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Summary

Fungi has ability to produce a wide range of natural products called secondary metabolites.

The production of these metabolites is tightly related with fungal development. SM production

and development were shown to be affected by environmental factors such as light, pH and

CO> level. Many of studies reported that regulation of these two processes is carried out by

regulatory heteromeric protein complexes. SM production has been also shown to be associated

with post-translational modifications in A.nidulans. Recently reported histone demethylase

KdmA effects development and SM mechanisms in A. nidulans. This research study

demonstrates molecular role ofKdmA as well as its interacting proteins inA.nidulans and plant

pathogen A.jlavus. Comparative affinity purification coupled-MS analysis of KdmA showed

that it phiscally interacts with four proteins MemA, EcmB, RstB, CclA and lead to form a

complex(MERCK). Complex formation was also confirmed by performing MS-based analysis

of other members by using different tags TAP, GFP, HA and MYC inA.nidulans andA.jlavus.

Morphology analysis revealed that deletion of cclA and ecmB cause significant decrease on

sexual and asexual growth structures production as well as colony size in A. nidulans and

A.jlavus. Individual single and double deletion mutants of complex members exhibited

significant alterations on production of secondary metabolites in both organisms. In addition,

subcellular localization of complex members was investigated by using laser confocal

microscopy and they were found to be localized in the nucleus. MS-based analysis showed no

physical interaction between complex members in the absence of KdmA in A. nidulans.

Genome-wide binding analysis (ChIP-seq) of complex members indicated common targets on

the genome in A. nidulans supporting the effects on development and SM production and

complex formation analysis data. Further active gene expression analysis (RNA pol II ChIP­

seq) of complex members presented downregulation of SM and fungal development related

genes in A. nidulans particularly repressor role of CclA on SM. It was also found that KdmA

and CclA play a critical role on PTMs. H3K4me3, H3K9me3 and H3K36me3 mark signals

significantly influenced in the absence of cclA in A. nidulans. Overall, this study highlights

molecular function of MERCK complex by facilitating molecular genetics and biochemical

approaches.
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Chapter 1

Introduction
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1.1 Control of gene expression

The gene expression term is used to describe the producing of different gene products

in order to attain desired cell functions. Although the majority of these gene products are

proteins, there are also some genes encoding non-coding RNAs which have crucial roles. The

gene expression is carried through the processes of transcription, post-transcriptional

modifications (RNA splicing), translation and post-translational modifications. It starts by

transcription ofDNA fragments into primary RNA molecules and followed by RNA splicing

to generate messenger RNA (mRNA). Once the mRNA is produced, it is transported to the

cytoplasm where it is translated into targeted polypeptide chains. These crucial processes are

regulated through different checkpoints within the cell (Figure 1.1). In both prokaryotes and

eukaryotes, housekeeping genes are constitutively expressed under all growth conditions.

However, in prokaryotes, many other genes are expressed in response to their environment. In

prokaryotes, induction of transcription often occurs in response to stimuli such as autoinducer

chemical molecules, light, temperature and substrates, however, this process occurs less often

in eukaryotes (Vilar et al., 2003; Klug et al., 2006).

Additionally, in eukaryotes, the regulation of gene expression is required to maintain

homeostasis in the cells. DNA methylation has critical roles for the regulation of gene

expression in both prokaryotes and eukaryotes. Cytosine and adenine bases of DNA can be

methylated by DNA methytransferases. The methylation of DNA is generally related to the

silencing of transcription (Kako et al., 2018).

The chromatin structure of eukaryotic DNA is associated with the regulation of

transcription. Acetylation, ubiquitination, phosphorylation, SUMOylation and methylation of

histone proteins are major post-translational modifications (PTMs) that play crucial roles in

both activating and repressing gene expression (Gillette and Hill, 2015). DNA methylation and

PTMs of histone proteins will be discussed further in [Chapter 1.2].

Transcription factors (TFs) are proteins, which have one or more DNA-binding

domains (DBD), and they are necessary for the regulation of gene expression. (Zhang et al.,

2017). Binding to a specific DNA sequence, TFs can either activate or repress gene

transcription. TFs can be classified as general or specific transcription factors. General

transcription factors interact with the promoter regions of all genes, which are transcribed by

2



RNA polymerase II, while specific TFs allow the individual genes to be active or silent

specifically (Sperling, 2007).

In eukaryotes, several modifications are required to produce functional mRNA,

including 5' capping, splicing and polyadenylation. The 5' terminus of mRNA acquires a 7-

methylguanylate-cap structure, which is critical for mRNA stability and translation. Cap­

binding protein complex (CBC) binds to capped mRNA and regulates the nuclear export of

mRNA. The eukaryotic genome is comprised ofmany non-coding sequences known as introns.

RNA splicing is a modification that removes introns from precursor mRNA (pre-mRNA) to

form mature mRNA. The spliceosome is a small nuclear ribonucleo protein (snRNPs) complex

and splicing reactions are generally catalyzed by this enzyme. Addition of a poly(A) tail at the

3' end ofmRNA is recognized as polyadenylation, which is also crucial for stability, nuclear

export and translation ofmRNA (Sperling, 2007; Lackner and Bahler, 2008).

SIGNAL CYTOPLASM\ ~-~ - ----------------------------------------- ..NUCLEUS"I I• Chromatin
• 'el;Ve *• 'e .

a M, 2. ' ..-z et
v s ea.sod

/4
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active protein ···- ......
%
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9..
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degredation
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mww f
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,mnwAnnuawus/\\wt ta,
'.. .. , .. . . .. _. _. _. _ !~~~~~,lat, n mRNA in cytosol

Figure 1.1 Main eukaryotic gene expression control levels. 1. Genome level includes

amplification of DNA segments, chromatin condensation, DNA methylation, histone

modifications. 2. Transcription ofprimary RNA transcript. Mainly controlled by transcription

factors. 3. RNA processing (RNA splicing) and nuclear exportation to cytoplasm occur in this

level. 4. Translational level. Polypeptide synthesis and mRNA degradation take place.

Translation is controlled by translation initiation factors and repressors including microRNAs.

5. Posttranslational level. This level includes the control of protein folding and assembly,
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possible polypeptide cleavages, modifications and transportation to organells. Adapted from

Pearson Education Inc.

1.2 Post-translational modifications (PTMs)

Post-Translational Modifications (PTMs) are a regulatory mechanism of the cell that

play critical roles in growth, development and reproduction. PTMs generally correspond with

the attachment ofa covalent group to amino acid residues in a protein, consequently modifying

the protein's activity, function or localization and this modification is mostly reversible

(Hochstrasser, 2009; Prabakaran et al., 2012). Over 200 kinds ofPTMs are identified to modify

eukaryotic proteins. Several examples for prevalent modifications are phosphorylation,

glycosylation, ubiquitination, SUMOylation, acetylation, methylation, disulfide bridge

formation and lipidation that have enormous effects on numerous cellular processes, including

the expression of genes and protein-protein interactions (Karve and Cheema, 2011; Duan and

Walther, 2015). More than one kind of PTM can modify a protein at one time as well as a

single kind ofPTM can modify a protein at multiple different residues. Multiple combinations

give rise to a wide variety for proteins. Methylation of proteins is one of the most important

PTMs, which has an essential role for expression ofgenes. Methylation is required for various

biochemical processes and furthermore it also act as a direct regulator for control of gene

expression in eukaryotes due to its effect on histone proteins and chromatin conformation states

(Deribe et al., 2010; Yang and Bedford, 2013).

Methylation is characterized by the transfer of a methyl (-CH3) group on the target

biomolecules via a covalent bond. In other words, methylation is an alkylation process, which

serves to replace a hydrogen with a methyl group. Catalytic enzymes, named

methyltransferases mediate the methylation reactions in cells. Methyltransferases methylate a

variety of substrates such as proteins, DNA, RNA (mRNA, rRNA, tRNA, miRNA), lipids,

carbohydrates, small organic molecules and heavy metals. The S-adenosyl-L-methionine

(SAM), also named AdoMet, is generally a cofactor for methylation and is synthesized from

ATP and amino acid L-methionine. (Smith and March, 2001; Struck et al., 2012; Kako et al.,

2018). Chemically reactive SAM, as a methyl donor, is formed by bonding a methyl group to

the sulphur atom of methionine. Methylation is one of the most prevalent PTMs in proteins.

These modifications influence gene expression levels (phenotype), which is generally called

epigenetics, but do not cause any change in the information encoded by DNA (Karve and

Cheema, 2011; Sen and Keung 2018).
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Methylation of DNA takes place in both prokaryotes and eukaryotes. Particularly,

Cytosine-phosphate-Guanine (CpG) dinucleotide is methylated, which cause the 5-

methylcytosine (5-mC) form. In prokaryotes, as well as cytosine, adenine residues are also

methylated and this is required for postreplication repair mechanisms. In many prokaryotes,

methylation of DNA acts as a part of the restriction modification system. Additionally, Dam

adenine methyltransferase methylates the prokaryotic DNA at the adenine of a GATC motif.

Methylation protects the host DNA from sequence specific restriction enzymes, which digest

the foreign unmethylated DNA such as viral DNA (Low and Casadesus 2008; Brocato and

Casto 2013). Methylation of DNA has been widely investigated in numerous eukaryotes

including vertebrates, invertebrates, plants and fungi; furthermore, it is prevalent in plants and

mammals while restricted in insects and fungi. For instance, Aspergillus nidulans,

Schizosaccharomyces pombe and Saccharomyces cerevisiae have almost completely lost the

capability of DNA methylation, however, Neurospora crassa has the DNA methylation

capability (Selker et al., 2003; Lee et al., 2008; Kako et al., 2018).

Methylation is a significant modification of DNA and plays a critical role in many

processes such as cancer, regulation of gene expression, inactivation of X-chromosomes and

repression of retroviral repetitive elements. In mammals, 60-80% of CpG dinucleotides are

methylated. The unmethylated CpG sequences are often clustered and are named CpG islands

(CGis) that are generally found in the promoters ofmany genes including tissue-specific and

housekeeping genes. In the promoters of tumor supressor genes, spontaneously

hypermethylated CGIs lead to silencing ofthese genes which eventually triggers cancer growth

(Brocato and Costa 2013; Smith and Meissner, 2013; Kako et al., 2018).

1.3 Eukaryotic chromatin

In the nuclei of eukaryotic organisms, chromosomes are tightly packed together with

histone and nonhistone proteins to form the complex called chromatin (Figure 1.2). It has been

recorded that eukaryotic genomes contain five major histone groups; H2A, H2B, H3, H4,

which form the histone core and H1/H5 which has a linker role between the cores. Each two

copies of four histone types form the octamers. Around 147 base pairs (bp) of negatively

charged DNA is wrapped around octamers containing the histone core roughly 1.65 times by

positively charged side chains of histones (usually on lysine and arginine residues) (Luger et

al., 1997; Struhl and Segal, 2013; Lieleg et al., 2015). This basic unit ofpacked DNA is known

as the nucleosome, which represents the beads on a string ( 10 nm fiber) shape of chromatin.

5



Nucleosomes are connected to each other by a short segment of linker DNA. Binding of the

histone H1 between the nucleosomes helps the establishment of helical chromatin structure.

This binding equilibrates the interaction of DNA with the histone cores (Felsenfeld and

Groudine 2003; Robinson et al., 2006). Furthermore, condensed structure of these fibers are

called metaphase chromosomes. As well as the role ofpackaging DNA in a very small volume

of nucleus, chromatin also protects the DNA from damage (Chi et al., 2010). Moreover,

chromatin plays a crucial role in the replication of DNA and the expression of genes. In the

nucleus, chromatin is divided into two forms: lightly packaged "euchromatin", which is highly

active in gene transcription and more tightly packaged "heterochromatin", which is less active

in gene transcription. During the S-phase of the cell cyle, heterochromatin slowly replicates.

Under a microscope, heterochromatin regions appear darker than euchromatin regions.

Heterochromatin can be partitioned into two categories, constitutive and facultative

heterochromatin. Constantly packed, constitutive heterochromatin exists in all phases of the

cell cycle and covers the genomes repetitive elements including telomeres, centromeres and

transposable elements and it ensures genome stability. By contrast, more flexible facultative

heterochromatin is cell cycle phase-specific and can be transformed into euchromatin.

Hence, depending on the cell cycle phase and environmental signals, genes in the

facultative heterochromatin can be activated or silenced. Histone post-translational

modifications (PTMs) control the interconversion of the facultative heterochromatin and

euchromatin. These versions of post-translational modifications on histone proteins known as

histone codes. (Grewal and Elgin, 2007; Saksouk et al., 2015; Becker et al., 2017).
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1.4 PTMs of histone proteins

N-terminal tails of histone proteins are subjected to many post-translational

modifications, which control the silencing or expression of genes. The role of some histone

PTMs are described, but many of them are still unknown (Chi et al., 2010; Gacek-Matthews et

al., 2015). The language ofhistone PTMs is very complex and is shaped by writer, eraser and

reader enzymes. While writer enzymes add PTMs to histones, erasers remove specific PTMs

from histones. Furthermore, reader enzymes recognize the PTM marks on histones (Fischle,

2012; Gillette and Hill, 2015). Five major PTMs of histones are acetylation, ubiquitination,

phosphorylation, SUMOylation and methylation.

Acetylation is a very broadly studied PTM and is recognized as the addition ofan acetyl

group to the N-terminal tail ofhistones or to lysine residues. The acetylation ofhistone proteins

is required for many processes; including silencing ofheterochromatin, nucleosome assembly,

condensation and folding of chromatin and gene expression, which is generally induced by

acetylation. Histone acetylation and deacetylation are catalyzed by histone acetyltransferases

(HATs) and histone deacetylases (HDACs). Acetylation positively regulates gene expression

by decreasing the positive charge on lysine residues and consequently lessens the affinity

between the histones and DNA (Shahbazian and Grunstein, 2007; Gillette and Hill, 2015).

Ubiquitination is one of the less well-understood PTM processes, characterized by the

attachment of an 8.5kD ubiquitin protein to lysine residues. Ubiquitination and

deubiquitination of histones are catalyzed by histone ubiquitin ligases and deubiquitinating

enzymes, respectively. Histone ubiquitination is involved in diverse and essential cellular

processes including DNA repair signaling, activation and regulation of gene expression (Cao

and Yan, 2012; Alhamwe et al., 2018).

Phosphorylation of histones is characterized by the attachment of phosphate groups to

serine, threonine and tyrosine residues. Phosphorylation and dephosphorylation ofhistones are

controlled by kinases and phosphatases, respectively. Histone phosphorylation has important

roles in the regulation of transcription, chromatin compaction during cell division, apoptosis

and DNA repair mechanism (Rossetto et al., 2012).
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Histone SUMOylation occurs at lysine residues via the attachment of the small

ubiquitin-like modifier (SUMO) protein (10-kDa). SUMOylation of histones is a reversible

modification that has roles in the DNA repair process and transcription. For example,

SUMOylation of H4 results in the repression of transcription via recruiting HDAC, which

removes acetyl groups. SUMOylation ofH4, H2A and H2B in Saccharomyces cerevisiae leads

to silencing of the transcription (Shiio and Eisenman, 2003; Nathan et al., 2006; Harting et al.,

2013).

Acetylation and methylation are the most commonly studied histone PTMs, hence

methylation will be discussed in detail (Bhaumik et al., 2007). Methylation ofhistone proteins

can take place on arginine, lysine and histidine residues. Lysine residues can be subjected to

mono (mel), di (me2), or tri (me3) methylation and arginine residues can be subjected to mono

or di methylation, however it has been reported that histidine residues can also be mono­

methylated but this methylation is rare and it has not been well characterized. Dimethylation

of arginine residues can be either symmetric or asymmetric (Greer and Shi, 2012). Methylation

of histone proteins was thought to be an irreversible modification, however, the discovery of

histone demethylases (HDMTs) has shown the reversibility of this modification (Shi et al.,

2004; Klose et al., 2006). Regulation of histone methylation and demethylation are catalyzed

by the histone methyl transferases (HMTs) and histone demethylases (HDMTs), respectively.

However, any arginine residue catalyzed by HDMTs has not been reported. HMTs are usually

divided into two groups: arginine N-methyltransferases and lysine N-methyltransferases. S­

adenosylmethionine (SAM or AdoMet) is used as a cofactor by both HMTs. Methylation of

histones is related to either repression or activation of gene expression. The position of the

methylation and number ofthe transfered methyl groups both influence the functions ofhistone

methylation (Araki and Mimura, 2017). There are several kinds of HDMs that specifically

catalyze demethylation of lysine residues; the KDMl/LSD family, which contain the flavin

adenine dinucleotide (FAD) dependent amine oxidases, KDM2-6 family (Jumonji C domain­

containing HDM) and others (Labbe et al., 2014, Araki and Mimura, 2017). Histone H3 and

H4 proteins have the most widely studied methylation sites, but histone Hl, H2A and H2B also

have methylation sites (Greer and Shi, 2012).

Methylation of histone H3 at lysine 4 (H3K4), lysine 36 (H3K36) and lysine 79

(H3K79) is generally linked with active gene transcription. There are two kinds ofHMTs that

specifically catalyze lysine residues; one of them is Su(var)3-9, Enhancer of Zeste, Trithorax
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(SET) domain HMT, which was identified in Drosophila melanogaster, and the other is non­

SET domain HMT (Freitag, 2017). Mono-, di- and trimethylations of H3K4 (H3K4mel,

H3K4me2, and H3K4me3) positively regulate transcription and H3K36me3 methylation takes

place the active gene expression as well as these modifications are catalyzed by the SET

domain HMTs. Moreover, H3K79me3 methylation is involved in active gene expression in

yeast and is methylated by the non-SET domain HMTs. SETI proteins create a complex named

COMPASS (Complex of Proteins Associated with Setl ), which catalyze H3K4 methylation

and are conserved from yeast to human. On the other hand, SET2 HMT controls H3K36me3

methylation. Additionally, the KDM2 family, KDM4 family and NO66 HDMs demethylate

the H3K36. H3K79 is methylated by the Non-SET domain Dotl as well as demethylation of

H3K79 is mediated by PHF8 (Strahl et al., 2002; Gu and Lee, 2013; Araki and Mimura, 2017).

H3K9 m2 and H3K9 m3 methylations play important roles in the formation of

constitutively silent heterochromatin while the level of H3K9 ml is found to be increased in

active promoters. Heterochromatin protein 1 (Swi6 in S. pombe, HepA in A. nidulans, HP1 in

human) attaches to H3K9 m3 and accumulates in this mark, eventually resulting in silencing

of the transcription (Barski et al., 2007; Reyes-Dominguez et al., 2010). H3K27 methylation

is related to repression oftranscription and controlled by PRC2 (polycomb repressive complex

2). Like H3K9, H3K27 m2 and H3K27 m3 levels are found to be increased in silenced

promoters while H3K27 ml levels are found to be elevated in active genes (Jiao and Liu, 2015;

Araki and Mimura, 2017). Trimethylation of H4K20 is detected in heterochromatin and

catalyzed by several SET domain HMTs (Freitag, 2017).
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1.5 Fungal Kingdom

The fungal kingdom is thought to be one of the biggest kingdoms of organisms, with

estimates of roughly 1.5 to 5 million species existing in nature (Kawaguchi et al., 2013).

However, only about 100,000 have been described in detail. The fungi descended from a

common ancestor with animals about a billion years ago, more than other groups of eukaryotes

(Heitman, 2011 ). Mushrooms, yeasts, molds, polypores and important model organisms like

Penicillium chrysogenum, Neurospora crassa, Saccharomyces cerevisiae and Aspergillus

nidulans are members of the fungal kingdom (Blackwell, 2011 ).

The cell wall of fungal species consists of glycoproteins and polysaccharides, mainly

glucan and chitin and it is unique to fungi. Other minor components ofthe cell wall differ from

other species. The presence of a cell wall serves to protect fungi from environmental stresses

and serves as a signalling centre. Many biosynthetic pathways and hundreds of gene products

are involved in the formation and reshaping of the cell wall (Bowman, 2006).

1.6 Fungi as friends and foes of mankind

Many known fungal species perform essential roles in health, industrial biotechnology

and research. In this regard, specific species of fungi are used to make sake, soy sauce and

other traditional Asian foods via fermentation processes. They are also utilised for enzyme

production including; amylase, lipases, proteases (Aspergillus oryzae); ethanol production (S.

cerevisiae); citric acid production (Aspergillus niger); cheese ripening (penicillium

camemberti, penicillium roqueforti) and production of cholesterol reducing drugs such as

lovastatin (Aspergillus terreus) (Rank et al., 2012; Nasir et al., 2017; Vandenberghe et al.,

2000; Lessard et al., 2014; Ropars et al., 2017). Despite numerous advantagous species, some

fungi are pathogenic to plants, humans and other vertebrates (Ries et al., 2017; Satterlee et al.,

2016). It is estimated that around 1.5 to 2 million human beings die of a fungal infection every

year. Aspergillus, Candida, Cryptococcus and Pneumocystis generas are some of the highest

causes ofmortality ofreported infection cases (Denning and Bromley, 2015). Among the range

of these fungi, Aspergillus fumigatus is the most common life-threatening infectious species,

with mortality rates of up to 90% in infected individuals (Jóhnk et al., 2016). Fungi is also

infamous for the infection ofmany plants. A. flavus, which is widely present on foodstuffs and
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important crops, is a serious threat to both human and animal health due to the production of

the carcinogenic mycotoxin, aflatoxin. Along with A. flavus, A. parasiticus also contaminates

agricultural crops and produces aflatoxin. Contamination of crops with these fungi has caused

enormous food shortages and agricultural economic losses all over the world (Amaike and

Keller, 2011; Liang et al., 2017).

1.7 Aspergillus nidulans as a eukaryotic model system

The obligate aerobe Aspergilli are members of filamentous ascomycetes. Aspergillus

species are not selective to abiotic conditions and are among the most omnipresent fungi all

over the world (Krijgsheld et al., 2013). A. nidulans (Emericella nidulans) was introduced to

science in 1953 (Pontecorvo et al., 1953). A. nidulans can undergo three different methods of

reproduction; vegetative, asexual and sexual and it is established as a model organism for

genetics and cell biology (Todd et al., 2007). A. nidulans has a 31 Mb genome, which is

distributed over eight chromosomes, encodes around 11,000 genes and has been sequenced

(Galagan et al., 2005). Around 90% of these genes are still uncharacterized (Cerqueira et al.,

2014). Due to its haploid genome, the impact of genetic manipulations can be observed as

phenotypes. Additionally, A. nidulans is a non-pathogenic fungus which minimizes the risks

of use and it can be easily cultured in laboratory conditions (Casselton and Zolan, 2002).

Research using A. nidulans has made significant contributions to our knowledge of the cell

cycle, spore development, DNA repair, cell polarity, signalling, pH control, primary and

secondary metabolism (Todd et al., 2007).

1.7.1 Development ofA. nidulans

Vegetative growth of A. nidulans starts with germination of a spore in a certain

direction under appropriate conditions. Germination of spores can be easily affected by

environmental factors such as light, conidial density or the presence of 8-carbon oxylipins

(Oiartzabal-Arano et al., 2016). Following germination, a germ tube (hypha) extends and

grows in a polarized manner by apical extension. Hyphal growth, repeated branching and

nuclear mitosis generate a multinucleate cellular network collectively known as the mycelium

(Riquelme, 2013; Takeshita et al., 2014). This basic form of fungal growth generates the

enlargement of the plasma membrane, cell wall components biosynthesis and as the vesicle

supply center the apical body of the Spitzenkórper. After 16-20 hours of growth, some of the

hyphal cells cease normal growth and can be induced by environmental stimuli to undergo the
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asexual or the sexual reproduction cycle (Bayram and Braus, 2012). Vegetative growth occurs

only in submerged cultures, whereas asexual and sexual development requires an air-medium

interface.

After a period of vegetative growth, A. nidulans cells become competent for reception

of environmental signals and begin development asexually in the presence of light and a

sufficient carbon dioxide/oxygen ratio (Adams et al., 1998). Asexual development starts with

differentiation of the mycelium to a thick-walled foot cell which extends to form the stalk. The

stalk continues to grow and differentiate into a vesicle. This results in production of finger-like

metulae and phialides. The phialides are mitotically highly active and produce mitotic asexual

conidiospores that can produce new colonies. A complete asexual structure is known as a

conidiophore (Adams et al., 1998; Etxebeste et al., 2010; Krijgsheld et al., 2013).

Homothallic (self-fertility) fungi are capable of sexual reproduction with or without a

mating partner while heterothallic (obligate out-crossing) fungi require a mating partner. The

homothallic fungusA. nidulans can complete sexual reproduction by means of self-fertilisation

(Braus et al., 2002; Yun et al., 2000). CompetentA. nidulans cells begin development sexually

when the conditions are favorable (in the dark and under elevated carbon dioxide

concentrations). Sexual fruit body (cleistothecium) development starts with the formation of a

dikaryon, which is the fusion of two ascogonial hyphae. This is followed by the creation of

nest-like specialized tissue consisting of thick-walled Húlle cells that are responsible for

protection and nourishment of the developing cleistothecium (Sarikaya-Bayram et al., 2010).

Within the nests, the primordium is formed which matures to produce a closed fruiting body,

the cleistothecium where meiosis and nuclear fusion take place. Fusion ofhaploid nuclei leads

to the formation of asci (Sohn and Yoon, 2002). This is followed by a meiotic and a mitotic

cell division that generates eight haploid ascospores that contain eight nuclei. After an

additional mitosis without cell division leads to mature binucleate ascospores. The ascospore

wall accumulates the characteristic red pigment, asperthecin. The mature cleistothecium may

harbour up to 80.000 viable ascospores with a diameter of approximately 150-200 µm (Braus

et al., 2002; Champe et al., 1994; Szewczyk et al, 2008).
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Figure 1.4 Fungal cell types and life cycle of model fungus Aspergillus nidulans. (a) Yeast form;

pseudohyphae (prolonged cells); true hyphae; conidiophore; cleistothecium. S, stalk; V, vesicle; M,

metulae; P, phialides; C, conidia; HC, Hiille cells. (b) Life cycle of the A. nidulans from vegetative

growth to asexual or sexual alternatives of development. Briefly, A.nidulans forms hyphae structure in

liquid media, undergoes asexual development and produce conidiophore structures in the presence of

light. It forms cleisthothecium structures which includes ascospores inside through sexual development

under dark conditions (Bayram and Braus, 2012).

1.8 Human and plant pathogenAspergillusflavus

The ubiquitous fungus Aspergillus flavus is a saprophytic species present in soil as

conidia or sclerotia and on plants as mycelia. Sclerotia helps fungi to survive in harsh

environmental conditions and produce conidiospores under appropriate conditions. Like other

Aspergilli, A. flavus has 8 chromosomes, a 36.8 Mb genome with roughly 12,000 predicted
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functional genes (Amaike and Keller, 2011; Cleveland et al., 2009). It was first identified in

1809. However, A.flavus has received notoriety as the cause ofTurkey X disease, which killed

thousands ofpoultry upon eating aflatoxin-containing peanuts in England in 1960. (Nesbitt et

al., 1962). The cause of the Turkey X disease was found to be aflatoxin which is the most

carcinogenic mycotoxin produced by some fungal species, especially A. jlavus. Aflatoxin is a

secondary metabolite (SM) which helps protect fungi from biotic or abiotic stresses in their

environment. At least 16 different structurally similar aflatoxins have been identified in nature.

Aflatoxins B 1, B2, G1 and G2 are the main four and the most toxic aflatoxin is aflatoxin B 1.

As well as aflatoxins (AFs), A. flavus can produce other secondary metabolites, including

aflatrem and cyclopiazonic acid (CPA) (Fakruddin et al., 2015; Liang et al., 2017; Pfannenstiel

et al., 2018).

This fungus is known to be the cause ofmany diseases for animals, humans and even

insects (Amaike and Keller, 2011; Fakruddin et al., 2015). As an opportunistic pathogen for

both plants and animals, A. jlavus is unique. Aflatoxicosis is the poisoning that arises from

ingesting AFs and is divided into two forms: acute and chronic aflatoxicosis. Acute severe

intoxication results from high-dose aflatoxin intake in a short time and gives rise to direct liver

damage or death. Chronic aflatoxicosis results from low-dose aflatoxin exposure for a long

time and lead to immune suppression and cancer (mainly liver but also kidney, lung, and colon)

(Williams et al., 2004; Amare and Keller, 2014). Additionally, this fungus is the second most

frequent cause of invasive and noninvasive aspergillosis afterA.fumigatus in humans and other

vertebrates. Aspergillosis is an infection that mostly emerges from the inhalation of fungal

spores in immunocompromised individuals. As a serious source of infection for animals and

humans and contaminant for agricultural crops,A. flavus and aflatoxin have caused tremendous

economic losses all across the world (Amaike and Keller, 2011; Liang et al., 2017). Thus, it is

important to control contamination and secondary metabolite production ofA. flavus, not only

to reduce agricultural economic losses, but also to protect human and animal health.

1.9 Coordination of development and secondary metabolism

Fungal natural products like secondary metabolites (SMs) are low molecular weight

compounds and are important for the health and pharmaceutical industries. Apart from their

advantages, some secondary metabolites have harmful affects on agriculture and human health.

SMs differ from primary metabolites in that they are not essential for fungal development. It is

thought that SMs help fungi to protect themselves from biotic or abiotic stresses in their
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ecological environments (Lim and Keller, 2014; Pfannenstiel et al., 2018). According to their

biosynthetic origin or enzyme classes, fungal SMs fall into five groups including polyketides

(PKS), non-ribosomal peptides (NRPS), terpenes, indole alkaloids (dimethylallyl transferase,

DMATS) and hybrid PK-NRPS. (Keller et al., 2005). A. nidulans is related to Aspergillus

flavus in that both species utilise components of the aflatoxin biosynthesis pathway (Chang et

al., 2012). According to Aspergillus Secondary Metabolites Database (A2MDB) catalogs, 675

Aspergillus species produce 807 unique non-redundant secondary metabolites

(http://www.iictindia.org/A2MDB) (Vadlapudi et al., 2017). Fungal development and

secondary metabolism has a correlation recognized for a long time. At certain stages of

development, production of the SMs takes place and developmental defects of cleistothecium

distrupt SM production (Bayram and Braus, 2012). The regulatory protein complexes,

transcriptional activators and epigenetic regulators coordinate fungal development and SM

production.

Like other organisms, the life cycle ofA. nidulans is regulated by light. To be aware of

the changing environmental conditions, light signal detection is crucial. As a soil borne

organism, whether it grows on or under the surface makes a significant difference in terms of

abiotic and biotic factors such as light, oxygen/carbon dioxide ratio, humidity, osmotic stress,

temperature and reactive oxygen species (ROS) (Rodríguez-Romero et al., 2010; Jaimes­

Arroyo et al., 2015; Lind et al., 2016). After cells become competent for reception of

environmental signals, light signals induce asexual (conidiophore) development repress sexual

(cleistothecia) development. Two different wavelength of light, red (650-680 nm) and blue

(400-450 nm) affect fungal development. Different light receptor proteins mediate the light

responses in A. nidulans. Phytochrome fphA is a sensor kinase that encodes the red light

receptor which represses sexual development and induces asexual spore formation in red light.

Cryptochromes lreA (light receptor A) and lreB encode the blue light receptors, which induce

asexual development and interacts withfphA. In addition, CryA (Cryptochrome A) acts as a

UVA-blue light receptor that stimulates asexual sporulation. Deletion of photolyase-like cryA

results in Húlle cell formation in liquid culture and increases the number of cleistothecia under

UV or blue-light. Similarly, deletion offphA leads to an increase in the number of cleistothecia

in red light (Blumenstein et al., 2005; Purschwitz et al., 2008; Bayram et al., 2008a; Bayram

et al., 2010; Dasgupta et al., 2016). Phytochrome FphA is associated with a variety ofproteins,

including a key protein known as VeA during regulation of light-dependent development ofA.
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nidulans (Sarikaya-Bayram et al., 2015). It is suggested that, in A. flavus, a similar light

dependent regulation mechanism is also conserved (Calvo and Cary, 2015).

During asexual development, all Aspergillus species produce mitotic spores called

conidia, which are dispersed by the wind to allow for colonization of new habitats. The

regulation of conidiation is coordinated by the genes belonging to the central developmental

pathway (CDP) like brlA, abaA and wet4 in Aspergillus. The master regulator BrlA is a CH

zinc finger transcription factor and functions as an essential activator for conidiation. Deletion

of brlA in A. nidulans leads to bristle-like long aerial hyphae rather than conidiophores and

blocks asexual development (Park and Yu, 2012; Yao et al., 2017).

Early asexual development is induced by upstream regulators, fluG, flbA, flbB, flbC,

flbD, andflbE that are known as fluffy genes (Wieser et al., 1994; Wieser and Adams, 1995;

Adams et al., 1998; Kwon et al., 2010a; Kwon et al., 2010b). These genes encode signalling

elements as well as various transcription factors necessary for brlA activation. The FluG protein

is required for inhibiting vegetative growth and activating the FlbA protein, which regulates

G-protein signalling. Knockout strains offluG in A. nidulans lead to an aconidial and non-ST­

producing phenotype. Despite that, deletion offluG inA. flavus results in a delay and reduction

in conidia production, elevated sclerotial production and no effect on aflatoxin biosynthesis.

Based on this data, it is thought that signalling pathways related to conidiation and function of

fluG are different in A. flavus and A. nidulans. A heterotrimeric G protein complex required

for vegetative growth is attenuated by activated FlbA protein (Hicks et al., 1997; Chang et al.,

2012; Park and Yu, 2012). Meanwhile, FluG activates the asexual development pathway

FlbB/FlbC/FlbD and FlbE for the activation of brlA. FlbC, the putative transcription factor

with two CH zinc finger domains binds to the regulatory elements in the brlA promoter and

with the help of the FlbB/FlbD/FlbE pathway, induces brlA expression (Etxebeste et al., 2010;

Kwon et al., 2010).

Expression of abaA (abacus A) is induced by BrlA activity and is essential for

differentiation of the finger-like phialide structures during the middle stages of conidiation in

Aspergillus. Therefore, abaA mutants are incapable of conidia formation (Sewall et al., 1990;

Andrianopoulos and Timberlake, 1994; Yu, 2010). In addition, yA (yellow A) A. nidulans and

olgA (homolog ofyA) in A. flavus are responsible for spore color and vosA is necessary for

spore maturation. Both yA and vosA are activated by AbaA transcription factors. VosA

(viability of spores A), a velvet family fungal specific protein ofA. nidulans is required for the
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accumulation of trehalose, which is critical for the survival of asexual and sexual spores. It is

suggested that both WetA and VosA ofA. flavus regulate the trehalose production in conidia

(Ni and Yu, 2007; Chang et al., 2010; Wu et al., 2017). brlA also induces expression ofwetA

(wet-white A), which is necessary for the formation of the cell walls of conidia in the late

conidiophore differentiation stage inAspergillus. Moreover, WetA ialso regulates the aflatoxin

biosynthesis and vegetative growth inA. flavus. Further, it has been considered that brlA, abaA

and wetA are cooperatively activated genes responsible for conidiophore production and spore

maturation inAspergillus (Sewall et al., 1990; Marshall and Timberlake, 1991; Ni et al., 2010;

Wu et al., 2017; Yao et al., 2017).

The velvet family proteins, VeA, VelB, VelC and VosA are essential for coordination

of fungal development and secondary metabolism in the presence or absence of light (Bayram

and Braus, 2012). A key protein, VeA, is a conserved transcription factor that interacts with

numerous proteins and shows light-dependent localization. In A. nidulans, VeA interacts with

VelB to form a VeA-VelB heterodimer. Furthermore, VeA and VelB can migrate between the

cytoplasm and the nucleus with the help of importin KapA. In dark conditions, VeA-VelB

heterodimer migrates to the nucleus, while in the presence of light, it migrates to both the

cytoplasm and the nucleus (Stinnett et al., 2007; Ahmed et al., 2013). The A. nidulans Velvet

family domains of VeA, VelB, VelC and VosA reside in regions like those in the velvet

proteins of A. flavus and these proteins act similar but have somewhat distinct roles in

development and secondary metabolite production (Park and Yu, 2012; Chang et al., 2013).

Deletion of veA in A. nidulans leads to a loss of cleistothecia and reduction in the production

of the aflatoxin precursor sterigmatocystin (ST) and the antibiotic penicillin (PN) (Kim et al.,

2002; Kato et al., 2003). It is also stated that deletion of veA in A. flavus results in a loss of

sclerotia, disruption of quorum sensing and a decrease in aflatoxin, aflatrem, and CPA

production (Duran et al., 2007; Amaike and Keller, 2009). Additionally, it is stated that VeA

represses asexual development and CryA regulates veA expression inA. nidulans (Mooney and

Yager, 1990; Bayram et al., 2008a). In dark conditions, the VeA-VelB heteromimer interacts

with histone methyltransferase LaeA (lack of aflR expression A) to form a trimeric velvet

complex, which is essential for inducing sexual development and coordinating secondary

metabolism inA. nidulans. interactions among the velvet components are the same inA. flavus.

However, VelB and LaeA also interact with FluG. Consequently, velvet family proteins and

FluG are critical for conidiation, sclerotial production and aflatoxin biosynthesis. The velB

(velvet like B) deletion mutant in A. nidulans exhibits a lack of cleistothecia and reduced
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secondary metabolite production. On the other hand, for A. flavus, VelB and VeA positively

influence conidiation (Bayram et al., 2008b; Amaike and Keller, 2009; Sarikaya-Bayram et

al., 2010; Bayram and Braus, 2012; Chang et al., 2013). The VelB-VosA hetero-complex of

A. nidulans is required for repression of asexual development and expression of important cell

wall biosynthesis genes in the absence of light. The VelB-VosA hetero-complex ofA. flavus is

also required for asexual and sexual development (Sarikaya Bayram et al., 201 O; Chang et al.,

2013; Park et al., 2015). Deletion of velC in A. nidulans results in decreased formation of

cleistothecia and increased number of conidia, while overexpression of this gene promotes

formation of cleistothecia. Sexual development is positively regulated by VelC in A. nidulans

(Park et al., 2014). However, Deletion of velC in A. flavus does not affect either development

or toxin production (Chang et al., 2013).
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Approximately 50% ofthe SM gene clusters in fungi are affected by LaeA. Deletion of

laeA in A. nidulans leads to reduced SM production, reduced size of cleistothecia and lack of

nursing Húlle cells. Additionaly, laeA deletion strains in A. jlavus result in a loss of sclerotia

and disruption of quorum sensing, while overexpression of this gene leads to increased

production of sclerotia. Based on these data, it is suggested that LaeA promotes production of

SMs, sclerotia and nourishing cells for developing cleistothecia. AflR is a well-characterized

binuclear zinc finger transcriptional activator of the ajl gene cluster and aflR encodes the

aflatoxin cluster in A. jlavus and the sterigmatocystin cluster in A. nidulans. LaeA coordinates

the expression ofAflR. (Kale et al., 2008; Amaike and Keller, 2009; Sarikaya Bayram et al.,

2010; Macheleidt et al., 2016). Besides regulating aflatoxin precursor sterigmatocystin and

aflatoxin production, LaeA is also essential to produce other metabolites like penicillin and

lovastatin, to name a few. Because of these findings, the LaeA protein is defined as a global

regulator of secondary metabolism in Aspergilli (Bok and Keller, 2004; Bayram and Braus,

2012).

Quorum Sensing in fungi is often influenced by lipid moieties including oxylipins.

Precocious sexual inducer (psi) factors are pheromones, which are oxylipins derived from lipid

acids involved in signaling pathways in Aspergilli. ppo (psi-producing oxygenases), and lox

(lipoxygenases of plants, animals, and fungi) genes are responsible for the production ofpsi

factors that regulate the balance between sclerotia and conidia production. The deletion of

ppoC results in an increase of sexual development, although the ppoA deletion leads to an

increase of asexual development in A. nidulans. These psi factors also regulate secondary

metabolism. Double deletion ofppoA andppoC genes results in a lack of ST production, while

ppoB deletion leads to an increase in ST production in A. nidulans. Deletion ofppoA, ppoB,

ppoC, ppoD and loxA in A. jlavus result in high levels of aflatoxin and sclerotia production.

(Yu andKeller, 2005; Amaike andKeller, 2011; Affeldt et al., 2012; Bayram and Braus, 2012).

Several putative transcription factors also play a role in sexual development of fungi.

Never in sexual development (nsd) genes, nsdC and nsdD encode putative zinc finger domain

transcription factors. Deletion of these genes in A. nidulans results in a loss of cleistothecia.

Moreover, overexpression of nsdD leads to Húlle cell formation in a liquid media (Han et al.,

2001; Kim et al., 2009). Similarly, deletion of nsdC and nsdD in A. jlavus lead to a reduction

in conidiophore production, loss of sclerotia formation and loss of aflatoxin biosynthesis (Cary
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et al., 2012). The Zn(II)(2)2Cys(6) transcription factor NosA (number of sexual spores) is

critical for further development of cleistothecia and has been identified in both A. flavus and

A. nidulans. Knockout strains of nosA in A. nidulans have small sized immature cleistothecia

with little Húlle cells and no ascospores (Vienken and Fischer, 2006). Unlike the transcription

factors mentioned above, putative basic helix-loop-helix (bHLH) type transcription factors of

A. nidulans, encoded by stuA (Stunted A) and wetA, are necessary for both sexual and asexual

development. Deletion of stuA and wetA in A. nidulans result in no cleistothecia and abnormal

conidiophore production (Busby et al., 1996; Wu and Miller, 1997). The stuA homolog ofA.

flavus, AjStuA is necessary for conidia and sclerotia development as well as aflatoxin

production and CPA biosynthesis. Deletion ofAjStuA leads to silencing of the aflatoxin gene

cluster and blocks CPA production (Yao et al., 2017). Another bHLH transcription factor of

both A. flavus and A. nidulans, encoded by devR, plays a role in development (Tuncher et al.,

2004; Lv et al., 2018).

As mentioned above, Velvet family proteins, VeA and VelB are neccesary for the

formation of cleistothecia as well as the production of ST and PN. The veA and ve/B null

mutants are not able to express the ST gene cluster. Light-dependent regulatory protein VeA

plays a role as a bridge between VelB and global secondary metabolite regulator LaeA and

collectively, the trimeric velvet complex regulates sexual development and SM production

(Bok and Keller 2004; Bayram et al., 2008b). MAP kinase pathways also play essential roles

in secondary metabolism. In the nucleus, VeA interacts with the MAPK protein AnFus3, which

phosphorylates the VeA protein in vitro. Mutants of the MAPK pathway downregulate the

expression of both ST and PN genes (Bayram et al., 2012a). VeA also interacts with a LaeA­

like methyltransferase F (LlmF), which prevents the nuclear import ofVeA. Knockout strains

of llmF lead to nuclear accumulation ofVeA, resulting in the elevation of sexual development

and ST production (Palmer et al., 2013). Additionally, a VeA-dependent secondary metabolism

regulator MtfA (master transcription factor A) regulates ST, PN and terrequinone synthesis

(Ramamoorthy et al., 2013). Moreover, it has been shown that the VeA null mutant strains

result in elevated transcripts of the orsellinic acid (OA) gene cluster. Consequently, OA and

its derivatives F9775B/A, which has an anti-osteoporosis effect, can be produced by veA

mutants. Physical contact with the Streptomyces rapamycinicus bacterium leads to induction

of the OA gene cluster, which is silenced under normal culture conditions. Deletion of COP9

inA. nidulans also results in upregulated transcripts of the OA gene cluster and OA production

(Schroeckh et al., 2009; Nahlik et al., 2010; Bok et al., 2013).
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Many secondary metabolites, including aflatoxins produced by A. flavus have been

found in sclerotia (Gloer, 1995). However, AFs have also been detected in mycelia and conidia

(Wicklow and Cole, 1982; Wicklow and Shotwell, 1983). AF production occurs in the

endosomes ofmycelia and are then secreted outside of the cell (Chanda et al., 2009). Based on

the identification of core or "backbone" genes, the Secondary Metabolite Unknown Regions

Finder (SMURF) software predicts that theA. flavus genome contains 18 nonribosomal peptide

synthases (NRPS), 14 NRPS-like synthases, 25 polyketide synthases (PKS), 3 PKS-like

synthases, 2 PKS-NRPS enzymes and 8 prenyltransferases as well as 55 secondary metabolite

clusters (Amaike and Keller, 2011). As mentioned above, AF biosynthesis and sclerotial

development are closely related. It was demonstrated that veA is necessary for AFs, CPA and

aflatrem production in A. flavus (Calvo et al., 2004; Duran et al., 2007, Calvo and Cary, 2015).

In addition to VeA, the global regulator of secondary metabolism LaeA interacts with VelB

and predictedly with FluG. This complex controls SM production and sclerotial formation in

A.flavus (Chang et al. 2013). Further, it has been shown that, deletion ofveA and laeA lead to

the reduction of pathogenicity on host seeds (Amaike and Keller, 2009). As well as A. flavus

oxylipins, endogenous plant oxylipins, which interact with the infecting fungi, modulate the

conidial and sclerotial development and secondary metabolism (Calvo and Cary, 2015).

Knockout strains ofppoA, ppoB, ppoC, ppoD and loxA inA.flavus result in high levels ofAFs

and sclerotia production (Brown et al., 2009). Never in sexual development (nsd) genes, nsdC

and nsdD also affect the secondary metabolism in A. flavus. Deletion of both nsdC and nsdD

results in an inability to produce aflatoxin (Cary et al., 2012).
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Aspergillus Secondary Metabolite Classification (IUPAC)

Acyclic or Open compounds

Cyclic est'er (Penicillic acid)
Carboxyllic acid (Erdln)

Hydrocarbons(Sesquiterpene)
Hydrazine (Hydrazinecarboxamide)

Ketone (Aspinotriol)
Alcohol(Ethanol)

Amine (pentadiene)
Amino acid (Azonazine)

f
Homocyclic compoundsy

Cyclic Compounds

'v
f

Alicyclic compounds

y
Alicyclic compounds
Hydroxydluene(methylsderone)
Cyclic peptides(Aspergillin)
Ester(Deflectin)
Ether(Andibenin)
Aliphatic(Flufura)
Terpene(Variecolotal)
Ketone(Aspyrone)
Hydrocarbons(Austin)
Amine(Pyripyreone)

Aromatic compounds (Violaceol I)

Heterocyclic compounds

i
Aromatic compounds

Benzopyrimidine(Chyrosgin)
Benzene derivative(Diorcinol)

Ketone(Kojic acid)
Quinone(Emodin)
PAH(Atroventin)
Purine(Citrin In)

Imidazole(Oxaline)
Hydroxy pyridine(Carneamide A)

Hydrocarbons(Penitrem)
Diamene(Penitrem)

Diazene(o methylscerone)
Diketone(Variecolorquinone)

Vitamin D(5a,8a,epidioxyergosta)

Figure 1.6: Secondary metabolite classification of Aspergillus. IUPAC based classification of each

metabolite shown in various to chemical compounds with given examples under each category. From

Vadlapudi et al., 2017.

Polyketide-derived furanocoumarins, aflatoxins are synthesised from acetate. Fatty

acid synthetases (AflA and AflB), a PKS (AflC) and a number of tailoring enzymes regulate

AF production (Zeng et al., 2011). Much of our knowledge of AF production and regulation

come from ST biosynthesis, which is a precursor of AF, in model fungus A. nidulans. ST

biosynthesis genes in A. nidulans are highly related to AF biosynthesis in A. flavus. The

aflatoxin cluster ofA. flavus spans a 70 kb DNA section and consists of 28 genes including

two pathway-specific regulatory genes, aflR and a lesser extent aflS (aflJ). Zn(2)-Cys(6)-type

protein AflR binds a palindromic sequence (5'-TCGN5CGA-3') in the promoter region of all

aflatoxin biosynthetic genes and plays a role as a pathway-specific transcriptional activator.

Deletion of aflR results in a complete loss of AF biosynthesis. AflS also regulates AF

biosynthesis by interacting with AflR. The global regulators, VeA, NsdD, NsdC, and LaeA
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control the AF gene cluster in A. flavus (Woloshuk et al., 1994; Price et al., 2006; Du et al.,

2007; Calvo and Cary, 2015). The AF production ability ofA. flavus between the two strains

(L and S) is different such as, S strains generally produce more AF than L strains (Hom, 2007).

Moreover, some of the A. flavus strains are not able to produce AFs (Cotty and Bhatnagar,

1994).

Various species of Aspergillus and Penicillium produce an indole-tetramic acid

mycotoxin, cyclopiazonic acid (CPA), which is a member of the indole-drived ergot alkaloids

(EA) (Amare and Keller, 2014). CPA has been detected in both sclerotia and mycelia ofA.

flavus (Wicklow and Cole, 1982). As well as AFs, CPA is a prevalent contaminant of foods

(Martins and Martins, 1999). CPA inhibits the calcium-dependent ATPase in the sarcoplasmic

reticulum and exposure to CPA leads to organ necrosis and death in some animals (Riley et al.,

1992). The CPA cluster is located at the subtelemeric ends ofthe AF cluster. Based on enzymes

identified in EAs biosynthesis, DMAT (dmtA), FAD-dependent oxido reductase (moaA) and

PKS-NRPS (pks-nrps) are thought to play roles in CPA production. Deletion of these genes

results in failure to produce CPA. veA is also necessary for CPA production (Duran et al., 2007;

Shinohara et al., 2011; Calvo and Cary, 2015).

Aflatrem has been isolated from A. flavus sclerotia and it is an indole-diterpene

mycotoxin. (TePaske et al., 1992). Aflatrem is a tremorgenic mycotoxin, which causes

neurological disorders (Gallagher and Wilson, 1979). Paxilline biosynthesis genes inP. paxilli

are required for aflatrem biosynthesis inA. flavus (Zhang et al., 2004; Nicholson et al., 2009).

Different from most other SM clusters, which exist at a single locus, the aflatrem cluster exists

at two distinct loci on two distinct chromosomes. Eight genes; atmA, atmB, atmC, atmD atmG,

atmM, atmP and atmQ are responsible for aflatrem production (Nicholson et al., 2009).

Aflatrem biosynthesis is highly similar to paxilline, a mycotoxin in Penicilliumpaxilli (Parker

and Scott, 2004). The global regulators, VeA and LaeA are also necessary for aflatrem

production (Duran et al., 2007; Georgianna et al., 2010).

Recently, another SM known as the asparasone gene cluster was identified in A. flavus.

Asparasone is a polyketide and it is responsible for dark brown pigmentation of sclerotia.

Velvet complex proteins, VeA and LaeA, regulate the biosynthesis of asparasone. Deletion of

the asparasone polyketide synthase (PKS) exhibits greyish-yellow sclerotia that are less

resistant to insect predation and damage by UV and heat (Cary et al., 2014).
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1.10 Role of chromatin on the control of chemical diversity in fungi

The remodelling of chromatin is another mechanism that influences the genetic

processes in eukaryotic cells. Chromatin structure can silence or activate the transcription of

genes and it can coregulate fungal SM biosynthesis. Many SM gene clusters, including ST and

AF gene clusters, are placed near telomeres in Aspergillus species' genomes (Palmer et al.,

2010; Gacek and Strauss 2012; Liang et al., 2017). Particularly, by methylation and acetylation

of histones, SM gene clusters are activated or silenced. During the growth of A. nidulans,

increased H3K9 me3 (histone 3 lysine 9 trimethylation) marks with HepA (heterochromatin

protein) silence the ST gene cluster. However, when growth stops, acetylation ofhistones and

a decreased H3K9 me3 level activates the ST gene cluster (Strauss and Reyes-Dominguez,

2010).

As a global secondary metabolite regulator, LaeA influences chromatin structure. As

well as ST and PN, LaeA also regulates other gene clusters and deletion of laeA downregulates

these gene clusters inA. nidulans (Bok et al., 2006). Similarly, LaeA also regulates the AF and

other SMs production in A. flavus (Georgianna et al., 2010). LaeA protein has a

methyltransferase domain in its sequence. Based on this feature, it was thought that LaeAmight

have histone methyltransferase activity in SM gene clusters (Perrin et al., 2007). H3K9 me3

(histone 3 lysine 9 trimethylation) with HepA (heterochromatin protein) mark the silent ST

gene cluster inA. nidulans. Mutants ofhepA and H3K9 methyltransferase cirD (S. pombe Clr4

andD. melanogaster SU(VAR)3-9 ortholog) result in over-expression of the transcripts of the

ST gene cluster in A. nidulans. However, these mutants do not lead to any physiological or

morphological changes. Chromatin immunoprecipitation (ChIP) assays displayed that deletion

of lae in A. nidulans result in increased HepA occupancy and H3K9 me3 marks in ST gene

cluster (Reyes-Dominguez et al., 2010). Despite that, there is no exact information about LaeA

directly methylating substrates (Macheleidt et al., 2016).

A. nidulans contains all components of the conserved multi-subunit complex

(COMPASS complex), which is also known as the H3K4 methyltransferase complex. Two

members of the COMPASS complex, setA and cc/A, are necessary for normal growth and

sexual fruiting body formation inA. nidulans (Bok et al., 2009; Harting et al., 2013). Moreover,

it was reported that, knock out strains of cc/A produce emodines, which have
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immunosuppressive, anti-inflammatory, anti-mutagenic and anti-cancer effects, and

antimicrobial monodictyphenone as well as induce the production of the F9775A and F9775B

(antiosteoporosis polyketides) (Bok et al., 2009). In addition to this, deletion of cc/A in A.

oryzae (highly related to A. jlavus) results in induction of the astellolide A and B (Shinohara et

al., 2011).

Generally, histone acetyltransferases (HATs) have an activating effect whereas histone

deacetylases (HDACs) have an inhibiting effect on SM gene clusters. Both in A. nidulans and

A. jlavus, HAT enzymes are necessary for biosynthesis of ST and AF respectively. Treating A.

nidulans with trichostatin, which is a HDAC inhibitor, results in significantly increased

production of some metabolites as well as increased gene expression oftelomere proximal gene

clusters (Roze et al., 2007; Shwab et al., 2007). Similar to these effects, the hdaA (HDAC

encoding gene) null mutant ofA. nidulans leads to up-regulation of ST and PN gene clusters.

Additionally, treating A. nidulans with suberoylanilide hydroxamic acid (SAHA), which is a

HDAC inhibitor, results in activating the normaly silent orsellinic acid gene cluster. The

SAGA-ADA histone acetlytransferase complex, containing GcnE and AdaB in A. nidulans is

required for activation of the OA gene cluster by the bacteria S. rapamycinicus. Moreover, the

SAGA-ADA complex is also responsible for activating some other gene clusters, such as ST,

PN and terrequione (Nútzmann et al., 201 1; Nútzmann et al., 2013).

Lately, it has been reported that the JMJD2/JHDM3 family H3K36me3 and H3K9me3

demethylase protein KdmA in 4A. nidulans has a critical role in the expression or repression of

genes. While KdmA is necessary for full expression of several SM genes, it plays a role as a

co-repressor of genes, which is involved in the production of primary metabolites (Gacek­

Matthews et al., 2015). In addition to that, JMJC family H3K4me3 demethylase KdmB, which

is a member of the Jarid (JMJ-AT-rich interacting domain) group of enzymes is also involved

in the regulation of SM biosynthesis in A. nidulans. Depending on the nutrient conditions,

kdmB null mutants can increase the transcription of SM genes in limited nutrient conditions,

whereas they increase the transcription of primary metabolism genes in nutrient-rich

conditions. However, KdmB is necessary for full transcription of about 750 genes in A.

nidulans (Gacek-Matthews et al., 2016).

Recently, it was identified that the transcriptional regulator SntB, S. cerevisiae Snt2

homolog, is required for biosynthesis of ST and AF in A. nidulans and A. jlavus, respectively.

Deletion of sntB in A. nidulans results in failure to produce ST via downregulation of ajlR.
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Similarly, the A. flavus AsntB strain is also unable to synthesise AF. Moreover, Snt2 homologs

of Fusarium oxysporum fsp. melonis and Neurospora crassa are also required for

pathogenicity and conidiation, respectively. (Denisov et al. 2011; Pfannenstiel et al., 2017;

Pfannenstiel et al., 2018). A more recent study points out that KdmB and histone deacetylase

RpdA in A. flavus have crucial roles on development and secondary metabolism. Deletion of

kdmB and rpdA lead to a decrease in sclerotia production and loss ofAF biosynthesis. Further,

it has been stated that KdmB, EcoA (putative cohesion acetyl transferase), RpdA and SntB

form a tetrameric demethylase complex (KERS), which regulates fungal development, AF

production and pathogenicity ofA. flavus. (Karahoda et al., in preparation).

1.11 Aim of this Study

Environmental dynamics are a constant challenge for all organisms to adapt or evolve

in response to. Considering this, biotic and abiotic environmental factors play important roles

in growth, development and genetic regulation. Studies indicate that fungal development and

secondary metabolism processes are strongly affected by various environmental elements

ranging from pH to nutrient levels to light to competition with other microorganisms. Fungi

regulate development or produce small molecules known as secondary metabolites as a

physiological response to these external factors. One very well-known cell response is the

induction of asexual and sexual development in A. nidulans in response to light. Light controls

the stimulation of asexual conidiation, while the absence of light induces sexual development.

The significant correlation between fungal development and secondary metabolite production

is also reported by previous studies (Bayram et al., 2008a; Bayram and Braus, 2012).

There is a broad range of production of secondary metabolites and small bioactive

molecules by filamentous fungi. These natural products can be detrimental (e.g Aflatoxin) or

beneficial (e.g penicillin) to humankind. One noteworthy feature of genes that are responsible

for the biosynthesis of fungal secondary metabolites is that they are clustered and behave as a

single genetic locus for production of specific metabolites and this advantage eases their co­

regulation (Yin and Keller, 2011 ). Some earlier studies have shown that SM biosynthetic gene

clusters are located most often in sub-telomeric regions ofchromosomes which are related with

the heterochromatin state ofchromatin and many ofthese clusters are silenced under laboratory

conditions (Yu and Keller, 2005; Bayram et al., 2008; Bok et al., 2009). Having these findings

has provided a convenient board to clarify the regulation mechanism of SM gene expression.

Expression and regulation of fungal SM gene clusters are complex processes since they are
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controlled in different regulatory levels which include pathway-specific, global regulators

(laeA), heteromeric protein complexes (velvet) and epigenetic control factors (cc/A)

(Macheleidt et al., 2016). Trimeric nuclear velvet complex which consist of VeA, VelB and

LeaA methyltransferase controls the coordinated regulation of both fungal development and

secondary metabolism (Bayram et al., 2008). H3K9 methyltransferase clrD gene deletion

causes expression of SM gene clusters in A.nidulans (Reyes-Domingues et al., 2007). The

chromatin modifying COMPASS complex subunit, H3K4 methyltransferase cclA gene is a

repressor for SM gene clusters expression (Bok et al., 2009). It has been recently reported that

H3K36 and H3K9 demethylase KdmA is required for expression of some genes are involved

in SM production (Gacek-Matthews et al., 2015). Despite the current knowledge regarding

relations between epigenetic regulation and fungal SM biosynthesis and development, the

regulatory protein complexes for these processes still remain unclear.

- Therefore, first aim of this PhD study was to understand the nature of protein complexes

involved in chromatin modification. Recently studied chromatin regulator KdmA was tagged

with various epitope tags to reveal the protein complexes established by KdmA in vivo. Affinity

purification studies coupled to mass spectrometry revealed McmA-EcmB-RstB-CclA-KdmA

(MERCK) demethylase complex formed in A. nidulans.

- The second aim of the thesis was to examine how the MERCK protein complex influence

fungal light, stress responses and secondary metabolite production.

- Since the MERCK complex contains chromatin binding proteins, third aim of the thesis was

to reveal the genome wide binding profile of the complex and influence of the presence and

absence of the KdmA in complex formation and genome wide binding. Since the MERCK

complex has been conserved in eukaryotes and pathogenic fungi.

- The fourth aim of the thesis was to study the MERCK complex in plant pathogenic and

aflatoxin producer fungus A. flavus to see how the MERCK complex controls fungal

pathogenicity and aflatoxin production.

In summary, the MERCK complex represents an important chromatin regulatory

complex which is conserved between A. nidulans and A. flavus and might represent an

important protein complex to get crucial insights into the complex chromatin regulation of

fungal development, pathogenicity and secondary metabolism.
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Chapter 2

Materials and Methods
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Chemicals used for solutions, buffers and media were purchased from Sigma-Aldrich

Chemical Co. Ltd. (UK) and were of analytical grade, unless otherwise stated.

2.1 Strains Media and Cultivation Conditions

2.1.1 Fungal Strains Media and Cultivation Conditions

Aspergillus flavus and Aspergillus nidulans strains used in this study are shown in

Table 2.1., and Table 2.2., respectively. A. flavus NRLL3357, A.flavus TJES19.1 and A.

nidulans AGB551, A. nidulans FGSCA4 were used as wild-type hosts to transform deletion

constructs, epitope tagging, complementation and H2A-mRFP fusion strains generation. A.

flavus NRLL3357 and transformed A. flavus strains were cultivated on Glucose Minimal

Medium (GMM). A. nidulans AGB551, A. nidulans FGSCA4 and transformed A. nidulans

strains were cultivated on Glucose Minimal Medium (GMM) with 2% agar. For auxotroph

strains, supplements such as Uridine (0.25g/L), Uracil (lg/L) and Pyridoxine (lmg/L) were

added in appropriate amounts. For vegetative growth, Green Fluorescent Protein (GFP),

Tandem Affinity Purification (TAP) and Hemagglutinin (HA) trap experiments of A. flavus

strains were cultivated in Complete Media with appropriate supplements at 30°C for required

cultivation time points; A. nidulans strains were cultivated in Glucose Minimal Medium

(GMM) with appropriate supplements at 37°C for aimed incubation time points, in erlenmeyer

flasks on a rotary shaker. Development was induced by filtering vegetative mycelia through

miracloth and transferring on Complete Medium for A. flavus strains and on GMM with 2%

Agar for A. nidulans strains.

To induce the strains asexually, plates containing the mycelia were incubated for 24,

48 hours during constant white light exposure. To induce the strains sexually, plates were

incubated for 24, 48 hours in dark conditions.

Table 2.1 4A. flavus strains used in this study

Strain Genotype Reference
NRRL3357 Wild type Payne et al., 1993

TJES19.1 nku70A, pyrG- Spraker and Keller
~ unpublished
kdmA4 kdmAA::AfpyrG, nku70A, pyrG- This study-
cclAA cclALl::AfpyrG, nku70Ll, pyrG- This study
ecmBA ecmBA::AfpyrG, nku70A, pyrG- This study
rstBA rstBA::AfpyrG, nku70A, pyrG- This study
kdmA-GFP kdmA::sgfp::AfpyrG, nku70A, pyrG- This study
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kdmA-3XHA kdmA::3XHA::AfpyrG, nku70A, pyrG- This study

kdmA teton tetO7::Pmin::kdmA::AfpyrG, nku70A, pyrG- This study
kdmA comp. kdmAA: :kdmA::phleoR, kdmAA::AfpyrG, nku70A, pyrG- This study
cc!A comp. cclAL1::cclA::phleoR, cclAL1::AfpyrG, nku70L1, pyrG- This study
ecmB comp. ecmBA::ecmB:.phleoR, ecmBA::AfpyrG, nku70A.PyrG- This study
rstB comp. rstBA::rstB::phleoR, rstBA::AfpyrG, nku70A, pyrG- This study
cclA-3XHA cclA::3XHA::AfpyrG, nku70A, pyrG- This study
ecmB-3XHA ecmB::3XHA: :AfpyrG, nku70A, pyrG- This study
rstB-3XHA rstB::3XHA::AfpyrG, nku70A, pyrG- This study
kdmA-GFP-mRFP gpdA: :mrfp: :H2A: :phleo,kdmA: :sgfp: :AfpyrG, nku70A, This study

~ pyrG-

Table 2.2 A. nidulans strains used in this study
Strain Genotype Reference

FGSCA4 veA+ FGSC"
AGB551 nkuAN::argB, pyrG89, pyroA4, veA+ Bayram et al., 2012

~ kdmA-TAP kdmA::ctap: :natR;nkuAL1::argB,pyrG89,pyroA4, veA+ This study
cclA-TAP cc/A::ctap::natR;nkuALJ::argB,pyrG89,pyroA4, veA+ This study
ecmB-TAP ecmB::ctap::natR;nkuA,d::argB,pyrG89,pyroA4, veA+ This study
rstB-TAP rstB::ctap::natR;nkuA/::argB,pyrG89,pyroA4, veA+ This study
mcmA-TAP mcmA::ctap::natR;nkuA/::argB,pyrG89,pyroA4, veA+ This study
kdmA-GFP kdmA::sgfp::natR;nkuAA::argB,pyrG89,pyroA4, veA+ This study
cclA-GFP cclA::sgfp::natR;nkuAL1::argB,pyrG89,pyroA4,veA+ This study

P ecmB-GFP ecmB::sgfp::natR;nkuALJ::argB,pyrG89,pyroA4, veA+ This study
~ rstB-GFP rstB: :sgfp: :natR;nkuA,d: :argB,pyrG89,pyroA4, veA+ This study
j

mcmA-GFP mcmA: :sgfp: :natR;nkuALJ: :argB,pyrG89,pyroA4, veA+ This study

I kdmA-HA kdmA::3xHA::AfpyrG; nkuA::argB, pyrG89,pyroA4,veA+ This study

- cclA-HA celA: :3xHA::AfpyrG; nkuAA::argB, pyrG89,pyroA4,veA+ This study
ecmB-HA ecmB::3xHA::AfpyrG; nkuAL1::argB,pyrG89,pyroA4,veA+ This study
rstB-HA rstB::3xHA: :AfpyrG; nkuAA:.argB, pyrG89,pyroA4, veA+ This study

mcmA-MYC mcmA:: I3xMYC: :AfpyrG;nkuALJ: :argB,pyrG89,pyroA4, veA+ This study
kdmA-GFP- gpdA: :mrfp: :h2A: :pyroA;kdmA: :sgfp::natR; nkuALJ::argB, This study

~ mRFP pyrG89,pyroA4, veA+
cclA-GFP- gpdA::mrfp::h2A::pyroA;cclA::sgfp::natR; nkuALJ::argB, This study

- mRFP pyrG89,pyroA4, veA+
ecmB-GFP- gpdA::mrfp::h2A::pyroA;ecmB::sgfp::natR; nkuA::argB, This study

P mRFP pyrG89,pyroA4, veA+
rstB-GFP- gpdA::mrfp::h2A::pyroA;rstB::sgfp::natR; nkuALJ::argB, This study

P mRFP pyrG89,pyroA4, veA+

mcmA-GFP_ gpdA: :mrfp::h2A: :pyroA;mcmA: :sgfp: :natR; nkuALJ::argB, This study
mRFP pyrG89,pyroA4, veA+-

r---- kdmAA kdmA,d: :prtA;nkuA,d::argB,pyrG89,pyroA4, veA+ This study
celAA cclA,d: :prtA;nkuA,d::argB,pyrG89,pyroA4, veA+ This study
ecmBA ecmBLJ: :prtA;nkuALJ::argB,pyrG89,pyroA4, veA+ This study

rstBA rstB,d: :prtA;nkuA,d::argB,pyrG89,pyroA4,veA+ This study
kdmA tetOn tetO7: :Pmin::kdmA;nkuA/A::argB,pyrG89,pyroA4, veA+ This study
9el4 tetOn tetO7: :Pmin: :cclA;nkuALJ: :argB,pyrG89,pyroA4, veA+ This study
eemB tetOn tetO7: :Pmin: :ecmB;nkuALJ: :argB,pyrG89,pyroA4, veA+ This study
7s1B tetOn tetO7::Pmin::rstB;nkuA/::argB,pyrG89,pyroA4, veA + This study

mcmA tetOn tetO7::Pmin::mcmA;nkuAL1::argB,pyrG89,pyroA4,veA+ This study
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cclA- kdmAD::AfpyrG;cc!A::ctap::natR;nkuAil::argB,pyrG89, This study
TAP,kdmAA pyroA4,veA+

ecmB- kdmAD: :AfpyrG;ecmB: :ctap: :natR;nkuAil: :argB,pyrG89, This study
TAP,kdmAA pyroA4,veA+

rstB-TAP, kdmAD: :AfpyrG,-rstB: :ctap: :natR;nkuAil: :argB,pyrG89, This study

kdmA4 pyroA4, veA +

mcmA-TAP, kdmAD: :AfpyrG; mcmA: :ctap: :natR; nkuAil::argB,pyrG89, This study

kdmAA pyroA4, veA +

celAA::AfpyrG; kdmA::ptr.A; nkuA::argB, pyrG89, This study
kdmAA,cclAA pyroA4,veA +

kdmAA,ecmBA
ecmBA: :AfpyrG; kdmA::ptr.A; nkuA:.argB ,pyrG89, This study
pyroA4,veA"

kdmAA,rstBA rstBil::AfpyrG; kdmAil::ptrA; nkuAil::argB, pyrG89, pyroA4,veA" This study

rstBA,cclAA rstBil::AfpyrG; cc!Ail::ptrA; nkuAil::argB, pyrG89, pyroA4,veA" This study

rstBA,ecmB rstBA::AfpyrG; ecmBA:.ptrA; nkuA:.argB, pyrG89, pyroA4, veA + This study

cclAA,ecmBA
cc/Ail: :AfpyrG; ecmBA::ptr.A; nkuAil::argB, pyrG89, This study
pyroA4, veA +

kdmA comp.
PkdmA::kdmA::kdmA'-AfpyrG; kdmA::prtA; nkuA:.argB, This study
pyrG89, pyroA4, veA+

cclA comp.
Pcc/A: :cc/A: :cc!A1-AfpyrG; cc/Ail: :prtA; nkuAil::argB, pyrG89, This study
pyroA4, veA+

ecmB comp.
"ecmB::ecmB::ecmB'-AfpyrG; ecmBA: :prtA; nkuAil::argB, This study
pyrG89, pyroA4, veA+

rstB comp.
"rstB::rstB: :rstB'-AfpyrG; rstB: :prtA; nkuAil::argB, pyrG89, This study
pyroA4, veA+

-
cclA-HA, cc/A::3xHA: :AfpyrG; kdmAD::prtA; nkuA4::argB, pyrG89, This study

kdmAA pyroA4, veA +
l

ecmB-HA, ecmB::3xHA: :AfpyrG; kdmAD: :prtA; nkuAil::argB, pyrG89, This study

kdmAA pyroA4, veA +
-

rstB-HA, rstB::3xHA: :AfpyrG; kdmAD: :prtA; nkuA::argB, pyrG89, This study

kdmAA pyroA4, veA +
b

mcmA-MYC, mcmA:: J 3xMYC: :AfpyrG; kdmAD::prtA; nkuAil::argB, This study

kdmAA pyrG89,pyroA4, veA +
-

cclA-GFP- kdmAil: :AfpyrG; gpdA::mrfp::h2A::pyroA; cc/A: :sgfp: :natR; This study

'RFP, kdmAA
nkuAil::argB, pyrG89, pyroA4, veA+

ecmB-GFP- kdmAil: :AfpyrG; gpdA: :mrfp: :h2A: :pyroA; ecmB::sgfp::natR; This study

mRFP, kdmAA nkuAil::argB, pyrG89, pyroA4, veA +-
rstB-GFP- kdmAA::AfpyrG; gpdA::mrfp::h2A: :pyroA; rstB: :sgfp: :natR; This study

mRFP, kdmAA nkuA: :argB, pyrG89, pyroA4, veA+-
mcmA-GFP kdmAA: :AfpyrG; gpdA::mrfp::h2A::pyroA; mcmA: :sgfp: :natR; This study

mRFP, kdmAA nkuAil::argB, pyrG89, pyroA4, veA+
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kdmA AfpyroA;NA1-7*AdmA: :3xHA; kdmA::3xHA: :AfpyrG; This study

truncated-HA nkuA/::argB, pyrG89,pyroA4,veA+

2.1.2 Bacterial Strains Media and Cultivation Conditions

The competent Escherichia coli strains used in this study were Stellar (Clontech) and

MACH-I (Invitrogen). E. coli strains were cultivated on or in LB medium supplemented with

Ampicillin (100µg/ml) at 37°C for time interval 12-16 hours with shaking at 200 rpm.

2.2 Nucleic acid methods

2.2.1 Genomic DNA extraction

Genomic DNA of A. flavus and A. nidulans were extracted from frozen mycelia or

conidia, using the ZR Fungal/Bacterial DNA Kit (Zymo Research, California, USA) according

to the manufacturer's instructions.

2.2.2 Total RNA extraction

Total A. flavus and A. nidulans RNA was extracted from frozen mycelia using the

Qiagene RNeasy Plant Mini Kit (Cat No:74104) according to the manufacturer's instructions.

2.2.3 Plasmid purification

Plasmid DNA from E. coli was isolated using Qiagen Mini-Prep Plasmid Purification

Kit (Cat No: 27104) according to the manufacturer's instructions.

2.2.4 Agarose gel purification of DNA fragments

DNA fragments were extracted from agarose gel slices using Qiagen QIAquick Gel

Extraction Kit (Cat No: 28706) according to the manufacturer's instructions.

2•3 Strain Creation

2•3•1 Plasmid construction

Oligonucleotides and plasmids used for the generation of A. flavus and A. nidulans
strains are listed in Table 2.3., Table 2.4., Table 2.5. and Table 2.6., respectively.
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Table 2.3 Oligonucleotides utilized for A.flavus strains including experiments

Label Sequence in 5'>3' direction Size Feature
BK97 TTCGAGCTCGGTACCCCCTTAAGAGGTATTGGCCTTACTT 40 kdmA 5 UTR

pUC 19 connector
(del)

BK98 TCAGGCCATCGGCTAGCTTG 20 kdmA nested 5
UTR (del)

BK99 GAGCATTGTTTGAGGCCGTCTAGGCCCCATCGTCA 35 kdmA 5 UTRpyrG
connector

BK100 GCCTCCTCTCAGACAGTGACACACACACTTGTTTTGTTGT 41 kdmA 3 UTRpyrG
G connector

BK101 ACTCTAGAGGATCCCCAGCACTCTCCTGCTTATTATTTTC 41 kdmA 3 UTR
C pUC19 connector

(del)
BK102 AGCACTCTCCTGCTTATTATTTTCC 25 kdmA nested 3

UTR (del.)
BK103 TTCGAGCTCGGTACCCAGATGTTGTGAACCAGCACGATC 39 cclA 5 UTR pUC19

connector (del)
BK104 AGATGTTGTGAACCAGCACGATC 23 cclA nested 5 UTR

(del)
BK105 GAGCATTGTTTGAGGCTTGCTTCGTTAGCCCGTATCAG 38 cclA 5 UTRpyrG

connector
BK106 GCCTCCTCTCAGACAGGCTGAATTTGTTTCGTGGATGAGC 40 celA 3 UTRpyrG

~ connector
BK107 ACTCTAGAGGATCCCCGTCCTTTGCTCAGCAGCATCC 37 cclA 3 UTR pUC19
i connector (del.)
BK108 GTCCTTTGCTCAGCAGCATCC 21 cclA nested 3 UTR

l. (del)
BK109 TTCGAGCTCGGTACCCGTGGATTGCCCATCCATCCTAT 38 mcmA 5 UTR

pUC19 connector
j (del)
BK110 GGTTTTGATCTACTCTATCGGGAC 24 mcmA nested 5
- UTR (del)
BK111 GAGCATTGTTTGAGGCACGGTGGTCCTTGCTTCTGC 36 mcmA 5 UTRpyrG
- connector
BK112 GCCTCCTCTCAGACAGGGCTGGAACAAGGGTAGAACG 37 mcmA 3 UTRpyrG

f-- connector
BK113 ACTCTAGAGGATCCCCTGTGTACGGTACAGGGGGAG 36 mcmA 3 UTR

pUC19 connector
- (del)
BK114 TGTGTACGGTACAGGGGGAG 20 mcmA nested 3
[ UTR (del)
BK115 TTCGAGCTCGGTACCCTCATCTACCATAACCGGCGACA 38 ecmB 5 UTR

pUC19 connector
[ (del)
BK116 TCATCTACCATAACCGGCGACA 22 ecmB nested 5- UTR (del)
BK117 GGTGAAGAGCATTGTTTGAGGCGTTATCGAGATATGTCTG 47 ecmB 5 UTRpyrG
/ ACTTGCA connector
BK118 ATCAGTGCCTCCTCTCAGACAGTCCTTGTGGTATGATCTT 47 ecmB 3 UTRpyrG- TGGAAAG connector
BK119 ACTCTAGAGGATCCCCTTCCCCTTCCGTTGCAACTTTTG 39 ecmB 3 UTR

pUC19 connector- (del)
BK120 TTCCCCTTCCGTTGCAACTTTTG 23 ecmB nested 3
r--- UTR (del)
BK121 TTCGAGCTCGGTACCCTTGGGGCCCAATGCGTTGTTG 37 rstB 5 UTR pUC19

connector (del)
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BK122 TTGGGGCCCAATGCGTTGTTG 21 rstB nested 5 UTR
(del)

BK123 GAGCATTGTTTGAGGCTTCTTAGAGACGGTGCAGCGAAA 39 rstB 5 UTRpyrG
connector

BK124 GCCTCCTCTCAGACAGGCGATGAGTACGTCGGCTTC 36 rstB 3 UTRpyrG
connector

BK125 ACTCTAGAGGATCCCCCAATTGAACTCCCCGCTCAAACA 40 rstB 3 UTR pUC19
A connector (del)

BK126 TACAGGGTACTACAACACAAAACC 24 rstB nested 3 UTR
(del)

BK276 CGATGTTAGTCTTGCCTTGC 20 skpA 5°
BK277 GACCAGATGAAACTCAAGCTG 21 skpA 3'
BK260 GGATGACGGCATTCATTACTC 21 kdmA 5'
BK261 CCATCCGTTGAGCCGATTC 19 kdmA 3'
MUL23 GGTCCTTAAGGGAGGTGTGG 20 cc/A 5'
MUL24 GGAGCCTACATTGCCGACAC 20 cc/A 3'
MUL25 CAGTTAGCGCAACGATCGCTG 21 ecmB 5'
MUL26 GCAACGGCCAAGAGTATCGTC 21 ecmB 3'
MUL28 CTTTGGTAAACTCAGCTCCACTG 23 rstB 5'
MUL29 GCGAGTGAAGCTTGAACGATTC 22 rstB 3'
BK204 ACCAACACTGGCCGCATCTTC 21 cclA ORF 5'
BK205 TCAATGGACCTCTATCAGATACG 23 cc/A ORF 3'
BK208 TTGGGCAACGTAGAGTTTAGCC 22 ecmB ORF 5'
BK209 AACCGATACGCTGGCTGCAC 20 ecmB ORF 3'
BK210 CAAGTGCCAGTTTTGCAATCGC 22 rstB ORF 5'
BK211 CCGACGCGCAATGAGTCTTC 20 rstB ORF 3'
MUL105 CCCAAGACCGACAAGGGCTGGTATCTGAACTGCATCTTC 39 cclA 5 UTR

PAN8. l connector
MUL106 GCGTTCTGGAGGGAGGCTCTTCTCTGCATCTCCGCC 36 cclA 3 UTR
l PAN8.l connector
MUL107 CCCAAGACCGACAAGGCCGAGTCAATTATAGGTCACGC 38 ecmB 5 UTR

PAN8. l connector
MUL108 GCGTTCTGGAGGGAGGCTTCCAAGCTCGTTGAAGTACC 38 ecmB 3 UTR

PAN8. l connector
MUL109 CCCAAGACCGACAAGGCCGTAAGTGAGTGAGAGACCC 37 rstB 5 UTR
l PAN8 .1 connector
MUL110 GCGTTCTGGAGGGAGGGCTGCTTCCTGCGTTACTATG 37 rstB 3 UTR
. PAN8. l connector
MUL127 TTCGAGCTCGGTACCCCCTTGTCGGTAATGCTTGTCAC 38 cclA 5 UTR pUCI9

~ connector (tag)
MUL128 GCTTTGCTACTAACGAATCTCTG 23 cclA nested 5 UTR
P (tag)
MUL129 CACCGCTACCACCTCCAGACATCTCGACATCATGGCC 37 cclA HA&pyrG

...___ connector
MUL130 GCCTCCTCTCAGACAGATTATACATTGTTCATCTAACTTG 41 cclA 3 UTR

C HA&pyrG
/ connector
MUL131 CATGTTATGTCTTACTCTACGCG 23 cclA nested 3 UTR
/ (tag)
MUL132 ACTCTAGAGGATCCCCGTTCGCGATGTCTTCAGTACG 37 cc/A 3 UTR pUC19
/ connector (tag)
MUL133 TTCGAGCTCGGTACCCGATCTCTGTTGTGCTACATGCC 38 mcmA 5 UTR

pUC19 connector
/ (tag)
MUL134 CGGATTGATCAGGTTCTGCC 20 mcmA nested 5
c UTR (tag)
MUL135 CACCGCTACCACCTCCTGCAGTGGGTTGATGCTGGG 36 mcmA HA&pyrG

connector
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MUL136 GCCTCCTCTCAGACAGACGGTGGTCCTTGCTTCTGC 36 mcmA 3 UTR
HA&pyrG
connector

MUL137 CGGATACGGAACCCAGGAC 19 mcmA nested 3
UTR (tag)

MUL138 ACTCTAGAGGATCCCCCTTCGACATCTCTGGTCTCG 36 mcmA 3 UTR
pUC19 connector
(tag)

MUL139 TTCGAGCTCGGTACCCCAATCAGTCGCGTACAATACCC 38 ecmB 5 UTR
pUC 19 connector

~ (tag)
MUL140 CTGGCTGAGTGTGATTTCTGG 21 ecmB nested 5

UTR (tag)
MUL141 CACCGCTACCACCTCCCTCCCGTGATACGAACCAGG 36 ecmB HA&pyrG

connector
MUL142 GCCTCCTCTCAGACAGAAAGTTATCGAGATATGTCTGAC 39 ecmB 3 UTR

HA&pyrG
- connector
MUL143 GTCGACGTTCACGCTTGCAG 20 ecmB nested 3

UTR (tag)
MUL144 ACTCTAGAGGATCCCCGTTGAAGTACCTAGCCCACTG 37 ecmB 3 UTR

pUC 19 connector
- (tag)
MUL145 TTCGAGCTCGGTACCCCTCACTGTCGCGATTCAGCG 36 rstB 5 UTR pUCI9

connector (tag)
MUL146 GAATCTGCCATCGGCTTGTG 20 rstB nested 5 UTR

(tag)
MUL147 CACCGCTACCACCTCCGTACGCCGTGCCTACACTAG 36 rstB HA&pyrG

connector
MUL148 GCCTCCTCTCAGACAGGCGATGAGTACGTCGGCTTC 36 rstB 3 UTR

HA&pyrG
connector

MUL149 GCTATGACTTGCAGCATGTCG 21 rstB nested 3 UTR
- (tag)
MUL150 ACTCTAGAGGATCCCCGAACCATCATCCTCGCTATGTG 38 rstB 3 UTR pUCI9

MUL151
connector (tag)

TTCGAGCTCGGTACCCCGCCACAGAAGAGCAGACATC 37 kdmA 5 UTR
pUC19 connector

P (tag)
MUL152 CGCCACAGAAGAGCAGACATC 21 kdmA nested 5
- UTR (tag)
MUL153 CACCGCTACCACCTCCAGGACTAAGAACGTTACAGAGAT 40 kdmA HA&pyrG- C connector
MUL154 GCCTCCTCTCAGACAGATCGAACTACCTTCCTCGAC 36 kdmA 3 UTR

HA&pyrG
/ connector
MUL155 CGCTCCACTGCATGACATGTC 21 kdmA nested 3
/ UTR (tag)
MUL156 ACTCTAGAGGATCCCCCGCTCCACTGCATGACATGTC 37 kdmA 3 UTR

pUC 19 connector- (tag)
MUL157 CCCAAGACCGACAAGGCTGCATCGCTGGCGAACTAG 36 kdmA 3 UTR- PAN8. l connector
MUL158 GCGTTCTGGAGGGAGGCGGCTGCCACATCCGATG 34 kdmA 5 UTR

PANS. I connector
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Table 2.4 Oligonucleotides employed for A. nidulans strains

Label Sequence in 5'>3' direction Size Feature

-
OZG916 GGAGGTGGTAGCGGTGGT 18 GGGSGG amplifier

for all cassettes
OZG695 GCCTCAAACAATGCTCTTCA 20 pyrG stop
OZG694 CTGTCTGAGAGGAGGCACTGAT 22 pyrG&pyroA start
OSBRT20 CTCGAAGACATGCGAAATCAG

_OSBRT19 CAGGAGTTCGTTCGTACGTG
MUL54 CTCTAGAGGATCCCCCGTTATCATCACGGGGTCTCTG 37 rstB 3 UTR pUC19

connector
_MUL53 GCTTTATTGAGCCTGTCTGTGG 22 rstB nested 3 UTR
MUL52 GCCTCCTCTCAGACAGCTCACCGGCTTTTCATAGGGG 37 rstB 3 UTR pyrG
- connector
MUL51 GAGCATTGTTTGAGGCTTCTCAAGACGGGTTGTGTAGC 38 rstB 5 UTR pyrG

connector
MUL50 GGAAAGGCTTGTCCCAATAGTG 22 rstB nested 5 UTR
- (del)
MUL49 TTCGAGCTCGGTACCCGGAGGTGATGAACCGTGAATC 37 rstB 5 UTR pUC19
j connector
MUL48 CTCTAGAGGATCCCCACTCCGGAATTTCAACGCAGGC 37 ecmB 3 UTR
- pUC 19 connector
MUL47 CCTGAGAATAAAGTCCTCGGC 21 ecmB nested 3 UTR
MUL46 GCCTCCTCTCAGACAGAGGCATCTTTGCCGTATGTTCTC 39 ecmB 3 UTR pyrG
- connector
MUL45 GAGCATTGTTTGAGGCTGTGGTAGCATCAGCGGCCA 36 ecmB 5 UTR pyrG
- connector
_MUL44 GTGGTATTCAAGAAGCGCAAGC 22 ecmB nested 5 UTR
MUL43 TTCGAGCTCGGTACCCGAGTGATGAAGTGCCAGTGAAG 38 ecmB 5 UTR
- pUC19 connector
MUL42 ACTCTAGAGGATCCCCCGTCAGGAGGTAGAGATAAACA 39 kdmA 3 UTR- G pUC19 connector
MUL41 CTCCAGATTAGTCCCATTCGG 21 kdmA nested 3 UTR
MUL40 GCCTCCTCTCAGACAGCTATGACTGCTTATAGACATGCC 39 kdmA 3 UTR pyrG
/ connector
MUL39 GAGCATTGTTTGAGGCGAATGCCGTCGTCTATAAGTGC 38 kdmA 5 UTR pyrG
/ connector
MUL38 GCAGTACGGTCCGGTTGATG 20 kdmA nested 5 UTR
MUL37 TTCGAGCTCGGTACCCGACTCATGCTCCTTCGTCTTC 37 kdmA 5 UTR- pUC19 connector
MUL33 GAATGACTCGCCCATAAGCTTG 22 rstB 3' (cDNA)
MUL32 GACGATGATGCTGTCGACTCG 21 rstB 5' (cDNA)
MUL20 AAACAAAGATGCAAGAATGGGGTTGTACTTTCAGCTGC 38 cclA 3 UTR ptrA
;--_ connector
MUL19 GATCCCGTAATCAATTAATGCGAATCCTTTGCGGATAGG 39 cclA 5 UTR ptrA
/ connector
MUL18 ACTCTAGAGGATCCCCGAGTTTCAGTGGCTCGAGATG 37 cclA 3 UTR pUC19
[. connector
MULI7 CAGTTGTCCTAACCTGAGATACG 23 cclA nested 3 UTR
MUL16 GCCTCCTCTCAGACAGATGGGGTTGTACTTTCAGCTGC 38 cclA 3 UTR pyrG--- connector
MUL1S GAGCATTGTTTGAGGCAATGCGAATCCTTTGCGGATAG 39 cclA 5 UTR pyrG
-=---- G connector
Mr14 CCACCTTGAATTATAGGCCCAG 22 cclA nested 5 UTR
MUL13 TTCGAGCTCGGTACCCGTATCTGAACCGCATCTTCGG 37 cclA 5 UTR pUC19

connector
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MUL120 TTGAGGCGAATTATTTGGAACCTTCGCAGTGAATATCG 38 rstB 3 UTR
pOSB 113 connector

MUL119 AGCTCGGTACCCATTTGCTATGGAGCTGTCATCATGAC 38 rstB 5 UTR
pOSB113 connector

MUL118 TTGAGGCGAATTATTTCTTCGACTCCGTCTCCATCAC 37 ecmB 3 UTR
pOSB 113 connector

MUL117 AGCTCGGTACCCATTTGAGGAGTATCGGAGTGATATGG 38 ecmB 5 UTR
- pOSB 113 connector
MUL116 TTGAGGCGAATTATTTGTTCAATGCAACGGTAGTCCAG 38 cc/A 3 UTR
- pOSB 113 connector
MUL115 AGCTCGGTACCCATTTCGATGTGAGCTTCCCGTAGAG 37 cc/A 5 UTR

- pOSB113 connector
MUL114 TTGAGGCGAATTATTTCAGACGACGGTTCACGAGTG 36 kdmA 3 UTR

P pOSB 113 connector
MUL113 AGCTCGGTACCCATTTCGCAGGATCGAGTATTGACTAC 38 kdmA 5 UTR
- pOSB113 connector
_BK51 GTGGCCCAATAAACCGTTGCTG 22 rstB nested 5 UTR
BK36 CCCATATAACGATCCACAAGTCG 23 mcmA nested 3
- UTR
BK35 TCCACCGAGTCACTGTTTACTG 22 mcmA nested 5
- UTR
_BK281 GCATCTGGTCCTCAACCTC 19 benA qPCR F
BK280 GATGGCTGCCTCTGACTTC 19 benA qPCR R
BK245 GATCTGGTCCTCTTCCTCG 19 scone 3'
BK244 CCAACTACCTTGACATCAAGC 21 scone 5'
BK243 CAAGCGACTTCGTTGGCAC 19 rstB 3' (cDNA)
BK242 GGGTAACATCCTAGACGGTG 20 rstB 5' (cDNA)
BK241 CCCAGCTTCCTGTTCAAGG 19 ecmB 3'
BK240 CGAGACGTCATCTATTCAATCG 22 ecmB 5'
BK239 GCATCCGATTGCCTACAGG 19 mcmA 3'
BK238 CCTACATGACAAGCGAACAAC 21 mcmA 5'
P

BK237 GGTATCCTCCGGTTCTGG 18 cc/A 3'
BK236 CGAGTATCAAGCTTGCCGAC 20 cc/A 5'
BK235 GCTAAGAGCGGCACAGAG 18 kdmA 3'
BK234 CATGACTATGCTTCGTCTGAC 21 kdmA 5'
BK181 TGGTTGGTTGCCGTCCTTCAC 21 rstB nested 3 UTR
/ (tet07)
BK180 CTTGCTCACCATGTTTGCAAGATTCATCCTCAATCCACT 40 rstB ORF sgfp
- C connector
BK179 GCCTGAGTGGCCGTTTATGGCCCCGAGTGCATCAAGT 37 rstB ORF tet07- connector
BK178 CCTCTCAGACAGATTTTTCTCAAGACGGGTTGTGTAGC 38 rstB 5 UTR

pyrG/pyroA
c connector
BK177 AAAGCTGGGTACATTTGCTTGAAGAATCGATGTTGTGTT 40 rstB 5UTR pUC19- G connector
BK174 TTGGCTGCAAGCCTCCGTC 19 ecmB nested 3 UTR
/ (tet07)
BK173 CTTGCTCACCATGTTTAGTTGTAGTTGTTGCGGGGTTC 38 ecmB sgfp
r--- connector
BK172 GCCTGAGTGGCCGTTTATGCCTTCCAAGACGCATACGG 38 ecmB ORF tet07
[ connector
BK171 CCTCTCAGACAGATTTTGTGGTAGCATCAGCGGCCA 36 ecmB 5 UTR

pyrG/pyroA-- connector
BK170 AGTCGAGTATTCATAAAGCCACAAC 25 ecmB nested 5 UTR

(tet07)
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BK169 AAAGCTGGGTACATTTGTGGTATTCAAGAAGCGCAAGC 38 ecmB 5 UTR
pUC19 connector

BK168
(tet07)

AGGCACCAGAAACACCGCATC 21 mcmA nested 3
..__ UTR (tet07)
BK167 CTTGCTCACCATGTTTCCACATTCGCCAGTAAGTAGATG 39 mcmA sgfp
l connector
BK166 GCCTGAGTGGCCGTTTATGGCCGACATCACCGCCG 35 mcmA ORF tet07
- connector
BK165 CCTCTCAGACAGATTTGATGGAAATAGAAACGAAGAGG 40 mcmA 5 UTR

CG pyrG/pyroA- connector
BK164 GGTGCTGGGATCGATTTGATAC 22 mcmA nested 5- UTR (tet07)
BK163 AAAGCTGGGTACATTTGGGACTATCGCCTTCTATATCC 38 mcmA 5 UTR

pUC19 connector
/ (tet07)
BK162 GACAATTTGCTCGTCGAAGCGC 22 cc/A nested 3 UTR- (tet07)
BK161 CTTGCTCACCATGTTTTACAATATCGGCCAGTACGTCTT 40 cc/A sgfp connector

C
BK160 GCCTGAGTGGCCGTTTATGGCATCTACTCACGCAGCTG 38 cc/A ORF tet07

,..._____ connector
BK16 CACCGCTACCACCTCCAGCAGTGGGTTGGTGCTGG 35 mcmA 3'
BK159 CCTCTCAGACAGATTTAATGCGAATCCTTTGCGGATAGG 39 cc/A 5 UTR

pyrG/pyroA
c connector
BK158 TCGGATCTTCGTCTCCTCGAG 20 cc/A nested 5 UTR
t--- (tet07)
BK157 AAAGCTGGGTACATTTTGGTTTGACCGCTCGTCTCTG 37 cc/A 5 UTR pUC19
[ connector (tet07)
BK156 GTGGTTAGAGCTGCTGCCTG 20 kdmA nested 3 UTR
/ (tet07)
BK155 CTTGCTCACCATGTTTTTTGCATCACTAGGCCAGATACC 39 kdmA sgfp
c connector
BK154 GCCTGAGTGGCCGTTTATGGCTGCGACGATTGATCGC 37 kdmA ORF tet07
[ connector
BK153 CCTCTCAGACAGATTTCGCTATGAAGAGTATGGAAAAG 40 kdmA 5 UTR

AG pyrG/pyroA
i----_ connector
BK152 CGTCTGGATCGACTCATGCTC 21 kdmA nested 5 UTR

-=--- (tet07)
BK15I AAAGCTGGGTACATTTAGACTGTCAAGAAAGCCCCAGG 38 kdmA 5 UTR

pUC19 connector
i-::-__ (tet07)
BK14 CCTCCTCTCAGACAGATTCGCGCTTAAGCGCTTGC 35 mcmA 3 UTR 5'

Table 2 5 Pl ..lasmids used for A. jlavus strain generation
Descri Reference

.coli plasmid
nee cloning
eo marker i

UC19
UC19

UC19
Cl9

A com in Stul PAN8.1

Thermo Scientific
Punt and van den Hondel, 1992
This stud
This study
This stud
This study
This study
This stud
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PMU23 ecmB comp in Stu! PAN8 .1 This study
l_EMU24 rstB comp in Stu! PAN8.1 This study
pMU29
PMU31

cclA-3xHA-pyrG in Smal pUC19 This study

pMU32
ecmB-3xHA-pyrG in Smal pUC19 This study

PMU33
rstB-3xHA-pyrG in Smal pUC19 This study

PMU34
kdmA-3xHA-pyrG in Smal pUC19 This study

LPMU35
kdmA-GFP-pyrG in Smal pUC19 This study
kdmA comp in Stu! PAN8.l This study

Table 2 6 Pl •
•o 'lasmids employed for the A nidulans strain creation

Plasmid
~ Description Reference

le!l_Cl9 E.coli cloning plasmid Thermo Scientific
POSB113
pOB498

pyrG, Swal and Pmel sites in pUCI9 This study

POB497
ecmB TAP natR cassette (with Pmel) in pUC19 Smal This study

POB496
ecmB GFP natR cassette (with Pmel) in pUC19 Smal This study

POB495
mcmA TAP natR cassette (with Pmel) in pUC19 Smal This study

POB494
mcmA GFP natR cassette (with Pmel) in pUC19 Smal This study

pOB493
rstB TAP natR cassette (with Pmel) in pUC19 Smal This study

r--_ rstB GFP natR cassette (withPmeI) in pUC19 Smal This study
POB492 cc/A TAP natR cassette (with Pmel) in pUC19 Smal This study
pPOB491
IP01439

cc/A GFP natR cassette (with Pmel) in pUC 19 Smal This study
H2A mRFP-vvroA in pUC19 Smal site This study

POB230 rstBA by ptrA in pUC19 Smal site This study
POB228
»o1a ecmBA by ptrA in pJET vector This study

kdmAA by ptrA in pJET vector This study
pMU7 rstBA by pyrG in pUC 19 Smal site This study
pMU6

t--=--.._: ecmBA bypyrG in pUC19 Smal site This study
»yrs kdmAA by pyrG in pUC19 Smal site This study
-et celAA by ptrA in pUC19 Smal site This study
~MU3
~

cclAA by pyrG in pUC 19 Smal site This study
rstB comp. in pOSB113 Swal site This study

~ ecmB comp. in pOSB113 Swal site This study

~ cclA comp. in pOSB 113 Swal site This study
pMU25

reko kdmA comp. in pOSB 113 Swal site This study

rpx rstB-3xHA-pyrG in pUC19 Smal site This study

kn ecmB-3xHA-pyrG in Pmel site This study

es mcmA-13xMYC-pyrG in pUC19 Smal site This study
rstB-teton pyroA in p0B549 Swal site This study

Fe celA-3xHA-pyrG in Pmel site This study
BK39

pBK38 ecmB-teton pyroA in p0B549 Swal site This study

-e mcmA-tetonpyroA in p0B549 Swal site This study

cclA-teton pyroA in p0B549 Swal site This study

FM9AK kdmA-teton pyroA in p0B549 Swal site This study
BK10 kdmA-3xHA-pyrG in pUC19 Smal site This study

2.3.2 Gen .eration of deletion strains

the following section will describe how strains were contructed. To select for mutants
prototrophiphic for pyrithiamine uridine uracil pridoxine phleomycin or nourseothricin; defined

' ' ' '
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medium plates were supplemented with pyrithiamine (1ml/L), uridine (5ml/L), uracil (lg/L),

pyrodoxine(lml/L) or nourseothricin (600µ1/L) from their stock solutions as required.

To create the kdmA, cc/A, ecmB and rstB deletion construct for A. flavus, the 5' UTR

region of related gene was amplified from genomic DNA of either NRRL3357 or TJES19.1

using primers (Table 2.3) and 3' UTR with primers (Table 2.3) for AfpyrG. These three

fragments were then fused and cloned in Smar site of pUC19 by using in-fusion HD cloning

kit (Clontech, Cat:638911) leading to the plasmids pBK27 (kdmAA::AfpyrG), pBK28

(cclAN::AfpyrG), pBK30 (ecmBA::AfpyrG), pBK31 (rstBA::AfpyrG), respectively. Linear

deletion fragments were amplified from associated plasmid by using primers listed in Table
2·3 and linear deletion fragments were transformed into TJES 19 .1 generating kdmA, cc/A,

memA, ecmB and rstB deletion mutants.

For the generation ofthe kdmA, cc/A, ecmB and rstB deletion constructs forA. nidulans,
the 5' and 3' UTR regions of linked gene were amplified from genomic DNA of either

FGSCA4 or AGB55 l using primers (Table 2.4) and same approach was applied for

amplification ofptrA andpyrG fragments. The two fragments were fused to theptrA andpyrG

markers and amplified by a fusion PCR, using oligos (Table 2.4). Deletion cassettes were

cloned in pJET vector heading to the plasmids pOB227 (kdmAA:.ptrA), pOB228

(ecmBA:ptrA), pOB230 (rstBA:.ptrA) and in Smal site of pUC19 by using in-fusion HD

cloning kit (Clontech, Cat:638911) leading plasmids pMU3 (cclA!i::pyrG), pMU4

(cclAA::ptrA), pMU5 (kdmAA..pyrG), pMU6 (ecmBA..pyrG), pMU7 (rstBA:.pyrG)

respectively. Linear fragments were obtained from plasmids pOB227,pOB228 and pOB230 by

digestion with Pmel (Mssl) and plasmids pMU3, pMU4, pMU5, pMU6, pMU7 by using

oligonucteotides(Table2.4), then, were transformed into AGB551 generating kdmA, cc/A,

ecmB and rstB deletion strains.

For the generation of double deletions, deletion plasmids for kdmA, cc/A, ecmB and

rstB withpyrGmarker were used. Briefly, linear deletion fragments (withpyrG) were provided

by utilizing oligos from Table 2.4 and these cassettes were transformed to related gene deletion
strain (withptrA) to obtain double deletion mutant strain.

All deletions strains were confirmed by either Q-RT-PCR (Figure 2.1) or Southern blot

analysis (Figure 2.4 and 2.5)
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2.3.3 Generation of epitope tagged strains

For the creation ofkdmA::sgfp and kdmA::3xHA fusions forA.flavus, the promoter and

ORF (4.2kbp), and terminator sequences of kdmA were amplified using oligos (Table 2.3).

These two fragments for each strain were fused to sgfp::AfpyrG, 3xHA: :AfpyrG cassettes in

Smal site of pUC19 by using in-fusion HD cloning kit (Clontech, Cat:638911) leading to

plasmids pMU34 (kdmA::sgfp) and pMU33 (kdmA:: 3xHA). kdmA::sgfp::. AfpyrG,

kdmA::3xHA:: AfpyrG fused cassettes were amplified by using primers (Table 2.3) and linear

fragments were introduced into TJES19.1 strain. pMU29 (cclA::3xHA), pMU3 l (ecmB::3xHA)

and pMU32 (rstB::3xHA) plasmids, linear fragments were obtained in the same way as

described for kdmA with the related primers(Table 2.3) and ORFs which are l.9kbp, 2.7kbp

and 2.6kbp respectively.

To replace the kdmA locus with kdmA::sgfp, kdmA:ctap and kdmA::3xHA fusions for

A. nidulans, the promoter and ORF (4.5 kbp), and terminator sequences of kdmA were

amplified using oligos (Table 2.4). sgfp::natR, ctap::natR and 3xHA::AfpyrG cassettes were

amplified from tool plasmids with suitable oligos (Table 2.4). sgfp: :natR, ctap: :natR and
3xHA::AfpyrG cassettes were amplified from tool plasmids with suitable oligos (Table2.4).

Then, gfp and tap fragments were fused to each other using a fusion PRC. ha fusion fragment

cloned in Smal site ofpUC19 with adding Pmel cutting site by using in-fusion HD cloning kit

(Clontech, Cat:638911) leading to plasmid pBKI0 (kdmA::3xHA), respectively. These

cassettes were released by Pmel digestion and linear cassettes were introduced into AGB55 l
strain. The same strategy was also applied for the other complex members by generating

pOB491(cclA::sgfp), pOB492 (cclA::ctap), pBK4 (cclA::3xHA) plasmids for cclA(l.8 kbp),

pOB497 (ecmB::sgfp), pOB498 (ecmB::ctap), pBK7 (ecmB::3xHA) plasmids for ecmB(2.4

kbp), pOB493 (rstB::sgfp), pOB494 (rstB::ctap),pBK9 (rstB::3xHA) plasmids for rstB(2.6

kbp) and pOB495 (mcm/::sgfp), pOB496 (mcmA::ctap), pBK41 (mcmA::13xMYC) for

mcmA(0.9 kbp). Then, linear fragments were transformed to AGB551 strain. All epitope

tagging were done under native promoter and endogenously. Epitope tagged strains were

confirmed by doing functionality test with phenotype (Figure 2.2) and Western blot analysis

(Figure 3.2B and Figure 4.lE).
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2.3.4 Generation of complementation strains

For complementation of the kdmA, cc/A, ecmB and rstB deletions for A. flavus; the

kdmA cc/A, ecmB and rstB genomic locus, containing 1,5 kbp promoter and terminator regions,

were amplified from gDNA using primers (Table 2.3) and cloned into the Stu! site ofPANS.I,

which yielded pMU35, pMU22, pMU23, pMU24, respectively. Then, pMU35, pMU22,

pMU23, pMU24 circularly were introduced into kdmA cc/A, ecmB and rstB deletion strains,

respectively; for generating the complementation strains.

In order to generate complementation of the kdmA, cc/A, ecmB and rstB deletions for

A. nidulans; the kdmA cc/A, ecmB and rstB genomic locus, containing 1,5 kbp promoter and

terminator regions, were amplified from gDNA using primers (Table 2.4) and cloned into the

SwaI site of pOSBI 13, which yielded pMU25, pMU26, pMU27, pMU28, respectively. Then,

pMU25, pMU26, pMU27, pMU28 were introduced into kdmA cc/A, ecmB and rstB deletion
strains, respectively; to create the kdmA, cc/A, ecmB and rstB complementation strains. All

complementation strains were confirmed by the Q-RT-PCR (Figure 2.1).
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iigure 2.1 Relative expression levels of deletion and complementation strains. Expression level of
/rnA, eelA, ecmB and rstB deletions withpyrG marker and complementation strains compared to the
hflavus TJES 19.1. Mutant strains and wild type were grown m appropnate Complete Media for 48
ours at 30°C vegetatively. (B) Expression level ofkdmA, cclA, ecmB and rstB deletions with ptrA and

complementations strains compared to the A. nidulans AGB55 l. Mutant strains and wild type were
» appropriate GMM for 48 hours at 37°C vegetatively. This experiment were performed three

imes and three biological repeats were performed per experiment. benA was used as housekeeping
gene. Error bars represent the standart deviation. Statistically significant difference, (*) p<0.05, (**)
p<0.001, (***) 0)p<0.0001 and (ns) p>0.05.
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A B

Figure 2 2 Gecm *' Growth test for the 4A.nidulans andA.flavus strains. (A) Growth test for the kdmA, cclA,
corn ~nd rstB deletions and complementations in A.nidulans; HA, GFP and TAP fusions in

5
:panson to the wild type which were point inoculated (5x10*) and grown on appropriate GMM for

ty ays at 37 °C under constant light. Tagged strains generally behave similar to untagged strain (wild
( pe) where the deletion of cclA, ecmB show strong defect and significantly reduced asexual conidiation

A
gre_edn structures around colonies) indicating functionality of the tag-fusion (TAP,GFP and HA)
.nidulans st • • •in A.A ""S (B) Growth test for the kdmA, cclA, ecmB and rstB deletions and complementations

m d
.' avus. Strams were point inoculated (approx. 5x10° spores) and grown in appropriate YGT

edium by addit- 1strai- yaddition of suppelements needed for 5 days at 30 °C under constant hght. Complemented""* 4.favus display similar phenotype with wild-type strain in contrast to cel4 and ecmB mutants
minished colo ... s(g nidipho s) +:

C fi
o1ony size and asexual development structures green coni1pnores suggestmg

ontirmati10n of fully complemented A.flavus strains.

Generatio ofIon o H2A-mRFP fusion strains

gfp-tagged strains were used to generate H2A::mrfp fusion strains. pOB439 which is

H2A::mrfp::pyroA fusion plasmid was transformed ectopically to kdmA, cclA, ecmB, rstB and

rncmA gfp-tagged strains resulting in gfp and H2A::mrfp fusions. Integration of fused strains
kdmA: :efo::H,.&Ip::H2A::mrfp, cclA::gfp::H2A: :mrfp, ecmB::gfp::H2A: :mrfp, rstB::gfp::H2A: :mrfp,

mcmA::gfp::H2A: :mrfp were checked under confocal microscopy which also show individual
subcellul 1 . .ar localizations (Figure 3.lE)

To createH2A::mrfp fusion of cclA, ecmB, rstB, mcmA strains in the absence ofkdmA,

firstly, kdmA deletion cassette was amplified from pMU5 (kdmA/: :pyrG) with suitable primers
from T bla e 2.4 and linear kdmA deletion fragment was transformed into g/p-tagged cc/A, ecmB,
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rstB and mcmA strains individually. As a following step, pOB439 (H2A: :mrfp: :pyroA)

plasmid, ectopically, was introduced into cc/A::gfp, ecmB::gfp, rstB::gfp and mcmA::gfp
strains separately. Ectopic integration ofH2A::mrfp was examined in confocal microscopy.

Results also represent the subcellular localization of complex members in the absence ofkdmA
(Figure 3.7D).

H2A:mrfp fusion strains were created only for A.nidulans in this study.

2•3•5 Generation of tunable promoter replaced strains (teton strains)

A modified tet-on expression sytem was used to generate conditionally expressed

A.nidulans strains of complex members (Helmschrott et al., 2013). In order to create kdmA­

teton, 5' UTR region ofkdmA( 1.3 kbp) obtained from FGSCA4 genomic DNA by using related

oligonucleotides (Table 2.4) and according to Swal cloning site. kdmA open reading frame

(ORF) Was also amplified by utilization of FGSCA4 genomic DNAwith suitable primers from

Table 2.4 and corresponding with the Pmel cloning site. pOB549 modified tool plasmid which

contains pyro selective marker, 'tpiA::rt'TA2-M2::tcgrA::tetO-"min fusion for tet-on sytem

as Well as Swal andPmel restriction site was digested by Swal and Pmel. Previously amplified
5'UTR and ORF of kdmA were introduced into digested pOB549 by using in-phusion HD
clonin;king kit (Clontech, Cat:638911) yielded to pBK36 plasmid. 5'UTR::pyrG::teton::kdmA

fusion linear fragment was obtained from pBK36 with primers (Table 2.4) and linear fragment

Was transformed into AGB551 resulting in kdmA-teton strain. pBK37, pBK39, pBK40, pBK38

plasmids were created in the same way as explained above for kdmA-teton strain for cc/A,

ecmB, rstB, mcmA, respectively. Linear fragments were amplified from these plasmids by using

primers (Table 2.4) and transferred to AGB551 giving rise to cc/A-teton, ecmB-teton, rstB-
teton, mcnA-i se tdo clir .+nemA-teton strains. Strains were verified under different doxycycline concentrations
(Figure 2.3).
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t igure 2.3 (A) teton expression linear fragment structure was obtained from plasmids for
s~an_sfonnation (B) Doxycycline-dependent growth and verification of complex member's tetOn
s rams ~olding conditional promoter. 5x10° conidia including 5 µl from each indicated strain's spore
s~sp~nswn were inoculated on AMM with required concentration of uridine, uracil ,agar
r php emented and with the indicated amount of doxycycline and incubated at 37°C for 60 h under
1ght condition.

2•4 Southern Blot Hybridization

Southern Blot Analysis was performed in order to confirm the deletion or replacement

ofa gene at a specific loci inA. flavus andA. nidulans genomic DNA (gDNA), and was carried
out as d .escribed previously (Bayram et al., 2008) with nonradioactively labeled probes.

Genomic DNAs were digested with restriction enzymes and DNA-Probes were labelled with
digoxiger'enin (DIG) using a DIG labeling kit (Roche). DIG labeled DNA probes were amplified

by the PCR DIG Probe Synthesis kit (Roche, Cat:11277065910) as described in the

manufacturer's protocol. Chemiluminescent signals were detected with G: BOX Chemi XRQ
(Synge ) b .ne y using specific settings for CSPD (Roche) reagent.
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i~~re ~.4 Genomic integration confirmation of kdmA, cc/A, ecmB and rstB deletion cassettes
Sc

1
• ~idu/ans. (A) General depiction of the wild-type kdmA, cclA, ecmB and rstB deletion loci.

A
a e

1
ar (I 000 bp), restriction enzymes and probes used for Southern Blot are shown in the figure.

small p •used ropo_rt1on of 5 5 UTR , 3 UTR or ORF were used as Southern probes. AfpyrGmarker was
del . as deletion cassette. (B) Southern hybridizations of kdmA, cclA, ecmB and rstB single
Ba~~ion_s. Southern hybridizations confirm the replacement of endogenous loci by AfpyrG marker.

s sizes are in agreement with theoretical maps shown in A.
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Figure 2 5 G ..ftavus (A enomic mtegration confirmation for kdmA, cc/A, ecmB and rstB deletion cassettes in A.
• . ) General depiction of the wild-type kdmA, cclA, ecmB and rstB deletion loci. Scale bar (1000

of 5 u~ ~Iction enzymes and probes used for Southern Blot are shown in the figure. A small proportion
used as-;a;s~ated region (5 UTR), 3 UTR or ORF were used as Southern probes. AfpyrG marker was
Southern~ eti~n. cas_sette. (B) Southern hybridizations of kdmA, cclA, ecmB and rstB single deletions.
»a }8"*aw»on svnnmarry9men5ES9eye9[e59 2 9er9me9Ye19
maps sh( P)_, Tl &T2; Transformant 1 &2, respectively. Bands sizes are m agreement with theoretical

own in A.

2.5 Prot •em Analysis

2.5.1 Tot I •a1 protein extraction

Mycelia from A. flavus and A. nidulans liquid cultures in Complete Media and GMM,
respecti. ctively were harvested by filtering throughmiracloth, press dried and snap frozen in liquid
nitrogen. The 1:

A • e mycelia were ground into a fine powder using a mortar under liquid nitrogen.
round 1. mg offrozen mycelia were lysed in protein extraction buffer (B300 buffer) and added
with Iin . mM DTT, Protease inhibitor mix (Roche), 1.5 mM Benzamidine, lx Phosphatase
hibitorsr'mix (ROCHE) and 1 mM PMSF. Samples were then vortexed and were centrifuged
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at 13,000 x g for 10 min at 4 "C. Protein concentrations were calculated according to the method

described by Bradford (Bradford, 1976).

2•5•2 Nuclear protein extraction

Snap frozen filtered mycelia samples from A.nidulans and A.flavus liquid cultures in

GMM and complete media were ground into a fine powder using mortar and liquid noitrogen.

Ground mycelia was transferred to 50 ml falcon tube and resuspended in ice-cold 20 ml Nuclei

Isolation Buffer (NIB) on ice and following centrifugation was applied at 1 000x g at 4°C for

lO min. Supernatant was filtered through 2 layers of Miracloth into a SS34 (30ml) tube and
centrifuged 1 . •e at 0000x g for 15 mm at 4°C. Supernatant was discarded and pellet was

resuspended with 1.5 ml Resuspension Buffer (RB) and transferred into 2.0 ml precooled

microfuge tube and centrifuged 12000 rpm for 15 mins at 4°C. Supernatant was removed and
crude nu 1 • •c ei extract was resuspended in 400 ul of ST buffer and transferred mto 1.5 ml
microfuge tube and centrifuged at 4800 rpm for 45 seconds to get rid of cell debris. 300 ul of

supernatant was transferred into new 1.5 ml microfuge tube and 150 ul 3X protein loading dye

Was added and bolied at 95°C for 8 mins and frozen at -80°C. Rest of supernatant was taken
for Bradford •or assay. According to Bradford results desired amount ofnuclear protemwas loaded
15% So SDS-page gel.

2.5.3 SDS-P- AGE electrophoresis and Western Blot

Stacking and separating SDS-PAGE gels were prepared according to Table 2.7. The

gels Were prepared using the Mini-Protean II gel casting apparatus (BioRad, CA, USA)
according t h •g O t e manufacturer's instructions. Protein exracts were prepared by addmg one
Volume of 3X loading dye to every 2 volumes of sample and boil at 95 "C for 5-10 min. 100

µg of total protein extract was loaded onto the various percentages SDS gels as required (10%
or 12%)¢0 and was separated at 120V until the dye front moved out of the gel. Protems were
transferredrredonto a nitrocellulose membrane (GE Healthcare) by electroblotting. The membrane

Was blocked with 5% w/v skim milk in TBS-T (blocking buffer) before the addition ofprimary
antibody.A . . . •y. After pounng the blocking buffer, pnmary antibody (For TAP tag: polyclonal rabbit
O-caln odu''modulin binding peptide (CBP) (1:1000 dilution in TBS with 5% milk), 05-932, EMD

Millipore Corporation, and for GFP detection: a-GFP "mouse monoclonal IgG" (1 :500 dilution
TBST••with 5% milk), SC-9996, Santa Cruz Biotechnology) was added to the membrane for
1,5 hatrthroom temperature on a shaker at 160 rpm. The primary antibody was poured and t e
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membranes were washed 3 X 5 min with TBS at 160 rpm. The secondary antibody (For TAP

tag: goat a-rabbit (1 :2000 dilution in TBS with 5% milk), G-21234, Life technologies, and for

GFP detection: goat anti mouse (1 :2000 dilution in TBST and 5% milk), 170-6516, Biorad)

was added to the membranes for 1 h at room temperature and at 160 rpm. The secondary

antibody was poured and the membranes were washed 3 X 5 min with TBS at 160 rpm. As
detection . . •reagent, the Enhanced Chemiluminescence (ECL) technology (Bio-Rad) products

Were used according to manufacturer's instructions. Chemiluminescent signals were detected

with G: BOX Chemi XRQ (Syngene). Band intensities in the immunoblottings were

normalized against rabbit polyclonal a-SkpA (Genescript) 1:2000 dilutions in TBS and 5%
milk with 0.2% Ty .: •· 10 ween-20 and goat a-rabbit was used as secondary antibody for SkpA.

Post-translation modifications immunoblot analysis were performed from nuclear
protein extracts and 15% SDS-page gel was used for all analysis. a-H3K36me3(ab9050), a­

H3K4me3(Active Motif; 39159), a-H3K9me3(Abcam; ab8899), a-H3K14A¢ (Merck; 07-353)

and a-H3(Abcam; ab1791) antibodies were used for modifications and loading control with
1:2000 dilution in TBS and 5% milkwith 0.2% Tween-20. Goat a-rabbit was used as secondary
antibody for allor a post-translation modifications analysis.

Table 2 7 R• eagents composition for SDS-PAGE Stacking and Separating Gel
Separating Gel
Aer lamid 12 %

H20
1 M Tris
10 % SDS
30 %
A l

o Acrylamid, 0.8% Bis-
cry amide

TEMED1 o o 5 µl 10 µl 10 µl10%APSul100 g!l>µlUUft'YH

Stacking Gel
Aer lamid 4 %

Separating Gel
Aer lamid 10 %

3,67 ml
650 µI (pH:6,8)
50 µl

650 µl

2,8 ml
3,75 ml (pH:8,8)

100 µl
3,3 ml

3,2 ml
2,6 ml (pH:8,8)
100 µl
4ml

2.5.4 TAP (Tandem Affinity Purification) coupled mass spectrometry

Purification of TAP-tagged strains, preparation of the protein crude extracts and
anal •Ysis of the proteins were performed with Tandem Affinity Purification (TAP) Protocol as
described (Bax mdwith liquidbayram et al., 2008b). Briefly, mycelia samples were frozen and groun wit iqm
nitrogen. Grc.:· round mycelia was transferred into ice-cold SS34 tube and re-suspended with 15

ml B250 buffer which includes protease and phosphatase inhibitors and followed vortex

vigorously. Re-suspended sample was centrifuged 16000 rpm at 4C for 20 mins. Supernatant
Was transfer I:...:.:nsterred into new 15 ml tube and 100 ul IgG coupled magnetic beads added. Protem
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and bead •s mixture was rotated at 4°C for 4 h. After beads treatment, protein extract was
removed b •y using magnetic rack. Beads were washed with WB250, WB150 and TCB buffers,
respective! b •Y y using magnetic rack. Beads were re-suspended with the 1.5 ml TCB buffer and
transferred •e mto new 1.5 ml microfuge tube. 20 ul TEV protease was added in sample and
rotated at 4°C 6tor O/N. After OIN incubation supernatant was transferred into new 1.5 ml tube
and 200 ule iiliequilibrated CAM (calmodulin affinity) magnetic beads solution was added and
rotated t 4at 40C for 2 h. Rotated sample was placed on magnetic rack and supernatant was

removed. Beads were washed down three times by using 1 ml CBB (calmodulin binding
buffer). Then, try *n die •+i.. ... ... ted beads.By tiliz', trypsin digestion was performed on protein conjugated bea s. y utilizing
try •ptic digest t · · · • • • 1· d. , pro ems were digested mto peptides and after that zip-tip process was app ie •
Zip-tipped .peptides were run on LC-MS/MS.

Raw data from peptide analysis was run through the proteome discoverer software
(Thermos . ifi . •cientific) agamst to A.nidulans protein database file (provided from AspGD) and
A.flavus d t b. a a ase file (obtained from NCBI). Detected protein list was generated by chosen
with criteria of peptide confidence as 'high', minimum peptide number as 'two'. Extracted
protein list£ ·d · • dor identified proteins were exported as excel file for wt and tagged strams. Tagge
strains r . . . • • •. protein list was subtracted from wt list to get rid of unspecific bmdmg protems and
unique inter: +:raction partners were presented for tagged strains.

2.5.5 GFP and HA affinity purification coupled mass spectrometry

Immunoprecipitation of GFP- or HA-tagged strains was performed as described in
detailail (Bayrar mnd vith liquid. am et al., 2012). Briefly, mycelia samples were frozen and groun wit iqm
nitrogen.Gr-:· round mycelia was transferred into ice-cold 1.5 ml tube and re-suspended with 1
ml GFP-trap buffer which includes protease and phosphatase inhibitors and followed vortex
vigorously R o .J:'. 0 • S t t. re-suspended sample was centrifuged 13000 rpm at 4 C 1or 1 mms. uperna an
Was transferred i •erred into new 1.5 ml tube and 20 ul HA tag affinity magnetic beads added. Protem
and bead .s mixture was rotated at 4C for 2-3 h. After beads treatment, protein extract was
removed by · hr • busing magnetic rack. Beads were washed with GFP-trap buffer t ee times Y
using ma: .«:agnetic rack. Same further steps were performed on the protein conjugated beads here
as ex 1 •g pained in Section 2.5.4 for tryptic digest, zip-tip, running on the LC-MS/MS and
eneration of • .

o1 interaction protein lists.
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2.6 Microscopy

2.6.1 Light M"croscopy

A. flavus and A. nidulans colonies and quantification of sporulation were visualized
using the Ole+ ympus szx16 microscope with Olympus sc30 camera. A. flavus and 4. nidulans

spores (approx. 5x10*) were point inoculated on GMM, which contains appropriate

supplements. Plates were incubated during constant white light exposure (for asexual
develop ) .ment)and in dark conditions (for sexual development) for 4-5 days at 30°C forA.flavus
and at 37°C ftor A. nidulans. Sporulation was quantified with a hemocytometer and was
performed i ...1:in triplicate. Cell Sens Standard software (Olympus) were used for recording and

processing of images.

The effect of genetic modification on sclerotial production in A. flavus and on fruiting
body fo . .rmation in A. nidulans were also assessed with the stereomicroscope (OLYMPUS,
SZX16) b . . •y taking high magnification pictures. For sclerotia production, A. flavus strains were
cultivated .. on Wickerham Medium (WKM), with appropriate supplements at 30°C for 14 days
in dark condit* ...a ...:nditions, and A. nidulans strains were cultivated on GMM with appropriate
supplements at 37°C for 14 days in dark conditions. After incubation, plates were washed with
70% EtOH i- :m order to improve visualization of sclerotia production.

2.6.2 Confntocal microscopy

To assay the subcellular location pattern of Green fluorescent and monomeric red
fluorescent p t · 1 li id GMM • hro em (GFP and mRFP), strains were incubated in 500µl liquic 1 wit
appropriate s 1 S • • fi ) fUpp ements in Lab-Tek Chambered Coverglass W/CVT (Thermo cienti ic 1or

I2-16 hours at 25°C. Growth mycelial was analyzed using Olympus FluoView 1000 confocal
I1Cr0scoD :pe according to published method (Bayram et al., 20128).

2.7 Secondondary metabolite Analysis

2.7.1 Or ":rganic extraction

For aflatoxin production, A. flavus wild type and mutant strains were point inoculated
as 5µl ( • • •approx. 5000 conidia) in Yeast Extract Sucrose (YES) Medium, with appropnate
upplements and mditi» •After 'rubatian agar plates at 30°C for 7 days in dark conditions. ter incubation,
approxim t l da e Y 1 cm sized punch of agar was taken from plate and chopped by scalpel an
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transferred to btu e followed by adding 4 ml of deionized HO and left on the shaker for lh at
RT. By the end of shaki0 s a mg, 4 ml Chloroform was added to each tube and put in the shaker for
another 1h in b •cubation at RT. Tubes were centrifugated for 10 mins at 5000 rpm to separate the
two phases from each other and then all the Chloroform phase (about 4 ml) was transferred to
another tube . .and dned ma speedy-vac concentrator (miVac DNA Concentrator).

A. nidulans samples were processed by the same method as described above for
Sterigmatoc • .ystin production analysis, differently GMM agar medium with supplements was
Used and 10%. •

0 groud oatmeal was added in media to induce the sterigmatocystm production.
And alsoA.nidular '

.v11u ans samples were incubated in the light conditions for 5 days at 37 C. Samples
Were extracted . . .as triple biological replicates for both organisms.

2.7.2 R• everse Phase-High performance Liquid Chromatography (RP-HPLC)

The samples were resuspended in 200 µl methanol and run on a Shimadzu RP-HPLC
With. a photodiode array detector (PDA). Aflatoxin B2 (SIGMA, Cat: A9887) a

nd

sterigmato +:ocyStm (SIGMA,Cat:S3255) were used as standards from stock concentration which
were dissolved •San IVe m MetOH with !mg/ml. For HPLC measurements, 20 µl of the concentrated
amples or st d

1
andards were injected onto a Luna@®omega 5um polar C18 column (LC column

50 x 4.6 mm) at a flow rate of 1 ml/min. Gradient elution was performed with HPLC grade
Waterc ... ons1stmg of0. l % trifluoroacetic acid and acetonitrile consisting of0.1 % trifluoroacetic
acid was used. Gradie "i, sed withPDAd · radient conditions of 5-100% acetonitrile over 30 mm were use wit
etection at 254r .: • •nm. For quantification of aflatoxin and sterigmatocystin, calibration curves

Were calculated from 6,25 µg/ml to 400 µg/ml.

2.7.3 LC-MS/MS

A . For the investigation of global secondary metabolite profile, 2x10° spores/ml
nidulans wild-t ..., i ted in 50mlGM .id-type and mutant strains (single and double deletions) were inoculated in50m

M liquidmedia s+, "in haker at 37"C. me iawith needed supplements and incubated either 24h or 52h in shaker a
with 200+ :ti rpm shaking speed. After incubation time, Iml of liquid culture sample was taken and
rozen. Thi • •wer 'Is step was repeated as triple biological and 3 technical replicates for each stram as
ell as medi," mm samples as negative control. Thawed Iml culture samples were run on a QTrap

LC-MS/MS : . ) • d with a'I'urb System (Applied Biosystems, Foster City, CA, USA) equippe
olonSpray el . . . -;HPLC S tern (AgilentWai yelectrospray ionization (ESI) source and a 1290 SeriesI Syste

aldbronn, Ger •ini® C18-'ermany). Chromatographic separation was done at 25 °C on a Gemini
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column, 150 x 4 6 .guard . · mm i.d., 5 µm particle size, equipped with a C18 4 x 3 mm i.d. security
cartridge (Phchromat enomenex, Torrance, CA, USA). The chromatographic method,
ographic and m •al.,

2014
) ass spectrometnc parameters are described elsewhere (Malachová et

. Results were d tnormalized e ected by running standard samples for each compound and were
ize according t • 10 WI d-type 48h samples.

2.8 PCR methods

2.8.1 G• eneral PCR conditions

Standard PCR +transfo . reactions were carried out to amplify fragments of DNA for cloning,
rmation constru t bplasmid cs, pro es, and Colony PCR were carried out to test for recombinant
presence in E . • • • • •DNA. poi · colz. Standart PCRs was generally earned out usmg Q5®High-Fidelity

ymerase (NEBiUsing Ph . 10Labs, Cat: M0492S), and Colony PCR was generally carried out
us1on® DNgenerallv A polymerase (NEBbioLabs, Cat: M0530S). All PCR reactions were
Yearned •sec,

34
out with the following cycling parameters: initial denaturation at 98°C for 30

cycles of d . •'mperat, denaturation 98°C for 1 0 sec; annealing 63°C (or estimated melting
ture (Tm) of . •tension fthe pnmers used) for 20 sec· extension 72°C 20 sec/kb, and with final
on 72C forfor 5mi» ·riec criabove . mm. For Colony PCR reactions were generally earned out as descnbed
with the exce f •allow the1 eeption that the initial denaturing step was increased to 95 °C for 5 mm to
e bacterial 11Performed , *cells to rupture and release DNA for the PCR reaction. PCR reactions were
d In bench-top PCR machine (SENSOQUEST, Thermocycler48, Germany).

2.8.2 Q-RT-PCR

To mo-'0nitor •CUitivated . gene expression changes; A. jlavus wild-type and mutant strams were
i in Complete M d. · • h • h • dncubatio . e e ia with appropriate supplements in vegetative growt wit airne
b . n time, and £ •as1ca1J or developmental stage based expression (m sexual and asexual growth),

y, 20h veget . •omple. '®getative stage growth mycelia were washed by autoclavedHO and shifted to
e e medii e 1um • ,. • d'cubation +: agar plate including needed supplements and incubated for airne

n time either under dark or light conditions at 30°C.

A.nidula .at 3 7°c . ns strams were cultivated in GMM liquid media with appropriate supplements
in diPa, 'differentgi 4i • •or the d growth stages (Vegetative, Asexual, Sexual) for needed incubation time.
evelopment 1 sfertona stages mycelia shift was processed as explained above and trans er
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GMM agar plates with the required supplements and incubated under dark or light conditions

at 37°C.

After aimed incubations mycelia samples were washed by 1% DEPC (Diethyl

pyrocarbonate) included and autoclavedHO and snap-freezed with liquid nitrogen. Total RNA

was extracted from frozen mycelia by using the DNAse I (Cat.NO.79254, Qiagen) and was

quantified by using Qubit RNA BR Assay Kit Protocol (Cat: Q10210) according to the

manufacturer's instructions. About 1000 ng RNA was applied for cDNA synthesis by using
the Transcriptor First Strand cDNA Synthesis Kit (Roche, Cat: 04896866001 ). qPCR reactions

were performed by using LightCycler®480Sypr Green I Master (Roche). skpA and benA was

used as house-keeping gene and forA. flavus and A. nidulans, respectively. Light Cycler® 480

Software was used for Relative Expression Analysis. The experiments were repeated as three

biological followed by three technical replicates.

2•9 Transformation

2•9•1 Fungal Transformation

Transformation ofA. flavus and A. nidulans were performed by polyethylene glycol

mediated fusion ofprotoplasts as described previously (Punt and van den Hondel, 1992).

2•9•2 Bacterial Transformation

Competent E. coli Stellar (Clontech) and MACH-I (Invitrogen) cells were prepared by

the DMSO method as described (Inoue et al., 1990). Transformation of competent E. coli cells

Was performed with SOB and SOC-media according to (Hanahan et al., 1991). Colony PCR

Was performed to verify the presence of the desired insert in the plasmid of the sample clones.

2.10 Plant Pathogenicity Assays

The ability oftheAspegillusflavus strains to infect crop seeds was assayed as described.

2.10.1 Peanut Assay

Mature peanut seeds (Arachis hypogaea) were prepared by removing the brown

exterior peanut layer (testa) by hand. The two cotyledons of each seed were separated and the

embryo carefully removed without damaging any of the cotyledon tissue. Then, cotyledons
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were surface sterilized by placing them in a tea ball infuser and dipping them in a beaker

containing 0.05% sodium hypochlorite in sterile water for 3 min. The tea ball was transferred

to a new beaker containing sterile distilled water for 30 s (wash step). Followed by a 5 swash

with 70% ethanol in a new beaker (additional sterilization step) and one more 30 swash with
sterile distilled water while shaking the tea ball. The cotyledons were drained completely were

and placed in a petri dish until the time of infection. All the steps were aseptically performed

In a biosafety hood. Peanut cotyledons were inoculated with a 10° spores/ml. Cotyledon

treatments included water control (mock inoculation) and infection with fungal strains. For all

treatments, 20 peanut cotyledons were immersed in 20 ml of sterile distilled water (control) or
sterile distilled water with fungal conidia in 50 ml centrifuge tubes while shaking for 30 min

In a rotary shaker at 100 rpm. Cotyledons were placed in petri dishes lined with three pieces of

moist filter paper (to create a humidity chamber) and a water reservoir (lid ofa 15 ml centrifuge

tube containing 2 ml of sterile water) to maintain high humidity. Cotyledons were incubated

for 4 days at 30 "C in dark conditions. The filter paper was moistened daily.

2.10.2 Aflatorin An«:oxin Analysis from Peanut

Four days after infection, 4 pieces of peanut cotyledons were collected in 50 ml

centrifuge tubes containing 3 ml 0.01% Tween 80 (v/v in ddHO) then tubes were vortexed

vigorously and shaken at 150 rpm for 1 hour. For extraction, 5 ml of acetone was added to the

tubes and shaken at 150 rpm for 10 minutes then 5 ml chloroform was added to each sample

and shaken again at 150 rpm for 10 minutes. By the end of shaking, samples were centrifuged
for 15 •mm at 2000 rpm to collect the organic lower phase. Samples were then dned out

completely and were re-suspended in 5 ml of 0.1 M NaCl methanol:water (55:45 v/v) and 2.5

ml of hexane. Following the vortex for 1 min, tubes were centrifuged at 2000 rpm for 5 min.
the hexane layer was collected and the fatty acid inter-phase layer was discarded. The

remaining aqueous phase was washed an additional time with 2.5 ml hexane as described
above. The he: .:. nded i- µl· e hexane extracts were combmed, allowed to dry and then re-suspen ea in 200 µ

methanol and run on a Shimadzu RP-HPLC as described above (Section 2.7.2).

2•11 Stress tests

5x10' spores containing 5µ1 suspension ofA. flavus and A. nidulans strains were spot
moculatedc +rely•Aa e on YGT and GMMwith appropriate supplements and stress agents, respective y. •
flavus stre'- .. •' ubated at 30°Crams were incubated at 30°C for 72 hours, A. nidulans strains were incubate a
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for 72 hours and each experiment was carried out in triplicate. Stress reagents and

concentrations used in this study are shown in Table 2.8. For the determination of stress

chemical concentration, three different concentrations were tried and minimum inhibition

concentrations (MICs) were picked up and listed.

Table 2.8 Reagents and concentrations used for test stress process
~.

Substance Stock solution Solvent For 100 ml media

-
Hydroxyurea (HU) 50mg/ml H,O 197.6µ1 for 5.2mM
...-.
3-AT l00mg/ml H,O 83.3µ1 for lmM final_conc.
(3-amino l ,2,4triazole)

250µ1 for 3mM final cone.

r-:---
lMNaCI 5.84g
MMs Clear-liquid (100%) 30µ1 for 0.03%
(Methylmethanesulfonate)
t-:---
Latrunculin B lmg/ml DMSO 20µl for 0.2µg/ml
~
4-NQO 25mg/ml Acetone 1 µl for 0.25 µg/ml

~uinoline N-oxide)
CPT (Camptothecin) l0mg/ml DMSO 261µ1 for 75 µM final cone.

r=--- (store 2-8°C)
Benonyi lmg/ml DMSO 30µl for o.3g/ml

-Safeie 400µl for 2mM
SDS 10% H,O 50µ1 for 0.005%

~hyl methanesulfonate) Liquid (100%) 50µ1 for 0.05%

CongoRea 40µl for 20µm
H,0, 30% H,O 10µ1 for lmM

~ 20µl for 2mM
Menadione odi • 50mg/ml H,O 44.2µ1 for 0.08mM

1
e so ium bisulfite (water

~Ds~ uble form ofMenadione)
amide 20mg/ml H,O 430.45µ1 for 0.5mM

~thylazodicarbox amide)
HS1eon1ou r 1ml for 5mg/ml
Nyoeodzote 5mg/ml DMSO 2µ1 for 0.1 µg/ml
1M KCI 7.45g

2•12 Nucleic acids Sequencing and Bioinformatics

2•12.1 Chromatin Immunoprecipitation (ChlP)

2x10° spores of, A. nidulans untagged AGB551 strain and kdmA::3xHA, cclA::3xHA,

ecniB::3xHA, mcmA::13xMYC and rstB::3xHA tagged strains were cultivated in GMM with

appropriate supplements at 3 7 °C for 20 and 48 hours at 200 rpm. After incubation, 3 ml of
37% for do 1ormaldehyde (final cone. 1%) was added to the media to fix cells and cells were incubate
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for 20 •mm at room temperature on a shaker at 90 rpm. For stop fixation, 25 ml of2.5 M glycine
was added lic'on liquid cultures and were incubated for 20 min at room temperature on a shaker

at 90 rpm. Cells were filtered to remove fixation buffer, washed by adding ddH2O for 3 times

and press dried. Following the snap frozen in liquid nitrogen, mycelia samples were measured
as 30-401 alimg aliqouts and were lyophilized in vacuum freeze dryer (Labconco Freezone 4.5)

and kept at -80°C until chromatin preparation.

For the chromatin extraction, 100 µl zirconium oxide beads (0,5 mm diameter,

ZROB05, NextAdvance) and 800 µlice-cold FA lysis buffer (150mM NaCl) were added to
30-40 mg lyophilized mycelia containing tube. Samples were lysed for 3 min using Bullet
Blender (NextAdv, • • • b • • • bvance, Storm24) for 5-8 times with a 3-min incubation on ice in between.
Chromatir :c .: ... 1:1n was pelleted by centrifugation at 15,000 r.p.m. for 20 min at 4 °C, re-suspended in
500 µl of FA (150mM NaCl) Iysis buffer and fragmented in a sonicator (Qsonica Q800).

Pellets were centrifuged at 15,000 r.p.m. for 30 min at 4°C, sonicated chromatin

solution(supernatant) was transferred and kept at -80°C until use. To check chromatin quality,
25 µl chro+.-:omatin solution and 75 µl Chip Elution Buffer were incubated at 65°C for overnight.

Chromatin samples were purified by using Qiagen PCR Purification Kit (Cat No: 28106)
according t th 1 0 • • f0 e manufacturer's instructions and were run on 2% agarose gel. optimum size o

shredded chromatin was chosen around 200-400 bp otherwise all steps were repeated from
chromatiam extraction step.

Immuno-precipitation ofwild-type, HA-tagged, MYC-tagged and mutant strains were
ca •rred out by first mixing 50 ml of chromatin extract with 450 ml ofFA(150mM) lysis buffer
and 2r .•µg ofanti-HA (Santacruz Biotechnology, Cat: sc-7392,) or 2 µg ofanti-MYC (SantaCruz
Biotechnol •nology, sc-40(9E10)) or 2 µg of Anti-RNA polymerase II subunit B1(phospho-CTD
Ser-5)(Mi1iilipore-MERCK, Cat: 04-1572) antibodies; for 1,5 hat room temperature on a rotator.
Follow· · . d d • d fmg mcubation, 20 µl Protein A Sepharose (GE Healthcare) were adde anc mixec 1or

another 1,5 hat room temperature on a rotator. Mixture was centrifuged at 3000 rpm for 2 min
and su • C •pernatant was removed. Later Protein A Sepharose matrix was transferred to a orning
Costar S · • • CI) 1 • buffpinX centrifuge tube and was washed two times with FA (150mMNaCl)lysis butter
and on · '-C d • hce with FA (500mMNaCl) lysis buffer, then, once with ChIP wash buffer an once wit

TE Wash buffer and centrifuged at 3000 rpm for 2 min. Immuno-precipitated chromatin DNA

Was eluted by incubation with 100 µl ChIP elution buffer at 65°C for 1 h and centrifuged at

3000 rpm for 2 min and SpinX filter discarded and eluted chromatin in tube was left at 65°C
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overnight for decrosslinking. The following day, precipitated chromatin was purified by using

Qiagen PCR Purification Kit (Cat No: 28106).

2•12•2 ChIP sequencing

Processing of ChIP-seq data and de-multiplexing were carried out as described

previously (Wong et al., 2013). Libraries were sequenced by the Illumina HiSeq2500 platform.

The mitochondrial and nuclear genome sequences and General Feature File for A. nidulans

AGB551 were downloaded from www.aspgd.org (GenBank project accession number:

AACD00000000.1).

2.12.3 Bic'n£• I0I01ormatics analysis

Bioinformatics analysis of the data was processed as described previously (Xie et al.,
2017) b •Y usmg A. nidulans genome sequence provided from AspGD.

2.13 Statistic:istical Analysis

GraphPad Prism software (La Jolla, CA, United States) was used for statistical analysis.
The • · •significance of the data was tested with the Student's t-test and One-way ANOVA usmg
ap-value (* '-ni fic; tdiffmeans there is slight difference p<0.05, ** means more significant ditterence p<
0.005 and **, Th b • 11 fi. means strong significant difference p<0.0005). T e error ars m a 1gures
Indicate the standard deviation of the mean.

63



Chapter 3

The role of the MERCK complex in

development and secondary metabolite

production ofA. nidulans
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3•1 Identific, +ication of the MERCK demethylase complex and determination
of its sub IIcellular localization in A. nidulans

As outlined i th • d • •n e introduction section, fungal development and secondary metabolism
Processes are ti@hghtly connected to each other and the transcriptional control ofbiosynthetic SM
gene cluster: '(B rs is mostly assisted by transcription factors or regulatory protein complexes

ayram et al.,2008a . •tharKa,"" 008a:; Bok et al., 2009; Ym and Keller, 20 I I). In a recent study, it was shown

i . A (AN1060), a member of the KDM4 family ofjumonj i histone demethylase proteins,
s involved •(Ga mn secondary metabolism and plays an important role in fungal development

acek-Mathew et al 2015). Sir 1 d • • 1 • • • 1fi ·, . mce protem comp exes andepigenetic regulations are critica

er fungal growth and SM biosynthesis, KdmA complex formation was investigated
perimentallu y. TAP coupled to MS revealed that KdmA which was endogenously expressed
nder its nati

C
atve promoter as TAP fusion interacts with some prominent proteins, including

elA (AN9399), EcmB (AN5533), RstB (AN12489) and MemA (AN8676).

E
In °rder to confirm the presence of the complex, KdmA and interacting proteins CclA,

emB. ··
TA 'R.SíB and McmA were individually epitope tagged with the following 4 different tags:

P,GFP(G • ••of"i 'reen Fluorescent Protein), HA (Hemagglutinin) and MYC tags. Functionalities
all tagged . • •lllet Sírams were checked by phenotype analysis and are shown in the matenal and
hods sect· . • •

g
ton (Figure 2.2). Mycelia samples were taken from shakmg cultures in 24h

rowth GMMr +:..-1:a d medium and tag specific protein purification pulldown methods were applied
ndpepti~tide samples 2). Individualu*" btidn es were run on the MS (as described in Chapter 2 . ndividual unique peptide
umbers fc or each tagged complex member can be seen in Figure 3.1.C by utilizing pulldown
Pupled MS . •to co analysis. Depending on TAP-tagged pulldowns, results (Figure 3.1C) were used

nstruct th •netw e mteraction network of the complex that was generated by using the Cytoscape
ork anal . • • •3.Il) Ysis platform and identified unique peptide numbers were limited to three (Figure
). The net •bat work map shows protein-specific interacting protems as well as common ones.

a shown i t:Kd,, Din Figure 3.1C and 1D strongly indicate that endogenously tagged and expressed
1111\, CclA E • •th tcmB, RstB and McmA are reciprocally able to recruit each other, suggestmg

at there ' .st e Is mdeed existence ofMERCK complex formation in the cell. To survey the domain
'ucture of th • •ind· . e complex (Figure 3.lA) members and homology comparisons (Figure 3.1B),
Widual prot«:...:Go, 'protein sequences of complex components were obtained from the Aspergillus

Cnome Databa : c. d •Sear Dase and domain analysis was performed by using Interpro and Pfam domain
arch onliine tools and NCBI pBLAST was used for homology map. As can be seen from the
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interaction table in Figure 3.lC, only McmA is tagged with MYC, since a preliminary attempt

ofHA ta •4gging was unsuccessful. A possible reason for this can be that tagging the gene causes

disruption of gene function.

To understand the localization profile of the complex within the cell, a H2A: :mRFP
nuclear fu •us1on cassette was transferred to functionally GFP tagged versions of each member
individually b • • •Y Y fungal transformation. 12h grown hyphal structure of individual H2A fused
strains in . . . • •. chamber slides including GMM medium were examined using confocal laser

microscopy(dpy' described in Chapter 2). Microscope images are shown in Figure 3.1E. The first

row refers to 1GE ..:0 a FP filter signal whereas the second raw shows monomeric red fluorescent
protein fu d •sedH2A where the nuclei is located and it can be seen that GFP and mRFP signals
overlap edpped. Data from Figure 3.1E suggest that the MERCK complex members KdmA, CclA,

EemB,RstB' and McmA are localized in the nucleus.
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N.crassa NCU03505 NCU06993 NCU06993 NCU06993 NCU07430

ortholog present ortholog absent
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14 25
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17 27
13 26
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McmA
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5

Figure 3.1 Dor a:compon."'*""' map, identification and subcellular localization of MERCK complex
tnembers,n; in A. mdulans. (A) An illustration of the domain architecture of the MERCK complex
annotati,,'ino acid numbers are indicated on the right side (C-terminus) of proteins. Domain
gt,)}S""","°95Ptished by using ttsrPro (ups:/ww.ebi.acak/interpron and pfam database
(~~- Protein sequences were taken from Aspergillus genome database
Sze"h al »vive wees »a a Av1oco}
MERCK cc A), AN5533(ecmB), ANI2489(rstB) and AN8676(mcmA). (B) Ortholog table of
complex complex members. NCBI Basic Local Alignment Tool (BLAST) was used to compare
spectrom~embers protein sequences (from Aspergillus genome database). (C) Comparative mass
three dif:fie ry results table for complex members protein pull-downs. Each member was tagged with
Peptide nerent tags(TAP, GFP, HA or MYC) and purified by using three different methods. Unique
(D) Inter U11:bers refer to detected peptides by mass spectroscopy for each member's purification.

actionnetv ·ianalysis
I

ne work of MERCK complex. Network was generated usmg a complex network
1nteracti p atfonn, Cytoscape (version 3 .6 .1) by using TAP-pulldown results for each member and
complexon partners were set to have at least three unique peptide numbers. (E) Localization of
tnatches members within living cells. GFP fused strains are localized in the nucleus which also

With the mRFP fused H2A signal position in the nucleus.
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3.2 Expre «'ession levels of the MERCK complex members are downregulated
d .uríng the developmental growth stage in A. nidulans

As outlined in the introduction, the absence of kdmA was shown to give a blind
Phenotyp •e m the presence of light conditions (Gacek-Mathew et al., 2015). Showing the
complex£ •ormation and having knowledge about the kdmAA response to environmental factors
led to the gene expression pattern of the MERCK complex as well as protein expression
patterns b • . .emng investigated experimentally.

To examine gene expression levels of the members through different growth stages,
mRNA was extracted from mycelia samples grown vegetatively for 24h, 36h, 48h
(V24,V36.Vo,v48), asexually for 24h (A24), and sexually for 24h and 48h (S24,S48). cDNA was
synthesized fr RN · • d • •om m A samples and gene specific pnmers were use to gam the comparative
transcriptiptional expression quantity for the complex by qRT-PCR (as described in Chapter 2).
Amplificatia ion results were normalized and plotted (Figure 3.2A). benA was used as a control
gene. It is known fro the '+ :i olved ir talc nidia'' mnd. n irom t e literature that brlA (AN0973) is involvedin asexual conidiation an
It Was sh •. own that the expression of this gene was upregulated dunng 24 hours of asexual
Induction I· t was also shown that expression of stcQ (AN7810), a member of the
st •engmato · • •cystin gene cluster, is increased in the vegetative 36h stage. Having this knowledge
created a chance to use both of these genes as reference genes to check the functionality and
quality of cDNA. .. ith li. The top two plots in Figure 3.2A are significantly consistent with literature
findings for brlA and stcQ and confirm the PCR products. Moreover, in Figure 3.2A, it is
apparent that th • • 1 d he majority of the complex members are constitutive y expresse on t e
transcriptic .. :d ptional level during the vegetative life cycle, whereas the expression considerably
ecreases d .uring development growth (sexually and asexually). It can be also concluded from

the plots h •in t at although there are slight differences, the expression patterns of all the complex
embers sh · · £o ylow similarity which supports the hypothesis that these protems 1orm a comp ex.

Pr t • •0 em extracts from fully functional 3XHA fused versions ofKdmA (160 kDa), CclA
(68 kDa), EcmB (72 kDa) RstB (93 kDa), 13XMYC fused version of MemA (40 kDa) and
Unta 'gged wt t · • 1 • P • t t. s rams were used to perform immunoblotting analysis. Protein ex rac s were
Isolated f
b

rom cultures that had undergone vegetative growth in liquid (V24h,36h,48h), or had
cern induced · • 4 48) Gedin the presence oflight asexually (A24) and in darkness sexually (S2 , • rown
'ycelia wer .iere used to inspect the complex members' protein expression levels. HA and MYC
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antibodies we. re employed to detect the signals and o-skpA antibody was used to detect SkpA,
which serveda :as a loadmg control for all samples (Figure 3.2B). In Figure 3.2.lB, most of the
complexme b
h

m ers show stronger signals during the vegetative stage than developmental stages
Where the :e protein expression reduces which is also in agreement with the gene expression
results in anwe 'p el A on the same figure. Individually speaking on the plots, two abundant bands
ere detected D

0
or the kdmA::3XHA blot and one is larger (-160 kDa) than the other(-80 kDa).

ne of the important findir ~ft • d • • h.th m mgs o this study is that KdmA is expresse as two transcnpts wit m
e cell and this •n :

1
IS will be presented in further detail in section 3.8 and this is the reason of these

Wo sep1µPate signals from KdmA expression. As presented in the third blot of Figure 3.2B,
ere are two ba ..:.a O ands with different sizes, one is around 70 kDa (expected signal from EcmB)
nd the other'er is around 140 k:Da. It should be noted that homodimer formation of EcmB was
reported bvYa previous comparative biochemical analysis study of Upc2 (paralog of ecm22)
and Ecm22 • • •com !(EcmB homolog) in S. cerevisiae. Conserved domam analysis of Upc2 m

parison to it hor 0dim "*ro+orie ralIeature 1ts omologs from the same study stated that homodimerization is a genera
re for the: :..+:..+:hio} 'ese proteins (Yang et al., 2014). This is can be the potential explanation for the

gher size sic :. v.rev ignal m the ecmB::3XHA immunoblotting image. Additionally, the same blot

eals that thelevelo homodimer form of EcmB disappears in the late phase of the sexual
Opmentsta.:.+iex sage (S48). Comparing Figure 3.2A and 3.2B shows that transcriptional

Dressioni :i .., u.. .:.1 : •patterns of complex members is considerably in line with the protem expression
profile,
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}i'·'gure 3.2
growth • Expressio •exp . (sexual n analysis of the MERCK complex during vegetative and developmental
*999994«4,39 po with different time points in A. nidulans. (A) Relative gene
gronts. br/A andm ' cc/A, ecmB, rstB and mcmA by qRT-PCR in different life stages and time
tesu.wtl h 24h and stcQ were used as reference genes to check which are upregulated in asexual
. ts vegetati • •ind Were nor r ve growth 36h, respectJvely. benA was used as a housekeepmg gene and
deveP~ndent biora ,zed according to vegetative 24h samples. Graphs were obtained from three
299°12 18999 m» and three technical replicates and bars represent standard
tag non-signifies atiS!tcal significance is indicated as(*) p < 0.05, (**) p < 0.001, (***) p < 0.0001
llstted complex ant (ns) P > 0.05 compared with wild type. (B) Protein expression profile ofepitope­
for and 13XM~~mbers dunng fungal development. 3XHA fusion strains ofKdmA, CclA, EcmB,
Bc~~levant protein fused McmA were used to detect the signals in immunoblotting. Each signal
corres' R.stB and was indicated with red arrow on blot. Molecular weights of KdmA, CclA,
res P_

0
ndingly ThMcmA are 156.9 kDa, 65.4 kDa, 68.9 kDa, 89.7 kDa and 24.7 kDa,

co!ectiveJy,
50

· e sizes of 3XHA-tag and J3XMYC-tag are approximately 3 kDa and 15.6 kDa,
roJ. Protein t~dtotal _protein was loaded into gels and a-SkpA antibody was used for loading

a er (size as kDa) is stated on the left side of each blot.
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Furthermore, in order to gain insight about the genetic interaction dynamics of the

MERCK complex and its role in fungal development, a wild type strain, along with single and

double deletion combinations of complex members were point inoculated on GMM agar plates
by •using the method and parameters described in the previous chapter. Figure 3.2.2 contains
the colony morphologies of the wild type and complex mutants with their close-up
vis r .ualization in the presence of light and darkness conditions as well as quantification of

growth rate, sexual fruiting bodies formation and asexual conidiation. Complementations of

mutants were generated by reintroducing the correspond gene back into the deletion strains

(Figure 2.2). Absence of kdmA and rstB results in reduced asexual conidiation (Figure 3.3A
and D) . •and Increased sexual cleistothecia (Figure 3.3A and C) production together with

slightly reduced radial growth (Figure 3.3A and B). Interestingly, a double deletion mutant of

kdmA and rstB recovered decreased asexual spore production (Figure 3.3A and C). In addition,

cclA and ecmB deletion mutants present substantial growth deficiencies in both sexual and
asexual growth I d • • h 1 • h •. n particular, the cc!A mutant spore production rate in the light is

approximately 40% of WT, and surprisingly, this mutant is not able to generate cleistothecia
structure' • •es In darkness and also colony diameter is about 40% smaller in comparison to WT
(Figure 3 3) It· · • h • 1 bl' h d d•. itis evident that these results are in agreement with a previously published study
regardin th • •ng t e effect of a cc!A deletion on fungal development in 4A. fumigatus (Palmer et al.,
2013).Th.:• he absence of ecmB has dramatic consequences in development which can be clearly
seen fromcolo .... aln tdis ed nidicolony visualization in both light and dark as well as a most disappearec coni ia

production and vanished fruiting body formation in the Figure 3.3. Moreover, cc!A and ecmB
mutants al h b h • • 1 1. most ave lethal phenotype, suggesting that these two mem ers ave critical ro es

in fungal development. Another important observation from colony morphology analysis is
that cclAande ":...+.. ..... ala •'ilai radialg vthandand ecmB double deletion combination strains reveal a similar ra ia growt an
conidia . . . • •and cleisthotecia production pattern with their respective single deletion strains.
Pa •rticularly,da -... ..- effe thy, data in Figure 3.3 suggest that cc!A and ecmB have stronger epistatic effects t an
the other members of the complex.

M In this section, the gene and protein expression profiles and growth effects of the
ERCK cor le: -'ically,i' that 1plomplex components were investigated in depth. Empirically, it seems t at comp ex

members ha :. u:. mediated de elo ntave important roles in fungal growth and light mediated deve opmen •
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Fi
gure 3.3 plllorphologie henotypical characterization of the MERCK complex in A. nidulans. (A) Colony

~0lllbination s ;nd. stereomicroscopic images of wild type, single and double mutant deletion
days sexu!il trams were point inoculated (5xl03 spores) and grown on GMM agar plates at 37'C for

lllS easurect fir Y In dark and asexually in light conditions. (B) Colony diameter of each strain was
xuaj from three inder ...1•'al liuiti b _em ependent plates and wild type colony size was used as a reference (100%). (C)
,9411129157°. quantified from approximately 5x10 mm* area of three independent sectors
00¾). ());e1 Independent plates. Wild type under constant dark condition was applied as a reference

sexual conidiation quantification was performed from three different 5xl0 mm* sized
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cores and from th • dstandard. Stand ree independent plates. Wild type under constant light condition was utilized as 100%
the bar graph ard deviations for colony diameter, cleistothecia and conidia formation were given on
significance it a~- error bar. Experiments were carried out in biological triplicates. The statistical
•osmu"*94+o» < 0.05, (**) p < 0.001, (***) p < 0.0001 and non-significant (ns) p >

wild type. np refers to 'no production'.

3.3 Overexp •pression and carbon utilization profile ofMERCK complex in A.
nidulans

Detailed d •cont domain analysis of complex members (Figure 3.lA) showed that McmA
ains a MADS-b85 - ox sequence motifwhich is highly conserved in eukaryotes. This motif is

We~mmo_ acids in length inA. nidulans and is found with slightly different lengths in the other
studied eukar r:box. aryotes (L1 et al., 2016). Since it is not a large family, the naming ofMADS-
protein fami 1 • .Yea t 1 ies Is usually species-specific: MCM (Mini Chromosome Maintenance) in

facts and SRF-type in human. DNA-binding MADS-box domain proteins include transcription
ors Which .Cssenn. "can influence a variety of cellular processes. The yeast homolog mcml is an
ential gen . .Criti,, ne and is involved in the cell type specific pheromone response as well as having a
cal role on th .19
95

. e activator and repressor complexes in S. cerevisiae (Shore and Sharrocks,
Gramzowtran . et al., 2010). Mammalian homologs SRF (Serum Response Factor) type

scnption f;to Iv[ actors regulate the activity ofmany cellular processes ranging from the cell cycle
APK (Mitogen-A · . .com en-Activated Protein Kmase) pathways (Gramzow et al., 2010). A recent
prehensive t .cell
1

ranscnptomics and phenotypical analysis study (Li et al., 2016) revealed that
ulase' sexual d 1 d •ignifi, eve opment, asexual conidiation and protease genes are expresse m
cantly red . • •this stua uced levels in A. nidulans point mutated mcmA mutants. At the beginning of

"1cn,A. . Y, preliminary attempts to delete the mcmA gene resulted in lethality, suggesting that
is also a .n essential gene in A. nidulans.

Since evider..imp 1 ence suggests that McmA is a critical transcription factor, together with the
Ortance of hgen t e other complex members KdmA CelA, EcmB and RstB, we aimed to
rate i:c·-modified .-'. the etOn +1+.+'Condir' promoter versions of these proteins by using t e tet n constitutive
tiona]acth, . promoter (described in Chapter 2 in detail) in order to gain insight on the cellular
ties whcont . . en the essential gene mcmA is overexpressed and expressed at low levels. Strains
amning the '- :Illorph e mduc1ble promoter were verified using different doxycycline concentrations
logically ( . •by qb Y Figure 2.3B). Transcriptional verification of tetOn strams were confirmed

RT-PCRlevels and are demonstrated in Figure 3.4B. As shown in Figure 3.4B, gene expression
of com 1 •P ex members which have the conditional promoter gradually increase as
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doxycyclic ine concentratic •to th n rations increase (given on the x-axis). Values were normalized according
e WT strain h •refer growth in the presence of 180 µg/ml doxycycline and benA was used as

erence gene B .altered . · Y comparmg figures 2.3B and 3.4B, it can be observed that the promoter
strains in thiis study work sufficiently well.

To determir :..:"cm4f mine the minimum concentration of doxycycline required for expression of
for further h · • • •'ocular 'physiological and molecular analyses, the mcmA-tetOn stram was pomt

ulated on GMMcone agar plates in the absence and presence of different doxycycline
entrations (Fir :Cannot Figure 3.4A). It is observed from Figure 3.4A that the mcmA mutant strain
ot grow with d .Surviv- tout oxycyclme (dox) and has a strong defect in 1.5 µg/ml dox and it can
ve under Sul/fonn . µ ml doxycycline and starts to recover asexual conidiation and clesthotecia
ation in thdoxyc . e presence of 30 µg/ml dox. Deletion concentration was chosen as 5 µg/ml
ycline for the mcmA-tetOn mutant by this observation.

tetOn st •'dividy, ams ofMERCK complex components were used to investigate the effects of
al overexp :oncer Xpression of each within the cell. Data in Figure 3.4B showed that as the

entration illlcn,A d mcreases, the expression also rises, however relative expression of kdmA and
ecrease wh .of d en in the presence of 360 µg/ml doxycycline. Therefore, the concentration

Oxycycline ch'orphoj, hosen for overexpression studies was determined to be 180 µg/ml. For the
ological, : .inocuJ exammat10n of MERCK complex members, tetOn strain cultures were point
ated on GMConst M agar plates in both the lack of dox and presence of 180 µg/ml dox under

ant lightdisp\ and dark conditions for 5 days at 37°C. Images were taken of the plates and are
ayed in Fi . •the ten "Igure 3.4C. As can be seen from Figure 3.3C, in the absence of doxycyclme,
e1Onk:nocko mutant phenotypes of kdmA, cclA, ecmB and rstB are adequately similar with the

ut strain h . • •fí-oll! th s phenotype in the GMMmedium (Figure 3.3A). Another important conclusion
e overexpre ' • • •llg/!JJJ ression figure is that the radial size of the colomes m the existence of 180
dox are s •diall! mailer than the dox depletion condition. Figure 3.4D summarises the colony

eter qu .noflll
1
. antifications and values of overexpressed strains in the light grown plates were

alizedProducr according to the WT colony size in the absence of doxycycline. Conidiation
ction of'ters,'PI overexpression strains were also quantified and presented in Figure 3.4E and
sting]than u Y, asexual spore production is significantly affected when mcmA is expressed more
sual in the . • •asexual cell under light condition whereas high expressed ecmB slightly increase the
productioon m the both light and dark grown conditions.
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earb In order to address whether any component of the MERCK complex is involved in
on cataboli«:in ° ism, smgle and double mutant strains of complex members were point

oculated '
de, 9in MM agar plates containing different carbon sources ranging from glucose to
eXtrose to K-a •in Fi, acetate. After 4 days ofgrowth plates were scanned and the images are displayed
gure 3.4.1. : . .medi • A growth comparison was done in relation to phenotypes observed for GMM

edia (1% elthey, 8lucose). Overall, in Figure 3.4.1 no significant difference was observed between
e WT and knock . • •

Ver ockouts, moreover, as it can be seen all the strams are unable to utilize galactose
ery Well ..natu as it is expected since it is not usual to encounter in saprophytic fungi A. nidulans

ral habitats•It '
l
·n . s. t is also observed that all mutants and WT strains revealed a slight increase

conididial produ +;- :uction in comparison to the 1 % glucose including medium.
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wt kdmAó. cc/A/1 ecmBA rstBA
kdmAA kdmAA kdmAA rstBA
cc/AA rstB/1 ecmB/1 cc/A/1

rstB/1 cc/Ab.
ecmBb. ecm86.

1%o glucose

1% fructose

1%o mannose

1% xylose

1%o sucrose

1% lactose

1%
o tnaltose

1°%o dextr:ose

1%° glycerol

1% Et0H

t

• •
0

1% K° K-acetate
Fi....• • •
Sure 3,41. naaSUm

•9+.1: Ccarbons arbon ntilization profile ofMERCK complex mutants in A. nidulans. Utilization of
ources for W . • • • •&rown or . . T, smgle mutant and double mutant combinations. Point moculated strams were

fo, 'minimalOr 4 day a media including desirable carbon sources plates at 3 7 °C under constant light source
s. 1% el

the Other O g ucose media refers to GMM media which was used as main media in the study and

carbon sourc •es percentage was determined accordingly. Scale bar size represents 1 cm.
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3.4 The MERCto . K demethylase complex is not only involved in the responses
environmental stress chemicals but also in secondary metabolite

Production i

In A. nidulans

Based on da •demethy] ta from previous sections and the evidence that suggests the MERCK
ylase com 1 .assess th P ex plays important roles in many critical cellular processes, we decided to

e potentialWere a
1
. nia roles ofthe complex in stress responses. Various chemical stress conditions

~plied to GMMdays (F' agar plates and strains were point inoculated and cultured at 3 7°C for 3
igure 3.5). Par .... • iVppler ~). Panel on the nght side of Figure 3.5 has the images of agar plates

mented with 5detail i, µg/ml dox to induce low expression of the mcmA-tetOn mutant (explained
in Section 3 .n .3) in contrast to WT.

To monitor hNQo (o ow they deal with DNA damage stress, CPT (75 µM), EMS (0.05 %), 4-

25 µg/ml)Ve figure '), and hydroxyurea (5.2 mM) were utilized. It is also can be observed from

re that sin 1long , '1g e and double knockout mutants are strongly affected in the presence ofCPT
With WT. I . • •lllutant nterestmgly, kdmA and ecmB single mutants together with their double

sand very 1While
I

ow expressed mcmA show strong sensitivity particularly to CPT and 4-NQO
""" lck of eel4 in the sio"i."risingl!Splay e smgle and double deletions and rstB knockout stram surpnsmg y

stronger .resistance than wild-type.

Calcoflourwhisensitiv. w ite (CFW 5µg/ml) and Congo red (20 µg/ml) were used to check mutants'
ty to cell ••fdm4., Iwall stressors. In Figure 3.5, CFW and Congo red panels explicitly show that

ecmBi ndthe Pres andmcmA-tetOn single mutants are seriously influenced and unable to grow in

ence of thPresent to. 'Dese chemicals. Moreover, double knockout combinations ofkdmA and ecmB
otal loss of •Cc/A dou growth. On the other hand, interestingly, WT, cc/A, rstB single and rstB-
ble deletio: • •gro\Vth . on mutants illustrate significant resistance along with the reduced radial

against abic+'- u:abiotic this cell wall stress condition.

\ K In order t b . . ."ERcp.' obtain insight regarding the cytoskeleton stress response through the
M"_'complex compor lederivative tifungalagentcoda mponents, Benomyl (0.3 µg/ml) and an azole derivative anti nga agen

. azole (0.1 • •single a µg/ml) were employed in this study. As demonstrated in Figure 3.5, ecmB
nd doubl •••gro\Vth e and mcmA-tetOn mutant strains exhibit highly strong sensitivity by loss of
Surpri .are able nsmgly, deletion of cc!A and rstB single mutants together with double mutants

to grow d •gro\Vth an produce asexual conidia, although the WT stram also shows decreased

rate and condiation.
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MERCKas os . complex component mutants were further tested by application ofNaCl (1 M)

motic stress dpres andH3O (1 mM) as oxidative stress agents to assess their responses in the
ence of thl11ainl ese two challenging environmental factors. ecmB and mcmA-tetOn mutants are

Y affected a denv· n nearly show lethal phenotype by having NaCl and Hi02 in their growth
ronment. Int .l11emb · ereStmgly, cc!A and rstB single knockout and double deletion mutants ofthese

ers displaSame Y remarkable resistance against these tested stresses and can grow almost as
eas in the abgrowth sence of these chemicals (in the first panel), whereas wild-type has strong

defect and dir *.:iminished asexual spore production.

The data in Fidouble amn Figure 3.5 explicitly demonstrates that a lack of kdmA, ecmB (single and

A.ctct·te mutants) and mcmA result in severe sensitivity to various different stress factors.
tonally, clresit ' cc A and rstB mutants together with their double mutants show a clear strong

stance in thMERC; 'e response to several different stress factors. These data clearly suggest that
K complex m b • h • 1 dTegula em ers are involved in stress responses to vanous c em1ca s an

ation of thrstB). ese pathways either as activator (kdmA, ecmB, mcmA) or repressor (cclA and
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"include+SjJg/ml dox

F·gure 3 5·coni 1 • • Comp •,,,, P ex comp anson of growth responses to different stress chemicals for MERCK
inc,nl Ateton cond?t~ents in A. nidulans. Wild-type, single mutants, double mutant combinations and
eludin a1 tonal t • 3st mg GJ\1M sram cultures were point inoculated (approx. 5x10 spores) on agar plates

p:ess chemical and supplemented DNA damage, Cell wall, Cytoskeleton, Osmotic and Oxidative
;4"229»e. 37°C for 3 days under constant light conditions. Plates on the right
ect Were sho~•~~ stram mclude 5 µg/ml doxycycline concentration. Chemicals' concentrations

the image under their names. Scale bar refers to 1 cm.

It . .is import . • •"etabolit, 'rtant to reiterate that development is commonly associated with secondary
1 e ProdA. uction a d th • • • • 1 d. fu •Weakn n ey are co-ordinately regulated in microorganisms inc u mg ngi.

oNµ"ss or deficie · dev nidia ind 1 • h h • •en co ncy m evelopmental structures such as com ia an cleisthothecia 1s
rrelated .: .are clnst with an mfluence in SM production. It has also been reported that SM genes

of thesee~ed auct co-regulated through transcriptional expression. Moreover, the co-regulation
co M clusters b . . 1 h • •'plexe can e m different ways such as by regu atory eteromenc protem

es (velaflR 1 vet complex, bZIPs, CCAAT complex), pathway specific transcription factors
1 aflatoxin/ t . •Yastati us engmatocystin production, gliZ in gliotoxin production and lovE m

' producti10n) (Bayram et al., 2008b; Yin and Keller, 2011; Bayram and Braus, 20 I 2).
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Furthermore, in a • .com
1

' previous section of this study, it was comprehensively shown that MERCK
plex me nbem ers · • •Strono, fsare involved in fungal development and absence of these members result in
g deficient mo :8.3A). Si», '9rphologies, suggesting a critical role in developmental growth (Figure

• Ince it is w 11 knand SM e own that there is a strong relationship between fungal development

· production and their t • • 1 • I d h • h fí d.'this eir transcriptional expressions are coregu ate toget er wit m mgs
s study, in this .mutant ' is section secondary metabolite productions ofMERCK complex members'
s were .e Investigated in detail.

For thiis purpose· • • 11agar me . e, initially, mutants ofMERCK complex were point inoculated in GMM
dium includiF11rth u mg ground oatmeal (for ST production induction) for 5 days at 37°C.

er STchJorofo extraction protocol was performed as described in Chapter 2 and samples in

rm were ruProduc+ n on the HPLC by comparing with ST standard profile. Results for ST
Chon frVerey, 'om three different biological replicates for WT, single and double mutants,

. Xpression ( I • •1n Fi Pus 180 µg/ml <lox in agar plate) and complementation strams are presented
gure 3.6Acomp\ · In the first ST production graph of Figure 3.6A, single mutants and
ernentations •third are presented. In the second graph, double mutants are presented and in the
graph, ST r .S'aphs w 'Production of overexpressed strains' results were given. Results on all three

ere normalialized according to WT ST production.

From the first g h . d • • h. h • h"s1B "... graph, it can be clearly seen that the ST production rate is highest mt e
mutant. Al

S • so • kUrpr" . ' lil dmA, cclA and ecmB mutants ST was produced more than WT.
lSingly 'lll.utant 'mcmA-tetOn strain showed the lowest ST production rate among single deletion
s. In the s . . •Presentea. Same plot, it is also displayed that the complemented strams of mutants

d accept blompari a Y decrease for kdmA cclA ecmB and rstB or increase for mcmA-tetOn in
I1son to '° "Pru," mutants which means they were complemented successfully by having similar
Ct1on. Pattern • h

8
lllJ.ilar h. wit WT. Additionally, double knockouts of complex components also gave

gher ST . •'utant vi;,, 'production rates than WT, with the exception of the cclA-ecmB double
hich cann :'stB b . not produce ST. More surprisingly, the forced expression of cclA, ecmB and

y inducible • •Yerexn, promoters resulted in reduction on ST production unlike kdm and mcmA
Pression pr . • ••6A). _"Produce higher ST than WT in the presence of 180 µg/ml doxycychne (Figure

. hese dat'directlv : a suggest that MERCK complex members individually and directly or

Y Influen .ce sterigmatocystin biosynthesis.

or,' order to examine lites ml liquidmedi24h (£ xanune SM production for a broad range ofmetabohtes, 1 ml liquidme ia

or primary . . • • 1metabolism which was not shown in this study) 52h grown culture samp es
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Were taken dFig an run on the LC-MS/MS system and detailed analysed results were given in
ure 3.6B All htrip)' · t e analyses were run in respect to their standards and were performed as
cates. Left sid •metabo'' e ofFigure 3.6B shows the metabolites and associated gene clusters of each
olite producti • .'etabol:+. cu1on was given nght side of the figure. Each row of pie charts refers to a

abolite.mutant) ' given on the left and each column indicates the strain (WT, single or double
ant). Each indiv;+ -:is gi ividual pie chart colour intensity shows the production rate for the metabolite
Ven on the row (e.s -'ill;·g penicillin G was produced most by rstB-cc!A double mutant).

Pathway .(Fig specific comparative metabolite analysis of MERCK complex proteins
Ure 3.6B) i •are abl • Indicated that only the deletion of cclA single and double mutant backgrounds

e to produce th • • 11 •AN2621 the penicillin G metabolite, suggesting that cc/A acts as repressor for the
1 gene clust I •cluster) er. t can be clearly seen that identified peaks for ST production (AN7815
have the highbiosynuj nighest peaks in rstB and mcmA mutants. Investigation of the austionol

nthesis pathderivar: way showed that cclA and ecmB mutants produce more austinol and its
ative comcc/,4 pound than the other mutants as well as WT. Interestingly, in the absence of
and mcmA, E . . • • •on th , bmericellamide synthesis reached peak levels, suggestmg their leading role
e regulatiindicat a ion of the AN2547 gene cluster. The final four rows of Figure 3.6B explicitly
e that cc!A •(AJl/oiso and ecmB have critical influence in expression of the Monodictyphenone

) and Orsellir; . •ec,nB . se mic acid (AN7909) SM biosynthetic gene clusters, whereas cc/A and
single mutant h . • • •ec,nB d s ave the highest synthesis rate for the Citreoresin and Emodin and cclA-
Ouble mutar11.. :acid

O
ant has the maximum production of FK 9775A, FK 9775B and Orselhmc

overall, Fi111ost} ' tgure 3.4.2B illustrates that in the absence of kdmA, metabolite production is
y decreased . • • • •consider In comparison to WT, with the exception of ST biosynthesis which is

ably co . . •lvtath ns'stent with one the bipartite function kdmA was reported previously (Gacek-
ew et al., 2 •drastic O l 5). On the other hand, cclA single and double deletion mutants showed
changes i . • •the fi n expression of the majority of SM biosynthesis gene clusters, as presented in

&ure. The <lat · • f l'A • SMProduor: ata in this figure confirm the reported repressor function ot ccl± in
etion2009) especially for Monodictyphenone and Orsellinic acid biosynthesis (Bok et al.,
as we]]the S!vt as the reflection ofmorphological growth defects on ecmB and cclA mutants on
Production.

These c'of 'he aµ &iven data suggest that complex members are essentially involved in regulation
ifferent SM I: ..biosynthesis pathways by acting individually in some and cooperating or
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co~regul . .~ ating m some others. In other words MERCK complex proteins play an important role
for SM, production, xhibit' :c ff, ex 1 1tmg pathway-specific ef:tects.
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A
8

}?·
'gure 3.6(A) • : Second . . • •Sterigmat n ary metabolite production profile of the MERCK complex m A. mdulans.
omb;, 'Smatocystin (S 'c 1nations m ST) production of complex members' smgle mutants, double mutant
a01liParison t' c~mplementation strains and overexpression strains (include I 80 µg/ml dox) in
EE09238 4"sh7548441310514Ft0L ""9'EE

tho 1nduce ST C under constant light for 5 days plates which include GMM and ground oatmeal
i en analysed prnduct10n). Agar smnp(es from plates were processed with organic extraction and
andePendent tth HPLC by using ST standard as reference. Values on the graphs are from three
22524 «1899 "." bars were also given on the bars. (B) Global secondary metabolite
£ oculatect (a e WT, smgle mutants and double mutant combinations strains. The cultures were
$2794"725.P» in GMM liquid medium and grown at 37 °C shaking incubator
(94 "("89"9'mm» samples were analysed by LC/MS from three replicates and filling the
Ste stated " " each row were arranged according to the strain which produced max amount of
Jain) *metabolite (eg ....11:., :Pr · Gen e eg. max mnount of penicillin G is produced by rstB,cclA double mutant
Oduction i~c~lUSters were defined on right side of the graph shows the stated metabolites

uding cluster.
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3.5 KdmA is a scaffold protein for the MERCK complex and does not affect

subcellular localization of the other complex components inA. nidulans

Further investigation was carried out in order to explore the interdependency structure

of MERCK complex and members' sub-complex interactions. Since KdmA is the largest

Protein among other complex components (Figure 3.lA), it has more potential to be a main

Player in complex dynamics, thus, it was aimed to check interaction relations when KdmA is

not involved. For this purpose, cclA, ecmB, rstB and mcmA genes were endogenously TAP

epitope tagged in the absence of kdmA background individually as illustrated in Figure 3.7A.

Functionality verification of tagged strains were done morphologically in comparison to kdmA

knockout strain phenotype and by immunoblotting to check expression of the proteins (data

Was not shown). Mycelia were obtained from liquid cultures of fully functional epitope tagged
strains and further total protein extraction followed by TAP purification was performed, as

described in Chapter 2. Digested peptide samples taken from each sample were run on the MS

and interactions partners of each individually tagged strains were identified by using an A.

hidulans protein database, obtained from 'Aspergillus Genome Database'.

The interaction network of the other complex components in the absence ofKdmA is

given in Figure 3.7B by indicating members specific interacting proteins (with their own

Colours) as well as mutual ones (black colour) and also giving the numbers of interaction

Partners with Venn-diagram illustration (Figure 3.7C). Interestingly, obtained collaboration

network in Figure 3.7B clearly stated that the complex is not formed in the lack ofKdmA in
the cell, suggesting a scaffolding role for KdmA in the formation of the MERCK complex. In

addition to a loss of complex construction, surprisingly, no intercommunication was observed

mong other complex members. MS-coupled proteomics approach analysis data indicate that

AdmA plays a key role to form the complex and the other members behave complex­

'dependent within the cell in the absence ofKdmA.

Since it was shown that there is no complex formation when KdmA is not present in
the cell, the subcellular localizations of CclA, EcmB, RstB and McmA were investigated

perimentally in order to see whether a lack ofKdmA influences the localisation patterns of
the other complex members. To examine this, kdmA was deleted from genomic DNA in the

GFP fused version strains of CelA, EcmB, RstB and McmA. Further, H2A: :mRFP fusion was

'ansformed to these strains (described in detail in Chapter 2). Strains cultured for 12-14h were
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analysedi 'using a lase nfo« :3.7D•I er con ocal microscope and microscope pictures are presented in Figure

• n the first Ii f •line Gpp, une O each image GFP signals, in second line mRFP signals and in the bottom
P and mRFP sGFP+ Psignals together were shown. It is clearly observed from Figure 3.7D that

taggedllJR.pp complex members have luminescence signal in same position where nucleic
s are su .and .

1
. ' ggeStmg that the rest of the complex members are localized within the nucleus

i is not dependant on KdmA existence in the cell.

In order t hc
0111 1

° c eek how KdmA influences protein expression levels of the MERCK
P ex comDNAs"ponents, western blotting was performed. KdmA was removed from genomic
in BA ta .'m, 'gged versions of CelA, EcmB, RstB and MYC tagged version ofMcmA and

unoblotticoll] . mg was performed by using related antibodies (were shown in blots as well) in
~arison of KdKdmAa, dmA positive strains. According to results given in Figure 3.7E, a lack of

does not influe · • I • • • b honditi,,, luence expression of CclA, it almost has the same signal intensity in bot
itionens. Interestinol •fdmA" 'Testingly, EcmB homodimer formation slightly decreases m the absence of

While no • • •differ l0rmal EcmB expression showed a small increase. Despite no considerable
rence In p t •inter . ro em expression levels between KdmA absence and presence states,
estmgly .observ ' m the absence of KdmA, some posttranslational modification marks were
ed on RstB • •or indir and McmA (Figure 3.7E), suggesting that KdmA may be involved directly
ectly in th . • •e regulation ofposttranslational modifications ofprotems.

AU the d . • •the oth ata from Figure 3.7 strongly indicate that as a scaffold protein KdmA recruits
r complex•,iVhe far Plex members and it is the key component for the MERCK complex along with

ct of .conipJ no mdividual interaction between the other members, additionally, localization of
eX coexpia· mponents is independent from the KdmApresentation in the cell. Moreover, it also
med thXpres«: e suspicion of 'what if the decomposition of complex due to lower protein
Ssion' whiwhich was indicated too.
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FI'gure 3.7:
(A) S h • : Mechanistic d4%,99ye h"9"f5 "eermmaaao» of the complex in the absence of kdmA in A. nidulans.
co~ ground. (B)1Su~tratwn of tagging approach for the complex members in kdmA deletion
an

I
Plex in the bchematic presentation of interaction network among the other members of the

822*. 11 * kdmA. Network was obtained from TAP coupled mass spectroscopy
Pro~~cape (versi an

3
mteraction partners were limited with at least 3 unique peptide numbers.

net eins Were c ~n ·6 -1) was used to generate the networkmap. Each members' unique interacting
VeWork refer toO oured with their own specific colours, black coloured ones in the middle of
~cnn diagram f~re than one unique interaction with the other complex members. (C) Four-setzL.Í4m,pe numbers by mass spectrometry as CclA, EcmB, RstB and

.1.erent ion partn • h • b • •Gpp colour. (D ers mt e delelion of kdmA. Each complex mem er was assigned with
fusi tag_ged com

1
) In vivo visualization of complex members locations in the absence of kdmA.

in tin signals in fhex members show strong signals which are overlapped with mRFP::Histone2A
of

1
/ Presence a de nucleus. (E) Protein expression comparison of CclA, EcmB, RstB and McmA

kl) dtnA, CclA; absence ofKdmA. Antibodies used are shown on the figure. Molecular weights
kl)a, correspond· cmB, RstB and McmA are 156.9 kDa, 65.4 kDa, 68.9 kDa, 89.7 kDa and 24.7

a, respective!mgly. The sizes of3XHA-tag and 13XMYC-tag are approximately 3 kDa and 15.6
3.k 'I. 50 µg ofprotein was loaded on the gel. SkpA was used as a loading control.

6 G©nome-widbseni,""w1 e binding profile of complex members in the presence and
ce of kd .mA in A. nidulans

en, "ata from sectiIt1ca1 r
I

ec ion 3.5 provides evidence that the MERCK complex members play
fr o es in the . . • •
0
11J fun regulat10n of vanous cellular processes and metabohc pathways rangmg

gal development to secondary metabolism to stress responses. However, it is not clear
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Whether each . .In'nprotein binds or regulates the same target gene sets or if they behave dissimilar!y.
n order to d . .Rsr {determine this, chromatin immunoprecipitation ofHA-tagged KdmA, CclA, EcmB,
stB and MY .•YC-tagged McmA coupled sequencmg (ChIP-seq) was performed. Usmg the

method des 'b .. cribed in Chapter 2, chromatin was obtained from mycelia cultured for 20h to see
primary metabolism stage and 48h to see secondary metabolism stage in liquid GMM media
and immuno : . . . • •

1
. oprec1p1tation was performed by using tag related antibody. Sequencmg data was

aligned with an A. nidulans genome obtained from the 'Aspergillus genome database' and
reacts Were normalized. Having normalized peak counts data, initially, it was desirable to check
Whether the . •in Y show the same peak trends genome-wide, since complex formation was shown

Previous .. sections, therefore normalized peak tracks for 20h and 48h samples were
Visualized b . 'c. Y Integrated genome viewer (IGV) platform (Figure3.8). It can clearly be seen
om th, " figure that, either from narrow or larger view of the genome, binding peaks are almost
dentintical for th • • • •e complex members whereas there is no peak binding for WT (grey). This visual
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data strongly suggests th t th 1 b h • • bindithron mna e comp ex mem ers are showing an intricate binding pattern

oughout the .A. nzdulans genome.

To dete •
P
ro rnune the targets and binding profile of complex members, a peak calling
cess, kn" as Model-based Analysis of ChIP-seq (MACS) was performed on their

alized dat .https:/7'la and binding peaks were determined and plotted by using R platform

Fig ~-r- ro·ect.or / and results of genome-wide binding peaks were presented in
ure 3.9 as h . . •sinc . eat-map. Data in this figure was presented in the order of KdmA target genes
e it Was shclUst own as a scaffold protein of the complex. Target genes were categorized as 7
ers (left .Peak sides of the figures with different colours) according to their binding location and
strength. H . . • • •and 1ki Fleat-map display range was set as 5kb size from transcriptional start site (TSS)

b from t . .ranscriptional end site (TES). Plots on the top of each heat-map show the signal

48h

8notation

Ill ·

8notation

wamA_MY0 IlEems_HA IllRsB_HA IIIIwT

F i

'gure 3.8;lGy scree Mh ERCK complex binding visualization with normalized ChlP-seq tracks on IGV.
the enshot i • ..4. nida''ages of individual complex member's HA or MYC ChIP-seq track peaks across
llletaboJis u ans genome at 20h (in the primary metabolism stage) and 48h (in the secondary
Presentedm stage). "Annotation" part represents the genes on the genome. All Ch!P-seq tracks were
;he highest same scale and screenshots were displayed with decreasing magnification (e.g I has
blue), lv!cmand IV has the lowest). Colours present the members which are KdmA (red), CelA
Presented A (green), EcmB (purple), RstB (light brown) and WT (grey). Time pomts were

on the 1 ft •e side of the screenshots.

90



Intensity and .
I

region for each cluster given on the left side and were shown with the cluster
related colour£ • ct· •d . or individual ChIP. H3 histone and pol II ChIP-seq (which will be explained in
tail in further +:fi er sections) binding profiles of WT nuclear extract also were presented on the
gure for comparison.

48
h As can be seen from Figure 3.9, the binding profiles of complex members at 20h and

Were pres dWide sented and they show almost identical patterns. It is apparent that these genome-

a

1 e ChIP-seq results consistently indicate that MERCK complex members' binding patterns
re in parallel • hwit the complex formation phenomena.

Although · . •
g

a significant majority of identified target genes were common, umque target
©nes wtar ere also found for each complex member. In order to individually categorize detected
gets, identifie, .:fit . n tied genes processed by utilizing KEGG pathway based scheme on their
nctional: +Mo,"annotations basis. Pathway related target analysis ofKdmA, CelA, EcmB, RstB and
mA were diand«,*displayed in Figure 3.10, 3.11, 3.12, 3.13 and 3.14 respectively, for 20h and 48b
common ta dn 'targets combined. Identified target gene numbers were shown on the bar graphs

ndpathway analysis was performed by setting a cut-off for gene number which is 5 genes.
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Ir·gure 3 9
Kctlllf\ • : Genom •dist , Cc[A M e-w,de binding profile ofMERCK complex members. Heat-map presentation of
al[ c~nce fi-oni'tr cmA, _EcmB, RstB and WT ChIP-seq binding respectively, with displaying 5kb
Wt ~stered (sh anscnpttonal start site (TSS) and I kb distance from transcriptional end site (TES) for

3 histoneo~: on left) and ranked genes. Scale ofcolours were given under each related heat map.
IP-seq data presented in the heat-map was shown with black and yellow colours
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Whereas WT
Were star. 'polII ChIP-se d • • • •ated on top of f,, "9 ata (active transcription) was given on the last heat-map. Time points

Irames.

KEGG Enrichment for KdmA-HA

Ubiquinonea Ubiquitin mediated proteolysis
and other terpenoid-quinone biosynthesis
S ~erpenoid backbone biosynthesis
NARE interactions in vesicular transport

RNA transport
Ribosome

Pyruvate metabolism
Purine metabolism

Phagosome
Peroxisome

Pentose phosphate pathway
Other glycan degradation

Nic + Nitrogen metabolism
icotinate and nicotinamide metabolism

Mitophagy- yeast
Methane metabolism
Metabolic pathways

Gi, MAPK 9[9P@ling pathway - yeast
yoxylate and dicarboxylate metabolism

Glycolysis / Gluconeogenesis
Ether lipid metabolism

Citrate cycle (TCA cycle)
Cell cycle - yeast

Carbon metabolism
Biosynthesis of secondary metabolites

Biosynthesis of antibiotics
Biosynthesis of amino acids

Autophagy - yeast
Autophagy - other

A Arginine biosynthesis
GE-RAGE s: alpha-Linolenic acid metabolism

signaling pathway in diabetic complications
2-Oxocarboxylic acid metabolism

22

o% 25% 50% 75%
Relative %

i aon
Fi...common J]48h
4gure
ep*8.10: GuII 999p9-"4e sa tr =a ceo4e1222,S92IUUP"* 4E BIOR
s,""rhvpedny reoite at 48hinvo rs or com percentage of KdmA target genes specific at 20h (blue bars , specific a

«2)°+««,"2"1*m o both conditions (pink bars) in the given KEGG pathways. KEGG pathway
ie%}"S "!9 indicanmmbfor Ka,, cated on the bars. KEGG pathways are given based on the gene num ers

mA-HA binding either at 20h or 48h.
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KEGG Enrichment for CclA-HA
Vitamin 86 metabolism

Selenocompound metabolism
RNA polymerase

Ribosome
Pyruvate metabolism

Pyrimidine metabolism
Purine metabolism

Peroxisome
Pentose phosphate pathway

Other glycan degradation
Methane metabolism
Metabolic pathways

G MAPK signaling pathway - yeast
lyoxylate and dicarboxylate metabolism

Glycolysis I Gluconeogenesis
Galactose metabolism
Fatty acid biosynthesis

Cysteine and methionine metabolism
Citrate cycle (TCA cycle)

C . Carbon metabolism
5-Branched dibasic acid metabolism99er ° vmaumauo saw aces
osynthesis of secondary metabolites

Biosynthesis of antibiotics
Biosynthesis of amino acids

Autophagy - yeast
Autophagy - other

Amino Arginine biosynthesis
A Alanin:ugar and nucleotide sugar metabolism
GE-RAGE si · _aspartate and glutamate metabolism

gnaling pathway in diabetic complications
2-Oxocarboxylic acid metabolism[0% 25% 50% 75% 100%

Relative %

2o%}?• Common •48h

4gure
"ep'3.11: Gese}''' Genome-wide •rive raph(tect b s the relar: 'C-wiae Cc!A targets and related pathways. Comparative bar grap
invol ars) or co~ative percentage of Cc!A target genes specific at 20h (blue bars), specific at 48h
AE022.5541904116591E4919«he.*"5E.22T
chea f""_indicatedor ntheg 1mb•or Cc!A-H e_ on the bars. KEGG pathways are given based on t e gene num ers

A bmdmg either at 20h or 48h.
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Ubiquino KEGG Enrichment for EcmB-HA
none and oth . ---er terpenoid-quinone biosynthesis

Ribosome
Pyruvate metabolism

Purine metabolism
Protein export

Peroxisome
Pentose phosphate pathway

. Other glycan degradation
Nicotinate and nicotinamide metabolism

Mitophagy - yeast
Metabolic pathways

MAPK signaling pathway - yeast
Glyoxylate and dicarboxylate metabolism

Glycolysis I Gluconeogenesis
Ether lipid metabolism

Citrate cycle (TCA cycle)
Cell cycle - yeast

ff Carbon metabolism
osynthesis of secondary metabolites

Biosynthesis of antibiotics
Biosynthesis of amino acids

Autophagy - yeast
Autophagy - other

Arn· Ascorbate and aldarate metabolism
no sugar d •an nucleotide sugar metabolism

AGE-RAGE . alpha-Linolenic acid metabolism ·-
Signaling pathwavin diab etic c nnlicaiathway in diabetic complications{

Aflatoxin biosynthesis
2-Oxocarboxylic acid metabolism,UT

0% 25% 50% 75% 100%
Relative %

aon}f• Common •48h

4gure
ep*8.12: G'ese'f* Genome-wide •+i(red 5 s the rel t· -WI e EcmB targets and related pathways. Comparative bar graph
"ban" "lative perceveific at48hI3)° «RUGG,Ek.egger5sh21 "11*21.40519 "

eitrich ect genes i Jn to both conditions (pink bars) in the given KEGG pathways. KEGG pathway
oi.."/[]9" on the bars. KEGG pathways are given based on the gene numbers

HA bmding either at 20h or 48h.
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KEGG Enrichment for RstB-HA

RNA polymerase

••••
Pyruvate metabolism

Purine metabolism

Phagosome

Pentose phosphate pathway

Nitrogen metabolism

Mitophagy - yeast

Methane metabolism

Metabolic pathways

MAPK signaling pathway - yeast

Glycolysis I Gluconeogenesis

Endocytosis

Citrate cycle (TCA cycle)

Carbon metabolism !!!!!!l:=====54====

Biosynthesis of secondary metabolites ■ 141
•

Biosynthesis of antibiotics 10s ...I
Biosynthesis of amino acids 54 !___

Amino suAGE-R4r Sugar and nucleotide sugar metabolism 29

AGE sign r . la mg pathway in diabetic complications{
10

2-0xocarboxylic acid metabolism 20 ■

18
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94N
,....c=-"""""~ ~~ ,,. ~ ,-1.. "'"~,;
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Relative %

aon
Fi...Common •48h

4gure
ep'3.13: G'esen7" Genome-wide •ti(red B s the re] .e-wide RstB targets and related pathways. Comparative bar graph
invoJ ars) or comalive percentage of RstB target genes specific at 20h (blue bars), specific at 48h
IO;70NI32514517641353994a9P4gm5ES21222

ed for RstB-~cated on the bars. KEGG pathways are given based on the gene numbers
A bmdmg either at 20h or 48h.
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KEGG Enrichment for McmA-MYC
SNARE i t • -nteractions in vesicular transport{

Selenocompound metabolism
RNA polymerase

.....
Purine metabolism

Protein export
Porphyrin and chlorophyll metabolism

Phagosome
Pentose phosphate pathway
Oxidative phosphorylation

Mitophagy - yeast
Metabolic pathways

Meiosis - yeas
MAPK signaling pathway - yeast

Glycolysis I Gfuconeogenesis
Citrate cycle (TCA cycle)

Cell cycle - yeast
Carbon metabolism

C5-Branched dibasic acid metabolism
Biosynfhesis of secondary metabolites

Biosynthesis of antibiotics
Biosynthesis of amino acids

Autophagy - yeas

AGE-RAGE sianai,, Autophagy - other
gnaling path • •way in diabetic complications

2-Oxocarboxylic acid metabolismL0% 25% 50% 75% 100%
Relative %

-
i aon}?• Common • 48h

4gureep*8.14: G
(

resent • enome •red ba s the relati -wide McmA targets and related pathways. Comparative bar graph
1
nvo1v:~) or cornrn ve percentage ofMcmA target genes specific at 20h (blue bars), specific at 48h
for/\1:c genes indtn to both conditions (pink bars) in the given KEGG pathways. KEGG pathway

l11A l\"" cated on th b b • h d-MYC bindi . e ars. KEGGpathways are given based on the gene num ers ennc e
mg either at 20h or 48h.

As a"as« <part of thi •*shown i, his study, to display interdependency patterns ofthe MERCK complex, it

it \\r in Section. as ailll.ed . 3.s that complex formation disappears in the absence ofKdmA. Thus,

'thµ 9to investi° kdm4a ugate the genome-wide binding pattern ofthe other complex components

""cm ®deletion bMYc background. In order to assess that in cc/A, ecmB, rstB HA-tagged and
*o,'-taggedstrain.•bil1iializect strams, kdmA was deleted and ChIP-seq was performed on these strams.
Ptes,peaks were •rino vith beientect binct· re showed as heat-maps in Figure 3.15 by comparing with their KdmA

mg results. The order of ranked genes was presented as specific for each
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'ember. From :
"" """ "4 uPigao 3.15, it is surprisingly apparent that cclA binding peaks disappear

mA is delet d •to bind. e mboth 20h and 48h growth stages, suggesting that kdmA assigns cc/A
Its targets N . . . . • •Profile. · o significant difference was found in the ecmB, rstB and mcmA bmdmg

es in the absence of kdmA ir ...... tedc mditim m companson to presente condition.
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3.7 KamA and Ctnod'fi clA are involved in the regulation of posttranslational
tications iID A. nidulans

dmA and CclA
0
tnplex s· can be appointed as the most important members of the MERCK

Ince kdmAdetnethylas was reported as H3K36 by LC-MS/MS based study and H3K9 specific

111
e (Gacek-M hethyltransf at ew et al., 2015) and cc/A is a very well known H3K4me3

s s erase from bl.*94encing bas Dpublished data but still has not been shown by comprehensive

Dos Dased anal • •Sltranslatin, 'alysis. It is very well known from the literature that both of these histone
i Iona! modifi . . • • • • •"lerest in i". litications play an important role in transcriptional regulation. This raised

Chp mvestigating thIP-seq gt ese two members of the MERCK complex in this study. Histone

im Was performedlllunopr . . on kdmA and cc/A mutants. Chromatin samples of these mutants was

se, Ptecipitated b9uenced", Dy HJ, H3K4me3, H3K9me3 and H3K36me3 histone antibodies and
as describen ed in Chapter 2.

Genoof th me-wide H3K4 • • • •° gene .4me3 mark signals were checked and mterestmgly, on the majority

rib nome this si 1 •
0
solllaJ gna disappeared, except for on some vital cellular processes such as

I\\, genes (data •
0
exam

I
not shown). As track peak based samples H3K4me3 mark disappear,

it p es of si n 1 • •can ob • g a loss were presented in Figure 3.16 as visualized on IGB platform a
nd

VI0us]
the signal y be seen that in the cc/A mutants the histone mark signal disappeared although

clearly was seen in WT po!II and H3K4me3 and cclAA polII ChIP binding results.

GhlP-seq PeakSigne},
CclA

Wl POIii

H3K4me3

Cc/AA] ~olll

H3K4me3

Annotati1on
I

....7958

ti
·---

l?·'8ure 3sho +.16: Lo",""P: Loss orc,rackexamp!°°acr
0

n for WT ° CciA reduces genome-wide H3K4me3 levels. 1GB peak tr! "*
"+ml,9 <«ua poI II (green) and H3K4me3 (blue) signals with Cc!A-I-IA (red) signals

ns genome. 'Annotation' part refers to the genes in the genome.
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To determine hspecific . ow H3, H3K9me3 and H3K36me3 levels change in the genome, five
regions vith(:the Figu wit 6 kb size were chosen from different part of chromosome I as shown in
re 3.17 (accordiYere seo, cor mg to the location on the chromosome, as percentage) and these regions

*gmented b 2 .divided b Y 0 sub-regions with 3OObp size. Later expression values of mutants were

Y WT value dthese Val s an Log2 (fold change) heat-map in Figure 3.17 was plotted subject to

ues. What b .decreased . obviously stands out in the table is that H3K9me3 levels are significantly

Ill the cclA d •telorner· elet10n mutant at both 2Oh and 48h and surprisingly, mostly in the
IC r •regions of chr «:ll)crease c romatm. In contrast to this reduction, the kdmA mutant showed an
eon the same h i"leresting 'histone modification and on similar region particularly at 20h. Moreover,

g Y, deletio fregions n ° cc!A resulted in a rise of H3K36me3 levels on the telomerase based
and kdmAAr.+:.,4:observed not appeared to be affected importantly. No particular difference was

on both mutants H3 levels.

To aSsess whWell th ether these differences would be observed on the other chromosomes as
uewha ole chro • • • d •nd ex mosome IV was chosen for investigation and divided by 2 kb size regwns

. Pression"teresting] analysed in comparison to WT (Figure 3.18). It is clear from Figure 3.18
o 8Iy, there we al • d • tn chr ere a so H3K9me3 signal reduction on the telomere regions andincremen

Om0schr ome bod • • fi • th tO!JJoso Y at both time points. Another interesting thing from this figure is a,
:ome-wide bir + • •increas d m<lmg of H3K9me3 decreased in the kdmA deletion at 20h, oppositely

e at 48h.

Takh' en togeth • 1Stone, ner, these results strongly demonstrate that cc/A has an important roe on
~osttchrornosom ranslational modifications, in particular around heterochromatic regions on

es
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i
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wt_48h
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cc/AA_48h
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Figure 3.18: H3K9me3 levels across A. nidulans chromosome IV. Heat-map represents means of
H3K9me3 ChIP-seq signals from WT, cclA and kdmA mutants at different time points of growth
(20h and 48h). Individual signals on heat-map plot refers to a 2000bp region on the chromosome IV.
Expression colour scale is located under map.

3.8 Active gene expression differences of MERCK complex members

between 20h and 48h growth

It has been reported that RNA polII occupancy provides more precise determination of

transcriptional regulation than steady state RNA level which differently depends on additional

factors such as RNA turnover and transcription factors (Mokry et al., 2011 ). Since RNA poIII

corresponds to active transcription, an increase of RNA polII refers to upregulation and a

decrease means downregulation of expression. In order to get more insight with regard to the

tole of the MERCK complex in the global transcription profile, ChIP of RNA polymerase II

coupled sequencing was used in this study. For this purpose, chromatin samples from WT,

complex component mutants and WT grown in the presence of 5 µg/ml <lox (as comparison for

lllcmAtetOn mutant) was utilized here.

Since it was kown that the expression values of WT and mutants are reliable (data not

Shown), regulated genes were identified by analysing differential bounding values at 20h and

$8h for all samples, GO term enrichment analysis was performed by using DAVID Gene
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Functional Classification tool from identified upregulated and downregulated genes and plotted

on heat-map according to their expression state and gene numbers. Figure 3.19 shows the

active expression profile of mutants individually including WT. Although the figure legend

Was shown on the figure, it will help to understand the results that min, max and the numbers

inside parenthesis refer to gene numbers involved in linked cellular processes.

Downregulation of translation related genes on all samples with cc/A mutant exception

is one of the striking results that was observed from the data in Figure 3.19. Consistent with

previously obtained data from sterigmatocystin analysis and the global secondary metabolite

production profile, here it was shown that sterigmatocystin biosynthetic process genes and

regulation of secondary metabolism genes were upregulated in rstB deletion. Other consistent

data in this heat-map is that developmental growth related genes were upregulated in ecmB and

cc/A mutants. Additionally, in some processes such as sterol metabolic processes and glycolytic

Processes for some cellular responses to stress factor genes were observed to be down regulated

in all mutants and WT samples, but not in the cclA mutant. In summary, these results suggest

an important role of the MERCK complex in transcriptional regulation.
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~igure 3.19: Comparison of MERCK complex members' active expression patterns. Heat-map
~llustrates differential expression levels of the genes which are involved in the cellular processes
dicated on the right side of the plot for A. nidulansWT and mutant strains by comparing 20h and 48h
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(Up-regulated, down regulated or both) and the number of the genes associated indicated the cellular
Process. Max refers to the highest annotated gene numbers detected from analysis (bracketed numbers),
1111n represent the lowest annotated gene numbers (given in parenthesis) detected from analysis for the
shown cellular process.
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3.9 Two isoforms of KdmA are present with different protein interactions

and genome-wide binding patterns in A. nidulans

As it can be seen from Figure 3.2B, protein expression western-blots ofKdmA revealed

two separate signals. One of the strong possible explanations for this was that two separate

isoforms ofKdmA exist within the cell. Therefore, it was checked from visualized KdmA-HA

ChIP-seq data by IGVwhich was given in the left part ofFigure 3.20A. In here, KdmA binding

showed two strong peaks from different parts of annotated kdmA. This data strongly supports

the idea of the existence of two isoforms. To gain insight and supportive information, different

data sets of sequencing data were examined such as the TATA binding protein (TBP),

transcription factor II B (TFIIB) and H3K4me3 ChIP data. Because TBP and TFIIB signals

correspond to transcription starting point and H3K4me3 mark is known as gene activation

mark, their ChIP-seq data will provide satisfactory evidence for the case of two transcripts. In

the second part ofFigure 3.20A, these data were shown and it is apparent that TBP and TFIIB

have one strong signal at the promoter site and another peak around the middle part of kdmA,

Whereas H3K4me3 has two strong definite signals from different parts of kdmA and no signal

Was observed in WT as expected. The sizes of these signals are strongly consistent with two

signal sizes observed in Figure 3.2B KdmA immunoblotting.

Since existence of two transcripts that will be called full-length and truncated versions

ofKdmA in this study were acceptably demonstrated, an endogenously HA-tagged truncated

Version ofKdmA was generated in order to understand and compare its function with the full­

length version. Phenotypical functionality confirmation was shown in Figure 3.20B in the

Presence ofWT and full-length tagged version. It was shown that the truncated version is fully

functional. Further confirmation was aimed to compare the protein expression of the truncated

Version to the full-length version at different incubation time points. Figure 3.20C provides

the results obtained from western blot analysis and it can be clearly seen that the truncated

Version gave a single signal while full-length KdmA presented two signals with different sizes

as expected. Having functionality and expression verification oftruncated version ofKdmA, it

Was further aimed to investigate what are the differences on the complex dynamics and

interaction network with the other members. For the purpose of exploring the complex

formation differences between the two, truncated versions' total protein was extracted and HA

Purification coupled MS was performed and surprisingly it was found that the truncated version
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of KdmA was able to recruit only EcmB and RstB which are fungal specific transcription

factors (Figure 3.20D) suggesting critical survival role of this isoform formation for fungi.

To determine whether there are any differences between these isoforms genome-wide

targets, ChIP-seq was performed on a truncated HA-tagged version ofKdmA at 20h and 48h

growth and binding profiles of both versions were illustrated in Figure 3.20E. Data clearly

showed that the truncated KdmA version could not bind as strong as full-length and there is a

loss of binding at 20h while slightly stronger signal was observed at 48h than 20h for truncated

Version. Overall, these results strongly indicate the existence of two KdmA isoforms with

different interaction partners and with different genome targets in the cell.
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Figure 3.20: Different isoforms of KdmA are presented within the cell. (A) IGV browser view
1lllage ofnormalized KdmA ChlP-seq peaks, and 1GB browser view image ofnormalized TATA box­
binding protein (TBP), Transcription factor II B (TFIIB) and H3K4me3 signal peaks and their
coniparison. kdmA annotation is stated in bottom of images. (B) Morphological functionality analysis
ofHA tagged full-length and truncated versions ofkdmA. (C)Western blot analysis offull-length (156.9
k:Da) and truncated (~81 kDa) versions ofKdmA. HA tagged strains were used and 50µg total protein
Was loaded on gel. a-SkpA was used as a loading control. (D) Illustration of interaction partners in the
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signals were shown with the range of 5kb distance from TSS and 1kb distance from TES for clustered
(on left side ofplots) and ranked genes. Density colour scales were given on the right side and top three
scales are for 20h, bottom three are for 48h.
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Chapter 4

The role of the MERCK complex in

development and secondary metabolism in A.

flavus
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4.1 Detection of the pentameric MERCK demethylase complex in A. jlavus.

Comprehensive analysis of the MERCK complex was performed in A. nidulans as

explained in detail in Chapter 3. Since A. flavus is a saprophytic and opportunistic pathogen

fungus that produces highly carcinogenic aflatoxins as secondary metabolites, in this chapter

it was aimed to particularly investigate the roles of the MERCK demethylase complex in this

microorganism. Initially, complex members domain analysis was performed (Figure 4.lA).

Protein sequences of members were obtained from NCBI with their gene IDs which are

AFLA_067020 (kdmA-1), AFLA_067030 (kdm4-2), AFLA_089250 (cclA), AFLA_027860

(ecmB), AFLA_003630 (rstB) and AFLA_090910 (mcmA) and domain analysis was performed

via the UniProt database. An interesting outcome of this analysis was that kdmA is annotated

as two separate genes, most likely due to the presence of two isoforms within the cell, as is

observed in A. nidulans. Having information of domain structure of members, further

examination aimed to show conservation of these domains across different species by utilizing

NCBI conserved domain search and a detailed table of results is given in Figure 1.4B. As it

can be seen from the table, KdmA, CclA and McmA domains are found to be highly conserved

whereas EcmB and RstB are fungal specific.

In order to assess complex formation in A. flavus, KdmA, CclA, EcmB and RstB were

endogenously HA epitope tagged and KdmA was also GFP tagged. Functionality of these

strains was confirmed morphologically in comparison to WT (data not shown) and HA affinity

Protein purification coupled MS was performed on them. By analysing MS results against an

4. flavus proteome database (downloaded from NCBI), unique peptide numbers were obtained

and are presented in Figure 4.1C. What is interesting about the data in this table is all tagged

complex members reciprocally recruit each other, suggesting that there is indeed complex

formation in A. flavus. Interestingly, the unique peptide numbers for KdmA were detected for

two separately annotated proteins which are shown as KdmA-1 and KdmA-2. This data

strongly complements earlier mentioned KdmA domain analysis and existence oftwo isoforms

Within the cell. The interaction network of the MERCK complex based on MS analysis is

illustrated in Figure 4.1D and it is shown in the table on the same figure that the interaction

network complex members interrelate with MemA, although tagging attempts for McmA were

Vnsuccessful which is possibly due to protein disruption.

Observing complex formation raised the question of the protein expression level

~anges during vegetative and developmental growth stages. In order to answer this question,
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fully functional HA tagged KdmA, CclA, EcmB and RstB strains were inoculated in liquid

complete media for 24h, 36h, 48h (V24h, V36h, V48h) and 24h vegetative grown mycelia were

shifted to complete media agar plate and incubated for 24h under constant light (A24h), 24h

and 48h in darkness (S24h, S48h). Extracted total protein of each stage was loaded on SDS gel,

and immunoblotting was performed. Figure 4.lE shows the results obtained from western blot

analysis of complex members and their protein expression levels during different growth

stages. The most striking observation to emerge from the western blot comparison was two

different sized signals of KdmA, one is labelled as 'L' (~160 kDa) (shown with blue arrow)

and another is labelled 'S' (~80 kDa) (shownwith red arrow) which strongly suggests that there

are two isoforms that exist in A. flavus. Besides, protein expression ofKdmA shows decrease

in 48h of sexual stage. From this data, it can also be seen that EcmB (~145 kDa) has

approximately double size signal than it is expected as well as its expected expression signal

suggesting that EcmB undergoes homodimerization in A. flavus which is also consistent with

A. nidulans data from Chapter 3.

A further question that needed to be addressed was which compartment of the cell this

complex is localized? In order to answer this question, a KdmA-GFP tagged strain was

inoculated in liquid complete media and cultured for 12h. The hyphae ofthis strain were stained

With nucleus specific stain DRAQ5 and location analysis was performed by using laser

confocal microscopy after 30 min treatment. As presented in Figure 4.1F, the GFP signal

shows the same position with the DRAQ5 red signal. signifying nuclear localisation ofKdmA.

Since it was shown that KdmA is a scaffold protein for the complex and all complex members

localized in the nucleus inA. nidulans, as well as complex members possessing NLS (nucleus

localization sequences) in A. flavus, the localization of other complex members were not

checked in this study. However, all members oftheMERCK complex were localized to nucleus

mn A. nidulans.

Taken together, these results provide sufficient insight into formation and interaction

dynamics, as well as the protein expression profile and subcellular localization of the MERCK

demethylase complex inA. flavus.
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Figure 4.1 Protein domain diagrams, verification and protein expressions for the MERCK
complex in A. jlavus. (A) Individual domain structure of complex components. Protein sequences
Were provided from NCBI (https://www.ncbi.nlm.nih.gov/) with their gene symbols for
AFLA_067020 (kdmA-I), AFLA_067030 (kdmA-2), AFLA_089250 (cclA), AFLA 027860
(ecmB), AFLA_003630 (rstB) and AFLA_090910 (mcmA) and domain analysis was performed on
DniProt database (https://www.uniprot.org/). (B) Conserved domains and orthologues table of
complex components among different species. BLAST analysis was done by using NCBI. NIA
means that orthologue does not exist in that organism. (C) Interacting partners table for individual
complex members presented with their specific pulldown and unique peptide numbers. Values were
extracted from mass spectroscopy data. (D) Interaction network of the MERCK complex. Network
Was generated by summarizing MS data in Cytoscape software (version 3.6.1). Minimum limit was
settled as three unique peptides for interaction partners. (E) protein expressions ofKdmA, CclA,
EcmB and RstB throughout vegetative and developmental (asexual and sexual) life stages in
different growth time points. a-HA antibody was used for immunoblotting and 50 ug of protein
Was loaded on SDS-gel. a-SkpA antibody was used as a loading control. (F) Confocal visualization
ofKdmA subcellular localization. Red signals are a result of nuclear staining with the fluorescent
far-red DNA stain DRAQ5. Merged signals represent overlapped red signals with GFP fused KdmA
signals.
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4.2 cclA and ecmB mutants show reduced conidial production and affect

sclerotia formation.

As outlined in previous chapters, there is a large volume of published studies

emphasizing the unambiguous relationship between SM and development in fungi and it was

also shown in this study by using A. nidulans as a model organism in Chapter 3. With respect

to this information, along with the data from this study, the next aim was to determine what

genetic interactions exist between complex members and discover the individual effects of

complex members on morphology. In order to understand the mechanism, kdmA, cc/A, ecmB

and rstBmutants and their complemented strains were point inoculated in YGT agar plates and

incubated at 30°C together with WT in dark and light. Strains were cultured for five days and

Were visualized using a stereomicroscope with different magnifications and images can be seen

in Figure 4.2A. Asexual conidiation numbers and radial growth rate were also quantified and

displayed in Figure 4.2B and 4.2C, respectively. What is interesting about the results is that

cclA and ecmB mutants exhibit strong growth defects, such as reduced radial growth and

diminished asexual sporulation. In Figure 4.2A, obvious pigment production was also

observed around cc/A deletion strain colony which is typically associated with SM production.

No significant change was observed on developmental growth in kdmA and rstB knockouts, in

comparison to WT, while all complex members showed a similar phenotype with wt (Figure

4.2A).

Together these results indicate that cc/A and ecmB play important roles in fungal

development and predictably in SM as well. The next investigation therefore sought to

determine the roles of the complex members in the formation of developmental structures. A.

hidulans reproduces via ascospores, which reside within cleistothecia structures for protection.

Likewise, A. flavus has evolved to generate sclerotia structures to adapt to harsh environmental

conditions. To gain insight of the MERCK complex's role in development, WT, mutant and

complemented strains were point inoculated in WKM agar plates and incubated at 30C for 14

days in the dark. Plates were then scanned and asexual spores were washed with 70% EtOH to

reveal underlying sclerotia formation, which was imaged using a stereomicroscope. Later,

sclerotia numbers were quantified by counting one quarter of each plate and multiplying by

four. The results obtained from this analysis are displayed in Figure 4.2D and 4.2E. What is

striking about the images in the figure is that the absence of cc/A causes loss of sclerotia

Production, suggesting a key role of cc/A in this cellular process. Interestingly, the number of
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sclerotia was strongly decreased in the ecmB deletion strain and sclerotia appeared to be

immature. Additionally, from the images and plot, it can clearly be seen that in the absence of

kdmA and rstB, sclerotia production rates were significantly decreased, whereas complemented

strains showed similar production to the WT.

It has been demonstrated that sclR is a transcription factor that promotes sclerotial

formation in A. oryzae (Jin et al., 2011 ). In order to determine the transcriptional expression

level of this gene in WT and mutant strains, mycelia from strains cultured vegetatively for 24h

and shifted to WKM agar plates for 7 days in darkness was used to perform RNA extraction.

Respective cDNAwas tested via qRT-PCR and Figure 4.2F provides the results obtained from

this experiment for WT and knockout strains. From the data in this figure, it is apparent that

there is a decreasing in sclR expression in cclA and ecmBmutants. It is evident that the sclerotia

production data in Figure 4.2D and 4.2E are in agreement with transcriptional expression data

ofsclR in mutants. Overall, these results indicate that cclA and ecmB play an important role on

4. flavus developmental growth.
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Figure 4.2 Morphology and sclerotia production analysis for complex member's mutants in A.
flavus. (A) Stereomicroscopy colonies and close-up images ofwild-type, mutants and complementation
strains. Cultures were point inoculated (approx. 5x103 spores) on YGT agar plate and grown at 30 °C
for 5 days under constant light and dark conditions. (B) Asexual conidiation quantification values were
~btained from three independent 5xl0 mm2 area cores and three different plates. Wild-type, cultured in
hght conditions was chosen to represent a 100% standard and the other values were presented relatively
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to this value. Standard deviations are presented on the graph bars as vertical lines. (C) Colony diameters
were measured from three independent plates and in the light grown wild-type size was considered as
standard (100%). Error bars were shown as representative of standard deviation. (D) Production of
sclerotia structures in A. flavus mutants. Strains were point inoculated (approx. 5x10* spores) on WKM
medium with required supplements and incubated at 30 °C for 14 days under constant dark conditions.
After incubation, asexual conidiophores were washed away with 70% EtOH and close-up images were
taken via a stereomicroscope. Scale bars are shown on the figure. (E) Sclerotia quantification was done
by counting one quarter of a plate then multiplying by four. Values were taken from three independent
plates and stated with their standard deviations as error bars on the graph. (F) Expression levels of sclR
determined via qRT-PCR. Values are the mean of three independent biological and three technical
replicates. Results normalized according to expression in wild-type and benA was used as housekeeping
gene. Experiments were carried out in biological triplicates. The statistical significance is indicated as
(*) p < 0.05, (**) p < 0.001, (***) p < 0.0001 and non-significant (ns) p > 0.05. 'np' refers to 'no
production'.

4.3 The demethylase complex influences secondary metabolism, stress

response and post translational modifications as well as host colonization.

In previous sections, physical and genetic interaction patterns of the complex and their

roles in development were elucidated. It was also shown that two members of the complex

exhibit epigenetic regulatory roles such as demethylation (kdmA) and methylation (cc/A).

Raving this data, together with the knowledge of the pathogenic nature of A. flavus and

correlation between development and secondary metabolism, we decided to assess the roles of

the complex with respect to these significant cellular processes as well as stress response

pathways.

The first step in this section was to determine the function of complex members in host

colonization. In order to asses that, peanut seeds were infected with spores ofWT and mutant

strains, as described in the materials and methods section. As Figure 4.3A shows, interestingly,

the capability of the ecmBmutant to colonize and sporulate on host peanut seeds was decreased

and this data is almost identical to ecmB mutant growth data in media, thus suggesting that the

nutritional needs of the ecmBA strain were not provided by the host peanut seed. Moreover, a

striking reduction in sporulation was also observed on seeds that were inoculated with the cc/A

mutant, while slightly diminished conidiation was seen on seeds inoculated with kdmA and rstB

mutants. These imaged results were reflected by conidia quantification results presented in

Figure 4.3B which show clear significant decreases for ecmB and cc/A mutants. To detennine

their virulence in terms of aflatoxin production on host seeds, aflatoxin was extracted from

infected seeds and quantified via HPLC in comparison to an aflatoxin B 1 standard. Figure

$.3C presents aflatoxin B 1 levels produced by WT and mutants on peanut seeds and it is clear

that the deletion of cclA results in a drastic increase of aflatoxin B 1 production on host seeds.
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Interestingly, it was observed that in the absence of ecmB, aflatoxin B 1 production reached the

lowest levels, while no significant differences were found for kdmA and rstB mutants. These

results indicate that the deletion of cc/A and ecmB affect virulence and aflatoxin production on

host growth.

In order to gain insight on the roles of the complex components in SM, in particular,

their individual aflatoxin production levels in growth media, strains were point inoculated in

YES agar plates with required supplements and plates were incubated at 30C for 7 days in

dark conditions. Results are provided in Figure 4.3D. The most interesting aspect ofthis figure

is that all mutants resulted in reduced aflatoxin B 1 production in comparison to WT,

particularly, the deletion of ecmB resulted in almost a complete loss of aflatoxin B 1.

Complemented strains showed an acceptable recovery in production in comparison to mutant

strains. These data suggest ecmB and the other complex members play a key role in aflatoxin

production.

To establish whether the MERCK complex is involved in stress response pathways,

WT, mutants and complementation strains were point inoculated in the presence of various

chemical stress factors with shown concentrations. Visual results were shown in Figure 4.3E.

As it can be seen from the figure, ecmB was observed to be the most sensitive mutant to these

stresses especially in the existence ofDNA damage stress factor (0.02% MMS) and oxidative

stress factor (6 mM HO). Although the other mutants showed sensitivity to some stress

conditions, no significant effect was observed in the overall analysis.

A recent study demonstrated that kdmA is a H3K36me3 and H3K9me3 specific

demethylase (Gacek-Mathew et al., 2015) and H3K4 specific methyltransferase cc/A is known

as a subunit of the COMPASS complex which controls the regulation of H3K4 methylation.

Moreover, in the previous chapter, the functions of kdmA and cc/A on histone modifications

Were comprehensively shown by ChIP-seq analysis. Having this knowledge led us to

investigate the role of the complex on posttranslational modifications. In order to understand

more regarding that, nuclear extracts of WT and mutant strains were purified and

Immunoblotting was performed by using antibodies to detect specific histone modifications.

Histone western-blot results are presented in Figure 4.3F. What is striking about the data in

this figure is a significant decrease in the H3K4me3 level in the cc/A mutant, which suggests

its key role on this posttranslational modification. Interestingly, deletion of any complex

members resulted in higher H3K36me3 mark signals than WT. Taken together, these results
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strongly suggest that kdmA and cc/A have critical functions on posttranslational modification

marks ofhistones.
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Figure 4.3: Host colonization, aflatoxin production, growth response to stress chemicals and
histone modification expressions ofMERCK complex members inA.flavus. (A) Peanut seeds
infection by wt and mutant strains. Spores treated seed were incubated at 29°C for 5 days. Scale
bar 10mm. (B) Conidia quantification values represent the mean of four independent peanuts
quantification and from three different plates. (C) Aflatoxin production from spores peanuts.
Quantification was assessed with three independent peanuts from three different plates.
(D) Atlatoxin quantification from agar plate. Aflatoxin was extracted from Wt, mutant and
complementation cultures were point inoculated (approx. 5xl03 spores) on YES agar plates
which were incubated at 30°C in dark for 7 days. Values on the graph are corresponding to
means ofthree independent biological replicates. Error bars were shown on the graph. (E)
Phenotype characterization ofcomplex members in response to chemical stress factors.
Strains were point inoculated and incubated at 30°C for 65h under constant light condition.
Chemical's concentrations are underlined on the figure. (F) Western blot analysis ofwt and
mutants' histone extracts for the checking histone modification level. a-corresponding histone
antibody was used for each modification. 10 ug total nuclear extract was load on gel.
cx-H3 antibody was used for loading control check.
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Chapter 5

Discussion

121



Lysine specific demethylase 1 (LSD 1) and JMJC domain containing demethylase are

two types of demethylase classes based on their demethylation mechanism. LSD1 type

demethylases remove mono- and di- methylated lysine at lysine 9 and lysine 4 of H3 while

JMJC type is also able to remove three-methylations and needs Fe** and oxygen as cofactor

(D'Oto et al., 2016). KdmA is a homolog of the highly conserved KDM4 family member of

JMJC containing demethylases class. KDM4 family members was reported with regard to

utilization of H3K9me2/me3 and H3K36me2/me3 histone marks and their association with

various cancer types (Labbé et al., 2014). It is yet not known whether KdmA presents as a

complex within a cell, although much knowledge exists in the literature regarding it. This PhD

study identified the formation of KdmA (ANl 060) complex with its interaction members;

which are McmA(AN8676)-EcmB(AN5533)-RstB(AN12489)-CclA(AN9399), here called

MERCK complex.

Comprehensive and comparative protein domain, function, physical and genetic

interactions, targets profile on the genome and transcriptional analysis of complex members

Were provided in detail through this research work. Extensive protein domain and homology

analysis revealed that three members of complex KdmA (KDM4), CclA (ASH2L) and McmA

(SRF type MADS-box TF) were found to be highly conserved through a wide range of

organisms from fungi to humans whereas EcmB and RstB transcription factors were found to

be presented only in the Fungal kingdom. Interestingly, the same complex formation was

identified in the plant pathogen A. flavus with one difference, that KdmA is annotated by

identifying two different genes AFLA_067020 and AFLA_067030. The gene IDs for MERCK

complex are as follows; CclA (AFLA_089250), EcmB (AFLA_027860), RstB

(AFLA_003630) and MemA (AFLA_090910).

5.1 MERCK complex role in 4A.nidulans

Growth and development

In A. nidulans, regulation of development and light response are commonly carried out

by regulatory protein complexes such trimeric velvet complex or pathway specific transcription

factors like nosA or nsdD. From the discovery ofMERCK demethylase complex, presented in

this study, it was shown that this complex regulates the fungal growth and development. In

Particular cc/A and ecmB mutants were found to exhibit strong growth deficiency as well as
'

reduced asexual conidiation and clesthotecia formation. The same situation was observed for
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their double deletion combinations suggesting that their stronger epistatic effect on

morphology compared to other members and deletion ofboth members caused strong deficient

phenotype. These results corroborate the findings of a great deal of previous work in cc/A

mutant phenotype analysis in A.nidulans (Bok et al., 2009). Another important finding in this

study was that although kdmA and rstB deletion strains were shown to have slightly reduced

conidiophore production in comparison to wt, it interestingly produced more sexual fruiting

bodies. Relative gene expression of complex members was shown to be downregulated at the

developmental stages whereas they were constitutively expressed during the vegetative stage.

Even though there was no change observed on CclA and McmA protein expression, protein

amounts of KdmA, EcmB and RstB displayed reduced levels in sexual and asexual stages

which is correlated with gene expression data. Additionally, genome-wide binding analysis of

MERCK complex was also presented in this thesis by ChIP-seq analysis and target genes were

also identified. Individual KEGG pathway analysis of complex members indicated that the

majority of the targets are mostly common and are involved in some essential pathways such

as carbon metabolism, cell cycle, MAPK signalling pathway, metabolic pathways and TCA

cycle pathways. Previous studies were reported that some of these cellular pathways such as

the fungal MAPK module is involved in the regulation of fungal development (Bayram et al.,

2012a). Moreover, in this research, RNA pol II occupancy analysis was also performed for

mutants in order to investigate active transcriptional expression, since RNA pol II was shown

to give a more precise profile than steady state RNA level (Mokry et al., 2011). Differential

expression data of mutants demonstrated that genes are involved in positive regulation of

sexual development and sexual sporulation cellular processes. They were upregulated in cc/A

and ecmB mutants 48h growth in comparison to 20h. In addition, it also was found that asexual

conidiation formation genes were upregulated at the late growth phase (48h). Deletion of

subunit of H3K4 methyltransferase SetlC (COMPASS) complex yeast homolog BRE2

Phenotype analysis showed diminished vegetative growth rate in S.cereviasiae (Yoshikawa et

al., 2011). In budding yeast, EcmB homolog ECM22 was shown as the regulator for the sterol

biosynthesis pathway, together with its paralog UPC2 and reduction on vegetative growth rate

(Yang et al., 2014). Taken together, the findings of this research provide fundamental insights

and critical role of the MERCK complex for fungal development.
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Secondary metabolism

It is known from the literature that secondary metabolism is mostly co-regulated by

pathway specific gene clusters and is related with subtelomeric regions of chromatin. Thus,

another goal of the present study was to assess the role ofMERCK demethylase complex on

SM. The regulatory role of this complex was found on secondary metabolism in A.nidulans

performing comprehensive analysis of SM by HPLC and LC/MS-MS. One of the interesting

findings of this analysis was that complex members' single mutants showed significant

increase in ST production, particularly, rstB mutant was found to produce the highest level.

Although the double mutant combination of MERCK complex members were showed with

higher amounts of produced ST, cc/A and ecmB double and mcmAretOn mutant strains indicated

a lower ST production rate than wt. It is also interesting to note that the degree of ST production

in the over expressed condition of complex members was opposite ofmutants with the kdmA

overexpression exception which still showed a higher amount. It has been suggested by

previously published research in A. nidulans that deletion of kdmA resulted in a reduced ST

level (Gacek-Mathew et al., 2015), however, outcomes of the current study are in contrast to

earlier findings. Since ve4A" background strains were used in this study, the possible explanation

for this conflict may be using the veAJ background strain which has the partial loss of function

mutation on veA which was shown to coordinate regulation between SM and development in

response to light (Bayram et al., 2008b). A more interesting outcome was observed in the

global metabolite analysis that the production of different metabolites were based on different

complex members, for example, ST and its biosynthesis side products indicated to have higher

production rate in rstB and mcmAreton single and double mutants. In contrast, the austinol

biosynthesis were more upregulated in the cc/A and ecmB single and double knockout strains.

Interestingly, orsellinic acid biostynthesis was shown to have increased production in the cc/A

and ecmB single mutants, and reached peak production in the double deletion of them. This

finding also suggested that the regulation of these metabolite gene clusters are carried out by

these complex members. KEGG enrichment analysis of genome-wide targets of the members

Was found to reflect the similar picture of SM profiles by having a big proportion of targeted

genes in -biosynthesis of secondary metabolites- pathway, particularly with some more SM

related pathway for cclA targets. cclA was shown to act as a repressor for SMs and in the

biosynthesis of some metabolites, which revealed the increased trend such as

monodictyphenone and orsellinic acid in the absence of cc/A (Bok et al., 2009). Outcomes of

this study showed strong consistency with the published data. As transcriptional support, RNA
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pol II occupancy of complex mutants also provided upregulated profile for secondary

metabolism related genes at late vegetative growth phase. In particular, in the absence of rstB

ST biosynthetic process included genes and in the absence of cc/A fatty acid biosynthetic

process genes were found to be upregulated. According to these, significant data was shown in

this study strongly suggesting that MERCK complex plays a key role on secondary metabolism

inA. nidulans.

Epigenetic regulation

Histone demethylase KdmA was reported with H3K36me3 and H3K9me3 specific

demethylase activity by utilizing LC-MS based approach (Gacek-Mathew et al., 2015) and

CclA very-well known from literature as a subunit of histone methyltransferase SETlC

(COMPASS) complex with H3K4 methylation function. This research study showed the

nuclear function of the MERCK complex through PTMs on epigenetic regulation mechanism.

Dynamic histone modification marks usually determine the state of chromatin and play an

active role on gene expression. H3K4me2/me3 and H3K36me2/me3 are commonly known as

transcriptionally active gene expression marks which is linked with euchromatin state while

H3K9me2/me3 and H3K27me3 are broadly recognised as silent transcription marks referring

to heterochromatin state. An extensive ChIP-seq based histone modification analysis was

performed, indicating that H3K4me3 level in the cc/A mutants were drastically diminished and

signals were observed from some ribosomal genes only, suggesting the key role of cc/A on the

gene expression. Another interesting research outcome was that RNA pol II signal profile of

wt which refers to active transcription was almost identical with cc/A genome-wide binding

profile suggesting that cc/A strongly corresponds to the active gene expression. Furthermore,

cclA mutant was also found to cause increased H3K9me3 mark signal on the central regions of

the chromosome body but significantly reduced signal on the telomeric regions. Reduction of

this methylation mark signal was also observed at telomeric regions in the absence of kdmA,

particularly, in the early vegetative growth stage (20h). Although kdmA was reported as H3K36

specific demethylase, there was no significant change observed in this mutant, but surprisingly,

substantial increase was found at the chromosomal ends in the cc/A mutant. All data observed

from PTMs analysis of this study so far clearly indicates the critical role ofMERCK complex

on the chromatin modification mechanisms.
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Presentation ofKdmA isophorms

KdmA is a homolog of human KDM4, a subfamily of JMJC-domain containing

demethylases. As one of the largest members ofthe subfamily, KDM4 contains five functional

members KDM4A-E with different domain structures (jmjC and jmjN domains are common

for all), chromosomal locations and size differences. KDM4D was shown to form two clusters

as KDM4E and F. Although these two were considered to be pseudogenes, the functionality of

KDM4E was reported (Whetstine et al., 2006; Katoh et al., 2007) and in some of other highly

eukaryotes this case was also reported. It was found that KdmA was annotated as two different

genes in A. fiavus by dividing it in two parts. Here, in this study, it was discover that KdmA is

presented by two isophorms as two different transcripts within the cell. The truncated version

of KdmA (short form) was generated to explore its role in the cell and its functionality and

expression were confirmed. Domain structure comparison of the full-length and truncated

versions ofKdmA showed that the truncated version (short version ofKdmA) does not include

any specific domain whereas the other domains jmjC, jmjN and PHD domains were located on

the earlier part of on full-length KdmA. The truncated version ofKdmAwas identified to have

physical interactions with only EcmB and RstB as complex members by MS coupled protein

pulldown analysis. It is important to reiterate that EcmB and RstB were found to be fungal

specific members of the MERCK complex. Comparing genome-wide target profiles of both

KdmA forms, interestingly, it was observed that the short version almost shows loss ofbinding

at 20h while having slightly increased targets at 48h suggesting a possible role of the short

form under limited conditions for the cell.
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Figure 5.1: Schematic illustration of proposed model for MERCK complex and its function in

A.nidulans. Pentameric MERCK complex is localized in the nucleus. Two isophorms of KdmA are

presented in the cell which are called here short (S) and long (L) forms. Long form interacts with four

interaction partners whereas short form interacts with RstB and EcmB. H3K4me3 level on the genome

based on existence of histone methyltransferase CclA within the cell. Deletion of cclA also affects the

genome-wide H3K9me3 and H3K36me3 level. Fully functional MERCK complex controls

development and SM through TFs (EcmB and RstB) and utilizing post-translational modifications.

5.2 MERCK complex role in A.flavus

As mentioned earlier in this chapter, MERCK complex was found in AF producer

fungus A. flavus by utilizing a proteomics approach and its function on development was also

demonstrated by this research work. From the literature and following supportive strain

creation attempt, it was shown that mcmA is an essential gene for A. flavus as well. cc/A and

ecmBmutants were found to show a reduction of their colony size as well as major decrease in

asexual conidiation production in both dark and light conditions, in particular loss of

conidiation in ecmB mutant. Interestingly, although there was no striking difference on the

asexual sporulation under light conditions in the absence ofkdmA and rstB, a substantial effect

Was observed in darkness. Findings of this study provided that cc/A is essential for A. flavus

sexual development structure sclerotia where there was no production observed. Besides, ecmB
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was also found to be one ofthe key transcription factors for sclerotia production and maturation

since less and immature sclerotia structure was observed in the absence of it. These outcomes

were supported with reduced transcript level of sclR which has been reported as sclerotia

production related TF. Lower developmental growth structure production rate was also found

in kdmA and rstB mutants. Expression of KdmA was shown to be reduced during the

developmental growth stage by immunoblotting analysis and, interestingly, CclA, EcmB and

RstB protein levels did not change.

From the morphology analysis of cclA mutant, yellowish pigment production was

observed, and knowing the strong relation between development and secondary metabolism,

Aflatoxin B 1 production analysis was performed on the mutants. AF B 1 was shown to be

significantly decreased in many mutants and lack of production was observed in the ecmB

deletion strain.

A. flavus is a very well-known aggressive plant pathogen with a strong effect

particularly on commercially important plants such a peanut and com. The role of MERCK

complex on the host colonization was assessed by infecting peanuts with mutant spores and the

produced AF B 1 level on peanut seeds were quantified. Findings of this investigation clearly

showed that cc!A mutant spores were able to grow well on seeds by giving a significant

reduction on sporulation rate. In addition, ecmB deletion resulted in a loss of sporulation and

making fluffy hyphae structures on the peanut. Although cc!A could not produce more spores

than wt, AF analysis showed that it has the highest AF production amount among the mutants

Whereas ecmB did not show any production. These findings strongly indicate the role of

MERCK complex on host virulence.
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Figure 5.1: Schematic illustration of proposed model for MERCK complex and its function in

4A.flavus. Heteromeric MERCK protein complex is localized in the nucleus. Two isophorms ofKdmA

are presented in the cell which are called here short (S) and long (L) forms. H3K4me3 level based on

existence of histone methyltransferase CclA within the cell where H3K36me3 levels relies on KdmA.

CclA and EcmB influence host colonization. Fully functional MERCK complex controls development

and SM through TFs (EcmB and RstB) and utilizing post-translational modifications.

In the previous chapter the role ofMERCK complex was discussed in detail in relation

to A. nidulans. In this section, the function of MERCK complex in PTMs mechanism was

shown in A. jlavus. Histone modification western blotting was performed on mutants and

results indicated that H3K4me3 modification mark level significantly decreased in cclA

mutant, whereas H3K36me3 mark shows increasing trend on mutants in comparison to wt. This

is consistent with given A. nidulans data, which suggests the important role of MERCK

complex inA. flavus epigenetic regulation mechanism.

To conclude, this study represents the formation of pentameric MERCK demethylase

complex and its molecular functions within the cell inA.nidulans andA.jlavus. It has provided

deep information regarding with the complex on the fungal development and secondary

metabolism as well as post-translation modifications. All together, this research contributes

global characterization of MERCK complex and reveals interesting avenues for the future

investigations.
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Supplemented Materials

Fungal media and Reagents

50x Aspergillus Salt Solution

NaNO, (300 g), KCI (26g), KH,PO, (76 g) were dissolved in 1 L distilled water (dHO). The

solution pH was adjusted to pH 5.5 with addition of SM KOH, and was autoclaved at 121 °C

for 20 min. The solution was stored at room temperature (RT).

1 000x Aspergillus Trace Elemets

FeSO,.7H,O (1.0 g), and EDTA (10.0 g) were dissolved in 80 ml of dHO in the order

indicated and then pH was adjusted to around 5,5 with addition ofKOH pellets until obtain a

golden yellow solution (solution 1). ZnSO,. 7H,O (4.4 g), H,BO; (2.2 g), MnCl.4HO (1.0

g), CoCL.6H3O (0.32 g), CuSO4.5HO (0.32 g), (NH,)6M0,04.4H,O (0.22 g) were

dissolved in 80 ml of dH2O in the order indicated (solution 2). Solution 1 and solution 2 were

combined and pH was re-adjusted to pH 6.5 using KOH pellets and then KOH solutions of

decreasing concentration. Final volume was brought to 200 ml with dHO. The solution was

filter sterilised and was stored at 4-8 °C.

IM MgSO,

120.36 g/mol MgSO4 was dissolved in 1 L dH2O and autoclaved at 121 °C for 20 min. The

solution was stored at RT.

50% Glucose

250 g glucose was dissolved in 500 ml dHO. The solution was autoclaved at 121 °C for 20

min and was stored at RT.

Glucose Minimal Media (GMM)

50x Aspergillus Salt Solution (16 ml), 50% Glucose (16 ml) and 1M MgSO4 (1.6 ml) were

added to 800 ml dH2O. The solution was autoclaved at 121 °C for 20 min and was cooled

around~ 50°C. 1 000x Trace Elements (800 µl) and supplementary material that was needed for

strains (uridine, prydx) were added to the solution. The media was stored at 4°C.
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Glucose Minimal Media Agar

50x Aspergillus Salt Solution (16 ml), 50% Glucose (16 ml), IM MgSO4 (1,6 ml) and agar

(16g) were added to 800 ml dHO. The solution was autoclaved at 121°C for 20 min and was

cooled around- 50°C. 1 000x Trace Elements (800 µl) and supplementary material that was

needed for strains (uridine, prydx) were added to the solution. The media was poured into 90

mm sterile petri dishes. Plates were allowed to set and were stored at 4 °C.

Complete Media:

Yeast extract (1 g), peptone (2 g), tryptone (1 g), 50x Aspergillus Salt Solution (20 ml), 50%

Glucose (20 ml), 1MMgSO4 (2 ml) and agar (20 g) were added to 1L dHO. The solution was

autoclaved at 121°C for 20 min and was cooled around-50°C. 1000x Trace Elements (1000 µl)

and supplementary material that was needed for strains (uridine, prydx) were added to the

solution. The media was poured into 90 mm sterile petri dishes. Plates were allowed to set and
-

were stored at 4 °C.

Yeast Extract Sucrose (YES) Medium:

Yeast Extract (16 g), sucrose (120 g), MgSO,7H,O (800 mg) and agar (16 g) were added to

800 ml dHO then autoclaved at 121°C for 20 min. After cooling around- 50C media was

poured into 90 mm sterile petri dishes. Plates were allowed to set and were stored at 4 °C.

Wickerham Medium (WKM):

Yeast Extract (2 g), peptone (3 g), com steep solids (5 g), dextrose (2 g), sucrose (30 g), NaNO;

(2 g), KHPO4.3HO (1 g), MgSO,7H,O (0.5 g), KCI (0.2 g), FeSO,7H,O (0.1 g), and agar

(15 g) were added to 1 L dHO. The solution was autoclaved at 121 °C for 20 min and was

cooled around-50°C. Supplementary material that was needed for strains (uridine, prydx) were

added to the media and stored at 4°C.

Yeast Glucose Trace (YGT) Medium:

0.5 % Yeast Extract (w/v) (4 g), 2 % glucose (16 g), and agar (16 g) were added to 800 ml

dHO. The solution was autoclaved at 121C for 20 min and was cooled around- 50°C. 1000x

Trace Elements (800 µl) and supplementary material that was needed for strains (uridine,

prydx) were added to the solution. The media was stored at 4°C.
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Uridine 5% (0.25g/I):

To prepare 5% Uridine solution, 5 g ofUridine was dissolved in 100 ml double distilled water

(ddH2O). The solution was stored at 4°C.

Uracil (lg/I):

1 g Uracil dissolved in related media before autoclaved.

Pyridoxine 0.1% (lmg/1):

To prepare 0.1% Pyridoxine solution, lg of Pyridoxine-HCL was dissolved in 1000 ml of

ddH2O. The solution was stored at 4°C.

GMM Oatmeal Media:

To prepare GMM Oatmeal media, 10 g of grinded Oatmeal was added to 1 L of GMM agar

before autoclaved.

Bacterial media

Luria-Bertani Broth (LB)

Luria Bertani Broth (25 g) (SIGMA) was dissolved in 1 L dHO. The liquid media was

autoclaved at 121 °C for 20 min. After cooling, 1 ml Ampicillin was added and was stored at 4

•C.

Luria-Bertani Agar (LB Agar)

Luria-Bertani Broth with Agar (35g) was dissolved in 1L dHO and autoclaved at 121 C for

20 min. After cooling around -50C 1ml Ampicillin was added to media then media was poured

into 90 mm sterile petri dishes. Plates were allowed to set and were stored at 4 °C.

Antibiotics

Ampicillin (I 00µg/ml)

I g Ampicillin was dissolved in 10 ml ddHO and filter sterilized. The solution was stored at -

20 "C.
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Pyrithiamine ( 1ml/L)

1 g pyrithiamine hydrobromide (Sigma) was dissolved in 10 ml ddH2O and filter sterilized.

The solution was stored at -20 *C.

Nourseothricin (600µl/L)

1 g Nourseothricin (Jena bioscience) was dissolved in 10 ml ddH2O and then filter sterilized.

The solution was stored at -20 °C.

Agarose Gel Electrophoresis Reagents

2% Agarose gel:

4.0 g of Ultra pure™ Agarose (Invitrogen) was dissolved in lx TAE electrophoresis buffer

(200 ml) using microwaves for 2 min and then 8 µl of a SYBR®Safe(Invitrogen) DNA gel

stain (1 0.000x concentrate in DMSO) was added. After cooling step, the solution was poured

into a casting rig.

5Ox TAE Buffer:

242 g ofTris-Base and 18.6 g ofEDTA were dissolved in 800 ml ddHO then 57.1 ml Glacial

acetic acid added to the solution. The final volume was brought up to 1 L with ddHO and

autoclaved at 121 °C for 20 min.

Southern Blot Hybridization Reagents

1.5 M Sodium Hydroxide (NaOH):

40 g of Sodium Hydroxide was dissolved in 2 L dHO then autoclaved at 121°C for 20 mins.

The solution was stored at RT.

0.25 M Hydrochloric Acid (HCI):

15.2 ml of Hydrochloric acid was slowly added to 2 L dH,O then autoclaved at 121°C for 20

mins. The solution was stored at RT.

0.5 M Sodium Chloride (NaCl):
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175.32 g of Sodium chloride was dissolved in 2 L dHO then autoclaved at 121°C for 20 mins.

The solution was stored at RT.

20x SSC (Saline Sodium Citrate) Buffer:

350 g of Sodium Chloride and 176 g ofNa-Citrate were dissolved in 1800 ml dHO then the

pH of the solution was adjusted to 7 by using 5 M HCI. The final volume was brought up to 2

L with dH2O and autoclaved at 121"C for 20 min. The solution was stored at RT.

Prehybridization Buffer:

20x SSC (75 ml), 10% Block Solution (60 ml), 10% SDS (3 ml), ddH2O (6 ml) and Pure

Formamide (150 ml) were mixed and dissolved at 68 "C. The solution was stored at -20 "C.

l0x DIG Bufferl:

88 gof Sodium Chloride and 116 g ofMaleic Acid were dissolved in 1 L dHO then the pH of

the solution was adjusted to 7.5 using NaOH. The solution was autoclaved at 121 °C for 20

mins and stored at RT.

DIG Buffer3:

6.05 g of 100 mM Tris-Base, 2.29 g of 100 mM NaCl and 5.08 g of 50 mM Magnesium

Chloride (MgCl were dissolved in 500 ml dHO then the pH of the solution was adjusted to

9.5 with HCI. The solution was autoclaved at 121 °C for 20 mins and stored at RT.

SDS-PAGE Electrophoresis and Western Blot Reagents

l0x TBS (Tris-Buffered Saline):

24 g ofTris base and 88 g ofNaCl were dissolved in 900 ml of dHO then the pH was adjusted

to 7.6 using 12 N HCL The final volume was adjusted to 1 L with dHO. The solution was

autoclaved and stored at RT.

5% Milk Solution:

5 g dried skimmed milk was dissolved in 100 ml lx TBS. The solution was prepared fresh on

day ofuse.
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TBST (Tris-Buffer Saline and 0.1% Tween-20):

100 ml of 10x TBS and 1 ml of Tween-20 were added to 900 ml of dHO for 1 L solution. The

solution was autoclaved and stored at RT.

IM Trizma-hydrochloride (Tris-HCI) pH 7.5:

157.6 g Tris-HCl was dissolved in 500 ml dH2O and the pH was adjusted to 7.5 by using lM

NaOH. Final volume of the solution was adjusted to 1 L and stored at RT.

lmMEDTA:

Ethylenediaminetetraacetic acid dipotassium salt dehydrate (4.0445 mg) was added to 8 ml of

dH2O. The pH was adjusted to 8.0 in order to dissolve the salt. The solution was stored at -

20°C.

Protease inhibitor mix (Roche):

Two Roche tablets were dissolved in 1 ml dHO. The solution was stored at -20C.

l00mMPMSF:

1 g ofPhenylmethylsulfonyl fluoride was dissolved in 60 ml ethanol (100%). The solution was

stored at 4°C.

Protein extraction buffer (B300 buffer):

The 300 mM NaCl (17,53 g), 1 M pH: 7.5 Tris-HCI (50 ml), 10% Glycerol (10 ml), l mM

EDTA (2 ml) and 0.1% NP-40 (1 ml) were dissolved in 1 L dHO. The solution was autoclaved

and stored at 4°C. Immediately prior to use, the 1 M DTT (15µ1), Protease inhibitor mix

(Roche) (100 µl), 0.5 mM Benzamidine (30 µl), 1x Phosphatase inhibitors mix (4-(2-

Aminoethyl benzenesulfony Fluoride Hydrochloride"CAS30827-99-7" ROCHE) (lOO µl) and

100 mM PMSF ( 100 µl) were added to the solution.

10% (w/v) Sodium Dodecyl Sulfate (SDS):

SDS (10 g) was dissolved in 100 ml dHO and the solution was stored at RT.

0.5 M Tris-HCI pH 6.8:
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Trizma hydrochloride (7.8 g) was dissolved in 80 ml dHO then pH was adjusted to 6.8 using

4 M NaOH. Final volume of the solution was adjusted to 100 ml with dHO and stored at RT.

10% (w/v) Ammonium Persulfate (APS):

Ammonium persulfate (100 mg) was dissolved in 1 ml dHO. The solution was stored at -20°C.

Chromatin Immunoprecipitation (ChIP) Reagents

FA Lysis Bufferl (0.1% SDS and 150 mMNaCl):

1 M HEPES-KOH (50 ml, pH 7.5), 5 M NaCl (30 ml), 1 mM EDTA (2 ml pH 8.0), Triton X-

100 (10 ml), 5% Sodium deoxycholate (20 ml) and 10% SDS (10 ml) were mixed then final

volume of the solution was adjusted to 1 L with ddH20. The solution was stored at RT.

FA Lysis Buffer2 (0.1% SDS and 500 mMNaCl):

1 M HEPES-KOH (50 ml, pH 7.5), 5 M NaCl (100 ml), 1 mM EDTA (2 ml pH 8.0), Triton X-

100 (10 ml), 5% Sodium deoxycholate (20 ml) and 10% SDS (10 ml) were mixed then final

volume of the solution was adjusted to 1 L with ddHO. The solution was stored at RT.

ChIP Elution Buffer (2x Pronase Buffer):

1 M Tris-HCl (50 ml pH 7.5), 0.5 M EDTA (20 ml) and 20% SDS (50 ml) were mixed with

880 ml ddHO. (Total volume 1 L). The solution was stored at RT.

Tris-Buffered Saline (TBS):

1 M Tris-HCI (20 ml, pH 7.5) and 5 MNaCl (30 ml) were dissolved in 900 ml of ddHO. Final

volume of the solution was adjusted to 1 L with ddHO. The solution was stored at RT.

l00mMPMSF:

1 g ofPhenylmethylsulfonyl fluoride was dissolved in 60 ml ethanol (100%). The solution was

stored at -20C.

Pronase:

20 mg Pronase was dissolved in 20 ml TBS. The solution was stored at -20°C.
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2.5 M Glycine:

187 .68 g Glycine was dissolved in 1 L ddH20. The solution was heated to dissolve the glycine

and autoclaved. The solution was stored at RT.

Wash Buffer:

2 M Tris-HCl (5 ml, pH 8.0), 4 M LiCl (62.5 ml), 0.5 M EDTA (2 ml), Igepal CA-630 (5 ml)

and 5% Sodium deoxycholate (100 ml) were dissolved in 825.5 ml ddHO. The solution was

stored at RT.

Tris-EDTA (TE) Buffer:

2 M Tris-HCI (5 ml, pH 8.0) and 0.5 M EDTA (2 ml) were dissolved in 993 ml ddHO. The

solution was stored at RT.
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