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Summary

Fungal secondary metabolites (SMs) are extremely
important in medicine and agriculture, but regulation
of their biosynthesis is incompletely understood. We
have developed a genetic screen in Aspergillus nidu-
lans for negative regulators of fungal SM gene clus-
ters and we have used this screen to
mutations that upregulate transcription of the non-
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ribosomal peptide synthetase gene required for nidu-
lanin A biosynthesis. Several of these mutations are
allelic and we have identified the mutant gene by
genome sequencing. The gene, which we designate
mcrA, is conserved but uncharacterized, and it enco-
des a putative transcription factor. Metabolite profiles
of mcrA deletant, mcrA overexpressing, and parental
strains reveal that mcrA regulates at least ten SM
gene clusters. Deletion of mcrA stimulates SM pro-
duction even in strains carrying a deletion of the SM
regulator /aeA, and deletion of mcrA homologs in
Aspergillus terreus and Penicillum canescens alters
the secondary metabolite profile of these organisms.
Deleting mcrA in a genetic dereplication strain has
allowed us to discover two novel compounds as well
as an antibiotic not known to be produced by A. nidu-
lans. Deletion of mcrA upregulates transcription of
hundreds of genes including many that are involved
in secondary metabolism, while downregulating a
smaller number of genes.

Introduction

Fungal secondary metabolites (SMs) are a remarkably
rich source of compounds with potential or actual medi-
cal value. They include, but are not limited to, antibiotics
such as penicillin and cephalosporin, hypercholestero-
laemic agents such as lovastatin, immunosuppressants
such as cyclosporin, as well as anti-fungals such as
echinocandin and derivatives [reviewed in (Martin, 1998;
Palaez, 2004; Keller et al., 2005; Bok et al., 2006; Hoff-
meister and Keller, 2007)]. It is not just the final products
of SM pathways that are valuable, moreover. The final
products suit the need of the producing organism, but
intermediates in SM pathways may be more valuable to
humans. Their chemistry is often more flexible than that
of the final products, and it may be possible to modify
intermediates to produce valuable compounds [e.g.
(Somoza et al., 2012)].

Fungal SMs also include compounds that are impor-
tant toxins. For example, the carcinogenic toxins afla-
toxin and sterigmatocystin are produced by members of
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the genus Aspergillus [(Hajjar et al., 1989; Brown et al.,
1996; Yu et al, 2004b; Yu et al., 2004a), reviewed in
(Walton, 1996; Bhatnagar et al., 2002)]. They contami-
nate the food chain, causing cancer and food wastage
and they sometimes occur at high enough concentra-
tions to kill humans or animals directly (Cullen and New-
berne, 1993). Other fungal secondary metabolites also
contribute to human pathogenesis [e.g. (Gardiner et al.,
2005; Fox and Howlett, 2008b; Hoffmeister and Keller,
2007; Kwon-Chung and Sugui, 2009)].

Extensive cloning and sequencing has revealed that,
in fungi, genes that encode the proteins of a particular
SM pathway are generally clustered together in the
genome [reviewed in (Keller et al., 2005; Galagan et al.,
2003; Hoffmeister and Keller, 2007; Brakhage and
Schroeckh, 2011)]. The sequencing of fungal genomes
has also revealed that in most cases the number of SM
biosynthetic gene clusters (BGCs) in the genomes far
outnumbers the number of SMs known to be produced
by the species (Galagan et al., 2003; Nierman et al.,
2005; Machida et al., 2005; Khaldi et al., 2010; Sanchez
et al., 2012b; Andersen et al., 2013; Brakhage, 2013;
Chiang et al, 2014; Yaegashi et al, 2014). This is
because most fungal SM BGCs are not expressed
under normal laboratory growth conditions. The full
exploitation of the greater fungal secondary metabolome
will require that we be able to obtain expression of
heretofore-silent SM BGCs.

Given the importance of fungal SMs, the need for
activating fungal SM clusters to exploit the fungal sec-
ondary metabolome and the need to prevent production
of toxic fungal SMs such as aflatoxins, it is very impor-
tant to understand the regulation of fungal SM genes.
A great deal has been achieved (Keller et al., 2005; Yu
and Keller, 2005; Keller et al., 2006; Perrin et al., 2007;
Bok et al., 2006; Hoffmeister and Keller, 2007; Calvo,
2008; Fox and Howlett, 2008a; Hertweck, 2009; Geor-
gianna et al, 2010; Yin and Keller, 2011; Sanchez
et al., 2012b; Bayram and Braus, 2012; Brakhage,
2013). In particular, a great deal of progress has been
made in understanding the veA/velB/laeA complex, a
complex that is present in many fungi and is involved in
the regulation of development and the transcription of a
large number of SM gene clusters [reviewed in
(Bayram and Braus, 2012)] and new components of
this system are still being discovered (Ramamoorthy
et al., 2013).

In spite of these advances and other advances involv-
ing replacement of native promoters with regulatable
promoters, we still do not know how to activate the
majority of the SM clusters even in a well-studied fungus
such as Aspergillus nidulans (Yaegashi et al., 2014).
There are clearly important aspects of fungal SM regu-
lation that remain to be determined. Much of the

previous work in identifying regulators of fungal SM has
been directed toward identifying positive regulators,
genes for which increased expression would lead to acti-
vation of silent SM clusters or greater expression of
weakly expressed clusters. There is ample evidence
that there are negative regulators of SM clusters, how-
ever, and that inactivation of such genes can result in
the activation of SM clusters (Tsitsigiannis and Keller,
2006; Sprote and Brakhage, 2007; Reverberi et al.,
2007; Hoffmeister and Keller, 2007; Bok et al., 2009;
Reverberi et al., 2012). We have developed a genetic
screen for identifying negative regulators in A. nidulans.
Using a combination of genetics, molecular genetics
and genomic sequencing, we have identified mutations
that activate expression of a target non-ribosomal pep-
tide synthetase (NRPS) gene. The mutations are in
AN8694, a previously uncharacterized gene that has
strong homologs in many fungi and is predicted to
encode a zinc-finger transcription factor. We have
deleted the gene and found that the deletion upregu-
lates the production of several secondary metabolites,
while inducing overexpression of the gene with a regu-
latable or strong constitutive promoter results in sup-
pression of SM production. This gene is, thus, a potent,
negative regulator of A. nidulans SM production. We
assign the gene designation mcrA (multicluster regulator
A) to AN8694. Deletion of mcrA in a multicluster dele-
tion (genetic dereplication) strain we have constructed
(Chiang et al., 2016) allowed us to identify two novel
compounds and determine that they are produced by
the cichorine biosynthetic pathway. We were also able
to determine that A. nidulans produces felinone A, a
recently discovered antibiotic (Du et al., 2014) and to
propose a biosynthetic pathway for this compound.
Deletion of mcrA homologs in Aspergillus terreus and
Penicillium canescens alters SM production in these
organisms, stimulating production of compounds not
produced by wild-type strains cultured under the same
conditions. These data suggest that deletions of mcrA
homologs in fungi are promising tools for compound dis-
covery. We have compared transcription profiles of a
strain carrying the deletion of mcrA to its mcrA™ paren-
tal strain and found that McrA (the protein product of the
mcrA gene) is involved in the regulation of hundreds of
genes, including important SM BGCs.

Results

Isolation of mutations that activate expression of a silent
non-ribosomal peptide synthetase gene

The strategy we developed to identify novel SM-
activating mutations takes advantage of the fact that
genes of SM BGCs are coordinately regulated such that

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 347-365
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Fig. 1. Strategy for selection of
negative regulators of secondary
metabolite gene clusters.

A. Postulated negative regulation of
AN1242 (which encodes a non-
ribosomal peptide synthetase) by a gene
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B. Replacement of the coding region of
AN1242 by transformation with a linear
molecule containing the coding region of
the Aspergillus fumigatus riboB gene
(AfriboB) and a selectable marker
(AfpyrG). The host strain, LO4389,
carries mutations in the pyrG gene
which confers pyrimidine auxotrophy and
in the riboB gene which results in
riboflavin auxotrophy. Transformation
selection is for pyrimidine prototrophy
conferred by AfpyrG.

C. After transformation, the coding
region of AfriboB is now under control of
the AN1242 promoter. Since expression
from the AN1242 promoter is normally
repressed, AfriboB is not expressed at

significant levels and the strain still
Chromosomal

— 0 requires riboflavin.
Negative - o . = locus with D. The strain is then mutagenized. If
regulator Prom AfriboB  AfoyrG replacement expression of AN1242 is negatively
regulated, a mutation in the negative
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—p driving transcription of the AfriboB
‘:X::> Chromosomal coding sequence and, consequently,
Negative - | 1 locus with riboflavin prototrophy. Riboflavin
regulator Prom AfriboB  AfpyrG replacement prototrophs can be easily selected on

transcription is activated for all the genes of the cluster
at the same time. If one can select for a trans-acting
mutation that activates expression of one gene in the
cluster, the mutation is likely to activate expression of
other genes in the cluster. Directly screening for
mutations affecting production of SMs by analyzing
mutagenized colonies with high performance liquid chro-
matography (HPLC) or mass spectroscopy (MS) would
be a very time-consuming process so we developed a
screen that allows us to select for mutations that upreg-
ulate a target cluster (Fig. 1).

In a strain that carries the riboB2 allele, which confers
a riboflavin requirement, we replaced the coding
sequence for a key biosynthetic enzyme, a polyketide
synthase (PKS) or NRPS, in the target SM cluster with
the coding sequence of the Aspergillus fumigatus riboB
gene (AfriboB) (Nayak et al., 2006) (Fig. 1B). This pla-
ces AfriboB under control of the promoter of an SM
cluster gene, and if the SM cluster is silent, transcription
levels for the AfriboB coding sequence will be very low.
The strain will, thus, require riboflavin for growth. Since
AfriboB expression levels are predicted to be low, one
cannot select transformants on the basis of riboflavin
prototrophy and a second selectable marker (AfpyrG)
was included in the construct to allow selection of

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 347-365

media lacking riboflavin.

transformants. If there is a negative regulator of tran-
scription of the cluster, a mutation that inactivates the
negative regulator will, in turn, activate transcription of
the cluster (Fig. 1D). AfriboB transcription will conse-
quently increase and the strain will no longer require
riboflavin. Such mutants can, in principle, be selected
easily on media lacking riboflavin.

In initial experiments we replaced seven NRPS genes
and five PKS genes with the AfriboB coding sequence
[using the Aspergillus Genome Database designations
(http://www.aspgd.org/) NRPS =AN1242, AN1680,
AN2064, AN2924, AN3495, AN4827 and AN5318;
PKS = AN3612, AN6431, AN6791, AN8910 and
AN9005]. In all but three of these (AN6791, AN2064
and AN5318) expression was low enough to prevent
growth on glucose minimal medium (GMM) plates
unsupplemented with riboflavin. Here we report results
obtained with the NRPS gene AN1242. AN1242 has
now been identified as the NRPS required for nidulanin
A production (Andersen et al., 2013), although this was
not known when we began this work.

We replaced AN1242 with AfriboB, using the A. fumi-
gatus pyrG gene (AfpyrG) as a selectable marker, in
strain LO4389 (Fig. 1) creating strain LO7543 (Fig. 2).
(Strains are listed in Table 1) We then mutagenized with
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4-nitroquinoline  1-oxide (NQO), which specifically
causes base-pair substitutions (Bailleul et al, 1989;
Downes et al., 2014). We used a range of NQO concen-
trations (0-3.5 ng ml~") and selected mutants in which
expression of AfriboB was activated on a medium lack-
ing riboflavin (e.g. Fig. 2). We chose to analyze mutants
obtained at the lowest NQO concentrations (0.5-1.0 ng
ml~"; 38-44% kill), reasoning that since they had
received the lightest mutagenesis they would carry the
fewest extraneous mutations.

Fig. 2. Growth of a wild-type (WT)
strain, a strain (LO7543) in which the
AN1242 coding region has been
replaced with the AfriboB gene
(AN1242::AfriboB), and a mutant
(LO7668) which has been selected for
the ability to grow in the absence of
riboflavin. The AN1242::AfriboB strain,
LO7543, does not grow in the absence
of riboflavin but grows as well as the
wild-type if riboflavin is added to the
medium. The mutant grows in the
absence of riboflavin.

Characterization of mutant alleles and identification
of activating mutations

Activating mutations can be in the cluster (e.g. muta-
tions in the AN1242 promoter), or in a gene that is dis-
tant from the cluster and regulates the cluster in trans.
Mutations that act in trans are strongly predicted to acti-
vate the entire cluster and are likely to be more informa-
tive with respect to SM regulation than mutations in the
promoter of the target gene. We devised a simple way
to determine if activating mutations were distant from

Table 1. A. nidulans strains used in this study. All strains carry veA1. Note that since some of the molecular genetic manipulations are novel,

there is no standard nomenclature for them.

Strain Genotype

LO1362 pyroA4, riboB2, pyrG89, nkuA::argB

LO2804 pyroA4, riboB2, nkuA::argB (LO1362 transformed with a wild-type copy of A. nidulans pyrG)

LO4389 pyroA4, riboB2, pyrG89, nkuA::argB, sterigmatocystin cluster (AN7804-AN7825)A

LO7543 pyroA4, riboB2, pyrG89, nkuA::argB, sterigmatocystin cluster (AN7804-AN7825)A, AN1242:: AfriboB_Af-
pyrG (AN1242 coding sequence replaced)

LO7668 A riboflavin prototophic mutant of LO7543

LO8030 pyroA4, riboB2, pyrG89, nkuA::argB, sterigmatocystin cluster (AN7804-AN7825)A, emericellamide cluster
(AN2545-AN2549)A, asperfuranone cluster (AN1036-AN1029)A, monodictyphenone cluster (AN10023-
AN10021)A, terrequinone cluster (AN8513-AN8520)A, austinol cluster part 1 (AN8379-AN8384)A, austi-
nol cluster part 2 (AN9246-AN9259)A, F9775 cluster (AN7906-AN7915)A, asperthecin cluster (AN6000-
ANG6002)A.

LO8111 ANB8694 (mcrA)::AfpyroA in LO8030

LO8158-LO8159 pyroA4, riboB2, pyrG89, nkuA::argB, AN8694 (mcrA)::AfpyroA

LO8162 pyroA4, riboB2, pyrG89, nkuA::argB, sterigmatocystin cluster A, AN1242::AfriboB_AfpyrG (AN1242 coding

sequence only replaced), AN8694 (mcrA)::AfpyroA

LO8166-LO8167
the alcA promoter]
LO8936-LO8937
with the gpdA promoter]
LO9345
LO10255-LO10257

pyroA4, riboB2, pyrG89, nkuA::argB, AfpyroA-alcA(p)AN8694 [promoter of AN8694 (mcrA) replaced with
pyroA4, riboB2, pyrG89, nkuA::argB, AfpyrG-gpdA(p)AN8694 (mcrA) [promoter of AN8694 (mcrA) replaced

ANG6448(pkbA = cicF)::AfpyrG in LO8111
pyroA4, riboB2, pyrG89, nkuA::argB, sterigmatocystin cluster A, AN1242::AfriboB_AfpyrG (AN1242 coding

sequence only replaced), AN8694 (mcrA)::AfpyroA, yA::ptrA"-mcrA (mcrA deleted and reinserted at the
YA locus using pyrithiamine resistance as a selectable marker)

LO10260-LO10262
laeA)
LO10269-LO10271

pyroA4, riboB2, pyrG89, nkuA::argB, AN8694 (mcrA)::AfpyroA, laeA::AfpyrG (deletion of both mcrA and

pyroA4, riboB2, pyrG89, nkuA::argB, AN8694 (mcrA)::AfpyroA, AtpyrG-gpdA(p)laeA (laeA promoter

replaced with the gpdA promoter in a mcrA deletion strain

LO10279-LO10281
LO10285-L010287

pyroA4, riboB2, pyrG89, nkuA::argB, laeA::AtpyrG (laeA deletion)
pyroA4, riboB2, pyrG89, nkuA::argB, AtpyrG-gpdA(p)laeA (laeA driven by the gpdA promoter)

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 347-365
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Fig. 3. Mapping activating mutations after the initial screen.

A. Determination of the distance of the activating mutation from the
AN1242 cluster. A mutant strain (top line) carries the AfriboB
coding sequence replacing the AN1242 coding sequence and
therefore under control of the AN1242 promoter (Prom). The strain
also carries an activating mutation (*) that increases transcription
from the AN1242 promoter and, thus, expression of AfriboB. This
mutant strain is crossed to a strain that is isogenic except that it
does not carry an activating mutation and the replacement of the
AN1242 coding sequence has been carried out using AfpyroA as a
selectable marker (making it a pyridoxine prototroph). If a crossover
occurs between the activating mutation and AfriboB under control
of the AN1242 promoter (i.e., the AN1242 locus), progeny that are
prototrophic for both riboflavin and pyridoxine will result. The
frequency of progeny that are prototrophic for riboflavin and
pyridoxine, thus, reflects the distance between the activator
mutation and the AN1242 gene cluster.

B. Determination if two activating mutations are allelic. Two strains
carrying separately isolated trans-activating mutations are crossed.
One carries AfpyrG as a selectable marker and the other carries
AfpyroA. Both are riboflavin prototrophs because they both carry
activating mutations. The pyridoxine prototrophs come from crosses
such as the one shown in A. Crossing over between the two
activating mutations will result in progeny that carry no activating
mutation and, thus, are riboflavin auxotrophs. If the activating
mutations (*) are allelic, the frequency of riboflavin auxotrophs will
be very low.

the cluster (Fig. 3). We constructed a second strain, a
tester strain, that, like the originally mutated strain, has
the AfriboB coding sequence under control of the pro-
moter of our target gene. We used a different selectable
marker, however, for transformation, AfpyroA [which
complements the pyridoxine requirement conferred by
the A. nidulans pyroA4 mutation (Nayak et al., 2006)].
Importantly for subsequent identification of the mutation

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 347-365
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by sequencing, the tester strain and the mutated strain
are derived by transformation from the same parent
and, thus, should carry very few sequence differences
[e.g. single nucleotide polymorphisms (SNPs)].

We crossed 20 mutants selected for riboflavin proto-
trophy to the tester strain. The fraction of the progeny
that are prototrophic for both riboflavin and pyridoxine
will be proportional to the distance between the activat-
ing mutation and the target SM gene (Fig. 3A). One
mutation was closely linked to the target cluster with
only a single recombinant among hundreds of progeny
and a second was linked with a recombination fre-
quency of approximately 5.5%. Eighteen were clearly
transactivators, however, with recombination frequencies
>21%. We chose five transactivators at random and
crossed them to each other to determine if the activating
mutations are in the same gene (Fig. 3B). In these
crosses, the frequency of riboflavin auxotrophs will be
proportional to the distance between the two mutations.
We found that the recombination frequencies in all pair-
wise crosses of the five transactivating mutations were
less than 1%. All five of these transactivating mutations
are thus, in all likelihood, allelic.

The fact that all five of these transactivating mutations
are allelic strongly suggested that the mutant gene is
important for regulation of AN1242 and we, conse-
quently, identified the gene by genomic sequencing. A
challenge in identifying mutations by genomic sequenc-
ing is that if one compares a mutant strain to a wild-type
strain, there are likely to be sequence differences includ-
ing SNPs that are unrelated to the mutation of interest.
Since the strains in which we isolated our activating
mutations were from the same parent as the tester
strain, with the necessary genetic markers introduced by
transformation rather than crossing, SNPs would be
minimal except for those that occur during mutagenesis.
Because even minimal mutagenesis might create irrele-
vant mutations in addition to those that activate
AN1242, however, we developed a scheme to allow us
to filter the irrelevant mutants from our data. For a given
transactivating mutation, we chose 10 segregants that
carried the activating mutation from the crosses of
mutants to the tester strain and made a single barcoded
genomic DNA library. We next chose 10 segregants that
did not carry the activating mutation and made a second
barcoded library. The two libraries were sequenced in a
single sequencing run to >100X coverage. We applied
bioinformatics filters to filter out SNPs or other altera-
tions that occurred within both groups, leaving only
SNPs that were specific to the segregants that carried
the activating mutation.

Using this approach, we attempted to identify two
separately isolated but allelic (recombination frequency
<1%) mutations that transactivate AN1242. Gratifyingly,
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our analysis of sequence data revealed a single putative
transactivating mutation in each case and each mutation
was in the predicted coding region of the same gene,
AN8694. In one case the mutation was a G to T trans-
version of nucleotide 621 (with the A of the start codon
being nucleotide 1) of AN8694 resulting in the replace-
ment of an arginine with a leucine. In the second case
there was a G to A transition at nucleotide 759 resulting
in a cysteine to tyrosine change. AN8694 is on chromo-
some Il whereas AN1242 is on chromosome VIII. The
facts that there was a single consistent difference
between the mutant and wild-type strains in each case,
and that independently isolated mutations were in the
same gene, provided strong evidence that these muta-
tions are, indeed, transactivating mutations for AN1242
and, thus, that AN8694 plays an important role in the
regulation of transcription of AN1242.

AN8694 is a previously uncharacterized gene. The
only mention of AN8694 that we could find in the litera-
ture is that its transcription is downregulated by dele-
tions of velB and vosA (Ahmed et al.,, 2013). The gene
model in the AspGD database predicts that its product
is a 399 amino acid protein and our RNAseq data (not
shown) are consistent with this gene model. The prod-
uct of AN8694 is predicted to be a zinc-finger transcrip-
tion factor with a GAL4-like Zn,Cyse binuclear cluster
DNA binding domain extending from amino acids 156 to
196. The predicted product of AN8694 also, notably,
contains proline rich regions including several polypro-
line regions. A BLAST search with AN8694 revealed
that many species of fungi have a single, strong homo-
log of AN8694 (Data for the 99 top hits are shown in
Dataset S1). The homology was strong not just among
species of Aspergillus, but across many genera of asco-
mycetes revealing that AN8694 encodes a protein that
is highly conserved. Among species of Aspergillus the
identity generally extended over the entire molecule
(>95% coverage). There were five hits among Aspergil-
lus species that showed less coverage. In some cases,
the reduced coverage may be due to errors in annota-
tion. For example, the A. terreus homolog [designated
ATET_7219 in AspGD and ATEG_07219 in the fungal
genome datablase (Fungidb.org) and the National Cen-
ter for Biotechnology information (http://www.ncbi.nlm.
nih.gov/)] has only 74% coverage because the product
of this gene is annotated to lack the 93 N-terminal
amino acids of the predicted product of AN8694. How-
ever, a TBLASTN search of the A. terreus genome with
the product of AN8694 reveals reading frames with
strong identity to aa 5-93 in the sequences upstream of
the annotated ATET_7219 (using the AspGD designa-
tion for consistency) start codon, suggesting that the
start codon for the A. terreus gene is misannotated. A
number of species from other genera showed >90%

coverage. In a number of cases the homologous pro-
teins in other species appeared to lack the N-terminal
140 amino acids or so present in the predicted A. nidu-
lans protein, but in nearly all cases the region starting
with the DNA binding domain and extending to the C-
terminus was very highly conserved.

ANB8694 is a negative regulator of the production
of nidulanins and other secondary metabolites

Since most random mutations cause loss or reduction of
function rather than enhanced function, the two muta-
tions we identified in AN8694 are likely to reduce or
eliminate the activity of AN8694. If so, it follows that
ANB8694 is a negative regulator of expression of AN1242
(as predicted from the design of the screen). To deter-
mine if this was the case, we deleted AN8694 in strain
LO7543, the strain we originally mutated that carries
AfriboB replacing the coding sequence of AN1242. We
designated the resulting strain LO8162. LO8162 grew
on medium lacking riboflavin, confirming that deletion of
ANB694 activates expression of AN1242 and, thus, that
AN8694 is a negative regulator of transcription of
AN1242 (Fig. 4). Finally, to add an additional layer of
redundancy to the proof that AN8694 is a regulator of
AN1242, we reinserted AN8694 at the yA locus creating
strains LO10255-10257. LO10255-LO10257 required
riboflavin (Supporting Information Fig. S1). Deletion of
ANB8694, thus, activates the AN1242 promoter and rein-
sertion of AN8694 at another locus in the deletion strain
inactivates the promoter.

While some regulators of fungal SM production are
specific for particular clusters (e.g. cluster-specific tran-
scription factors that are associated with some SM gene
clusters), others (e.g. LaeA) regulate several or many
gene clusters (Bok and Keller, 2004; Keller et al., 2006;
Brakhage, 2013). Regulators that control the expression
of multiple SM gene clusters are often called global reg-
ulators. (This term seems to imply that the regulator
gene controls all SM gene clusters, but no regulator
identified to date has been shown to regulate more than
a fraction of SM clusters.) Because AN8694 mutants
were originally selected to activate AN1242 on glucose
minimal medium (GMM) plates, we expected that on the
same medium AN8694A would activate expression of
the entire nidulanin A cluster resulting in nidulanin A
production. We also wanted to determine if it would acti-
vate production of other compounds as well. We deleted
AN8694 in strain LO1362 [=TNO02A7 (Nayak et al,
2006)] in which all SM clusters are intact, creating strain
LO8158. We examined the effects of deletion of
AN8694 as well as overexpression of this gene on SM
production in a variety of media. SMs were extracted
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Fig. 4. Growth of a WT strain (FGSC4), LO7543, a strain carrying a replacement of the coding region of AN1242 with the coding sequence
of the AfriboB gene and LO8162, which is a transformant of LO7543 in which AN8694 has been deleted. The strains are growing on minimal
medium supplemented or unsupplemented with riboflavin. In the absence of riboflavin, LO7543 does not grow, but LO8162, carrying a
deletion of AN8694, grows, revealing that expression of AfriboB at the AN1242 locus has been activated.

from plates and media as detailed in the Materials and
Methods and analyzed by HPLC-diode array detector
(DAD)-MS. Previous efforts from our laboratories and
others have resulted in the purification and structural
determination of many A. nidulans SMs (Yaegashi et al.,
2014), and we were able to identify these previously dis-
covered compounds by comparing their HPLC retention
time, UV-Vis absorption, and mass spectra.

We first examined the metabolites produced in the
ANB694A strain LO8158 relative to its parental strain
LO1362 cultivated on GMM plates (Fig. 5A, i and ii). A
major metabolite, sterigmatocystin (1), and a trace
amount of terrequinone (2) were identified in the paren-
tal strain LO1362. In addition to compounds 1 and 2,
seven additional metabolites (3—9) were detected in the
AN8694A strain LO8158. Compounds 3 and 4 were
identified as shamixanthone and emericellin from the
prenyl xanthone pathway by comparing the spectral
data previously reported by our groups (Sanchez et al.,
2011). Compounds 5-9 were identified as nidulanin A
and its derivatives, based on the extracted-ion chromat-
ogram (EIC) reported by Andersen et al. (Andersen
et al., 2013) as well as MS/MS fragmentation (Support-
ing Information Fig. S2), confirming that AN8694 is a
negative regulator of the nidulanin A biosynthesis
pathway.

We next compared LO7543, the strain that was origi-
nally mutated, to LO8162, which is identical except that
it carries AN8694A (Fig. 5A, iii and iv). Since a key nidu-
lanin A biosynthesis gene is replaced in both strains
and the entire sterigmatocystin cluster is deleted in both
strains, no nidulanins or sterigmatocystin were detected
in either strain. As seen for LO1362 and LO8158, sha-
mixanthone (3) and emericellin (4) were upregulated by
AN8694A. Reinsertion of the AN8694 gene at the yA
locus of LO8162 (creating strains LO10255-LO10257)
returned SM production to that seen with LO7543 (Sup-
porting Information Fig. S3), demonstrating that the
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absence of AN8694 was the cause of enhanced produc-
tion of SMs in LO8162. Taken together, our data so far
indicated that AN8694 is a negative regulator of the bio-
synthesis of prenyl xanthones (3 and 4) and nidulanins
(5-9).
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Fig. 5. A. HPLC paired profile scans of parental strains and
ANB8694 deletion strains. [UV-Vis total scan (200-600 nm)] (i)
Parental strain LO1362, (ii) LO8158, the AN8694 deletion strain
created from (i). (iii) parental strain LO7543, (iv) LO8162, the
ANB8694 deletion strain created from (iii), (v) parental strain
LO8030, (vi) LO8111, the AN8694 deletion strain created from (v).
All strains were grown on GMM plates. 1 is sterigmatocystin, 2 is
terrequinone, 3 is shamixanthone, 4 is emericellin, 5 is nidulanin A,
6 — 9 are nidulanin A derivatives (see Fig. S1), 10 is cichorine, 11
is aspercryptin, 14 is felinone A. Note that 2 and 5 were co-eluted
at 31.6 min; 3 and 4 were co-eluted at 39.6 min. B. Chemical
structures of compounds 10 — 14 identified from LO8111.
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Deletion of AN8694 results in the upregulation of
several SMs under different culture conditions

In many cases, microorganisms produce different SMs
under different growth conditions (Bode et al., 2002). We
were consequently interested in determining if deletion of
AN8694 affected SM production in a variety of culture
conditions. Note that all SM profiles were repeatable and
based on analysis of two or more sister transformants
although in most cases data from a single, representative
strain are shown. When grown on lactose minimal
medium (LMM) plates, both the parental strain LO1362
and LO8158 (AN8694 deleted in LO1362) produced aus-
tinol (15), dehydroaustinol (16), and intermediates from
the sterigmatocystin pathway (17-21) (Supporting Infor-
mation Fig. S4A i and ii) so AN8694 does not appear to
regulate production of these compounds on LMM plates.
On the other hand, F9775B (22), F9775A (23), shamix-
anthone (3), emericellin (4), and epishamixanthone (24),
were upregulated in AN8694A mutants, LO8158 and
LO8162 (ANB694A in strain LO7543 which carries the
AfriboB gene coding sequence replacing the coding
sequence of AN1242), on LMM plates (Supporting Infor-
mation Fig. S4A, i-iv). In yeast extract, agar, glucose
(YAG) plates, prenyl xanthones (3, 4, and 24), nidulanins
(5-9), cichorine (10), asperthecin (27), emodic acid (28),
emodin (29), and an unknown (30) were identified (Sup-
porting Information Fig. S4B, i-iv). However, there was
no consistent pattern of upregulation or downregulation
by AN8694A on YAG plates. We also examined second-
ary metabolites produced in liquid media (Supporting
Information Table S2). When cultured in liquid GMM, as
on GMM plates, prenyl xanthones and nidulanins were
upregulated in AN8694A mutants. In addition, F9775A
and B were also upregulated in liquid GMM (Supporting
Information Table S2).

Deletion of AN8694 in a genetic dereplication strain
results in the discovery of novel compounds

We have previously developed methods for deleting
entire A. nidulans SM clusters (Chiang et al., 2013) and
we have used these methods to engineer a strain
(LO8030) in which the SM clusters responsible for the
biosynthesis of the following major SMs are deleted:
sterigmatocystin, the emericellamides, asperfuranone,
monodictyphenone, terrequinone, F9775A and B, asper-
thecin and both portions of the split SM cluster that pro-
duces austinol and dehydroaustinol (Chiang et al.,
2016). These deletions greatly reduce the SM back-
ground allowing SMs from other clusters to be detected
more easily. In addition, deletion of major SM BGCs
may free up CoA precursors to allow greater production
of low level SMs and we noted that nidulanins (5-9)

were produced at low, but detectable, levels in LO8030
(Fig. 5A, v). It also produced a trace amount of 11, a
compound we have discovered recently and designated
aspercryptin (Chiang et al., 2016). We have also discov-
ered the BGC responsible for aspercryptin biosynthesis
(AN7873-AN7884) and designated it atn (Chiang et al.,
2016). Aspercryptin incorporates a cichorine (10) moiety
and we have characterized and designated the cluster
responsible for cichorine biosynthesis as cic (AN6443 -
AN6449) (Sanchez et al., 2012a).

We deleted AN8694 in LO8030 creating strain
LO8111. Compounds 5-11 were upregulated in LO8111
(Fig. 5A, v and vi). AN8694 is, consequently, a negative
regulator of cichorine and aspercryptin as well as the
nidulanins. In addition, two peaks (12 and 13) were con-
sistently detected in LO8111 grown on GMM that were
not detectable or produced in low quantities in the
LO8030 parent (Fig. 5A, v and vi). In order to character-
ize the chemical structures of 12 and 13, we isolated
both compounds from a large-scale culture of LO8111.
The structures of 12 and 13, elucidated by their spectro-
scopic data, are shown in Fig. 5B. Both are new com-
pounds (for details of purification and structure
elucidation, see supporting information). From their
chemical structures, 12 and 13 are likely to be metabo-
lites produced by the cichorine biosynthesis pathway
(Sanchez et al.,, 2012a). Indeed, deletion of AN6448,
the PKS responsible for the biosynthesis of cichorine
(10), eliminated the production of 11 as well as 12 and
13 (Supporting Information Fig. S5), demonstrating the
requirement of AN6448 for the biosynthesis of 12 and
13. We propose biosynthesis pathways of 12 and 13 in
Supporting Information Fig. S6A.

Although not detected by HPLC-DAD-MS, a minor
compound, felinone A (14), a recently discovered antibi-
otic (Du et al., 2014), was also isolated from large-scale
cultures of LO8111. We have characterized all the non-
reducing polyketide synthase (NR-PKS) products pro-
duced by A. nidulans (Ahuja et al., 2012). Comparison
of the carbon skeleton of 14 with those of other NR-
PKS products suggests that 14 is a product of the
AN7903, dba, cluster and we propose a biosynthetic
pathway for felinone A in Supporting Information Fig.
S6B. Two products have previously been reported for
the dba cluster (Ahuja et al.,, 2012; Gerke et al., 2012)
and felinone A is a third product, not previously known
to be produced by A. nidulans.

Upregulation of AN8694 results in downregulation of
secondary metabolites

Since AN8694 is a negative regulator of the production
of several secondary metabolites, we reasoned that

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 347-365
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Fig. 6. Overexpression of AN8694
suppresses SM production. A. HPLC
UV-Vis total scan (200—600 nm) profiles
of parental strain LO1362, (i),
alcA(p)AN8694 strain LO8166 (ii), and

(i) /L

ANBB94A strain LO8158 (iii) grown in

LMM medium under inducing conditions.
1 is sterigmatocystin, 34 is dihydroxy-3-
methyl-6-(2-oxopropyl)benzaldehyde, 35
is microperfuranone, 19 and 31 — 33 are
unknowns, 36 — 41 are sterigmatocystin
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upregulation of this gene might reduce production of
SMs that are normally produced in culture. We placed
AN8694 under control of the regulatable alcA promoter
[alcA(p)] (Doy et al., 1985; Felenbok, 1991) in the
LO1362 background. alcA(p) is repressed by glucose
and strongly induced by a number of compounds includ-
ing cyclopentanone. We analyzed the effects of overex-
pression of AN8694 on SM production using five closely
related strains, LO1362, two transformants of LO1362
that carry alcA(p)AN8694 (LO8166 and LO8167) and
two transformants of LO1362 that carry AN8694A
(LO8158 and LO8159). We grew the strains in liquid
LMM and induced with 10 mM cyclopentanone. After
48 h we harvested the cultures, evaluated AN8694
expression by quantitative RTPCR and extracted SMs
with ethyl acetate and analyzed SM production by
HPLC-DAD-MS. Quantitative RTPCR indicated that
ANB8694 transcription was upregulated approximately 5
X in LO8166 relative to the parental strain LO1362
(Supporting Information Fig. S7). While this is not a
huge upregulation, it must be remembered that AN8694
inhibits SM production at its normal transcription levels
and a 5 X upregulation over a normally inhibitory level is
likely to cause further inhibition. Results with SM pro-
duction are shown in Fig. 6. Using a DAD to detect com-
pounds containing chromophores, LO1362 produced
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approximately 8 detectable compounds under these
conditions including sterigmatocystin (1), 2,4-dihydroxy-
3-methyl-6-(2-oxopropyl)benzaldehyde (from the
AN7903, dba cluster (Ahuja et al, 2012; Gerke et al.,
2012)) (34), microperfuranone (35), and four unknowns
(19 and 31-33). Only one peak was visible in the alcA(-
p)AN8694 strains and this peak was identified as lumi-
chrome, which we believe to be metabolized from the
riboflavin added to the culture as a nutritional supple-
ment. In contrast, the AN8694A strains produced
sterigmatocystin (1), microperfuranone (35), and sterig-
matocystin intermediates (36—41) under the same
conditions. Total ion chromatogram (TIC) revealed that
the production of emericellamides (Chiang et al., 2008)
was also essentially eliminated by induction of
alcA(p)AN8694 (Fig. 6B). These data indicate that over-
expression of AN8694 results in a reduction of SM pro-
duction. We should note, however, that alcA(p)AN8694
strains did not grow well after induction so some of the
effects of alcA(p)AN8694 induction might be related to
reduced growth.

We also placed AN8694 under control of the gpdA pro-
moter [gpdA(p)] (Punt et al., 1990), which is a constitutive
promoter that drives transcription at high levels (Punt
et al, 1991). The gpdA(p)AN8694 strains were partially
restricted for growth. Growth was sufficient, however, to
allow us to look at the effects of AN8694 over expression
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on media containing glucose. In liquid GMM, the emericel-
lamides were consistently downregulated whereas F9775A
(23) and F9775B (22) were upregulated (Supporting Infor-
mation Table S3). In liquid LMM, sterigmatocystin (1), ter-
requinone (2) and the emericellamides were consistently
downregulated. On solid medium, gpdA(p)AN8694 caused
downregulation of prenyl xanthones (3 and 4), nidulanins
(5-9), and emodins (28 and 29). Sterigmatocystin (1) and
emericellamides were downregulated on GMM and LMM
(Supporting Information Table S3). Again, these data are
consistent with AN8694 being a negative regulator of sev-
eral SM gene clusters.

In summary, our data indicate that AN8694 is involved
in the regulation of the SM biosynthetic pathways that
produce nidulanins (5-9), sterigmatocystin (1), the pre-
nylated xanthones (3, 4 and 24), asperthecin (11),
cichorines (10, 12 and 13), F9775A and B (23 and 22),
the emericellamides, and possibly terrequinone (2),
asperthecin (27) and microperfuranone (35). In most,
but not all, cases, deletion of AN8694 increases com-
pound production and overexpression reduces com-
pound production. The effects of AN8694A and AN8694
overexpression differ on various media suggesting that
AN8694 may connect secondary metabolism to primary
metabolism. In view of these findings we designate
AN8694 mcrA (multi-cluster regulator A).

mcrA is a master transcription regulator

mcrA regulates several SM BGCs and this implies that it
is involved in the regulation of transcription of many
genes involved in SM biosynthesis. Secondary metabo-
lism is intimately connected to a number of other proc-
esses in the cell, however, such as primary metabolism
and development (Bayram and Braus, 2012; Bayram
et al., 2012; Katz et al., 2013; de Souza et al., 2013;
Brakhage, 2013; Garzia et al, 2013). We wished to
determine, therefore, if the effects of mcrA on gene
expression extended beyond genes involved in second-
ary metabolism. We carried out RNAseq analysis on
LO1362 and its daughter mcrA deletant strain LO8158
in triplicate from material grown in liquid GMM. Samples
were collected after 24 h of incubation. Note that this is
a single growth condition and our metabolite profile data
indicate that expression of SM BGCs differs on different
media. Note also that metabolite profiles were obtained
with material grown in liquid culture for four days or on
plates for five days. Transcription profiling on a variety of
media and on samples taken at a range of incubation
times will be required to determine the full effects of
mcrA on transcription. Such analysis is beyond the
scope of this study, but we would anticipate that with dif-
ferent growth conditions mcrAA would cause alterations

of transcription beyond those we see with a single
growth condition and time of incubation.

Combined data from three separate RNAseq experi-
ments are listed in Dataset S2. Surprisingly, edgeR
analysis (Robinson et al., 2010) revealed that deletion of
mcrA significantly altered the transcription of 1352
genes (p<0.05), more than 10% of the genes of A.
nidulans. These data reveal that mcrA is a master regu-
lator of transcription. 623 genes were upregulated at
least 5X in the mcrAA strain relative to the parent.
Among these, transcripts from 112 genes were detected
in the mcrAA strain that were never detected in the
parental strain in more than 4 X 10" reads. In many
cases these only produced a small number of reads in
the mcrAA strain, indicating that their expression is
stimulated by mcrAA but not to high levels. In other
cases, both the fold increase and the final transcript
abundance were large. For example, AN8781, a con-
served but uncharacterized open reading frame, was
upregulated 20X in the mcrAA strain and averaged
more than 12,000 reads per 107 total reads in three
separate experiments.

SM biosynthesis genes were among the genes most
strongly upregulated. AN1242 showed a 510X increase
in the deletant relative to the parent. AN11934, which is
adjacent to AN1242 and almost certainly involved in
nidulanin A synthesis (Andersen et al., 2013), showed
an increase of 386X). AN11080, a prenyl transferase
that is required for nidulanin A synthesis (Andersen
et al., 2013) was upregulated 20X. In addition, although
it has not been previously noted, we found that AN8483,
which is adjacent to AN11080 in the genome, is co-
regulated with the other nidulanin biosynthesis genes
and we, therefore, suspect that it is involved in nidulanin
biosynthesis. Other SM biosynthetic genes showed
large increases as well. Based on the SM BGCs defined
by Inglis et al. (Inglis et al., 2013), at least five core SM
biosynthetic genes from 4 BGCs showed a>40X
increase (Supporting Information Table S4) and core
biosynthetic genes from 13 SM BGCs showed a>5X
increase in transcription. (Note that Inglis et al. consid-
ered AN11080 to be a core biosynthetic gene, but its
function appears to be to prenylate nidulanins.) Of
these, eight were expressed at relatively low levels even
in the mcrAA strain (less than 100 reads/10” total reads,
mean of three experiments). These genes are, thus,
regulated in part by mcrA but additional factors must be
involved in the regulation of their transcription. For
example, our metabolite profile data suggest that tran-
scription of some of these BGCs will be higher after lon-
ger incubation periods.

It is relatively easy to identify core SM biosynthetic
genes such as PKSs and NRPSs by homology, but
determining which genes, in addition to these core
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biosynthetic genes, make up particular BGCs is more
difficult. However, in instances in which the genes that
make up a BGC have been determined experimentally,
there is clear evidence that mcrA coordinately regulates
the genes of the cluster. For example, we have previ-
ously determined that AN2545, AN2547, AN2548 and
AN2549 are required for emericellamide biosynthesis
(Chiang et al., 2008). These genes were upregulated
48X, 61X, 196X and 41X respectively in the mcrAA
strain, whereas adjacent genes were not upregulated
significantly (Dataset S2). The nidulanin A cluster
showed similar coordinate regulation, as mentioned
above, as did the aspernidine cluster (Yaegashi et al.,
2013) and the aspercryptin cluster (Andersen et al.,
2013; Chiang et al, 2016). In instances in which the
upregulation of the core biosynthetic gene was barely
above our 5X threshold and the number of RNAseq
reads was low, co-regulation was absent or less obvious
(e.g. monodictyphenone and F9775A, B). Fewer genes
were downregulated in the AN8694 deletion (see Data-
set S2). Ninety-nine were downregulated at least 5X
and these did not include any core SM biosynthetic
genes.

We looked over the genes regulated by mcrA to see if
there were obvious patterns that might give clues as to
the mechanism of action of mcrA. We did not find Gene
Ontology (GO) terms to be particularly informative in
this regard, but we have included descriptions of known
or putative functions of these genes from the AspGD
web site in Dataset S2. For convenience we have
grouped genes with similar putative functions together in
Dataset S3. Bearing in mind that many of the descrip-
tions may be imprecise or incomplete and there are
many genes with no putative function, we believe the
groupings and descriptions are informative. As
expected, many of the genes that are upregulated by
mcrA are involved directly in secondary metabolism and
others in primary metabolism. There are also numerous
putative cytochrome P450 genes and transporter genes
that are likely involved in primary or secondary metabo-
lism. For the most part genes that encode cytoskeletal
elements or cell cycle regulatory proteins are absent
from the list of mcrA regulated genes except for
ANO0453 which is a cyclin involved in conidiation. Several
additional genes regulated by mcrA are involved in coni-
diation as well. Importantly, deletion of mcrA upregulates
at least six transcription factors associated with second-
ary metabolism gene clusters. These include AN1599
[ent-pimara-8(14),15 diene cluster (Bromann et al.,
2012)] AN2025, AN2036, AN7896 (DHMBA cluster
(Gerke et al., 2012), AN10060, AN10021 (monodicty-
phenone, shamixanthone (Chiang et al, 2010; San-
chez et al, 2011) as well as AN7819 which is a
putative regulatory gene within the sterigmatocystin
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gene cluster. Consistent with the fact that some SMs
are downregulated under some conditions by mcrAA,
we noted that mcrAA downregulated two transcription
factors associated with SM gene clusters, AN9132
and AN3502. These data reveal that one of the mech-
anism of actions of mcrA is to regulate regulators of
secondary metabolism. The mcrA deletion upregulates
at least 12 additional putative transcription factors and
it is possible that some of these may stimulate sec-
ondary metabolism even though they are not tightly
linked to SM clusters and it is worth noting that
mcrAA upregulates AN5874 a putative laeA-like methyl
transferase that could have a role in chromatin level
gene regulation.

Deletion of mcrA homologs in Aspergillus terreus and
Penicillium canescens alters production of secondary
metabolites

Because mcrA is conserved in ascomycetes, we
hypothesized that deletion of mcrA homologs in species
of fungi other than A. nidulans would lead to alterations
of SM profiles. As discussed above, we identified an
mcrA  homolog in A. terreus strain NIH2624
(ATET_7219) using a BLASTP search of the NCBI pro-
tein database. As discussed above, we suspect that
ATET_7219 is incorrectly annotated and that the product
of ATET_7219 is actually longer and aligns with the
entire length of McrA. We also identified an mcrA homo-
log in Penicillium canescens, CE25191_2989, in the
Joint Genomes Institute database (http://genome.
jgi.doe.gov/cgi-bin/dispGeneModel?db = Penca1&id = 15
9801). This gene, too, is shorter than mcrA as anno-
tated with aa 103 of mcrA aligning with aa 1 of P. canes-
cens. However, the RNA reads in the JGI database
suggest to us that the P. canescens gene is longer than
annotated. We deleted each of these genes and we
found that the deletions altered the metabolite profiles of
each of these genes as anticipated (Supporting Informa-
tion Fig. S8). As in A. nidulans, some metabolites were
reduced whereas more metabolites appeared or
increased. Although it is beyond the scope of this manu-
script, we are actively working to identify the new com-
pounds that appear in the deletions of the mcrA
homologs. These data indicate that deletions of mcrA
homologs will be a useful tool to elicit secondary metab-
olite production in ascomycetes.

Interactions with the veA/velB/laeA network

The veA/velBl/laeA network is a very important regula-
tor of secondary metabolism, and it is still yielding
secrets even though it has been studied extensively
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over many years. It is likely that fully elucidating mcrA
functions and interactions will require similar long-term
efforts. We curious, however, as to the relationship, if
any, between mcrA and laeA. The deletion of mcrA
resulted in a 2.4 X upregulation of laeA (AN0807), a
value that is statistically significant but rather small.
Deletion of mcrA caused no significant change in
expression of veA (AN1052) or velB (AN0363). These
data suggest that mcrA probably does not exert its
effects by regulating laeA, veA, or velB. It has been
shown, however, that transcription of mcrA (AN8694)
is downregulated by deletion of velB (Ahmed et al.,
2013) so mcrA appears to have some connection to
this network.

LaeA is a positive regulator of secondary metabolism.
Deletion of /aeA reduces the production of several sec-
ondary metabolites and overexpression increases SM
production (Bok and Keller, 2004; Bayram and Braus,
2012). We, therefore, created strains that carried mcrAA
as well as laeAA or laeA overexpressed (oelaeA) by
replacing its native promoter with the inducible and
repressible alcA promoter (Doy et al, 1985; Waring
et al., 1989; Felenbok et al., 2001) or the strong consti-
tutive gpdA promoter (Punt et al, 1988; Punt et al,
1991). Construction of these strains caused us to note
an effect of laeAA on growth of mcrAA strains. Strains
carrying mcrAA exhibit nearly normal rates of radial
growth so colony diameter is only slightly inhibited rela-
tive to parental strains (Fig. 4, Supporting Information
Fig. S1). We noted, however, that hyphal density within
mcrAA colonies (as well as our original mcrA mutants)
appeared reduced relative to parentals, giving the colo-
nies a thin appearance with fewer conidia than normal.
The apparent reduction in conidiation may simply be
due to the reduced hyphal density. This difference was
barely noticeable on complete medium (YAG), but
obvious on minimal media. Deletion of laeA exacerbated
this defect causing a thin colony phenotype and reduc-
tion of conidiation even on complete medium (Support-
ing Information Fig. S10). Overexpression of /aeA driven
by alcA(p) or gpdA(p) restored growth to the levels seen
with JaeA™, mcrAA strains (not shown). We next asked
whether overexpression of /aeA would activate the
AN1242 promoter by placing /aeA under control of the
gpdA promoter in strain LO7543 which is mcrA™ and in
which the AN1242 coding sequence is replaced by Afri-
boB. gpdA(p)laeA did not result in sufficient activation of
the AN1242 promoter to convey riboflavin prototrophy,
(not shown).

We next examined the effects of mcrAA along with
laeAA or overexpression of laeA on SM production.
These experiments were carried out on GMM plates
under conditions identical to those used to obtain the
data shown in Fig. 5. We first confirmed that SM
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Fig. 7. Effects of alteration of mcrA and laeA expression on SM
production. HPLC UV-Vis total scan (200—600 nm). Growth was on
GMM plates and extraction and HPLC conditions were identical to
those used for Fig. 5. i. parental strain LO1362 (laeA*, mcrA™). ii.
LO8166 (laeA™, alcA(p)mcrA). The glucose in GMM plates
represses the alcA promoter resulting in repression of mcrA
transcription and an SM profile similar to the mcrA deletion strain
AN8158 (Fig. 5 ii). iii. LO10279 (laeAA, mcrA™). Deletion of laeA
eliminates most SM production. iv. LO10260 (laeAA, mcrAA).
Deletion of mcrA stimulates the production of SMs even if laeA is
deleted. [Compare to laeA™, mcrAA strains (Fig. 5 ii) or laeA™,
mcrA repressed strains (ii).] Sterigmatocystin (1) is a notable
exception. However, F9775 A and B (23 and 22) are produced in
this strain whereas they were not detected in laeA*, mcrAA strains
under the same conditions. v. LO10285 (gpdA(p)laeA, mcrA").
Upregulation of /aeA driven by the strong constitutive gpdA
promoter results in enhanced SM production relative to the parental
strain (i). vi. L0O10269 (gpdA(p)laeA, mcrAA). Deletion of mcrA
combined with overexpression of /aeA results in the production of a
new compound (42). For traces iii-vi three separate genetically
identical strains (sister transformants listed in Table 1) were
analyzed and in each case the results were very similar for the
three strains. Representative traces are shown. 1 is
sterigmatocystin, 2 is terrequinone, 3 is shamixanthone, 4 is
emericellin, 5 is nidulanin A, 6 — 9 are nidulanin A derivatives (see
Fig. S1), 23 is F9775A, 22 is F9775B, 42 is an unknown
compound. Emericellamides were detected by mass spectroscopy
in all samples but they are not UV active and thus not visible in
these traces.

production of the parental strain L01362 is modest
under these conditions (Fig. 7 i). We also examined pro-
duction of SMs in the alcA(p)mcrA strain LO8166. On
GMM alcA(p) is repressed by glucose resulting in down-
regulation of mcrA and, as anticipated, SM production
was boosted similar to the mcrA deletion (compare Fig.
7 ii to Fig. 5 ii). We deleted /aeA in LO1362 creating the
sister transformants LO10279-LO10281. We confirmed
that, as expected, the deletion abolished almost all SM
production in each of the three sister transformants and
results for LO10279 are shown in Fig. 7 iii. Next we cre-
ated laeA, and mcrA double deletions strains by deleting
laeA in the mcrAA strain, LO8158, creating sister trans-
formants LO10260-LO10262. Interestingly, we found
that for many SMs mcrAA overrode the inhibitory effects
of laeAA. (All three strains gave similar results. Results
for LO10260 are shown in Fig. 7 iv). Austinol,
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dehydrooaustinol, nidulanin A, nidulanin intermediates,
terrequinone, shamixanthone and emericellin were all
produced in the laeAA, mcrAA strain. There was one
notable exception. Sterigmatocystin was produced in the
double deletion strain, but at much lower levels than in
the mcrAA, laeA" strains (Fig. 5 ii) or mcrA repressed,
laeA™ strains (Fig. 7 ii). This result suggests that /aeA
plays a particularly important role in sterigmatocystin
production that is not overridden by mcrAA. Surprisingly,
two compounds, F9775A and F9775B were produced in
laeA, mcrA double deletion strains at much higher levels
than in the mcrAA, laeA™ or mcrA repressed laeA™
strain.

Overexpression of laeA results in enhanced SM pro-
duction (Bok and Keller, 2004) and putting /aeA under
control of the strong constitutive promoter of the gpdA
gene (Punt et al,, 1988; Punt et al., 1991) in the paren-
tal strain LO1362, creating strains LO10285-L0O10287,
resulted in enhanced SM production as expected
(Results for LO10285 are shown in Fig. 7 v). Since both
mcrAA and overexpression of /aeA produce SM
production, we created strains carrying both mcrAA and
gpdA(p)/aeA by putting laeA under control of gpdA(p) in
LO8158 creating strains LO10269-10271. We hoped
that SM production would be doubly enhanced. SM pro-
duction was strong in the double mutant strains, but not
dramatically greater than in the mcrAA parent (Fig. 7
vi). However, one novel compound was produced (42) in
these strains under these conditions and it is possible
that additional new compounds will be produced in this
strain under other conditions.

Discussion

We have developed a genetic screen that allows muta-
tions in negative regulators of secondary metabolite
gene clusters to be isolated through a simple nutritional
selection. By replacing the coding sequences of target
SM genes with the AfriboB coding sequence in a strain
that is auxotrophic for riboflavin, we can select for muta-
tions that activate transcription of the gene by selecting
for the ability to grow on medium unsupplemented with
riboflavin. We have used the screen to isolate negative
regulators of the nidulanin A cluster. The levels of tran-
scription of AfriboB from promoters of genes from eight
of 11 other clusters were sufficiently low, moreover, to
allow selection of riboflavin prototrophs. It should, thus,
be possible to apply the approaches reported here to
isolate mutations in negative regulators of these and
other SM clusters, and this may be a valuable general
strategy for isolating negative regulators of secondary
metabolism.
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The strain construction strategy that we report here is
doubly advantageous in that it facilitates the determina-
tion of whether a mutation is cis-activating or trans-
activating, and it allows the mutation to be identified in a
single sequencing run using progeny from a single
cross. In fact, we were able to identify two different
allelic mutations in a single run and, given the huge
amounts of sequence available from a single run with
current generation sequencers, it should be possible to
identify several mutations, allelic and/or non-allelic, in a
single sequencing run. These strategies should facilitate
rapid and cost-effective identification of additional nega-
tive regulators of secondary metabolism.

Our approach has allowed us to identify a previously
unstudied negative regulator of secondary metabolism
that we designate mcrA. Our secondary metabolite pro-
files, obtained on a variety of media, reveal that mcrA
plays a role in the regulation of bioactive compounds
such as nidulanins, sterigmatocystin, the prenylated
xanthones, aspercryptin, cichorines, F9775A and B, the
emericellamides, and possibly terrequinone and micro-
perfuranone. Sterigmatocystin, notably, is a precursor of
aflatoxins (Brown et al., 1996) and both sterigmatocystin
and the aflatoxins are extremely toxic and carcinogenic
and are major public health and agricultural problems
(Fuijii et al., 1976; Williams et al., 2004). It is also note-
worthy that the effects of the mcrA deletion on produc-
tion of secondary metabolites differ on different growth
media. This, and the fact that mcrAA alters expression
of genes involved in primary metabolism, may indicate
that McrA plays a role in connecting primary metabolism
with secondary metabolism. In addition, mcrAA allowed
us to discover two new compounds synthesized by the
cichorine biosynthetic pathway and to discover that A.
nidulans produces felinone A and an additional, appa-
rently novel, but as yet unidentified, compound was pro-
duced in the gpdA(p)laeA, mcrAA strains.

Homology searches indicate that McrA, the protein
product of mcrA, is likely a transcription factor with a
Gal4 DNA binding domain. Transcription profiling
revealed that mcrA is a master regulator, affecting the
transcription of hundreds of genes. The mcrA gene is
conserved in ascomycetes, and there are only one or
two strong homologs per species, suggesting that mcrA
homologs are conserved master regulators. It follows
that deletion of mcrA homologs in other fungi may acti-
vate silent secondary metabolite BGCs and that dele-
tions of mcrA homologs may be very valuable in
discovering compounds produced by heretofore-silent
SM gene clusters. Our initial experiments with A. terreus
and P, canescens confirm that this is the case.

Our original screen was for a regulator of nidulanin A
biosynthesis and our transcriptional profiling confirms
that mcrA is a potent regulator of the nidulanin A
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biosynthetic genes. Although mcrA regulates many
genes, secondary metabolite BGCs are prominent
among them with five core SM biosynthetic genes from
four BGCs being upregulated more than 50X by the
mcrA deletion on a single medium (liquid GMM). It is
worth noting that the upregulation of transcription of
BGCs on liquid GMM did not result in a detectable
upregulation of the product of the BGC in all instances.
This could indicate that there is posttranscriptional regu-
lation of SM biosynthesis or accumulation in some
cases so that an increase in transcription may not result
in an accumulation of product. Alternatively, upregulation
of transcription could simply result in an increase in
compound production that is too low to be detected
under the conditions we have employed.

mcrAA stimulates SM production regardless of whether
laeA is present, absent or overexpressed and this sug-
gests that McrA, in general, acts independently of LaeA.
There are clearly connections to the veA/velB/laeA sys-
tem, however. Deletion of velB has been reported to
downregulate AN8694, which we have now designated
mcrA (Ahmed et al.,, 2013) and this might be expected to
stimulate SM production. However, the velB deletion is
not reported to stimulate SM production (Bayram et al.,
2008). Deletion of mcrA causes a modest upregulation of
laeA and deletion of /aeA exacerbates the weak growth
defect caused by mcrAA. mcrAA causes only a small
stimulation of sterigmatocystin production if laeA is
deleted so for this metabolite /lacAA is epistatic to mcrAA.
mcrAA and oelaeA collaborate to produce a new com-
pound not found in the single mutants and, finally, F9775
A and B are produced in mcrAA, laeAA strains but not in
either single mutant. These findings show that mcrA and
the veAl/velB/laeA system are connected, but they are
not easily integrated into a simple, linear signaling model.
Some of the findings are consistent with mcrA acting
downstream of veA/velB/laeA. In this case, mcrA would
be proximal to SM production and deletion of mcrA would
cause SM production regardless of veA/velB/laeA signal-
ing. This model does not, however, explain the aforemen-
tioned effects of laeAA on growth of mcrAA strains, nor
the epistatic effect of laeAA on sterigmatocystin produc-
tion nor the stimulation of F9775 A and B production in
the double deletion strain.

In this regard, we call mcrA a master SM regulatory
gene because mutation or deletion of this gene alters
the production of a number of secondary metabolites.
However, it may be more appropriate to think of regula-
tory networks than master regulators. These networks
would integrate various signals (light, carbon source,
nitrogen source, chemical environment, physical contact
with predatory or prey organisms, developmental stage
and perhaps many other things) and activate production
of SMs as appropriate. Key regulators such as LaeA

and McrA would be at nodes of these networks and
alteration of these proteins would, thus, affect production
of many SMs. We also note that since data to date sug-
gest that LaeA and McrA together regulate fewer than
half of the A. nidulans SM gene clusters, other important
SM regulators likely await discovery.

Experimental procedures

Mutagenesis. Mutagenesis procedures were modified from
those of Holt and May (Holt and May, 1996). 5 X 10° spores
of LO7543 were washed in 20 ml P-buffer (0.1M Potassium
phosphate, pH 7.0) and resuspended in 10 ml P-buffer.
1.0 ml aliquots (5 X 108 spores) were transferred to 15 ml
tubes and placed on ice. NQO (Sigma #N8141) was main-
tained as a 1.0 mg ml™" stock solution in dimethylforma-
mide. NQO was added to the tubes at 0, 0.5, 1.0, 1.5, 2.0,
2.5, 3.0 and 3.5 pg ml~' (dimethylformamide was normal-
ized to 100 pul per sample); the tubes were vortexed briefly
and incubated in a 32°C New Brunswick G76 gyratory
shaker/water bath, shaking at 200 rpm, for 30 min. The reac-
tions were quenched by addition of 4 ml 5% Sodium thiosul-
fate (filter-sterilized) to each tube. Serial dilutions were made
and spread on GMM + pyridoxine + riboflavin) to generate a
kil curve. GMM is 10 g L™ D-glucose, 6 g L~ NaNO,
052 g L' KCI, 052 g L' MgS0,-7H,0, 152 g L
KH,PO,4, 15 g L' agar, and 1 ml L™ trace element solution
(Vishniac and Santer, 1957). Each sample was also spread
on GMM + pyridoxine to select for mutants capable of grow-
ing in the absence of ribflavin (ribo+ mutants). Plates were
incubated at 37°C for 3 days. A total of 456 ribo+ mutants
were generated from 1.83 X 10° spores that were spread
on the MM + pyridoxine plates. Colonies for further analysis
were chosen from the 0.5 and 1.0 pg mi~' NQO samples
(38.5 and 44.5% Kkill respectively).

Molecular Genetic Methods. Replacement of the coding
sequences of core SM biosynthetic genes was carried out
as previously described using fusion PCR to create trans-
forming fragments (Nayak et al, 2006; Szewczyk et al.,
2006; Oakley et al., 2012). Correct gene integration in each
transformant was verified by at least three diagnostic PCR
amplifications using different primer pairs. Deletion of entire
SM clusters was carried out as previously described
(Chiang et al., 2013). Most clusters were deleted using the
loop out recombination procedure. Correct deletion of entire
clusters was verified by diagnostic PCR amplifications using
primers outside of the ends of the clusters.

Molecular genetic manipulations in A. terreus and P. can-
escens including protoplasting and gene targeting were car-
ried out as previously described (Guo et al., 2014; Yaegashi
et al., 2015). Deletions were confirmed by diagnostic PCR.
The diagnostic PCR strategy is shown in Figure S9.

Genome sequencing. DNA was prepared from pooled
hyphae using the method of Dunne and Oakley (1988) with
minor modifications followed by purification over two, sequen-
tial CsCl gradients. Purified DNA was sheared and fragments
300—400 bp were ligated to barcode sequences using using
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an lllumina TruSeq DNA LT sample preparation Kit. Sequenc-
ing was 100 bp single read on a HiSeq 2500 sequencer.

Genotype calling. Short reads were aligned to reference
sequence, A. nidulans FGSC A4 (AspGD version s09-m02-
r02 (Cerqueira et al., 2014)), via BWA (Li and Durbin, 2009)
using default parameters. Read groups were added using
Picard (http:/picard.sourceforge.net). Genotype calls were
made through GATK package (McKenna et al., 2010): Indel-
Realligner executed with default parameters; UnifiedGeno-
typer executed with the following non-default parameters: “-nt
32 -dt NONE -gim BOTH -G Standard —output_mode EMI-
T_ALL_SITES -A AlleleBalance —computeSLOD”; VariantFil-
tration executed using the expression “(DP - MQO) < 5) ||
((MQO/(1.0 * DP)) >= 0.5) || AB>0.1". Resulting VCF files
were uploaded into PolyDB (https://github.com/gustavo11/pol-
ydb). An initial set of candidate mutations was defined by
selecting all variable positions between wild-type and mutant
that were neither tagged as LowConfidence nor LowQual
and that were located in regions with read coverage (DP field
in the VCF file) with more than 50 reads on both wild-type
and mutant samples. Reads supporting each candidate muta-
tion were manually inspected using JBrowse (Skinner et al.,
2009). Only candidates with more than 95% of the aligned
reads in agreement with the called genotype were retained
and included in the final set.

RNAseq samples and their analysis. 1 x 10° spores of
LO1362 and LO8158 were grown in 150 ml GMM liquid
medium supplemented with riboflavin (2.5 mg L™ "), pyridox-
ine (0.5 mg L™, uracil (1 g L™") and uridine (10 mM) in
1 L flasks at 37°C with shaking at 100 rpm for 24 h. To
obtain triplicate sets of data from each strain, three inde-
pendent cultures of each strain were prepared and har-
vested. After harvesting by Miracloth filtration, cells were
frozen with liquid nitrogen and disrupted to frozen powder
with a CoolMill TK-CM20S (Tokken Inc., Japan). Total
RNAs were purified from the frozen powder with Nucleo-
Spin RNA plus kit (Machery-Nagel GmbH & Co., Germany).
The RNA samples were analyzed with a 2100 Bioanalyzer
(Agilent Technologies Inc., CA, U.S.A.) with RNA6000 nano
reagent (Agilent Technologies Inc.) to confirm no obvious
deterioration. To prepare sequencing libraries, Poly(A)-
RNAs were purified from the total RNAs with NEBNext
Poly(A) mRNA Magnetic Isolation Module (New England
Biolabs, Inc., MA, U.S.A.), and then directional RNA libra-
ries of the poly(A)-RNAs were made with NEBNext Ultra
Directional RNA Library Prep Kit for lllumina (New England
Biolabs, Inc.) according to the manufacturer’s instructions.
The libraries were sequenced with the lllumina MiSeq plat-
form (lllumina Inc., CA, U.S.A.) with MiSeq reagent kit v3
(150 cycles; lllumina Inc.). Short read data were aligned to
reference sequence, A. nidulans FGSC A4 (AspGD version
s10-m03-r26 (Cerqueira et al, 2014)), via HISAT (Kim
et al., 2015). Mapped reads were visualized and analyzed
with SegMonk software (http://www.bioinformatics.babra-
ham.ac.uk/projects/segmonk/) and CLC genomics work-
bench software (CLC Bio.,, Denmark). Exact tests of
differential expression of the two data sets were carried out
with the EdgeR package (Robinson et al., 2010). RNAseq
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raw reads have been deposited at the NCBI Gene Expres-
sion Omnibus (GEO) (accession number GSE85927).

Quantitative RT-PCR. 1 x 10° spores of LO1362 and
LO8166 were grown in 100 ml LMM liquid medium supple-
mented with riboflavin (2.5 mg/l), pyridoxine (0.5 mg/l), uracil
(1 g/l) and uridine (10 mM) in 300 ml flasks at 37°C with
shaking at 100 rpm for 18 h. After adding cyclopentanone to
the cultures to a final concentration of 10 mM, cells were cul-
tured further for 2 days and then harvested. To obtain tripli-
cate sets of data from each strain, three independent
cultures of each strain were prepared. After harvesting by
Miracloth filtration, cells were frozen with liquid nitrogen and
disrupted to a frozen powder with a Multi-beads Shocker
(YASUI KIKAI Co., Ltd., Japan). Total RNAs were purified
from the frozen powder with a NucleoSpin RNA plus kit
(Machery-Nagel GmbH & Co., Germany). The RNA samples
were analyzed with 2100 Bioanalyzer (Agilent Technologies
Inc., CA, U.S.A.) with RNAG00O nano reagent (Agilent Tech-
nologies Inc.). Reverse transcription was carried-out with
ReverTra Ace (TOYOBO Co., Ltd., Japan) according to man-
ufacturer’s instructions with 0.5 to 1 ng of total RNAs as the
template and with oligo-dT as the primer. For quantitative
RT-PCR, we used a KAPA SYBR FAST gPCR kit for Light-
Cycler 480 (KAPA BIO, U.S.A.) along with a LightCycler 480
(Roche Diagnostics, U.S.A.). The primers used for AN8694
(mcrA) were 5'-GGAGACGAAAGATCCGATGC-3 and 5'-
CGACGAGGTCTATGATCCTG-3, and those used for actA
were 5-CGTTATCGACAATGGTTCGG-3 and 5'-
CGTGCTCAATGGGGTATCTG-3'. Purified PCR products of
each cDNA were used as standard samples for calibration.
AN8694 (mcrA) mRNA was quantified relative to actin [actA,
AN6542] mRNA using the software of the real time PCR
system. Fold change was further calculated with each tripli-
cate value as the ratio of AN8694 mRNA amount in the
expression-induced strain to that in the wild-type strain.

Fermentation and HPLC-DAD-MS analysis. For agar plate
cultures, A. nidulans strains were incubated at 37°C on GMM
[as above except that Hutner’s trace element solution (Hutner
et al, 1950) was used at 1ml L™ "], LMM (15 g L™ ' D-lactose,
6 gL " NaNO;, 052 g L' KCI, 0.52 g L' MgS047H,0,
152 g L' KH,PO,, 15 g L™ agar, and 1 ml L™ Hutners
trace element solution), or YAG (5 g L™ yeast extract, 20 g
L™, D-glucose, 15 g L' agar, and 1 ml L' Hutners trace
element solution) plates were supplemented with riboflavin
(2.5 mg L"), pyridoxine (0.5 mg L™"), or uracil (1 g L™") and
uridine (10 mM) when necessary. Plates were inoculated with
1.0 X 107 spores per 10-cm plate. After 5 days, three plugs
(7-mm diameter) were cut out and transferred to a 7-ml screw-
cap vial. The material was extracted with 3 ml of methanol fol-
lowed by 3 ml of 1:1 dichloromethane-methanol, each with a
1-hr sonication. The extract was transferred to a clean vial and
the solvent was evaporated to dryness by TurboVap LV (Cali-
per LifeSciences). The residues were re-dissolved in 0.3 ml of
DMSO:MeOH (1:4) and 10 pl was injected for LC-DAD-MS
analysis as described previously (Bok et al, 2009). MS/MS
was conducted with a normalized collision energy of 35 and
isolation width of 2 m/z.

For liquid culture, 3 X 107 spores were grown in 30 ml
GMM or LMM liquid medium (recipes same as above
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except no agar added) in 125 ml flasks at 37°C with shak-
ing at 180 rpm. After 4 days, culture medium and hyphae
were collected by filtration. Culture medium was extracted
with the same volume of EtOAc. In order to extract the
most acidic phenolic compounds, the water layer was
extracted with the same volume of EtOAc again after acidi-
fication (pH =2). Both EtOAc extracts were then evapo-
rated by TurboVap LV. The residues were re-dissolved in
0.5 ml of DMSO:MeOH (1:4) and analyzed by LC-DAD-MS
as described above. The hyphae collected were soaked in
30 ml of methanol overnight to extract metabolites not
secreted out to the liquid medium. The methanol extract
was then collected by filtration and the solvent was evapo-
rated by TurboVap LV. The residues were re-dissolved in
1 ml of DMSO:MeOH (1:4) and analyzed by LC-DAD-MS
as described above.

For alcA(p) induction, 10 mM of cyclopentanone was
added to the LMM liquid culture 18 hr after inoculation. Cul-
ture medium and hyphae were collected 48 hr after cyclo-
pentanone induction by filtration, followed by extraction and
HPLC-DAD-MS analysis as described. Fermentation and
LC-MS analysis for A. terreus and P. canescens are listed
in the captions to Fig. S8.
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