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Summary

Penicillium chrysogenum is the main industrial pro-
ducer of the B-lactam antibiotic penicillin, the most
commonly used drug in the treatment of bacterial
infections. Recently, a functional MAT7-1 locus
encoding the o-box transcription factor MAT1-1-1 was
discovered to control sexual development in P. chry-
sogenum. As only little was known from any organ-
ism about the regulatory functions mediated by
MAT1-1-1, we applied chromatin immunoprecipitation
combined with next-generation sequencing (ChlIP-
seq) to gain new insights into the factors that influ-
ence MAT1-1-1 functions on a molecular level and its
role in genome-wide transcriptional regulatory net-
works. Most importantly, our data provide evidence
for mating-type transcription factor functions that
reach far beyond their previously understood role in
sexual development. These new roles include regula-
tion of hyphal morphology, asexual development, as
well as amino acid, iron, and secondary metabolism.
Furthermore, in vitro DNA—protein binding studies
and downstream analysis in yeast and P. chrysoge-
num enabled the identification of a MAT1-1-1 DNA-
binding motif, which is highly conserved among
euascomycetes. Our studies pave the way to a more
general understanding of these master switches for
development and metabolism in all fungi, and open
up new options for optimization of fungal high pro-
duction strains.

Accepted 26 February, 2015. *For correspondence. E-mail
ulrich.kueck@rub.de; Tel.: (+49) 23 4322 6212; Fax (+49) 23 4321
4184.

Introduction

Sexual propagation in euascomycetes is controlled by two
alternative mating-type loci, namely MAT1-1 and MAT1-2,
which consist of dissimilar sequences occupying the
same locus on the chromosome. These sequences are
termed idiomorphs to indicate that they do not represent
the alleles of a single gene (Metzenberg and Glass,
1990). A common feature specific to mating types from
euascomycetes is the presence of a MAT1-1-1 gene,
defining the MAT71-1 idiomorph and encoding an
a-domain transcription factor (TF). The alternative idi-
omorph, MAT1-2, is characterized by the presence of a
MAT1-2-1 gene, encoding a TF carrying a high mobility
group (HMG) domain (Turgeon and Yoder, 2000; Lee
etal., 2010).

While DNA-binding HMG-domain proteins are ubiqui-
tous and well characterized, a-domain proteins have
limited distribution and their evolutionary origin is still
obscure (Martin et al., 2010). In Saccharomyces cerevi-
siae, MATa1, one of two proteins encoded by the o-type
mating locus, acts as a transcriptional co-activator and is
involved in the regulation of mating-type-specific gene
expression (Herskowitz, 1989). MATa1 binds coopera-
tively with the MADS-box TF Mcm1 to 26-bp P’Q promoter
elements to activate the expression of a-specific genes
(asgs) (Bender and Sprague, 1987). Surprisingly, only a
few direct target genes of mating-type TFs are known
until today. For example, chromatin immunoprecipitation
(ChIP)-chip analysis in S. cerevisiae identified five asgs
and six a-specific genes (asgs), which, with the exception
of one asg, were all involved directly in some aspect of
mating, e.g. those encoding the mating pheromone
a-factor and the a-pheromone receptor Ste3 (Galgoczy
etal,, 2004). Similarly, microarray analysis in Candida
albicans identified two asgs and at least two asgs
(Tsong et al., 2003), and genome-wide ChIP analysis in
Lachancea kluyveriidentified a total of nine asgs, of which
six were orthologs of asgs in either C. albicans or S. cer-
evisiae (Baker etal., 2012). Against this background,
it appears somehow contradictory that several micro-
array analyses demonstrated that MAT genes have a
rather wide-ranging effect on fungal gene expression
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(Pbggeler et al., 2006; Bidard et al., 2011; Wada et al.,
2012; Béhm etal., 2013). Hence, further research is
needed in order to distinguish between primary and sec-
ondary target genes of mating-type encoded TFs, and to
provide a comprehensive understanding of mating-type
controlled regulatory circuits on a genome-wide level.

As most research performed on characterizing mating-
type locus-encoded TFs used yeasts as a model organ-
ism, little is known about mating-type protein function in
euascomycetes. Lack of research on many euascomy-
cetes, especially those of major medical and industrial
importance, was fostered by the fact that these fungi have
been considered to be asexual since no sexual propaga-
tion had been observed under laboratory conditions for a
very long time (Dyer and O’Gorman, 2012; Kick and
Bdéhm, 2013). Recent description of a hetherothallic
sexual cycle in P. chrysogenum now makes the fungus a
valuable object for the investigation of mating-type con-
trolled transcriptional regulatory networks and fungal
sexual reproduction in general. These mechanisms are of
major importance, as the possibility to generate offspring
with novel combinations of traits relevant to penicillin pro-
duction provides promising starting points for industrial
strain development purposes (Bé6hm et al., 2013).

Chromatin immunoprecipitation combined with next-
generation sequencing analysis (ChIP-seq) is one of the
most powerful tools for genome-wide profiling of DNA-
binding proteins, which has greatly benefited from tre-
mendous progress in next-generation sequencing
technology (Smith et al., 2010; Magnusdottir et al., 2013;
Myers et al., 2013). Today, ChIP-seq is an indispensable
tool for studying gene regulation and epigenetic mecha-
nisms at the genomic level (Park, 2009). Here, we present
the first application of ChlP-seq for the functional charac-
terization of a TF from P. chrysogenum, and, more impor-
tantly, the first genome-wide analysis focusing on
unraveling the transcriptional regulatory network con-
trolled by a mating-type locus-encoded TF.

While MAT1-1-1 has been described as a regulatory
protein restricted to the orchestration of sexual reproduc-
tion (Debuchy et al., 2010), our data clearly expand this
current view of MAT1-1-1 function beyond transcriptional
regulation of sexual development alone. We provide
strong evidence of new and additional roles for MAT1-1-1
in regulating asexual development and morphogenesis,
as well as amino acid, iron, and secondary metabolism.
Furthermore, our analyses, using bioinformatics, electro-
phoretic mobility shift assays (EMSAs), yeast one-hybrid
(Y1H), and DsRed reporter gene assays in P. chrysoge-
num, led to the identification of a MAT1-1-1 DNA-binding
motif that shows a high degree of conservation within
euascomycetes.

Taken together, our data extend the general under-
standing of the biological functions of mating-type-
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encoded TFs and should thus open new avenues for the
study of fungal sexual development. Finally, as we per-
formed ChlIP-seq experiments with a laboratory strain that
has already undergone several rounds of mutagenesis to
increase penicillin production (Nielsen, 1997), our results
are applicable to fungal strains used for today’s industrial
production of pharmaceutically relevant secondary
metabolites.

Results
Construction of MAT1-1-1 strains for ChlP-seq analysis

A Pgq:egfp::MAT1-1-1 fusion construct (pGFP-MAT1,
Fig. S1A) was transformed into recipient P2niaD18 to
generate strain MAT1-ChlIP. Pgy was used to obtain an
elevated expression level of the MAT1-1-1 gene, since
expression of mating-type genes under control of their
native promoter is known to be low. For example, RMA-
express (http://rmaexpress.bmbolstad.com) analysis of
normalized raw data obtained from microarray analysis
using P. chrysogenum strain P2niaD18 revealed relative
MAT1-1-1 expression levels of about 13.6% and 3.1%
referred to actin (Pc20g11630) and myosin (Pc21g00710)
expression levels, respectively (Fig. S1B) (Béhm et al.,
2013). Furthermore, transcripts of mating-type genes
were reported to be barely detectable by Northern hybridi-
zation in Podospora anserina as well as RNA-seq analy-
sis in Neurospora crassa (Coppin and Debuchy, 2000;
Wang et al., 2014).

Successful transformation was verified by polymerase
chain reaction (PCR) and sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE)/
Western blot analysis, confirming the presence of the
epitope-tagged protein EGFP-MAT1-1-1 in crude protein
extract from recombinant strains (Fig. S1C and D). Using
fluorescence microscopy, the presence and nuclear locali-
zation of the fusion protein were verified prior to each
ChIP experiment (Fig. S1E). Functionality of the fusion
protein was further confirmed when pellet formation was
investigated in shaking cultures (Fig. S1F). Overexpres-
sion of MAT1-1-1 in the MAT1-ChlIP strain resulted in the
formation of significantly larger pellets (@ 4-5 mm) when
compared with P2niaD18 (@ 1-2 mm), matching the phe-
notypic characteristics of a previously described MAT1-
1-1 overexpression strain (OE MAT1-1-1) (B6hm et al.,
2013).

ChIP-seq analysis reveals a genome-wide binding
profile of MAT1-1-1

We performed ChlP-seq experiments on three independ-
ent biological samples, namely ‘shaking 1’, ‘shaking 2’,
and ‘surface’ (Table 1). In an effort to identify as many
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Table 1. ChlIP-seq design and results.

# Peaks # Differential # Total Estimated
Sample # Reads® # Mapped® % Mapped® FDR < 0.001¢ peaks® peaks' fragment length?
shaking 1 44,608,426 27,190,663 60.9 % 7453 430 327 237
shaking 2 39,771,172 23,994,317 60.3 % 6523 379 276 226
surface 14,364,485 12,890,352 89.7 % 6324 218 102 212
shaking_input 16,952,199 15,380,186 90.7 % - - - -
surface_input 12,879,889 11,422,613 88.7 % - - - -

. Total number of sequenced reads.

. Number of peaks passing FDR < 0.001 threshold.

Q"0 000D

MAT1-1-1 binding sites as possible, independent of physi-
ological culture conditions, two samples were derived
from shaking cultures and one was obtained from a
surface-grown culture. Input-DNA from shaking (‘shaking-
_input’) and surface cultures (‘surface_input’) was
sequenced as a control. Only regions meeting the follow-
ing criteria were considered as specific peak regions: (1)
at least fourfold enrichment in ChIP-DNA versus input-
DNA, (2) a false discovery rate (FDR) threshold < 0.001,
and (3) a Poisson p-value < 1.00e—04. Intersection of our
datasets identified 243 sites that were specifically bound
by MAT1-1-1 in at least two independent biological repli-
cates, thus meeting the standards set by the ENCODE
and modENCODE consortia (Landt et al., 2012) (Dataset
S1, Fig. 1A).
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. Total number of reads mapped to P. chrysogenum P2niaD18 genome (Specht et al., 2014).
. Fraction of tags found in peaks versus genomic background determined by HOMER (Heinz et al., 2010).

. Number of peak regions showing at least fourfold enrichment in ChlP-sample compared to input.
Total number of peak regions after local background filtering and clonal filtering.
. Estimated fragment length used for sequencing, determined from tag auto correlation analysis.

Starting from ChIP-seq datasets, we classified peaks
according to their genomic location with regard to neigh-
boring coding sequences. Seventy-nine percent (193/
243) of peaks were exclusively located within intergenic
regions and 21% (50/243) showed intragenic localization
(Fig. 1B). Of 193 peaks showing intergenic localization,
21 were positioned within the 3’ region of both neighbor-
ing open reading frames, and 90 showed 5’ localization to
only one adjacent gene. Eighty-two peak regions were,
however, positioned within divergent promoters, resulting
in a total of 254 genes that may be directly controlled by
MAT1-1-1. Comparison to expression data obtained from
previous microarray analyses (Béhm et al., 2013) con-
firmed changes in expression profiles by at least twofold
in a AMAT1-1-1 strain compared with P2niaD18 for 29.9%

Fig. 1. Genome-wide distribution of
MAT1-1-1 binding regions.

A. Venn-diagram showing intersection
between MAT1-1-1 ‘shaking 1°, ‘shaking 2,
and ‘surface’ datasets. Only peaks within a
maximum distance of 100 nt were regarded
as overlapping.

B. Distribution of ChiP-enriched regions
overlapping or positioned within intragenic
regions vs. ChlP-enriched regions that were
exclusively located within intergenic regions
(based on peak regions present in at least
two independent datasets).

C. Distance between MAT1-1-1 ChIP-seq
peak summits and ATG of neighboring genes
positioned in 5'-3" orientation with regard to
the corresponding peak region (based on
peak regions present in at least two
independent datasets).
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& H
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(76/254) of these genes. Analysis of the distance between
peak summits and the predicted translation start sites
(nearest ATG in good initiation context) revealed an
average distance of 200-500 nt (Fig. 1C). Approximately
50% of all analyzed genes fit this pattern.

Categorization of putative MAT1-1-1 target genes

Gene ontology (GO) analysis of proteins encoded by the
254 putative MAT1-1-1 target genes revealed a significant
(p < 0.05) overrepresentation of the following categories:
(1) metabolism, including proteins related to amino acid
and secondary metabolism, (2) energy, (20) cellular trans-
port, transport facilities, and transport routes, (32) cell
rescue, defense, and virulence, (34) interaction with
the environment, including proteins involved in cellular
sensing and response to external stimuli (e.g. pheromone
response) (Fig. S2). Besides expected putative MAT1-1-1
target genes that could be directly assigned to sexual
development, e.g. ppg? (Pc14g01160), the homolog of
S. cerevisiae MFa:1/2, encoding the o-factor pheromone,
and pret (Pc22915650), the homolog of the S. cerevisiae
a-factor receptor encoding gene STE3 (Galgoczy et al.,
2004), ChlP-seq analysis identified many new putative
MAT1-1-1 target genes that had never been linked to
mating-type-encoded TFs before. Table 2 provides a
detailed summary of selected MAT1-1-1 target genes
arranged according to the description and proposed func-
tion of encoded proteins, as obtained from blastp analysis
and literature. All genes listed are positioned in 53’
orientation with regard to neighboring MAT1-1-1 peak
regions. Corresponding peak values, expression profiles
of each gene in a MAT1-1-1 deletion strain compared with
wild type P2niaD18 and occurrence of the MAT1.1 motif
(to be described later) are given. For reasons of clarity
and comprehensibility, the categories mentioned here do
not necessarily correspond directly to categories used in
GO analysis.

Validation of MAT1-1-1 targets

To validate MAT1-1-1 DNA-binding regions identified by
our ChIP-seq approach, we performed ChIP-PCR analy-
sis (Fig. 2A). Five representative MAT1-1-1 target regions
were analyzed for MAT 1-1-1-specific enrichment in ChlP-
DNA compared to input-DNA, obtained from shaking
cultures. Target regions were selected according to the
following two key criteria: (1) they either possessed a
statistically highly significant peak value (Pc20g00090) or
(2) proteins encoded by adjacent genes were known to be
involved in regulation of sexual reproduction in yeast
(pret, kex1, kex2, ppg1). Enrichment was calculated as
the ratio of the region of interest to a control region
showing no MAT1-1-1-specific enrichment in ChIP-DNA
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relative to this ratio in the input-DNA sample. An additional
control region (NC) is shown as a negative control. ChlP-
PCR results showed significant overlap with the corre-
sponding peak values obtained from bioinformatics
analysis, confirming specific enrichment of all tested
target regions in ChIP-DNA vs. input-DNA, and validating
peak values as a convincing parameter for estimation of
MAT1-1-1 binding affinity to target regions identified in
ChiIP-seq analyses.

Next, quantitative real time (qQRT)-PCR analyses were
performed to validate MAT1-1-1 target genes next to the
peak regions mentioned earlier as well as a selection of
additional, non-mating-related target genes, covering all
functional protein categories mentioned in Table 2. Com-
pared with wild type P2niaD18, expression levels of puta-
tive target genes were examined in shaking cultures of a
MAT1-1-1 deletion strain (AMAT1) or MAT1-1-1 overex-
pression strain (MAT1-ChlP), grown under the same con-
ditions as for ChlP-seq sample preparation. A total of four
mating- and 13 non-mating-related genes were selected
for our investigation. Compared with P2niaD18, overex-
pression of MAT1-1-1 in the MAT1-ChIP strain led to
significant changes in expression levels of 3 genes related
to some aspect of sexual reproduction, namely pre1, kex1,
and ppg1, as well as seven non-mating-related genes,
namely Pc20g00090, dewA, atf21, Pc19g00140, sidD,
Pc22g27040, and Pc22922160 (Fig. 2B and Fig. S3A).
Similar results were obtained when AMAT1 expression
levels were measured. It is remarkable that all these genes
are located in 53 orientation relative to the adjacent
peaks, thus, validating our criteria applied for identification
of putative MAT1-1-1 target genes based on data obtained
from ChlP-seq analysis.

De novo prediction of a MAT1-1-1 DNA-binding motif

To gain further insight into MAT1-1-1 DNA-binding prop-
erties, de novo motif prediction based on MAT1-1-1-
binding regions, identified in our ChlP-seq analysis, was
performed. We used MEME to identify conserved motifs,
and therefore the most likely binding site of MAT1-1-1 in
P. chrysogenum. MEME analysis, based on 62 MAT1-1-1
binding regions, present in three independent ChlP-seq
experiments, identified one highly significant motif, desig-
nated MAT1.1, which showed a high degree of central
enrichment across MAT1-1-1 peak regions in CentriMo
analysis (Fig. 3). Furthermore, FIMO analysis confirmed
the presence of at least one copy of MAT1.1 within 202 of
243 (83.1%; p-value < 0.01) MAT1-1-1 peak regions, indi-
cating that the vast majority but not all MAT1-1-1 target
sites are bound at this motif.

Comparison of MAT1.1 to known binding motifs present
in the JASPAR CORE (2014) databases for fungi and
vertebrates revealed strong similarity to the binding sites

© 2015 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd, Molecular Microbiology, 96, 1002—1022
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Fig. 2. Verification of MAT1-1-1 ChIP-seq
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qPCR ratio (gray bars) is shown in
comparison to the corresponding peak value
generated during bioinformatics analysis of
ChIP-seq data (black bars). Values for gPCRs
are the mean score of three biological
replicates; average + standard deviations are
indicated. Tested peak regions are named
according to neighboring genes (see Dataset
S1).

B. Analysis of relative log. fold gene
expression ratios in a MAT1-1-1
overexpression strain (MAT1-ChlP; gray bars)
or MAT1-1-1 deletion strain (AMAT1; black
bars) compared with wild type strain
P2niaD18 led to the identification of MAT1-1-1
specific target genes. Values are the mean
score of three biological replicates. Tested

O =~ N W hH o O N

log, fold change

genes represent pairs of genes positioned
upstream and downstream of MAT1-1-1 target
regions identified in ChlP-seq analysis (see

of the S. cerevisiae mating-type protein MATa1 (Haber,
2012) and Mcm1, a TF involved in cell-type-specific tran-
scription and pheromone response in yeast (Mead et al.,
2002) (Fig. S4). Furthermore, MAT1.1 showed similarity to
DNA-binding motifs for Yhp1, a homeobox transcriptional
repressor known to bind Mcm1 (Pramila et al., 2002),
and Hcm1, a forkhead TF regulating expression of genes
involved in chromosome segregation, spindle pole
dynamics and budding (Pramila et al., 2006). Comparison
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Dataset S1). Directions of open reading
frames are indicated by arrows.

to motifs known from vertebrates revealed strong similar-
ity to the binding sites of Sox9, a SRY-related HMG-box
protein, regulating the development of the skeleton and
the reproductive system (Mertin et al., 1999), Nkx2-5, a
homeobox TF involved in the regulation of heart formation
and development (Chen and Schwartz, 1995), as well as
Sox17 and Sox2, SRY-related HMG-box proteins involved
in the regulation of embryonic development and cell fate
(Kanai et al., 1996; Maruyama et al., 2005).

Fig. 3. De novo prediction of a MAT1-1-1
DNA-binding motif. The central 100 nt region
of 62 MAT1-1-1 specific peak regions
identified in three independent ChIP-seq
experiments was submitted to MEME for
identification of enriched motifs. Only the most
significant putative DNA-binding motif
(‘MAT1.1’) is shown. The size of each letter is
proportional to the frequency of each
nucleotide at this position within the
consensus sequence. CentriMo analysis,
using MAT1.1 as an input, revealed central
enrichment of the motif within a 500 nt range
around MAT1-1-1 binding regions used for
motif prediction.

100 50 0 50 100
position of best site in sequence [nt]

0 T T
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Fig. 4. Conservation of the MAT1.1 binding motif within
ascomycetes. The 1000 nt upstream region of ppg1, prel, kex2,
and kex1 from selected ascomycetes was screened for
occurrences of MAT1.1 using FIMO. The 1000 nt upstream region
of the actin gene act was used as a negative control. Total
numbers of detected MAT1.1 copies within input sequences
meeting a statistical threshold of p <0.001 and p < 0.0001,
respectively, are given. Locus tags according to NCBI database
(http://www.ncbi.nim.nih.gov/) are: ppg1: Pc14g01160,
AFUA_6G06360, AN5791.2, Ca019.11961*, FG05061.1,
NCU02500.1, YPL187W, TRIREDRAFT_104292; pret:
Pc22g15650, AFUA_5G07880, AN7743.2, Ca019.2492*,
FG07270.1, NCU00138, YKL178C*, TRIREDRAFT_57526; kex2:
Pc22g02910, AFUA_4G12970, AN3583.2, Ca019.12219,
FG09156.1, NCU03219, YNL238W*, TRIREDRAFT_123561*; kexT:
Pc22g18600, AFUA_1G08940, AN1384.2, Ca019.7020*,
FG10145.1, NCU04316, YGL203C, TRIREDRAFT_74517; act:
Pc20g11600, AFUA_6G04740, AN6542.2, Ca019.5007,
FG07335.1, NCU04173, YFLO39C*, TRIREDRAFT_77541.
Asterisks are sequences shorter than 1000 nt.

The MAT1.1 binding motif shows conservation
within euascomycetes

To address the question whether the predicted MAT1-1-1
DNA-binding consensus sequence MAT1.1 is conserved
among ascomycetes, we performed FIMO analysis. For
this purpose, the 1000 nt upstream region of ppg1, pref,
kex2, and kex1from P. chrysogenum and the correspond-
ing homologs from A. fumigatus, A. nidulans, C. albicans,
Fusarium graminearum, N. crassa, S. cerevisiae, and Tri-
choderma reesei were screened for occurrences of
MAT1.1. The corresponding 1000 nt upstream sequences
of the actin gene (act) were used as a negative control
(Fig. 4). A high degree of conservation of MAT1.1 within
the tested promoter regions of euascomycetes became
obvious, whereas significant deviations were recognized

when compared with hemiascomycetes. For example,
applying a statistical threshold of p < 0.0001, occurrences
of MAT1.1 were detected in seven out of eight ppg1
(no occurrence in C. albicans) and six out of eight pre1
(no occurrence in S. cerevisiae and C. albicans)
upstream sequences. These observations were further
confirmed when sequence alignments of the protein
sequences of MAT1-1-1 DNA-binding domains revealed
a significantly higher degree of conservation within
the MAT_alphal domain (pfam04769), especially the
region spanning the MATA_HMG-box (cd01389), of euas-
comycetes compared to hemiascomycetes, in particular,
C. albicans (Fig. S5).

MAT1-1-1 binds in vitro to MAT1.1

Since our motif analysis suggested that MAT1-1-1 asso-
ciates with DNA via the predicted DNA-binding consensus
sequence CTATTGAG (MAT1.1), EMSAs were performed
to test direct binding between DNA and protein. For this
purpose, a GST-MAT1-1-1 fusion protein was purified
from Escherichia coli BL21 (DE3) and the quality of the
isolated protein was verified by SDS—-PAGE/Western blot
analysis using an antibody to GST (Fig. S6). The promoter
regions of mating-related genes pre1, kex1, kex2, and
ppg1, as well as 13 non-mating-related genes (marked in
Table 2), which were bound by MAT1-1-1 in ChIP-seq
analysis, were used to design oligonucleotide probes cov-
ering a region with at least one copy of MAT1.1 (Fig. 5A,
Table S3).

All oligonucleotides harboring a complete, central copy
of MAT1.1 were bound by GST-MAT1-1-1 (e.g. mating-
related Pre1-2, Kex1-2, Kex2-2, Ppg1-2, and non-mating-
related Pc20g00090-2, Pc22g27040-1, ArtA-1, DewA-
1/-2, FetC/FtrA-1, and SidD-1), whereas probes lacking
MAT1.1 (e.g. Pc20g00090-3, Pre1-3, Kex1-1) showed no
binding (Fig. 5B and S3B). Only weak binding or no
binding between DNA and protein was observed when
MAT1.1 was positioned at the very end of the oligonucleo-
tide or contained obvious deviations from the predicted
consensus sequence (e.g. Kex1-3, Kex2-1, Ppgi-1,
TrxA-1, and Pc16g06630-1). GST alone showed no
binding to oligonucleotide Ppg1-2, confirming that the
observed formation of protein—-DNA complexes is medi-
ated by MAT1-1-1, and not by the tag.

Fig. 5. Electrophoretic mobility shift assays (EMSAs) confirm MAT1-1-1-binding to ChIP-enriched genomic regions.

A. Zoomed ChlP-seq profiles of selected MAT1-1-1 ChIP-enriched regions. Positions and sequences of oligonucleotides used for shift analysis
are indicated. Occurrences of the predicted MAT1-1-1 DNA-binding motif MAT1.1 are marked in red. Single nucleotides that do not fit the
predicted consensus sequence are indicated in small letters. Maximum read counts at the summit of ChlP-seq peaks are indicated at the left.
ORFs next to MAT1-1-1 ChIP-seq peak regions are marked by black boxes; arrowheads indicate 5-3" orientation.

B. EMSAs were performed using radiolabeled double-stranded oligonucleotide probes covering the central region of selected MAT1-1-1 target
regions, identified in ChIP-seq analysis. Addition of GST-MAT1-1-1 protein is marked by (+), samples without protein are marked by (-).

Positions of free probe (*) and protein-DNA complexes (—) are indicated.
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Fig. 6. Single-bp substitutions and Shift-Western analyses confirm specificity of MAT1-1-1 DNA-binding.

A. GST-MAT1-1-1 shows strong binding to a 30 nt double-stranded oligonucleotide derived from the ppg? promoter sequence (Ppg1-2),
carrying two copies of the predicted MAT1-1-1 DNA-binding motif MAT1.1. A single A—G/T—C substitution at position 3 within one of two
motif sequences (Ppg1-2_m1) results in a diminished formation of protein—-DNA complexes. Complex formation is completely suppressed

when both consensus sequences are mutated (Ppg1-2_m2).

B. Competition with increasing amounts of unlabeled Ppg1-2 oligonucleotide decreased the level of MAT1-1-1 binding to the labeled probe,
leading to an attenuation of the shift band and accumulation of free labeled probe in shift experiments (autoradiogram, left panel). Western
blotting and immunodetection (Shift-Western analysis), using an antibody to GST, showed an increase in complex signal strength when

competing with unlabeled Ppg1-2 probe (GST-immunoblot, right panel).

C. Unlabeled Ppg1-2_m2 oligonucleotide did not compete for binding to MAT1-1-1 with labeled Ppg1-2, leading to a steady signal for
protein—-DNA complexes in shift experiments (autoradiogram, left panel) and a decrease in signal intensity in Shift-Western analysis
(GST-immunoblot, right panel). The amount of protein used for shift analyses is indicated on top of each lane (1 ug of GST-MAT1-1-1 equals a
molar concentration of 0.76 uM). Positions of free probe (*) and protein—-DNA complexes (—) are indicated.

Specificity of MAT1-1-1 binding to MAT1.1 was further
verified using mutated Ppg1-2 oligonucleotides. A single
A — G or T — C substitution at position three of one of
two copies of MAT1.1 present in oligonucleotide Ppg1-
2_m1 led to a drastic reduction of protein—-DNA complex
formation, whereas mutation of both motifs (Ppg1-2_m2)
totally abolished complex formation (Fig. 6A). Further-
more, competition assays using Ppg1-2 as a probe and
unlabeled Ppg1-2 oligonucleotide as a competitor showed
that the level of MAT1-1-1 binding to the labeled probe is
diminished by addition of increasing amounts of the unla-
beled competitor. In the corresponding autoradiogram, an
attenuation of the shift band and accumulation of free
labeled probe became visible (Fig. 6B; left panel). In con-
trast, Western blotting of the shift gel and immunodetec-
tion using an antibody to GST clearly showed an increase
in complex signal strength when competing with unla-
beled Ppg1-2 probe (Fig. 6B; right panel). Both, EMSA
and Shift-Western analyses, confirmed the specificity of
MAT1-1-1 binding to the Ppg1-2 oligonucleotide since
addition of unlabeled DNA minimized binding of MAT1-1-1
to the radiolabeled probe, while overall complex formation
was maximized. As expected, unlabeled Ppg1-2_m2 did
not compete for binding to MAT1-1-1 with labeled Ppg1-2,
leading to a steady protein—DNA complex signal in shift
analysis and a decrease in signal intensity in Shift—
Western analysis due to interference in overall complex

formation as a result of a great excess of unbound com-
petitor DNA (Fig. 6C).

MAT1-1-1 binding to MAT1.1 activates reporter gene
expression in an ex vivo yeast one-hybrid (Y1H) assay

As biochemical assays confirmed MAT1-1-1 binding to the
newly identified MAT1-1-1 DNA-binding motif MAT1.1 in
vitro, yeast one-hybrid (Y1H) reporter gene assays were
performed to validate binding ex vitro. Triple repeats of
oligonucleotides Kex1-2 and Ppgi1-2, as well as Ppg1-
2_m1 and Ppg1-2_m2 in the promoter of the lacZ or HIS3
reporter gene, were used as preys for MAT1-1-1. As bait,
we used vector pMAT1-AD, containing the MATT1-1-1
cDNA sequence and the activation domain of yeast Gal4
TF. Both prey and bait vectors were integrated into yeast
a- and o-strains. Diploid strains, generated by mating and
carrying one of the prey and the bait vector, were identi-
fied by growth on selective media lacking uracil and
leucine. Furthermore, HIS3 reporter gene activity, indicat-
ing MAT1-1-1 binding to the respective prey sequence,
was analyzed on selective media lacking uracil, leucine,
and histidine, but containing increasing amounts of 3-AT.
In addition, qualitative and quantitative B-galactosidase
assays were performed to measure lacZ reporter gene
activity, thereby enabling evaluation of protein—DNA inter-
actions based on two independent reporter gene systems.

© 2015 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd, Molecular Microbiology, 96, 1002—1022
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Fig. 7. Yeast one-hybrid analysis confirms
MAT1-1-1 binding to MAT1.1. Yeast strains
were grown on SD-ura-leu in order to confirm
the presence of both, a bait and a prey

=) vector, after mating. HIS3 reporter gene
activity was analyzed on SD-ura-leu-his
supplemented with 3-AT as indicated. lacZ
reporter gene activity was analyzed using
%7 qualitative and quantitative -galactosidase
& assays. A diploid strain harboring the mutated
@ CPCR1 binding site BSIim1 as a prey and the
g transcription factor CPCR1 as a bait construct
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= positive control (Schmitt et al., 2004).
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Previously successfully employed Y1H plasmids were
used as a positive and negative control, and served as
standard for quantitative B-galactosidase assays (Schmitt
and Kuck, 2000) (Fig. 7).

Y1H analysis confirmed binding of MAT1-1-1 to oligo-
nucleotides Kex1-2, Ppg1-2, and Ppg1-2_m1 based on
both, HIS3 and lacZ, reporter gene activity. Moreover,
quantitative B-galactosidase assays confirmed our results
obtained from Shift-Western assays using oligonucleo-
tide Ppg1-2_m1. In both analyses, binding between
MAT1-1-1 and the oligonucleotide was reduced due to a
single point mutation within one copy of MAT1.1. As inte-
gration of Ppg1-2_m2 into the prey vector pHISi led to
transactivation with the empty bait vector pGADT7, Y1H
analysis did not yield reliable results in this particular
case. Most probably, this activation was mediated by a
yeast protein that binds with high affinity to the mutated
binding sequence. Additional control experiments were
performed to exclude transactivation between pGADT7
and the remaining prey vectors (Fig. S7).

DsRed reporter gene assays confirm MAT1-1-1 binding
to the kex1 and ppg1 promoter sequence in vivo

To further verify binding between MAT1-1-1 and the pro-
moter regions of kex1 and ppg1 in vivo, we performed
DsRed reporter gene assays in P. chrysogenum. For this
purpose, reporter gene constructs carrying the DsRed
gene under control of the upstream sequence of kex1 and
ppg1 were transformed into P. chrysogenum recipients

MAT1-ChIP and P2niaD18, and plasmid integration was
confirmed using PCR analysis. A plasmid containing the
DsRed gene without a promoter sequence (pDsRed) was
integrated into MAT1-ChIP as a control. As MAT1-ChIP
contained the Pg::egfp::MAT1-1-1 overexpression con-
struct used for ChIP analysis, all derivatives of this strain
showed clear nuclear EGFP signals, while no signals
were detectable in the P2niaD18 background. DsRed
expression in  MAT1-ChlP+P,u::DsRed and MAT1-
ChlIP+Pexri:DsRed confirmed binding of the MAT1-1-1
protein to the promoter regions of kex1 and ppg1, while no
fluorescence was recorded for the MAT1-ChlP+pDsRed
control strain (Fig. 8). Because only weak DsRed
fluorescence was detectable for Pyexr::DsRedin P2niaD18
and no DsRed fluorescence was detectable for
P2niaD18+Pp,1::DsRed, overall activation of reporter
gene expression could be clearly attributed to high MAT1-
1-1 gene expression in the MAT1-ChIP background.
Thus, fluorescence microscopy confirmed the in vivo
specificity of MAT1-1-1 binding to promoter regions of
kex1 and ppg1.

Characterization of a MAT1-1-1 target gene that
functions beyond sexual development

To further validate functionality of a new MAT1-1-1 target
gene, identified in our ChIP-seq approach and unlikely
to be involved in regulation of sexual development, we
generated artA (Pc18g03940) deletion strains (AartA) by
homolog integration of a Py,c-nat1 resistance cassette

© 2015 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd, Molecular Microbiology, 96, 1002—1022
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Fig. 8. In vivo DsRed reporter gene analysis confirms MAT1-1-1 binding to selected target gene promoter regions. Reporter gene constructs
carrying the DsRed gene under control of the upstream sequence of kex? and ppg1 (Pkexi: 1445 nt; Pypgr: 843 nt) were transformed into

P. chrysogenum strains MAT1-ChIP and P2niaD18. Fluorescence microscopy confirmed EGFP-MAT1-1-1 expression and nuclear localization
in the MAT1-ChIP background. DsRed protein expression confirmed binding of MAT1-1-1 to the respective promoter regions. Scale

bar =20 um.

in Aku70FRT2 background. Correct integration of the
knockout construct was verified using PCR analysis.
ArtA codes for a 14-3-3 family protein, which was pre-
viously shown to be involved in a pathway controlling
conidiospore germination in A. nidulans (Kraus et al.,
2002). As shown in Fig. 9A, deletion of the correspond-
ing homolog in P chrysogenum results in a severe
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Fig. 9. Characterization of artA deletion strains.

B EIINE

reduction in conidiospore germination (~ 30% germina-
tion after 24 h), when compared with the recipient
Aku70FRT2 and wild type P2niaD18 (~ 90% germination
after 24 h). This effect was further verified using micro-
scopic analysis, confirming an impaired growth in AartA
compared with the reference strains after 24 h of culti-
vation (Fig. 9B).

Aku70FRT2

AartA (T34.4)

50 pm

A. Three independent artA deletion (AartA) mutants, recipient Aku70FRT2, and wild type P2niaD18 were grown on solid CCM. For each time
point 400 conidiospores from each strain were investigated for determination of germination rates after 12, 15, 18, 21, and 24 h (given in %).
B. Microscopic analysis of strains used in (A) after 24 h of cultivation. Scale bar =50 um.
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Discussion

ChIP-seq analysis identifies MAT1-1-1 target genes that
have functions other than for sexual development

Although concerted research efforts have been made to
analyze regulatory circuits controlled by mating-type-
encoded TFs, little is still known about their specific target
genes. Our work expands the current understanding of
mating-type protein functions far beyond the regulation of
sexual development alone, and provides unambiguous
evidence for a participation of the mating-type a-domain
TF MAT1-1-1 in regulation of asexual development
and morphogenesis, as well as amino acid, iron and sec-
ondary metabolism in P. chrysogenum. Furthermore, we
present the first genome-wide analysis focusing on
unraveling the transcriptional regulatory network con-
trolled by a mating-type locus-encoded TF and the com-
prehensive characterization of a MAT1-1-1 DNA-binding
motif in euascomycetes.

Identification of Pc14g01160 and Pc22g15650 as
MAT1-1-1 specific target genes confirms the biological
significance of our ChIP-seq analyses, as they are
homologs of S. cerevisiae MFo.1 and STES, respectively,
both asgs (Galgoczy et al., 2004). Since their correspond-
ing peak regions revealed significantly high statistical
peak values, these observations are consistent with the
general acceptance that the most highly bound regions
in ChIP experiments occur near generally known func-
tional targets, while many of the regions bound at much
lower levels may represent ‘non-functional’ binding sites
(Todeschini et al., 2014). Nevertheless, low-affinity TF
binding may have a functional role in chromatin remod-
eling (Cao et al., 2010) or nucleosome positioning (Zaret
and Carroll, 2011), which can influence gene expression
at later developmental stages or have an additional non-
transcriptional function (Spitz and Furlong, 2012).

We used previous microarray data (B6hm et al., 2013),
which identified a total of 2421 genes as MAT1-1-1-
dependent in a MAT1-1-1 deletion strain (AMAT1) com-
pared with wild type P2niaD18, to align ChlIP-seq results
and expression profiles of putative MAT1-1-1 target
genes, identified in our ChlP-seq analysis. This compari-
son revealed an overlap of 29.9% (76/254), which is con-
sistent to comparisons between TF binding events and
expression profiling data in yeast and higher eukaryotes,
showing a relatively small overlap of ~ 50% and 10-25%
between TF occupancy and expression of neighboring
genes (Spitz and Furlong, 2012). Nevertheless, our
assumption that most of the 243 MAT1-1-1 binding sites
identified in ChIP-seq experiments affect the expression
of neighboring genes at some point during development
was strengthened when DsRed reporter gene assays
showed that MAT1-1-1 binding to promoter regions, iden-
tified as specific target regions in ChlP-seq analyses
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(Ppegt, Prex), can be used for controlled expression of
downstream reporter genes in a MAT1-1-1-dependent
manner. Furthermore, DNA-binding assays and gRT-PCR
analyses confirmed functionality of at least 13 non-
mating-related MAT1-1-1 target genes, identified in our
ChIP-seq approach and covering the functional catego-
ries morphogenesis and development, amino acid and
secondary metabolism, iron metabolism as well as TFs.
Important examples are the spore wall fungal hydro-
phobin encoding dewA, the non-ribosomal peptide syn-
thetase encoding sidD, the bZIP TF encoding atf21
and the F-box domain protein encoding Pc22922160.
Moreover, functional characterization of artA, a further
MAT1-1-1 target gene, confirmed its role in regulation of
conidiospore germination in P. chrysogenum. A compara-
ble function was previously shown for A. nidulans (Kraus
et al., 2002). This observation supports our hypothesis
that MAT1-1-1 functions on a genome-wide level are more
far-ranging than expected, and that the number of primary
MAT1-1-1 target genes might be significantly higher than
previously assumed. To improve clarity, all MAT1-1-1
target genes, verified by EMSAs and/or gRT-PCR analy-
sis, are labeled with an asterisk (*) throughout this discus-
sion (see Table 2 for further information).

Interestingly, none of the identified MAT1-1-1 target
genes, assigned to sexual development in P. chrysoge-
num, showed MAT1-1-1-dependent changes in expres-
sion profiles in microarray analysis comparing AMAT1 to
wild type P2niaD18, except for kex1* and the homolog of
pac2 (Pc12915890). Pac2 encodes a cAMP-independent
regulatory protein, modulating onset of sexual develop-
ment in S. pombe and M. oryzae, and regulation of sporu-
lation in Ashbya gossypii (Kunitomo etal, 1995;
Wasserstrom et al., 2013; Chen et al., 2014). On the con-
trary, qRT-PCR analysis revealed a significant upregula-
tion of pre1*, kex1*, and ppg1* expression in a MAT1-1-1
overexpression strain (MAT1-ChlIP) and significant down-
regulation of pre1* in AMAT1 compared with P2niaD18
after 48 h of cultivation in shaking cultures. Accordingly,
pre1*and ppg1*expression was shown to be significantly
downregulated in AMAT1 compared with the parental
strain after 72 h of cultivation in liquid shaking cultures
(B6hm et al.,, 2013). These findings are consistent with
reports, demonstrating that expression of pheromone pre-
cursor genes, and most probably receptor genes, is con-
trolled by mating-type gene expression in heterothallic
species, e.g. N. crassa (Kim and Borkovich, 2006). The
overexpression of MAT1-1-1 thus has an impact on the
expression of genes involved in regulation and onset of
sexual reproduction. Similar observations were made in
A. nidulans and N. crassa, in which sexual reproduction
correlates significantly with an increased expression of
mating-type genes and key genes of a pheromone-
response MAP-kinase signaling pathway (Paoletti et al.,
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2007; Wang et al., 2014). However, deletion of MAT1-1-1
in P. chrysogenum does not lead to significant changes in
expression levels of key genes from the pheromone-
response signaling pathway at early developmental
stages, suggesting that these are, to a certain degree,
independent of MAT1-1-1.

A significant number of MAT1-1-1 target genes, identi-
fied in our ChlP-seq analyses, might be involved in the
manifestation of the phenotypic characteristics of MAT1-
1-1 overexpression and deletion strains, showing altered
polarity of germinating hyphae, unusual branching behav-
ior, and impaired hyphal growth and pellet formation
(Béhm et al., 2013). Examples are dewA* (Pc16906690),
encoding a spore wall fungal hydrophobin responsible
for hydrophobicity of conidiospores in A. nidulans
(Stringer and Timberlake, 1995; Grunbacher et al., 2014),
artA* (Pc18903940), coding for a 14-3-3 family protein
involved in regulation of polarization of germinating con-
idiospores in A. nidulans (Kraus et al., 2002), and PAG1
(Pc21920900), encoding a cell morphogenesis protein
related to polarized morphogenesis and proliferation
in S. cerevisiae (Du and Novick, 2002; Nelson et al.,
2003). Furthermore, genes assigned to the formation of
conidiospores were identified and showed significant
upregulation in AMAT1, e.g. atf21* (Pc22926820) and
Pc19900140*. Atf21* codes for a basic leucine zipper
(bZIP) TF and repressor of sexual development in A. nidu-
lans (Lara-Rojas et al., 2011), while Pc19g00140* shows
high similarity to trehalose-6-phosphate synthase subunit
encoding genes from Aspergilli, involved in the biosynthe-
sis of trehalose, a compound necessary for long-term
viability of fungal spores (Elbein et al., 2003). As formation
of conidiospores is generally accepted to be restricted to
asexual development, this observation fits the notion of
MAT1-1-1 being a positive regulator of sexual reproduc-
tion and a negative regulator of asexual development.
Consistent with this hypothesis is our recent finding that
sporulation was increased by about 25% in a AMAT1-1-1
strain compared with wild type (Béhm et al., 2013).

It is known that the developmental decision between
sexual and asexual reproduction in A. nidulans is
dependent on environmental factors, such as nutritional
status and culture conditions (Han et al., 2003). Conse-
quently, in most out-crossing ascomycetes, such as
N. crassa and S. cerevisiae, nitrogen limitation is a key
inducing condition for mating or sexual sporulation
(Glass and Lorimer, 1991). As we identified meaB*
(Pc189g00880), a bZIP TF involved in regulation of
expression of nitrogen-dependent genes in A. nidulans
(Wong et al.,, 2007), as a target gene of MAT1-1-1 in
ChlP-seq analyses and microarray analysis indicated
upregulation in AMAT1 compared with wild type, MAT1-
1-1 seems to act as a negative regulator of meaB*
expression in P. chrysogenum, thus, supporting the idea

of nitrogen limitation as a key feature of induction of
sexual reproduction in P. chrysogenum.

We found a variety of MAT1-1-1 target genes linked to
amino acid and secondary metabolism, most of them
showing downregulation in AMAT1 compared with wild
type. Pc18902620, encoding a cyanide hydratase/
nitrilase, and Pc22g18630*, encoding an enzyme catalyz-
ing the chemical reaction of L-homocysteine to
L-methionine, are important candidates, as they might
have a direct impact on penicillin biosynthesis, which
starts with the formation of a tripeptide based on
L-cysteine, L-valine and L-o-aminoadipic acid. Several
multidrug (Pc12g00820, Pc16g06630, Pc16g11470,
Pc20g03900) and amino acid transporter encoding genes
(Pc06g01080, Pc229g06500) complete this selection. As
deletion of MAT1-1-1 was shown to lead to a significant
reduction in penicillin production (Béhm et al., 2013),
these observations strengthen our idea of MAT1-1-1
being a positive regulator of secondary metabolism in
P. chrysogenum.

Furthermore, integration of ChIP-seq and microarray
data led to the identification of MAT1-1-1 target genes
involved in iron transport and iron acquisition, e.g. sidD*
(Pc22g20400), encoding a non-ribosomal siderophore
peptide synthetase important for biosynthesis of the intra-
cellular siderophore triacetylfusarinine C (TAFC) (Schrettl
et al., 2007), fetC* (Pc21908020), encoding for a ferroxi-
dase, and ftrA* (Pc21908030), encoding for a high affinity
iron permease that mediates uptake of Fe?* during reduc-
tive iron acquisition (Schrettl and Haas, 2011). It is known
from Aspergillus species that imbalance in iron homeo-
stasis affects a variety of cellular functions, e.g. growth
rates, germination, sensitivity of conidia to oxidative
stress and formation of cleistothecia (Eisendle etal.,
2006a). Furthermore, deletion of sidD* in A. fumigatus
was shown to lead to decreased conidiation during iron-
depleted conditions (Schrettl et al., 2007), whereas dele-
tion of firA* displayed an eightfold increase in TAFC
siderophore production under iron-depleted conditions,
demonstrating that lack of FtrA brings forward the onset of
siderophore production (Schrettl et al., 2004).

Identification of a new MAT1-1-1 DNA-binding motif

Using EMSAs, Shift-Western and Y1H analysis, we
showed that MAT1-1-1 binds with high specificity to
the newly identified MAT1.1 DNA-binding consensus
sequence ‘CTATTGAG’. The motif was further shown to
be conserved among euascomycetes and showed simi-
larities to known DNA-binding motifs of proteins known to
be involved in regulation of sexual reproduction in yeast,
e.g. MATa1, Mcm1, and Hcm1, and embryonic develop-
ment in vertebrates, e.g. Sox9, Nkx2-5, and Sox17. Even
though DNA-sequence recognition by TFs can be con-
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served across large evolutionary distances, binding speci-
ficity of MATo1 has been shown to have changed
substantially over small evolutionary distances (Tuch
etal., 2008). As our analysis pointed to obvious differ-
ences between MAT1-1-1 binding sites in euascomycetes
and hemiascomycetes, especially C. albicans, these find-
ings are consistent with the hypothesis that hemiascomy-
cetes and euascomycetes share a common ancestor, but
that binding specificity of modern MATa1 proteins from
C. albicans and euascomycetes might have changed sub-
stantially during evolution (Baker et al., 2011).

The strongest protein—-DNA interaction was observed
between MAT1-1-1 and an oligonucleotide probe harbor-
ing two copies of the MAT1.1 binding motif, forming the
imperfect palindrome 5-TCAATA-N,-TATTGA-3’. Corre-
spondingly, the strongest interaction between DNA
and MAT1-1-1, as deduced from ChlP-seq data, was
observed for those peak regions characterized by a
noticeable high frequency of MAT1.1 with close matches
to the consensus sequence, whereas weak interactions
were characterized by a relatively low abundance of the
motif (compare with Table 2 and Dataset S1). Since
eukaryotic TFs tend to recognize shorter DNA sequence
motifs compared with bacterial TFs, clustering of sites is
often required to achieve specific recognition (Wunderlich
and Mirny, 2009).

Although a large number of MAT1-1-1 peak regions
contained at least one copy of MAT1.1, some peaks com-
pletely lacked it. However, this might be due to statistical
thresholds applied during motif prediction and motif
detection procedures. On the other hand, this is a
common observation: even if ChlP-seq peaks are typi-
cally enriched in the consensus motif for the TF in ques-
tion, a significant proportion of peaks lacks clearly
identifiable motifs (Robertson et al., 2007; Valouev et al.,
2008). For example, the consensus sequence for E2F
family proteins that control various cellular and organismal
functions in higher eukaryotes is present in less than 20%
of the regions recognized in ChIP-chip experiments in
human and mouse cells (Rabinovich et al., 2008). This
observation might be ascribed to the fact that most TFs
not only interact with DNA through a consensus site but
also recognize divergent sequences. For example, a
study of approximately 100 mouse TF revealed that
almost half of these proteins can recognize several differ-
ent sequences in addition to the known DNA-binding con-
sensus sequences (Badis etal, 2009). Furthermore,
specific recognition of regulatory elements by a TF is
strongly influenced by its ability to interact with other pro-
teins that bind to neighboring DNA sites. The simplest
example of this mechanism is the formation of TF dimers
or higher order structures (Amoutzias et al., 2008). Since
cooperative binding was described for the mating-type o1
HMG domain TF and Mcm1 from S. cerevisiae (Carr
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et al., 2004; Baker et al., 2011), dimerization might also be
a regulatory feature of MAT1-1-1 in P. chrysogenum.

Interestingly, the most prominent MAT1-1-1 target
genes, characterized by high statistical peak values com-
bined with an accumulation of MAT1.1 (p < 0.001), were
assigned to sexual reproduction. This finding might indi-
cate a regulatory feature ensuring high-affinity binding of
MAT1-1-1 to the corresponding promoter regions, even
under conditions where only a low amount of MAT1-1-1
protein is available. Moreover, the occurrence of MAT1.1
within the upstream regions of new direct MAT1-1-1 target
genes presented within this work points to an evolutionary
link between mating and other cellular functions which
were believed to be independent of MAT1-1-1 protein
functions until now. This hypothesis was further strength-
ened by EMSAs and gRT-PCR analyses, verifying func-
tionality of selected MAT1-1-1 target genes identified in
our ChlP-seq approach. Further research is needed to
identify interaction partners of MAT1-1-1 on protein level
and to understand interactions between the TF, enhancer
elements and other cis-regulatory elements. Furthermore,
as our analysis was designed to identify as many MAT1-
1-1 target genes as possible, further studies, however, will
be needed in order to decipher MAT1-1-1 mediated tran-
scriptional regulation under control of its native promoter
sequence, e.g. as a function of developmental stages or
physiological culture conditions.

Taken together, our discoveries concerning the sexual
biology of P. chrysogenum presented within this work
greatly advance the current understanding of sexual
reproduction within ascomycetes, and open up new
avenues for the study of fungal development as a whole.
Based on our finding that the mating-type encoded TF
MAT1-1-1 not only regulates expression of asgs related to
sexual reproduction but also other key biological pro-
cesses, it appears that mating-type regulated transcrip-
tional networks have undergone drastic reorganization,
resulting in the presence of DNA binding sites in the
promoters of — at first glance — unrelated target genes that
are bound and controlled by highly conserved transcrip-
tional regulators in different fungi. This hypothesis is sup-
ported by a recent discovery showing that targets of the
mating-type TF heterodimer Sxi2a-Sxio.1 from Cryptococ-
cus neoformans not only include genes known to be
involved in sexual reproduction but also several well
studied virulence genes (Mead et al., 2015). Microarray
analyses in other euascomycetes also pointed to an unex-
pectedly large number of genes that are expressed in
a mating-type dependent manner (Lee etal, 2006;
Pbéggeler etal., 2006; Keszthelyi etal., 2007; Bidard
etal, 2011). In combination, these data suggest that
mating-type protein regulatory functions might reach far
beyond sexual development in these species as well.
Future research will be necessary in order to determine
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exactly which changes in MAT1-1-1 and its corresponding
DNA binding site were necessary to allow for the expan-
sion in MAT1-1-1 regulatory functions during evolution.

The observation that MAT1-1-1 is involved in regulation
of development, morphogenesis and metabolism in
P. chrysogenum supports the idea that MAT genes are
functionally retained even during the asexual part of the
life cycle and the apparent absence of a sexual phase,
presumably because of the impact of positive selection on
important processes unrelated to sexual development in
asexual fungal populations (Adam et al., 2011). Since we
demonstrated that MAT1-1-1 regulates expression of a
number of genes related to various traits of morphology
and development, it is conceivable that the mating-type
protein mediated regulation is necessary for efficient
balance between morphologic features characteristic to
the sexual and asexual parts of the life cycle. This might
also be true for an involvement of MAT1-1-1 in regulation
of secondary, amino acid and iron metabolism. It is known
from various euascomycetes that there is a concerted
balance between sexual development and secondary
metabolism (Bayram etal, 2008; Hoff etal, 2010;
Wiemann et al., 2010; Kopke et al., 2012). Another impor-
tant example is fungal iron metabolism, which was shown
to affect both asexual and sexual development (Eisendle
et al., 2003; 2006b; Schrettl et al., 2007; Johnson, 2008).
Since these traits are also crucial in terms of applied
microbiology, our work will further not only contribute to
the advanced improvement of P. chrysogenum strains
used for industrial production of B-lactam antibiotics
but also to other filamentous fungi with biotechnological
relevance.

Experimental procedures
Strains and culture conditions

Penicillium chrysogenum strains (Table S1) were grown in
shaking or surface cultures in complete culture medium (CCM;
0.3% (w/v) sucrose, 0.05% (w/v) NaCl, 0.05% (w/v) KHPO,,
0.05% (w/v) MgSOs, 0.001% (w/v) FeSOs, 0.5% (w/v) tryptic
soy broth, 0.1% (w/v) yeast extract, 0.1% (w/v) meat extract,
0.15% (w/v) dextrin, pH 7.0) at 27°C. For inoculation, 0.5 x 107
spores derived from cultures grown on M322 solid medium
(0.35% (w/v) (NH4)2SO,, 0.2% (w/v) KSO, 0.02% (w/v)
KHSO,, 1 g N/I soy flour, 0.5% (w/v) lime stone powder, 5%
(w/v) lactose, pH 6.3) for 4-5 days were used. Escherichia coli
strain XL1 blue was used for cloning and plasmid propagation
purposes, while BL21 (DE3) served as a host for heterologous
overexpression of MAT1-1-1 (Bullock et al., 1987; Miroux and
Walker, 1996). Saccharomyces cerevisiae strains PJ69-4a
and PJ69-40. were used for yeast one-hybrid analysis (James
et al., 1996). Strains were grown at 30°C on synthetic defined
(SD) medium lacking selected amino acids used for auxotro-
phy marker selection. Mating of PJ69-4a and -4o. strains was
performed in liquid yeast peptone dextrose adenine (YPDA)
medium at 30°C and 50 rpm.

Construction of recombinant P. chrysogenum strains

For generation of strains used for ChlP-seq analysis, DsRed
reporter gene assays and deletion mutants (Table S1), the
corresponding plasmids (Table S2) were transformed into
P. chrysogenum strain P2niaD18 and Aku70FRT2, respec-
tively. Transformation was performed as described previously
(Hoff et al., 2010; Kamerewerd et al., 2011) with some modi-
fications. Cultures were grown for 72 h and protoplasts were
transformed with circular plasmid DNA for ectopic, and linear
plasmid DNA for homologous integration. Transformants
were selected on CCM media containing 150 ug mL™" nour-
seothricin  (Werner BioAgents, Jena, Germany) and
40 ug mi~' phleomycin (Invivogen, CA, USA) as necessary.
Resistant colonies were isolated and tested for correct inte-
gration of plasmid DNA as previously described (Hoff et al.,
2010).

Sample preparation for ChIP-seq

Chromatin immunoprecipitation (ChIP) was carried out
essentially as described previously (Tamaru et al., 2003;
Smith et al., 2011) with the following modifications. P. chrys-
ogenum strains were grown in 100 mL CCM cultures inocu-
lated with 0.5 x 107 spores for 48 h at 120 rpm and 27°C. For
chromatin fixation, freshly prepared formaldehyde (in NaOH)
was added to a final concentration of 1%, and cultures were
incubated at 27°C and 100 rpm for 30 min. Five milliliters of
2.5 M glycine was added to quench formaldehyde, and cul-
tures were incubated at room temperature with gentle
shaking for 5 min. Approximately 250 mg mycelium were
resuspended in 750 L lysis buffer (50 mM HEPES-KOH pH
7.5, 90 mM NaCl, 1 mM ethylenediaminetetraacetic acid
(EDTA), 1% Triton X-100, 0.1% sodium deoxycholate (DOC)
supplemented with fresh protease inhibitors) and chromatin
was sheared using a Branson 250 sonifier (output 2, duty
cycle 0.8, 6 x 20 impulses). After pre-clearing with protein A
agarose beads (Invitrogen, Darmstadt, Germany) the soluble
chromatin fraction was immunoprecipitated using anti-GFP
antibody (ab290; Abcam, Cambridge, UK). Fresh protein A
agarose beads were added to bind antibody—protein—DNA
complexes. The supernatant was discarded and beads were
washed several times (1 x TE buffer: 10 mM Tris—HCI pH 8.8,
1mM EDTA; 2 xlysis buffer without protease inhibitors;
1 x lysis buffer without protease inhibitors + 0.5 M NaCl;
1 x LiCl wash buffer: 0.25 M LiCl, 1 mM EDTA, 10 mM Tris—
HCI pH 8.0, 0.5% NP-40, 0.5% DOC). Beads were incubated
two times in TE(S) (50 mM Tris—HCI pH 8.0, 10 mM EDTA,
1% SDS) at 65°C for 10 min with gentle agitation to elute
protein-DNA complexes. To reverse the crosslinking,
samples were incubated at 65°C for 6-16 h. After RNaseA
and ProteinaseK digestion, DNA from immunoprecipitated
chromatin (ChIP-DNA) and input samples (input-DNA) was
isolated. Construction of ChlP-libraries and sequencing of 50
nt single-end reads on a lllumina HiSeq 2000 were performed
by GATC Biotech AG (Konstanz, Germany) or at the OSU
CGRB core facility.

Data analysis and visualization

Sequences corresponding to adaptors were removed from
reads, and remaining sequences were subsequently mapped
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to the latest version of the P chrysogenum P2niaD18
genome (Specht etal, 2014) using Bowtie version 1.0.1
(Langmead et al., 2009) with the following settings: ‘-S —q —
m 1’, which only retains unique alignments. Binary Alignment/
Map (BAM) files were sorted and indexed using SAMtools
(Li et al., 2009), and visualized using the Integrative Genom-
ics Viewer (IGV) (Thorvaldsdéttir et al., 2012). A genome-
wide distribution figure of MAT1-1-1 binding sites is provided
in Fig. S8. Further data analysis was performed using the
HOMER software for motif discovery and next-generation
sequencing analysis (Heinz etal, 2010). Quality control
analysis included examination of clonal tag counts in order
to determine the non-redundant fraction of mapped reads,
autocorrelation analysis to enable sequencing fragment
length estimation, nucleotide frequency analysis and frag-
ment GC % distribution to rule out sequence biases and
analysis of ChIP-fragment density near MAT1-1-1-specific
peak regions. Peaks were called using findPeaks.pl using
the -style factor option, a FDR < 0.001, and a p-value over
local background cutoff of 1.00e—04. Peak regions for each
individual experiment were intersected using mergePeak-
s.pl —d 100, reporting peaks within a maximum distance of
100 nt as overlapping. Peaks were assigned to neighboring
and overlapping genes using a custom-made Perl script
based on BioPerl modules and blast2go analysis (Conesa
etal., 2005). Functional category enrichment analysis
of genes associated with peaks was performed using the
MIPS functional catalogue database (FunCat) (Ruepp et al.,
2004). Raw sequencing data from ChIP experiments
are available from the NCBI SRA database (http://
www.ncbi.nlm.nih.gov/sra), study ID PRJNA257456, Acces-
sion # SRP045261.

Sequence motif analysis

The central 100 nt region of selected MAT1-1-1 peak regions
was submitted to MEME (Multiple Em for Motif Elicitation;
http://meme.nbcr.net/meme/) (Bailey and Elkan, 1994) for
de novo motif prediction. Further analysis was performed
using CentriMo (Bailey and Machanick, 2012) and FIMO
(Grant et al., 2011). For comparison of the newly identified
MAT1-1-1 DNA-binding consensus sequence against the
JASPAR CORE (2014) fungi and vertebrates databases,
results were submitted to TOMTOM (Gupta et al., 2007)
using default parameters.

Expression and purification of recombinant
GST-MAT1-1-1 protein

The MAT1-1-1 cDNA sequence was integrated into the
expression vector pGEX-4T3 (Amersham Bioscience, Frei-
burg, Germany) to generate plasmid pGEX-MAT1 (see
Table S2). GST and GST-MAT1-1-1 were purified from
E.coli BL21 (DE3) cells. Purification of recombinant
protein and GST alone was performed as described
earlier using an elution buffer containing 50 mM Tris/HCI,
30 mM reduced glutathione, 100 mM NaCl, pH 8.0 (Janus
etal, 2007). Purified protein was supplemented with
87% glycerol and stored at —70°C until used for further
applications.
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Quantification of protein levels and immunodetection

The concentration of purified GST-MAT1-1-1 and GST alone
was determined by using Bradford reagent (BioRad,
Minchen, Germany). Western blotting and immunodetection
of GST-tagged proteins were performed using RPN1236 anti-
GST HRP conjugate (GE Healthcare, Freiburg, Germany).
Detection of GFP-MAT1-1-1 from P. chrysogenum total
protein isolates was performed using JL-8 antibody to GFP
(Clontech, Saint-Germain-en-Laye, France) and HRP-
coupled secondary antibody #7076 (Cell Signaling Technol-
ogy, Leiden, The Netherlands).

Electrophoretic mobility shift assays (EMSAs) and
Shift-Western analysis

Gel shift assays were performed using oligonucleotides
derived from ChlIP-enriched regions and purified GST-MAT1-
1-1. Double-stranded oligonucleotides were 5’-end-labeled
using polynucleotide kinase (Roche, Basel, Switzerland) and
[y-32P]-ATP (Hartmann Analytic, Braunschweig, Germany).
For shift experiments, 3.5-7.0 fmol (~ 50—100 cps) of radi-
olabeled oligonucleotides was incubated with varying protein
concentrations in the presence of 2uL binding buffer
(250 mM Tris/HCI pH 8.0, 1 M KCI, 50 % glycerol) and 1 ug
poly(dl-dC)-poly(dI-dC) (Affymetrix USB, CA, USA) in a total
volume of 20 uL for 20 min at room temperature. Samples
were run on 5% polyacrylamide gels at 4°C in 190 mM
glycine, 27 mM Tris/HCI pH 8.5. Competition experiments
were performed by adding unlabeled oligonucleotide. Prepa-
ration of gels used for Shift-Western analysis (Demczuk
et al., 1993) was performed as described earlier. Denatura-
tion of proteins and blotting to a PVDF membrane (Perki-
nElmer, MA, USA) was performed as described previously
(Granger-Schnarr etal., 1988) with a transfer time of
180 min at 1.3 A and a transfer buffer containing 25 mM Tris,
192 mM glycine and 10 % methanol. The sequences of all
oligonucleotides used for shift analyses are provided in Table
S3.

Nucleic acids isolation, cDNA synthesis, quantitative
RT-PCR and ChIP-PCR

Isolation of nucleic acids, cDNA synthesis and gqRT-PCR
analysis were carried out as described earlier (Hoff et al.,
2009; Béhm et al., 2013). ChIP-PCR analysis was performed
as described for gRT-PCR analysis, using ChIP- and input-
DNA from independent ChIP experiments as a template. The
sequences of all oligonucleotides used for PCR analyses are
given in Table S3.

Microarray data analysis

Analysis of microarray data was performed as described
previously using the affyimGUI R package (Wettenhall
et al., 2006; Wolfers et al., 2014). p-Values for single time
points were generated by treating datasets from light-grown
AMAT1 (48 h, 60h, 96h) as independent biological
replicates.
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Yeast one-hybrid analysis

Complementary oligonucleotides harboring three copies of
the corresponding oligonucleotide sequence used for EMSAs
were cloned into plasmids pHISi and pLacZi to generate prey
vectors for yeast one-hybrid analysis (see Table S3), as
described previously (Schmitt and Kuck, 2000). As a bait, the
MAT1-1-1 cDNA sequence was integrated into plasmid
pGADT7 to generate plasmid pMAT1-AD (see Table S2). Bait
and prey vectors were transferred into S. cerevisiae strains
PJ69-40. and PJ69-4a, respectively. Diploid reporter strains
harboring both, the bait and a prey vector, were generated by
mating. For analyzing DNA-—protein interactions between
MAT1-1-1 and putative DNA-binding sites, reporter strains
were tested for growth on -his/-leu/-ura selective media sup-
plemented with 3-amino-1,2,4-triazole (3-AT) (Merck, Darm-
stadt, Germany) as indicated. Further, 3-galactosidase activity
of reporter strains was analyzed by qualitative and quantitative
determination of 5-bromo-4-chloro-3-indolyl-beta-D-galacto-
pyranoside and O-nitrophenyl -d-galactopyranoside turno-
ver, respectively.

Microscopy

P. chrysogenum strains were grown on glass slides with a
thin layer of CCM at 27°C. Fluorescence and light microscopy
was carried out with an Axiolmager M1 fluorescence micro-
scope (Zeiss, Jena, Germany) using a SPECTRA Light
Engine® LED lamp (Lumencor, OR, USA) as described pre-
viously (Engh et al.,, 2007). Images were captured with a
Photometrix Cool SnapHQ camera (Roper Scientific, AZ,
USA) and MetaMorph software version 6.3.1. Recorded
images were edited with MetaMorph and Adobe Photoshop
CS4. Counter staining of nuclei was performed using
NucBlue® Live Cell Stain (Life Technologies GmbH, Darm-
stadt, Germany) as specified by the manufacturer. Pellet
quantification assays were conducted as described earlier
(Béhm et al., 2013).

Multiple sequence alignments

Multiple sequence alignments were performed using the
Guidance server (http://guidance.tau.ac.il/) and MAFFT
default settings (Penn et al., 2010). Alignments were visual-
ized using Jalview according to the Clustalx color scheme
(http://www.jalview.org/) (Waterhouse et al., 2009).
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