Punt and van den Hondel, 1992). For all genetic modifications in
A. nidulans, AGB551 (Bayram et al., 2012) or AGB551 derived strains were used as
transformation hosts and AGB551 was used as WT. AfS35 (Krappmann et al., 2006b) was
used as WT and transformation host of the A. fumigatus AztfA strain. All transformation hosts
used in this study (AGB551 and AfS35 and their derivatives) harbor the AnkuA and AakuA
mutation, respectively. Loss of these orthologous genes remarkably increases homologous
recombination during transformation and results in on-locus integration of linearized genetic
constructs (Krappmann et al., 2006b; Nayak, 2005).

Host strains were grown o/n in submerged cultures on a rotary shaker at 37°C. Mycelia were
harvested through sterile Miracloth filters (MERCK) and washed with sterile citrate buffer (150
mM KCI, 580 mM NaCl, 50 mM Na-citrate pH 5.5). Mycelia were transferred into sterile
filtered protoplastation solution (30mg/ml Vinoflown® Max or Vinotaste® Pro from
NovozyMEs (Bagsvaerd, Denmark) and 15 mg/ml lysozyme (SERVA), dissolved in citrate
buffer and sterile filtered through 0.2 um filters (SARSTEDT)) and incubated for 100 min at
30°C under constant agitation to allow for protoplastation. Formation of protoplasts was
monitored by microscopy. Protoplasts were filtered through sterile Miracloth filters and
collected in pre-cooled sterile 50 ml centrifuge tubes (SARSTEDT), filled up to 50 ml with ice
cold STC 1700 buffer (1.2 M sorbitol, 10 mM Tris pH 5.5, 50 mM CacCl,, 35 mM NaCl) and
chilled on ice for 10 min. Subsequently, protoplasts were centrifuged at 2600 rpm at 4°C for
12 min and washed with ice cold STC1700 and this step was repeated. Protoplasts were
incubated with approximately 10 pg of respective DNA constructs (either linearized by
excision from respective plasmids, or in circular form in case of pME3173, pME4599,
pPME4600 and pME4601) for 30 min on ice. 1.35 ml sterile PEG solution (10 mM Tris pH
7.5, 50 mM CacCl,, 60% (v/v) PEG4000) was added successively in three steps to increase
DNA uptake of protoplasts and they were incubated for another 40 min over the ice.
Subsequently, protoplasts were centrifuged at 2600 rpm for 12 min and distributed on freshly

prepared solid MM plates, supplemented with 1.2 M sorbitol and respective selecting agents
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(pyrithiamine 1:1000, nourseothricin 0.7:1000, phleomycin 1:1000). Transformed clones were
picked after three to seven days and individualized on selective MM plates. Successful
transformation of constructs into A. nidulans and A. fumigatus hosts was verified by Southern
hybridization. Recyclable marker cassettes were eliminated from the genome of respective
mutants by singularizing clones on MM/xylose plates (0.5% (w/v) glucose, 0.5% (w/v)
xylose, 7 mM KCI, 2 mM MgSO,4, 70 mM NaNOs, 11.2 mM KH,PO4, 0.1% (v/v) trace
element solution pH 5.5) (Hartmann et al., 2010). Successful marker recycling was monitored

by Southern hybridization.

2.6.2 Transformation of bacteria

E. coli transformations were carried out as described in Hanahan et al., 1991; Inoue et al.,
1990. Briefly, chemi-competent E. coli cells were incubated with plasmid DNA for 30 min on
ice and subsequently heat shocked at 42°C to allow plasmid uptake. Heat shocked E. coli cells
were cooled on ice for one to two minutes, 600 pl LB was added and cultures were shaken for
30 to 60 min at 37°C on a rotary shaker. That followed, E. coli cells were harvested by
centrifugation and inoculated on solid LB plates supplemented with 1:1000 ampicillin to
prevent plasmid loss and allow for selection of clones, which successfully took up the
plasmid, and grown o/n at 37°C. E. coli clones were screened for successful uptake of
constructs via PCR amplification of fragments specific to respective plasmids (colony PCR).

2.7  Southern hybridization

Southern hybridization was employed to confirm successful mutagenesis of genetic loci
(Southern, 1975). Restriction enzymes (THERMO FISHER SCIENTIFIC) were utilized according
to manufacturer’s instructions. Genomic DNA of respective fungal mutant strains was
digested with restriction enzymes o/n, which were chosen the way that resulting DNA
fragments span parts of the respective mutated locus and at least one restriction site was
outside of the integrated construct to confirm on-locus integration. Moreover, restriction
enzymes were chosen according to the premise that respective DNA fragments show clear
size differences between mutants and the WT when separated by agarose gel electrophoresis.
After separation of DNA fragments according to size by agarose gel electrophoresis, gels
were washed for 10 min in wash buffer 1 (0.25 M HCI), followed by washing with buffer 2
for denaturation (0.5 M NaOH, 1.5 M NacCl) for 25 min and 30 min in buffer 3 (0.5 M Tris,

1.5 M NaCl, pH 7.4) for neutralizing. All washing steps were performed under constant
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agitation at room temperature (rt). Subsequently, DNA was transferred onto Amersham™
Hybond™-N nylonmembranes (GE HEALTHCARE) by dry blotting for 2 h at rt. Membranes
were subsequently dried at 75°C for 10 min and DNA was cross-linked to the membrane by
UV light exposure (A = 254 nm) for 3 min per side. Membranes were pre-hybridized in
hybridization solution from the Amersham™ Gene Images AlkPhos Direct Labelling and
Detection Sytem (GE HEALTHCARE, prepared after manufacturer’s instructions) for 30 min at
55°C in a HERA hybrid R hybridization oven (HERAEUS INSTRUMENTS) prior to application of
the DNA probe. DNA probes were prepared with the aforementioned kit according to
manufacturer’s instructions (GE HEALTHCARE). Hybridization of the membranes with the
respective DNA probes was performed o/n at 55°C. Subsequently, membranes were washed
twice in post-hybridization buffer I (1 mM MgCI2, 3.5 mM SDS, 50 mM sodium phosphate
buffer, 150 mM NaCl, 2 M Urea, 0.2% (w/v) blocking reagents) for 10 min at 55°C and twice
in post-hybridization buffer 11 (2 MM MgCl,, 50 mM Tris, 100 mM NacCl, pH 10) for 5 min at
rt under constant agitation. For detection of DNA bands CDP-Star (GE HEALTHCARE) was
applied and membranes were exposed to Amersham™ Hyperfilm™ ECL (GE HEALTHCARE).

2.8  Secondary metabolite extraction

2.8.1 Sterigmatocystin isolation

The isolation of sterigmatocystin and thin layer chromatography (see next chapter) was
performed as described (Bayram et al., 2008a). 1*10° spores were point inoculated on solid
MM and grown for three to seven days at 37°C in light or dark. Colonies or colony centers
were cut out with a 50 ml centrifuge tube (SARSTEDT) and the resulting agar plug was cut into
small pieces. Agar pieces were shaken in 50 ml Falcon tubes and six small glass bullets in
3ml H,O for 30 min at rt. Subsequently, 3 ml chloroform was added and samples were
shaken for another 30 min at rt. After this, tubes were centrifuged 10 min at 1000 rpm to
separate phases and the lower chloroform phase was transferred into glass tubes and
evaporated o/n at rt under the hood.

2.8.2 Thin layer chromatography

Sterigmatocystin samples were resuspended in 50 pl methanol and 15 pl of isolated
sterigmatocystin per sample was applied to pre-coated SIL G/UV254 Polygram® DC-foil
TLC-sheets (MACHEREY-NAGEL) (thin layer chromatography plates) in three steps of 5 ul to
prevent distribution over the TLC plate. TLC plates were run in 1:4 (v/v) acetone:chloroform

50



Materials and methods

for 40-50 min and photographed at 366 and 254 nm with a Camag TLC Visualizer 2 system
from CAMAG (Muttenz, Switzerland) after 5 min drying at rt. That followed, TLC plates were
sprayed with 20% (v/v) aluminum chloride in 95% (v/v) ethanol and baked at 70°C for 10
min. Developed plates were photographed again at 366 and 254 nm with a Camag TLC
Visualizer 2 system and processed with the winCATS 1.4.4 software (CAMAG).

2.8.3 Secondary metabolite isolation for HPLC measurements

Procedure was followed as described by Gerke and collaborators for the extraction of SMs
from vegetatively grown cultures (Gerke et al., 2012b). 1*10’ spores were grown vegetatively
for 48 h at 37°C on a rotary shaker and mycelia were removed. Remaining media were
adjusted to pH 5 with HCI, equal amounts of ethyl acetate were added and media and ethyl
acetate were mixed in a shaking flask to extract secondary metabolites. The formed water
phase was discarded and the ethyl acetate was transferred into round bottom flasks and
evaporated in a Hei-VAP-Advantage rotary evaporator from HEIDOLPH INSTRUMENTS GMBH
& Co. KG (Schwabach, Germany) with a MWG Lauda RM6 from LAUDA-BRINKMANN LP
(Delran, NJ USA) and a Laboxact KNF vacuum system (SIGMA-ALDRICH) at 37°C under
constant gyration.

For extraction of secondary metabolites from asexually and sexually grown cultures 1*10°
spores were plated and grown for three or seven days under asexual or sexual development
promoting conditions. Subsequently, fungal cells were washed off with cotton swabs and
0.96% (w/v) NaCl solution, containing 0.0002% (v/v) Tween. The agar was cut into small
pieces and transferred into flasks, covered with 300 ml ethyl acetate and shaken at 160 rpm at
30°C for 30 min followed by 15 min ultra-sonication in a Bandelin Sonorex™ Digital 10P
ultrasonic bath from BANDELIN ELECTRONIC GMBH & Co0.KG (Berlin, Germany) at highest
level. Ethyl acetate was transferred to round bottom flasks and evaporated in a rotary
evaporator at 37°C under constant gyration.

Secondary metabolites were resolved in 3 ml methanol by swirling and transferred into small
glass tubes. Methanol was evaporated in a rotary evaporator at 37°C under constant gyration
and samples were stored at -20°C. Samples were resolved in 500 pl methanol, centrifuged and

250 pl taken for measurements with high-performance liquid chromatography (HPLC).
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2.8.4 Secondary metabolite analysis by high-performance liquid chromatography
(HPLC) coupled with a UV diode array detector (UV-DAD)

HPLC measurements were executed by Dr. Jennifer Gerke (Department of Molecular

Microbiology and Genetics, Georg-August University Gottingen, Germany).

Analytical HPLC/UV-DAD measurements were performed using the following system:

HPLC pump 420, SA 360 autosampler, Celeno UV-DAD HPLC detector, ELSD-Sedex 85

evaporative light-scattering detector (ERC)) with a Nucleodur 100-5 C18 end-capped (ec)

column (250 mm x 3 mm) and the solvent system: A = H,O + 0.1% (v/v) trifluoroacetic acid

(TFA), B = acetonitrile + 0.1% (v/v) TFA (from GOEBEL INSTRUMENTELLE ANALYTIK GMBH,

Au/Hallertau, Germany). Secondary metabolite extracts were dissolved in 500 pl methanol

and an injection volume of 20 pul was analyzed under gradient conditions (20% B to 100% B

in 20 minutes) with a flow rate of 0.5 ml/min.

HPLC data was analyzed with the Geminyx Ill software from GOEBEL INSTRUMENTELLE

ANALYTIK GMBH (Au/Hallertau, Germany).

2.9 Protein methods

2.9.1 Protein isolation

Strains were grown under vegetative conditions. For protein isolation from asexually or
sexually grown cultures, cultures were grown vegetatively for 22 h and subsequently shifted
onto solid MM plates and grown asexually or sexually for 12 h. Mycelia were harvested
through sterile filter (MIRACLOTH), washed with 0.96% (v/v) sterile NaCl supplemented with
1 mM PMSF and 1% (v/v) DMSO and subsequently mycelia were frozen in liquid nitrogen.
Frozen mycelia were ground in liquid nitrogen with a MM400 table mill (ReTscH) and
approximately 200 mg was mixed with 300 pl B* buffer (300 mM NaCl, 100 mM Tris pH
7.5, 10% (v/v) glycerol, 1 mM EDTA, 0.1% (v/v) NP-40) supplemented with 1.5 mM DTT, 1
tablet/50 ml complete EDTA-free protease inhibitor cocktail (RocHE), 1 mM PMSF,
phosphatase inhibitor mix (1 mM NaF, 0.5 mM sodium-orthovanadate, 8 mM G-
glycerolphosphate disodium pentahydrate and 1.5 mM benzamidine) and centrifuged for 15
min at 13000 rpm at 4°C. Supernatant was transferred into fresh test tubes and protein
concentration was measured with a NanoDrop ND-1000 spectrophotometer (PEQLAB).
Concentration of samples were adjusted to same values with B* buffer and samples were
mixed with 3x SDS sample buffer (250 mM Tris-HCI pH 6.8, 15% (v/v) B-mercaptoethanol,
30% (v/v) glycerol, 7% (v/v) SDS, 0.3% (w/v) bromphenol blue) and boiled at 95°C for 5 min
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followed by 5 min incubation on ice. Samples were either used directly for further

experiments or stored at -20°C.

2.9.2 SDS-PAGE and western hybridization

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was utilized to separate proteins
according to size for western hybridization (Laemmli, 1970; Schinke et al., 2016). Equal
amounts of protein, which were determined with a NanoDrop ND-1000 photospectrometer
(Thermo Fisher Scientific), were loaded on 10% SDS gels (separation gel: 2.8 ml H,0, 3.75
ml 1 M Tris pH 8.8, 100 ul 10% (w/v) SDS, 3.3 ml 30% (v/v) acrylamide, 10 ul TEMED, 50
pl 10% (w/v) APS; stacking gel: 3.67 ml H,0, 625 pl 1 M Tris pH 6.8, 30 ul 10% (w/v) SDS,
650 pl 30% (v/v) acrylamide, 5 ul TEMED, 25 pl 10% (w/v) APS) and separated according
to size at 200 V in running buffer (25 mM Tris, 0.25 M glycine, 0.1% (w/v) SDS). Proteins
from SDS gels were blotted for 1 h at 100 V on Amersham™ Protran™ 0.45 um NC
nitrocellulose membranes (GE Healthcare) in ice cooled transfer buffer (25 mM Tris, 192 mM
glycine, 0.02% (w/v) SDS) or at 35 V o/n at rt in transfer buffer (Towbin et al., 1979).
Membranes were blocked with 5% (w/v) skim milk powder dissolved in TBST buffer (10
mM Tris-HCI pH 8.0, 150 mM NacCl, 0.05% (v/v) Tween 20) for 1 h at rt and subsequently
probed with 1:250 mouse a-GFP antibody (sc-9996, SANTA CRUZ BIOTECHNOLOGY, Dallas,
TX, USA) in TBST-M (TBST buffer, supplemented with 5% (w/v) skim milk powder) and
incubated o/n at 4°C. That followed, membranes were washed three times in TBST for 10 min
under constant agitation at rt and incubated for 1 h with 1:1000 horseradish peroxidase
coupled goat a-mouse antibody (115-035-003, JACKSON IMMUNO RESEARCH, West Grove,
CA, USA) as secondary antibody in TBST-M. Subsequently, membranes were washed for
three times 10 min with TBST under constant agitation at rt. That followed, membranes were
covered with a 1:1 (v/v) mixture of solution A (2.5 uM luminol, 400 uM paracoumarat, 100
mM Tris-HCIl pH 8.5) and solution B (5.4 mM H,0O,, 100 mM Tris-HCI pH 8.5) and
incubated for 5 min under constant agitation at rt in the dark (Suck and Krupinska, 1996).
Chemiluminescent signals were detected with a Fusion-SL7 chemiluminescence detection
system (PEQLAB) and pictures were recorded with the Fusion 15.15 software from VILBER
LOURMAT (Marne-la-Vallée cedex 3, France). As loading control membranes were stained

with Ponceau staining (Romero-Calvo et al., 2010).
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2.9.3 GFP-trap pull-downs

Protein pull-downs employing GFP-Trap® A beads from CHROMOTEK (Planegg-Martinsried,
Germany) were conducted as described earlier (Johnk et al., 2016). A. nidulans strains were
inoculated in a concentration of 5*10° spores in 500 ml MM and grown vegetatively for 24 h
(vegetative samples), or for 22 h vegetatively and subsequently mycelia were shifted onto
solid agar plates and grown for 12 h in light (asexual samples) or in the dark and sealed with
Parafilm® to induce sexual development (sexual samples). Mycelia were harvested and
immediately frozen in liquid nitrogen. Frozen mycelia were ground with a MM400 table mill
(RETSCH) in liquid nitrogen. 5 ml ground mycelia were mixed with B* buffer in a relation of
1:1 (v/v) and centrifuged twice for 20 min at 4000 rpm at 4°C. Supernatant was filtered
through 0.2 pm sterile filters (SARSTEDT) and mixed 1:100 with GFP-Trap® A beads
(CHROMOTEK) and incubated o/n rotating at 4°C. Subsequently, GFP-Trap® A beads were
washed twice with freshly prepared B* buffer and transferred into 1.5 ml reaction tubes. GFP-
Trap®_A beads were centrifuged at 3000 rpm at rt for 1 min and subsequently boiled in 50 pl
3x SDS sample buffer at 95°C for 10 min. Protein extracts were stored at -20°C until further

processing.

2.9.4 Bioinformatic analyses of protein features

The InterPro database (Finn et al., 2016) was searched using InterProScan
(https://www.ebi.ac.uk/interpro/search/sequence-search) (Jones et al., 2014) to predict protein
domains. The presence of putative orthologs of ZtfA in other fungi was analyzed in silico
with the Basic Local Alignment Search Tool (BLAST;
https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al., 1990). Orthologs were investigated in
pairwise sequence alignments using EMBOSS Needle
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/) (Li et al., 2015; McWilliam et al., 2013;
Rice et al., 2000). Putative nuclear localization sequences were searched with cNLS Mapper
(http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) (Kosugi et al., 2009) and
NucPred (http://www.sbc.su.se/~maccallr/nucpred/cgi-bin/single.cgi ) (Brameier et al., 2007).
LocNES (http://prodata.swmed.edu/LocNES/LocNES.php) (Xu et al., 2015) and NetNES 1.1
(http://www.cbs.dtu.dk/services/NetNES/) (La Cour et al., 2004) were employed to identify
nuclear export signals in silico. Phosphorylation sites were determined in silico with NetPhos
3.1 (http://www.cbs.dtu.dk/services/NetPhos/) (Blom et al., 1999). The cutoff was set to 0.7
(score values from 0 to 1).
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2.10 Identification of proteins from GFP pull-downs with mass spectrometry

2.10.1 Tryptic protein digestion

Protein LoBind Tubes PCR Clean from EPPENDORF AG (Hamburg, Germany) were used for
the whole procedure.

Tryptic digestion of proteins was performed as published by Shevchenko and collaborators
using Sequencing Grade Modified Trypsin (PROMEGA) (Shevchenko et al., 1996). Briefly,
protein samples were separated according to size on a 10% SDS gel (see CHAPTER 2.9.2).
Complete lanes were excised and cut into small pieces of approximately 2 mm. Gel pieces
were shaken in acetonitrile for 10 min at rt and dried in a SpeedVac Concentrator (THERMO
FISHER SCIENTIFIC). That followed proteins were reduced in-gel by incubating the gel pieces
in 10 MM DTT in 100 mM NH4HCO3 at 56°C for 1 h. Subsequently, the DTT solution was
exchanged with 55 mM iodoacetamid in 100 mM NH4;HCO3; to allow alkylation of reduced
cysteine residues, and the samples were incubated for 45 min in the dark. Afterwards, the gel
pieces were washed with 100 mM NH4;HCOj3 for 10 min and dehydrated in acetonitrile for 10
min. This procedure was repeated and the gel pieces were dried in a SpeedVac Concentrator
(THERMO FISHER SCIENTIFIC) at 50°C. That followed, the gel pieces were covered with
trypsin-digestion buffer (PROMEGA; prepared according to manufacturer’s specifications) and
incubated on ice for 45 min, followed by an incubation in 25 mM NH4HCO;3; o/n at 37°C.
Following, supernatants were collected into new reaction tubes and the gel pieces were
covered with 20 mM NH4HCOj3; and incubated for 10 min at rt for the extraction of acidic
peptides. Supernatants were collected and the gel pieces were incubated in 50% (v/v)
acetonitrile and 5% (v/v) formic acid and incubated for 20 min at rt. Subsequently,
supernatants were collected. This procedure was repeated three times to extract remaining
peptides. The combined supernatants were dried completely in a SpeedVac Concentrator
(THERMO FISHER SCIENTIFIC). Peptides were resolved in 20 pl resuspension buffer (98% H-0,
2% (v/v) acetonitrile, 0.1% (v/v) formic acid) and incubated in an ultrasonic bath at 35°C for

3 min at maximum power.

2.10.2 C18 StageTip purification of trypsin-digested samples

Protein LoBind Tubes PCR Clean from EPPENDORF AG (Hamburg, Germany) were used for
the whole procedure.

Prior to measurement with LC-MS/MS, peptides were purified from salts and other

contaminations, using the StageTip purification method (Rappsilber et al., 2003, 2007). For
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this, C18 (reversed-phase material) stage tips were prepared by introducing C18 plugs into
200 pl pipet tips. StageTips were equilibrated with 100 pl of 0.1% (v/v) formic acid in HPLC
grade methanol, followed by 100 ul of 0.1% (v/v) formic acid in 70% (v/v) acetonitrile and
100 pl of 0.1% (v/v) formic acid in dH,O. The last step was repeated. Peptides resolve in
resuspension buffer were loaded onto the StageTips and centrifuged 5 min at 3500 rpm. This
was repeated. Subsequently, the StageTips were washed twice with 100 pl of 0.1% (v/v)
formic acid in dH,O and peptides were eluted with 60 pl of 70% (v/v) acetonitrile containing
0.1% (v/v) formic acid after incubation for 5 min. Peptides were dried completely in a
SpeedVac Concentrator (THERMO FISHER SCIENTIFIC) at 50°C.

For mass spectrometry, peptides were resolved in 20 ul resuspension buffer (98% H,0, 2%
(v/v) acetonitrile, 0.1% (v/v) formic acid) and incubated in an ultrasonic bath at 35°C for 3

min at maximum power.

2.10.3 LC-MS/MS identification of proteins and protein phosphorylation

Mass spectrometry was performed by Dr. Oliver Valerius (Department of Molecular
Microbiology and Genetics, Georg-August University Gottingen, Germany) utilizing an
Orbitrap Velos Pro (THERMO FISHER SCIENTIFIC) as described (Johnk et al., 2016;
Kleinknecht et al., 2016; Lin et al., 2015; Schinke et al., 2016).

Liquid chromatography-coupled mass spectrometry was done using the Orbitrap Velos Pro
mass spectrometer and the RSLCnano Ultimate 3000 chromatography system (THERMO
FISHER SCIENTIFIC). Peptides of proteins hydrolyzed by trypsin and purified with C18 stage
tips were separated at nano-flow with Acclaim PepMap RSLC columns (THERMO FISHER
SCIENTIFIC) through a water-acetonitrile gradient. Online ionization of eluting peptides
through nano-electrospray was achieved by the use of the Nanospray Flex lon Source
(THERMO FISHER SCIENTIFIC). Full scans within the mass range of 300-1850 were recorded
with the Orbitrap-FT analyzer at a resolution of 30.000. In parallel data-dependent top ten
collision-induced dissociation (CID) in the LTQ Velos Pro linear ion trap took place. For
phosphopeptide analyses precursor peptides were either CID fragmented in the multi-stage
activation mode in the linear trap (MSA) or with higher-energy collisional dissociation (HCD)
within the C-trap. The XCalibur™ 2.2 software (THERMO FISHER SCIENTIFIC) was used for
LC-MS method programming and the mass spectra acquisition. MS/MS2 data processing for
peptide analysis and protein identification was performed either with the MaxQuant 1.5.1.0
and Perseus 1.5.3 or the Proteome Discoverer 1.4 software (THERMO SCIENTIFIC) using the
SequestHT and the Mascot search engines. As protein database an A. nidulans specific

56



Materials and methods

database with common contaminants was used. For further details see the LC-MS analysis
section of Materials and Methods in the recent publication from Schmitt and co-workers
(Schmitt et al., 2017).

2.11 Spore viability assay

Viability of spores over time was analyzed as described (Ni and Yu, 2007; Sarikaya-Bayram
et al., 2010). Conidia were harvested after two days and counted with a Coulter Z2 particle
counter (BECKMAN). 1*10° spores were plated on solid MM plates, supplemented with 1.2 M
sorbitol. Conidia were harvested after two, five and ten days and 200 spores were spread on
solid MM plates and grown at 37°C in light. This test was performed in triplicates per
experimental day. Colony formation was monitored after two days and calculated as ratio of

the number of growing colonies to the number of inoculated spores.

2.12 Trehalose assay

Trehalose assays were performed as described (d’Enfert and Fontaine, 1997; Ni and Yu,
2007; Sarikaya-Bayram et al., 2010). 1*10’ spores per strain were grown for two days on
solid MM at 37°C in light. 1*10” conidiospores were harvested and washed in dH,O.
Subsequently, 1*10° conidiospores per strain were resuspended in 200 pl dH,O and boiled at
95°C for 20 min to allow for trehalose extraction from spores. Spores were collected by
centrifugation, supernatants were transferred into fresh reaction tubes and mixed with equal
amounts of 0.2 M sodium citrate pH 5.5 and incubated for exactly 8 h at 37°C with and
without 3 mU trehalase (SIGMA-ALDRICH). Glucose amounts generated by the trehalase from
trehalose were assayed by employing the Glucose (GO) Assay Kit (SIGMA-ALDRICH)
according to manufacturer’s instructions. Glucose amounts from untreated samples were

deducted from the amounts from trehalase treated samples.

2.13  Electrophoretic mobility shift assay (EMSA)

EMSA was performed as described (Ahmed et al., 2013). DNA probes were generated by
annealing the reverse-complementary oligonucleotide pair kt379/380 with the sequences
GACTTTCCTCCGCGGACGCCGCGTCGATTTTAG/CTAAAATCGACGCGGCGTCCGCGGAGGAAAGTC.

GST-VosA purified protein (Ahmed et al., 2013) in indicated concentrations was mixed with
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1200 ng DNA and incubated for 15 min at rt in 2 pl HEPES/NaCl buffer (10 mM HEPES
pH 7.4, 150 mM NacCl). The protein-DNA mix was mixed with 4x sample buffer (40% (w/v)
glycerol in 0.25 M Tris-HCI, pH 6.8) and dispersed according to size on a native 6% (v/v)
polyacrylamide gel in TBE running buffer (45 mM Tris-borate, 1 mM EDTA) prior to
staining with ethidium bromide. As control the gel was stained with Coomassie brilliant Blue
G-colloidal staining (SIGMA-ALDRICH). Prior to the staining, gels were incubated for 1 h
under constant agitation in fixation solution (40% (v/v) ethanol, 10% (v/v) acetic acid)
(Schinke et al., 2016), followed by rinsing with dH,O for several times. Fixation solution was

subsequently utilized for destaining.

2.14  Microscopy

Photomicrographic images were obtained by utilization of an Axiolab microscope (CARL
ZEIss Microscory GMBH, Jena, Germany) and a SZX12-1LLB2-200 binocular microscope
(OLympus). Both systems were equipped with a SC30 digital camera (OLYMPUS). Pictures
were processed with the cellSens Dimension 1.4 software (OLYMPUS).

For monitoring conidiophore development in liquid cultures, strains were grown in
submerged cultures for 18 h and mycelial balls were transferred onto microscopic slides. For
analyses of premature conidiophore development, strains were grown for 14 h in LM and
transferred into liquid MM via filtration trough sterile Miracloth filters (MERCK) and grown
for 9 h in liquid MM under vegetative conditions (see Chapter 2.2.2).

Fluorescence microscopy was performed with a Zeiss AxioObserver Z.1 inverted confocal
microscope, equipped with Plan-Neofluar 63x/0.75 (air), Plan-Apochromat 63x/1.4 oil and a
Plan-Apochromat 100x/1.4 oil objectives (Zeiss) and a QuantEM:512SC camera
(PHOTOMETRICS, Tucson, AZ, USA). Pictures were processed with the SlideBook 6.0
software package (INTELLIGENT IMAGING INNOVATIONS GMBH, Gottingen, Germany).

For fluorescence microscopy 2000 spores per strain were inoculated in 8-well borosilicate
cover glass system (THERMO FISHER SCIENTIFIC) in 400 pl liquid MM for vegetative growth
or on glass slides for microscopy, covered with 1 ml solid MM for asexual and sexual growth
at 37°C or 30°C. Cultures were incubated for 24 to 36 h. Fluorescence values of WT
background fluorescence were subtracted from strains expressing GFP-fusion proteins to
allow for normalization of fungal auto fluorescence. Nuclei were visualized by ectopic

integration of "gpdA::rfp::h2A (pPME3173) into respective strains or via staining with 0.1%

58



Materials and methods

(w/v) 4,6’-diamidino-2-phenylindole (DAPI) (RoTH) and incubation for 20 min at 37°C prior

to microscopy.

2.15 Isolation of polysaccharides of A. fumigatus

Polysaccharides were extracted as described (Fontaine et al., 2011; Gravelat et al., 2013).
5*10" conidiospores per strain were inoculated in 100 ml modified Brian-medium (20 g/L
asparagine, 2.4 g/L NH4HCOs3, 10 g/L KH2POy4, 2g/L MgSO4*7 H,0, 26 mg/L ZnSO4*7 H,0,
2.6mg/L CuSO4*5 H,0, 1.3 mg/L CoCl,*6 H,0, 65 mg/L CaCl,, pH5.4, supplemented with
5% (wi/v) glucose after sterilization) and grown for 24 h at 37°C on a rotary shaker. Mycelia
were removed by filtration trough Miracloth filters (Merck) and flow through was transferred
into 500 ml bottles and mixed with 250 ml 70% (v/v) ethanol to precipitate polysaccharides.
To increase precipitation yields, bottles were shaken o/n at 4°C. The liquid was transferred
into centrifugation tubes and centrifuged in a Sorvall RC-3B Plus Refrigerated Centrifuge
(THERMO FISHER SCIENTIFIC), supernatant was discarded and precipitated polysaccharides
were dried o/n at rt. Weight of the centrifugation tubes was determined prior and after

polysaccharide precipitation to calculate weight of total precipitated polysaccharides.

2.16  Fungal stress tests

Stress tests with 1% (v/v) H,O, or 1% (w/v) sodium dodecyl sulfate (SDS) dissolved in dH,0
were carried out as described (Lessing et al., 2007). 1*10’ spores were mixed with 25 ml MM
with 2% (w/v) agar and supplemented with 10 pg/ml doxycycline to induce ztfA expression,
when needed, shortly before solidification (Helmschrott et al., 2013). This allows pouring
plates, which incorporate evenly distributed spores in the agar. After solidification, an agar
plug was removed by excision with a 15 ml centrifugation tube and the hole was filled with
150 pl of the respective stress inducing agent in indicated concentrations. Strains were grown
for 2 d at 37°C in light (A. nidulans) or dark (A. fumigatus) and inhibitions zones were

measured.

2.17 A. fumigatus infection assay with Galleria mellonella larvae
G. mellonella larvae were infected as described (Renwick et al., 2006). Larvae were obtained
from FAUNA Torics GMBH (Marbach am Neckar, Germany) and directly employed upon

arrival to ensure maximal initial health. Larvae were infected in groups of 12 individuals with
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8*10° spores in 20 pl sterile 0.96% (w/v) NaCl, supplemented with 0.002% (v/v) Tween-80
(SIGMA-ALDRICH) per strain. 10 pg/ml rifampicin was added to prevent infection with other
microorganisms. Per experimental repetition, 12 larvae were mock infected with NaCl Tween
solution and six larvae were left untreated to monitor general health of the animals and to
ensure that neither the infection procedure nor the storage conditions were responsible for
observed mortality. Micro-Fine™+ 0.3 ml insulin syringes (BD BIoSCIENCES) were utilized
for inoculation and sterilized with 100% ethanol after each treatment and discarded after
infection of three individuals to decrease contamination risk. Larvae were kept at 30°C in
petri dishes, separated according to the fungal strain they were infected with, and with litter
they came in. Survival was monitored at least daily. Moribund larvae were suspended when
no movement was observable upon contact and dark discoloration was observable. Suspended

larvae were sacrificed at -20°C prior to autoclave sterilization.
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3. Results

3.1  ANO0585/ztfA encodes the putative Zinc cluster transcription factor ZtfA

3.1.1 The ANO0585 gene product is a Zn(l1),Cyss fungal transcription factor

The velvet domain transcription factor VosA binds to promoters of approximately 1500 genes
(Ahmed et al., 2013). Amongst these putative VOsA targets are several so far uncharacterized
genes. By employment of UV-mediated random DNA damage Jgrgensen and collaborators
generated a mutant strain (scl-2), which showed reduced asexual sporulation and the
formation of sclerotic-like structures in Aspergillus niger that correspond to cleistothecia in
A.nidulans (Jgrgensen et al., 2011). Velvet proteins are fungal master regulators of
developmental programs and secondary metabolism and VosA specifically negatively
regulates the major conidiation activator-encoding brlA gene. The gene corresponding to the
scl-2 mutant phenotype could therefore be a downstream factor of one of the velvet proteins.
The A. niger gene later was identified as An08g07710 but so far, no further research has been
conducted to characterize it (A.F.J. Ram, personal communication). The putative ortholog in
A. nidulans, AN0585, is among the genes regulated by the velvet factor VosA (Ahmed et al.,
2013).

The AN0585 open reading frame (ORF) comprises 1730 nucleotides with one intron of 59
nucleotides (FIGURE 13). The gene product is a protein of 556 amino acids with a predicted
molecular mass of 60.3 kDa. The AN0585 protein shows an amino acid sequence similarity of
65.2% to An08g07710 of A. niger, 55.4% to Afu6g11110 of A.fumigatus and 63.2% to
A0090023000506 of A. oryzae in pairwise sequence alignments carried out with EMBOSS
Needle (Li et al., 2015; McWilliam et al., 2013; Rice et al., 2000). Sequence similarity
indicates percentage of matches between two sequences. Further putative orthologs among
Aspergilli were found in searches employing the Basic Local Alignment Search Tool
(BLAST) (Altschul et al., 1990) for A.flavus, A.terreus, A.acidus, A.aculeatus,
A. carbonarius, A. brasiliensis, A. glaucus, A. tubingensis, A. wentii, A. zonatus, A. kawachii.
All orthologs from these Aspergilli are C6 proteins with Aacul6872_038210 being the only
exception: in silico screens could not identify any conserved domains in the ortholog of
A. aculeatus (FIGURE 13). Amino acid sequence based searches using the AN0585 sequence
as query reveal putative orthologs in other Ascomycota as well. Several Penicillium spp.
harbor proteins with high query coverages of 70 to 100% and sequence identities around 40%

to A. nidulans ZtfA. A number of Talaromyces spp. might harbor orthologs as well (query
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coverage of 54 to 91% and sequence identities of 30 to 40%). Query coverage indicates the

percentage of the alignment that covers the primary amino acid sequence of A. nidulans ZtfA.
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A. nidulans AN0585 AHVAS. C KRKHLGCDPA
A. fumigatus Afu6gllllO AHVAS. C KKEKHLGCDPA
A. niger An08g07710 AHVAS. C KKFKHLGCDPA
A. oryzae RAO090023000506 AHVAS. C KRKHLGCDPA
A. flavus AFL2G 04346 AHVAS. C KKEKHLGCDPA
A. terreus ATEG_05057 PHVAS. C KKKHLGCDTA
A. acidus Aspfol 0129738 AHVASMC KKKHLGCDPA
A. aculeatus Aaculé872 038210 AHVASAL. .. ..........
A. carbonarius Acar5016_125664 AHVAS. C KKKHLGCDPA
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A. glaucus Aspgll 0063193 AHVAS. C KKKHLGCDSA
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A. zonatus Aspzol 0017%00 AHVAS. C KKKHLGCDPA
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FIGURE 13: ztfA (AN0585) encodes a C6 transcription factor.

Graphical representation of ztfA (zinc cluster transcription factor A; AN0585) and its gene
product (upper part). The grey box represents an intron, bp = base pairs, Zn = Zn(Il),-Cyss
fungal-type DNA-binding domain, NLS = nuclear localization sequence, NES = nuclear
export signal, aa = amino acids. Multiple amino acid sequence alignments of the C6 domain
(colored) of ZtfA orthologs from Aspergilli (lower part). Red = absolutely conserved, orange
= conserved in > '; of indicated sequences. Residues presumably involved in DNA-binding
are given in green. Asterisks mark the cysteine residues of the C6 domain. The small arrow
indicates the absolutely conserved antecedent alanine residue.

ANO0585 orthologs have not yet been characterized up to date. Query coverages for putative
orthologs from most other Ascomycota identified in BLAST searches are below 30% and in
almost all of these cases the region harboring the C6 domain is the only region with
similarities to AN0585. BLAST analyses using the AN0585 amino acid sequence as query
against Basidiomycota, Zygomycota, Glomeromycota and Chytridiomycota revealed query
coverages in single-digit or low double-digit percental range (< 20% query cover, with

exception of two putative proteins from Rhizophagus irregularis with 21% and 22% query
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cover, respectively). Therefore, orthologs of ANO0585 are abundant in Aspergilli and
supposedly present in other Ascomycota, but seem to be absent in other fungal taxa.

A search of the InterPro database (Finn et al., 2016) using InterProScan (Jones et al., 2014)
for conserved domains revealed a Zn(I1),-Cyss (C6) fungal-type DNA-binding domain as the
only conserved domain. Therefore, the protein was given the name ZtfA (Zinc cluster
transcription factor A) and, consequently, its gene was named ztfA.

NucPred (Brameier et al., 2007) and cNLS Mapper (Kosugi et al., 2009) both predict a
nuclear localization sequence (NLS) with high probabilities, starting at amino acid position
541 or 543 to position 548 or 550, respectively. LocNES (Xu et al., 2015) and NetNES 1.1
(La Cour et al., 2004) conformably predict a nuclear export signals (NES) starting at position
259 (LocNES) or 265 (NetNES) to 273. The predicted score, indicating the probability of the
actual existence of the NES, was relatively low (score value between 0 and 1, predict score
for NES in ZtfA around 0.6).

3.1.2 The C6 domain architecture of ZtfA is found in 5.7% of all A. nidulans C6
proteins

Typical DNA-binding sites of C6 proteins consist of terminal trinucleotides of direct or
inverted repeats separated by six to eleven residues. Whereas this structure is conserved, the
consensus sequence of the trinucleotides of targets differ greatly (Todd and Andrianopoulos,
1997). Gal4 of Saccharomyces cerevisiae is the founding member of the group of C6 proteins
and one of the best studied examples for this protein group. The zinc cluster DNA-binding
domain (DBD) of Gal4 has a CX,CXsCXsCX.CXeC architecture. Concurrently, this is the
most common C6 architecture in A. flavus and A. nidulans (Chang and Ehrlich, 2013). In
general, the cysteines within the first part of this motif are absolutely conserved, whereas the
second part varies and forms CX,CXsCX5.16CX,CX4.6C (Todd and Andrianopoulos, 1997). A
previous study found 330 C6 proteins in A. nidulans (Wortman et al., 2009). An up-to-date
in silico analysis conducted in the present study under employment of the AspGD and
FungiDB databases (Cerqueira et al., 2014; Stajich et al., 2012) reveals two additional C6
proteins. This increases the number of C6 proteins to 332 in A. nidulans. ZtfA shows a
CX,CXgCXsCX,CXgC  architecture, which is found in 19 out of 332 C6 proteins in
A. nidulans (approximately 5.7%). The amino acid residues within the first CX,CXsC motif
are conserved to a certain extent among all C6 proteins known up to date, and mutagenesis
studies showed their importance for DNA binding (Johnston and Dover, 1987; Todd and
Andrianopoulos, 1997; Yuan et al., 1991). The first, third, fourth and sixth residue between
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the second and third cysteine of the C6 domain are in most cases basic residues and mutations
of these residues have been shown to abolish DNA-binding in several C6 proteins (Todd and
Andrianopoulos, 1997). For ZtfA, these four residues are lysine, lysine, histidine and glycine
in orthologs of all Aspergilli (except A. aculeatus) (shown in green in FIGURE 13). A
conserved proline at position C4 — X;., functions in DNA binding in several known C6
proteins and was shown to prevent twist in the loop formed between the cysteines (Johnston
and Dover, 1987; Marmorstein et al., 1992; Todd and Andrianopoulos, 1997; Turcotte and
Guarente, 1992; Yuan et al., 1991). This proline is conserved in all putative Aspergilli ZtfA
orthologs (shown in green in FIGURE 13). The entire C6 domain is strongly conserved among
ZtfA orthologs in Aspergilli. The antecedent residue of the C6 domains is in most cases a
small amino acid (Todd and Andrianopoulos, 1997) and for all ZtfA orthologs it is alanine. In
conclusion, ZtfA has a quite uncommon C6 domain architecture and its orthologs in

Aspergilli share high conservation of their amino acid sequences.

3.2  ZtfAis necessary for conidiation of A. nidulans

A mutant of the ztfA ortholog in A. niger (scl-2) produces drastically diminished numbers of
conidiophores but is able to form sclerotia-like structures (Jorgensen et al., 2011).
Consequently, an A. nidulans knock out strain was created to analyze the influence of ztfA on
developmental programs. The absence of ztfA leads to a phenotype with drastically

diminished conidiophore numbers under asexual growth promoting conditions (FIGURE 14).

Azth ztfA comp ztfA OE

. .e

top

bottom

PMG

FIGURE 14: ZtfA is necessary for conidiation.

The absence of ztfA leads to diminished conidiophore formation. 2000 spores of WT, AztfA,
ztfA comp and ztfA OE ("niaD::ztfA) were point inoculated on solid minimal medium (MM)
and incubated for 3 d at 37°C in light. Cultures were photographed from above (top) and
below (bottom). Photomicrographs (PMG) show that AztfA forms reduced numbers of
conidiophores (green). Black bars = 200 pm.
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A. nidulans produces high numbers of conidiophores during asexual development in light and
reduces conidiophore formation during sexual growth (in the dark with limited oxygen
supply). A strain that overexpresses ztfA (ztfA OE) under a nitrate-inducible promoter
(PniaD::ztfA) produces increased numbers of conidiophores under sexual inducing conditions
(FIGURE 15A). The ztfA OE phenotype is especially intense when the strains are plated instead
of point inoculated on minimal medium (MM). This leads to a greenish appearance of the ztfA
OE strain in comparison to WT, AztfA and the complemented strain (ztfA comp) when grown
in the dark (FIGURE 15A). Point inoculation leads to simultaneous germination and circular
growth of the whole colony from the same location. Such radial colonies exhibit zones of
different age due to ongoing growth: the center comprises the oldest parts of the colony
whereas structures at the periphery are the youngest (vegetative zone) (Etxebeste et al.,
2010b). In contrast, plated strains comprise colonies emerging from single germinating
spores, which form a coherent mycelium due to hyphal fusion via anastomosis tubes, and are
of same age at every spot (Etxebeste and Espeso, 2016; Gabriela Roca et al., 2005). This
leads to simultaneous developmental progression of the whole culture.

Quantification of conidiospores produced by ztfA mutants confirms that AztfA forms
drastically diminished numbers of conidiospores compared to WT, ztfA OE and the
complemented strain (FIGURE 15B). ztfA OE produces one order of magnitude more
conidiospores in the dark, compared to WT and the complemented strain (FIGURE 15B).

The A. niger scl-2 mutant strain produces sclerotia-like structures, which are rarely formed by
A. niger WT under laboratory conditions, indicating a repressing effect of scl-2 upon sclerotia
formation (Frisvad et al., 2014; Jgrgensen et al., 2011). Hence, cleistothecia formation, which
presumably corresponds to sclerotia, was monitored in A. nidulans. It is noteworthy, that the
WT (AGB551) used in this study produces increased amounts of cleistothecia compared to
the commonly used FGSC A4 WT even in light (Bayram et al., 2012; McCluskey et al.,
2010). The AztfA mutant produces similar amounts of cleistothecia compared to WT when
grown in light (FIGURE 15C). In contrast, ztfA OE produces slightly more cleistothecia when
grown in the dark under tested conditions. Differences between ztfA mutants and the WT are
relatively small in both asexual and sexual development, indicating, that ZtfA is not a major
regulator of cleistothecia formation in A. nidulans. Nests and cleistothecia in the AztfA strain
are more apparent compared to WT when grown in light, where these structures are covered
by green layers of conidiophores (FIGURE 16). Ascospores of AztfA are viable. These findings

indicate that the ztfA gene product is not required for ascospore formation.
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FIGURE 15: ZtfA is important for asexual development.

A) Colony morphology of plated cultures of WT, AztfA, ztfA comp and ztfA OE strains. Solid
MM plates were inoculated with 1*10” spores and incubated for 7 d in light or dark at 37°C.
B) Amount of conidiospores produced by indicated strains during a 10 days’ time course
during asexual development (light) and sexual development (dark), given in a logarithmic
scale (Logao). Plates were inoculated with 1*10° spores of WT, AztfA, ztfA comp or ztfA OE
and spores were counted after 2, 5 and 10 days grown in light or dark at 37°C. C) Amounts of
cleistothecia produced by WT and the ztfA mutant strains after 8 d grown in light or dark.
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A adlight 8 d light B 3d dark

FIGURE 16: ztfA is dispensable for cleistothecia formation and ascospore viability.

A) AztfA forms only few conidiophores (black arrows) and mostly nest like structures (white
arrows), which produce mature cleistothecia. Black bars = 200 pum, white bars = 100 um. B)
Crushed cleistothecia (violet) of 7 d old cultures from WT and AztfA. Black bars = 50 pm.
Ascospores of WT and AztfA were plated on solid MM and incubated for 3 d in dark.

3.3 The velvet protein VosA is a repressor of ztfA gene expression

3.3.1 VosA is a negative regulator of ztfA

VosA binds a palindromic CCGCGG recognition sequence upstream of approximately 1500
target ORFs (Ahmed et al., 2013). ztfA is among these genes putatively regulated by VosA.
The region containing the CCGCGG motif was identified upstream of the ztfA ORF.
Electrophoretic mobility shift assays (EMSASs) with a synthesized DNA probe of this region
show that GST-VosA (Ahmed et al., 2013) binds this region in vitro and dosage-dependently
(FIGURE 17A). This shows a specific binding of VosA to this motif upstream of ztfA and
confirms the ChlIP-on-Chip results from Ahmed and collaborators.

The molecular mechanism of regulation is unclear for most of the putative VosA targets.
Hence, VosA’s regulatory role upon ztfA expression was analyzed. cDNA was transcribed
from RNA isolated from asexually grown WT, AztfA and AvosA (S. Thieme, p.c.) cultures
and quantitative real-time polymerase chain reaction (QRT-PCR) analyses were conducted to
analyze whether VosA regulates ztfA expression (FIGURE 17B). ztfA transcription is
upregulated in the absence of vosA in asexually grown cultures after 24 h but not during
vegetative growth. This shows that VosA represses ztfA expression during the late phase of

conidiation.
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FIGURE 17: VosA binds upstream of the ztfA open reading frame and represses ztfA gene
expression.

A) Electrophoretic mobility shift assay (EMSA) using serial diluted GST-VosA protein and a
33 bp DNA probe of the vosA recognition site upstream of ztfA. DNA and protein were used
in molar ratios of 1:0.3, 1:1, 1:3 and 1:4. Free GST is shown as negative control. B) ztfA
expression is upregulated in the absence of vosA during asexual growth, as indicated by gRT-
PCR analyses. Strains were grown for 24 h in submerged cultures and mycelia were harvested
(vegetative), or shifted onto solid MM plates and grown for 24 h in light (asexual).

3.3.2 ztfA is epistatic towards vosA

VosA forms heterodimers with VelB and VelC (Park et al., 2012, 2014), which fulfill
different functions in fungal development and interconnected secondary metabolism. Single
and double knock out mutants of the velvet factors and ztfA were constructed to investigate
whether ZtfA functions up- or downstream of VosA and to analyze possible genetic relations
with other velvet factors.

The AvosA strain forms grey-greenish conidiophores (Ni and Yu, 2007). The AztfA phenotype
predominates in a AztfAAvosA double mutant strain (FIGURE 18). This indicates that ztfA is
epistatic towards vosA. The AveA and AvelB single mutants both show drastic phenotypes on
solid MM without cleistothecia formation and with production of dark reddish pigments
(Bayram et al., 2008a; Palmer et al., 2013; Park et al., 2012b) (FIGURE 18). Both AztfAAveA
and AztfAAvelB double mutants show additive phenotypes. The dominant phenotype is similar
to the AveA and AvelB single mutant, respectively, but with increased amounts of aerial
hyphae and drastically reduced greenish colony centers (FIGURE 18). These additive
phenotypes indicate an action of ZtfA independently of VVeA or VelB, or their heterodimers.
The AvelC single mutant shows an almost WT-like phenotype on solid MM but with
increased amounts of conidiophores (Park et al., 2014) (FIGURE 18). The AztfAAvelC double
deletion strain shows an additive phenotype with the AztfA phenotype as the predominant
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phenotype but an increased greenish colony center. Taken together, ZtfA functions
specifically downstream of VosA, because it does not function in VeA, VelB or VelC

governed pathways.
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FIGURE 18: Phenotypes of ztfA and velvet mutants.

Phenotypic analyses indicate that ztfA is epistatic towards vosA. Double mutants with AztfA
and either AveA, AvelB or AvelC show additive phenotypes. Strains were point inoculated on
solid MM and grown for 4 d in light at 37°C. PMG = photomicrograph, black bars =200 pm.

3.3.3 ZtfA is necessary for spore viability

VosA and VelB are crucial for trehalose biogenesis (Ni and Yu, 2007; Sarikaya-Bayram et
al., 2010). Conidiospore viability assays were conducted to test whether ZtfA is involved in
spore viability as well. These tests were carried out on solid MM supplemented with 1.2 M
sorbitol to decrease Hiille cell contaminations in conidiospore solutions (Han et al., 2003).
Conidiospores of AztfA show a rapid loss in spore viability (FIGURE 19A). This can be
complemented by reintroducing the ztfA gene into the ztfA deletion background (ztfA comp).
The assay was performed several times with similar results without sorbitol to exclude an
effect of sorbitol on spore viability. Consequently, trehalose amounts were analyzed in spores
of WT and the ztfA mutants. However, no difference in trehalose amounts in spores of AztfA
or ztfA OE in comparison to WT could be found (FIGURE 19B). This finding shows that ZtfA
specifically supports spore viability without affecting trehalose biogenesis, which might

require a second VosA controlled regulatory gene.
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FIGURE 19: ZtfA supports spore viability.

A) Conidiospores show a rapid loss in viability in the absence of ztfA. 1*10° spores were
plated and grown for up to 10 d in light at 37°C. Spores were harvested at indicated time
points and 200 spores per strain were plated. Emerging colonies were counted after two days.
Numbers of emerging colonies are given as percent of inoculate. This assay was performed in
three biological replicates on MM supplemented with sorbitol and repeated several times
without sorbitol with similar results. B) Trehalose amounts do not differ between WT and the
ztfA mutant strains. Trehalose amounts of WT and the ztfA mutant strains were analyzed in 2 d
old conidiospores from asexually grown cultures. Amounts are given in pg (picogram) per
spores.

3.4  ZtfA activates the conidiation pathway

3.4.1 ztfA overexpression results in conidiophore formation during vegetative growth
ztfA OE forms increased numbers of conidiospores during sexual development (FIGURE 16).
Phenotypes of WT and the ztfA mutants were monitored in submerged cultures to investigate
whether ztfA OE is sufficient to induce conidiophore formation even during vegetative
growth. Submerged culture conditions completely suppress developmental programs in
A. nidulans and result in solely vegetative hyphal growth. Strains were grown in liquid
cultures for 18 h and mycelia were investigated under the microscope. ztfA OE forms
conidiophores in submerged cultures (FIGURE 20), whereas no conidiophores are found in
cultures of WT, AztfA or ztfA comp. This shows that ztfA OE is able to undergo asexual
development even under development suppressing conditions.

A. nidulans achieves developmental competence after approximately 18 h of vegetative
growth (Axelrod et al., 1973; Lee et al., 2016). Experiments were conducted to investigate if
an overexpression of ztfA is sufficient to induce conidiophore development earlier than 18 h

post germination. ztfA OE and the WT were grown for 14 h in submerged London medium
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(LM), which represses the expression of ztfA driven by the nitrate-inducible promoter
("niaD::ztfA) in the ztfA OE strain. Subsequently, cultures were shifted into liquid MM, which
contains nitrate as sole N-source and therefore induces expression of PniaD::ztfA in the ztfA
OE strain. ztfA OE forms conidiophores as early as 9 h post induction, whereas the WT does
not form conidiophores under described culture conditions. This underlines an activating

effect of ZtfA towards conidiation.

S

LA AT

FIGURE 20: ztfA OE induces A. nidulans conidiophore formation in submerged cultures.
Photomicrographs of strains grown for 18 h in submerged cultures in liquid MM. White
arrows indicate conidiophores. White bars = 20 um.

3.4.2 ZtfA functions downstream of the conidiation-pathway activator FluG

Phenotypes of the AztfA and ztfA OE strains suggest that ZtfA is a conidiation activator. FluG
is a key upstream activator of the conidiation pathway (Lee and Adams, 1994b). A fluG
deletion cassette was constructed and integrated into the WT and the AztfA strain, as well as
the ztfA OE strain. The deletion of fluG leads to a drastically reduced conidiation and a fluffy
phenotype (Lee and Adams, 1994a) (FIGURE 21A). The back of the colony shows a light
orange color indicating an alteration in secondary metabolite production. The AfluGAztfA
double mutant shows an additive phenotype to the AfluG single mutant and completely failed
to produce conidiophores (FIGURE 21A). The orange color of metabolites released by this
mutant is less bright compared to the single AfluG mutant.

The AfluG phenotype is not rescued by an overexpression of ztfA. However, an
overexpression of fluG does not rescue the AztfA deletion phenotype. This indicates an action
of the ZtfA protein downstream, or independently of the FIuG pathway.
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FIGURE 21: ZtfA regulates fluG expression.

A) Phenotypic analyses of ztfA and fluG mutants. 2000 conidiospores of each strain were
point inoculated and grown for 4 d in light (upper panel) and dark (lower panel) at 37°C.
PMG = photomicrographs, black bars = 200 um. B) and C) qRT-PCR shows that fluG gene
expression during vegetative growth after 24 h is downregulated B) but upregulated during
late asexual phase (24 h post induction) in the absence of ztfA (***P < 0.005). 1*10’ spores
were inoculated in MM and grown for 24 h vegetatively and harvested B) or transferred to
plates and incubated for 24 h in light at 37°C to promote asexual development C). Gene
expression is given relative to WT from three biological replicates.
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In gRT-PCR analyses, fluG is not found to be upregulated during vegetative growth in ztfA
OE, as would be expected if ztfA would be an activator of fluG (FIGURE 21B). In the absence
of ztfA, however, a slight downregulation of fluG of about two fold is found. In contrast, fluG
is upregulated fivefold in the absence of ztfA during asexual growth after 24 h in comparison
to WT (FIGURE 21C). The differential expression in AztfA is completely restored in ztfA comp.
This indicates that ZtfA has different influences on fluG transcription during vegetative

growth and during late asexual development.

3.4.3 ZtfA regulates upstream activators of conidiation

Several upstream developmental activators (UDAS) are involved in the activation of brlA
gene expression, downstream of FluG. These UDAs are the flb (fluffy low brlA expression)
genes, which gene products activate brlA expression in two cascades:
FIbB/FIbDE->FIbD->BrlA and FIbC->BrlA (see CHAPTER 1.5) (Seo et al., 2003). Expression
of the flb genes was analyzed in vegetative and asexual growth to investigate whether ZtfA
regulates the UDA pathway. gRT-PCR analyses show that several flbs are differentially
regulated in the absence of ztfA or in a ztfA OE background during vegetative growth
(FIGURE 22). fIbB and fIbE, which encode co-activators of brlA via FIbD, were not found to be
significantly differentially regulated in the ztfA mutants compared to WT during late
vegetative growth. Strikingly, flbD is found to be downregulated about 11 times compared to
WT in the absence of ztfA (FIGURE 22). fIbC is downregulated about 2.5 fold in AztfA
compared to WT but upregulated in ztfA OE. This suggests an activating role of ZtfA towards
the UDA cascade during vegetative growth and especially towards flboC and floD gene
expression.

During asexual growth flbB, flbC and flbD are upregulated about three fold in the absence of
ztfA (FIGURE 22). These findings indicate that ZtfA coordinates expression of genes of the
conidiation pathway differentially at different developmental stages. In vegetative growth,
ZtfA activates the UDA pathway, which members then bind to the brlA promoter (Garzia et
al., 2010; Kwon et al., 2010a). ZtfA represses expression of the UDA genes during late
asexual growth after 24 h post induction, when conidiophores are present and conidiospores
mature.

The fifth flb gene is flbA and codes for a RGS domain protein, which antagonizes the action
of a G-protein mediated pathway through FadA. This pathway represses conidiation and
sterigmatocystin biosynthesis (see CHAPTER 1.5.2) (Hicks et al., 1997). flbA gene expression

was monitored during vegetative and during asexual growth as well. Expression levels of flbA
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were not altered during vegetative growth in ztfA mutant strains in comparison to WT
(FIGURE 22). However, ZtfA has a repressing effect on fIbA expression during asexual growth
since fIbA is upregulated in the absence of ztfA (FIGURE 22). As fIbA expression was not

affected during asexual growth in ztfA OE, this regulation might be indirect.
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FIGURE 22: ZtfA regulates flb genes in a time dependent manner.

Expression of the flb genes in WT and the ztfA mutants determined by qRT-PCR. Gene
expression of flbC and flbD is downregulated in AztfA compared to WT during vegetative
growth (left hand side). fIboC expression is upregulated under same growth conditions in
ztfA OE. Gene expression of flbA, flbB, flbC and flbD is upregulated in AztfA during asexual
development after 24 h (right hand side). 1*10’ spores were grown in submerged cultures for
24 h and mycelia were harvested (vegetative) or transferred onto solid agar plates and grown
for 24 h in light (asexual). Gene expression relative to WT is given from three (asexual) and
four (vegetative) biological replicates with three technical replicates (***P<0.005).

Single and double knock out strains were created to investigate genetic relations between ztfA
and the flb genes. All single deletions of the flb genes show fluffy phenotypes (Wieser et al.,
1994) (FIGURE 23). AfIbC shows a phenotype very similar to AztfA. Double deletions of ztfA

and each of the flb genes show distinct phenotypes with additional phenotypical effects.
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Conidiophore development in the double deletions is completely absent in all mutant
combinations (FIGURE 23). Notably, AflbCAztfA resembles the AflbB and AfIbE phenotype as
well as all AflbAztfA double mutant phenotypes. In contrast to the single AztfA mutant, all
double deletion strains produce increased numbers of aerial hyphae, which leads to a fluffy
phenotype. ZtfA is a positive regulator of floC and floD gene expression (FIGURE 22). The
fact that AflbBAztfA and AfIbEAztfA show a similar phenotype to AflbDAztfA supports this,
since FIbB and FIbE function upstream of FIbD. Furthermore, this is supported by the
observation that AfloCAztfA resembles the other AfloAztfA phenotypes. Taken together, this
indicates that ZtfA functions upstream of both, FIbC and FIbD. This shows that ZtfA activates
both cascades of the FIb pathway through FIbD and FIbC. These findings suggest a necessity
for both, ZtfA and the Flb factors for conidiation.
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FIGURE 23: ztfA and the flb genes are necessary for conidiation of A. nidulans.

Loss of ztfA has additional effects in Aflb mutants. 2000 conidiospores per strain were point
inoculated on solid MM and grown for 3 d in light (upper panel) or dark (lower panel) at
37°C. PMG = photomicrograph, black bars = 200 um.

flo genes were knocked out in ztfA OE background to test whether ztfA OE is sufficient to
rescue the flb phenotypes. ztfA OE is not sufficient to complement flb knock out phenotypes
in any case (FIGURE 24). This clearly shows that ZtfA does not act downstream of the Flb

factors. Taken together, these epistasis analyses show a necessity of both, ztfA and the flb
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genes for asexual development in an interdependent manner. These findings indicate that ZtfA
functions upstream of the UDA pathway and is important for conidiation, specifically through

activation of fIbC and flbD gene expression.
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FIGURE 24: ztfA OE is not sufficient to rescue fungal Aflb phenotypes.
2000 conidiospores per strain were point inoculated on solid MM and grown for 3 d in light
and dark at 37°C. PMB = photomicrograph, black bars = 200 pm.

3.4.4 ZtfAis an activator of brlA gene expression

BrlA is the major regulator of conidiophore development (Adams et al., 1988). Since ztfA OE
forms conidiophores under development repressing conditions and ZtfA together with the Flb
factors are necessary for conidiation, the question arises, whether ZtfA activates brlA
expression. brlA gene expression in WT and ztfA mutant strains was analyzed by gRT-PCR.
The WT only expresses basal levels of brlA when grown in liquid cultures. In contrast,
transcript levels of brlA are highly upregulated in ztfA OE (FIGURE 25A).

brlA is also upregulated during vegetative growth in the absence of vosA (Lee et al., 2016; Ni
and Yu, 2007) (FIGURE 25A). This opens the question whether ZtfA activates brlA
expression. Expression of brlA in a AvosA mutant in ztfA OE background was tested to
investigate this possibility. brlA gene expression is already upregulated about 40 times in
ztfA OE compared to WT under submerged culture conditions. The AvosA ztfA OE mutant
shows a more than 10 times higher upregulation of brlA compared to the ztfA OE single
mutant and over 400 times more compared to WT (FIGURE 25A). This additional upregulation
indicates that ztfA OE is sufficient to activate brlA expression in the absence of vosA.
Phenotypical analyses were conducted to confirm an epistasis of ztfA towards brlA. The AbrlA
mutant strain shows a phenotype with drastically diminished conidia and increased numbers
of aerial hyphae, leading to a fluffy phenotype when grown in light (FIGURE 25B). It
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resembles the AztfA strain when grown in the dark, where no aerial hyphae are formed
(FIGURE 25B).
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FIGURE 25: ZtfA activates brlA gene expression.

A) gRT-PCR shows that ztfA OE induces brlA gene expression in vegetatively grown
cultures. This is intensified in the absence of vosA. Note that the axis of ordinates is
interrupted to allow a better visibility of the expression values below 50 relative to WT. This
was repeated with three biological and three technical replicates. B) ztfA is epistatic towards
brlA. Strains were point inoculated on solid MM and grown for 3 d in light or dark at 37°C.
PMG = photomicrograph, black bars = 200 um.

The AbrlAAztfA double mutant shows the AztfA single mutant phenotype in both light and
dark. This underlines an action of ZtfA upstream of BrlA in developmental programs. A
AbrlA ztfA OE mutant shows a fluffy phenotype due to increased amounts of aerial hyphae.
This shows that ZtfA alone is not able to induce conidiation but ZtfA-mediated conidiation
induction relies on brlA. AbaA is a direct downstream factor of BrlA (Andrianopoulos and
Timberlake, 1994). Hence, the genetic relations of abaA and ztfA were analyzed as well. A
loss of abaA leads to the formation of brownish conidiophores, which are impaired in correct

conidiospore separation and distinctly decreased in number (Sewall et al., 1990b) (FIGURE
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26). The AztfAAabaA mutant shows the AztfA single mutant phenotype but lost the greenish
colony center when grown in light (FIGURE 26). The double mutant is indistinguishable from
the AztfA single mutant, but distinctly different to the AabaA single mutant when grown in the
dark. This confirms an action of ZtfA upstream of BrlA and AbaA.
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FIGURE 26: ztfA is epistatic towards abaA.

ztfA and abaA mutants, grown in light (left hand side) or dark (right hand side), are shown.
2000 conidiospores per strain were point inoculated on solid MM and grown for 4 d in light or
dark at 37°C.
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3.4.5 ZtfA regulates conidiation independently of developmental repressors

Activation of the conidiation pathway is hindered by the repressors NsdD and VosA during
vegetative growth, which are released from the brlA promoter when the fungus becomes
developmentally competent (Lee et al., 2014; Ni and Yu, 2007). SfgA represses conidiation
through negative regulation of the Flb factors (Seo et al., 2003, 2006). Expression of sfgA,
nsdD and vosA genes during vegetative growth and late asexual development was analyzed
via qRT-PCR to exclude the possibility that ZtfA influences the conidiation pathway via
downregulation of these repressors. None of the three genes is differentially regulated neither
during vegetative nor during asexual growth in ztfA mutants (FIGURE 27). This clearly shows
that ztfA does not negatively regulate gene expression of the conidiation repressors and it

supports the hypothesis that ZtfA is a direct activator of brlA expression.
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FIGURE 27: Gene expression of various regulatory genes of fungal development is
independent of cellular ZtfA protein levels.

gRT-PCR shows that gene expression of repressors of asexual development is not
significantly altered in absence or overexpression of ztfA. 1*10’ spores were grown in
submerged cultures for 24 h and mycelia were harvested (left hand side) or transferred onto
solid agar plates and grown for 24 h in light (right hand side). This was repeated with three
biological and three technical replicates.

3.5  ZtfA supports expression of several secondary metabolite genes

3.5.1 ZtfA regulates gene expression of afIR and sterigmatocystin biosynthesis
Secondary metabolite (SM) production is tightly interconnected with developmental programs
in filamentous fungi (Brakhage, 2013). The velvet regulatory networks play key roles in this
interconnection (Bayram et al., 2008a). It was examined whether ZtfA, as a downstream
factor of VosA, is involved in the regulation of secondary metabolism. Sterigmatocystin
production was compared in different ztfA mutant strains. Cells were grown for three days
under asexual or sexual conditions. Sterigmatocystin samples were extracted and analyzed
using thin layer chromatography (TLC). Sterigmatocystin production is increased during
asexual as well as sexual development in both, the AztfA strain as well as in the ztfA OE strain
(FIGURE 28A). AfIR is the major sterigmatocystin regulator in Aspergilli (Yu et al., 1996a). It
was examined whether the deletion or overexpression of ztfA is sufficient to restore
sterigmatocystin production in AaflR. aflR was knocked out in AztfA or ztfA OE background
(FIGURE 28B). Neither a loss nor an overexpression of ztfA restored ST production in the
absence of afIR (FIGURE 28B).
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gRT-PCR analyses were carried out to examine whether this increase in sterigmatocystin
production can be retraced to changes in gene expression of aflR and stcU in asexually grown
cultures. stcU encodes a ketoreductase and transcript levels are commonly used as indicator
for sterigmatocystin cluster activation (Hicks et al., 1997; Kato et al., 2003). In accordance
with the TLC results, aflR expression is upregulated about three fold in ztfA OE and about
eight fold in AztfA (FIGURE 28C). Confirmatively, stcU is highly upregulated in both ztfA OE
and AztfA (FIGURE 28C).
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FIGURE 28: ZtfA is involved in the regulation of sterigmatocystin production and aflR
and stcU gene expression.

A) Absence and overexpression of ztfA lead to increased sterigmatocystin production. B) ztfA
OE is not sufficient to induce ST production in AaflR. A) and B) ST was isolated from strains
grown for 3 d in light or dark. Thin layer chromatography was performed and TLC plates
were sprayed with aluminum chloride to allow ST analysis. C) gRT-PCR shows that loss and
overexpression of ztfA result in increased transcription of aflR and stcU during asexual growth
(***P < 0.005, **P < 0.01).

The relation between afIR and ztfA on developmental levels was analyzed. AaflR, AztfA and
the double mutants, together with the ztfA OE and aflR OE mutants, were point inoculated on
solid MM and grown for three days under asexual or sexual conditions (FIGURE 29). The
AafIR single mutant resembles in its colony morphology the WT (Wilkinson et al., 2004)
(FIGURE 29). The AaflRAztfA double mutant exhibits the AztfA phenotype, indicating an
epistasis of ztfA towards aflR in developmental programs. Consistently, the phenotype of a
strain, which lacks the aflR gene, but overexpresses ztfA shows the ztfA OE phenotype. The

aflR OE mutant shows a phenotype with decreased conidiation and dispensing of a red
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pigment into the surrounding medium (FIGURE 29). The AztfA in aflR OE background shows
further diminished conidiophores (FIGURE 29). This confirms an epistasis of ztfA towards aflR

in developmental programs.
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FIGURE 29: ztfA is epistatic towards aflR.

Point inoculated colonies of ztfA and aflR mutants grown in light (upper part) or dark (lower
part) are shown. ztfA mutant phenotypes predominate the AaflR phenotype grown in light
(asexual development) and dark (sexual development). 2000 spores per strain were point
inoculated on solid MM and grown for 3 d in light at 37°C.

3.5.2 ZtfA is a positive regulator of austinol cluster genes and is required for austinol
and dehydroaustinol biosynthesis

High-performance liquid chromatography (HPLC) was employed to analyze production of
further secondary metabolites in ztfA mutants. Secondary metabolites were extracted with
ethyl acetate from cultures grown for three and seven days in light or dark. Austinol and
dehydroaustinol were identified according to their masses and UV/VIS absorption maxima
(Szewczyk et al., 2008) in SM samples extracted from asexually grown WT and ztfA OE
cultures after both, three and seven days of asexual growth (light) (FIGURE 30A), but not
during sexual growth (dark) (FIGURE 30B). Both compounds were absent in HPLC
measurements from SM samples extracted from AztfA cultures (FIGURE 30A and B). The
production of austinol and dehydroaustinol during asexual growth is restored by
reintroduction of the ztfA gene (ztfA comp) into the knock out mutant (FIGURE 30A).
Transcriptional analyses were conducted to investigate whether the HPLC measurements
correlate to transcriptional changes of genes of the austinol cluster in the ztfA mutants.
Expression of three genes, which products are involved in the austinol and dehydroaustinol
synthesis pathway, was analyzed in vegetatively grown cultures: ausA, coding for a
polyketide synthase producing 3,5-dimethyl orsellinic acid, the first intermediate in the
austinol and dehydroaustinol biosynthesis pathway, as well as ausH, whose gene product is
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required for production of both secondary metabolites (Lo et al., 2012; Nielsen et al., 2011).
The third tested gene, ausF, codes for a protein required for austinol and dehydroaustinol
production at WT levels (Lo et al., 2012). The ausA and ausF transcripts were not expressed
during vegetative growth, neither in WT nor in the AztfA or the ztfA comp strain. ausH gene
expression could be detected in WT and ztfA comp, but not in AztfA. ztfA OE is sufficient to
induce gene expression of all three genes (FIGURE 31). This shows that ZtfA activates aus

(austinol cluster) gene expression.
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FIGURE 30: ztfA is necessary for austinol and dehydroaustinol production.

Secondary metabolites were extracted from cultures grown for 3 d in light or dark on solid
MM plates at 37°C. SM profiles shown resemble these after 7 d. A) Austinol (1) and
dehydroaustinol (2) are not produced in the absence of ztfA, but in WT, ztfA comp and ztfA
OE during asexual growth (light). B) Austinol and dehydroaustinol are absent in SM samples
extracted from sexually grown cultures (dark).

Neither austinol nor dehydroaustinol were identified in SM samples extracted from ztfA OE
grown in liquid submerged cultures for 48 h (FIGURE 32). This indicates that the upregulation
of austinol cluster genes in the ztfA OE strain is not sufficient to induce austinol and
dehydroaustinol production during vegetative growth. The AztfA strain produces compounds
during vegetative growth, which were identified as peaks at 21 and 21.5 min retention time
and thereafter with HPLC (FIGURE 32, in red). These compounds were absent in WT, as well
as in ztfA comp and ztfA OE strains. These peaks might represent SMs, which are not
produced in WT under these conditions or SM intermediates, where formation of the final
product is blocked in the absence of ztfA. This finding underlines the importance of ZtfA for

secondary metabolite production in A. nidulans.
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Taken together, ZtfA acts as activator of genes of the austinol and dehydroaustinol cluster and

is important for regulation of further, yet unidentified, SMs.
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FIGURE 31: Overexpression of ztfA leads to an upregulation of aus genes during
vegetative growth.

Gene expression of selected aus genes measured with qRT-PCR. Note that values with a
quantification cycle (Cq) > 30 were considered as not expressed and are therefore not shown.
1*10" spores were grown for 24 h under submerged culture conditions. Data from three
biological and three technical replicates is shown.
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FIGURE 32: Further secondary metabolites are produced in the absence of ztfA during
vegetative growth.

Strains were grown vegetatively for 48 h and subsequently secondary metabolites were
extracted with ethyl acetate and analyzed with HPLC. AztfA (red) produces several
unidentified compounds, which are not found in WT (light blue), ztfA comp (dark blue) or
ztfA OE (black). Examples of these compounds are indicated by arrows. mAbs = milli
absorbance units.

3.5.3 ZtfA activates expression of emericellamide and orsellinic acid cluster genes
Gene expression of novel ZtfA controlled secondary metabolite genes was tested in an
attempt to better understand the regulatory effects of ZtfA upon SM expression in A. nidulans.
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orsA encodes the polyketide synthase (PKS) of the F9775 secondary metabolite gene cluster
and is required for biosynthesis of orsellinic acid and its derivatives F9775A, F9775B and
lecanoric acid (Bok et al., 2009; Gressler et al., 2015; Sanchez et al., 2010; Schroeckh et al.,
2009). orsA is basally expressed in WT and ztfA comp but significantly upregulated in
ztfA OE during vegetative growth (FIGURE 33). In contrast, orsA is not expressed in the
absence of ztfA. This shows that ztfA is required for orsA gene expression during vegetative
growth.

Gene expression of four representatives of the emericellamide synthesis cluster was analyzed
as well (easA, easB, easC and easD). easA and easB code for the non-ribosomal peptide
synthase and the PKS of the emericellamide cluster, respectively (Chiang et al., 2008). easC
and easD code for an acyltransferase and an acyl-CoA ligase, respectively (Chiang et al.,
2008). easA and easD are expressed in WT and ztfA comp during vegetative growth
(FIGURE 33). easA, but not easB, easC or easD, is expressed under same conditions in AztfA.
In contrast, easA, easB, easC and easD are highly upregulated in ztfA OE. This shows that
ZtfA activates the emericellamide gene cluster.
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FIGURE 33: ZtfA is an activator of eas and orsA gene expression.

Gene expression of orsA, easA, easB, easC and easD was measured with gRT-PCR in
vegetatively grown cultures. orsA, easB, easC and easD are not expressed in the absence of
ztfA. Note that values with a quantification cycle (Cq) > 30 were considered as not expressed
and are therefore not shown. Data from three biological and three technical replicates is
shown (***P < 0.005).
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3.6  ZtfAisinvolved in the regulation of an appropriate oxidative stress response in

A. nidulans

3.6.1 ZtfA reduces the cellular response to hydrogen peroxide induced stress

The adaptive response to oxidative stress is crucial for developmental programs in fungi,
since reactive oxygen species (ROS), which are by-products of metabolic functions, can
damage all kinds of biomolecules. Tests with H,O, as stressor were executed to analyze a
possible influence of ZtfA upon cellular response to oxidative stress. The loss of ztfA leads to
an increased tolerance towards oxidative stress (FIGURE 34). This suggests a repressive role of

ZtfA in the regulation of the oxidative stress response (OSR) in A. nidulans.

H,0, : WT
: H AztfA
M| ztfA comp
O X 4 @ ztfA OE
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WT AztfA ztfA comp ztfA OE 0 05 1 15 2 25 3

Inhibition zone [cm]

FIGURE 34: ZtfA is involved in the oxidative stress response.

Loss of ztfA leads to an increased tolerance towards H,O,. Spores were plated on solid MM
and plugs of agar were cut out and filled with 150 pl 1% (v/v) H;O,. Inhibition zones were
measured after 2 d growth in light at 37°C.

3.6.2 ZtfA regulates redox systems in A. nidulans

Transcriptional analyses were carried out to investigate regulatory influences of ZtfA upon
genes, which products are involved in the OSR. The glutathione and the thioredoxin systems
are core elements of the fungal OSR (Moye-Rowley, 2003). Consequently, expression of
genes encoding parts of these redox systems was monitored by qRT-PCR during vegetative
growth in unstressed cultures in comparison with cultures which were treated with 5 mM
H,0, for 30 min.

glrA encoding a glutathione reductase (Bakti et al., 2017; Sato et al., 2009) is upregulated in
WT, ztfA comp and ztfA OE in response to H,O,. In AztfA, only a very slight induction below
threshold of two fold is found (FIGURE 35). The thioredoxin system-encoding genes trxA
(thioredoxin) and trxR (thioredoxin reductase) were tested as well. trxA is induced in WT, ztfA
comp and ztfA OE about two to four times upon H,O, treatment compared to unstressed
situation. In AztfA induction upon treatment with H,0O, is below threshold (FIGURE 35). In

addition, trxR, which is induced about three fold in WT in the presence of H,0O,, is not
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induced in AztfA (FIGURE 35). ztfA OE induces trxR expression above six fold in the presence
of H,0,. These findings indicate that ZtfA is necessary to induce trxR expression upon

oxidative stress.
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FIGURE 35: ZtfA regulates gene expression of the fungal redox systems.

gRT-PCR analyses show that ZtfA regulates parts of the thioredoxin systems in response to
H,0,. Submerged cultures were incubated with 1*10" spores per strain and grown for 24 h at
37°C on a rotary shaker. Subsequently, cultures were supplemented with (grey) or without
(black) 5 mM hydrogen peroxide and incubated for 30 min at 37°C on a rotary shaker
(***P < 0.005).

3.6.3 ZtfA activates catA gene expression for catalase A in response to H,O;

Gene expression of catA and catB was analyzed to test whether ZtfA is involved in the
regulation of catalase expressing genes as well. The expression of catA, encoding the spore-
specific catalase A, is four fold upregulated in WT and ztfA comp, but the gene is not induced
in AztfA in presence of H,O, in comparison to unstressed situation (FIGURE 36).

Expression of catA in ztfA OE, where the gene was already upregulated about eight fold in
unstressed situation compared to WT, is induced about six fold in the presence of H,0O,
compared to unstressed growth (about 38 fold compared to WT unstressed growth). catB,
which codes for the hyphal catalase B, is not significantly upregulated in WT, ztfA comp or
AztfA. In ztfA OE, however, catB expression is four fold induced in the presence of H,O, in
contrast to the non-stressed situation. These findings indicate a necessity of ZtfA for
appropriate activation of the enzymatic OSR. Furthermore, an upregulation of genes of redox
systems or catalase encoding genes is not sufficient to induce an appropriate OSR. Other
factors seem to be more important for the fungal OSR, which were not tested. These might be

other enzymes, such as further catalases or catalase-peroxidases.
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FIGURE 36: ZtfA regulates expression of catA and catB in response to oxidative stress.
gRT-PCR indicates that ZtfA is necessary for the upregulation of catA gene expression and
sufficient to induce catB expression in the presence of H,O,. Submerged cultures were
incubated with 1*10" spores per strain and grown for 24 h at 37°C on a rotary shaker.
Subsequently, cultures were supplemented with (grey) or without (black) 5 mM hydrogen
peroxide and incubated for 30 min at 37°C on a rotary shaker (***P < 0.005).

3.6.4 ZtfA regulates gene expression for transcription factors during oxidative stress
RsmA (remediator of secondary metabolism A) is a transcription factor, which is involved in
the regulation of both, secondary metabolism and OSR (Emri et al., 2015; Yin et al., 2013).
rsmA gene expression is induced in WT when H,O; stress is applied (FIGURE 37). In ztfA OE
rsmA expression is strongly upregulated in the presence of H,O,. In AztfA, rsmA expression is
not induced during H,O, stress. This shows that ZtfA is involved in upregulation of rsmA
gene expression during oxidative stress. ztfA itself is upregulated in WT, ztfA comp and in ztfA
OE upon addition of H,O, in comparison to an unstressed situation (FIGURE 37).

This activation of ztfA gene expression by oxidative stress underlines its involvement in the
oxidative stress response regulation. In contrast to these findings, the most prominent
oxidative stress regulator in A. nidulans, encoded by napA (A. nidulans AP-1 homolog A),
was not found to be upregulated under conditions applied in this study (FIGURE 37).

Taken together, ZtfA is involved in the regulation of the oxidative stress response via
expression regulation of redox, catalase and transcription factor encoding genes. However,
expression of the genes tested in this study is not sufficient to induce an appropriate OSR as
they were not upregulated in the absence of ztfA and still, the strain is more tolerant towards
H,0,. This shows that additional ZtfA controlled OSR genes are important for the cellular
response to oxidative stress, which have not been identified as ZtfA targets yet. The increased
tolerance of the AztfA strain suggests that these are repression targets of ZtfA.
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FIGURE 37: ZtfA regulates other transcription factor-encoding genes in response to
oxidative stress.

rsmA upregulation in response to H,O, is ZtfA-dependent. napA is not regulated by ZtfA
under these conditions. ztfA expression is upregulated in response to H,O,. Submerged
cultures were incubated with 1*10” spores per strain and grown for 24 h at 37°C on a rotary
shaker. Subsequently, cultures were supplemented with (grey) or without (black) 5 mM
hydrogen peroxide and incubated for 30 min at 37°C on a rotary shaker (*P < 0.05,
***P < 0.005).

3.7  ZtfA forms protein-complexes in nuclei

3.7.1 ZtfAis localized in the nucleus

Transcription factors need to be localized in the nucleus in order to execute DNA-binding and
regulation of gene expression. In accordance with the assumption that ZtfA is a nuclear
protein, CELLO (Yu et al., 2004) and WoLF PSORT (Horton et al., 2007) predict ZtfA to be
localized exclusively in the nucleus with almost 100% probability. ZtfA was fused to SGFP to
examine subcellular localization in vivo. An N- and C-terminally tagged version (sGFP-ZtfA
and ZtfA-sGFP) was constructed and expressed in the AztfA strain to analyze, whether both
versions are functional. Both fusions were expressed under control of the native ztfA promoter
and complemented the loss of ztfA (FIGURE 38A). Whereas ZtfA-sGFP produces slightly less
conidiospores compared to WT, sGFP-ZtfA produces slightly more spores (FIGURE 38B).
Expression of both sgfp-tagged versions of ztfA is slightly upregulated during vegetative
growth in both GFP strains (FIGURE 38C). Taken together, both GFP-tagged versions of ZtfA
are functional and mostly complement the loss of ztfA.

The predicted molecular masses of the fusion proteins are 87.46 kDa in both cases. Western
hybridization experiments show slightly higher molecular masses (FIGURE 39A). This
indicates possible post-translational modifications of ZtfA. Fluorescence microscopy reveals a
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subcellular localization of both versions of the ZtfA fusion protein in nuclei of hyphae during
all growth conditions tested (vegetatively, asexually and sexually grown) as well as in
conidiospores (FIGURE 39B) and germlings (FIGURE 39C).
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FIGURE 38: GFP-fusions of ZtfA are functional.

A) Strains expressing an N- or C-terminally tagged version of ZtfA (sgfp::ztfA and ztfA::sgfp)
in the AztfA background are shown. Expression of both GFP-tagged versions of ZtfA
complements the AztfA phenotype. Strains were point inoculated on solid MM and grown for
6 d in light. B) Strains were point inoculated for 6 d in light. Spores were counted from agar
plugs with a diameter of 5 mm? Four plugs were cut out per plate and the average was
calculated. Error bars indicate standard deviation from three biological repetitions. C) gRT-
PCR shows that ztfA is slightly overexpressed in GFP fusions compared to WT. RNA was
extracted from strains grown in submerged cultures for 24 h (*P < 0.05, **P < 0.01, ***P <
0.005).
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FIGURE 39: GFP-fusions of ZtfA are localized in the nucleus of hyphae, conidiospores
and germlings.

A) Western hybridization shows expression of ZtfA-sGFP and sGFP-ZtfA under native
promoter. Ponceau stained membrane (Pnc) is shown as loading control. The black arrow
indicates the protein band representing the full-length fusion protein. B) and C) Fluorescence
microscopic photos of ZtfA-sGFP (green) in AztfA background. RFP-H2A was introduced
into this strain to allow identification of nuclei (red). White arrows show co-localization of
GFP and RFP signals. Strains were grown for 24 h in submerged culture (upper panel) or for
36 h on solid MM to induce asexual differentiation (lower panel and C).

3.7.2 ZtfAis phosphorylated at S327, T464 and S506, respectively

Western hybridization show higher molecular masses for the ZtfA GFP-fusion proteins and
therefore indicates post-translational modifications (FIGURE 39). To investigate this
possibility, the phosphorylation status of ZtfA was monitored. The in silico prediction of
phosphorylation sites in the ZtfA amino acid sequence with NetPhos 3.1 (Blom et al., 1999)
predicted 24 serine, ten threonine and four tyrosine residues to be phosphorylated (score value
between 0 and 1, cutoff >0.7) (FIGURE 40A). LC-MS/MS analyses were conducted to
investigate these putative phosphorylation sites in more detail. The peptide coverage of the
whole ZtfA protein in LC-MS/MS analyses was around 40%.
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FIGURE 40: Phosphorylation of ZtfA has regulatory effects.

A) Putative phosphorylation sites in the ZtfA amino acid sequence, determined with NetPhos
3.1 (Blom et al., 1999). The cutoff was set to 0.7 (score values from 0 to 1). Arrows indicate
phosphorylation sites, which were mutated in a strain that expresses a permanently
dephosphorylated ZtfA (ztfAS327AT464ASS04-5064) A model of the ZtfA protein is shown (dark
blue). Mutated amino acid (aa) residues and their position within the amino acid sequence are
indicated. S =serine, T = threonine, NLS = nuclear localization sequence, NES = nuclear
export signal, Zn = zinc cluster. B) Colony morphology of the ztfAS32/AT464AS04-3064 gprain jn
comparison to WT, AztfA and ztfA OE strains. Permanently dephosphorylated version of ZtfA
(ztfASSZTATAB4ASI0-S004) shows a lacerated phenotype when point inoculated and grown in
light (left side) and might produce more conidiophores in the dark (right side). Strains were
point inoculated and grown for 3 d in light and dark at 37°C.
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Three phosphorylation sites for ZtfA were found in vegetatively grown cultures: a serine
residue at position 327 (S327), a threonine residue at position 464 (T464) and a serine residue
at position 506 (S506). At the latter position the protein exhibits a short stretch of three
serines, spanning from position 504 to 506. All of these identified positions (S327, T464 and
S506) were predicted by NetPhos 3.1 (FIGURE 40A). A mutant strain was constructed, in
which all three serines at position 504 to 506, the serine at position 327 and the threonine at
position 464 were replaced by alanine to mimic permanent dephosphorylation

(ztfASSZTATAB4ASI0-S064) "The respective genetic construct was integrated in AztfA background

A5327A,T464A,5504-506A strain shows

and rescues conidiophore formation (FIGURE 40B). The ztf
lacerated colony morphology comparable to the ztfA OE phenotype when point inoculated and
grown in light. These findings suggest that the ztfA OE strain might produce more
insufficiently phosphorylated ZtfA protein and that correct ZtfA phosphorylation is important

for WT colony morphology.

3.7.3 ZtfA pulls down several proteins in GFP-trap experiments

LC-MS/MS showed phosphorylated amino acid residues in ZtfA. GFP-trap pull-downs,
followed by LC-MS/MS analyses, were executed with both versions of GFP-fusion proteins
of ZtfA (sGFP-ZtfA and ZtfA-sGFP) to analyze, if ZtfA interacts with phosphatases or
kinases and other proteins. Several proteins were identified in these experiments (FIGURE 41).
GFP-trap pull-downs were conducted with cultures grown vegetatively, asexually and

sexually.

vegetative
60

7 7
3

23 3 27

asexual sexual

FIGURE 41: ZtfA pulls down proteins as putative interactions partners.

GFP-trap pull-downs with ZtfA followed by LC-MS/MS revealed several proteins, which
might be putative interactions partners. Protein compositions differ in vegetative (blue),
asexual (green) and sexual (red) growth. Numbers represent proteins identified in at least two
biological repetitions with unique peptides > 3 and MS/MS counts > 3 and which were absent
in the negative control.
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Proteins with three or more unique peptides (Zhao and Lin, 2010) and three or more MS/MS
counts identified in at least two out of three biological repetitions were considered for further
analyses. Proteins for which also unique peptides or MS/MS counts were found in the
negative control ("gpdA::gfp) were excluded from further analyses. In vegetative cultures
GFP-tagged ZtfA pulled 77 and in asexually grown cultures 36 proteins, respectively
(FIGURE 41). 40 proteins were identified from sexually grown cultures. Out of these, seven
proteins were identified in both, vegetative and asexual samples and seven proteins were
identified in both, vegetative and sexual samples. Three proteins were identified in samples
from asexually and sexually grown strains and three (including ZtfA bait) were identified in
samples of all three growth states. Identified candidates were scanned for kinases,
phosphatases, potential transcription factors, DNA binding proteins, nuclear transporters and
proteins involved in chromatin remodeling. These criteria were chosen to investigate, whether
the group of identified proteins comprises candidates, which possibly might support ZtfA in
its regulatory roles. Identified proteins with these functions, are given in TABLE 7. Proteins
with these roles, which were identified in two or more biological replicates below threshold,
are given in TABLE 8. A comprehensive list of all proteins identified with the above
mentioned threshold (three or more unique peptides and three or more MS/MS counts) is

given in TABLE 9.

TABLE 7: Selection of proteins identified in GFP pull-downs with ZtfA, followed by LC-
MS/MS.

For pull-downs ZtfA-sGFP and sGFP-ZtfA were used as bait. Descriptions from AspGD
(Cerqueira et al., 2014) are given. Sys. name = systematic name, Std. name = standard name,
Ident. in = identified in (refers to the growth state of the sample): v = vegetative, a = asexual,
s = sexual. Unchar. = uncharacterized protein. * = RcoA was identified in two biological
replicates in asexual growth, but below threshold in one of these two biological replicates.

Sys.name  Std.name Description Ident. in

Nuclear transport

AN6734 KapF Essential karyopherin (importin) %

AN2120 KapJ Karyopherin (importin) v, a
ANO0906 KapB Essential karyopherin (importin) a,s
AN5717 Kapl Non-essential karyopherin family protein; required for normal a,s

hyphal growth and conidial development

Chromatin remodeling

AN6705 unchar. Ortholog of S. pombe Ssr2 (subunit of chromatin remodeling v
complex)

AN5102 unchar. Putative ortholog of S. pombe Spt16 (FACT complex subunit) S

ANG6687 unchar. Putative ortholog of S. pombe Pob3 (FACT complex subunit) S
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Transcription factors

AN2012 RfeF Putative transcription factor \

AN6505 RcoA Tupl homolog of S. cerevisiae repressor domain, WD40 repeat v, s, (a)*
protein; required for sexual development and for sterigmatocystin
production, RcoA-SsnF repressor complex member

Kinases

AN2943 RfeA Putative regulatory role in secondary metabolism, protein kinase a
domain

TABLE 8: Proteins identified in at least two out of three biological repetitions, but below
threshold in GFP pull-downs with ZtfA.

For pull-downs both ZtfA-sGFP and sGFP-ZtfA were used as bait. Descriptions from AspGD
(Cerqueira et al., 2014) are given. Sys. name = systematic name, Std. name = standard name,
Ident. in = identified in (refers to the growth state of the sample): v = vegetative, a = asexual,
s = sexual. Unchar. = uncharacterized protein. All putative interactions partners given here
were identified in two or more biological replicates, but identification was below threshold.

Sys. name  Std. name Description Ident. in

RNA maturation and processing

AN0327 unchar. Putative RuvB-like helicase 2 a,s
AN1971 unchar. Putative RuvB-like helicase 1 Vv, S
AN10944 unchar. Putative ortholog Cdc5 (S. pombe) is involved in mMRNA splicing s
DNA-binding

AN0242 unchar. Putative transcription factor (putative ortholog of S. pombe Snd1) s
ANO0809 unchar. DNA binding activity S
Signaling

AN3719 MpkB MAP kinase, involved in regulation of secondary metabolism and v

developmental programs

The majority of the identified proteins (85 out of 129) pulled down with ZtfA are
uncharacterized proteins. Two protein kinases were identified: the mitogen-activated protein
(MAP) kinase MpkB and the uncharacterized RfeA protein. MpkB might be important for
phosphorylation of ZtfA. RfeA is uncharacterized in A. nidulans but in silico analyses indicate
that it is a protein kinase with a predicted role in secondary metabolism. Interactions with
kinases are of short duration what explains the relatively low MS/MS counts and unique
peptides identified for MpkB.

Four karyopherins (importins) were identified in total. This indicates a strong nuclear import
for ZtfA. The putative, so far uncharacterized, transcription factor RfeF was identified solely
in vegetative samples. Notably, the transcription repressor RcoA was found in samples of all

three developmental stages, even though in asexual samples, RcoA was found slightly below
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the above mentioned threshold (it was identified above threshold in one, but below threshold
in a second biological replicate). RcoA is involved in asexual development and secondary
metabolism in A. nidulans (Hicks et al., 2001). This finding indicates that RcoA and ZtfA

might form complexes during all parts of the A. nidulans life cycle.

TABLE 9: Comprehensive list of proteins identified in GFP-trap pull-downs with sGFP-
tagged ZtfA (sGFP-ZtfA and ZtfA-sGFP) as bait.

Proteins were identified in at least two out of three biological replicates with a threshold of
3>MS/MS counts and 3 >unique peptides, according to functional groups. Descriptions
from AspGD (Cerqueira et al., 2014) are given. Proteins identified solely in vegetative
samples are highlighted in blue, proteins identified solely in developmental samples are given
in green, proteins identified in vegetative and developmental samples are given in orange.
Sys. Name = systematic name, std. name = standard name, ident. in = identified in, v =
vegetative, a = asexual, s = sexual, * = ZtfA was used as bait, * = RcoA was identified in two
biological replicates in asexual growth, but below threshold in one of these two biological
replicates.

Sys.name  Std.name Description Ident. in
Bait
ANO0585 ZtfA! Activator of asexual development and secondary metabolism Vv, a,s

Nuclear transport

ANG734 KapF Essential karyopherin (importin) %

AN2120 KapJ Karyopherin (importin) Vv, a

AN5717 Kapl Non-essential karyopherin family protein; required for normal a,s
hyphal growth and conidial development

ANO0906 KapB Essential karyopherin (importin) a,s

Transcription/chromatin

AN2012 RfeF Putative transcription factor %

ANB6505 RcoA Tupl homolog of S. cerevisiae repressor domain, WD40 repeat Vv, s, (a)*
protein; required for sexual development and for sterigmatocystin
production, RcoA-SsnF repressor complex member

ANG6705 unchar. Ortholog of S. pombe Ssr2 (subunit of chromatin remodeling v
complex)

AN5102 unchar. Putative ortholog of S. pombe Spt16 (FACT complex subunit) S

ANG6687 unchar. Putative ortholog of S. pombe Pob3 (FACT complex subunit) S

RNA processing

AN10557 unchar. Putative ATP-dependent RNA helicase, putative A. fumigatus v
ortholog Ded1

AN5931 unchar. Putative ATP-dependent RNA helicase, putative S. cerevisiae Vv
ortholog of Dbp2

AN7659 unchar. Putative ortholog of S. pombe Dbp5 (RNA helicase) \

AN0646 unchar. Putative ortholog of S. pombe Upfl (ATP-dependent RNA s
helicase)

ANG6004 unchar. Protein with an RNA recognition motif, putative ortholog of v
S. pombe Vipl
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AN10257 unchar. Putative ortholog of C. albicans Pbp2 (putative RNA binding v
protein)

AN2068 unchar. Putative ortholog of S. pombe Vgl1 (RNA binding protein) v, a

AN1408 unchar. Putative U5 snRNP-specific protein, putative ortholog of s
S. pombe Cwfl

ANO0111 unchar. Putative ortholog of S. pombe and S. cerevisiae Syfl (pre-mRNA s
splicing factor)

AN0289 unchar. Putative ortholog of S. pombe Cwf22 (pre-mRNA splicing factor) s

AN1208 unchar. Putative ortholog of S. pombe Prp5 (pre-mRNA splicing factor) S

AN4523 Prp8 Putative mRNA-splicing protein S

ANO0310 unchar. Putative ortholog of S. pombe Pwp1 (RNA processing protein) S

ANG906 unchar. Putative ortholog of S. pombe Prpl9 (pre-mRNA processing s
factor)

AN11052 unchar. Putative ortholog of S. pombe Exo2 (exonuclease) %

Translation

AN3413 unchar. Putative ribosomal protein S2 and S5, putative ortholog of a
S. cerevisiae Rps2

ANO0074 unchar. Putative ortholog of S. cerevisiae Ebp2 (required for 25S rRNA s
maturation and 60S ribosomal subunit assembly)

ANO0247 unchar. Putative ortholog of S. pombe Natl0 (ribosome biogenesis s
ATPase)

AN10740 unchar. Ortholog of Afu2g07970 (60S ribosomal protein L19), putative s
ortholog of S. pombe Rpl1902

AN1095 unchar. Putative ortholog of S. pombe Mrpll0 (predicted ribosomal s
protein subunit L15)

AN3167 Nop58 Putative ribosome biogenesis protein S

ANG6902 unchar. Putative ribosomal protein, putative ortholog of S. cerevisiae s
Mrt4

AN10182 unchar. Putative translation initiation factor 3, subunit f (elF-3f)

AN4038 unchar. Putative translation initiation factor elF5B

AN7540 unchar. Putative ortholog of S. pombe Moel (translation initiation factor
elF3d)

AN6060 unchar. Ortholog of A. fumigatus eukaryotic translation initiation factor v
subunit elF-4F

AN7350 unchar. Ortholog of A. fumigatus translation initiation factor 4B %

AN1158 unchar. Putative ortholog of S. cerevisiae Ssd1 (translational repressor) v, S

AN10475 unchar. Putative ortholog of S. pombe Wrs1 (tryptophan-tRNA ligase) %

AN4086 unchar. Putative ortholog of S. pombe Frs1 (phenylalanine-tRNA ligase) %

ANB8867 unchar. Putative ortholog of S. pombe Srs1 (serine-tRNA ligase) %

AN1913 unchar. Putative lysyl-tRNA synthetase, putative ortholog of S. pombe a
Krsl

ANB8224 unchar. Putative ortholog of S. pombe cytoplasmic glutamate-tRNA ligase a
Gusl (predicted)

AN3702 unchar. Putative ortholog of S. pombe Lrs1 (leucine-tRNA ligase) S

ANO0705 unchar. Putative ortholog of S. pombe Irs1 (isoleucine-tRNA ligase) Vv, S

AN10474 unchar. Has domain(s) with predicted tRNA binding activity, putative v, s
ortholog of S. cerevisiae Arcl

Protein folding/chaperons

ANO0858 Hsp104 Putative chaperone \

AN5713 Cct7/CctA Putative chaperonin complex component, TCP-1 eta subunit;
ortholog of S. cerevisiae Cct7p

AN2149 Cctl Putative chaperonin complex component, TCP-1 alpha subunit; s

ortholog of S. cerevisiae Tcplp
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AN10351 unchar. Putative  ortholog of S. pombe Aapl (aspartyl v
metalloaminopeptidase, chaperone-mediated protein folding)

AN3592 CIxA Putative calnexin with a predicted role in protein folding and v
protein quality control on the ER membrane

AN4583 Cyp7/Cpré Putative peptidyl-prolyl cis-trans isomerase D

ANB8605 Cypl Peptidyl-prolyl cis-trans isomerase (PPlase); cyclophilin

Protein degradation

AN1700 unchar. Putative 26S proteasome regulatory subunit (S. pombe Rpn2 v
ortholog)

AN1922 unchar. Putative ortholog of A. niger RpnG (proteasome regulatory v
subunit)

AN2213 unchar. Putative ortholog of S. pombe Rpt2 (proteasome regulatory v
subunit)

AN4236 unchar. Putative 26S proteasome subunit (S. pombe Rpt5 ortholog)

AN4282 unchar. Putative ortholog of A. oryzae AspB (lysine aminopeptidase)

Primary metabolism

AN10901 unchar. Putative ortholog of S. pombe Gcv2 (glycine cleavage complex v
subunit), one-carbon metabolic process

AN2873 LysA Saccharopine dehydrogenase (NAD", L-lysine-forming)

AN3031 unchar. Putative threonine synthase, predicted role in glycine, serine, and
threonine metabolism, putative ortholog of S. cerevisiae Thr4

AN5610 unchar. Putative L-aminoadipate-semialdehyde dehydrogenase, predicted v
role in lysine metabolism, putative ortholog of S. pombe Lys1

AN6639 McdB Putative 2-methylcitrate dehydratase, predicted role in lysine v
metabolism

ANO0708 AromA Putative  pentafunctional AROM polypeptide with 3- a
dehydroquinate  synthase,  3-dehydroquinate  dehydratase,
shikimate 5-dehydrogenase, shikimate kinase, and EPSP synthase
activities, predicted role in aromatic amino acid biosynthesis

AN7451 GdhB Putative NAD-glutamate dehydrogenase, predicted role in a
glutamate and glutamine metabolism

AN2964 PdhX Pyruvate dehydrogenase complex component

AN3829 unchar. Putative succinate-semialdehyde dehydrogenase [NAD(P)'],
putative ortholog of A. fumigatus Uga2

AN3894 unchar. Putative aconitate hydratase, predicted role in the TCA cycle, v
putative ortholog of S. cerevisiae Aco2

AN3901 unchar. Putative lactic acid dehydrogenase, predicted role in energy Vv
metabolism, putative ortholog of S. cerevisiae Cyb2

ANB6525 AciA Formate dehydrogenase, predicted role in oxalic acid metabolism v

ANO0034 unchar. Putative glycerone kinase, predicted role in glycerol metabolism,
putative ortholog of N. crassa Dak1

ANO0565 PyrABCN Multifunctional enzyme with carbamoyl-phosphate synthase and a
aspartate carbamoyltransferase activities

ANO0567 unchar. Putative alcohol oxidase, predicted role in glycerol metabolism a

AN5162 PdhB Putative pyruvate dehydrogenase (lipoamide), predicted role in a
pyruvate metabolism

AN7895 CipB Oxidoreductase; contains Zn-dependent alcohol dehydrogenase v, a,s
domain

AN5716 unchar. Putative inosine-5'-monophosphate dehydrogenase, predicted role v
in purine metabolism, putative ortholog of S. pombe Mug70

AN6541 AdF/Ad9 Putative ligase, predicted role in purine metabolism

AN1015 unchar. Putative phosphorylase, predicted role in glycogen degradation, v, a
putative ortholog of S. cerevisiae Gphl

ANB8010 unchar. Putative glycogen (starch) synthase, predicted role in glycogen v, a,s
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Secondary metabolism

AN5130 unchar. Putative ortholog of A. niger HemF (coproporphyrinogen Il v
oxidase)

AN11008 ErgA Putative ortholog of S. pombe Ergl (squalene monooxygenase) %

AN2943 RfeA Putative reguatory role in secondary metabolism, protein kinase
domain

ANB8435 unchar. Putative ortholog of A. oryzae tyrosinase MelB a

AN7897 DbaB FAD-binding monooxygenase with a role in secondary s
metabolism; member of the dba gene cluster

AN7902 DbaH FAD-binding monooxygenase with a role in secondary s
metabolism; member of the dba gene cluster

Cell compartments/cytoskeleton/septa

AN9149 unchar. Putative ortholog of S. pombe Tcbh3 (ER-plasma membrane v
tethering protein)

ANO0261 Sec23 COPIl coat component; considered a prototypic marker of v, a
transitional ER (endoplasmic reticulum)

ANB8233 unchar. Putative ortholog of S. cerevisiae Sfh5 (phosphatidylinositol v, a
transfer protein)

AN3720 unchar. Putative ortholog of S. pombe Sec24 (COP Il cargo receptor) %

ANG6257 unchar. Putative ortholog of A. oryzae Sec31 (subunit of vesicle coat
complex COPII, ER to Golgi transport)

AN1177 unchar. Putative ortholog of S. pombe Sec26 (coatomer subunit, ER-Golgi s
transport)

AN4547 unchar. Putative ortholog of S. pombe Sec21 (coatomer subunit, ER-Golgi s
transport)

ANB8023 VpsA Putative ortholog of S. pombe Vpsl (dynamin), required for v
vacuole biogenesis

AN7687 unchar. Putative ortholog of S. pombe Tom70 (translocase receptor)

AN3843 unchar. Putative ortholog of S. cerevisiae Mic60 (mitochondrial complex
member)

AN4064 unchar. Putative ADP/ATP carrier protein a

AN4402 unchar. Putative ortholog of S. cerevisiae Porl mitochondrial porin a

AN5803 FimA Predicted fimbrin protein %

ANB8862 MyoV Myosin V %

ANG6838 TubC Beta-tubulin a

ANG6341 unchar. Protein with similarity to S. cerevisiae Crnlp; predicted role in v, a
actin patch assembly

AN4667 AspA Septin, involved in development; prevents formation of a
inappropriate germ tubes and branches; required for formation of
normal conidiophores

ANG6688 AspB Putative septin B; localizes to septa during early septum a
formation and to branch points during vegetative growth;
localizes to the vesicle/metula, the metula/phialide and the
phialide/conidium interfaces during conidiophore development

AN4695 HexA Putative Woronin body protein; HapX-regulated gene Vv, S

AN3026 CopA Alpha-COP  coatamer-related protein involved in the v,s
establishment and maintenance of polarized growth

AN7111 FoxA Peroxisomal multifunctional enzyme involved in fatty acid beta- a
oxidation

Membranes/cell wall

ANO0595 unchar. Putative NADPH-cytochrome P450 reductase with a predicted v
role in energy metabolism, putative ortholog of S. pombe Ccrl

AN2210 unchar. Probable ABC-transporter, putative ortholog of S. cerevisiae v

Arbl
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AN3163 StoA Putative stomatin ortholog, predicted to have scaffolding v
functions in maintenance of lipid microdomains in membranes

ANG6287 unchar. Putative F1IFO-ATPase complex subunit, predicted role in energy v
metabolism, putative ortholog of A. niger Atp5

ANO0317 unchar. Putative ortholog of S. cerevisiae Edel (scaffold protein involved v
in endocytosis)

ANO0870 unchar. Putative transmembrane transporter with a predicted role in small a
molecule transport, putative ortholog of S. cerevisiae Mirl

ANG6232 VmaB Putative F1FO-ATPase complex subunit, nitrogen and amino acid s
metabolism

AN12492 unchar. Putative dynamin

AN2532 unchar. Putative ortholog of A. oryzae AoxA (amine oxidase)

AN1911 unchar. Putative  mannose-1-phosphate  guanyltransferase, putative
ortholog of S. pombe Mpg2

AN2314 unchar. Putative 1,4-alpha-glucan branching enzyme, predicted role in a
starch metabolism, putative ortholog of A. niger GbeA

AN4727 UgeA UDP-glucose 4-epimerase, involved in galactose metabolism

AN7657 GelA Putative 1,3-beta-transglycosidase with a predicted role in glucan v, a
processing; predicted glycosyl phosphatidylinositol (GPI)-anchor

Oxidative stress response

AN9339 CatB Hyphal catalase %

Unknown function

ANO0753 unchar. Protein of unknown function %

AN1378 unchar. Protein of unknown function v

AN5141 unchar. Protein of unknown function %

AN7710 unchar. Protein of unknown function v

ANbH421 unchar. Protein of unknown function a

AN5741 unchar. Protein of unknown function S

AN7014 unchar. Protein of unknown function S

AN7836 unchar. Protein of unknown function S

ANbH446 unchar. Protein of unknown function Vv, S

AN2954 unchar. Protein of unknown function a,s

3.7.4 ZtfA interacts with the repressor RcoA in hyphal nuclei in vivo

RcoA was identified in pull-down experiments conducted with vegetatively, asexually and

sexually grown samples. Bimolecular fluorescence (BiFC) experiments (Kerppola, 2008)

were performed to verify direct interaction of ZtfA and RcoA in vivo. For BiFC analyses, a

strain was constructed, which expresses fusion proteins of ZtfA and one half of a split YFP
(cYFP) and RcoA fused to the other half (nYFP). A signal of the joint YFPs is only emitted, if

both YFP halves are in close proximity due to a direct interaction of ZtfA and RcoA. This

strain was grown vegetatively and investigated under a fluorescence microscope. A signal of

the joint YFP halves could be identified in nuclei of hyphae. This indicates a direct interaction
of ZtfA with RcoA in vivo (FIGURE 42A).
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Two control strains expressing either ZtfA-cYFP and free nYFP or RcoA-nYFP and free
CcYFP were constructed to verify that this signal is a result of the direct interaction of ZtfA and
RcoA and not of YFP-tagged ZtfA or RcoA with the respective other YFP part cleaved off its
carrier protein. No YFP signal could be identified in either control strain at any condition
tested (FIGURE 42B). These findings support that ZtfA interacts with RcoA in vivo and that

both proteins form heterodimers or multimeric complexes in nuclei.

A YFP DIC DAPI merged YFP DIC RFP merged

ZtfA-cYFP + RcoA-nYFP
ZtfA-cYFP + RcoA-nYFP
RFP-H2A

YFP DIC 7 YFP

cYFP + RcoA-nYFP

ZtfA-cYFP + nYFP

FIGURE 42: ZtfA interacts with RcoA in vivo.

A) Bimolecular fluorescence studies show interaction of ZtfA (ztfA::cyfp) and RcoA
(rcoA::nyfp). Strains were grown for 36 h at 30°C in liquid cultures. Nuclei were stained with
DAPI (left, blue) or by expression of RFP-H2A (red, right hand side). White arrows indicate
double stained nuclei. B) Control strains expressing either ZtfA-cYFP and a free nYFP or
RcoA-nYFP and a free cYFP do not show fluorescence signals.

3.8  ZtfA ortholog of A. fumigatus

3.8.1 ztfA encodes a C6 transcription factor in A. fumigatus

Bioinformatic analyses indicate that ZtfA is conserved among Aspergilli (see CHAPTER 3.1).
The ZtfA ortholog of A. fumigatus was analyzed to examine conservation of ZtfA between the
genetic model A. nidulans and its opportunistic counterpart. Blast analyses with the ZtfA
amino acid sequence of A. nidulans as query reveal Afu6gl11110 of A. fumigatus as putative
ortholog (see CHAPTER 3.1 and FIGURE 43). The ztfA (Afu6gl11110) ORF of A. fumigatus

comprises 1724 nucleotides with one intron of 68 nucleotides (FIGURE 43). InterProScan
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predicted a C6 domain as the only conserved protein domain in ZtfA of A. fumigatus, similar
to ZtfA of A. nidulans. The ZtfA protein in A. fumigatus comprises 551 amino acids. In silico
analyses revealed a putative NLS, starting at amino acid residue 535 to residue 546 for which
cNLS mapper calculated a high score indicating high probability that this region really
harbors a NLS (Kosugi et al., 2009). Furthermore, LocNES (Xu et al., 2015) predicts a
putative NES (LocNES) with a relatively low score of approximately 0.4 (score value
between 0 and 1), which spans from position 269 to residue 283. The C6 domain architecture
of A. fumigatus ZtfA is similar to the one of A. nidulans (see CHAPTER 3.1) and completely
conserved to ZtfA of A. nidulans, except the two amino acid residue antecedent to the last C-

X residue of the domain (FIGURE 13 and 43).

A. nidulans
\_'_.l
1 59 bp 1730 bp
NES NLS
ettt et
50 100 150 200 250 300 350 400 450 500 550 aa
* * * * * *
A. nidulans AN0585 AHVASACVNC KKKHLGCDPA RPCRRCVLSG KADTCVDVT

A. fumigatus Afubgllll0 AHVASACVNC KKKHLGCDPA RPCRRCVLSG KEATCVDVT

I . ztfA >— genomic DNA
L'_l

A. fumigatus

1 68 bp 1724 bp

NES NLS

T —————
50 100 150 200 250 300 350 400 450 500 550 aa

FIGURE 43: ZtfA of A. nidulans and A. fumigatus.

Comparison of ztfA and its gene products of A. nidulans (AN0585, upper part in blue) and
A. fumigatus (Afu6g11110, lower part in green). The grey boxes represent introns, bp = base
pairs, Zn = Zn(l1),-Cysg fungal-type DNA-binding domain, NLS = nuclear localization
sequence, NES = nuclear export signal, aa = amino acids. The amino acid sequences (aa) of
the C6 domains (highlighted in orange) of both proteins is conserved with two exceptions
(marked in grey, shown in the middle). Asterisks mark the six cysteines.
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3.8.2 ZtfAis involved in regulation of brlA expression in A. fumigatus

ZtfA is a regulator of asexual development and activates brlA expression in A. nidulans (see
CHAPTER 3.4). The BrlA->AbaA->WetA conidiation pathway is conserved between
A. nidulans and A. fumigatus, but regulatory feedbacks and details of this cascade are different
between both fungi (see CHAPTER 1.5 and 1.9).

The ztfA gene in A. fumigatus (Afu6g11110) was deleted and transcriptional analyses via qRT-
PCR verify complete abolishment of ztfA transcription (FIGURE 44A). Deletion of the ortholog
in A. fumigatus does not result in an obvious developmental phenotype, but the AztfA mutant
shows more diffuse colonies compared to WT, what can be best seen from below the colony
(FIGURE 44A).
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FIGURE 44: ZtfA is dispensable for conidiation in A. fumigatus.

A) The WT colony exhibits a defined morphology, while the AztfA is more diffuse. B) qRT-
PCR analyses indicate that ZtfA is involved in activation of brlA in A. fumigatus. Submerged
cultures were inoculated with 1*10” spores and grown for 24 h at 37°C. Subsequently mycelia
was shifted onto solid agar plates and incubated for 24 h at 37°C in the dark. RNA from two
independent clones of AztfA was tested.

ZtfA activates brlA expression in A. nidulans (see CHAPTER 3.4.4). Consequently, brlA
expression was tested in A. fumigatus AztfA (FIGURE 44B). brlA expression is downregulated
about two times in AztfA.

One explanation for this finding might be the putative presence of a redundant transcription
factor in A. fumigatus, which exhibits similar regulatory roles like ZtfA.

ztfA is a downstream target of, and negatively regulated by, VosA in A. nidulans (see
CHAPTER 3.3). Hence, qRT-PCR experiments were carried out to analyze whether ZtfA

regulates velvet gene expression in A. fumigatus. Expression of none of the velvet factors is
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ZtfA dependent (FIGURE 45). This indicates that ZtfA is not a regulator of velvet gene
expression and is in accordance with the finding that ZtfA in A. nidulans does not regulate

VOSA gene expression.
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FIGURE 45: ZtfA is dispensable for expression of the velvet factors in A. fumigatus.
gRT-PCR analyses do not indicate regulatory effects of ZtfA upon the velvet-factor encoding
genes as a loss of ztfA does not change their expression. Strains were grown vegetatively for
24 h and subsequently shifted onto solid MM and grown for 24 h in dark conditions at 37°C.
Two independent clones of AztfA were screened.

3.8.3 ZtfA regulates polysaccharide production and biofilm formation in A. fumigatus

Polysaccharides, like the cell-wall component galactosaminogalactan, were shown to be
involved in surface adhesion, a crucial step for host infection and virulence in pathogenic
fungi (Gravelat et al., 2013; Kaur and Singh, 2013; Lin et al., 2015). Mutants, which exhibit
developmental phenotypes in A. nidulans often have virulence phenotypes in A. fumigatus
(examples are discussed in CHAPTER 4.8.1). Hence, polysaccharide production was analyzed
in A. fumigatus AztfA. The amount of polysaccharides produced by the mutant is only 20% of
the quantity of WT (FIGURE 46A). This hints towards a putative decreased capability for
surface adhesion. Consequently, expression of three genes associated with adherence was
tested in WT and AztfA to further elucidate a possible influence of ZtfA on surface adhesion
capabilities: Afu3g00880, Afu3g13110 and uge3 (Chaudhuri et al., 2011; Lin et al., 2015).
Afu3g00880 and Afu3g13110 encode putative adhesins (Chaudhuri et al., 2011; Gravelat et
al., 2010). Afu3g00880 is slightly downregulated in the absence of ztfA during asexual growth
(FIGURE 46B). Importantly, Afu3g13110 transcript is not detectable under these growth
conditions in AztfA, but expressed in WT (FIGURE 46B). Uge3 is a UDP-glucose 4-epimerase,
which is involved in galactosaminogalactan synthesis (Gravelat et al., 2013). uge3 gene

expression, however, was not significantly altered in AztfA in comparison to WT.
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FIGURE 46: ZtfA regulates polysaccharide formation and adhesin gene expression.

A) Polysaccharides were extracted from vegetatively grown cultures. Total amount of
polysaccharides produced was measured and WT amounts were set to 100%. B) gRT-PCR
indicates that ztfA regulates genes coding for putative adhesins. cDNA was transcribed from
RNA extracted from cultures grown vegetatively for 24 h and subsequently 24 h on solid
MM. Gene expression of two individual AztfA clones was tested.

3.8.4 ZtfAisinvolved in H,O, and cell wall stress response in A. fumigatus

Cell wall stress was tested since polysaccharide production was diminished in AztfA. Stress
tests were carried out with sodium dodecyl sulfate (SDS) as stressor. No significant difference
between the size of the inhibition zones of AztfA and the WT are found (FIGURE 47).
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FIGURE 47: ZtfA is involved in SDS stress response in A. fumigatus.

A ztfA OE leads to decreased tolerance towards SDS stress. Strains were plated and agar plugs
were cut out and filled with SDS. Formed inhibition zones were measured after 2 d incubation
at 37°C in the dark. Three independent clones of AztfA were tested. Media were supplemented
with 10 pg/ml doxycycline to induce TetOn-ztfA (ztfA OE) expression.

The ztfA OE strain shows slightly larger inhibition zones of approximately 2.4 cm in contrast
to WT (1.75 cm). This indicates that ZtfA might be involved in the cell wall stress response. It
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has to be mentioned that the ztfA OE (TetOn-ztfA; C. Sasse, p.c.) shows impaired growth in
comparison to WT, which might enhance the effect of SDS stress on this mutant strain.

ZtfA is an inhibitor of the OSR and regulates expression of redox and catalase genes in
A. nidulans (see CHAPTER 3.6). Stress tests were carried out in A. fumigatus to examine
whether ZtfA might be involved in stress responses in this fungus as well. A loss of ztfA
increases the tolerance towards H,O, stress in A. fumigatus only to a small extent
(FIGURE 48). In comparison, loss of ztfA in A. nidulans leads to distinctly increased tolerance
towards H,O, compared to WT (see CHAPTER 3.6). The ztfA OE strain in A. fumigatus shows
slightly larger inhibition zones in H,O; tests. This indicates that ZtfA has negative influences
upon the OSR in this fungus as well. As in both cases differences to WT were small, this
suggests that redundant genetic systems exist in A. fumigatus, which can compensate for the
loss of ztfA.
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FIGURE 48: ZtfA negatively influences oxidative stress response in A. fumigatus.
Strains were plated and agar plugs were cut out and filled with 150 pl H,0, 1%. Strains were
grown for 2 d at 37°C in the dark. Three independent clones of AztfA were tested. Media were
supplemented with 10 pg/ml doxycycline to induce TetOn-ztfA (ztfA OE) expression.

3.8.,5 ZtfA is dispensable for virulence in Galleria mellonella

Larvae of the wax moth Galleria mellonella are frequently used as a non-vertebrate infection
model (Brennan et al., 2002; Reeves et al., 2004; Renwick et al., 2006; Smith and Calvo,
2014). Virulence studies often show correlations between infections in these larvae and
Mus musculus, even though G. mellonella larvae do not exhibit pulmonary structures
(Brennan et al., 2002). G. mellonella larvae were infected with 8*10° spores of WT and AztfA
and survival rates were monitored for several days. Survival rates of larvae infected with the
AztfA mutant were comparable to WT (FIGURE 49). This shows that ztfA is not required for

virulence in an invertebrate model.
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FIGURE 49: ZtfA is not involved in virulence of A. fumigatus in G. mellonella.

Larvae of the greater wax moth G. mellonella were infected with 8*10° spores of WT and
AztfA and incubated at 30°C for 4 d. 12 larvae were utilized per strain. This infection assay
was conducted with three independent clones of AztfA and repeated with similar results.

In summary, the presence of ztfA and its gene product is conserved in A. nidulans and
A. fumigatus, but its regulatory role between these fungi differ. ZtfA is an important activator
of conidiation and secondary metabolism in A. nidulans but is dispensable for conidiation in
A. fumigatus. It is involved in adhesion in this pathogenic mold. The regulatory role of ZtfA
however is distinctly different in A. nidulans and A. fumigatus.
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4 Discussion

4.1  ZtfA'is a regulator of conidiation and secondary metabolism in A. nidulans
Members of the genus Aspergillus are among the most widespread fungi worldwide and
colonize diverse ecological niches. Most of these filamentous fungi are saprophytic and
important for biological substance cycles. A number of Aspergilli are secondary metabolite
producers and several Aspergilli have deleterious as well as beneficial effects on humankind.
Secondary metabolism is linked to developmental programs in filamentous fungi through the
velvet proteins. This study characterizes a novel target of the velvet factor VosA: the
transcription factor ZtfA. ztfA gene expression is repressed by VosA and both factors are
necessary for spore viability. ZtfA activates conidiophore formation by expression regulation
of the major conidiation activator-encoding brlA gene and its upstream activators, encoded by
fIoC and flbD. Moreover, ZtfA regulates biosynthesis of several secondary metabolites
through activation of expression of their gene clusters. Besides, ZtfA is important for an
appropriate response towards oxidative stress. It acts as activator of the thioredoxin system
and catA gene expression, but represses other factors of the OSR. A summarizing model of

the regulatory influences of ZtfA is shown in Figure 50.
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FIGURE 50: Comprehensive model of the regulatory role of ZtfA in A. nidulans.

The model describes the major regulatory roles of ZtfA as activator of conidiation and
secondary metabolism and regulator of the oxidative stress response. Green arrows indicate
positive and red lines negative influences on gene expression.

Conidiation
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4.1.1 The C6 domain of ZtfA is highly conserved in Asperqgilli

Proteins with a C6 domain constitute a group of fungal specific DNA binding proteins, which
act as transcription factors (Chang and Ehrlich, 2013; MacPherson et al., 2006; Schjerling and
Holmberg, 1996). The C6 domain of ZtfA deviates from the domains of most common zinc
cluster proteins in A. nidulans. Wortman and collaborators identified 330 C6 proteins in
A. nidulans (Wortman et al., 2009). An up-to-date in silico search, employing the fungal
databases FungiDB and AspGD (Cerqueira et al., 2014; Stajich et al., 2012) reveals a recent
number of 332 putative C6 proteins in A. nidulans. Less than six percent of all C6 proteins in
A. nidulans exhibit a CX,CXsCX5CX,CXgC domain architecture, amongst them ZtfA. Only
two other C6 proteins with this architecture have been characterized in A. nidulans so far:
AcuM and CIrB (Coradetti et al., 2012; Hynes et al., 2007). Both are involved in primary
metabolism: AcuM is involved in gluconeogenesis, whereas CIrB was identified as a regulator
of cellulase gene expression. Its uncommon C6 architecture together with its broad regulatory
influences renders ZtfA a very unique protein among C6 proteins in A. nidulans.

The C6 domain of the yeast DNA-binding protein Gal4, the best-studied C6 protein, has a
CX2CXeCXgCX,CXeC architecture (Giniger et al., 1985; Marmorstein et al., 1992; Pan and
Coleman, 1990; Rodgers and Coleman, 1994). This is the most common C6 architecture in
A. flavus and A. nidulans, followed by CX,;CXgCXsCX,CXsC in a ratio of 2:1 (Chang and
Ehrlich, 2013). In general, the cysteines within the first part of this motif are conserved
whereas the second part varies and forms different architectures: CX,CXgCX5.16CX,CX4.6C
(Todd and Andrianopoulos, 1997). The databank searches conducted in this study as well as
the data published by Wortman and collaborators reveal that the last part has to be extended
for A. nidulans to CX,;CXgCXs.16CX,CX4.1,C and that few exceptions from this general
architecture exist. An overview of the different architectures present in A. nidulans and
characterized proteins exhibiting these architectures is given in TABLE 10.

The C6 domain is required for DNA binding (Bai and Kohlhaw, 1991; Burger et al., 1991;
Defranoux et al., 1994; Johnston and Dover, 1987; Pfeifer et al., 1989; Todd et al., 1997;
Todd and Andrianopoulos, 1997). Amino acids within the first CX,CXsC motif are conserved
and mutagenesis studies showed their importance for DNA binding (Johnston and Dover,
1987; Todd and Andrianopoulos, 1997; Yuan et al., 1991).

DNA recognition sites consisting of terminal trinucleotides of direct or inverted repeats,
which are separated by six to eleven nucleotide residues, have been characterized for several
C6 proteins. CCG triplets as everted or inverted repeats have been proposed to be typical C6
consensus sequences (MacPherson et al., 2006; Marmorstein et al., 1992). AcuM binds a
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CCGN;CCG nucleotide consensus sequence, presumably as a heterodimer (Suzuki et al.,
2012). CIrB was shown to bind to CGGNgCCG inverted repeats in a co-factor dependent
manner, as well as to CGG/CCG single triplets in the absence of a co-factor (de Groot et al.,
2009; Li et al., 2016; Yamakawa et al., 2013). However, binding to triplets of different
structure has been shown for other C6 proteins as well (Chang et al., 1995; Todd et al., 1998;
Todd and Andrianopoulos, 1997).

TABLE 10: Comprehensive overview of C6 architectures present in A. nidulans.

The table provides an overview over the frequency of C6 architectures in A. nidulans,
according to Wortman and collaborators, amended with the two additional proteins found in
AspGD and FungiDB database searches (Cerqueira et al., 2014; Stajich et al., 2012; Wortman
et al., 2009). All characterized representatives of each group are indicated. ZtfA and its
architectural group are given in bold.

C6 motif Quantity Metabolic processes Development ~ Stress response
AfIR, DbaA, MdpE, ArcA, NosA, RosA,
CXLNLHLXLRL 149 CIrA, FacB, QutA, UaY SfgA, OefC PacX

AmyR, ApdR, GalR, GalX,
Inur, PrnA, ScfA, XInR
CX,CXgCXgCX,CXC 27 FarA, FarB, TamA

CX,CXsCXsCX,CXsC 19 AcuM, CIrB, ZtfA ZtfA ZtA
CX,CXsCXsCX,CXeC 12 AcuK

CX,CXsCX7CX,CXeC 11

CX,CXsCXgCX,CXC
CX,CXsCX10CX,CXsC
CX,CXsCXeCX,CXoC
CX,CXsCX1,CX,CXeC
CX,CXsCXCX,CXC
CX,CXsCX7CX,CX;C
CX,CXsCXgCX,CX7C
CX,CX10CXsCX,CXeC
CX,CX10CXsCX,CXC
CX,CXsCXCX,CXeC
CX,CXCX14CX,CXeC
CX,CXsCX15CX,CXsC
CX,CXCX16CX,CXC
CX,CXsCXsCX,CX11C
CX,CXsCXsCX,CXC
CX,CXsCXsCX,CX7C
CX,CXsCXsCX1CXC
CX,CXsCXsCXoCX1,C
CX,CXsCXsCX,CXC
CX,CX7CXCX,CXC
CX,CXgCX1,CX,CXeC

CX,CXCXsCX,CX6C 73

R
[EEN

LeuB

AmdR

SilA

AlcR

AraR

SonC
NirA
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Several conserved amino acid residues are present in ZtfA giving a hint that ZtfA might
recognize nucleotide triplet repeats as well. In Gal4, the lysine residues K17 and K18 were
identified to be necessary for the specific base pair contact to the CGG triplet forming the
DNA binding motif (Marmorstein et al., 1992; Marmorstein and Harrison, 1994). RhaR is an
example for a C6 protein in A. nidulans, which shows conservation of K18 but replacement of
lysine K17 to arginine (R68) (Pardo and Orejas, 2014). RhaR binds to a CGGN;;GGC DNA
motif. ZtfA exhibits a stretch of three lysines at this position (K4-6). The relatively
uncommon C6 architecture of ZtfA and indications for different interaction partners suggest
that ZtfA is able to bind different DNA-binding sequences. Importantly, among ZtfA
orthologs in Aspergilli the whole C6 domain of ZtfA is strongly conserved. These similarities
in ZtfA orthologs imply that it might bind to similar binding motifs in different Aspergilli. It
is therefore assumed, that ZtfA regulates the expression of orthologous genes and exhibits

influences similar to the ones found for A. nidulans in other Aspergilli as well.

4.1.2 C6 proteins and their role in A. nidulans

The A. nidulans genome encodes 332 putative C6 proteins. In contrast to this high number,
which makes up approximately three percent of all genes in A. nidulans, a relatively small
number of only 33 C6 proteins (approximately 10%) has been characterized yet (TABLE 10).
Several proteins of this group regulate primary or secondary metabolite gene clusters as
cluster specific regulators in A. nidulans, such as AmdR, AlcR, QutA, NirA, PrnA, UaY,
FacB, MdpE and AfIR (Andrianopoulos and Hynes, 1990; Bergmann et al., 2007; Beri et al.,
1987; Brown et al., 1996; Burger et al., 1991; Cazelle et al., 1998; Chiang et al., 2009, 2010;
Felenbok et al., 1988; Scazzocchio, 1994; Suarez et al., 1995; Todd et al., 1997). Two C6
proteins, SfgA and OefC, are involved in the regulation of asexual sporulation, and three C6
proteins, RosA, NosA and SilA, were found to be involved in sexual development (Han et al.,
2008; Lee et al., 2005; Seo et al., 2003, 2006; Vienken et al., 2005; Vienken and Fischer,
2006). Employment of the AspGD Gene Onthology slim mapper (Cerqueira et al., 2014)
showed, that most manually annotated C6 proteins cluster with the terms carbohydrate
metabolic processes, developmental processes and response to chemical or stress. Three are
annotated to secondary metabolic processes, three for sexual sporulation and two for asexual
sporulation. So far, most of the C6 proteins analyzed for A. nidulans regulate metabolic
processes as cluster specific transcription factors or are involved in developmental programs.
Regulation and interconnection of several processes and programs on a higher level, as this
study shows for ZtfA, is uncommon for C6 proteins in A. nidulans. As only 10% of this
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protein group has been investigated so far, it is likely to find more proteins which interconnect
different pathways in this transcription factor group in future analyses.
In conclusion, ZtfA is one of the first C6 proteins that act as activator for asexual

development and secondary metabolism.

4.2  ZtfA is a repression target of VosA and acts as a conidiation regulator in

A. nidulans

4.2.1 The upstream developmental activator pathway is regulated by ZtfA

Velvet proteins are transcription factors, which interconnect developmental programs and
secondary metabolism and regulate expression of thousands of genes (Ahmed et al., 2013;
Becker et al., 2016). The velvet factor VosA represses premature conidiation and is important
for spore viability (Ni and Yu, 2007). The present study shows that ZtfA is a downstream
target of VosA. VosA is a repressor of ztfA gene expression and both factors together are
important for viability of conidiospores.

VOsSA represses expression of the major conidiation regulator-encoding brlA gene during
vegetative growth and therefore regulates developmental competence (Lee et al., 2016; Ni
and Yu, 2007). BrlA is the first factor in the central developmental pathway (CDP)
(BrlA > AbaA -> WetA) and is activated by the upstream developmental activators (UDAS)
(Adams et al., 1998; Lee and Adams, 1996; Lee et al., 2016; Marshall and Timberlake, 1991,
Mirabito et al., 1989). The UDAs are repressed by SfgA and comprise the Flb pathway, which
functions in two parts in parallel: FIbB/FIbE - FIbD - BrlA and FIbC > BrlA (Lee et al.,
2016; Ruger-Herreros et al., 2011; Seo et al., 2006; Yu et al., 2010). FluG counteracts the
repressing effect of SfgA, what allows activation of the Flbs (Garzia et al., 2010; Kwon et al.,
2010a, 2010b; Ni and Yu, 2007; Seo et al., 2006; Wieser and Adams, 1995).

It was previously hypothesized, that another yet unknown factor might exist that regulates
conidiation together with the Flb cascades (Garzia et al., 2010; Lee and Adams, 1996). Such a
factor was anticipated to activate brlA gene expression or expression of either flb factors in
the last steps of the UDA pathway, namely fIoC and flbD (FIGURE 51). flb gene knock outs
share the name-giving phenotype: a fluffy appearance of the colony due to increased aerial
hyphae and decreased conidiophore production (Wieser et al., 1994).

Phenotypical and transcriptional analyses show that ZtfA functions downstream of FIuG and
upstream of FIbC and FIbD. It is not involved in the regulation of sfgA expression but is an
activator of fIboC and flbD gene expression during late vegetative growth. Taken together,
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ZtfA represents a new activator of conidiation, which functions upstream to the UDA

pathway and is important for activation of both parts of the Flb cascade (FIGURE 51).

D) o
\ J_
/

Conidiation

FIGURE 51: Gene expression of fIbC, flbD and brlA is activated by ZtfA.

The model summarizes the current understanding of the regulatory role of ZtfA upon the
UDA factors and brlA during late vegetative growth at the onset of conidiation. ZtfA activates
brlA gene expression and is important for activation of FIbC and FIbD, downstream of FluG.
Positive regulations are given in black, negative regulations (repression) are given in red.

4.2.2 ZtfA activates brlA expression in A. nidulans

ZtfA is sufficient to induce premature conidiophore development during vegetative growth
and activates brlA expression under these conditions. This is further supported by the finding
that this activation is significantly higher in the absence of vosA. VosA and NsdD repress brlA
expression during vegetative growth (Lee et al., 2016; Ni and Yu, 2007). ztfA OE produces
normal conidiophores during these conditions, whereas the WT is not able to form
conidiophores. Overexpression of brlA leads to conidiophore formation under vegetative
conditions directly from vesicles formed at the hyphal tips (Adams et al., 1988, 1998).
Therefore, several aspects of the regulatory role of ZtfA are important for the formation of
conidiophores, besides its activating role upon brlA. ZtfA regulates flbD expression and is
important for flbC expression during vegetative growth. However, this is not sufficient to
induce conidiophore development, since a floC OE does not form conidiophores but vesicle-
like structures at hyphal tips (Kwon et al., 2010a). Therefore, induction of gene expression of
fIbC, flbD and brlA together is necessary for the conidiophore formation. BrlA activates abaA
and wetA, which both encode transcription factors necessary for conidiation (Andrianopoulos
and Timberlake, 1994; Lee et al., 2016; Marshall and Timberlake, 1991; Ni and Yu, 2007,
Sewall et al., 1990a). In accordance with the finding that ZtfA activates brlA, phenotypical
analyses show that ztfA is epistatic to both, brlA and abaA. Taken together, ZtfA activates
both, the UDA factors through flbC and flbD and the CDP through brlA.
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4.2.3 ZtfA and VosA function in achievement of developmental competence and spore
maturation in A. nidulans

The onset of conidiation is genetically characterized by a time dependent de-repression of

brlA expression (see CHAPTER 1.4 and 1.5) (Lee et al., 2016). The conidiation cascade itself is

also time dependent: brlA is activated by the UDA factors and ZtfA during the achievement of

developmental competence (Etxebeste et al., 2009, 2008; Garzia et al., 2009, 2010; Kwon et

al., 2010a, 2010b; Wieser and Adams, 1995) (FIGURE 52).

Achievement of
developmental competence

viability
Spore formation and
maturation

FIGURE 52: ZtfA and VosA regulate achievement of developmental competence and
spore maturation.

The model depicts the regulatory roles of ZtfA and VosA upon conidiation during
achievement of developmental competence (upper part) and ongoing spore formation and
maturation (lower part). ZtfA activates gene expression of brlA, floC and flbD during late
vegetative growth and supports achievement of developmental competence. brlA expression is
repressed by VosA and NsdD during this stage (upper part). ZtfA negatively regulates fluG
and flb gene expression during ongoing development and supports spore maturation. VosA
expression is activated by AbaA and WetA and VosA is necessary for trehalose biogenesis
and spore maturation as well. VosA negatively regulates ztfA expression during asexual
growth (lower part).

BrlA activates abaA expression during the mid-phase of conidiation (approximately 12 h post
induction), whose product then activates wetA and vosA expression during the late phase of
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conidiation (after 24 h post induction) (Adams et al., 1988, 1990; Andrianopoulos and
Timberlake, 1994; Boylan et al., 1987; Marshall and Timberlake, 1991; Ni and Yu, 2007; Tao
and Yu, 2011). VosA is involved in early time tuning of conidiation by repressing brlA
expression until developmental competence is achieved (Lee et al., 2016; Ni and Yu, 2007)
(FIGURE 52). During late asexual growth, VosA negatively regulates ztfA expression, thereby
exhibiting another level of regulation of the time adjusted choreography of conidiation. ZtfA
is involved in late time tuning of the conidiation cascade as well: it negatively regulates fluG
and the flb genes during late asexual growth after 24 h (FIGURE 52). This regulatory role
confirms the model that ZtfA functions upstream of the UDA pathway as a rather global
regulator of conidiation.

AbaA induces vosA expression during late asexual development (Park et al., 2012b)
(FIGURE 52). VosA is necessary for spore viability and trehalose biogenesis together with
VelB (Ni and Yu, 2007; Sarikaya-Bayram et al., 2010). Trehalose is a non-reducing
disaccharide that is found in fungi, plants, bacteria and insects, where it functions as storage
compound, but is also involved in stress resistance (Becker et al., 1996; Elbein et al., 2003;
Jorge et al., 1997; Ocon et al., 2007). In germinating conidiospores, trehalose is rapidly
degraded and deletion of the trehalose-6-phosphate synthase results in delayed germination
(Al-Bader et al., 2010; Fillinger et al., 2001; Kane and Roth, 1974; Shin et al., 2009).
Conidiospores are able to germinate in the absence of ztfA, but show a rapid loss in viability.
Decreased spore viability has been shown before for vosA and velB mutants and for other
A. nidulans mutant strains as well (Hagiwara et al., 2008; Kawasaki et al., 2002; Lara-Rojas
et al., 2011; Leiter et al., 2016). Trehalose has been shown to be important for conidiospore
viability: a loss in spore viability accompanies an insufficient trehalose concentration in
conidiospores in AvosA and AvelB strains (Ni and Yu, 2007; Sarikaya-Bayram et al., 2010).
Loss in spore viability in AztfA is not coupled to trehalose biogenesis and ZtfA is not
important for regulation of trehalose biosynthesis. Hence, ZtfA is not involved in the VosA-
governed trehalose biogenesis regulation. Nevertheless, ZtfA probably is a factor of a VosA-
governed spore viability regulation. ZtfA’s role in spore viability, together with the activation
of brlA and flb genes during late vegetative growth, supports the model that ZtfA is involved
in the activation of conidiation and its regulation during ongoing spore formation and
maturation. Such a regulation is probably not based upon VeA-VelB or VelB-VosA
heterodimers since phenotypic analyses with AveAAztfA and AvelBAztfA double mutants do
not imply relations between these velvet genes and ztfA. A VosA-VelC heterodimer has been
proposed but has not been proven in vivo up to date (Park et al., 2014). Since little is known
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about VelC at the moment, a regulatory effect upon spore viability cannot be excluded. A
AvelCAztfA double mutant does not show clear epistatic effects. Therefore, the regulatory
effects of ZtfA are probably not dependent upon VelC.

4.3  Phosphorylation might represent an activity control of ZtfA

Three phosphorylated residues (S327, T464 and S506, respectively) were identified in ZtfA of
A. nidulans in LC-MS/MS analyses and their importance could be demonstrated by
construction of a strain that expresses a version of ZtfA, in which these residues were
exchanged to alanine to mimic permanent dephosphorylation. Changes in the phosphorylation
status have been shown to be important for function of several regulatory proteins (Bayram et
al., 2012; Johnk et al., 2016; Rauscher et al., 2016; Schinke et al., 2016; Shimizu et al.,
2003). The phenotype of the dephosphorylated mutant (ztfAS32/AT464ASS04-5064)  qaeg ot
resemble the AztfA phenotype. This shows that ZtfA is still able to execute its activating
effects on conidiation in the dephosphorylated mutant. Therefore, permanent
dephosphorylation of identified residues does not hinder nuclear localization of ZtfA and does
not lead to inactivation of the protein. The possibility exists that dephosphorylation of S327,
T464 and S506 leads to increased ZtfA import into the nucleus. The dephosphorylated mutant
strain resembles the ztfA OE strain in the scope of lacerated colony morphology. This suggests
that the ztfA OE strain might produce increased numbers of incorrectly phosphorylated ZtfA
protein and that this influences colony morphology. Several possible explanations for these
findings exist. Phosphorylation might have a destabilizing effect and might represent an

activity control for ZtfA (FIGURE 53).

unstable
S327
S327
\ $506
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FIGURE 53: The phosphorylation status of ZtfA might influence DNA-binding specificity,
protein-protein interaction and stability of the ZtfA protein.

The model depicts possible influences of the phosphorylation status of ZtfA on DNA-
sequence specificity. The phosphorylation state of ZtfA might have influences on recruitment
of different interaction partners and thus on DNA-binding specificity. It could also destabilize
the ZtfA protein. Phosphorylation sites identified in this study are indicated. Note that blue
arrows do not differ between activating and repressing effects.
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It is also possible that the phosphorylation status of ZtfA influences interaction with other
proteins and thereby changes DNA-sequence specificity (FIGURE 53). It could also lead to
hyperactivation of ZtfA. This would be an interesting task for further studies.

Two kinases, MpkB and RfeA, were identified as putative interaction partners. The three
identified phosphorylation sites in ZtfA notably do not match the recognition site for MpkB
(Thr-Glu-Tyr) (Kobayashi et al., 2007). RfeA is not characterized yet and its recognition site
is not known. The identified phosphorylation sites in ZtfA differ in their sequences.
Therefore, RfeA might only be responsible for phosphorylation of one of these sites. RfeA is
annotated as putatively involved in secondary metabolism. This might indicate that the
phosphorylation status of ZtfA could be important for its regulatory roles in secondary
metabolism. Not all peptides of the ZtfA protein were identified in LC-MS/MS analyses and
bioinformatic analyses of the ZtfA amino acid sequence revealed 34 putative additional
phosphorylation sites besides the ones investigated in this study. This implies that the

constructed ztf AS327A,T464A,SSO4-506A

strain might not produce a fully dephosphorylated ZtfA
protein and that further phosphorylation sites with regulatory function exist. Moreover, the
phosphorylation status of ZtfA might differ during different growth and developmental

phases. This has to be analyzed in future studies.

4.4  Orthologs of ZtfA have regulatory roles in developmental programs in Aspergilli
Orthologs of ZtfA were found in Aspergilli as well as in non-Aspergilli during in silico
analyses (see FIGURE 13 in CHAPTER 3.1).

The scl-2 mutant of A. niger shows sporulation defects, similar to the situation in AztfA of
A. nidulans (Jgrgensen et al., 2011). The scl-2 mutant has defects in the ztfA orthologous
genetic locus (A.F.J. Ram, p.c.). This is in good agreement with the above proposed
hypothesis, that ZtfA might show functional conservation among Aspergilli (see CHAPTER
4.1.2). The scl-2 mutant forms sclerotia and the respective A. niger gene product might
represent a repressor of sclerotia formation. Sclerotia are thought to correspond to
cleistothecia in A. nidulans. ZtfA of A.nidulans is not a major repressor of sexual
development since an absence of ztfA does not lead to a distinct increase in cleistothecia
formation.

A loss of ztfA does not lead to an obvious conidiation phenotype in A.fumigatus (see
CHAPTER 3.8). However, slight morphological effects on colony morphology are visible in

A. fumigatus AztfA as well. This discrepancy in conservation between A. nidulans, A. niger

116



Discussion

and A. fumigatus is interesting as A. niger and A. fumigatus are more closely related to each
other than the two species to A. nidulans (Peterson, 2008; Varga et al., 2003).

The conidiation cascade of A.fumigatus exhibits some striking differences to the one in
A. nidulans (see CHAPTER 1.9.3 to 1.9.4 and FIGURE 54). Factors, which regulate distinct
events in one fungus, might exhibit a change in regulation in the other as has been shown for
the velvet factors, but also for WetA and AbaA and several Flb factors (Mah and Yu, 2006;
Park and Yu, 2012; Tao and Yu, 2011; Xiao et al., 2010) (FIGURE 54).

A. nidulans Conidia germination

T . Trehalose
m " Spore maturation

UDAs | ——————> brlA_—» abaA —> wetA — Conidiation

O O

A. fumigatus Conidia germination

T . Trehalose
»@iw\\ Spore maturation
UDAs | —————» brlA —» abaA —» we{—h Conidiation

FIGURE 54: Differences in the regulation of conidiation between A. nidulans and
A. fumigatus.

Regulation of the central developmental pathway for asexual propagation in A. nidulans (top)
and A. fumigatus (bottom) reveals differences between both fungi. Black lines indicate trusted
knowledge, grey dotted lines indicate proposed regulations. Modified from Park et al., 2012a.

Notably, deletion of the upstream developmental factor-encoding fluG and flbA genes, which
lead to fluffy phenotypes in A. nidulans due to decreased and delayed conidiation, do not
result in fluffy phenotypes in A. fumigatus (Mah and Yu, 2006; Yu et al., 2006). Levels of
conidiation in AflbA are reduced but the colony appearance is WT-like. Loss of fluG does not
result in a conidiation phenotype on solid medium when oxygen is present but hinders
conidiophore development in submerged cultures, where the A. fumigatus WT is able to form
conidiophores. ZtfA is a conidiation activator in A. nidulans and A. niger. However, this is not
the case in A. fumigatus: a AztfA mutant does not show an obvious sporulation defect. This is

interesting as A. niger and A. fumigatus are more closely related to each other than the two
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species to A. nidulans (Peterson, 2008; Varga et al., 2003). Both species are proposed to be
heterothallic, even though thallism is not completely clear for A. niger (Frisvad et al., 2014;
Varga et al., 2003).

Loss of ztfA in A. fumigatus leads to a downregulation of brlA expression. This implies that
ZtfA is involved in conidiation regulation in this fungus as well. More than one conidiation
pathway have been hypothesized in other studies for A. fumigatus (Mah and Yu, 2006; Yu,
2010). Therefore, a redundancy in conidiation regulation is assumed, where another
transcription factor would fulfill similar functions as ZtfA and might circumvent deleterious
effects caused by ztfA deletion. Another possibility is that ZtfA might have undergone a
functional conversion and might regulate different aspects of the A. fumigatus life cycle
compared to A. nidulans.

In summary, A. nidulans ZtfA and its ortholog in A. niger share conserved functions, such as
activation of conidiation. The A. niger ZtfA ortholog further functions as repressor of sclerotia
formation. This function is probably not conserved in A. nidulans. The ZtfA ortholog of
A. fumigatus is dispensable for conidiation and might have undergone a functional

conversion. This is further discussed in CHAPTER 4.8.

45  ZtfA interconnects asexual development and secondary metabolism in
A. nidulans

45.1 ZtfAis an activator of secondary metabolism

Several studies show a link between secondary metabolite (SM) production and
developmental programs (Bayram et al., 2008a; Bayram and Braus, 2012; Calvo, 2008; Calvo
et al., 2002; Estiarte et al., 2016; Gerke et al., 2012a; Lee et al., 2012; Ramamoorthy et al.,
2012; Wang et al.,, 2016; Yin et al., 2013). ZtfA is a new transcription factor that
interconnects asexual development and secondary metabolism in A. nidulans. This function is
conserved to its ortholog in A. niger: the scl-2 mutant exhibits diminished conidiophore
formation and impaired secondary metabolite production (Jgrgensen et al., 2011).

ZtfA of A. nidulans is required for austinol and dehydroaustinol production, since both
compounds are absent in the AztfA mutant. Transcriptional analyses show that ztfA OE is
sufficient to activate austinol-pathway gene expression during vegetative growth.
Furthermore, ztfA OE is sufficient to upregulate expression of important genes of the
F9775/orsellinic acid (orsA) and the emericellamide gene (easA, easB, easC and easD) cluster
during vegetative growth. It was shown that expression of the orsA gene, encoding the PKS of

the F9775 cluster, depends on environmental constituents: orsA expression is upregulated
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when A. nidulans is co-cultivated with the soil bacterium Streptomyces hygroscopius but only
basally expressed when the fungus is cultivated alone (Schroeckh et al., 2009). An
overexpression of ztfA is sufficient to induce orsA gene expression in the absence of another
organism. ZtfA is a permanently nuclear localized transcription factor. Transcription factors
with permanent nuclear localization are thought to be activated by environmental stimuli or
secondary metabolite intermediates. It is therefore possible that intermediates produced by
other organisms, such as S. hygroscopius activate ZtfA in the nature, where the fungus grows
in diverse ecological environments. HPLC profiles of ztfA mutants suggest that further SMs
are regulated by ZtfA as well. These might be SMs not produced in WT in the conditions
tested and would indicate that ZtfA is not solely an activator but has also repressing capacities
for specific SM gene clusters. On the other hand the possibility exists that these peaks in
HPLC profiles represent SM intermediates in pathways where production of the final SM
product is blocked in the absence of ztfA due to gene misregulation of crucial steps of the
respective pathway.

Bridging factors in the interconnection of secondary metabolism and development are the
velvet proteins, which form the velvet complex, a heterotrimer composed of VelB, VeA and
the SM master regulator LaeA (Bayram et al., 2008a; Bok and Keller, 2004; Sarikaya-Bayram
et al., 2010, 2015) (see CHAPTER 1.2 and 1.3). Phenotypic analyses show that ZtfA does not
act in VeA- or VelB-governed pathways.

In conclusion, ZtfA interconnects asexual development and secondary metabolism and acts as

activator of both programs.

4.5.2 Activation of conidiation is independent of ZtfA-mediated secondary metabolite
regulation

As discussed above, ZtfA influences the conidiation pathway downstream of FluG and
upstream of the Flb factors FIbC and FIbD. FIuG is necessary for the synthesis of an unknown
low molecular weight molecule, which is proposed to be important for conidiation activation
(Lee and Adams, 1994a): Lee and Adams found that the conidiation defect in a AfluG strain
can be rescued by a WT colony grown next to the AfluG colony and that a diffusible barrier
does not hinder this rescue. Rodriguez-Urra and collaborators found that an adduct of
dehydroaustinol and diorcinol is able to overcome the conidiation defect of the AfluG mutant.
They hypothesized that one or both SMs, or dehydroaustinol- or diorcinol-like compounds are
involved in the FIuG signaling pathway (Rodriguez-Urra et al., 2012). This would be an
explanation for the developmental phenotype of AztfA: the FluG signal cannot be formed
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since austinol and dehydroaustinol are not synthesized and therefore, the conidiation cascade
cannot be activated. In contrast to this hypothesis it was shown that both, austinol as well as
dehydroaustinol, are not essential for conidiation: a AausA strain is able to sporulate and the
ausA gene is not necessary for asexual development (Nielsen et al., 2011). FIuG counteracts
SfgA, which represses translocation and therefore conidiation activation of the FIbB-FIbE
heterodimer (Etxebeste et al., 2008, 2009; Herrero-Garcia et al., 2015; Lee et al., 2014; Seo et
al., 2006). Therefore, the phenotype of a flbB or fIbE deficient mutant should resemble the
AztfA phenotype if ZtfA would be involved in the FluG signal upstream of the flb genes.
Phenotypical analyses of the flbo mutants in AztfA contradict this (see CHAPTER 3.4.3).
Deletion of sfgA completely bypasses fluG in conidiation and sterigmatocystin production
(Seo et al.,, 2006). This indicates that FIuG mainly exhibits its activation towards the
conidiation cascade by antagonizing negative effects of SfgA. Expression of sfgA is not
regulated by ZtfA. A regulatory role of ZtfA upon sfgA expression would have been expected
if ZtfA would be important for the activating effect of FIuG on conidiation. Seo and co-
workers proposed a model in which FluG activates FIbE, which then represses SfgA (Seo et
al., 2006). Neither phenotypical nor gene expression analyses support the possibility that ZtfA

might act as a FluG-signal transducer in such a model.

4.5.3 Sterigmatocystin production is regulated by ZtfA

The SM sterigmatocystin is a potent mycotoxin and FluG is involved in its regulation (Hicks
et al., 1997; Seo et al., 2003). This regulation is proposed to be accomplished via the
activation of FIbA (Hicks et al., 1997). FIbA is necessary to inhibit the FadA-mediated G-
protein signaling pathway, which leads to a repression of conidiation and sterigmatocystin
production via PkaA (Hicks et al., 1997; Shimizu et al., 2003) (FIGURE 55).

The deficiency in sterigmatocystin production in AfluG is a result of a lack of fIbA activation
(Hicks et al., 1997). aflR, encoding the sterigmatocystin transcriptional regulator, and
consequently stc gene (sterigmatocystin cluster) transcripts fail to accumulate in the absence
of flbA (Hicks et al., 1997). Likewise, a loss of fluG leads to a loss of stc transcript
accumulation (Hicks et al., 1997). An overexpression of fIbA is able to induce premature stc
transcript accumulation, followed by early sterigmatocystin production (Hicks et al., 1997,
Keller et al., 1994). flbA expression is repressed by SfgA and absence of sfgA rescues
sterigmatocystin production in AfluG (Seo et al., 2006). Sterigmatocystin regulation is not a
common function of conidiation regulators, as, besides FIuG and FIbA, no other factor of the
UDA or CDP pathway seems to be involved in sterigmatocystin regulation (Hicks et al.,
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1997). zZtfA acts downstream of FluG and is involved in a feedback regulation of fluG
expression during asexual growth. Nevertheless, ZtfA does probably not act in a
sterigmatocystin regulation in between FluG and FIbA: ZtfA represses fIbA expression during
asexual growth. However, this might be indirect since a ztfA OE does not downregulate fIbA
expression.

Sterigmatocystin production is increased in both, the absence and the overexpression of ztfA.
AfIR is the major regulator of sterigmatocystin production in Aspergilli (Ehrlich et al., 2003;
Yu et al., 1996a). Both, absence and overexpression of ztfA lead to upregulation of afIR and
stcU, suggesting a tight balance of ztfA expression for maintenance of sterigmatocystin
production at WT level. stcU transcript levels are used as indicator for stc cluster activation
(Hicks et al., 1997; Kato et al., 2003). A similar regulation was found for the bZIP
transcription factor RsmA, for which direct binding to the aflR promoter was shown (Yin et
al., 2012). Comparable to the regulation of sterigmatocystin via ZtfA, ArsmA as well as rsmA
OE upregulate production of this SM (Shaaban et al., 2010; Yin et al., 2012). Since RsmA
directly binds to the aflR promoter and rsmA OE upregulates aflR, Yin and collaborators
proposed an induction of afIR through RsmA. A similar regulation could explain the observed
sterigmatocystin increase in ztfA mutants even though direct binding of ZtfA to the aflR

promoter is unclear at the moment (FIGURE 55).
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FIGURE 55: ZtfA is involved in sterigmatocystin biosynthesis regulation in A. nidulans.
The depicted simplified model summarizes the regulatory role of ZtfA on sterigmatocystin
production during asexual development. Red lines indicate negative regulations, green arrows
show activating effects. Recently, MtfA was analyzed and might act as an antagonist of ZtfA
in the regulation of sterigmatocystin biosynthesis; RsmA and ZtfA might have similar
regulatory roles in sterigmatocystin regulation (Lind et al., 2015; Ramamoorthy et al., 2013;
Yinetal., 2012).

MtfA, downstream of VeA, regulates sterigmatocystin production in an inverted manner: loss
as well as overexpression of mtfA resulted in reduced sterigmatocystin production and loss of
afIR and stcU mRNA accumulation (Ramamoorthy et al., 2013). Comparable SM regulation

is known for VeA: a tight control of veA expression is necessary for penicillin biosynthesis, as
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suggested by knock out and overexpression experiments (Kato et al., 2003; Sprote and
Brakhage, 2007). ZtfA and MtfA both are downstream factors of the velvet network. VosA
and VeA both share VelB as binding partner (Bayram et al., 2008a; Sarikaya-Bayram et al.,
2010). MtfA might therefore be an antagonist of ZtfA in sterigmatocystin production
(FIGURE 55). This is further supported by the fact that transcriptomic analyses of a AmtfA
strain showed an upregulation of ztfA gene expression, indicating a repressing effect of MtfA
upon ztfA expression (Lind et al., 2015).

4.5.4 Transcription factors with regulatory roles in secondary metabolism and
oxidative stress response are regulated by ZtfA

Several transcription factors interconnect SM biosynthesis and the oxidative stress response
(OSR) (Emri et al., 2015; Hong et al., 2013a, 2013b; Montibus et al., 2015; Reverberi et al.,
2010; Roze et al., 2011; Yin et al., 2013, 2012). For instance, RsmA is involved in
sterigmatocystin regulation and is important for the OSR (Emri et al., 2015; Shaaban et al.,
2010). Hence, a putative regulatory role of ZtfA upon rsmA gene expression in response to
H,0, stress was investigated. rsmA expression is upregulated in the presence of hydrogen
peroxide. This upregulation is ZtfA-dependent as it is intensified in ztfA OE upon H,0O; stress
but no upregulation is found in response to H,O, in AztfA. A rsmA overexpression is able to
overcome the block in sterigmatocystin production in AlaeA (Shaaban et al., 2010). ZtfA is
necessary for rsmA activation during H,O, stress but not for general expression of rsmA under
non-stressed conditions. ZtfA therefore might be involved in stress-mediated SM regulation
via rsmA gene-expression regulation.

In several cases, transcription factors, which couple SM and the OSR, are negative regulators
of SM and positive regulators of the OSR. For instance, NapA negatively regulates
emericellin, sterigmatocystin and other SMs as a napA OE strain produces lower amounts of
these compounds compared to WT (Yin et al., 2013). On the other hand, NapA is a positive
regulator of the OSR as AnapA shows decreased resistance against oxidative stress in
A. nidulans and other fungi (Asano et al., 2007; Thon et al., 2010). NapA is the ortholog of
the yeast Yapl factor (Asano et al., 2007; Toone et al., 2001). Yapl is important for
expression of both, the thioredoxin and the glutathione system in S. cerevisiae (Kuge and
Jones, 1994; Moye-Rowley, 2003; Wu and Moye-Rowley, 1994). napA expression was
screened as well but was not influenced by the H,O, stress conditions tested in this study.
ZtfA seems to function in an inverted manner compared to NapA. It is an activator of
secondary metabolism and a repressor of the OSR. Expression of ztfA itself is upregulated
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upon oxidative stress as well. This stress-coupled induction emphasizes the finding that ZtfA

is involved in regulation of the OSR in A. nidulans.

4.6  ZtfAis involved in the oxidative stress response of A. nidulans and A. fumigatus

4.6.1 ZtfAis an inhibitor of the oxidative stress response

Fungi have to cope with several stress factors. Amongst them, oxidative stress is one of the
most prevalent stresses. It occurs due to reactive oxygen species (ROS) formed during aerobic
respiration and other metabolic processes or derived from environmental sources (Aguirre et
al., 2005; Marschall and Tudzynski, 2016; Moye-Rowley, 2003; Nath et al., 2016; Zhang et
al., 2016). Fungal pathogens have to face increased ROS production as defense mechanism of
the innate immune system (Braem et al., 2015; Leal et al., 2012; Cramer et al., 2013).

ZtfA is an inhibitor of the OSR since loss of ztfA leads to distinctly increased tolerance
towards H,O, in A. nidulans, but only slightly increased tolerance to H,O, in A. fumigatus.
This difference can be explained with the sophisticated OSR system in A. fumigatus. Loss of
either conidial or mycelial catalases can be circumvented due to a high quantity of OSR
mechanisms in this pathogen (Brandon et al., 2015; Dagenais and Keller, 2009; Paris et al.,
2003). Therefore, malfunction or loss of one element of the OSR can probably be

compensated by factors with redundant function.

4.6.2 ZtfA activates the thioredoxin system during H,O, stress in A. nidulans

The OSR in fungi comprises enzymes, such as catalases, as well as redox systems (Bayram et
al., 2016; Carmel-Harel and Storz, 2000; Kawasaki et al., 1997; Kawasaki and Aguirre, 2001,
Navarro et al., 1996; Sato et al., 2009; Thon et al., 2007). The glutathione- and thioredoxin-
dependent redox systems are important parts of the cellular oxidative stress defense
mechanisms in fungi (Carmel-Harel and Storz, 2000; Emri et al., 2015; Jamieson, 1998;
Kawasaki et al., 1997; Larochelle et al., 2006; Thon et al., 2007, 2010). ZtfA is necessary for
induction of several stress response genes when H,O, is present. The thioredoxin system
comprises thioredoxin (TrxA) and its reductase (TrxR) (Holmgren, 1985, 2002). The small
thioredoxins reduce disulfides in their targets and are re-reduced by their thioredoxin
reductases, which use NADPH as electron donor and FAD as co-factor (Thon et al., 2007)
(FIGURE 56). ZtfA is necessary for induction of trxR gene expression in response to H,O, but
not involved in the general expression of the thioredoxin system during unstressed conditions.
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The thioredoxin system possesses a key role in the redox regulation and is important for
development in A. nidulans (Thon et al., 2007, 2010). Hence, this regulation upon oxidative
stress might represent a second layer of developmental regulation by ZtfA in response to
intracellular redox homeostasis. The glutathione system functions similar to the thioredoxin
system. Glutathione reduces ROS and is re-reduced by its glutathione reductase (GIrA) using
NADPH as electron donor (Bakti et al., 2017; Meister and Anderson, 1983). Influences of
ZtfA upon the glutathione system were less pronounced and upregulation of glrA expression
during H,O, stress is not ZtfA dependent. The thioredoxin and the glutathione system interact
in the redox regulation in fungi (Sato et al., 2009; Song et al., 2006; Thon et al., 2007; Trotter
and Grant, 2003). The weak regulatory effects upon the glutathione system observed in this
study might be explainable by its interplay with the ZtfA-dependent thioredoxin system.
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FIGURE 56: ZtfA regulates gene expression in response to hydrogen peroxide in
A. nidulans.

A simplified model of ZtfA-dependent gene regulation in response to H,O, in A. nidulans is
shown. H,0,; stress (yellow) leads to oxidation of proteins (Ox., grey), which are reduced
(Red., grey) by thioredoxin (TrxA). TrxA in turn is oxidized at its redox-active cysteine pair
and subsequently is re-reduced in a NADPH-dependent reaction catalyzed by thioredoxin
reductase (TrxR), which itself uses a redox-active cysteine pair. ztfA transcription is
upregulated during H,O; stress and increased ZtfA amounts result in upregulation of crucial
parts of the OSR, such as trxR, catA and rsmA. The transcription factor RsmA then regulates
further downstream genes.
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4.6.3 ZtfA is important for catalase gene upregulation in response to H,O; in
A. nidulans

Antioxidant enzymes, such as catalases, are involved in the fungal OSR. At least five
catalases exist and from these at least four are involved in the A. nidulans OSR (Bayram et
al., 2016; Kawasaki et al., 1997; Kawasaki and Aguirre, 2001; Navarro et al., 1996). CatA
and CatB are involved in general OSR, whereas CatC and CatD activity was found in only
certain stress situations or certain cellular structures (Kawasaki and Aguirre, 2001; Scherer et
al., 2002). Deletion of catA, B and C, as well as double and triple deletions did not have
developmental influences in A. nidulans (Kawasaki et al., 1997; Kawasaki and Aguirre,
2001). The hyphal catalase B (CatB) protects against external as well as internal H,0,
(Kawasaki et al., 1997). catC is not induced during oxidative or osmotic stress and only
slightly upregulated by heat shock stress whereas CatD activity was found to be even more
specific (Kawasaki and Aguirre, 2001). catA and catB mRNA accumulate upon oxidative
stress treatment in A. nidulans (Navarro and Aguirre, 1998; Noventa-Jordao et al., 1999). In
contrast to WT, catA expression is not induced in AztfA upon H,O, treatment but strongly
induced in ztfA OE during vegetative growth. This might be due to the diminished
conidiophores in AztfA, since CatA is a spore specific catalase. However, it has been shown
that spore formation is not a requirement for catA expression (Navarro et al., 1996). Notably,
in ztfA OE, catA is already upregulated in a non-stressed situation compared to WT. This
might be due to the fact that ztfA OE already forms conidiophores during vegetative growth.
Thereby, ROS are produced, which have to be detoxified. catA upregulation upon oxidative
stress is strongly ZtfA dependent since a regulation upon hydrogen peroxide treatment was
absent in AztfA. catB expression is not upregulated in WT or AztfA under tested conditions
upon hydrogen peroxide treatment. This can be explained by the fact that different parts of the
OSR react to different oxidative stressors (Emri et al., 2015). Non-equivalent response to
different oxidative stressors has been shown for OSR in other fungi as well (Moye-Rowley,
2003). Nevertheless, ztfA OE is sufficient to induce catB upregulation even under tested
conditions. Since ztfA OE does not show increased tolerance towards H,O, it is assumable
that further mechanisms exist, which are more important in the OSR than the products of the
genes tested in this study. It is likely that ZtfA regulates the OSR in general as the conditions
tested here only show a snapshot of the total OSR in A. nidulans.

ZtfA is presumably not necessary for the general expression of OSR genes under non-stressed
conditions since all tested genes are expressed, but several OSR genes are not regulated in the
absence of ztfA upon hydrogen peroxide stress. A loss of ztfA does not result in increased
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sensitivity but in a decreased sensitivity towards hydrogen peroxide stress. For several other
mutants, where OSR genes are misregulated, increased sensitivity due to disturbed OSR was
found. Deletion of catA and catB leads to decreased tolerance of conidiospores towards H,0,
and impaired colony growth in the presence of H,0O,, respectively (Kawasaki et al., 1997;
Navarro et al., 1996). Loss of sskA or srrA leads to hypersensitivity towards hydrogen
peroxide and downregulation of catA and catB expression (Hagiwara et al., 2007). Loss of
atfA or sakA increases oxidative stress sensitivity as well (Emri et al., 2015; Kawasaki et al.,
2002). ZtfA in general acts as repressor for the oxidative stress tolerance but positively
regulates expression of redox system and catalase encoding genes in response to H,O,. ZtfA
presumably regulates expression of further, yet unknown, factors of the OSR in A. nidulans,

which are important for oxidative stress tolerance.

4.7  ZtfA is localized in nuclei of germlings, hyphae and conidiophores and interacts

with RcoA in A. nidulans

4.7.1 Nuclear localization of ZtfA is important for A. nidulans

Transcription factors need to be localized in the nucleus in order to regulate gene expression.
Zinc cluster proteins can be divided into two groups with respect to their localization:
i) proteins, which are permanently localized in the nucleus and ii) proteins, which are
localized in the cytoplasm and shuttled into the nucleus upon their activation signal
(MacPherson et al., 2006). For the first group it is postulated that its members are activated by
target molecules or metabolic intermediates (Flynn and Reece, 1999; Harbison et al., 2004;
Kirkpatrick and Schimmel, 1995; Sellick and Reece, 2003, 2005). o/ importin heterodimers
bind to the NLS of cargo proteins and the complex shuttles into the nucleus through nuclear
pores (Beck and Hurt, 2017; Garcia et al., 2016; Lim et al., 2015; Miyamoto et al., 2016;
Schwartz, 2016). In silico analyses predicted a NLS with high confidence for ZtfA and a NES
with lower scores. Fluorescence microscopic analyses of GFP-tagged ZtfA proteins show a
nuclear localization during all conditions tested. Four importins were identified in pull-down
experiments as putative interaction partners of ZtfA. This suggests that a rapid nuclear
localization of ZtfA is important for the fungus. This is supported by the nuclear localization
of ZtfA in germlings, hyphae and conidiophores, which in conclusion, is important for

A. nidulans during asexual growth and ongoing asexual development.
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4.7.2 The RcoA-ZtfA complex might function in secondary metabolism and
development

Several proteins were identified in pull-downs with GFP-tagged ZtfA. A number of these
putative binding partners of ZtfA are uncharacterized proteins. Importantly, ZtfA pulled down
different interaction partners during different developmental stages. This indicates that ZtfA
might specifically interact with different proteins depending on developmental stages. RCOA
was identified as putative interaction partner during vegetative, asexual and sexual growth.
The interaction of RcoA and ZtfA was further verified in vivo, demonstrating the presence of
a ZtfA-RcoA complex. RcoA is a VeA-dependent WD40 repeat protein, which regulates
developmental programs, as well as sterigmatocystin production (Bayram and Braus, 2012;
Hicks et al., 2001; Todd et al., 2003, 2006). RcoA fulfills its regulatory functions partly in a
conserved co-repressor complex together with SsnF (Garcia et al., 2008; Hicks et al., 2001,
Johnk et al., 2016; Todd et al., 2003). SsnF was not found in GFP-trap experiments with ZtfA
as bait. Therefore, it is not clear at the moment if ZtfA interacts with this co-repressor
complex. The SsnF-RcoA co-repressor complex corresponds to the yeast Ssn6-Tupl co-
repressor, which binds different DNA-binding proteins as substrate linkers (Cupertino et al.,
2015; Hanlon et al., 2011; Roy et al., 2013). The Ssn6-Tupl co-repressor is involved in
hypoacetylation of H3 and H4 histones and the positioning of nucleosomes, thereby blocking
DNA-accessibility for the transcription machinery (Church et al., 2017; Davie et al., 2003;
Fleming et al., 2014; Rizzo et al., 2011; Watson, 2000). Furthermore, the co-repressor
competes with transcription factors for promoter binding and can occlude promoters, thereby

repressing gene transcription (Islam et al., 2011; Merhej et al., 2015) (FIGURE 57).
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FIGURE 57: Regulatory roles of RcoA-ZtfA upon target genes.

The model summarizes two possibilities of gene expression regulation of RcoA-ZtfA. The
complex could compete with the SsnF-RcoA co-repressor complex in both, special promoter
binding and RcoA disposability (left hand side). ZtfA itself could also function as protein
linker between SsnF-RcoA and DNA (right hand side). Both possibilities might coexist.

127



Discussion

Transcriptional data gathered in this study suggest mainly activating effects of ZtfA towards
downstream targets, but repressing effects upon flb genes were found during late asexual
development as well. A switch from repression to activation of downstream targets in
response to physiological conditions has been shown for RcoA (Hicks et al., 2001).
Accumulation of brlA mRNA is delayed in the absence of rcoA (Hicks et al., 2001).
Therefore it is possible, that an RcoA-ZtfA complex regulates fIbC, flbD or brlA expression.
In this scenario, RcoA-ZtfA could compete with the SsnF-RcoA co-repressor for promoter
binding of target genes as well as for RcoA disposability (FIGURE 57). A second possibility
emerges: ZtfA could also function as substrate linker between the SsnF-RcoA co-repressor
and respective target promoters (FIGURE 57).

RcoA is involved in regulation of secondary metabolism in A. nidulans. aflR and stcU
transcripts were not detected in the absence of rcoA and sterigmatocystin is not produced
(Hicks et al., 2001). Therefore, it is tempting to speculate that ZtfA regulates sterigmatocystin
production as an RcoA-ZtfA complex. ZtfA or RcoA could further act as monomers or
heteromeric complexes with other proteins in such a scenario. This would explain why a loss
as well as an overexpression of ztfA upregulates sterigmatocystin biosynthesis: both situations
would change the equilibrium of possible monomers or complexes. An interaction of RCOA
and ZtfA is also interesting since HPLC data suggest that ZtfA regulates the production of
further SMs, which could not be clarified in this study. Most SM gene clusters are silent under
laboratory conditions in fungi and the proportion of unknown SMs is presumably significantly
larger than the proportion of already known SMs (Gerke et al., 2012b; Gerke and Braus,
2014; Hoffmeister and Keller, 2007; Khaldi et al., 2010). Therefore, a better understanding of
this RcoA-ZtfA protein complex, especially with respect to putative regulation of SM gene

clusters, is important.

4.8  ZtfA regulates adhesion in A. fumigatus

4.8.1 Functional conversion of transcription factors between A. nidulans and

A. fumigatus
Functional conversion of transcription factors and other regulatory proteins, which act as
developmental regulators in A. nidulans, to SM or virulence factors in A. fumigatus has been
shown in several studies. VeA is the most prominent example for such a functional
conversion: VeA is a negative regulator of asexual development in response to light in
A. nidulans (Bayram et al., 2008a, 2008b; Kafer, 1965; Terfrlichte et al., 2014). In contrast,
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loss of veA in A. fumigatus does not result in an obvious phenotype under normal growth
conditions, but VeA is rather a positive SM regulator in this fungus (Dhingra et al., 2012,
2013; Krappmann et al., 2005). MtfA is another example for a transcription factor, which is
required for development in A. nidulans, but underwent a functional conversion in
A. fumigatus (Ramamoorthy et al., 2013; Smith and Calvo, 2014). aflR gene expression and
sterigmatocystin production are decreased in the absence of mtfA and conidiation and Hille
cell numbers are diminished in A. nidulans (Ramamoorthy et al., 2013). Deletion of mtfA in
A. fumigatus leads only to a minor developmental phenotype, but virulence in G. mellonella
infection is decreased (Smith and Calvo, 2014). Functional conversions of proteins, which do
not act as transcription factors, have been shown as well. F-box proteins are substrate linkers
for SCF complexes which, together with the COP9 signalosome (CSN), function in the
conserved ubiquitin proteasome pathway (UPP) as target carriers for protein degradation via
the ubiquitin 26S proteasome system (Braus et al., 2010; Ciechanover, 1998; Meister et al.,
2016; von Zeska Kress et al., 2012). Deletion of the F-box protein Fbx15 in A. nidulans
results in drastically reduced sexual and asexual development (von Zeska Kress et al., 2012).
In contrast, the ortholog in A. fumigatus is not involved in asexual development, but essential

for general stress response and virulence (J6hnk et al., 2016).

4.8.2 ZtfAis involved in the regulation of polysaccharide production, gene expression
of adhesion factors and the response to cell wall stress in A. fumigatus

Polysaccharides are an important virulence determinant and crucial for surface adhesion, an
important step during host invasion of pathogenic fungi (Gravelat et al., 2013; Kaur and
Singh, 2013; Lin et al., 2015; Sheppard, 2011). ZtfA is involved in regulation of
polysaccharide production in A. fumigatus. The genes Afu3g13110 and Afu3g00880 encode
putative adhesins and Afu3g00880 is regulated by MedA (Chaudhuri et al., 2011; Gravelat et
al., 2010; Lin et al., 2015). MedA is regulated by SomA and has been shown to regulate
conidiation and adhesion in A. fumigatus (Gravelat et al., 2010, 2013; Lin et al., 2015). The
function of MedA is conserved in A. nidulans as it is involved in conidiophore development
via regulation of temporal brlA expression (Busby et al., 1996; Clutterbuck, 1969). ZtfA
induces Afu3g00880 expression and is essential for Afu3g13110 expression. This indicates
that ZtfA regulates adhesion in A. fumigatus and might render ZtfA a possible virulence factor
(FIGURE 58).

The fungal cell wall is an important interface between host and fungal cells and contains
adhesins and other molecules necessary for host invasion (Bruneau et al., 2001; Karkowska-
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Kuleta et al., 2009; Latgé et al., 1993). At least two pigments are present in the A. fumigatus
cell wall, which have protective functions against environmental stresses, such as UV-
radiation and ROS (Heinekamp et al., 2012; Rambach et al., 2015; Schmaler-Ripcke et al.,
2009; Sugareva et al., 2006). Tolerance to SDS was reduced in ztfA OE in A. fumigatus. SDS
induces cell wall stress by disrupting the cell membrane (Fortwendel et al., 2008; Ram et al.,
2004). Involvement of ZtfA in the regulation of defense against cell wall stress might

represent another layer of a possible involvement in virulence.
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FIGURE 58: ZtfA regulates surface adhesion in A. fumigatus.

ZtfA regulates adhesion through regulation of expression of adhesin-encoding Afu3g00880
(3g00880) and Afu3gl13110 (3913110) and regulation of polysaccharide production in
A. fumigatus. It might be involved in brlA gene expression regulation, but is dispensable for
conidiation.

The A. fumigatus AztfA strain did not show an obvious virulence phenotype in a G. mellonella
infection assay. G. mellonella has been shown to serve as a suitable virulence model for
developmental- and adhesion-defective A. fumigatus mutants and virulence data obtained in
several studies are congruent with data from mice infections (Brennan et al., 2002; Lin et al.,
2015; Renwick et al., 2006; Slater et al., 2011; Smith and Calvo, 2014). Similarly,
G. mellonella has successfully been established as virulence model for other fungal
pathogens, such as C. albicans strains defective in development and hyphal growth (Brennan
et al., 2002). The conformity in virulence between WT and AztfA might be due to the fact that
loss of ztfA did not lead to an obvious developmental defect in A. fumigatus. Utilization of
insects as infection models emerged due to the fact that the innate immune response of insects
and mammals, which is an important defense against fungal infections, is highly similar even

though their immune systems differ greatly (Brennan et al., 2002; Cohn et al., 2001; Ratcliffe,
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1985; Romani, 1999; Salzet, 2001). However, striking differences in virulence between
G. mellonella and mice infections have been reported previously (Loh et al., 2013; Olsen et
al., 2011). Cook and McAurthur pointed out that, since genomic information are limited and
standardized sources for G. mellonella larvae are missing, genetic variability might influence
virulence tests, as previously shown for Drosophila melanogaster (Cook and McArthur,
2013; Tinsley et al., 2006). Moreover, propagation conditions of G. mellonella larvae might
differ greatly between suppliers and might influence associated microbiota, which may impact
virulence assays as well (Cook and McArthur, 2013). Therefore, an involvement of ZtfA in
other infection models cannot be excluded.

Taken together, ZtfA of A. fumigatus is involved in the regulation of fungal adhesion. ZtfA
might be involved in virulence, since adhesion is an important virulence determinant, but is

dispensable for G. mellonella infection.

4.9  Conclusion and outlook

This study shows that the transcription factor ZtfA is a novel activator of conidiation and
secondary metabolism in A.nidulans. Its presence is conserved in Aspergilli. ZtfA is
dispensable for conidiation in A.fumigatus, but regulates adhesion in this opportunistic
pathogenic mold. ZtfA acts downstream of the velvet factor VosA in A. nidulans, which
represses ztfA gene expression during late asexual growth.

Velvet factors constitute a family of transcription factors, which are important for the
interconnection of developmental programs and secondary metabolism in fungi. This study
underlines the importance of the genetic networks regulated by the velvet factors. Even
though velvet factors are fungal specific proteins, these findings are of importance for the
understanding of genetic networks in general, since fungal growth has striking similarities in
common with neuronal development (Etxebeste and Espeso, 2016). The fungal-specific velvet
proteins share structural similarities with NF-xBs of animals (Ahmed et al., 2013), indicating
a certain conservation of defense mechanisms and growth of cellular networks. NF-xBs can
function as activators as well as repressors of target gene expression and possess auto-
regulatory features (Snow and Albensi, 2016). NF-kBs are involved in regulation of
neurogenesis and neuronal differentiation, cell viability, neuronal network formation,
neuronal and synaptic plasticity and synaptic transmission in humans (Engelmann and
Haenold, 2016; Snow and Albensi, 2016). Both, the fungal velvet genetic network as well as
the NF-kB network exhibit nuclear import control mechanisms and execute their regulatory
roles as homo- and heterodimers (Bayram et al., 2008a; Sarikaya-Bayram et al., 2015; Zabel
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et al., 1993). The present study suggests further similarities between both regulatory
networks, especially with respect to functions of their downstream factors (fungal
growth/neuronal development). In conclusion, genetic networks of organisms, evolutionary as
far away from each other as mammalians and fungi, share similarities on regulatory levels.
ZtfA is a new activator for brlA gene expression, which encodes the master conidiation
regulator and its activators, encoded by flbC and floD. EMSA or ChIP experiments are
interesting to proof direct promoter binding of ZtfA to brlA, flbC and fIbD and to further ZtfA
targets. This is also interesting regarding ZtfA’s regulation of the fungal OSR.

The ZtfA protein is phosphorylated at at least three amino acid residues and it will be
interesting to learn more about its regulatory mechanisms. Further analyses of the
ZtfASSZTATARAASI0AS00A sirain and investigations of possible further phosphorylation sites are
attractive. Construction and analysis of a permanently phosphorylated ZtfA-expressing strain
is of interest as well. Further studies of ZtfA in A.fumigatus are promising to increase
knowledge about the mechanisms underlying functional conversions of regulators between
genetic models and pathogenic fungi. Construction and analyses of mutants of ztfA and velvet
or other developmental genes are promising in this respect.

ZtfA is an activator of several SM cluster genes in A. nidulans and represents a promising
candidate for the identification of new SMs through further analyses of the ztfA mutant strains
and the RcoA-ZtfA complex. A better understanding of SM regulation is important, as a vast
amount of bioactive natural products is still unknown, which might have deleterious as well as
beneficial potential to humankind (Gerke et al., 2012b; Gerke and Braus, 2014; Keller et al.,
2005; Soukup et al., 2016). The group of unknown SMs, which are not produced under
laboratory conditions, is presumably significantly larger than the proportion of already known
SMs (Hoffmeister and Keller, 2007; Khaldi et al.,, 2010). Broadened knowledge of
appropriate strategies against fungal food contaminants and health treats is another crucial
outcome of future studies. Analyses of ZtfA's regulatory influences upon SM production in
A. fumigatus are appealing in this respect as well.

Taken together, ZtfA is an important activator of conidiation and SM gene expression in
A. nidulans. Parts of its functions are conserved in other Aspergilli, but functional conversion
was observed as well. ZtfA represents a promising candidate to identify new SMs. Future
studies will broaden our knowledge about interconnection of SM production and asexual
development, as well as functional conversion of important regulators between A. nidulans

and A. fumigatus.

132



Literature

Literature

Abadio, A.K., Kioshima, E.S., Teixeira, M.M., Martins, N.F., Maigret, B. and Felipe, M.S. (2011). Comparative
genomics allowed the identification of drug targets against human fungal pathogens. BMC Genomics 12,
doi:10.1186/1471-2164-12-75.

Adams, T.H., Boylan, M.T. and Timberlake, W.E. (1988). brlA is necessary and sufficient to direct conidiophore
development in Aspergillus nidulans. Cell 54, 353-362.

Adams, T.H., Deising, H. and Timberlake, W.E. (1990). brlA requires both zinc fingers to induce development.
Mol. Cell. Biol. 10, 1815-1817.

Adams, T.H., Hide, W.A., Yager, L.N. and Lee, B.N. (1992). Isolation of a gene required for programmed
initiation of development by Aspergillus nidulans. Mol. Cell. Biol. 12, 3827-3833.

Adams, T.H., Wieser, J.K. and Yu, J.H. (1998). Asexual sporulation in Aspergillus nidulans. Microbiol. Mol.
Biol. Rev. 62, 35-54.

Adav, S.S., Ravindran, A. and Sze, S.K. (2015). Quantitative proteomic study of Aspergillus fumigatus
secretome revealed deamidation of secretory enzymes. J. Proteomics 119, 154-168.

Aguirre, J. (1993). Spatial and temporal controls of the Aspergillus brlA developmental regulatory gene. Mol.
Microbiol. 8, 211-218.

Aguirre, J., Rios-Momberg, M., Hewitt, D. and Hansberg, W. (2005). Reactive oxygen species and development
in microbial eukaryotes. Trends Microbiol. 13, 111-118.

Ahmed, Y.L., Gerke, J., Park, H.S., Bayram, O., Neumann, P., Ni, M., Dickmanns, A., Kim, S.C., Yu, J.H.,
Braus, G.H. and Ficner, R. (2013). The velvet family of fungal regulators contains a DNA-binding domain
structurally similar to NF-xB. PLoS Biol. 11, e1001750.

Akache, B., MacPherson, S., Sylvain, M.A. and Turcotte, B. (2004). Complex interplay among regulators of
drug resistance genes in Saccharomyces cerevisiae. J. Biol. Chem. 279, 27855-27860.

Al-Bader, N., Vanier, G., Liu, H., Gravelat, F.N., Urb, M., Hoareau, C.M., Campoli, P., Chabot, J., Filler, S.G.
and Sheppard, D.C. (2010). Role of trehalose biosynthesis in Aspergillus fumigatus development, stress
response, and virulence. Infect. Immun. 78, 3007-3018.

Alberti, F., Foster, G.D. and Bailey, A.M. (2017). Natural products from filamentous fungi and production by
heterologous expression. Appl. Microbiol. Biotechnol. 101, 493-500.

Alkahyyat, F., Ni, M., Kim, S.C. and Yu, J.H. (2015). The WOPR domain protein OsaA orchestrates
development in Aspergillus nidulans. PLoS ONE 10, e0137554.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W. and Lipman, D.J. (1990). Basic local alignment search tool. J.
Mol. Biol. 215, 403-410.

Amaike, S. and Keller, N.P. (2009). Distinct roles for VeA and LaeA in development and pathogenesis of
Aspergillus flavus. Eukaryot. Cell 8, 1051-1060.

Amar, N., Messenguy, F., El Bakkoury, M. and Dubois, E. (2000). ArgRII, a component of the ArgR-Mcm1
complex involved in the control of arginine metabolism in Saccharomyces cerevisiae is the sensor of
arginine. Mol. Cell. Biol. 20, 2087-2097.

Andrianopoulos, A. and Hynes, M.J. (1990). Sequence and functional analysis of the positively acting regulatory
gene amdR from Aspergillus nidulans. Mol. Cell. Biol. 10, 3194-3203.

Andrianopoulos, A. and Timberlake, W.E. (1994). The Aspergillus nidulans abaA gene encodes a transcriptional
activator that acts as a genetic switch to control development. Mol. Cell. Biol. 14, 2503-2515.

Asano, Y., Hagiwara, D., Yamashino, T. and Mizuno, T. (2007). Characterization of the bZip-type transcription

133



Literature

factor NapA with reference to oxidative stress response in Aspergillus nidulans. Biosci. Biotechnol.
Biochem. 71, 1800-1803.

Axelrod, D., Gealt, M. and Pastushok, M. (1973). Gene control of developmental competence in Aspergillus
nidulans. Dev. Biol. 34, 9-15.

Bai, Y. and Kohlhaw, G.B. (1991). Manipulation of the 'zinc cluster' region of transcriptional activator LEU3 by
site-directed mutagenesis. Nucleic Acids Res. 19, 5991-5997.

Bakti, F., Kiraly, A., Orosz, E., Miskei, M., Emri, T., Leiter, E. and Pécsi, I. (2017). Study on the glutathione
metabolism of the filamentous fungus Aspergillus nidulans. Acta Microbiol. Immunol. Hung. 64, 255-
272.

Barton, L.M. and Prade, R.A. (2008). Inducible RNA interference of brlAB in Aspergillus nidulans. Eukaryot.
Cell 7, 2004-2007.

Bayram, O., Krappmann, S., Ni, M., Bok, JW., Helmstaedt, K., Yu, J. and Braus, G.H. (2008a).
VelB/VeA/LaeA complex coordinates light signal with fungal development and secondary metabolism.
Science 320, 1504-1506.

Bayram, O., Krappmann, S., Seiler, S., Vogt, N. and Braus, G.H. (2008b). Neurospora crassa ve-1 affects
asexual conidiation. Fungal Genet. Biol. 45, 127-138.

Bayram, O., Braus, G.H., Fischer, R. and Rodriguez-Romero, J. (2010). Spotlight on Aspergillus nidulans
photosensory systems. Fungal Genet. Biol. 47, 900-908.

Bayram, O. and Braus, G.H. (2012). Coordination of secondary metabolism and development in fungi: The
velvet family of regulatory proteins. FEMS Microbiol. Rev. 36, 1-24.

Bayram, O., Sarikaya Bayram, O., Ahmed, Y.L., Maruyama, J.I., Valerius, O., Rizzoli, S.0., Ficner, R., Irniger,
S. and Braus, G.H. (2012). The Aspergillus nidulans MAPK module AnStel1-Ste50-Ste7-Fus3 controls
development and secondary metabolism. PLoS Genet. 8, €1002816.

Bayram, O., Feussner, K., Dumkow, M., Herrfurth, C., Feussner, I. and Braus, G.H. (2016). Changes of global
gene expression and secondary metabolite accumulation during light-dependent Aspergillus nidulans
development. Fungal Genet. Biol. 87, 30-53.

Bayry, J., Aimanianda, V., Guijarro, J.I., Sunde, M. and Latgé, J.P. (2012). Hydrophobins-unique fungal
proteins. PLoS Pathog. 8, €1002700.

Beck, M. and Hurt, E. (2017). The nuclear pore complex: understanding its function through structural insight.
Nat. Rev. Mol. Cell Biol. 18, 73-89.

Becker, A., Schléder, P., Steele, J.E. and Wegener, G. (1996). The regulation of trehalose metabolism in insects.
Experientia 52, 433-439.

Becker, K., Ziemons, S., Lentz, K., Freitag, M. and Kick, U. (2016). Genome-wide chromatin
immunoprecipitation sequencing analysis of the Penicillium chrysogenum velvet protein PcVelA identifies
methyltransferase PcLIMA as a novel downstream regulator of fungal development. mSphere 1. e00149-
16.

Beckmann, E.A., Kohler, A.M., Meister, C., Christmann, M., Draht, O.W., Rakebrandt, N., Valerius, O. and
Braus, G.H. (2015). Integration of the catalytic subunit activates deneddylase activity in vivo as final step
in fungal COP9 signalosome assembly. Mol. Microbiol. 97, 110-124.

Beever, R.E. and Dempsey, G.P. (1978). Function of rodlets on the surface of fungal spores. Nature 272, 608—
610.

Bergkessel, M. and Guthrie, C. (2013). Colony PCR. Methods Enzymol. 529, 299-309.
Bergmann, S., Schiimann, J., Scherlach, K., Lange, C., Brakhage, A.A. and Hertweck, C. (2007). Genomics-

driven discovery of PKS-NRPS hybrid metabolites from Aspergillus nidulans. Nat. Chem. Biol. 3, 213—
217.

134



Literature

Beri, R.K., Whittington, H., Roberts, C.F. and Hawkins, A.R. (1987). Isolation and characterization of the
positively acting regulatory gene QUTA from Aspergillus nidulans. Nucleic Acids Res. 15, 7991-8001.

Bertani, G. (1951). Studies on lysogenesis. I. The mode of phage liberation by lysogenic Escherichia coli. J.
Bacteriol. 62, 293-300.

Bhatnagar-Mathur, P., Sunkara, S., Bhatnagar-Panwar, M., Waliyar, F. and Sharma, K.K. (2015).
Biotechnological advances for combating Aspergillus flavus and aflatoxin contamination in crops. Plant
Sci. 234, 119-132.

Blom, N., Gammeltoft, S. and Brunak, S. (1999). Sequence and structure-based prediction of eukaryotic protein
phosphorylation sites. J. Mol. Biol. 294, 1351-1362.

Bok, JW. and Keller, N.P. (2004). LaeA, a regulator of secondary metabolism in Aspergillus spp. Eukaryot.
Cell 3, 527-535.

Bok, J.W., Chung, D., Balajee, S.A., Marr, K.A., Andes, D., Nielsen, K.F., Frisvad, J.C., Kirby, K.A. and Keller,
N.P. (2006a). Gliz, a transcriptional regulator of gliotoxin biosynthesis, contributes to Aspergillus
fumigatus virulence. Infect. Immun. 74, 6761-6768.

Bok, J.W., Hoffmeister, D., Maggio-Hall, L.A., Murillo, R., Glasner, J.D. and Keller, N.P. (2006b). Genomic
mining for Aspergillus natural products. Chem. Biol. 13, 31-37.

Bok, J.W., Chiang, Y.M., Szewczyk, E., Reyes-Domingez, Y., Davidson, A.D., Sanchez, J.F., Lo, H.C.,
Watanabe, K., Strauss, J., Oakley, B.R., Wang, C.C.C. and Keller, N.P. (2009). Chromatin-level regulation
of biosynthetic gene clusters. Nat. Chem. Biol. 5, 462-464.

Borgia, P.T., Miao, Y. and Dodge, C.L. (1996). The orlA gene from Aspergillus nidulans encodes a trehalose-6-
phosphate phosphatase necessary for normal growth and chitin synthesis at elevated temperatures. Mol.
Microbiol. 20, 1287-1296.

Boyce, K.J., McLauchlan, A., Schreider, L. and Andrianopoulos, A. (2015). Intracellular growth is dependent on
tyrosine catabolism in the dimorphic fungal pathogen Penicillium marneffei. PLoS Pathog. 11, e1004790.

Boylan, M.T., Mirabito, P.M., Willett, C.E., Zimmerman, C.R. and Timberlake, W.E. (1987). Isolation and
physical characterization of three essential conidiation genes from Aspergillus nidulans. Mol. Cell. Biol. 7,
3113-3118.

Braem, S.G., Rooijakkers, S.H., van Kessel, K.P., de Cock, H., Wasten, H.A., van Strijp, J.A. and Haas, P.J.
(2015). Effective neutrophil phagocytosis of Aspergillus fumigatus is mediated by classical pathway
complement activation. J. Innate Immun. 7, 364-374.

Brakhage, A.A. and Langfelder, K. (2002). Menacing mold: the molecular biology of Aspergillus fumigatus.
Annu. Rev. Microbiol. 56, 433-455.

Brakhage, A.A. (2013). Regulation of fungal secondary metabolism. Nat. Rev. Microbiol. 11, 21-32.

Brameier, M., Krings, A. and MacCallum, R.M. (2007). NucPred - predicting nuclear localization of proteins.
Bioinformatics 23, 1159-1160.

Brandon, M., Howard, B., Lawrence, C. and Laubenbacher, R. (2015). Iron acquisition and oxidative stress
response in Aspergillus fumigatus. BMC Syst. Biol. 9, doi: 10.1186/s12918-015-0163-1.

Braus, G.H., Krappmann, S. and Eckert, S.E. (2002). Sexual development in ascomycetes: fruit body formation
of Aspergillus nidulans. In: Osiewacz, H.D. (Ed.), Molecular Biology of Fungal Development. CRC Press,
New York, pp. 215-244.

Braus, G.H., Irniger, S. and Bayram, O. (2010). Fungal development and the COP9 signalosome. Curr. Opin.
Microbiol. 13, 672-676.

Breitenbach, M., Weber, M., Rinnerthaler, M., Karl, T. and Breitenbach-Koller, L. (2015). Oxidative stress in
fungi: its function in signal transduction, interaction with plant hosts, and lignocellulose degradation.
Biomolecules 5, 318-342.

135



Literature

Brennan, M., Thomas, D.Y., Whiteway, M. and Kavanagh, K. (2002). Correlation between virulence of Candida
albicans mutants in mice and Galleria mellonella larvae. FEMS Immunol. Med. Microbiol. 34, 153-157.

Brown, D.W., Yu, J.H., Kelkar, H.S., Fernandes, M., Nesbitt, T.C., Keller, N.P., Adams, T.H. and Leonard, T.J.
(1996). Twenty-five coregulated transcripts define a sterigmatocystin gene cluster in Aspergillus nidulans.
Proc. Natl. Acad. Sci. U.S.A. 93, 1418-1422.

Bruneau, J.M., Magnin, T., Tagat, E., Legrand, R., Bernard, M., Diaquin, M., Fudali, C. and Latgé, J.P. (2001).
Proteome analysis of Aspergillus fumigatus identifies glycosylphosphatidylinositol-anchored proteins
associated to the cell wall biosynthesis. Electrophoresis 22, 2812—2823.

Bryant, B.R., Campbell, M. and Sangster, C. (2016). Acute hepatic necrosis and death in a subadult southern
white rhinoceros (Ceratotherium simum) associated with exposure to sterigmatocystin in forage
contaminated with Aspergillus nidulans. Aust. Vet. J. 94, 433-434.

Burger, G., Strauss, J., Scazzocchio, C. and Lang, B.F. (1991). nirA, the pathway-specific regulatory gene of
nitrate assimilation in Aspergillus nidulans, encodes a putative GAL4-type zinc finger protein and contains
four introns in highly conserved regions. Mol. Cell. Biol. 11, 5746-5755.

Busby, T.M., Miller, K.Y. and Miller, B.L. (1996). Suppression and enhancement of the Aspergillus nidulans
medusa mutation by altered dosage of the bristle and stunted genes. Genetics 143, 155-163.

Busch, S., Eckert, S.E., Krappmann, S. and Braus, G.H. (2003). The COP9 signalosome is an essential regulator
of development in the filamentous fungus Aspergillus nidulans. Mol. Microbiol. 49, 717-730.

Busch, S. and Braus, G.H. (2007). How to build a fungal fruit body: from uniform cells to specialized tissue.
Mol. Microbiol. 64, 873-876.

Busch, S., Schwier, E.U., Nahlik, K., Bayram, O., Helmstaedt, K., Draht, O.W., Krappmann, S., Valerius, O.,
Lipscomb, W.N. and Braus, G.H. (2007). An eight-subunit COP9 signalosome with an intact JAMM motif
is required for fungal fruit body formation. Proc. Natl. Acad. Sci. U.S.A. 104, 8089-8094.

Butchko, R.A., Brown, D.W., Busman, M., Tudzynski, B. and Wiemann, P. (2012). Lael regulates expression of
multiple secondary metabolite gene clusters in Fusarium verticillioides. Fungal Genet. Biol. 49, 602-612.

Calera, J.A., Paris, S., Monod, M., Hamilton, A.J., Debeaupuis, J.P., Diaquin, M., L6pez-Medrano, R., Leal, F.
and Latgé, J.P. (1997). Cloning and disruption of the antigenic catalase gene of Aspergillus fumigatus.
Infect. Immun. 65, 4718-4724.

Calvo, A.M., Bok, J., Brooks, W. and Keller, N.P. (2004). veA is required for toxin and sclerotial production in
Aspergillus parasiticus. Appl. Environ. Microbiol. 70, 4733-4739.

Calvo, A.M. (2008). The VeA regulatory system and its role in morphological and chemical development in
fungi. Fungal Genet. Biol. 45, 1053-1061.

Calvo, A.M., Wilson, R.A., Bok, J.W. and Keller, N.P. (2002). Relationship between secondary metabolism and
fungal development. Microbiol. Mol. Biol. Rev. 66, 447-459.

Camejo, D., Guzmén-Cedefio, A. and Moreno, A. (2016). Reactive oxygen species, essential molecules, during
plant—pathogen interactions. Plant Physiol. Biochem. 103, 10-23.

Canosa, I., Rojo, F. and Alonso, J.C. (1996). Site-specific recombination by the beta protein from the
streptococcal plasmid pSM19035: minimal recombination sequences and crossing over site. Nucleic Acids
Res. 24, 2712-2717.

Carmel-Harel, O. and Storz, G. (2000). Roles of the glutathione- and thioredoxin-dependent reduction systems in
the Escherichia coli and Saccharomyces cerevisiae responses to oxidative stress. Annu. Rev. Microbiol.
54, 439-461.

Cazelle, B., Pokorska, A., Hull, E., Green, P.M., Stanway, G. and Scazzocchio, C. (1998). Sequence, exon-intron
organization, transcription and mutational analysis of prnA, the gene encoding the transcriptional activator
of the prn gene cluster in Aspergillus nidulans. Mol. Microbiol. 28, 355-370.

Cerqueira, G.C., Arnaud, M.B., Inglis, D.O., Skrzypek, M.S., Binkley, G., Simison, M., Miyasato, S.R., Binkley,

136



Literature

J., Orvis, J., Shah, P., Wymore, F., Sherlock, G. and Wortman, J.R. (2014). The Aspergillus Genome
Database: multispecies curation and incorporation of RNA-Seq data to improve structural gene
annotations. Nucleic Acids Res. 42, D705-D710.

Champe, S.P., Nagle, D.L. and Yager, L.N. (1994). Sexual sporulation. In: Martinelli, S.D. and Kinghorn, J.R.
(Eds.), Aspergillus: 50 Years on. Elsevier Publishing Company, Amsterdam, pp. 429-454.

Chang, P.K., Ehrlich, K.C., Yu, J., Bhatnagar, D. and Cleveland, T.E. (1995). Increased expression of
Aspergillus parasiticus afIR, encoding a sequence-specific DNA-binding protein, relieves nitrate inhibition
of aflatoxin biosynthesis. Appl. Environ. Microbiol. 61, 2372-2377.

Chang, P.K. and Ehrlich, K.C. (2013). Genome-wide analysis of the Zn(I1),Cyss zinc cluster-encoding gene
family in Aspergillus flavus. Appl. Microbiol. Biotechnol. 97, 4289-4300.

Chaudhuri, R., Ansari, F.A., Raghunandanan, M.V. and Ramachandran, S. (2011). FungalRV: adhesin prediction
and immunoinformatics portal for human fungal pathogens. BMC Genomics 12, 192-205.

Chen, A.J., Frisvad, J.C., Sun, B.D., Varga, J., Kocsubé, S., Dijksterhuis, J., Kim, D.H., Hong, S.B., Houbraken,
J. and Samson, R.A. (2016). Aspergillus section Nidulantes (formerly Emericella): polyphasic taxonomy,
chemistry and biology. Stud. Mycol. 84, 1-118.

Chen, C.H., Ringelberg, C.S., Gross, R.H., Dunlap, J.C. and Loros, J.J. (2009). Genome-wide analysis of light-
inducible responses reveals hierarchical light signalling in Neurospora. EMBO J. 28, 1029-1042.

Chen, J., Chen, K., Yuan, S., Peng, X., Fang, J., Wang, F., Cui, H., Chen, Z., Yuan, J. and Geng, Y. (2013).
Effects of aflatoxin B1 on oxidative stress markers and apoptosis of spleens in broilers. Toxicol. Ind.
Heal. 32, 278-284.

Chettri, P. and Bradshaw, R.E. (2016). LaeA negatively regulates dothistromin production in the pine needle
pathogen Dothistroma septosporum. Fungal Genet. Biol. 97, 24-32.

Chiang, Y.M., Szewczyk, E., Nayak, T., Davidson, A.D., Sanchez, J.F., Lo, H.C., Ho, W.Y., Simityan, H., Kuo,
E., Praseuth, A., Watanabe, K., Oakley, B.R. and Wang, C.C.C. (2008). Molecular genetic mining of the
Aspergillus secondary metabolome: discovery of the emericellamide biosynthetic pathway. Chem. Biol.
15, 527-532.

Chiang, Y.M., Szewczyk, E., Davidson, A.D., Keller, N.P., Oakley, B.R. and Wang, C.C.C. (2009). A gene
cluster containing two fungal polyketide synthases encodes the biosynthetic pathway for a polyketide,
asperfuranone, in Aspergillus nidulans. J. Am. Chem. Soc. 131, 2965-2970.

Chiang, Y.M., Szewczyk, E., Davidson, A.D., Entwistle, R., Keller, N.P., Wang, C.C.C. and Oakley, B.R.
(2010). Characterization of the Aspergillus nidulans monodictyphenone gene cluster. Appl. Environ.
Microbiol. 76, 2067-2074.

Choi, H.S., Shim, J.S., Kim, J.A., Kang, S.W. and Kwon, H.J. (2007). Discovery of gliotoxin as a new small
molecule targeting thioredoxin redox system. Biochem. Biophys. Res. Commun. 359, 523-528.

Church, M., Smith, K.C., Alhussain, M.M., Pennings, S. and Fleming, A.B. (2017). Sas3 and Ada2(Gcnb5)-
dependent histone H3 acetylation is required for transcription elongation at the de-repressed FLO1 gene.
Nucleic Acids Res. 45, doi:10.1093/nar/gkx028. [Epub ahead of print].

Ciechanover, A. (1998). The ubiquitin-proteasome pathway: on protein death and cell life. EMBO J. 17, 7151-
7160.

Clutterbuck, A.J. (1969). A mutational analysis of conidial development in Aspergillus nidulans. Genetics 63,
317-327.

Cohn, J., Sessa, G. and Martin, G.B. (2001). Innate immunity in plants. Curr. Opin. Immunol. 13, 55-62.
Cohrs, K.C., Simon, A., Viaud, M. and Schumacher, J. (2016). Light governs asexual differentiation in the grey
mould fungus Botrytis cinerea via the putative transcription factor BcLTF2. Environ. Microbiol. 18,

4068-4086.

Cook, S.M. and McArthur, J.D. (2013). Developing Galleria mellonella as a model host for human pathogens.

137



Literature

Virulence 4, 350-353.

Coradetti, S.T., Craig, J.P., Xiong, Y., Shock, T., Tian, C. and Glass, N.L. (2012). Conserved and essential
transcription factors for cellulase gene expression in ascomycete fungi. Proc. Natl. Acad. Sci. U.S.A. 109,
7397-7402.

Cramer, R.A., Rivera, A. and Hohl, T.M. (2013). Immune response against Aspergillus fumigatus: what have we
learned? Curr. Opin. Infect. Dis. 24, 315-322.

Cupertino, F.B., Virgilio, S., Freitas, F.Z., Candido, T. de S. and Bertolini, M.C. (2015). Regulation of glycogen
metabolism by the CRE-1, RCO-1 and RCM-1 proteins in Neurospora crassa. The role of CRE-1 as the
central transcriptional regulator. Fungal Genet. Biol. 77, 82-94.

d’Enfert, C. and Fontaine, T. (1997). Molecular characterization of the Aspergillus nidulans treA gene encoding
an acid trehalase required for growth on trehalose. Mol. Microbiol. 24, 203-216.

da Silva Dantas, A., Day, A., Ikeh, M., Kos, I., Achan, B. and Quinn, J. (2015). Oxidative stress responses in the
human fungal pathogen, Candida albicans. Biomolecules 5, 142-165.

Dagenais, T.R.T. and Keller, N.P. (2009). Pathogenesis of Aspergillus fumigatus in invasive aspergillosis. Clin.
Microbiol. Rev. 22, 447-465.

Dagenais, T.R.T., Giles, S.S., Aimanianda, V., Latge, J.P., Hull, C.M. and Keller, N.P. (2010). Aspergillus
fumigatus LaeA-mediated phagocytosis is associated with a decreased hydrophobin layer. Infect. Immun.
78, 823-829.

Davie, J.K., Edmondson, D.G., Coco, C.B. and Dent, S.Y.R. (2003). Tup1-Ssn6 interacts with multiple class |
histone deacetylases in vivo. J. Biol. Chem. 278, 50158-50162.

de Groot, P.W.J., Brandt, B.W., Horiuchi, H.,, Ram, A.F.J., de Koster, C.G. and Klis, F.M. (2009).
Comprehensive genomic analysis of cell wall genes in Aspergillus nidulans. Fungal Genet. Biol. 46, S72—
S8l.

de Vries, R.P., Riley, R., Wiebenga, A., Aguilar-Osorio, G., Amillis, S., Uchima, C.A., Anderluh, G,
Asadollahi, M., Askin, M., Barry, K., Battaglia, E., Bayram, O., Benocci, T., Braus-Stromeyer, S.A.,
Caldana, C., Canovas, D., Cerqueira, G.C., Chen, F., Chen, W., Choi, C., Clum, A., Dos Santos, R.A.C.,
Damaésio, A.R. de L., Diallinas, G., Emri, T., Fekete, E., Flipphi, M., Freyberg, S., Gallo, A., Gournas, C.,
Habgood, R., Hainaut, M., Harispe, M.L., Henrissat, B., Hildén, K.S., Hope, R., Hossain, A., Karabika, E.,
Karaffa, L., Karanyi, Z., Krasevec, N., Kuo, A., Kusch, H., LaButti, K., Lagendijk, E.L., Lapidus, A.,
Levasseur, A., Lindquist, E., Lipzen, A., Logrieco, A.F., MacCabe, A., Makel4, M.R., Malavazi, ., Melin,
P., Meyer, V., Mielnichuk, N., Miskei, M., Molnar, A.P., Mulé, G., Ngan, C.Y., Orejas, M., Orosz, E.,
Ouedraogo, J.P., Overkamp, K.M., Park, H.S., Perrone, G., Piumi, F., Punt, P.J., Ram, A.F.J., Ramon, A,
Rauscher, S., Record, E., Riafio-Pachdn, D.M., Robert, V., Réhrig, J., Ruller, R., Salamov, A., Salih, N.S.,
Samson, R.A., Sandor, E., Sanguinetti, M., Schiitze, T., Sepci¢, K., Shelest, E., Sherlock, G.,
Sophianopoulou, V., Squina, F.M., Sun, H., Susca, A., Todd, R.B., Tsang, A., Unkles, S.E., van de Wiele,
N., van Rossen-Uffink, D., Oliveira, J.V. de C., Vesth, T.C., Visser, J., Yu, J.H., Zhou, M., Andersen,
M.R., Archer, D.B., Baker, S.E., Benoit, |., Brakhage, A.A., Braus, G.H., Fischer, R., Frisvad, J.C.,
Goldman, G.H., Houbraken, J., Oakley, B., Pdcsi, I., Scazzocchio, C., Seiboth, B., vanKuyk, P.A.,
Wortman, J., Dyer, P.S. and Grigoriev, 1.V. (2017). Comparative genomics reveals high biological
diversity and specific adaptations in the industrially and medically important fungal genus Aspergillus.
Genome Biol. 18, doi: 10.1186/s13059-017-1151-0.

Debeaupuis, J.P., Sarfati, J., Chazalet, V. and Latgé, J.P. (1997). Genetic diversity among clinical and
environmental isolates of Aspergillus fumigatus. Infect. Immun. 65, 3080-3085.

Defranoux, N., Gaisne, M. and Verdiére, J. (1994). Functional analysis of the zinc cluster domain of the CYP1
(HAP1) complex regulator in heme-sufficient and heme-deficient yeast cells. Mol. Gen. Genet. 242, 699—
707.

Delahodde, A., Delaveau, T. and Jacg, C. (1995). Positive autoregulation of the yeast transcription factor Pdr3p,
which is involved in control of drug resistance. Mol. Cell. Biol. 15, 4043-4051.

Denning, D.W. (1998). Invasive aspergillosis. Clin. Infect. Dis. 26, 781-803.

138



Literature

DeRisi, J.L., lyer, V.R. and Brown, P. (1997). Exploring the metabolic and genetic control of gene expression on
a genomic scale. Science 278, 680-686.

Despot, D.J., Kocsubé, S., Bencsik, O., Kecskeméti, A., Szekeres, A., Vagvolgyi, C., Varga, J. and Klarié¢, M.S.
(2016). Species diversity and cytotoxic potency of airborne sterigmatocystin-producing Aspergilli from the
section Versicolores. Sci. Total Environ. 562, 296-304.

Dhingra, S., Andes, D. and Calvo, A.M. (2012). VeA regulates conidiation, gliotoxin production, and protease
activity in the opportunistic human pathogen Aspergillus fumigatus. Eukaryot. Cell 11, 1531-1543.

Dhingra, S., Lind, A.L., Lin, H.C., Tang, Y., Rokas, A. and Calvo, A.M. (2013). The fumagillin gene cluster, an
example of hundreds of genes under veA control in Aspergillus fumigatus. PLoS ONE 8, e77147.

Dolan, S.K., O’Keeffe, G., Jones, G.W. and Doyle, S. (2015). Resistance is not futile: gliotoxin biosynthesis,
functionality and utility. Trends Microbiol. 23, 419-428.

Dreyer, J., Eichhorn, H., Friedlin, E., Kirnsteiner, H. and Kick, U. (2007). A homologue of the Aspergillus
velvet gene regulates both cephalosporin C biosynthesis and hyphal fragmentation in Acremonium
chrysogenum. Appl. Environ. Microbiol. 73, 3412-3422.

Drocourt, D., Calmels, T., Reynes, J.P., Baron, M. and Tiraby, G. (1990). Cassettes of the Streptoalloteichus
hindustanus ble gene for transformation of lower and higher eukaryotes to phleomycin resistance. Nucleic
Acids Res. 18, 4009.

Dufresne, M., Perfect, S., Pellier, A.L., Bailey, J.A. and Langin, T. (2000). A GAL4-like protein is involved in
the switch between biotrophic and necrotrophic phases of the infection process of Colletotrichum
lindemuthianum on common bean. Plant Cell 12, 1579-1590.

Duran, R.M., Cary, J.W. and Calvo, A.M. (2007). Production of cyclopiazonic acid, aflatrem, and aflatoxin by
Aspergillus flavus is regulated by veA, a gene necessary for sclerotial formation. Appl. Microbiol.
Biotechnol. 73, 1158-1168.

Duran, R.M., Cary, J.W. and Calvo, A.M. (2009). The role of veA in Aspergillus flavus infection of peanut, corn
and cotton. Open Mycol. J. 3, 27-36.

Dutton, J.R., Johns, S. and Miller, B.L. (1997). StuAp is a sequence-specific transcription factor that regulates
developmental complexity in Aspergillus nidulans. EMBO J. 16, 5710-5721.

Dyer, P.S. and O’Gorman, C.M. (2012). Sexual development and cryptic sexuality in fungi: insights from
Aspergillus species. FEMS Microbiol. Rev. 36, 165-192.

Ehrlich, K.C., Montalbano, B.G. and Cotty, P.J. (2003). Sequence comparison of afIR from different Aspergillus
species provides evidence for variability in regulation of aflatoxin production. Fungal Genet. Biol. 38,
63-74.

Elbein, A.D., Pan, Y.T., Pastuszak, I. and Carroll, D. (2003). New insights on trehalose: a multifunctional
molecule. Glycobiology 13, 17R-27R.

Emri, T., Szarvas, V., Orosz, E., Antal, K., Park, H., Han, K.H., Yu, J.H. and Pécsi, I. (2015). Core oxidative
stress response in Aspergillus nidulans. BMC Genomics 16, 478-496.

Ene, 1.V. and Bennett, R.J. (2014). The cryptic sexual strategies of human fungal pathogens. Nat. Rev.
Microbiol. 12, 239-251.

Engelmann, C. and Haenold, R. (2016). Transcriptional control of synaptic plasticity by transcription factor NF-
«B. Neural Plast. 2016, doi: 10.1155/2016/7027949.

Estiarte, N., Lawrence, C.B., Sanchis, V., Ramos, A.J. and Crespo-Sempere, A. (2016). LaeA and VeA are
involved in growth morphology, asexual development, and mycotoxin production in Alternaria alternata.
Int. J. Food Microbiol. 238, 153-164.

Etxebeste, O., Ni, M., Garzia, A., Kwon, N.J., Fischer, R., Yu, J.H., Espeso, E.A. and Ugalde, U. (2008). Basic-
zipper-type transcription factor FIbB controls asexual development in Aspergillus nidulans. Eukaryot.
Cell 7, 38-48.

139



Literature

Etxebeste, O., Herrero-Garcia, E., Aradjo-Bazén, L., Rodriguez-Urra, A.B., Garzia, A., Ugalde, U. and Espeso,
E.A. (2009). The bZIP-type transcription factor FIbB regulates distinct morphogenetic stages of colony
formation in Aspergillus nidulans. Mol. Microbiol. 73, 775-789.

Etxebeste, O., Garzia, A., Espeso, E.A. and Ugalde, U. (2010a). Aspergillus nidulans asexual development:
making the most of cellular modules. Trends Microbiol. 18, 569-576.

Etxebeste, O., Ugalde, U. and Espeso, E.A. (2010b). Adaptative and developmental responses to stress in
Aspergillus nidulans. Curr. Protein Pept. Sci. 11, 704-718.

Etxebeste, O. and Espeso, E.A. (2016). Neurons show the path: tip-to-nucleus communication in filamentous
fungal development and pathogenesis. FEMS Microbiol. Rev. 40, 610-624.

Fajardo-Somera, R.A., Johnk, B., Bayram, O., Valerius, O., Braus, G.H. and Riquelme, M. (2015). Dissecting
the function of the different chitin synthases in vegetative growth and sexual development in Neurospora
crassa. Fungal Genet. Biol. 75, 30-45.

Felenbok, B., Sequeval, D., Mathieu, M., Sibley, S., Gwynne, D.I. and Davies, R.W. (1988). The ethanol regulon
in Aspergillus nidulans: characterization and sequence of the positive regulatory gene alcR. Gene 73, 385-
396.

Fillinger, S., Chaveroche, M.K., van Dijck, P., de Vries, R., Ruijter, G., Thevelein, J. and d’Enfert, C. (2001).
Trehalose is required for the acquisition of tolerance to a variety of stresses in the filamentous fungus
Aspergillus nidulans. Microbiology 147, 1851-1862.

Finn, R.D., Attwood, T.K., Babbitt, P.C., Bateman, A., Bork, P., Bridge, A.J., Chang, H.Y., Dosztanyi, Z., El-
Gebali, S., Fraser, M., Gough, J., Haft, D., Holliday, G.L., Huang, H., Huang, X., Letunic, I., Lopez, R.,
Lu, S., Marchler-Bauer, A., Mi, H., Mistry, J., Natale, D.A., Necci, M., Nuka, G., Orengo, C.A., Park, Y.,
Pesseat, S., Piovesan, D., Potter, S.C., Rawlings, N.D., Redaschi, N., Richardson, L., Rivoire, C.,
Sangrador-Vegas, A., Sigrist, C., Sillitoe, 1., Smithers, B., Squizzato, S., Sutton, G., Thanki, N., Thomas,
P.D., Tosatto, S.C.E., Wu, C.H., Xenarios, I., Yeh, L.S., Young, S.Y. and Mitchell, A.L. (2016). InterPro
in 2017-beyond protein family and domain annotations. Nucleic Acids Res. 45, D190-D197.

Fischer, R. (2002). Conidiation in Aspergillus nidulans. In: Osiewacz, H.D. (Ed.), Molecular Biology of Fungal
Development. Dekker, New York, pp. 59-86.

Fleming, A.B., Beggs, S., Church, M., Tsukihashi, Y. and Pennings, S. (2014). The yeast Cyc8-Tupl complex
cooperates with Hdalp and Rpd3p histone deacetylases to robustly repress transcription of the
subtelomeric FLO1 gene. Biochim. Biophys. Acta 1839, 1242-1255.

Flipphi, M., Sun, J., Robellet, X., Karaffa, L., Fekete, E., Zeng, A.P. and Kubiecek, C.P. (2009). Biodiversity
and evolution of primary carbon metabolism in Aspergillus nidulans and other Aspergillus spp. Fungal
Genet. Biol. 46, S19-S44.

Flynn, P.J. and Reece, R.J. (1999). Activation of transcription by metabolic intermediates of the pyrimidine
biosynthetic pathway. Mol. Cell. Biol. 19, 882-888.

Fontaine, T., Delangle, A., Simenel, C., Coddeville, B., van Vliet, S.J., van Kooyk, Y., Bozza, S., Moretti, S.,
Schwarz, F., Trichot, C., Aebi, M., Delepierre, M., Elbim, C., Romani, L. and Latgé, J.P. (2011).
Galactosaminogalactan, a new immunosuppressive polysaccharide of Aspergillus fumigatus. PLo0S
Pathog. 7, €1002372.

Fortwendel, J.R., Fuller, K.K., Stephens, T.J., Bacon, W.C., Askew, D.S. and Rhodes, J.C. (2008). Aspergillus
fumigatus RasA regulates asexual development and cell wall integrity. Eukaryot. Cell 7, 1530-1539.

Frisvad, J.C., Rank, C., Nielsen, K.F. and Larsen, T.O. (2009). Metabolomics of Aspergillus fumigatus. Med.
Mycol. 47, S53-S71.

Frisvad, J.C., Petersen, L.M., Lyhne, E.K. and Larsen, T.O. (2014). Formation of sclerotia and production of
indoloterpenes by Aspergillus niger and other species in section Nigri. PLoS ONE 9, e94857.

Frisvad, J.C. and Larsen, T.O. (2016). Extrolites of Aspergillus fumigatus and other pathogenic species in
Aspergillus section fumigati. Front. Microbiol. 6, 1485-1498.

140



Literature

Froehlich, A.C., Liu, Y., Loros, J.J. and Dunlap, J.C. (2002). White Collar-1, a circadian blue light
photoreceptor, binding to the frequency promoter. Science 297, 812-815.

Gabriela Roca, M., Read, N.D. and Wheals, A.E. (2005). Conidial anastomosis tubes in filamentous fungi.
FEMS Microbiol. Lett. 249, 191-198.

Galagan, J.E., Calvo, S.E., Cuomo, C., Ma, L.J., Wortman, J.R., Batzoglou, S., Spevak, C.C., Clutterbuck, J.,
Kapitonov, V., Jurka, J., Scazzocchio, C., Farman, M., Butler, J., Purcell, S., Harris, S., Braus, G.H.,
Draht, O., Busch, S., Enfert, C.D., Bouchier, C., Goldman, G.H., Denning, D.W., Caddick, M., Hynes, M.,
Paoletti, M., Fischer, R., Miller, B., Dyer, P., Sachs, M.S., Osmani, S.A. and Birren, B.W. (2005).
Sequencing of Aspergillus nidulans and comparative analysis with A. fumigatus and A. oryzae. Nature
438, 1105-1115.

Garcia, A., Rodriguez Matas, J.F. and Raimondi, M.T. (2016). Modeling of the mechano-chemical behaviour of
the nuclear pore complex: current research and perspectives. Integr. Biol. (Camb.) 8, 1011-1021.

Garcia, 1., Mathieu, M., Nikolaev, I., Felenbok, B. and Scazzocchio, C. (2008). Roles of the Aspergillus nidulans
homologues of Tupl and Ssn6 in chromatin structure and cell viability. FEMS Microbiol. Lett. 289, 146—
154,

Garzia, A., Etxebeste, O., Herrero-Garcia, E., Fischer, R., Espeso, E.A. and Ugalde, U. (2009). Aspergillus
nidulans FIbE is an upstream developmental activator of conidiation functionally associated with the
putative transcription factor FIbB. Mol. Microbiol. 71, 172-184.

Garzia, A., Etxebeste, O., Herrero-Garcia, E., Ugalde, U. and Espeso, E.A. (2010). The concerted action of bZip
and cMyb transcription factors FIbB and FIbD induces brlA expression and asexual development in
Aspergillus nidulans. Mol. Microbiol. 75, 1314-1324.

Garzia, A., Etxebeste, O., Rodriguez-Romero, J., Fischer, R., Espeso, E.A. and Ugalde, U. (2013).
Transcriptional changes in the transition from vegetative cells to asexual development in the model fungus
Aspergillus nidulans. Eukaryot. Cell 12, 311-321.

Geiser, D.M., Timberlake, W.E. and Arnold, M.L. (1996). Loss of meiosis in Aspergillus. Mol. Biol. Evol. 13,
809-817.

Gerke, J., Bayram, O. and Braus, G.H. (2012a). Fungal S-adenosylmethionine synthetase and the control of
development and secondary metabolism in Aspergillus nidulans. Fungal Genet. Biol. 49, 443-454.

Gerke, J., Bayram, O., Feussner, K., Landesfeind, M., Shelest, E., Feussner, I. and Braus, G.H. (2012b).
Breaking the silence: protein stabilization uncovers silenced biosynthetic gene clusters in the fungus
Aspergillus nidulans. Appl. Environ. Microbiol. 78, 8234-8244.

Gerke, J. and Braus, G.H. (2014). Manipulation of fungal development as source of novel secondary metabolites
for biotechnology. Appl. Microbiol. Biotechnol. 98, 8443-8455.

Giles, S.S., Soukup, A.A., Lauer, C., Shaaban, M., Lin, A., Oakley, B.R., Wang, C.C.C. and Keller, N.P. (2011).
Cryptic Aspergillus nidulans antimicrobials. Appl. Environ. Microbiol. 77, 3669-3675.

Giniger, E., Varnum, S.H. and Ptashne, M. (1985). Specific DNA binding of GAL4, a positive regulatory protein
of yeast. Cell 40, 767-774.

Glover-Cutter, K.M., Alderman, S.C., Dombrowski, J.E. and Martin, R.C. (2014). Enhanced oxidative stress
resistance through activation of a Zinc deficiency transcription factor in Brachypodium distachyon. Plant
Physiol. 166, 1492-1505.

Gorlich, D., Kostka, S., Kraft, R., Dingwall, C., Laskey, R.A., Hartmann, E. and Prehn, S. (1995). Two different
subunits of importin cooperate to recognize nuclear localization signals and bind them to the nuclear
envelope. Curr. Biol. 5, 383-392.

Gravelat, F.N., Ejzykowicz, D.E., Chiang, L.Y., Chabot, J.C., Urb, M., Macdonald, K.D., Al-Bader, N., Filler,
S.G. and Sheppard, D.C. (2010). Aspergillus fumigatus MedA governs adherence, host cell interactions
and virulence. Cell. Microbiol. 12, 473-488.

Gravelat, F.N., Beauvais, A., Liu, H., Lee, M.J., Snarr, B.D., Chen, D., Yu, W., Krastov, I., Hoareau, C.M.,

141



Literature

Vanier, G., Urb, M., Campoli, P., Al Abdallah, Q., Lehoux, M., Chabot, J.C., Ouimet, M.C., Baptista,
S.D., Fritz, J.H., Nierman, W.C., Latgé, J.P., Mitchell, A.P., Filler, S.G., Fontaine, T. and Sheppard, D.C.
(2013). Aspergillus galactosaminogalactan mediates adherence to host constituents and conceals hyphal B-
glucan from the immune system. PLoS Pathog. 9, e1003575.

Gressler, M., Hortschansky, P., Geib, E. and Brock, M. (2015). A new high-performance heterologous fungal
expression system based on regulatory elements from the Aspergillus terreus terrein gene cluster. Front.
Microbiol. 6, 184-200.

Gruber-Dorninger, C., Novak, B., Nagl, V. and Berthiller, F. (2016). Emerging mycotoxins: beyond traditionally
determined food contaminants. J. Agric. Food Chem. 65, doi:acs.jafc.6b03413 [Epub ahead of print].

Hagiwara, D., Asano, Y., Marui, J., Furukawa, K., Kanamaru, K., Kato, M., Abe, K., Kobayashi, T., Yamashino,
T. and Mizuno, T. (2007). The SskA and SrrA response regulators are implicated in oxidative stress
responses of hyphae and asexual spores in the phosphorelay signaling network of Aspergillus nidulans.
Biosci. Biotechnol. Biochem. 71, 1003-1014.

Hagiwara, D., Asano, Y., Yamashino, T. and Mizuno, T. (2008). Characterization of bZip-type transcription
factor AtfA with reference to stress responses of conidia of Aspergillus nidulans. Biosci. Biotechnol.
Biochem. 72, 2756-2760.

Han, K.H., Han, K.Y., Yu, J.H., Chae, K.S., Jahng, K.Y. and Han, D.M. (2001). The nsdD gene encodes a
putative GATA-type transcription factor necessary for sexual development of Aspergillus nidulans. Mol.
Microbiol. 41, 299-309.

Han, K.H., Lee, D.B., Kim, J.H., Kim, M.S., Han, K.Y., Kim, W.S., Young-Soon, P., Kim, H.B. and Han, D.M.
(2003). Environmental factors affecting development of Aspergillus nidulans. J. Microbiol. 41, 34-40.

Han, S.Y., Ko, J.A., Kim, J.H., Han, K.Y, Han, K.H. and Han, D.M. (2008). Isolation and functional analysis of
the silA gene that controls sexual development in response to light in Aspergillus nidulans. Korean J.
Mycol. 36, 189-195.

Han, S., Navarro, J., Greve, R.A. and Adams, T.H. (1993). Translational repression of brlA expression prevents
premature development in Aspergillus. EMBO J. 12, 2449-2457.

Hanahan, D. (1985). Techniques for transformation of E. coli. In: Glover, D.M. (Ed.), DNA cloning: a practical
approach Vol. 1. IRL Press, Oxford, pp. 109-135.

Hanahan, D., Jessee, J. and Bloom, F.R. (1991). Plasmid transformation of Escherichia coli and other bacteria.
Methods Enzymol. 204, 63-113.

Hanlon, S.E., Rizzo, J.M., Tatomer, D.C., Lieb, J.D. and Buck, M.J. (2011). The stress response factors Yap6,
Cinb, Phdl, and Skn7 direct targeting of the conserved co-repressor Tupl-Ssn6 in S. cerevisiae. PL0S
ONE 6, €19060.

Harbison, C.T., Gordon, D.B., Lee, T.l., Rinaldi, N.J., Macisaac, K.D., Danford, T.W., Hannett, N.M., Tagne,
J.B., Reynolds, D.B., Yoo, J., Jennings, E.G., Zeitlinger, J., Pokholok, D.K., Kellis, M., Rolfe, P.A,,
Takusagawa, K.T., Lander, E.S., Gifford, D.K., Fraenkel, E. and Young, R.A. (2004). Transcriptional
regulatory code of a eukaryotic genome. Nature 431, 99-104.

Harris, S.D. (2009). The Spitzenkorper: a signalling hub for the control of fungal development? Mol. Microbiol.
73, 733-736.

Hartmann, T., Dimig, M., Jaber, B.M., Szewczyk, E., Olbermann, P., Morschhduser, J. and Krappmann, S.
(2010). Validation of a self-excising marker in the human pathogen Aspergillus fumigatus by employing
the Brec/six site-specific recombination system. Appl. Environ. Microbiol. 76, 6313-6317.

Hasper, A.A., Trindade, L.M., van der Veen, D., van Ooyen, AJ.J. and de Graaff, L.H. (2004). Functional
analysis of the transcriptional activator XInR from Aspergillus niger. Microbiology 150, 1367-1375.

He, Q. and Liu, Y. (2005). Molecular mechanism of light responses in Neurospora: from light-induced
transcription to photoadaptation. Genes Dev. 19, 2888-2899.

Hedtke, M., Rauscher, S., Rohrig, J., Rodriguez-Romero, J., Yu, Z. and Fischer, R. (2015). Light-dependent

142



Literature

gene activation in Aspergillus nidulans is strictly dependent on phytochrome and involves the interplay of
phytochrome and white collar-regulated histone H3 acetylation. Mol. Microbiol. 97, 733-745.

Heinekamp, T., ThywiRen, A., Macheleidt, J., Keller, S., Valiante, V. and Brakhage, A.A. (2012). Aspergillus
fumigatus melanins: interference with the host endocytosis pathway and impact on virulence. Front.
Microbiol. 3, doi:10.3389/fmich.2012.00440.

Helmschrott, C., Sasse, A., Samantaray, S., Krappmann, S. and Wagener, J. (2013). Upgrading fungal gene
expression on demand: improved systems for doxycycline-dependent silencing in Aspergillus fumigatus.
Appl. Environ. Microbiol. 79, 1751-1754.

Helmstaedt, K., Schwier, E.U., Christmann, M., Nahlik, K., Westermann, M., Harting, R., Grond, S., Busch, S.
and Braus, G.H. (2011). Recruitment of the inhibitor Candl to the cullin substrate adaptor site mediates
interaction to the neddylation site. Mol. Biol. Cell 22, 153-164.

Herrero-Garcia, E., Perez-de-Nanclares-Arregi, E., Cortese, M.S., Markina-lfiarrairaegui, A., Oiartzabal-Arano,
E., Etxebeste, O., Ugalde, U. and Espeso, E.A. (2015). Tip-to-nucleus migration dynamics of the asexual
development regulator FIbB in vegetative cells. Mol. Microbiol. 98, 607-624.

Hicks, J.K., Yu, J.H., Keller, N.P. and Adams, T.H. (1997). Aspergillus sporulation and mycotoxin production
both require inactivation of the FadA Ga protein-dependent signaling pathway. EMBO J. 16, 4916-4923.

Hicks, J.K., Lockington, R.A., Strauss, J., Dieringer, D., Kubicek, C.P., Kelly, J. and Keller, N.P. (2001). RcoA
has pleiotropic effects on Aspergillus nidulans cellular development. Mol. Microbiol. 39, 1482-1493.

Hiesinger, M., Roth, S., Meissner, E. and Schuller, H.J. (2001). Contribution of Cat8 and Sip4 to the
transcriptional activation of yeast gluconeogenic genes by carbon source-responsive elements. Curr.
Genet. 39, 68-76.

Hoffmeister, D. and Keller, N.P. (2007). Natural products of filamentous fungi: enzymes, genes, and their
regulation. Nat. Prod. Rep. 24, 393-416.

Hofmann, M.A. and Brian, D.A. (1991). Sequencing PCR DNA amplified directly from a bacterial colony.
Biotechniques 11, 30-31.

Holmgren, A. (1985). Thioredoxin. Annu. Rev. Biochem. 54, 237-271.
Holmgren, A. (2002). Thioredoxin and glutaredoxin systems. Methods Enzymol. 347, 286-296.

Hon, T., Lee, H.C., Hu, Z., lyer, V.R. and Zhang, L. (2005). The heme activator protein Hapl represses
transcription by a heme-independent mechanism in Saccharomyces cerevisiae. Genetics 169, 1343-1352.

Hong, S.Y., Roze, L. V and Linz, J.E. (2013a). Oxidative stress-related transcription factors in the regulation of
secondary metabolism. Toxins (Basel) 5, 683—-702.

Hong, S.Y., Roze, L. V, Wee, J. and Linz, J.E. (2013b). Evidence that a transcription factor regulatory network
coordinates oxidative stress response and secondary metabolism in Aspergilli. Microbiologyopen 2, 144—
160.

Horton, P., Park, K.J., Obayashi, T., Fujita, N., Harada, H., Adams-Collier, C.J. and Nakai, K. (2007). WoLF
PSORT: protein localization predictor. Nucleic Acids Res. 35, W585-W587.

Hynes, M.J., Szewczyk, E., Murray, S.L., Suzuki, Y., Davis, M.A. and Sealy-Lewis, H.M. (2007).
Transcriptional control of gluconeogenesis in Aspergillus nidulans. Genetics 176, 139-150.

Inoue, H., Nojima, H. and Okayama, H. (1990). High efficiency transformation of Escherichia coli with
plasmids. Gene 96, 23-28.

Islam, A., Turner, E.L., Menzel, J., Malo, M.E. and Harkness, T.A. (2011). Antagonistic Gen5-Hdal interactions
revealed by mutations to the Anaphase Promoting Complex in yeast. Cell Div. 6, 13-29.

Isoyama, T., Murayama, A., Nomoto, A. and Kuge, S. (2001). Nuclear import of the yeast AP-1-like
transcription factor Yaplp is mediated by transport receptor Pselp, and this import step is not affected by
oxidative stress. J. Biol. Chem. 276, 21863-21869.

143



Literature

Issi, L., Farrer, R.A., Pastor, K., Landry, B., Delorey, T., Bell, G.W., Thompson, D.A., Cuomo, C.A. and Rao,
R.P. (2017). Zinc cluster transcription factors alter virulence in Candida albicans. Genetics 205, 559-576.

Jamieson, D.J. (1998). Oxidative stress responses of the yeast Saccharomyces cerevisiae. Yeast 14, 1511-1527.

Jiang, T., Wang, M., Li, L., Si, J., Song, B., Zhou, C., Yu, M., Wang, X., Zhang, Y., Ding, G. and Zou, Z.
(2016). Overexpression of the global regulator LaeA in Chaetomium globosum leads to the biosynthesis of
chaetoglobosin Z. J. Nat. Prod. 79, 2487-2494.

Jin, C., Kim, S.K., Willis, S.D. and Cooper, K.F. (2015). The MAPKKKSs Stell and Bck1 jointly transduce the
high oxidative stress signal through the cell wall integrity MAP kinase pathway. Microb. Cell 2, 329-342.

Jéhnk, B., Bayram, O., Abelmann, A., Heinekamp, T., Mattern, D.J., Brakhage, A.A., Jacobsen, 1.D., Valerius,
O. and Braus, G.H. (2016). SCF ubiquitin ligase F-box protein Fbx15 controls nuclear co-repressor
localization, stress response and virulence of the human pathogen Aspergillus fumigatus. PLoS Pathog.
12, 1005899.

Johnston, M. and Dover, J. (1987). Mutations that inactivate a yeast transcriptional regulatory protein cluster in
an evolutionarily conserved DNA binding domain. Proc. Natl. Acad. Sci. U.S.A. 84, 2401-2405.

Jones, P., Binns, D., Chang, H.Y., Fraser, M., Li, W., McAnulla, C., McWilliam, H., Maslen, J., Mitchell, A,
Nuka, G., Pesseat, S., Quinn, A.F., Sangrador-Vegas, A., Scheremetjew, M., Yong, S.Y., Lopez, R. and
Hunter, S. (2014). InterProScan 5: genome-scale protein function classification. Bioinformatics 30, 1236—
1240.

Jorge, J.A., Polizeli, M.L., Thevelein, J.M. and Terenzi, H.F. (1997). Trehalases and trehalose hydrolysis in
fungi. FEMS Microbiol. Lett. 154, 165-171.

Jargensen, T.R., Nielsen, K.F., Arentshorst, M., Park, J., van den Hondel, C.A., Frisvad, J.C. and Ram, A.F.J.
(2011). Submerged conidiation and product formation by Aspergillus niger at low specific growth rates are
affected in aerial developmental mutants. Appl. Environ. Microbiol. 77, 5270-5277.

Kéfer, E. (1965). Origins of translocations in Aspergillus nidulans. Genetics 52, 217-232.

Kéfer, E. (1977). Meiotic and mitotic recombination in Aspergillus and its chromosomal aberrations. Adv.
Genet. 19, 33-131.

Kane, S.M. and Roth, R. (1974). Carbohydrate metabolism during ascospore development in yeast. J. Bacteriol.
118, 8-14.

Karkowska-Kuleta, J., Rapala-Kozik, M. and Kozik, A. (2009). Fungi pathogenic to humans: molecular bases of
virulence of Candida albicans, Cryptococcus neoformans and Aspergillus fumigatus. Acta Biochim. Pol.
56, 211-224.

Karpichev, 1.V, Luo, Y., Marians, R.C. and Small, G.M. (1997). A complex containing two transcription factors
regulates peroxisome proliferation and the coordinate induction of beta-oxidation enzymes in
Saccharomyces cerevisiae. Mol. Cell. Biol. 17, 69-80.

Karpichev, 1.V. and Small, G.M. (1998). Global regulatory functions of Oaflp and Pip2p (Oaf2p), transcription
factors that regulate genes encoding peroxisomal proteins in Saccharomyces cerevisiae. Mol. Cell. Biol.
18, 6560-6570.

Kato, N., Brooks, W. and Calvo, A.M. (2003). The expression of sterigmatocystin and penicillin genes in
Aspergillus nidulans is controlled by veA, a gene required for sexual development. Eukaryot. Cell 2,
1178-1186.

Kaur, S. and Singh, S. (2013). Biofilm formation by Aspergillus fumigatus. Med. Mycol. 52, 2-9.

Kawasaki, L. and Aguirre, J. (2001). Multiple catalase genes are differentially regulated in Aspergillus nidulans.
J. Bacteriol. 183, 1434-1440.

Kawasaki, L., Wysong, D., Diamond, R. and Aguirre, J. (1997). Two divergent catalase genes are differentially
regulated during Aspergillus nidulans development and oxidative stress. J. Bacteriol. 179, 3284-3292.

144



Literature

Kawasaki, L., Sanchez, O., Shiozaki, K. and Aguirre, J. (2002). SakA MAP kinase is involved in stress signal
transduction, sexual development and spore viability in Aspergillus nidulans. Mol. Microbiol. 45, 1153—
1163.

Keller, N.P., Kantz, N.J. and Adams, T.H. (1994). Aspergillus nidulans verA is required for production of the
mycotoxin sterigmatocystin. Appl. Environ. Microbiol. 60, 1444-1450.

Keller, N.P., Turner, G. and Bennett, J.W. (2005). Fungal secondary metabolism - from biochemistry to
genomics. Nat. Rev. Microbiol. 3, 937-947.

Kerppola, T.K. (2008). Bimolecular fluorescence complementation: visualization of molecular interactions in
living cells. Methods Cell Biol. 85, 431-470.

Khaldi, N., Seifuddin, F.T., Turner, G., Haft, D., Nierman, W.C., Wolfe, K.H. and Fedorova, N.D. (2010).
SMURF: Genomic mapping of fungal secondary metabolite clusters. Fungal Genet. Biol. 47, 736-741.

Kibbe, W.A. (2007). OligoCalc: an online oligonucleotide properties calculator. Nucleic Acids Res. 35, W43—
W486.

Kim, H.S., Han, K.Y., Kim, K.J., Han, D.M., Jahng, K.Y. and Chae, K.S. (2002). The veA gene activates sexual
development in Aspergillus nidulans. Fungal Genet. Biol. 37, 72-80.

Kirkpatrick, C.R. and Schimmel, P. (1995). Detection of leucine-independent DNA site occupancy of the yeast
Leu3p transcriptional activator in vivo. Mol. Cell. Biol. 15, 4021-4030.

Kleinknecht, A., Popova, B., Lazaro, D.F., Pinho, R., Valerius, O., Outeiro, T.F. and Braus, G.H. (2016). C-
terminal tyrosine residue modifications modulate the protective phosphorylation of serine 129 of a-
synuclein in a yeast model of Parkinson’s disease. PL0S Genet. 12, e1006098.

Kobayashi, T., Abe, K., Asai, K., Gomi, K., Juvvadi, P.R., Kato, M., Kitamoto, K., Takeuchi, M. and Machida,
M. (2007). Genomics of Aspergillus oryzae. Biosci. Biotechnol. Biochem. 71, 646-670.

Kohler, M., Speck, C., Christiansen, M., Bischoff, F.R., Prehn, S., Haller, H., Gérlich, D. and Hartmann, E.
(1999). Evidence for distinct substrate specificities of importin alpha family members in nuclear protein
import. Mol. Cell. Biol. 19, 7782—7791.

Koressaar, T. and Remm, M. (2007). Enhancements and modifications of primer design program Primer3.
Bioinformatics 23, 1289-1291.

Kosugi, S., Hasebe, M., Tomita, M. and Yanagawa, H. (2009). Systematic identification of cell cycle-dependent
yeast nucleocytoplasmic shuttling proteins by prediction of composite motifs. Proc. Natl. Acad. Sci.
U.S.A. 106, 10171-10176.

Kousha, M., Tadi, R. and Soubani, A.O. (2011). Pulmonary aspergillosis: a clinical review. Eur. Respir. Rev.
20, 156-174.

Krappmann, S., Bayram, O. and Braus, G.H. (2005). Deletion and allelic exchange of the Aspergillus fumigatus
veA locus via a novel recyclable marker module. Eukaryot. Cell 4, 1298-1307.

Krappmann, S. and Braus, G.H. (2005). Nitrogen metabolism of Aspergillus and its role in pathogenicity. Med.
Mycol. 43, S31-40.

Krappmann, S., Jung, N., Medic, B., Busch, S., Prade, R.A. and Braus, G.H. (2006a). The Aspergillus nidulans
F-box protein GrrA links SCF activity to meiosis. Mol. Microbiol. 61, 76-88.

Krappmann, S., Sasse, C. and Braus, G.H. (2006b). Gene targeting in Aspergillus fumigatus by homologous
recombination is facilitated in a nonhomologous end-joining-deficient genetic background. Eukaryot. Cell
5, 212-215.

Krems, B., Charizanis, C. and Entian, K.D. (1996). The response regulator-like protein P0s9/Skn7 of
Saccharomyces cerevisiae is involved in oxidative stress resistance. Curr. Genet. 29, 327-334.

Kick, U. and Hoff, B. (2006). Application of the nourseothricin acetyltransferase gene (natl) as dominant
marker for the transformation of filamentous fungi. Fungal Genet. Newsl. 53, 9-11.

145



Literature

Kuge, S. and Jones, N. (1994). YAP1 dependent activation of TRX2 is essential for the response of
Saccharomyces cerevisiae to oxidative stress by hydroperoxides. EMBO J. 13, 655-664.

Kumar, D., Barad, S., Chen, Y., Luo, X., Tannous, J., Dubey, A., Glam Matana, N., Tian, S., Li, B., Keller, N.P.
and Prusky, D. (2016). LaeA regulation of secondary metabolism modulates virulence in Penicillium
expansum and is mediated by sucrose. Mol. Plant Pathol. 18, doi: 10.1111/mpp.12469. [Epub ahead of
print].

Kwon-Chung, K.J. and Sugui, J.A. (2009). What do we know about the role of gliotoxin in the pathobiology of
Aspergillus fumigatus? Med. Mycol. 47, S97-S103.

Kwon, N.J., Garzia, A., Espeso, E.A., Ugalde, U. and Yu, J.H. (2010a). FIbC is a putative nuclear C2H2
transcription factor regulating development in Aspergillus nidulans. Mol. Microbiol. 77, 1203-1219.

Kwon, N.J., Shin, K.S. and Yu, J.H. (2010b). Characterization of the developmental regulator FIbE in
Aspergillus fumigatus and Aspergillus nidulans. Fungal Genet. Biol. 47, 981-993.

la Cour, T., Kiemer, L., Mglgaard, A., Gupta, R., Skriver, K. and Brunak, S. (2004). Analysis and prediction of
leucine-rich nuclear export signals. Protein Eng. Des. Sel. 17, 527-536.

Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature 227, 680-685.

Lamoth, F., Juvvadi, P.R. and Steinbach, W.J. (2016). Advances in Aspergillus fumigatus pathobiology. Front.
Microbiol. 7, doi: 10.3389/fmich.2016.00043.

Lara-Rojas, F., Sanchez, O., Kawasaki, L. and Aguirre, J. (2011). Aspergillus nidulans transcription factor AtfA
interacts with the MAPK SakA to regulate general stress responses, development and spore functions.
Mol. Microbiol. 80, 436-454.

Larochelle, M., Drouin, S., Robert, F. and Turcotte, B. (2006). Oxidative stress-activated zinc cluster protein
Stb5 has dual activator/repressor functions required for pentose phosphate pathway regulation and
NADPH production. Mol. Cell. Biol. 26, 6690-6701.

Latgé, J.P., Debeaupuis, J.P., Sarfati, J., Diaquin, M. and Paris, S. (1993). Cell wall antigens in Aspergillus
fumigatus. Arch. Med. Res. 24, 269-274.

Latgé, J.P. (1999). Aspergillus fumigatus and aspergillosis. Clin. Microbiol. Rev. 12, 310-350.

Leal, S.M., Vareechon, C., Cowden, S., Cobb, B.A., Latgé, J.P., Momany, M., and Pearlman, E. (2012). Fungal
antioxidant pathways promote survival against neutrophils during infection. J. Clin. Invest. 122, 2482—
2498.

Lee, B.Y., Han, S.Y., Choi, H.G., Kim, J.H., Han, K.H. and Han, D.M. (2005). Screening of growth- or
development-related genes by using genomic library with inducible promoter in Aspergillus nidulans. J.
Microbiol. 43, 523-528.

Lee, B.N. and Adams, T.H. (1994a). The Aspergillus nidulans fluG gene is required for production of an
extracellular developmental signal and is related to prokaryotic glutamine synthetase |I. Genes Dev. 8,
641-651.

Lee, B.N. and Adams, T.H. (1994b). Overexpression of flbA, an early regulator of Aspergillus asexual
sporulation, leads to activation of brlA and premature initiation of development. Mol. Microbiol. 14, 323—
334.

Lee, B.N. and Adams, T.H. (1996). fluG and fIbA function interdependently to initiate conidiophore development
in Aspergillus nidulans through brlA beta activation. EMBO J. 15, 299-309.

Lee, J., Myong, K., Kim, J.E., Kim, H.K., Yun, S.H. and Lee, Y.W. (2012). FgVelB globally regulates sexual
reproduction, mycotoxin production and pathogenicity in the cereal pathogen Fusarium graminearum.
Microbiology 158, 1723-1733.

Lee, M.K., Kwon, N.J., Choi, J.M., Lee, I.S., Jung, S. and Yu, J.H. (2014). NsdD is a key repressor of asexual
development in Aspergillus nidulans. Genetics 197, 159-173.

146



Literature

Lee, M.K,, Kwon, N.J., Lee, LS., Jung, S., Kim, S.C. and Yu, J.H. (2016). Negative regulation and
developmental competence in Aspergillus. Sci. Rep. 6, doi:10.1038/srep28874.

Lee, P.Y., Costumbrado, J., Hsu, C.Y. and Kim, Y.H. (2012a). Agarose gel electrophoresis for the separation of
DNA fragments. J. Vis. Exp. 62, doi: 10.3791/3923.

Lee, S.B. and Taylor, J.W. (1990). Isolation of DNA from fungal mycelia and single spores. In: Innis N,
Gelfand, D., Sninsky, J. and White, T. (Eds.), PCR protocols: a guide to methods and applications.
Academic Press, San Diego, pp 282-287.

Leiter, E., Park, H.S., Kwon, N.J., Han, K.H., Emri, T., Olah, V., Mészéros, |., Dienes, B., Vincze, J., Csernoch,
L., Yu, J.H. and Pdcsi, I. (2016). Characterization of the aodA, dnmA, mnSOD and pimA genes in
Aspergillus nidulans. Sci. Rep. 6, doi: 10.1038/srep20523.

Lessing, F., Kniemeyer, O., Wozniok, 1., Loeffler, J., Kurzai, O., Haertl, A. and Brakhage, A.A. (2007). The
Aspergillus fumigatus transcriptional regulator AfYapl represents the major regulator for defense against
reactive oxygen intermediates but is dispensable for pathogenicity in an intranasal mouse infection model.
Eukaryot. Cell 6, 2290-2302.

Li, F., Shi, H.Q., Ying, S.H. and Feng, M.G. (2015). WetA and VosA are distinct regulators of conidiation
capacity, conidial quality, and biological control potential of a fungal insect pathogen. Appl. Microbiol.
Biotechnol. 99, 10069-10081.

Li, N., Kunitake, E., Aoyama, M., Ogawa, M., Kanamaru, K., Kimura, M., Koyama, Y. and Kobayashi, T.
(2016). McmA-dependent and -independent regulatory systems governing expression of ClrB-regulated
cellulase and hemicellulase genes in Aspergillus nidulans. Mol. Microbiol. 102, 810-826.

Li, S., Myung, K., Guse, D., Donkin, B., Proctor, R.H., Grayburn, W.S. and Calvo, A.M. (2006). FVVE1
regulates filamentous growth, the ratio of microconidia to macroconidia and cell wall formation in
Fusarium verticillioides. Mol. Microbiol. 62, 1418-1432.

Li, W., Cowley, A., Uludag, M., Gur, T., McWilliam, H., Squizzato, S., Park, Y.M., Buso, N. and Lopez, R.
(2015). The EMBL-EBI bioinformatics web and programmatic tools framework. Nucleic Acids Res. 43,
W580-W584.

Lim, R.Y., Huang, B. and Kapinos, L.E. (2015). How to operate a nuclear pore complex by Kap-centric control.
Nucleus 6, 366-372.

Lin, C.J., Sasse, C., Gerke, J., Valerius, O., Irmer, H., Frauendorf, H., Heinekamp, T., Stralburger, M., Tran,
V.T., Herzog, B., Braus-Stromeyer, S.A. and Braus, G.H. (2015). Transcription factor SomA is required
for adhesion, development and virulence of the human pathogen Aspergillus fumigatus. PLoS Pathog. 11,
€1005205.

Lind, A.L., Wisecaver, J.H., Smith, T.D., Feng, X., Calvo, A.M. and Rokas, A. (2015). Examining the evolution
of the regulatory circuit controlling secondary metabolism and development in the fungal genus
Aspergillus. PLoS Genet. 11, e1005096.

Lind, A.L., Smith, T.D., Saterlee, T., Calvo, A.M. and Rokas, A. (2016). Regulation of secondary metabolism by
the velvet complex is temperature-responsive in Aspergillus. G3 (Bethesda) 6, 4023-4033.

Linde, T., Zoglowek, M., Libeck, M., Frisvad, J.C. and Lubeck, P.S. (2016). The global regulator LaeA controls
production of citric acid and endoglucanases in Aspergillus carbonarius. J. Ind. Microbiol. Biotechnol.
43, 1139-1147.

Liu, Q., Cai, L., Shao, Y., Zhou, Y., Li, M., Wang, X. and Chen, F. (2016). Inactivation of the global regulator
LaeA in Monascus ruber results in a species-dependent response in sporulation and secondary metabolism.
Fungal Biol. 120, 297-305.

Lo, H.C., Entwistle, R., Guo, C.J., Ahuja, M., Szewczyk, E., Hung, J., Chiang, Y.M., Oakley, B.R. and Wang,
C.C.C. (2012). Two separate gene clusters encode the biosynthetic pathway for the meroterpenoids
austinol and dehydroaustinol in Aspergillus nidulans. J. Am. Chem. Soc. 134, 4709-4720.

Loh, J.M.S., Adenwalla, N., Wiles, S. and Proft, T. (2013). Galleria mellonella larvae as an infection model for
group A Streptococcus. Virulence 4, 419-428.

147



Literature

Lopez-Diaz, C., Rahjoo, V., Sulyok, M., Ghionna, V., Martin-Vicente, A., Capilla, J., Di Pietro, A. and L6pez-
Berges, M.S. (2017). Fusaric acid contributes to virulence of Fusarium oxysporum on plant and
mammalian hosts. Mol. Plant Pathol. doi:10.1111/mpp.12536. [Epub ahead of print].

Lorow, D. and Jessee, J. (1990). Max efficiency DH10B™: a host for cloning methylated DNA. Focus
(Madison) 12, 28-29.

Lu, J., Cao, H., Zhang, L., Huang, P. and Lin, F. (2014). Systematic analysis of Zn,Cysg transcription factors
required for development and pathogenicity by high-throughput gene knockout in the rice blast fungus.
PLoS Pathog. 10, e1004432.

Mabey Gilsenan, J., Cooley, J. and Bowyer, P. (2012). C DRE: the Central Aspergillus Data REpository
2012. Nucleic Acids Res. 40, D660-D666.

MacPherson, S., Larochelle, M. and Turcotte, B. (2006). A fungal family of transcriptional regulators: the zinc
cluster proteins. Microbiol. Mol. Biol. Rev. 70, 583-604.

Mah, J.H. and Yu, J.H. (2006). Upstream and downstream regulation of asexual development in Aspergillus
fumigatus. Eukaryot. Cell 5, 1585-1595.

Malapi-Wight, M., Kim, J.E. and Shim, W.B. (2014). The N-terminus region of the putative C2H2 transcription
factor Adal harbors a species-specific activation motif that regulates asexual reproduction in Fusarium
verticillioides. Fungal Genet. Biol. 62, 25-33.

Mamane, Y., Hellauer, K., Rochon, M.H. and Turcotte, B. (1998). A linker region of the yeast zinc cluster
protein Leu3p specifies binding to everted repeat DNA. J. Biol. Chem. 273, 18556-18561.

Mamnun, Y.M., Pandjaitan, R., Mahé, Y., Delahodde, A. and Kuchler, K. (2002). The yeast zinc finger
regulators Pdrlp and Pdr3p control pleiotropic drug resistance (PDR) as homo- and heterodimers in vivo.
Mol. Microbiol. 46, 1429-1440.

Marmorstein, R., Carey, M., Ptashne, M. and Harrison, S.C. (1992). DNA recognition by GAL4: structure of a
protein-DNA complex. Nature 356, 408-414.

Marmorstein, R. and Harrison, S.C. (1994). Crystal structure of a PPRI-DNA complex: DNA recognition by
proteins containing a Zn,Cysg binuclear cluster. Genes Dev. 8, 2504-2512.

Marschall, R. and Tudzynski, P. (2016). Reactive oxygen species in development and infection processes.
Semin. Cell Dev. Biol. 57, 138-146.

Marshall, M.A. and Timberlake, W.E. (1991). Aspergillus nidulans wetA activates spore-specific gene
expression. Mol. Cell. Biol. 11, 55-62.

Martin, J.F. (2016). Key role of LaeA and velvet complex proteins on expression of f-lactam and PR-toxin genes
in Penicillium chrysogenum: cross-talk regulation of secondary metabolite pathways. J. Ind. Microbiol.
Biotechnol. doi:10.1007/s10295-016-1830-y. [Epub ahead of print].

Matheis, S., Yemelin, A., Scheps, D., Andresen, K., Jacob, S., Thines, E. and Foster, A.J. (2017). Functions of
the Magnaporthe oryzae FIb3p and Flb4p transcription factors in the regulation of conidiation. Microbiol.
Res. 196, 106-117.

Matsuzawa, A. (2017). Thioredoxin and redox signaling: Roles of the thioredoxin system in control of cell fate.
Arch. Biochem. Biophys. 617, 101-105.

McCluskey, K., Wiest, A. and Plamann, M. (2010). The Fungal Genetics Stock Center: a repository for 50 years
of fungal genetics research. J. Biosci. 35, 119-126.

McCormick, A., Loeffler, J. and Ebel, F. (2010). Aspergillus fumigatus: contours of an opportunistic human
pathogen. Cell. Microbiol. 12, 1535-1543.

McWilliam, H., Li, W., Uludag, M., Squizzato, S., Park, Y.M., Buso, N., Cowley, A.P. and Lopez, R. (2013).
Analysis tool web services from the EMBL-EBI. Nucleic Acids Res. 41, W597-W600.

Meister, A. and Anderson, M.E. (1983). Glutathione. Annu. Rev. Biochem. 52, 711-760.

148



Literature

Meister, C., Kolog Gulko, M., Kéhler, A.M. and Braus, G.H. (2016). The devil is in the details: comparison
between COP9 signalosome (CSN) and the LID of the 26S proteasome. Curr. Genet. 62, 129-136.

Merhej, J., Urban, M., Dufresne, M., Hammond-Kosack, K.E., Richard-Forget, F. and Barreau, C. (2012). The
velvet gene, FgVel, affects fungal development and positively regulates trichothecene biosynthesis and
pathogenicity in Fusarium graminearum. Mol. Plant Pathol. 13, 363-374.

Merhej, J., Delaveau, T., Guitard, J., Palancade, B., Hennequin, C., Garcia, M., Lelandais, G. and Devaux, F.
(2015). Yap7 is a transcriptional repressor of nitric oxide oxidase in yeasts, which arose from
neofunctionalization after whole genome duplication. Mol. Microbiol. 96, 951-972.

Mims, C.W., Richardson, E.A. and Timberlake, W.E. (1988). Ultrastructural analysis of conidiophore
development in the fungus Aspergillus nidulans. Protoplasma 144, 132-141.

Mirabito, P.M., Adams, T.H. and Timberlake, W.E. (1989). Interactions of three sequentially expressed genes
control temporal and spatial specificity in Aspergillus development. Cell 57, 859-868.

Miyamoto, Y., Yamada, K. and Yoneda, Y. (2016). Importin a: a key molecule in nuclear transport and non-
transport functions. J. Biochem. 160, 69-75.

Montibus, M., Pinson-Gadais, L., Richard-Forget, F., Barreau, C. and Ponts, N. (2015). Coupling of
transcriptional response to oxidative stress and secondary metabolism regulation in filamentous fungi.
Crit. Rev. Microbiol. 41, 295-308.

Mooney, J.L. and Yager, L.N. (1990). Light is required for conidiation in Aspergillus nidulans. Genes Dev. 4,
1473-1482.

Morano, K.A., Grant, C.M. and Moye-Rowley, W.S. (2012). The response to heat shock and oxidative stress in
Saccharomyces cerevisiae. Genetics 190, 1157-1195.

Morgan, B.A., Banks, G.R., Toone, W.M., Raitt, D., Kuge, S. and Johnston, L.H. (1997). The Skn7 response
regulator controls gene expression in the oxidative stress response of the budding yeast Saccharomyces
cerevisiae. EMBO J. 16, 1035-1044.

Moye-Rowley, W.S., (2003). Regulation of the transcriptional response to oxidative stress in fungi: similarities
and differences. Eukaryot. Cell 2, 381-389.

Mughal, M.J., Xi, P., Yi, Z. and Jing, F. (2017). Aflatoxin B1 invokes apoptosis via death receptor pathway in
hepatocytes. Oncotarget 8, 8239-8249.

Muszkieta, L., Carrion, S. de J., Robinet, P., Beau, R., Elbim, C., Pearlman, E. and Latgé, J.P. (2016). The
protein phosphatase PhzA of A. fumigatus is involved in oxidative stress tolerance and fungal virulence.
Fungal Genet. Biol. 150, 137-143.

Myung, K., Li, S., Butchko, R.A.E., Busman, M., Proctor, R.H., Abbas, H.K. and Calvo, A.M. (2009). FVWE1
regulates biosynthesis of the mycotoxins fumonisins and fusarins in Fusarium verticiliioides. J. Agric.
Food Chem. 57, 5089-5094.

Myung, K., Zitomer, N.C., Duvall, M., Glenn, A.E., Riley, R.T. and Calvo, A.M. (2012). The conserved global
regulator VeA is necessary for symptom production and mycotoxin synthesis in maize seedlings by
Fusarium verticillioides. Plant Pathol. 61, 152—-160.

Nahlik, K., Dumkow, M., Bayram, O., Helmstaedt, K., Busch, S., Valerius, O., Gerke, J., Hoppert, M., Schwier,
E., Opitz, L., Westermann, M., Grond, S., Feussner, K., Goebel, C., Kaever, A., Meinicke, P., Feussner, .
and Braus, G.H. (2010). The COP9 signalosome mediates transcriptional and metabolic response to
hormones, oxidative stress protection and cell wall rearrangement during fungal development. Mol.
Microbiol. 78, 964-979.

Nakielny, S. and Dreyfuss, G. (1999). Transport of proteins and RNAs in and out of the nucleus. Cell 99, 677—
690.

Nath, M., Bhatt, D., Prasad, R., Gill, S.S., Anjum, N.A. and Tuteja, N. (2016). Reactive oxygen species

generation-scavenging and signaling during plant-arbuscular mycorrhizal and Piriformospora indica
interaction under stress condition. Front. Plant Sci. 7, doi:10.3389/fpls.2016.01574.

149



Literature

Navarro, R.E., Stringer, M.A., Hansberg, W., Timberlake, W.E. and Aguirre, J. (1996). catA, a new Aspergillus
nidulans gene encoding a developmentally regulated catalase. Curr. Genet. 29, 352-359.

Navarro, R.E. and Aguirre, J. (1998). Posttranscriptional control mediates cell type-specific localization of
catalase A during Aspergillus nidulans development. J. Bacteriol. 180, 5733-5738.

Nayak, T. (2005). A versatile and efficient gene-targeting system for Aspergillus nidulans. Genetics 172, 1557—
1566.

Nguyen Van Long, N., Vasseur, V., Coroller, L., Dantigny, P., Le Panse, S., Weill, A., Mounier, J. and Rigalma,
K. (2017). Temperature, water activity and pH during conidia production affect the physiological state and
germination time of Penicillium species. Int. J. Food Microbiol. 241, 151-160.

Ni, M. and Yu, J.H. (2007). A novel regulator couples sporogenesis and trehalose biogenesis in Aspergillus
nidulans. PLoS ONE 2, €970.

Nielsen, M.L., Nielsen, J.B., Rank, C., Klejnstrup, M.L., Holm, D.K., Brogaard, K.H., Hansen, B.G., Frisvad,
J.C., Larsen, T.O. and Mortensen, U.H. (2011). A genome-wide polyketide synthase deletion library
uncovers novel genetic links to polyketides and meroterpenoids in Aspergillus nidulans. FEMS
Microbiol. Lett. 321, 157-166.

Nierman, W., Pain, A., Anderson, M., Wortman, J., Kim, H., Arroyo, J., Berriman, M., Abe, K., Archer, D.,
Bermejo, C., Bennett, J., Bowyer, P., Chen, D., Collins, M., Coulsen, R., Davies, R., Dyer, P., Farman, M.,
Fedorova, N., Feldblyum, T., Fischer, R., Fosker, N., Fraser, A., Garcia, J., Garcia, M., Goble, A.,
Goldman, G., Gomi, K., Griffith-Jones, S., Gwilliam, R., Haas, B., Haas, H., Harris, D., Horiuchi, H.,
Huang, J., Humphray, S., Jiménez, J., Keller, N., Khouri, H., Kitamoto, K., Kobayashi, T., Konzack, S.,
Kulkarni, R., Kumagai, T., Lafon, A., Lafton, A., Latgé, J.P., Li, W., Lord, A., Lu, C., Majoros, W., May,
G., Miller, B., Mohamoud, Y., Molina, M., Monod, M., Mouyna, 1., Mulligan, S., Murphy, L., O’Neil, S.,
Paulsen, I., Pefialva, M.A., Pertea, M., Price, C., Pritchard, B.L., Quail, M.A., Rabbinowitsch, E., Rawlins,
N., Rajandream, M.A., Reichard, U., Renauld, H., Robson, G.D., Rodriguez De Cérdoba, S., Rodriguez-
Pefia, J.M., Ronning, C.M., Rutter, S., Salzberg, S.L., Sanchez, M., Sanchez-Ferrero, J.C., Saunders, D.,
Seeger, K., Squares, R., Squares, S., Takeuchi, M., Tekaia, F., Turner, G., Vazquez De Aldana, C.R.,
Weidman, J., White, O., Woodward, J., Yu, J.H., Fraser, C., Galagan, J.E., Asai, K., Machida, M., Hall,
N., Barrell, B. and Denning, D.W. (2005). Genomic sequence of the pathogenic and allergenic filamentous
fungus Aspergillus fumigatus. Nature 438, 1151-1156.

Nikolaev, I., Cochet, M.F. and Felenbok, B. (2003). Nuclear import of zinc binuclear cluster proteins proceeds
through multiple, overlapping transport pathways. Eukaryot. Cell 2, 209-221.

Noventa-Jorddo, M.A., Couto, R.M., Goldman, M.H., Aguirre, J., lyer, S., Caplan, A., Terenzi, H.F. and
Goldman, G.H. (1999). Catalase activity is necessary for heat-shock recovery in Aspergillus nidulans
germlings. Microbiology 145, 3229-3234.

Novodvorska, M., Stratford, M., Blythe, M.J., Wilson, R., Beniston, R.G. and Archer, D.B. (2016). Metabolic
activity in dormant conidia of Aspergillus niger and developmental changes during conidial outgrowth.
Fungal Genet. Biol. 94, 23-31.

O’Gorman, C.M., Fuller, H.T. and Dyer, P.S. (2009). Discovery of a sexual cycle in the opportunistic fungal
pathogen Aspergillus fumigatus. Nature 457, 471-474.

Oakley, C.E., Ahuja, M., Sun, W.W., Entwistle, R., Akashi, T., Yaegashi, J., Guo, C.J., Cerqueira, G.C., Russo
Wortman, J., Wang, C.C.C., Chiang, Y.M. and Oakley, B.R. (2016). Discovery of McrA, a master
regulator of Aspergillus secondary metabolism. Mol. Microbiol. 103, 347-365.

Oco6n, A., Hampp, R. and Requena, N. (2007). Trehalose turnover during abitotic stress in abruscular
mycorrhizal fungi. New Phytol. 174, 879-889.

Oiartzabal-Arano, E., Garzia, A., Gorostidi, A., Ugalde, U., Espeso, E.A. and Etxebeste, O. (2015). Beyond
asexual development: modifications in the gene expression profile caused by the absence of the
Aspergillus nidulans transcription factor FIbB. Genetics 199, 1127-1142.

Oiartzabal-Arano, E., Perez-de-Nanclares-Arregi, E., Espeso, E.A. and Etxebeste, O. (2016). Apical control of
conidiation in Aspergillus nidulans. Curr. Genet. 62, 371-377.

150



Literature

Olsen, R.J., Watkins, M.E., Cantu, C.C., Beres, S.B. and Musser, J.M. (2011). Virulence of serotype M3 Group
A Streptococcus strains in wax worms (Galleria mellonella larvae). Virulence 2, 111-119.

Owens, R.A., Hammel, S., Sheridan, K.J., Jones, G.W. and Doyle, S. (2014). A proteomic approach to
investigating gene cluster expression and secondary metabolite functionality in Aspergillus fumigatus.
PL0oS ONE 9, e106942.

Palmer, J.M., Theisen, J.M., Duran, R.M., Grayburn, W.S., Calvo, A.M. and Keller, N.P. (2013). Secondary
metabolism and development is mediated by LImF control of VeA subcellular localization in Aspergillus
nidulans. PLoS Genet. 9, €1003193.

Pan, T. and Coleman, J.E. (1990). GAL4 transcription factor is not a zinc finger but forms a Zn(l1),Cysg
binuclear cluster. Biochemistry 87, 2077-2081.

Pardo, E. and Orejas, M. (2014). The Aspergillus nidulans Zn(I1),Cyss transcription factor AN5673/RhaR
mediates L-rhamnose utilization and the production of a-L-rhamnosidases. Microb. Cell Fact. 13, 161-
176.

Paris, S., Wysong, D., Debeaupuis, J.P., Shibuya, K., Philippe, B., Diamond, R.D. and Latgé, J.P. (2003).
Catalases of Aspergillus fumigatus. Infect. Immun. 71, 3551-3562.

Park, H.S. and Yu, J.H. (2012). Genetic control of asexual sporulation in filamentous fungi. Curr. Opin.
Microbiol. 15, 669-677.

Park, H.S., Bayram, O., Braus, G.H., Kim, S.C. and Yu, J.H. (2012a). Characterization of the velvet regulators in
Aspergillus fumigatus. Mol. Microbiol. 86, 937-953.

Park, H.S., Ni, M., Jeong, K.C., Kim, Y.H. and Yu, J.H. (2012b). The role, interaction and regulation of the
velvet regulator VelB in Aspergillus nidulans. PLoS ONE 7, e45935.

Park, H.S., Nam, T.Y., Han, K.H., Kim, S.C. and Yu, J.H. (2014). VelC positively controls sexual development
in Aspergillus nidulans. PLoS ONE 9, e89883.

Parnell, E.J. and Stillman, D.J. (2011). Shields up: the Tupl-Cyc8 repressor complex blocks coactivator
recruitment. Genes Dev. 25, 2429-2435.

Pascon, R.C. and Miller, B.L. (2000). Morphogenesis in Aspergillus nidulans requires Dopey (DopA), a member
of a novel family of leucine ripper-like proteins conserved from yeast to humans. Mol. Microbiol. 36,
1250-1264.

Perez-Nadales, E., Nogueira, M.F.A., Baldin, C., Castanheira, S., EI Ghalid, M., Grund, E., Lengeler, K.,
Marchegiani, E., Mehrotra, P.V., Moretti, M., Naik, V., Oses-Ruiz, M., Oskarsson, T., Schafer, K.,
Wasserstrom, L., Brakhage, A.A., Gow, N.A.R., Kahmann, R., Lebrun, M.H., Perez-Martin, J., Di Pietro,
A., Talbot, N.J., Toquin, V., Walther, A. and Wendland, J. (2014). Fungal model systems and the
elucidation of pathogenicity determinants. Fungal Genet. Biol. 70, 42-67.

Perrin, R.M., Fedorova, N.D., Jin, W.B., Cramer, R.A., Wortman, J.R., Kim, H.S., Nierman, W.C. and Keller,
N.P. (2007). Transcriptional regulation of chemical diversity in Aspergillus fumigatus by LaeA. PLoS
Pathog. 3, 508-517.

Peterson, S.W. (2008). Phylogenetic analysis of Aspergillus species using DNA sequences from four loci.
Mycologia 100, 205-226.

Pfeifer, K., Kim, K.S., Kogan, S. and Guarente, L. (1989). Functional dissection and sequence of yeast HAP1
activator. Cell 56, 291-301.

Péggeler, S., Nowrousian, M. and Kiick, U. (2006). Fruiting-body development in Ascomycetes. In: Fischer, K.
and Ktes, U., (Eds.), The Mycota I. Springer-Verlag, Heidelberg, pp. 325-355.

Prade, R.A. and Timberlake, W.E. (1993). The Aspergillus nidulans brlA regulatory locus consists of
overlapping transcription units that are individually required for conidiophore development. EMBO J. 12,
2439-2447.

Punt, P.J. and van den Hondel, C.A. (1992). Transformation of filamentous fungi based on hygromycin b and

151



Literature

phleomycin resistance markers. Methods Enzymol. 216, 447-457.

Purschwitz, J., Miller, S., Kastner, C., Schéser, M., Haas, H., Espeso, E.A., Atoui, A., Calvo, A.M. and Fischer,
R. (2008). Functional and physical interaction of blue- and red-light sensors in Aspergillus nidulans. Curr.
Biol. 18, 255-259.

Ram, A.F.J., Arentshorst, M., Damveld, R.A., vanKuyk, P.A., Klis, F.M. and van den Hondel, C.A. (2004). The
cell wall stress response in Aspergillus niger involves increased expression of the glutamine: fructose-6-
phosphate amidotransferase-encoding gene (gfaA) and increased deposition of chitin in the cell wall.
Microbiology 150, 3315-3326.

Ramamoorthy, V., Shantappa, S., Dhingra, S. and Calvo, A.M. (2012). veA-dependent RNA-pol Il transcription
elongation factor-like protein, RtfA, is associated with secondary metabolism and morphological
development in Aspergillus nidulans. Mol. Microbiol. 85, 795-814.

Ramamoorthy, V., Dhingra, S., Kincaid, A., Shantappa, S., Feng, X. and Calvo, A.M. (2013). The putative
C2H2 transcription factor MtfA is a novel regulator of secondary metabolism and morphogenesis in
Aspergillus nidulans. PLoS ONE 8, e74122.

Rambach, G., Blum, G., Latgé, J.P., Fontaine, T., Heinekamp, T., Hagleitner, M., Jeckstrém, H., Weigel, G.,
Wiirtinger, P., Pfaller, K., Krappmann, S., Loffler, J., Lass-FIorl, C. and Speth, C. (2015). Identification of
Aspergillus fumigatus surface components that mediate interaction of conidia and hyphae with human
platelets. J. Infect. Dis. 212, 1140-1149.

Rappsilber, J., Ishihama, Y. and Mann, M. (2003). Stop and go extraction tips for matrix-assisted laser
desorption/ionization, nanoelectrospray, and LC/MS sample pretreatment in proteomics. Anal. Chem. 75,
663-670.

Rappsilber, J., Mann, M. and Ishihama, Y. (2007). Protocol for micro-purification, enrichment, pre-fractionation
and storage of peptides for proteomics using StageTips. Nat. Protoc. 2, 1896-1906.

Ratcliffe, N.A., (1985). Invertebrate immunity - a primer for the non-specialist. Immunol. Lett. 10, 253-270.

Rauscher, S., Pacher, S., Hedtke, M., Kniemeyer, O. and Fischer, R., (2016). A phosphorylation code of the
Aspergillus nidulans global regulator VelvetA (VeA) determines specific functions. Mol. Microbiol. 99,
909-924.

Reece, R.J. and Ptashne, M. (1993). Determinants of binding-site specificity among yeast C6 zinc cluster
proteins. Science 261, 909-911.

Reeves, E.P., Messina, C.G.M., Doyle, S. and Kavanagh, K. (2004). Correlation between gliotoxin production
and virulence of Aspergillus fumigatus in Galleria mellonella. Mycopathologia 158, 73-79.

Renwick, J., Daly, P., Reeves, E.P. and Kavanagh, K. (2006). Susceptibility of larvae of Galleria mellonella to
infection by Aspergillus fumigatus is dependent upon stage of conidial germination. Mycopathologia 161,
377-384.

Reverberi, M., Ricelli, A., Zjalic, S., Fabbri, A.A. and Fanelli, C. (2010). Natural functions of mycotoxins and
control of their biosynthesis in fungi. Appl. Microbiol. Biotechnol. 87, 899-911.

Reyes-Dominguez, Y., Bok, JW., Berger, H., Shwab, E.K., Basheer, A., Gallmetzer, A., Scazzocchio, C.,
Keller, N.P. and Strauss, J. (2010). Heterochromatic marks are associated with the repression of secondary
metabolism clusters in Aspergillus nidulans. Mol. Microbiol. 76, 1376-86.

Rice, P., Longden, I. and Bleashy, A. (2000). EMBOSS: the European Molecular Biology Open Software Suite.
Trends Genet. 16, 276-277.

Riquelme, M. (2013). Tip growth in filamentous fungi: a road trip to the apex. Annu. Rev. Microbiol. 67, 587—
6009.

Rizzo, J.M., Mieczkowski, P.A. and Buck, M.J. (2011). Tupl stabilizes promoter nucleosome positioning and
occupancy at transcriptionally plastic genes. Nucleic Acids Res. 39, 8803-8819.

Rodgers, K.K. and Coleman, J.E. (1994). DNA bhinding and bending by the transcription factors GAL4(62*) and

152



Literature

GAL4(149). Protein Sci. 3, 608-619.

Rodriguez-Urra, A.B., Jiménez, C., Nieto, M.l., Rodriguez, J., Hayashi, H. and Ugalde, U. (2012). Signaling the
induction of sporulation involves the interaction of two secondary metabolites in Aspergillus nidulans.
ACS Chem. Biol. 7, 599-606.

Rojo, F., Weise, F. and Alonso, J.C. (1993). Purification of the beta product encoded by the Streptococcus
pyogenes plasmid pSM19035. A putative DNA recombinase required to resolve plasmid oligomers. FEBS
Lett. 328, 169-73.

Rojo, F. and Alonso, J.C. (1994). A novel site-specific recombinase encoded by the Streptococcus pyogenes
plasmid pSM19035. J. Mol. Biol. 238, 159-172.

Romani, L. (1999). Immunity to Candida albicans: Thl, Th2 cells and beyond. Curr. Opin. Microbiol. 2, 363—
367.

Romero-Calvo, I., Ocon, B., Martinez-Moya, P., Sudrez, M.D., Zarzuelo, A., Martinez-Augustin, O. and de
Medina, F.S. (2010). Reversible Ponceau staining as a loading control alternative to actin in Western blots.
Anal. Biochem. 401, 318-320.

Rottensteiner, H., Kal, A.J., Hamilton, B., Ruis, H. and Tabak, H.F. (1997). A heterodimer of the Zn,Cysg
transcription factors Pip2p and Oaflp controls induction of genes encoding peroxisomal proteins in
Saccharomyces cerevisiae. Eur. J. Biochem. 247, 776-783.

Roy, A., Shin, Y.J., Cho, K.H. and Kim, J.H., (2013). Mth1 regulates the interaction between the Rgtl repressor
and the Ssn6-Tupl corepressor complex by modulating PKA-dependent phosphorylation of Rgtl. Mol.
Biol. Cell 24, 1493-503.

Roze, L. V, Chanda, A., Wee, J., Awad, D. and Linz, J.E. (2011). Stress-related transcription factor AtfB
integrates secondary metabolism with oxidative stress response in Aspergilli. J. Biol. Chem. 286, 35137—
35148.

Ruger-Herreros, C., Rodriguez-Romero, J., Fernandez-Barranco, R., Olmedo, M., Fischer, R., Corrochano, L.M.
and Canovas, D. (2011). Regulation of conidiation by light in Aspergillus nidulans. Genetics 188, 809—
822.

Rybak, K., See, P.T., Phan, H.T., Syme, R.A., Moffat, C.S., Oliver, R.P. and Tan, K.C. (2017). A functionally
conserved Zn,Cysg binuclear cluster transcription factor class regulates necrotrophic effector gene
expression and host-specific virulence of two major Pleosporales fungal pathogens of wheat. Mol. Plant
Pathol. 18, 420-434. [Epub ahead of print].

Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R., Horn, G.T., Mullis, K.B. and Erlich, H.A.
(1988). Primer-directed enzymatic amplification of DNA with a thermostable DNA polymerase. Science
239, 487-491.

Salzet, M. (2001). Vertebrate innate immunity resembles a mosaic of invertebrate immune responses. Trends
Immunol. 22, 285-288.

Sanchez, J.F., Chiang, Y.M., Szewczyk, E., Davidson, A.D., Bok, J.W., Keller, N.P., Oakley, B.R. and Wang,
C.C.C. (2010). Molecular genetic analysis of the orsellinic acid/F9775 gene cluster of Aspergillus
nidulans. Mol. Biosyst. 6, 587-593.

Sarikaya-Bayram, O., Bayram, O., Valerius, O., Park, H.S., Irniger, S., Gerke, J., Ni, M., Han, K.H., Yu, J.H.
and Braus, G.H. (2010). LaeA control of velvet family regulatory proteins for light-dependent
development and fungal cell-type specificity. PLoS Genet. 6, €1001226.

Sarikaya-Bayram, O., Bayram, O., Feussner, K., Kim, J.H., Kim, H.S., Kaever, A., Feussner, I., Chae, K.S., Han,
D.M., Han, K.H. and Braus, G.H. (2014). Membrane-bound methyltransferase complex VapA-VipC-VapB
guides epigenetic control of fungal development. Dev. Cell 29, 406-420.

Sarikaya-Bayram, O., Palmer, J.M., Keller, N., Braus, G.H. and Bayram, O. (2015). One Juliet and four Romeos:
VeA and its methyltransferases. Front. Microbiol. 6, doi:10.3389/fmicb.2015.00001.

Sato, I., Shimizu, M., Hoshino, T. and Takaya, N. (2009). The glutathione system of Aspergillus nidulans

153



Literature

involves a fungus-specific glutathione S-transferase. J. Biol. Chem. 284, 8042—8053.

Satterlee, T., Cary, J.W. and Calvo, A.M. (2016). RmtA, a putative arginine methyltransferase, regulates
secondary metabolism and development in Aspergillus flavus. PLoS ONE 11, e0155575.

Scazzocchio, C. (1994). The proline utilisation pathway, history and beyond. Prog. Ind. Microbiol. 29, 259—
277.

Scazzocchio, C. (2014). Fungal biology in the post-genomic era. Fungal Biol. Biotechnol. 1, 10.1186/s40694-
014-0007-6.

Scherer, M., Wei, H., Liese, R. and Fischer, R. (2002). Aspergillus nidulans catalase-peroxidase gene (cpeA) is
transcriptionally induced during sexual development through the transcription factor StuA. Eukaryot. Cell
1, 725-735.

Schinke, J., Kolog Gulko, M., Christmann, M., Valerius, O., Stumpf, S.K., Stirz, M. and Braus, G.H. (2016). The
DenA/DENL interacting phosphatase DipA controls septa positioning and phosphorylation-dependent
stability of cytoplasmatic DenA/DEN1 during fungal development. PLoS Genet. 12, 1005949,

Schjerling, P. and Holmberg, S. (1996). Comparative amino acid sequence analysis of the C6 zinc cluster family
of transcriptional regulators. Nucleic Acids Res. 24, 4599-4607.

Schmaler-Ripcke, J., Sugareva, V., Gebhardt, P., Winkler, R., Kniemeyer, O., Heinekamp, T. and Brakhage,
A.A. (2009). Production of pyomelanin, a second type of melanin, via the tyrosine degradation pathway in
Aspergillus fumigatus. Appl. Environ. Microbiol. 75, 493-503.

Schmitt, K., Smolinski, N., Neumann, P., Schmaul, S., Hofer-Pretz, V., Braus, G.H. and Valerius, O. (2017).
Asclp/RACK1I connects ribosomes to eukaryotic phosphosignaling. Mol. Cell. Biol. 37, e00279-16.

Schmittgen, T.D. and Livak, K.J. (2008). Analyzing real-time PCR data by the comparative C(T) method. Nat.
Protoc. 3, 1101-1108.

Schroeckh, V., Scherlach, K., Nutzmann, H.-W., Shelest, E., Schmidt-Heck, W., Schuemann, J., Martin, K.,
Hertweck, C. and Brakhage, A.A. (2009). Intimate bacterial-fungal interaction triggers biosynthesis of
archetypal polyketides in Aspergillus nidulans. Proc. Natl. Acad. Sci. U.S.A. 106, 14558-14563.

Schultzhaus, Z., Yan, H. and Shaw, B.D. (2015). Aspergillus nidulans flippase DnfA is cargo of the endocytic
collar and plays complementary roles in growth and phosphatidylserine asymmetry with another flippase,
DnfB. Mol. Microbiol. 97, 18-32.

Schultzhaus, Z. and Shaw, B.D. (2016). The flippase DnfB is cargo of fimbrin-associated endocytosis in
Aspergillus nidulans, and likely recycles through the late Golgi. Commun. Integr. Biol. 9, e1141843.

Schultzhaus, Z., Zheng, W., Wang, Z., Mourifio-Pérez, R. and Shaw, B. (2017). Phospholipid flippases DnfA
and DnfB exhibit differential dynamics within the A. nidulans Spitzenkorper. Fungal Genet. Biol. 99, 26—
28.

Schumacher, J., Simon, A., Cohrs, K.C., Traeger, S., Porquier, A., Dalmais, B., Viaud, M. and Tudzynski, B.
(2015). The velvet vomplex in the gray mold fungus Botrytis cinerea: impact of BCLAEL on
differentiation, secondary metabolism, and virulence. Mol. Plant. Microbe. Interact. 28, 659-674.

Schwartz, T.U. (2016). The Structure Inventory of the nuclear pore complex. J. Mol. Biol. 428, 1986—-2000.

Sellick, C.A. and Reece, R.J. (2003). Modulation of transcription factor function by an amino acid: activation of
Put3p by proline. EMBO J. 22, 5147-5153.

Sellick, C.A. and Reece, R.J. (2005). Eukaryotic transcription factors as direct nutrient sensors. Trends
Biochem. Sci. 30, 405-412.

Seo, J.A., Guan, Y. and Yu, J.H. (2003). Suppressor mutations bypass the requirement of fluG for asexual
sporulation and sterigmatocystin production in Aspergillus nidulans. Genetics 165, 1083-1093.

Seo, J.A., Guan, Y. and Yu, J.H. (2006). FluG-dependent asexual development in Aspergillus nidulans occurs
via derepression. Genetics 172, 1535-1544.

154



Literature

Sewall, T.C., Mims, C.W. and Timberlake, W.E. (1990a). Conidium differentiation in Aspergillus nidulans wild-
type and wet-white (wetA) mutant strains. Dev. Biol. 138, 499-508.

Sewall, T.C., Mims, C.W. and Timberlake, W.E. (1990b). abaA controls phialide differentiation in Aspergillus
nidulans. Plant Cell 2, 731-739.

Shaaban, M.1., Bok, J.W., Lauer, C. and Keller, N.P. (2010). Suppressor mutagenesis identifies a velvet complex
remediator of Aspergillus nidulans secondary metabolism. Eukaryot. Cell 9, 1816-1824.

Sheppard, D.C. (2011). Molecular mechanism of Aspergillus fumigatus adherence to host constituents. Curr.
Opin. Microbiol. 14, 375-379.

Shevchenko, A., Wilm, M., Vorm, O. and Mann, M. (1996). Mass spectrometric sequencing of proteins from
silver-stained polyacrylamide gels. Anal. Chem. 68, 850-858.

Shimizu, K. and Keller, N.P. (2001). Genetic involvement of a cAMP-dependent protein kinase in a G protein
signaling pathway regulating morphological and chemical transitions in Aspergillus nidulans. Genetics
157, 591-600.

Shimizu, K., Hicks, J.K., Huang, T. and Keller, N.P. (2003). Pka, Ras and RGS protein interactions regulate
activity of AfIR, a Zn(11),Cysg transcription factor in Aspergillus nidulans. Genetics 165, 1095-1104.

Shin, K.S., Kwon, N.J. and Yu, J.H. (2009). GBy-mediated growth and developmental control in Aspergillus
fumigatus. Curr. Genet. 55, 631-641.

Shin, K.S., Kim, Y.H. and Yu, J.H. (2015). Proteomic analyses reveal the key roles of BrlA and AbaA in
biogenesis of gliotoxin in Aspergillus fumigatus. Biochem. Biophys. Res. Commun. 463, 428-433.

Shin, K.S., Park, H.S., Kim, Y., Heo, I.B., Kim, Y.H. and Yu, J.H. (2016). Aspergillus fumigatus spore
proteomics and genetics reveal that VeA represses DefA-mediated DNA damage response. J. Proteomics
148, 26-35.

Shiozaki, K. and Russelp, P. (1996). Conjugation, meiosis, and the osmotic stress response are regulated by Spcl
kinase through Atfl transcription factor in fission yeast. Genes Dev. 10, 2276-2288.

Slater, J.L., Gregson, L., Denning, D.W. and Warn, P.A. (2011). Pathogenicity of Aspergillus fumigatus mutants
assessed in Galleria mellonella matches that in mice. Med. Mycol. 49, S107-S113.

Smith, K.M., Sancar, G., Dekhang, R., Sullivan, C.M., Li, S., Tag, A.G., Sancar, C., Bredeweg, E.L., Priest,
H.D., McCormick, R.F., Thomas, T.L., Carrington, J.C., Stajich, J.E., Bell-Pedersen, D., Brunner, M. and
Freitag, M. (2010). Transcription factors in light and circadian clock signaling networks revealed by
genomewide mapping of direct targets for Neurospora white collar complex. Eukaryot. Cell 9, 1549—
1556.

Smith, T.D. and Calvo, A.M. (2014). The mtfA transcription factor gene controls morphogenesis, gliotoxin
production, and virulence in the opportunistic human pathogen Aspergillus fumigatus. Eukaryot. Cell 13,
766-775.

Snow, W.M. and Albensi, B.C. (2016). Neuronal gene targets of NF-kB and their dysregulation in Alzheimer’s
Disease. Front. Mol. Neurosci. 9, 118-136.

Son, H., Kim, M.G., Chae, S.K. and Lee, Y.W. (2014). FgFIbD regulates hyphal differentiation required for
sexual and asexual reproduction in the ascomycete fungus Fusarium graminearum. J. Microbiol. 52, 930—
939.

Song, J.Y., Cha, J., Lee, J. and Roe, J.H. (2006). Glutathione reductase and a mitochondrial thioredoxin play
overlapping roles in maintaining iron-sulfur enzymes in fission yeast. Eukaryot. Cell 5, 1857-1865.

Soukup, A.A., Keller, N.P. and Wiemann, P. (2016). Enhancing nonribosomal peptide biosynthesis in
filamentous fungi. Methods Mol. Biol. 1401, 149-160.

Southern, E.M. (1975). Detection of specific sequences among DNA fragments separated by gel electrophoresis.
J. Mol. Biol. 98, 503-517.

155



Literature

Spréte, P. and Brakhage, A.A. (2007). The light-dependent regulator velvet A of Aspergillus nidulans acts as a
repressor of the penicillin biosynthesis. Arch. Microbiol. 188, 69-79.

Stajich, J.E., Harris, T., Brunk, B.P., Brestelli, J., Fischer, S., Harb, O.S., Kissinger, J.C., Li, W., Nayak, V.,
Pinney, D.F., Stoeckert, C.J., Roos, D.S. and Roos, D.S. (2012). FungiDB: an integrated functional
genomics database for fungi. Nucleic Acids Res. 40, D675-D681.

Stinnett, S.M., Espeso, E.A., Cobefio, L., Araljo-Bazan, L. and Calvo, A.M. (2007). Aspergillus nidulans VeA
subcellular localization is dependent on the importin a carrier and on light. Mol. Microbiol. 63, 242—-255.

Suarez, T., Dequeiroz, M. V, Oestreicher, N. and Scazzocchio, C. (1995). The sequence and binding-specificity
of Uay, the specific regulator of the purine utilization pathway in Aspergillus nidulans suggest an
evolutionary relationship with the Pprl protein of Saccharomyces cerevisiae. Embo J. 14, 1453-1467.

Suck, R.W.L. and Krupinska, K. (1996). Repeated probing of Western blots obtained from Coomassie brilliant
blue-stained or unstained polyacrylamide gels. Biotechniques 21, 418-422.

Sueiro-Olivares, M., Fernandez-Molina, J. V., Abad-Diaz-de-Cerio, A., Gorospe, E., Pascual, E., Guruceaga, X.,
Ramirez-Garcia, A., Garaizar, J., Hernando, F.L., Margareto, J. and Rementeria, A. (2015). Aspergillus
fumigatus transcriptome response to a higher temperature during the earliest steps of germination
monitored using a new customized expression microarray. Microbiology 161, 490-502.

Sugareva, V., Hartl, A., Brock, M., Hibner, K., Rohde, M., Heinekamp, T. and Brakhage, A.A. (2006).
Characterisation of the laccase-encoding gene abr2 of the dihydroxynaphthalene-like melanin gene cluster
of Aspergillus fumigatus. Arch. Microbiol. 186, 345-355.

Sun, Z. and Andersson, R. (2002). NF-kappaB activation and inhibition: a review. Shock 18, 99-106.

Suzuki, Y., Murray, S.L., Wong, K.H., Davis, M.A. and Hynes, M.J. (2012). Reprogramming of carbon
metabolism by the transcriptional activators AcuK and AcuM in Aspergillus nidulans. Mol. Microbiol. 84,
942-964.

Szewczyk, E., Nayak, T., Oakley, C.E., Edgerton, H., Xiong, Y., Taheri-Talesh, N., Osmani, S.A., Oakley, B.R.
and Oakley, B. (2006). Fusion PCR and gene targeting in Aspergillus nidulans. Nat. Protoc. 1, 3111—
3120.

Szewczyk, E., Chiang, Y.-M.M., Oakley, C.E., Davidson, A.D., Wang, C.C.C. and Oakley, B.R. (2008).
Identification and characterization of the asperthecin gene cluster of Aspergillus nidulans. Appl. Environ.
Microbiol. 74, 7607-7612.

Tao, L. and Yu, J.H. (2011). AbaA and WetA govern distinct stages of Aspergillus fumigatus development.
Microbiology 157, 313-326.

Terfriichte, M., Joehnk, B., Fajardo-Somera, R., Braus, G.H., Riquelme, M., Schipper, K. and Feldbriigge, M.
(2014). Establishing a versatile Golden Gate cloning system for genetic engineering in fungi. Fungal
Genet. Biol. 62, 1-10.

Thon, M., Al-Abdallah, Q., Hortschansky, P. and Brakhage, A.A. (2007). The thioredoxin system of the
filamentous fungus Aspergillus nidulans: impact on development and oxidative stress response. J. Biol.
Chem. 282, 27259-27269.

Thon, M., Al-Abdallah, Q., Hortschansky, P., Scharf, D.H., Eisendle, M., Haas, H., and Brakhage, A.A. (2010).
The CCAAT-binding complex coordinates the oxidative stress response in eukaryotes. Nucleic Acids Res.
38, 1098-1113.

Tinsley, M.C., Blanford, S. and Jiggins, F.M. (2006). Genetic variation in Drosophila melanogaster pathogen
susceptibility. Parasitology 132, 767—773.

Todd, R.B. and Andrianopoulos, A. (1997). Evolution of a fungal regulatory gene family: the Zn(Il),Cysg
binuclear cluster DNA binding motif. Fungal Genet. Biol. 21, 388-405.

Todd, R.B., Murphy, R.L., Martin, H.M., Sharp, J.A., Davis, M.A., Katz, M.E. and Hynes, M.J. (1997). The
acetate regulatory gene facB of Aspergillus nidulans encodes a Zn(I1),Cysg transcriptional activator. Mol.
Gen. Genet. 254, 495-504.

156



Literature

Todd, R.B., Andrianopoulos, A., Davis, M.A. and Hynes, M.J. (1998). FacB, the Aspergillus nidulans activator
of acetate utilization genes, binds dissimilar DNA sequences. EMBO J. 17, 2042—2054.

Todd, R.B., Greenhalgh, J.R., Hynes, M.J. and Andrianopoulos, A. (2003). TupA, the Penicillium marneffei
Tuplp homologue, represses both yeast and spore development. Mol. Microbiol. 48, 85-94.

Todd, R.B., Hynes, M.J. and Andrianopoulos, A. (2006). The Aspergillus nidulans rcoA gene is required for
veA-dependent sexual development. Genetics 174, 1685-1688.

Toone, W.M., Morgan, B.A. and Jones, N. (2001). Redox control of AP-1-like factors in yeast and beyond.
Oncogene 20, 2336—2346.

Towbin, H., Staehelin, T. and Gordon, J. (1979). Electrophoretic transfer of proteins from polyacrylamide gels to
nitrocellulose sheets: procedure and some applications. Proc. Natl. Acad. Sci. U.S.A. 76, 4350-4354.

Trotter, EW. and Grant, C.M. (2003). Non-reciprocal regulation of the redox state of the glutathione-
glutaredoxin and thioredoxin systems. EMBO Rep. 4, 184-188.

Turcotte, B. and Guarente, L. (1992). HAP1 positive control mutants specific for one of two binding sites. Genes
Dev. 6, 2001-2009.

Ugalde, U. and Rodriguez-Urra, A.B. (2016). Autoregulatory signals in mycelial fungi. In: Wendland, J. (Ed.),
The Mycota I. Springer-Verlag, Heidelberg, pp. 185-205.

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., Remm, M. and Rozen, S.G. (2012).
Primer3-new capabilities and interfaces. Nucleic Acids Res. 40, e115.

Vallim, M.A., Miller, K.Y. and Miller, B.L. (2000). Aspergillus SteA (Sterile12-like) is a homeodomain-C2Hz2-
Zn*? finger transcription factor required for sexual reproduction. Mol. Microbiol. 36, 290-301.

Vandeputte, P., Ischer, F., Sanglard, D. and Coste, A.T. (2011). In vivo systematic analysis of Candida albicans
Zn,Cysg transcription factors mutants for mice organ colonization. PLoS ONE 6, e26962.

Varga, J., Rigdé, K., Téth, B., Téren, J. and Kozakiewicz, Z. (2003). Evolutionary relationships among
Aspergillus species producing economically important mycotoxins. Food Technol. Biotechnol. 41, 29-36.

Verweij, P.E., Chowdhary, A., Melchers, W.J. and Meis, J.F. (2016a). Azole resistance in Aspergillus fumigatus:
can we retain the clinical use of mold-active antifungal azoles? Clin. Infect. Dis. 62, 362—368.

Verweij, P.E., Zhang, J., Debets, AJ., Meis, J.F., van de Veerdonk, F.L., Schoustra, S.E., Zwaan, B.J. and
Melchers, W.J. (2016b). In-host adaptation and acquired triazole resistance in Aspergillus fumigatus: a
dilemma for clinical management. Lancet Infect. Dis. 16, e251-e260.

Vienken, K., Scherer, M. and Fischer, R. (2005). The Zn(ll),Cysg putative Aspergillus nidulans transcription
factor repressor of sexual development inhibits sexual development under low-carbon conditions and in
submersed culture. Genetics 169, 619-630.

Vienken, K. and Fischer, R. (2006). The Zn(I1),Cyss putative transcription factor NosA controls fruiting body
formation in Aspergillus nidulans. Mol. Microbiol. 61, 544-554.

Virag, A. and Harris, S.D. (2006). The Spitzenkdrper: a molecular perspective. Mycol. Res. 110, 4-13.

von Zeska Kress, M.R., Harting, R., Bayram, O., Christmann, M., Irmer, H., Valerius, O., Schinke, J., Goldman,
G.H. and Braus, G.H. (2012). The COP9 signalosome counteracts the accumulation of cullin SCF
ubiquitin E3 RING ligases during fungal development. Mol. Microbiol. 83, 1162-1177.

Wang, B., Chen, J., Li, H., Sun, F., Li, Y. and Shi, G. (2017). Pellet-dispersion strategy to simplify the seed
cultivation of Aspergillus niger and optimize citric acid production. Bioprocess Biosyst. Eng. 40, 45-53.

Wang, D., Sun, J., Yu, H.L., Li, C.X,, Bao, J. and Xu, J.H. (2012). Maximum saccharification of cellulose
complex by an enzyme cocktail supplemented with cellulase from newly isolated Aspergillus fumigatus
ECUO0811. Appl. Biochem. Biotechnol. 166, 176-186.

Wang, W., Wu, D., Pan, H. and Turgeon, B.G. (2014). Vel2 and Vosl hold essential roles in ascospore and

157



Literature

asexual spore development of the heterothallic maize pathogen Cochliobolus heterostrophus. Fungal
Genet. Biol. 70, 113-124.

Wang, R., Leng, Y. and Zhong, S. (2015). The regulatory gene VosA affects conidiogenesis and is involved in
virulence of the fungal cereal pathogen Cochliobolus sativus. Fungal Biol. 119, 884-900.

Wang, R., Leng, Y., Shrestha, S. and Zhong, S. (2016). Coordinated and independent functions of velvet-
complex genes in fungal development and virulence of the fungal cereal pathogen Cochliobolus sativus.
Fungal Biol. 120, 948-960.

Wasylnka, J.A. and Moore, M.M. (2003). Aspergillus fumigatus conidia survive and germinate in acidic
organelles of A549 epithelial cells. J. Cell Sci. 116, 1579-1587.

Watson, A.D. (2000). Ssn6-Tupl interacts with class | histone deacetylases required for repression. Genes Dev.
14, 2737-2744.

Webster, R.H. and Sil, A. (2008). Conserved factors Ryp2 and Ryp3 control cell morphology and infectious
spore formation in the fungal pathogen Histoplasma capsulatum. Proc. Natl. Acad. Sci. U.S.A. 105,
14573-14578.

Wiemann, P., Brown, D.W., Kleigrewe, K., Bok, J.W., Keller, N.P., Humpf, H.U. and Tudzynski, B. (2010).
FfVell and FfLael, components of a velvet-like complex in Fusarium fujikuroi, affect differentiation,
secondary metabolism and virulence. Mol. Microbiol. 77, 972-994.

Wieser, J.K., Lee, B.N., Fondon, JW.I. and Adams, T.H. (1994). Genetic requirements for initiating asexual
development in Aspergillus nidulans. Curr. Genet. 27, 62-69.

Wieser, J.K. and Adams, T.H. (1995). flbD encodes a Myb-like DNA-binding protein that coordinates initiation
of Aspergillus nidulans conidiophore development. Genes Dev. 9, 491-502.

Wilkinson, H.H., Ramaswamy, A., Sim, S.C. and Keller, N.P. (2004). Increased conidiation associated with
progression along the sterigmatocystin biosynthetic pathway. Mycologia 96, 1190-1198.

Woloshuk, C.P., Foutz, K.R., Brewer, J.F., Bhatnagar, D., Cleveland, T.E. and Payne, G.A. (1994). Molecular
characterization of aflR, a regulatory locus for aflatoxin biosynthesis. Appl. Environ. Microbiol. 60,
2408-2414.

Wortman, J.R., Gilsenan, J.M., Joardar, V., Deegan, J., Clutterbuck, J., Andersen, M.R., Archer, D., Bencina,
M., Braus, G.H., Coutinho, P., von D6hren, H., Doonan, J., Driessen, A.J.M., Durek, P., Espeso, E.,
Fekete, E., Flipphi, M., Estrada, C.G., Geysens, S., Goldman, G., de Groot, P.W.J., Hansen, K., Harris,
S.D., Heinekamp, T., Helmstaedt, K., Henrissat, B., Hofmann, G., Homan, T., Horio, T., Horiuchi, H.,
James, S., Jones, M., Karaffa, L., Karanyi, Z., Kato, M., Keller, N., Kelly, D.E., Kiel, JA.K.W., Kim,
J.M., van der Klei, 1.J., Klis, F.M., Kovalchuk, A., Krasevec, N., Kubicek, C.P., Liu, B., Maccabe, A.,
Meyer, V., Mirabito, P., Miskei, M., Mos, M., Mullins, J., Nelson, D.R., Nielsen, J., Oakley, B.R.,
Osmani, S.A., Pakula, T., Paszewski, A., Paulsen, I., Pilsyk, S., Pdcsi, I., Punt, P.J., Ram, A.F.J., Ren, Q.,
Robellet, X., Robson, G., Seiboth, B., van Solingen, P., Specht, T., Sun, J., Taheri-Talesh, N., Takeshita,
N., Ussery, D., vanKuyk, P.A., Visser, H., van de Vondervoort, P.J.I., de Vries, R.P., Walton, J., Xiang,
X., Xiong, Y., Zeng, A.P., Brandt, B.W., Cornell, M.J., van den Hondel, C.A., Visser, J., Oliver, S.G. and
Turner, G. (2009). The 2008 update of the Aspergillus nidulans genome annotation: a community effort.
Fungal Genet. Biol. 46, S2-S13.

Wu, A.L. and Moye-Rowley, W.S. (1994). GSH1, which encodes gamma-glutamylcysteine synthetase, is a
target gene for yAP-1 transcriptional regulation. Mol. Cell. Biol. 14, 5832-5839.

Wu, D., Oide, S., Zhang, N., Choi, M.Y. and Turgeon, B.G. (2012). ChLael and ChVell regulate T-toxin
production, virulence, oxidative stress response, and development of the maize pathogen Cochliobolus
heterostrophus. PLoS Pathog. 8, €1002542.

Xiao, P., Shin, K.S., Wang, T. and Yu, J.H. (2010). Aspergillus fumigatus flbB encodes two basic leucine zipper
domain (bZIP) proteins required for proper asexual development and gliotoxin production. Eukaryot. Cell
9,1711-1723.

Xu, D., Marquis, K., Pei, J., Fu, S.C., Cagatay, T., Grishin, N.V. and Chook, Y.M. (2015). LocNES: a
computational tool for locating classical NESs in CRM1 cargo proteins. Bioinformatics 31, 1357-1365.

158



Literature

Yager, L.N., Kurtz, M.B. and Champe, S.P. (1982). Temperature-shift analysis of conidial development in
Aspergillus nidulans. Dev. Biol. 93, 92-103.

Yamakawa, Y., Endo, Y., Li, N., Yoshizawa, M., Aoyama, M., Watanabe, A., Kanamaru, K., Kato, M. and
Kobayashi, T. (2013). Regulation of cellulolytic genes by McmA, the SRF-MADS box protein in
Aspergillus nidulans. Biochem. Biophys. Res. Commun. 431, 777-782.

Yao, G., Li, Z.,, Wu, R., Qin, Y., Liu, G. and Qu, Y. (2016). Penicillium oxalicum PoFIbC regulates fungal
asexual development and is important for cellulase gene expression. Fungal Genet. Biol. 86, 91-102.

Yin, W.B., Amaike, S., Wohlbach, D.J., Gasch, A.P., Chiang, Y.M., Wang, C.C.C., Bok, J.W., Rohlfs, M. and
Keller, N.P. (2012). An Aspergillus nidulans bZIP response pathway hardwired for defensive secondary
metabolism operates through aflR. Mol. Microbiol. 83, 1024-1034.

Yin, W.B., Reinke, AW., Szilagyi, M., Emri, T., Chiang, Y.M., Keating, A.E., Pdcsi, I., Wang, C.C.C. and
Keller, N.P. (2013). bZIP transcription factors affecting secondary metabolism, sexual development and
stress responses in Aspergillus nidulans. Microbiology 159, 77-88.

Yu, C.S., Lin, CJ. and Hwang, J.K. (2004). Predicting subcellular localization of proteins for Gram-negative
bacteria by support vector machines based on n-peptide compositions. Protein Sci. 13, 1402-1406.

Yu, J.H., Butchko, R.A., Fernandes, M., Keller, N.P., Leonard, T.J. and Adams, T.H. (1996a). Conservation of
structure and function of the aflatoxin regulatory gene afIR from Aspergillus nidulans and A. flavus. Curr.
Genet. 29, 549-555.

Yu, J.H., Wieser, J.K. and Adams, T.H. (1996b). The Aspergillus FIbA RGS domain protein antagonizes G
protein signaling to block proliferation and allow development. EMBO J. 15, 5184-5190.

Yu, J.H., Mah, J.H. and Seo, J.A. (2006). Growth and developmental control in the model and pathogenic
Aspergilli. Eukaryot. Cell 5, 1577-1584.

Yu, J.H. (2010). Regulation of development in Aspergillus nidulans and Aspergillus fumigatus. Mycobiology 38,
229-237.

Yu, J.H., Kwon, N.J., Shin, K.S., Gao, N. and Ni, M. (2010). Regulation of Aspergillus conidiation. In:
Borkovich, K.A. and Ebbole, D.J. (Eds). Cellular and molecular biology biology of filamentous fungi.
ASM Press, Washington, pp. 559-576.

Yuan, G.F., Fu, Y.H. and Marzluf, G.A. (1991). nit-4, a pathway-specific regulatory gene of Neurospora crassa,
encodes a protein with a putative binuclear zinc DNA-binding domain. Mol. Cell. Biol. 11, 5735-5745.

Zabel, U., Henkel, T., Silva, M.S. and Baeuerle, P.A. (1993). Nuclear uptake control of NF-xB by MAD-3, an
IxB protein present in the nucleus. EMBO J. 12, 201-211.

Zhang, J., Wang, X., Vikash, V., Ye, Q., Wu, D, Liu, Y. and Dong, W. (2016). ROS and ROS-mediated cellular
signaling. Oxid. Med. Cell. Longev. 2016, e4350965.

Zhang, X., Cui, Z., Miyakawa, T. and Moye-Rowley, W.S. (2001). Cross-talk between transcriptional regulators
of multidrug resistance in Saccharomyces cerevisiae. J. Biol. Chem. 276, 8812-8819.

Zhao, Y. and Lin, Y.H., (2010). Whole-cell protein identification using the concept of unique peptides.
Genomics Proteomics Bioinforma. 8, 33-41.

159



List of abbreviations

List of abbreviations

%
°C

Hg

pl

UM

aa
ADP
AspGD
ATP
BiFC
BLAST
bp
bzIP
C2H2
c4

C6
CADRE
cDNA
CDP
cm
cMyb
COP
COP9
CRL
CSN
C-terminus
d

DBD
DIC
DNA
DTT
EDTA
e.g.

ER
FACT

GFP
Glu
GTP

H2A
H202

Percent

Degree Celsius

Deletion

Microgram

Microliter

Micromolar

Amino acid(s)

Adenosine diphosphate

Aspergillus genome database
Adenosine triphosphate
Bimolecular fluorescence

Basic local alignment search tool
Base pairs

Leucine zipper domain

Cys,His, zinc finger DNA binding domain
Cys, zinc finger DNA binding domain
Zn(I1),Cysg zinc cluster fungal type DNA binding domain
Central Aspergillus data repository
Complementary DNA

Central developmental pathway
Centimeter

C-terminal myeloblastosis transcription factor domain
Coat protein

Constitutive photomorphogenesis 9
Cullin-RING ligase

COP9 signalosome

Carboxy terminus

Day(s)

DNA binding domain

Differential intereference contrast
Deoxyribonucleic acid
Dithiothreitol
Ethylenediaminetetraacetic acid
Exempli gratia = for example
Endoplasmatic reticulum
Facilitates chromatin transcription
Gram

Green fluorescent protein

Glutamic acid

Guanosin triphosphate

Hour(s)

Histone

Hydrogen peroxide

160



List of abbreviations

HPLC

kb
kDa

LB
LC
LM

mAbs
MAP

mg

min

ml

MM

mM

mm
mRNA
MS/MS
muU
NAD(H)
NADP(H)
natR
natRM
NES
NLS
N-source
N-terminal
o/n

OE

ORF

OSR
[

p.C.
PCR

Pg
phleoRM
PKS
ptrARM
gRT-PCR
R

R

RGS
RING
RNA
rRNA
ROS

161

High performance liquid chromatography
Lysine

Kilo bases

Kilo Dalton

Liter

Lysogeny broth

Liquid chromatography
London medium

Molar (mol/l)

Milli absorbance units
Mitogen-activated (kinase)

Milligram
Minute(s)
Milliliter
Minimal medium
Millimolar
Millimeter

Messenger RNA

Tandem mass spectrometry

Milli-units

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
Nourseothricin resistance marker
Nourseothricin recyclable resistance marker
Nuclear export signal

Nuclear localization sequence

Nitrogen source

Amino-terminal

Over night

Overexpression

Open reading frame

Oxidative stress response

Promoter

Personal communication

Polymerase chain reaction

Pico gram

Phleomycin recyclable resistance marker
Polyketide synthase

Pyrithiamin recyclable resistance marker
Quantitative real-time PCR

Resistance

Arginine

Regulator of G-protein signaling

Really interesting new gene

Ribonucleic acid

Ribosomal RNA

Reactive oxygen species



List of abbreviations

nm
rt

SDS
SM(s)
Spp.

TCA
Thr/T
tRNA
TyrlY
UDA
UDP
viv
wiv
WT
YFP
Zn

Rounds per minute

Room temperature

Serine

Sodium dodecyl sulfate
Secondary metabolite(s)
Species

Terminator

Tricarboxylic acid
Threonine

Transfer RNA

Tyrosine

Upstream developmental activator
Uridine diphosphate
Volume per volume
Weight per volume
Wildtype

Yellow fluorescent protein
Zinc

162



Table of figures

Table of figures

FIGURE 1: Developmental programs of A. nidulans. ...........cccooviieiieiicic s, 4
FIGURE 2: The velvet regulatory NEIWOIK. ........ccooveiieiiic e 6
FIGURE 3: Repressors block conidiation during hyphal growth of A. nidulans. ........................ 9
FIGURE 4: The conidiophore of A. NIAUIANS. .........coeiiiiiii e 10
FIGURE 5: The upstream developmental activators induce brlA expression of A. nidulans..... 12
FIGURE 6: FIbA indirectly regulates conidiation of A. nidulans. ............cccoccoveviiiveicieeeee, 13
FIGURE 7: The central developmental pathway exhibits autoregulatory feedback loops in

R 11T (U] 0 RSP STPSSRSR 14
FIGURE 8: Cleistothecium development in A. nidulans. ..........c.ccccoveveiiiiicic e 16
FIGURE 9: C6 proteins are fugal-specific DNA-binding proteins. ..........ccoccevveveeveieeveennene, 21
FIGURE 10: Comparison of conidiophores of A. nidulans and A. fumigatus..............cccccveenee. 23
FIGURE 11: Cloning strategy employed for the generation of constructs for genetic
manipulation of ASPErgilli. ........cooiiii e 37
FIGURE 12: Schematic depiction of integration and recycling of a recyclable marker cassette.
.................................................................................................................................................. 41
FIGURE 13: ztfA (AN0585) encodes a C6 transcription factor. ...........ccccvvvevviieieeivcie e 62
FIGURE 14: ZtfA is necessary for CONIAIAtIoN. .......coceriiiiiiiiiiiseee e 64
FIGURE 15: ZtfA is important for asexual development............ccccceveieiiccccicce e 66
FIGURE 16: ztfA is dispensable for cleistothecia formation and ascospore viability. ............... 67
FIGURE 17: VosA binds upstream of the ztfA open reading frame and represses ztfA gene

8] LIS o] TSSOSO U TP PSPPI 68
FIGURE 18: Phenotypes of ztfA and velvet mutants..............cccoovveie i 69
FIGURE 19: ZtfA supports Spore VIabIitY..........ccoveiiiiiiiiie e 70
FIGURE 20: ztfA OE induces A. nidulans conidiophore formation in submerged cultures....... 71
FIGURE 21: ZtfA regulates flUG XPreSSION. ......ccccoeieriiriiiiiiisiesieiee e 72
FIGURE 22: ZtfA regulates flb genes in a time dependent manner. ...........ccceevveviieiieecie e, 74
FIGURE 23: ztfA and the flb genes are necessary for conidiation of A. nidulans. ..................... 75
FIGURE 24: ztfA OE is not sufficient to rescue fungal Aflb phenotypes. .........cccccoovrviinininnnn, 76
FIGURE 25: ZtfA activates DrlA gene expreSSION. ..o 77
FIGURE 26: ztfA is epistatic towards abaA............cccoe i 78
FIGURE 27: Gene expression of various regulatory genes of fungal development is
independent of cellular ZtfA protein [eVelS. .........cov v 79

163



Table of figures

FIGURE 28: ZtfA is involved in the regulation of sterigmatocystin production and aflR and

SECU NG EXPIESSION. ...ttt ettt sttt ettt bbbkt b et b e bbbt bbbt e e nn e 80
FIGURE 29: ztfA is epistatic towards aflR. ..........ccooeiiiiii e 81
FIGURE 30: ztfA is necessary for austinol and dehydroaustinol production. ..............ccccveueee. 82

FIGURE 31: Overexpression of ztfA leads to an upregulation of aus genes during vegetative

GFOWEN . bbbt b bbbt e e 83
FIGURE 32: Further secondary metabolites are produced in the absence of ztfA during

VEQELALIVE GIOWLN. ..ottt e e te et s e e reeneenre s 83
FIGURE 33: ZtfA is an activator of eas and 0rsA gene expression. ........cocveeeeeeeeeveeseeseesnennns 84
FIGURE 34: ZtfA is involved in the oxidative Stress reSPONSE. ........cccoervereienerenesiseeeeeenes 85
FIGURE 35: ZtfA regulates gene expression of the fungal redox systems. ..........cccccvveevvvenrnne. 86
FIGURE 36: ZtfA regulates expression of catA and catB in response to oxidative stress......... 87

FIGURE 37: ZtfA regulates other transcription factor-encoding genes in response to oxidative

] LTS F TSP U PP UPRTPUPRTOPRPOPIN 88
FIGURE 38: GFP-fusions of ZtfA are functional. ...........cccccooeiieniiiie i 89
FIGURE 39: GFP-fusions of ZtfA are localized in the nucleus of hyphae, conidiospores and

[0 T= 0] 1T TSSOSO 90
FIGURE 40: Phosphorylation of ZtfA has regulatory effects. ..........cccoceveiininiiinceee, 91
FIGURE 41: ZtfA pulls down proteins as putative interactions partners. ..........c.ccoeeeeeeevieeieennes 92
FIGURE 42: ZtfA interacts With RCOA N VIVO. .....oooiiiiiiiiiiiiceeee e 100
FIGURE 43: ZtfA of A. nidulans and A. fumMigatus............cceeveiiiicie e, 101
FIGURE 44: ZtfA is dispensable for conidiation in A. fumigatus. ...........ccccoeeninininiinicrenn, 102
FIGURE 45: ZtfA is dispensable for expression of the velvet factors in A. fumigatus............ 103
FIGURE 46: ZtfA regulates polysaccharide formation and adhesin gene expression. ............ 104
FIGURE 47: ZtfA is involved in SDS stress response in A. fumigatus.............ccccevevvieiieennnnn, 104
FIGURE 48: ZtfA negatively influences oxidative stress response in A. fumigatus. ............... 105
FIGURE 49: ZtfA is not involved in virulence of A. fumigatus in G. mellonella. ................... 106
FIGURE 50: Comprehensive model of the regulatory role of ZtfA in A. nidulans. ................ 107
FIGURE 51: Gene expression of fIbC, floD and brlA is activated by ZtfA. ..........c.ccoeeeeenen. 112

FIGURE 52: ZtfA and VosA regulate achievement of developmental competence and spore
A 101 LX) o USSP 113
FIGURE 53: The phosphorylation status of ZtfA might influence DNA-binding specificity,
protein-protein interaction and stability of the ZtfA protein. ..., 115

164



Table of figures

FIGURE 54: Differences in the regulation of conidiation between A. nidulans and A. fumigatus.

FIGURE 55: ZtfA is involved in sterigmatocystin biosynthesis regulation in A. nidulans...... 121

FIGURE 56: ZtfA regulates gene expression in response to hydrogen peroxide in A. nidulans.

................................................................................................................................................ 124
FIGURE 57: Regulatory roles of RCOA-ZtfA upon target genes. ........ccooeverenereneneeieeneenen, 127
FIGURE 58: ZtfA regulates surface adhesion in A. fumigatus...........ccoccvvvenienieiinneniesieneen, 130

165



List of tables

List of tables

TABLE 1: E. coli strains used in this StUY..........ccoeiieiiiie e 28
TABLE 2: Fungal strains used in this StUY.........ccoeiiiiiiie e 29
TABLE 3: qRT-PCR program used in this StUAY. .........cccoeiiiiiiiiiiniceee e 34
TABLE 4: Primers for gRT-PCR used in this StUdY. ........ccccoveiiiiiiieiece e 34
TABLE 5: Plasmid constructed and used in this StUY. .........ccccoveviiieiicie e 37
TABLE 6: Oligonucleotides used for sequence amplification and plasmid construction.......... 38

TABLE 7: Selection of proteins identified in GFP pull-downs with ZtfA, followed by LC-

IMISIMIS . ettt R e bbbttt R Rt R e Rt r e bRt n ettt ne e 93
TABLE 8: Proteins identified in at least two out of three biological repetitions, but below

threshold in GFP pull-downs With ZtFA. ..o, 94
TABLE 9: Comprehensive list of proteins identified in GFP-trap pull-downs with sGFP-tagged
ZtfA (SGFP-ZtfA and ZtfA-SGFP) as bait. .........ccviveiiii e, 95
TABLE 10: Comprehensive overview of C6 architectures present in A. nidulans.................. 109

166



Acknowledgements

Acknowledgements

First and foremost, |1 would like to thank Prof. Dr. Gerhard Braus for his constant support and
many fruitful and inspiring discussions during my time as a PhD student in his department. |
am very grateful for his excellent supervision and the huge amount of time and expertise he

invested into me and my work.

| also want to thank Prof. Dr. Ralf Ficner and Prof. Dr. Rolf Daniel for being members of my

thesis committee and their helpful discussions and suggestions during our meetings.

| thank Prof. Dr. Stefanie Pdggeler, Jun. Prof. Dr. Kai Heimel and PD Dr. Michael Hoppert

for beeing members of my examination board.

| owe gratitude to Prof. Dr. Arthur Ram from the University Leiden for kindly sharing

information about the scl-2 mutant in A. niger.

I am gratefull to conduct my PhD studies as a member of the doctoral program “Microbiology
and Biochemistry” of the Gottingen Graduate School for Neuroscience, Biophysics and
Molecular Biosciences (GGNB). My time as member of the GGNB was a great opportunity
for scientific learning and exchanging with other researchers. | am also very thankful to
GGNB for financial support during the last period of my PhD studies.

A great thank you goes to Dr. Jennifer Gerke and Dr. Christoph Sasse. Our many meetings
and discussions, their constant help and ideas regarding my work are deeply appreciated. |

also want to thank them for their encouragement, as well as for proof reading of my thesis.

| want to thank Dr. Oliver Valerius and Dr. Kerstin Schmitt for doing the LC-MS/MS
measurements and for taking the time to discuss the results with me. Also thank you for

reading and correcting the LC-MS/MS part of the material and methods section in this work!

| want to thank all former and current members of my lab 1.102 and of the Department of
Molecular Microbiology and Genetics for the nice working atmosphere. | really enjoyed the
time doing my PhD studies with all of you. In particular | thank Verena Grosse for technical
support and Dr. Bastian Johnk for proof reding my thesis. | also want to thank Anja
Abelmann, Fruzsina Bakti, Anna Kohler and Cindy Meister for proof reading my thesis and
for all the fun we had in the lab as well as during our free time. | am deeply grateful for our

close friendship. I also want to thank Martin for being a very good friend in the lab as well as

167



Acknowledgements

during our free time. Furthermore, | want thank Alex®. | am really happy to have the two of

you as friends.

Besides of my friends with whom | am privileged to work with, I also want to thank my close
friends from outside of the lab for all their support: Michael and Ulla, Jan and Michelle and
Bernard and Natalie. We started our studies together in 2007 and we end (more or less)
together. Doing all these steps with you was great and 1 am looking forward to see the last of
us climb the Génseliesel! | want to thank the Ch/Kristians for their friendship and | am
thankful for my “Bremen crew” Valentin, Gerrit and Nils. No matter how many kilometres

are between us, | can always count on you.

Last but certainly not least, | want to deeply thank my family, especially my parents and my
brother Hans. Without your love and your constant support, this would never have been
possible. Finally, all my love goes to my colleague, my friend and my wife, Sabine. Thank

you for everything!

168



Curriculum vitae

Curriculum vitae

Personal details:
Karl G. Thieme
born on July 22™, 1986

in Jena, Germany

Higher education and academic qualification

04/2013 — 2017

10/2010 — 03/2013

10/2007 — 09/2010

Scientific teaching
08/2014 — 12/2014

04/2014 — 06/2014

169

PhD student in the doctoral program “Microbiology and Biochemistry”
of the Gottingen Graduate School of Neurosciences, Biophysics and
Molecular Biosciences (GGNB) at the Georg-August-Universitat
Gottingen, Germany.

PhD thesis at the Institute for Microbiology and Genetics, Department
of Molecular Microbiology and Genetics (Prof. Dr. Gerhard Braus).
Title: “The Zinc cluster transcription factor ZtfA is an activator of
asexual development and secondary metabolism and regulates the
oxidative stress response in the filamentous fungus Aspergillus
nidulans”

Master of Science in Microbiology at the Institute for Chemistry and
Biology of the Marine Environment (ICBM) of the Carl von Ossietzky
Universitat Oldenburg, Germany.

Master thesis in the Department of Molecular Infection Biology (Prof.
Dr. Petra Dersch) at the Helmholtz Centre for Infection Research
Braunschweig, Germany. Title: “The global regulator CsrA and its
role in virulence gene expression in Yersinia pseudotuberculosis”

Bachelor of Science in Biology at the Georg-August-Universitat
Gottingen, Germany.

Bachelor thesis in the Department of Molecular Cell Differentiation
(Prof. Dr. Ahmed Mansouri) at the Max Planck Institute for
Biophysical Chemistry Gottingen, Germany. Title: “Die Rolle des
Transkriptionsfaktors Pax4 in der Spezifizierung pankreatischer
endokriner Zelllinien in der Maus”

Supervision of the bachelor thesis: “The regulatory function of VelC in
Aspergillus nidulans” of Anne Thiele
Supervision of a laboratory internship



Curriculum vitae

Further scientific experiences

10/2012 - 01/2013

01/2011 - 12/2011

08/2011 — 09/2011

School education
2006 - 2007

1997 — 2006

1993 - 1997

Scientific assistant at the ICBM of the Carl von Ossietzky Universitat
Oldenburg, Germany.

Scope of duty: Processing and spectroscopic measurements of
biogeochemical sediment samples

Student assistant at the Max Planck Institute for Marine Microbiology
Bremen, Germany.

Scope of duty: Processing and mass spectrometry of biogeochemical
sediment samples

Scientific assistant at the ICBM of the Carl von Ossietzky Universitat
Oldenburg, Germany.
Scope of duty: Supervision of scientific exhibitions

Civil service in the operating unit of the Klinikum Bremen Mitte,
Germany (hospital)

Secondary school and attainment of the university-entrance diploma
(Abitur) at the Altes Gymnasium zu Bremen, Germany.

Elementary school at the Grundschule an der Philipp-Reis-Strale
Bremen, Germany.

170



	Summary
	Zusammenfassung
	1. Introduction
	1.1 Aspergillus nidulans – a genetic model for filamentous fungi
	1.2 The velvet regulators
	1.3 Secondary metabolism
	1.4 Vegetative polar growth in A. nidulans
	1.5 Asexual development
	1.5.1 The conidiophore
	1.5.2 Upstream developmental activators induce conidiation after de-repression of brlA occurred
	1.5.3 The central developmental pathway leads to conidiophore formation

	1.6 Sexual development
	1.7 Oxidative stress defense: survival mechanism in fungi
	1.7.1 Enzymatic response to oxidative stress
	1.7.2 Thioredoxin and glutathione system
	1.7.3 Transcription factors involved in the oxidative stress response

	1.8 Zinc cluster proteins: a fungal specific type of transcription factors
	1.9 Aspergillus fumigatus – a pathogenic mold
	1.9.1 A. fumigatus as soil borne fungus with pathogenic potential
	1.9.2 Developmental programs of A. fumigatus
	1.9.3 The central developmental pathway is conserved in A. fumigatus
	1.9.4 Differences of upstream developmental activator functions between A. nidulans and A. fumigatus
	1.9.5 Velvet factor control of secondary metabolism and development

	1.10 Aim of this study

	2. Materials and methods
	2.1 Chemicals and materials
	2.2 Media and growth conditions
	2.2.1 Bacterial growth
	2.2.2 Fungal growth

	2.3 Morphological methods: conidiospore and cleistothecia quantification
	2.4 Nucleic acid methods
	2.4.1 Isolation and purification of fungal genomic DNA
	2.4.2 Isolation and purification of fungal RNA
	2.4.3 Isolation and purification of plasmid-DNA and linearized DNA fragments
	2.4.4 Polymerase chain reaction (PCR)
	2.4.5 Agarose gel electrophoresis
	2.4.6 Quantitative real-time polymerase chain reaction

	2.5 Plasmid construction for genetic manipulation of fungi
	2.5.1 Cloning strategies
	2.5.2 Primer and plasmid design
	2.5.3 Recyclable marker cassettes as selection markers
	2.5.4 Sequencing of plasmids
	2.5.5 Plasmid and strain construction of A. nidulans mutant strains
	2.5.5.1  Construction of the ΔztfA cassette and ΔztfA strain in A. nidulans
	2.5.5.2 Construction of plasmid pME4578 and ztfA OE strain in A. nidulans
	2.5.5.3 Plasmid and strain construction of GFP-fusions of ZtfA in A. nidulans
	2.5.5.4  ztfA complementation in A. nidulans
	2.5.5.5  Construction of plasmid and strain: ztfAS327A,T464A,S504-506A in A. nidulans
	2.5.5.6 Construction of plasmids and strains: ΔfluG, fluG OE and the fluG/ztfA double mutants in A. nidulans
	2.5.5.7 Construction of plasmids and strains: ΔaflR, aflR OE and the aflR/ztfA double mutants in A. nidulans
	2.5.5.8 Construction of plasmids and strains: ΔabaA and the abaA/ztfA double mutants in A. nidulans
	2.5.5.9 Construction of plasmids and strains: ΔbrlA and the brlA/ztfA double mutants in A. nidulans
	2.5.5.10 Construction of plasmids and strains: ΔflbB and the flbB/ztfA double mutants in A. nidulans
	2.5.5.11 Construction of plasmids and strains: ΔflbC and the flbC/ztfA double mutants in A. nidulans
	2.5.5.12 Construction of plasmids and strains: ΔflbD and the flbD/ztfA double mutants in A. nidulans
	2.5.5.13 Construction of plasmids and strains: ΔflbE and the flbE/ztfA double mutants in A. nidulans
	2.5.5.14 BiFC plasmid and strain construction for interaction studies of ZtfA with RcoA in A. nidulans
	2.5.5.15 Construction of plasmids and strains for velvet/ztfA double mutant strains of A. nidulans
	2.5.5.16 Plasmid for ΔztfA and strain construction in A. fumigatus


	2.6 Genetic manipulation of microorganisms
	2.6.1 Transformation of fungi
	2.6.2 Transformation of bacteria

	2.7 Southern hybridization
	2.8 Secondary metabolite extraction
	2.8.1 Sterigmatocystin isolation
	2.8.2 Thin layer chromatography
	2.8.3 Secondary metabolite isolation for HPLC measurements
	2.8.4 Secondary metabolite analysis by high-performance liquid chromatography (HPLC) coupled with a UV diode array detector (UV-DAD)

	2.9 Protein methods
	2.9.1 Protein isolation
	2.9.2 SDS-PAGE and western hybridization
	2.9.3 GFP-trap pull-downs
	2.9.4 Bioinformatic analyses of protein features

	2.10 Identification of proteins from GFP pull-downs with mass spectrometry
	2.10.1 Tryptic protein digestion
	2.10.2 C18 StageTip purification of trypsin-digested samples
	2.10.3 LC-MS/MS identification of proteins and protein phosphorylation

	2.11 Spore viability assay
	2.12 Trehalose assay
	2.13 Electrophoretic mobility shift assay (EMSA)
	2.14 Microscopy
	2.15 Isolation of polysaccharides of A. fumigatus
	2.16 Fungal stress tests
	2.17 A. fumigatus infection assay with Galleria mellonella larvae

	3. Results
	3.1 AN0585/ztfA encodes the putative Zinc cluster transcription factor ZtfA
	3.1.1 The AN0585 gene product is a Zn(II)2Cys6 fungal transcription factor
	3.1.2 The C6 domain architecture of ZtfA is found in 5.7% of all A. nidulans C6 proteins

	3.2 ZtfA is necessary for conidiation of A. nidulans
	3.3 The velvet protein VosA is a repressor of ztfA gene expression
	3.3.1 VosA is a negative regulator of ztfA
	3.3.2 ztfA is epistatic towards vosA
	3.3.3 ZtfA is necessary for spore viability

	3.4 ZtfA activates the conidiation pathway
	3.4.1 ztfA overexpression results in conidiophore formation during vegetative growth
	3.4.2 ZtfA functions downstream of the conidiation-pathway activator FluG
	3.4.3 ZtfA regulates upstream activators of conidiation
	3.4.4 ZtfA is an activator of brlA gene expression
	3.4.5 ZtfA regulates conidiation independently of developmental repressors

	3.5 ZtfA supports expression of several secondary metabolite genes
	3.5.1 ZtfA regulates gene expression of aflR and sterigmatocystin biosynthesis
	3.5.2 ZtfA is a positive regulator of austinol cluster genes and is required for austinol and dehydroaustinol biosynthesis
	3.5.3 ZtfA activates expression of emericellamide and orsellinic acid cluster genes

	3.6 ZtfA is involved in the regulation of an appropriate oxidative stress response in A. nidulans
	3.6.1 ZtfA reduces the cellular response to hydrogen peroxide induced stress
	3.6.2 ZtfA regulates redox systems in A. nidulans
	3.6.3 ZtfA activates catA gene expression for catalase A in response to H2O2
	3.6.4 ZtfA regulates gene expression for transcription factors during oxidative stress

	3.7 ZtfA forms protein-complexes in nuclei
	3.7.1 ZtfA is localized in the nucleus
	3.7.2 ZtfA is phosphorylated at S327, T464 and S506, respectively
	3.7.3 ZtfA pulls down several proteins in GFP-trap experiments
	3.7.4 ZtfA interacts with the repressor RcoA in hyphal nuclei in vivo

	3.8 ZtfA ortholog of A. fumigatus
	3.8.1 ztfA encodes a C6 transcription factor in A. fumigatus
	3.8.2 ZtfA is involved in regulation of brlA expression in A. fumigatus
	3.8.3 ZtfA regulates polysaccharide production and biofilm formation in A. fumigatus
	3.8.4 ZtfA is involved in H2O2 and cell wall stress response in A. fumigatus
	3.8.5 ZtfA is dispensable for virulence in Galleria mellonella


	4 Discussion
	4.1 ZtfA is a regulator of conidiation and secondary metabolism in A. nidulans
	4.1.1 The C6 domain of ZtfA is highly conserved in Aspergilli
	4.1.2 C6 proteins and their role in A. nidulans

	4.2 ZtfA is a repression target of VosA and acts as a conidiation regulator in A. nidulans
	4.2.1 The upstream developmental activator pathway is regulated by ZtfA
	4.2.2 ZtfA activates brlA expression in A. nidulans
	4.2.3 ZtfA and VosA function in achievement of developmental competence and spore maturation in A. nidulans

	4.3 Phosphorylation might represent an activity control of ZtfA
	4.4 Orthologs of ZtfA have regulatory roles in developmental programs in Aspergilli
	4.5 ZtfA interconnects asexual development and secondary metabolism in A. nidulans
	4.5.1 ZtfA is an activator of secondary metabolism
	4.5.2 Activation of conidiation is independent of ZtfA-mediated secondary metabolite regulation
	4.5.3 Sterigmatocystin production is regulated by ZtfA
	4.5.4 Transcription factors with regulatory roles in secondary metabolism and oxidative stress response are regulated by ZtfA

	4.6 ZtfA is involved in the oxidative stress response of A. nidulans and A. fumigatus
	4.6.1 ZtfA is an inhibitor of the oxidative stress response
	4.6.2 ZtfA activates the thioredoxin system during H2O2 stress in A. nidulans
	4.6.3 ZtfA is important for catalase gene upregulation in response to H2O2 in A. nidulans

	4.7 ZtfA is localized in nuclei of germlings, hyphae and conidiophores and interacts with RcoA in A. nidulans
	4.7.1 Nuclear localization of ZtfA is important for A. nidulans
	4.7.2 The RcoA-ZtfA complex might function in secondary metabolism and development

	4.8 ZtfA regulates adhesion in A. fumigatus
	4.8.1 Functional conversion of transcription factors between A. nidulans and A. fumigatus
	4.8.2 ZtfA is involved in the regulation of polysaccharide production, gene expression of adhesion factors and the response to cell wall stress in A. fumigatus

	4.9 Conclusion and outlook

	Literature
	List of abbreviations
	Table of figures
	List of tables
	Acknowledgements
	Curriculum vitae

