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A large proportion of fungal genomes are under the control of light. Most fungi employ complex light
sensing systems, consisting of red-, blue-, and in some cases green-light photoreceptors. Here we studied
the light response in Aspergillus nidulans. In a genetic screen, followed by whole-genome sequencing we
identified a global regulator, which appears to be involved in chromatin structure modification. We
therefore named the protein RlcA (regulator of light sensing and chromatin remodeling). The protein
comprises a nuclear localization signal, a PHD (plant homeodomain) finger, a TFSII (found in the central
region of the transcription elongation factor S-II), and a SPOC domain (Spen paralog and ortholog C-
terminal domain). In the mutant, where light-controlled genes were constitutively active, the SPOC
domain is missing. RlcA localized to the nucleus and interacted with the phytochrome FphA. The PHD-
finger domain probably binds to trimethylated lysine 4 of histone H3, whereas the TFSII domain binds
RNA polymerase II. The SPOC domain could mediate interaction with a global repressor protein. In the
mutant, repressor recruitment would be hindered, whereas in the wild type repressor release would be
induced after light stimulation. Our results add another layer of complexity to light sensing in fila-
mentous fungi.

© 2020 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Most fungi contain several photosensory proteins to respond
and adapt to different environmental conditions (Corrochano, 2011,
2019; Fischer et al., 2016; Rodriguez-Romero et al., 2010; Yu and
Fischer, 2019; Schumacher and Gorbushina, 2019; Schumacher,
2017). At the molecular level, the blue-light response has been
studied first with ground-breaking work in Neurospora crassa
(Ballario et al., 1996; Linden and Macino, 1997). It turned out that
the two LOV-domain proteins, WC-1 and WC-2 are central com-
ponents which form the White-Collar Complex (WCC). Both are
transcription factors, and WC-1 contains a flavin as chromophore
(Froehlich et al., 2002; He et al., 2002). In N. crassa almost all light-
induced processes respond to blue-light and are likely to be under
u), reinhard.fischer@KIT.edu
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control of the WC system. The WC light-sensing system is essen-
tially conserved in most filamentous fungi and received additional
attention because the WCC is a central component of the circadian
clock (Larrondo et al., 2015; Dunlap and Loros, 2017).

In addition to the WC system, many fungi encode one to three
phytochromes in their genomes (Rodriguez-Romero et al., 2010;
Schumacher and Gorbushina, 2019). Their molecular functions
have been studied first in Aspergillus nidulans and in N. crassa
(Blumenstein et al., 2005; Froehlich et al., 2005). In earlier work in
A. nidulans it was described that the balance between asexual and
sexual development was a typical red-light effect, which could be
reversed by far-red light exposure (Mooney and Yager, 1990). Not
surprisingly, these effects were changed in a phytochrome mutant
(Blumenstein et al., 2005). In contrast, deletion of the N. crassa
phytochromes had only minor effects on the biology (Froehlich
et al., 2005; Wang et al., 2016). A. nidulans and N. crassa are
hence two examples where red or blue light appear to play the
main role in light sensing. In Alternaria alternata, a wide-spread
rved.
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Table 2
Oligonucleotides used in this study. Restriction sites are indicated in small letters.

Name Sequence (from 50 to 30)

AN1777AscI fw ggcgcgcc ATG GCT GGT AAG CTC AGT ACT AT
AN1777 PacI rev ttaattaa CTT CAA GAG TCT TCA GTC GTT C
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contaminant of food and feed, both light qualities appear to be
more interlinked (Igbalajobi et al., 2019).

There is also good evidence that light-dependent gene induction
requires chromatin remodeling. In N. crassa it was shown that the
histone acetyl transferase, NGF-1 is required for WC-dependent
gene induction (Grimaldi et al., 2006; Brenna et al., 2012). In
A. nidulans, it was shown that induction of ccgA, a light-induced
gene, is accompanied by histone H3 acetylation at lysine 9. The
acetylation was dependent on phytochrome, FphA, and the WC-1
protein, LreA. It was also shown that FphA interacts with the
acetyl transferase, GcnE (the ortholog of N. crassa NGF-1), and LreA
with the histone deacetylase HdaA (Hedtke et al., 2015). There is
evidence that LreA together with HdaA keep the level of acetylation
low in darkness and that FphA together with GcnE cause acetyla-
tion in light.

In order to understand the signaling events of the phytochrome
response in A. nidulans, a mutant screening has been performed (Yu
et al., 2016). This genetic screen was based on a light-regulated
gene, which was identified previously (Hedtke et al., 2015; Ruger-
Herreros et al., 2011). The promoter of one of the light-responsive
genes, conJ, was fused to the nutritional marker gene pyr-4.
Because the light-driven pyr-4 gene was the only gene encoding
orotidine 50-phosphate decarboxylase, the strain was only able to
grow on minimal medium supplemented with uracil and uridine.
Under light conditions, where the conJ promoter was induced, the
strain grew well on minimal medium without uracil and uridine.
Several mutants were isolated which lost the ability to grow under
those conditions. Addition of uracil and uridine to the medium
restored growth of some of those mutants, suggesting that the
growth defect was only due to mutations in light sensing and hence
conJ promoter induction and not due to other mutations in the
genome. The corresponding mutation of one of the mutants was
identified by whole-genome sequencing in the hogA/sakA gene (Yu
et al., 2016). This result linked light sensing to stress sensing. This
link is also conserved in A. alternata (Igbalajobi et al., 2019). In this
paper we used a different mutagenesis approach to identify mu-
tations which cause constitutive induction of the light-inducible
promoter independent of light.
AN1777full AscI ATA ggc gcg cc GTA CCA CAC CCT GAA ATG CC
AN1777full PacI CTA tta att aa GTA GCT AGT AAA TGT CGC ATA GG
h2b-RT-F CTGCCGAGAAGAAGCCTAGCAC
h2b-RT-R GAAGAGTAGGTCTCCTTCCTGGTC
ccgA-RT-F CGACGCTTCCCTCACTTCTC
ccgA-RT-R CATCATGGGACTTCTCGTCCTT
conJ-RT-F CTGAGAAGCAGCGCAACAT
conJ-RT-R CTCATCGCCAGGCTGGAA
2. Materials and methods

2.1. Strains and culture conditions

Supplemented minimal media for A. nidulans were prepared as
previously described, and standard strain construction procedures
Table 1
Strains used in this study.

Strain Genotype

A. nidulans
SKV103 pyrG89; pyroA4; veAþ

SKV104 yA2, pyrG89, pabaA1; pyroA4, veAþ

SJR2 pyrG89; pyroA4, nkuA::bar; veAþ

SJR3 argB2; pyroA4, nkuA::bar; veAþ

SZY17 SKV104 transformed with pZY19 (conJ(p)::pyr4, pyroA); veAþ

SZY64 SZY17 crossed to SJR3: argB2; pyroA4, nkuA::bar; veA þ ; pZY19 (conJ(p)
MD3-8 SZY17 treated with UV light
MD5-1 SZY17 treated with UV light
MD5-15 SZY17 treated with UV light
MD6-5 SZY17 treated with UV light
MD3-8c MD3-8 complemented with rlcA
SJH4 pyrG89; pyroA4, nkuA::bar; alcA(p)::GFP::rlcA; AfpyrG; veAþ

SJH6 pJH55 in SJR2 (rlcA::GFP::pyrG)
SJH41 pJP5 (alcA(p)::fphA::YFP-C, pyr4) and pJH99 (alcA(p)::rlcA::YFPN, pyroA)
SJH14 pJP5 (alcA(p)::fphA::YFP-C, pyr4) und pJH71 (alcA(p)::rlcA1�381::YFPN, py
E. coli
Top 10 F- mcrA cr mrr-hsdRMS-mcrBC) F 0lacZac hsd lacX74 recA1 araD139 s
were used (K€afer, 1977). A list of A. nidulans strains used in this
study is given in Table 1.

2.2. Generation of constitutive mutants with UV-mutagenesis

Fresh spores were washed off from a newly-prepared plate with
distilled water and the spore suspension in a 10 ml falcon tube was
incubated on ice for 20min. The supernatant wasmoved into a new
falcon tube. The concentration of conidia was diluted to 1.2 � 104

conidia/ml. 400 ml conidia suspension were added to a Petri dish
(14 cm diameter) with 100 ml solid minimal medium supple-
mented with p-aminobenzoic acid (PABA). Each plate was treated
with 0.015 J UV-C light resulting in a survival rate of 25 %. After UV
treatment, the plates were incubated in the dark at 37 �C for 3 d to
screen for ura-prototrophic (constitutive) mutants.

2.3. Mutant analysis using next generation sequencing (NGS)

The constitutivemutantwas back-crossed twice. First, themutant
MD3-8 was crossed to SZY64 and then one progeny (PD-6) with the
constitutive phenotype to the parent strain using standard protocols
(Todd et al., 2007). The progeny was sorted according to the
phenotype. Fifty four bigger colonies (constitutive growth pheno-
type) and 35 small colonies (like the parent strain) were propagated
for genomic DNA isolation. The spores of each progeny were inocu-
lated on the surface of supplemented liquid minimal medium and
incubated overnight at 37 �C. The mycelia from all progeny of one
class were mixed before grinding in liquid nitrogen. The mixed
genomic DNAwas subject to whole genome sequencing. Sequencing
libraries were prepared from 1 mg of gDNA with the TruSeq Nano
Reference
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Yu et al. (2016)
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Fig. 1. Screening for constitutive mutants. (A) Screening strategy for constitutive mutants by UV-mutagenesis. A hypothetical repressor (Rep.) inhibits transcription of the reporter
gene pyr4. After mutagenesis of the repressor protein, transcription is possible. (B) Phenotype of the mutants on minimal medium agar plates without uracil and uridine after 3
d incubation in the dark. The bigger colony (constitutive mutant) is circled in red. (C) The parent strain and the four constitutive mutants MD3-8, MD5-1, MD5-15 and MD6-6 were
incubated three d on minimal medium agar plates with or without uracil and uridine (U/U) in the dark or in light.
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DNA kit (Illumina), following manufacturer’s protocol. Quality and
quantity of library products were both assessed with a BioAnalyzer
(Agilent) on a high sensitivity DNA chip. Clusters were generated
from 10 pM of libraries in one lane of a high throughput flowcell
(Illumina). Libraries were then sequenced in paired-end reads, of 50
bp in length, with a HiSeq 1500 (Illumina). The quality of raw
sequencing data was assessed with the FASTX toolkit (http://
hannonlab.cshl.edu/fastx_toolkit/). Reads were mapped against the
reference genome of A. nidulans with Bwa (Li and Durbin, 2009).
Read mapping was refined with Picard (http://broadinstitute.github.
io/picard). Mutation candidates were detected with GATK (McKenna
et al., 2010) and visually curated in the IGV genome browser
(Robinson et al., 2011). The nucleotide sequence of rlcA is available in
the Third Party Annotation Section of the DDBJ/ENA/GenBank data-
bases under the accession number TPA: BK011994.
2.4. Plasmid constructions

2.4.1. GFP tagging of RlcA
One kb of the rlcA genewas amplified using the oligonucleotides

AN1777AscIfw and AN1777PacIrev and cloned as AscI-PacI frag-
ment into vector pMCB17apx. The circular plasmid (pJH54) was
used to transform SJR2 for the construction of strain SJH4. After
homologous integration into the rlcA locus the GFP fusion protein is
under control of the alcA promoter. For the expression of the RlcA-
GFP fusion protein under the control of the endogenous promoter,
1.2 kb of the left border and 1.2 kb of the region before the stop
codon of rlcA were amplified by PCR. A GFP, pyrG cassette (2.6 kb)
was also amplified, fused by PCR and ligated into pJet. The plasmid
(pJH55) was verified by digestion and transformed into SJR2 (SJH6).

2.4.2. Complementation of the rlcA mutant
The rlcA gene, including 700 bp upstream and 500 bp down-

stream of the ORF, was amplified by PCR using oligonucleotides
AN1777fullAscI and AN1777fullPacI and cloned into a trans-
formation vector.

2.4.3. Split YFP experiments
The complete rlcA ORF (2838 bp) was cloned as AscI and PacI

fragment into the destination vector (pMMCB17apx with GFP
exchanged to the N-terminal half of YFP). The plasmid (pJH99 or
pJH71) was combined with pJP5 (Purschwitz et al., 2008) in SKV103
to obtain SJH41.

2.5. RNA isolation and real-time PCR

Conidia were inoculated with a loop on the surface of supple-
mented minimal medium in a Petri dish. After 18 h of incubation in
constant darkness at 37 �C the mycelial mat was harvested in dim
green light. Samples were frozen in liquid nitrogen and stored

http://hannonlab.cshl.edu/fastx_toolkit/
http://hannonlab.cshl.edu/fastx_toolkit/
http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard


Fig. 2. Determination of the transcript levels of ccgA and conJ in the parent and the four mutant strains in the dark or in light. Spores of each strain were inoculated on the surface of
supplemented minimal medium and incubated for 18 h in the dark at 37 �C. Afterwards, the samples were exposed to light for 30 min or kept constantly in the dark. The mycelia
were collected in dim green light immediately and frozen in liquid nitrogen for RNA purification. The expression levels of ccgA and conJ were normalized to the h2b gene. The mean
values were calculated based on three biological replicates and the error bars represent standard deviation. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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at �80 �C until RNA isolation. RNA was isolated with the E. Z. N. A.
Fungal RNA Mini Kit (VWR). Cell disruption was achieved by
grinding in liquid nitrogen. The isolated RNAwas quantified, and an
aliquot treated with DNase I. RNA samples were diluted to a final
concentration of 50 ng/ml in DEPC water. Quantitative PCR experi-
ments were performed to determine relative mRNA abundance
using SensiFAST SYBR & Fluorescein One-Step Kit (Bioline) on an
iCycler from Bio-Rad. The expression level of each gene was
normalized to the histone H2B gene. The average value was
calculated based on three biological replicates. For Oligonucleotides
used in this study, see Table 2.

2.6. RNA sequencing and analysis

To prepare the RNA for studying red-light regulated gene
expression, the conidia of wildtype SJR2 were inoculated on the
surface of supplemented minimal medium and incubated for 18 h at
37 �C in the dark. The samples were exposed to red light for 30 min
before collection. To prepare the RNA of parent strain and mutant
MD3-8, the strains were incubated on the surface of liquid minimal
medium at the same conditions as above in the dark. All the mycelia
were collected in dim-green light and frozen immediately in liquid
nitrogen. RNA was further purified with the RNeasy plant mini kit
(Qiagen). RNA sequencing was performed with BGISEQ-500. Gene
expression level was quantifiedwith the software package RESM and
differently expressed genes were screened with EBSeq method.

2.7. Microscopy

To determine the localization of RlcA, GFP was fused to the C
terminus of RlcA and expressed under the control of the rlcA native
promoter. For microscopy, fresh conidia were inoculated on cov-
erslips in supplemented liquid medium containing 2 % glucose and
incubated overnight at 28 �C. The hyphaewere examined under the
microscope using the GFP channel. To verify the interaction be-
tween FphA and RlcA by biomolecular fluorescence complemen-
tation (BiFC), RlcA was tagged with the N-terminal part of YFP. The
plasmid was co-transformed with plasmid pJP5 (alcA(p)::YFP-
CT::fphA) to strain SKV103. To examine the interaction, conidiawere
grown in supplemented minimal medium with 0.2 % glucose and
2 % threonine before microscopy.

3. Results

3.1. Isolation of constitutive mutants

Previously we used a strain, in which the auxotrophic marker
gene pyr-4 was driven by a light-inducible promoter, in a muta-
genesis approach to isolate “blind” mutants (Yu et al., 2016). In
those mutants the light-inducible promoter could not be induced
anymore. Here, we searched for mutants in which the promoter
was constitutively active independent of light. The A. nidulans strain
SZY17 (parent stain) was used for the UV-mutagenesis (survival
rate of 25 %) as previously described (Yu et al., 2016) (Fig. 1 A). More
than 100 mutant strains that formed colonies on minimal medium
when grown in the darkwere obtained, of which four strains, MD3-
8, MD5-1, MD5-15 and MD6-6, were chosen for further analysis
(Fig. 1C). The mutants grew faster than the parent strain in the dark
on supplemented minimal medium without uracil and uridine,
although not as good as the parent strain in the presence of uracil
and uridine. This growth behavior could be explained by consti-
tutive activation of only the nutritional marker gene, pyr4, or by a



Fig. 3. Reduction of background mutations in MD3-8 by crossings. (A) Scheme of the back-crossing strategy to eliminate background mutations in mutant MD3-8. MD3-8 was
crossed to strain SZY64 and the progeny PD-6 was crossed again to the parent strain. Progeny was sorted according to the phenotype. (B) Phenotype of the progeny after two rounds
of crossings. Ascospores were spread on a supplemented minimal medium agar plate without uracil and uridine and incubated for 3 d in the dark. (C) Expression of ccgA and conJ in
wild type, a small and two big colonies from the progeny in (B). The strains were cultured 18 h in the dark on the surface of supplemented minimal medium as above for RNA
purification. The mean values were calculated from three biological replicates and the error bars represent standard deviation.
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general change of the light response. In order to discriminate be-
tween these two possibilities, the transcript levels of the two light
inducible genes, ccgA and conJ, was monitored (Fig. 2). In the dark,
the transcript level of both genes was high in MD3-8 in comparison
to the parent strain. Even in light, the expression levels of the two
genes were higher in the mutant MD3-8 than in the parent strain.
Hence, all three genes, pyr4, ccgA and conJ were derepressed in the
dark. In contrast the other three mutants showed only very minor
or no derepression. Therefore, mutant MD3-8 was used for a
detailed analysis.
3.1.1. Identification of the responsible mutation for the constitutive
phenotype in the mutant MD3-8

After UV-mutagenesis, many mutations occur in the mutants
(Tan et al., 2014; Yu et al., 2016). To identify the responsible mu-
tation for the constitutive phenotype in MD3-8 by next generation
sequencing (NGS), we back-crossed mutant MD3-8 twice to reduce
the number of background mutations (Fig. 3A). The progeny after
two rounds of crossing were sorted according to the phenotype
(Fig. 3B). In the small colonies the expression level of ccgA and conJ
were very low in comparison to the expression level in big colonies
(Fig. 3C). From this, we concluded that the big colonies should be
strains harboring the phenotype-causing mutation, whereas the
small colonies should only contain background mutations. Hence,
the mycelia of 54 strains forming bigger colonies was collected,
genomic DNA isolated and mixed to a single sample. In the same
way the mycelia of 35 strains forming only small colonies were
processed. The two samples were sent for genome sequencing. By
comparing the two genome sequences, two nucleotide sub-
stitutions in the gene AN1777 were only observed in the sample
derived from the big colonies (MD3-8-2) (Fig. 4A). The codon ATG
at position 1312 in AN1777was changed to a TAG stop codon, which
leads to premature termination of the translation (Fig. 4B). To
confirm that the constitutive growth phenotype was caused by this
premature termination of AN1777, the full-length gene of AN1777
was transformed back into the mutant MD3-8. The plasmid indeed
rescued the phenotype of the mutant (Fig. 4C). The complemented
strain (MD3-8C) grew very slow in the dark on minimal medium as
the parent strain. The gene AN1777 was named rlcA (regulator of
light sensing and chromatin remodeling)(accession number
BK011994). The gene is located on chromosome VII, and the open
reading frame of the gene rlcA is disrupted by 2 introns, 114 and 54
bp, respectively, in length (RNAseq data). It encodes a protein of 889
amino acids with an N-terminal PHD (plant homeodomain) finger,
a TFSII, which is found in the central region of the transcription
elongation factor S-II and a C-terminal SPOC (Spen paralog and
ortholog C-terminal domain) domain. The premature peptide is
381 amino acids long and only contains the PHD finger domain and



Fig. 4. Identification of the responsible mutation in mutant MD3-8. (A) Illustration of two nucleotide substitutions in gene AN1777 (rlcA) in MD3-8-1 (colonies with constitutive
growth phenotype). The substitution (AT to TA) results in a stop codon, TAG. The mutation was not found in the sequence of MD3-8-2 (parent growth phenotype) or in the reference
genome sequence. (B) Domain arrangement of RlcA and the premature peptide. RlcA contains an N-terminal nuclear localization signal (NLS), a PHD (plant homeodomain) finger, a
TSFII domain, which is found in the central region of transcription elongation factor S-II and a C-terminal SPOC (Spen paralog and ortholog C-terminal domain) domain. The mutant
encodes a premature peptide only containing the NLS, the PHD domain and part of the TSFII domain. Domains were identified using HMMER of EnsemblFungi. The NLS was
predicted with PSORT II. Phenotype of the complemented constitutive mutant (MD3-8c). The rlcA gene including its own promoter was transformed back to the constitutive mutant
strain. The parent, the mutant and the complemented mutant were incubated at 37 �C for 3 d at the indicated conditions.
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part of the TSFII domain and hence is likely not fully functional.
Despite many attempts, we failed to create a rlcA-deletion strain,
suggesting that rlcA is an essential gene and that the remaining part
of the protein in the isolated mutant strain is sufficient to support
growth.

RlcA orthologs were mainly identified in filamentous ascomy-
cetes. We performed a blast search using A. nidulans RlcA as query
and found predicted proteins with 33 %, 32 %, 58 %, 34 %, 32 %, and
23 % identity respectively in N. crassa, Fusarium oxysporum, Peni-
cillium brasilianum,Metarhizium robertsii, Trichoderma guizhouense,
and Schizosaccharomyces pombe (suppl. Fig. 1). None of the genes
has been characterized so far. A protein with even lower identity
with 17 % is found in Saccharomyces cerevisiae. It is named Bye 1 and
was isolated in a suppressor screening (Kinkelin et al., 2013;
Pinskaya et al., 2014; Wu et al., 2003). Single PHD, TFSII, and
SPOC domains are found in different proteins with different func-
tions from yeast to human.

3.1.2. RlcA interacts with FphA in the nucleus
The RlcA protein is predicted (82 % probability) to be a nuclear

protein (PSORT II). To get further insights into the molecular
function of RlcA in A. nidulans, we tagged RlcA at the N-terminus
and expressed it under the control of the alcA promoter (strain
SJH4). The plasmid contained only ca. 1 kb of the open reading
frame cloned behind GFP. After integration of the circular plasmid
into the rlcA locus the full-length GFP-rlcA gene is under control of
the alcA promoter. Integration was verified by Southern blot (data
not shown). A clear RlcA-GFP signal was observed in the nuclei in
the dark (Fig. 5A). We also tagged RlcA at the C-terminus with GFP
and expressed it under the control of its own promoter. The fusion



Fig. 5. Localization of RlcA and interaction with phytochrome. (A) RlcA localized in nuclei. The spores of strain SJH4 were inoculated on a coverslip with supplemented minimal
medium (glycerol as carbon source) and incubated overnight at 28 �C and then observed under the microscope. (B) Bimolecular fluorescence complementation (BiFC) to show that
RlcA interacts with FphA in the nucleus. Strain SJH41. (C) Interaction of the truncated RlcA protein with FphA. Strain SJH14. (D) Two control plasmids containing the split YFP halfs
fused to two proteins which do not interact were introduced into the same recipient strain as before. (BeD) All strains were germinated on a coverslip with minimal medium
containing 2 % threonine and 0.2 % glucose.
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protein also localized in nuclei (results not shown). We have evi-
dence that the GFP-tagged version was biologically functional,
because overexpression of RclA or RclA-GFP both caused a slight
induction of conidia formation (data not shown). To analyze
whether RlcA interacted with FphA, RlcA was fused to the N-ter-
minus of split YFP. Plasmid pJH71 and pJP5 were co-transformed
into the wild-type strain SKV103 and yellow fluorescence was
observed in the nuclei (Fig. 6B). We did not see any difference when
incubated in light, but it has to be considered that interaction of the
split YFP halfs is irreversible and hence light dependency of the
interaction of RlcA and FphA cannot be determined in this assay.
The RlcA truncated protein, which should be present in the mutant,
was also tested for interaction with FphA (Fig. 5C). Indeed, fluo-
rescence was observed in nuclei. This illustrates that the truncated
version is expressed and translocated into nuclei. Two control
plasmids (one containing FphA and the other one a RlcA version
with mutated TFSII domain) introduced into the same recipient
strain did not result in YFP fluorescence.

3.1.3. RlcA as a global regulator
Since RlcA interacted with FphA, we anticipated that RlcA is

involved in red light sensing. In order to explore the regulatory
functions of the RlcA protein, a global expression analysis was
performed to compare wild type (SJR2), the parent strain (SZY17)
and the constitutive mutant (MD3-8). The strains were grown in
liquid medium for 18 h at 37 �C in the dark. After the mycelia were
exposed to red light for 30 min, or kept in the dark, mycelia were
processed for RNAseq experiments using green light as safe light. In
total 9459 genes were detected, and 98.4 % of all reads could be
mapped to the reference genome. In wild type, 268 genes were up-



Fig. 6. RNAseq analysis of wild type in the dark and after red-light illumination and comparison of wild type with the MD3-8 mutant. (A) Scatter plot of expressed genes of wild
type (WT) in light and dark conditions. The differently expressed genes were screened with the EBseq method (PPEE � 0.05 and abs (log 2(Y/X))�1). Up regulated genes (Up),
downregulated genes (Down), no significant difference (No). (B) Scatter plot of expressed genes in the parent strain compared to the constitutive mutant in the dark. (C) Venn
diagrams summarizing the overlap between red-light upregulated (left) or downregulated (right) genes and differentially expressed genes in the rlcA mutant. 216 genes are
upregulated by red light and induced in the rlcA mutant. 15 genes are downregulated in red light and repressed in the rlcA mutant.
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and 115 genes down-regulated after red-light exposure (Fig. 6)
(Table 3). The rlcA gene nor the mutant allele were regulated by
light. In the rlcAmutant strain 2733 genes were up- and 1043 genes
were down regulated in the dark as compared to the parent strain
in the dark. 216 upregulated genes were found in the group of red-
light induced genes and upregulated genes in the constitutive
mutant (Fig. 6). Hence, more than 80 % of red-light induced genes
were de-repressed in the mutant. However, it has to be considered
that in strain MD3-8 other mutations besides the RclA truncation
occurred and hence some of the mis-regulation could be due to
other mutations. Only 15 down-regulated genes were shared be-
tween the downregulated genes in the constitutive mutant and the
red-light downregulated genes. Among the upregulated genes
were several genes characteristic for asexual development, such as
the hydrophobin dewA (442-fold change) (Stringer and Timberlake,
1994), the hydrophobin rodA (107 fold) (Stringer et al., 1991), the
transcription factor brlA (21 fold) (Prade and Timberlake, 1993), or
the G1/S cyclin pclA (3 fold) (Schier and Fischer, 2002; Schier et al.,
2001). The results suggest repression of those genes through RclA.
We tried to address the question if RclA is indeed involved in the
regulation of development. However, the rclAmutant is impaired in
growth (Figs. 1 and 4) and sporulation and has a pleiotropic
phenotype. Therefore, we did not analyze sporulation specifically.
The fact that more than one third of the A. nidulans genome appears
to be under the control of the rlcA gene, indicates a global role of the
protein and may explain an essential function in A. nidulans.

4. Discussion

We found that the nuclear protein RlcA is probably a global
regulator for gene expression and a new component in red-light
sensing in A. nidulans. We found that RlcA interacts with phyto-
chrome in the nucleus. A truncated version of the protein leads to
the misregulation of several thousand genes, suggesting an
important function in gene regulation. The RclA protein harbors an
NLS and three additional domains, a PHD finger-, a TFSII-, and a
SPOC-domain. All three are well conserved from yeast to human.
The only studied orthologue of RlcA is Bye 1 (Bypass of Ess1) in
S. cerevisiae (Pinskaya et al., 2014; Kinkelin et al., 2013; Wu et al.,
2003). Although Bye1 has only 17 % identical amino acids as
compared to RclA, it contains all three domains (Suppl. Fig. S1). The
protein was identified as a multi-copy suppressor of an ess1 mu-
tation (Wu et al., 2003).

The first question which arises is why the severe mis-regulation
of gene expression in the rlcA-mutant strain did not cause a more
severe phenotype than the constitutive expression of many red-



Table 3
List of the 15 most up- or downregulated genes (log 2 ratio) found in the RNAseq analysis when wild type was compared to the rclA constitutive mutant.

Locus Gene description MD/WT Fold change

upregulated
AN9218 Putative sterol 14-demethylase (CYP540D1) 9.86 930
AN9310 Transcript induced by light in developmentally competent mycelia 9.81 901
AN7959 hypothetical protein 9.80 892
AN9217 hypothetical protein 9.37 662
AN9277 Proline dehydrogenase activity 9.30 634
AN5243 hypothetical protein 9.22 607
AN8930 DNA binding, RNA polymerase II transcription factor activity 9.19 587
AN8382 hypothetical protein 9.12 559
AN8637 Conidia-specific catalase (catA) 8.98 539
AN3962 hypothetical protein 8.91 506
AN5272 Putative phenylacetate-CoA ligase, role in penicillin biosynthesis 8.79 444
AN8006 Hydrophobin (dewA) 8.78 442
AN9284 hypothetical protein 8.70 424
AN9251 Putative cytochrome P450 (CYP650A1) 8.58 391
AN9164 Predicted oxidoreductase activity 8.49 366
downregulated
AN7132 hypothetical protein �9.34 640
AN4659 Putative acyl-CoA synthetase/AMP-binding domain protein �5.97 62.0
AN7116 hypothetical protein �5.69 51.8
AN9414 hypothetical protein �5.21 36.6
AN5956 Predicted DNA binding, transposase activity, role in DNA integration �5.15 35.1
AN9493 Putative GNAT-type acetyltransferase (ngn12) �4.89 29.3
AN5791 Predicted pheromone precursor (ppgA) �4.57 23.5
AN0611 hypothetical protein �4.26 19.0
AN5093 hypothetical protein �4.18 19.0
AN9519 hypothetical protein �4.15 17.8
AN0785 Putative manganese superoxide dismutase (sodM) �4.02 16.1
AN8788 Predicted DDE1 transposon-related ORF �3.70 13.3
AN3893 hypothetical protein �3.54 11.5
AN0223 Predicted DNA binding transcription factor activity �3.51 11.3
AN3667 hypothetical protein �3.23 9.25
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light regulated genes. In comparison, it is likely that a deletion of
the rlcA gene is lethal, because we were unable to generate a
complete loss-of-function mutant. This suggests that the residual
RlcA mutant protein still can fulfil the essential functions. In com-
parison, bye 1 deletion in S. cerevisiae was not lethal (Wu et al.,
2003). Another example that severe mis-regulation of the
genome is not necessarily fatal for cell viability is a histone H3
demethylase of A. nidulans, KdmB. Lack of kdmB led to an upregu-
lation of almost 2000 and the downregulation of a similar number
of genes (Gacek-Matthews et al., 2016).

If our hypothesis is right, that the truncated RlcA protein is
partially functional it has to be considered that the protein still
contains the NLS and the PHD finger domain and most part of the
TSFII domain. PHD finger domains were first identified in plants
and contain a Cys4-His-Cys4 domain (Schindler et al., 1993). Many
of the proteins, in which this domain is found, are involved in
chromatin-mediated gene regulation (Aasland et al., 1995; Shi et al.,
2006; Champagne and Kutateladze, 2009). The Bye 1 protein of
S. cerevisiaewas shown to bind to H3K4met3 (Kinkelin et al., 2013),
and the human PHD finger protein ING recruits acetyltransferase
and deacetylase to the promoters (Champagne and Kutateladze,
2009). The tri-methylated lysin 4 stage of histone H3 (H3K4met3)
is characteristic for actively transcribed genes. Because the PHD
finger is unaffected in the rclA mutant, binding of the truncated
RlcA protein to DNA is still likely. The second domain, which is to a
large extent remained in the truncated RlcA protein is the TFSII
domain. This domain was found in the general transcription elon-
gation factor TFIIS (Morin et al., 1996). This factor stimulates RNA
polymerase II to read through DNA regions which promote the
formation of stalled ternary complexes. The third domain in RlcA is
the SPOC domain (Zhang et al., 2016). It could interact with a
repressor or a repressor complex such as Tup 1 (Smith and Johnson,
2000).

Although we did not test the interaction of RclA with RNA po-
lymerase II or the Tup 1 repressor complex, the well-characterized
domains allow us to propose a model, which explains the observed
effects (Fig. 7). We speculate that the PHD finger domain interacts
with lysine 4 in histone H3, and the TFIIS domain interacts with
RNA polymerase II. RclA may recruit other proteins required for
chromatin modifications, such as histone acetyl transferase (GcnE)
or the histone deacetylase, HdaA. They were previously described
to be involved in the regulation of light-regulated genes (Hedtke
et al., 2015). SPOC domains are found in regulatory proteins such
as the Arabidopsis flowering regulator FPA or the human co-
repressor SHARP (Zhang et al., 2016; Mikami et al., 2013). It prob-
ably recruits a repressor, or repressor complex to the DNA, which
inhibits transcription. A fungal candidate for such a repressor is the
Tup1 protein (Smith and Johnson, 2000). Upon certain signals, such
as an activation of phytochrome in the case of light-regulated
genes, the repressor could be released, and transcription can
occur. In the mutant strain, the repressor would be absent because
of the lack of the SPOC domain and thus RNA polymerase II could
transcribe the gene at a basal level without external stimuli. The
transcription can be further stimulated by red light, because
phytochrome induces the HOG pathway and thus activates prob-
ably the AtfA transcription factor (Yu et al., 2016) (Fig. 2). This sit-
uation in the mutant allows us to speculate about the wild type
situation. Here, the release of the repressor would be initiated by



Fig. 7. Proposed model for rlcA-dependent gene activation of red-light induced genes. For details see the Discussion.

Z. Yu et al. / Fungal Biology 124 (2020) 447e457456
illumination of the phytochrome. This model proposes thus an
important function of RclA as a hub which may integrate different
signals at different promoters.
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