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Introduction

Abstract

Ustilago maydis is a phytopathogenic fungus causing corn smut disease. It also
is known for its extreme tolerance to UV- and ionizing radiation. It has not
been elucidated whether light-sensing proteins, and in particular photolyases
play a role in its UV-tolerance. Based on homology analysis, U. maydis has 10
genes encoding putative light-responsive proteins. Four amongst these belong
to the cryptochrome/photolyase family (CPF) and one represents a white collar
1 ortholog (wcol). Deletion mutants in the predicted cyclobutane pyrimidine
dimer CPD- and (6—4)-photolyase were impaired in photoreactivation. In line
with this, in vitro studies with recombinant CPF proteins demonstrated binding
of the catalytic FAD cofactor, its photoreduction to fully reduced FADH™ and
repair activity for cyclobutane pyrimidine dimers (CPDs) or (6—4)-photoproducts,
respectively. We also investigated the role of Wcol. Strikingly, transcriptional
profiling showed 61 genes differentially expressed upon blue light exposure of
wild-type, but only eight genes in the Awcol mutant. These results demonstrate
that Wcol is a functional blue light photoreceptor in U. maydis regulating
expression of several genes including both photolyases. Finally, we show that
the Awcol mutant is less tolerant against UV-B due to its incapability to induce
photolyase expression.

signal downstream to trigger complex developmental and
other responses (Briggs and Spudich 2005).

Light is one of the most common stimuli used by living
organisms to interact with the environment. Photoreceptors
absorb the light, get activated, and relay the molecular
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Filamentous fungi possess a wide variety of photorecep-
tors. During their life cycle, they are exposed to various
habitats which differ in the availability of nutrients and
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water, temperature, and oxygen. These changes are also
reflected in their light environment (fluence rates, spectral
composition) (Rodriguez-Romero et al. 2010; Fuller et al.
2015). One common aspect of light-regulated fungal de-
velopment is reproduction. As sessile organisms, they need
to disperse their spores outside the original substrate in
order to tap new resources and favorable habitats. In ad-
dition, exposure to sunlight also causes formation of reactive
oxygen species and other photoproducts such as DNA le-
sions (Cadet and Wagner 2013). Accordingly, most fungi
show light-induced expression of defense genes which protect
against or repair such lesions, and formation of pigments
which filter visible light and/or UV (Braga et al. 2015).

The recent progress in identifying fungal photoreceptors
and elucidating their biological functions is tremendous and
reviewed in several articles (Avalos and Estrada 2010; Bayram
et al. 2010; Braus et al. 2010; Chen et al. 2010; Corrochano
and Garre 2010; Idnurm et al. 2010; Kamada et al. 2010;
Rodriguez-Romero et al. 2010; Schmoll et al. 2010; Fuller
et al. 2015). The photobiology and the role of specific pho-
toreceptors have been so far investigated in detail in
Neurospora crassa, Trichoderma sp., Aspergillus nidulans,
Fusarium sp., Magnaporthe oryzae (Ascomycota); Cryptococcus
neoformans, Coprinopsis cinerea (Basidomycota); Phycomyces
blakesleeanus, and Mucor circinelloides (Mucormycotina). In
contrast, very little is known about the photobiology of U.
maydis albeit its genome encodes all photoreceptors so far
identified in other fungi. In addition, it encodes a blue
light sensing using flavin (BLUF)-domain protein which it
shares only with closely related species.

In this study, we focus on blue light responses in U.
maydis and investigate the role of orthologous proteins
known to be involved in blue light perception in other
fungal systems. Among them is the white collar complex
(WCC), a protein complex formed of White Collar 1
(Wcol) and White Collar 2 (Wco2). WCC was originally
identified in N. crassa based on screens for blue light-
insensitive mutants (Degli-Innocenti et al. 1984; Nelson
et al. 1989; Ballario and Macino 1997; Linden et al. 1997).
WC-1 from N. crassa (Ballario et al. 1996) is organized
in an N-terminal receiver domain, which contains three
PAS (PER/ARNT/SIM) domains and a zinc-finger domain
located at the C-terminus. One of the PAS domains belongs
to a subgroup of PAS domains, which were assigned as
LOV (light/oxygen/voltage) domain and bind the flavin
chromophore (Huala et al. 1997). For WC-1, FAD has
been identified as chromophore (Froehlich et al. 2002; He
et al. 2002). LOV(light/oxygen/voltage)-domain photorecep-
tors perceive UV-A/blue light and undergo a photocycle
with a transiently formed flavin adduct at a conserved
cysteine residue in the LOV-domain (reviewed in Swartz
and Bogomolni 2005). Like wc-1, the wc-2 gene was first
characterized in N. crassa (Linden and Macino 1997). WC-2
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has a PAS-domain and a zinc-finger domain, and heter-
odimerizes with WC-1 to form a light-responsive transcrip-
tion factor (Froehlich et al. 2002; He et al. 2002) that
binds to so called early light-responsive elements (Froehlich
et al. 2002; He et al. 2002; Kaldi et al. 2006). Genes en-
dowed with these elements (class I genes) show typically
a very fast and transient induction with peaks between
30-60 min after light onset, followed by class II and class
II genes. In contrast to class I and II genes, class III
genes show no light adaptation (Shrode et al. 2001; Lewis
et al. 2002; Schwerdtfeger and Linden 2003). In N. crassa,
transcriptomic studies revealed up to 6% of genes controlled
by light (Chen et al. 2009). White collar complex here
plays a dominant role. Despite its clear photoreceptor func-
tion, WCC also has important roles which are independent
of light, they regulate the circadian feedback loop in N.
crassa (Crosthwaite et al. 1997), or virulence of C. neo-
formans in mammalian hosts (Idnurm and Heitman 2005).

we-1 and we-2 genes are present in essentially all Mycota
with some exceptions such as Saccharomyces cerevisiae,
and some species of Hemiascomycota, Archiascomycota,
and Zygomycota (Idnurm et al. 2010; Rodriguez-Romero
et al. 2010). Analysis of wc-1 mutants in many filamentous
fungal species revealed several light responses mediated
by WC-1 including conidiation, conidia release, mycotoxin
biosynthesis, inhibition of mating, increased UV-tolerance,
carotenogenesis, clock entrainment, and phototropism
(reviewed in Idnurm et al. 2010).
Ascomycetes, wc-1 genes from Basidiomycetes lack a zinc-
finger domain (Idnurm and Heitman 2005).

Members of the cryptochrome/photolyase family (CPF)
are present in all kingdoms of life (Chaves et al. 2011).
Photolyases (PHR) repair the two major UV-B lesions in
DNA, namely cyclobutane pyrimidine dimers (CPDs) and
(6—4) photoproducts. Each lesion is repaired by a specific
class of photolyase (CPD-photolyase or (6—4)-photolyase).
Cryptochromes (CRY) have photoreceptor function or are
integral components of the circadian clock as in mammals.
Both, photolyases and cryptochromes carry FAD as es-
sential cofactor/chromophore. For most of them, a second
chromophore such as methenyltetrahydrofolate (MTHF)
was identified, which functions as antenna and transfers
excitation energy to FAD. The protein structures of several
photolyases and a few cryptochromes have been solved
and show striking similarity in their overall fold (Essen
2006; Miiller and Carell 2009; Kiontke et al. 2011). A
more recently characterized subgroup of the CPF consists
of cry-DASH proteins. Originally, they were considered
as photoreceptors (Brudler et al. 2003; Kleine et al. 2003),
but later studies showed that they repair CPD lesions in
single-stranded DNA (Selby and Sancar 2006) and loop
structures of double-stranded DNA (Pokorny et al. 2008).
In filamentous fungi CPD-photolyases, (6—4)-photolyases

In contrast to
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as well as cry-DASH proteins were identified (Bayram
et al. 2008a; Avalos and Estrada 2010; Idnurm et al. 2010).
Analysis of some photolyases including fungal ones showed
that photolyases may have a dual function as repair en-
zyme and photoreceptor. The A. nidulans cryA gene groups
with class I CPD-photolyase. However, its deletion mutant
showed increased sexual fruiting body formation and co-
nidiation under UV-A and blue light, respectively, which
corresponded to increase in the levels of genes that regulate
sexual development (Bayram et al. 2008a; Avalos and
Estrada 2010). Thus, CryA is a bona fide UV-A/blue light
photoreceptor. Other examples of dual function enzymes/
receptors from fungi are: Class I CPD-photolyase of
Trichoderma atroviride, that regulates the photoinduction
of its own gene (Berrocal-Tito et al. 2007); DASH-type
cry of N. crassa that acts as a regulator of one circadian
oscillator in this fungus (Nsa et al. 2015), and its deficiency
has some effect on light entrainment of the circadian clock
and results in the light-dependent upregulation of few
genes including VIVID (vvd) (Froehlich et al. 2010; Olmedo
et al. 2010); DASH-type cry in S. sclerotiorum and F. fu-
jikuroi (Veluchamy and Rollins 2008; Castrillo et al. 2013);
and the predicted (6—4)-photolyase from Cercospora zeae-
maydis which induces the CPD-photolyase and other genes
involved in DNA repair (Bluhm and Dunkle 2008).

Ustilago maydis is a basidiomycete plant pathogen that
infects Zea mays causing corn smut disease (Christensen
1963). Its life cycle consists of a haploid, nonpathogenic,
saprophytic phase in soil, and a dikaryotic, biotrophic phase
in above-ground organs of the plant (Kahmann et al. 2000;
Djamei and Kahmann 2012). U. maydis is not only an
excellent model organism to study plant—pathogen interac-
tion, but serves likewise for eukaryotic genetics, cell biology
and signaling (Banuett 1995; Brefort et al. 2009; Vollmeister
et al. 2011). Its genome is completely sequenced (Kdmper
et al. 2006) and several molecular techniques are well es-
tablished (Kamper 2004; Steinberg and Perez-Martin 2008;
Heimel et al. 2010; Schuster et al. 2011).

Having a life cycle with a saprophytic and biotrophic
phase and thus living in different habitats, U. maydis also
is an excellent model organism to study response and
adaption to various environmental cues. Surprisingly, little
is known about its photobiology and the role of specific
photoreceptors in overall growth and responses to the
environment. In this study, we explore the blue light re-
sponse and characterize some of the photoreceptors in
U. maydis. We have identified several putative photorecep-
tors for the UV-A/blue region including members of the
CPF and a we-1 ortholog (wcol). U. maydis responds to
blue light by regulating a battery of genes controlled by
Wecol, among them are the photolyases. Biochemical char-
acterization of the CPF proteins confirmed their role in
DNA repair and UV-tolerance of U. maydis.
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Materials and Methods

U. maydis strains, media, and culture
conditions

U. maydis strains used in this study are listed in Table
S1. Strain FB1 (Banuett and Herskowitz 1989) served as
the wild-type. Cells were grown at 28-30°C shaking at
200 rpm in YEPS-L (0.4% vyeast extract, 0.4% peptone
and 2% sucrose; Tsukuda et al. 1988) or YNB-5O, me-
dium with 2% glucose (Mahlert et al. 2006; Freitag et al.
2011) or on agar plates with potato dextrose (PD). Data
presented for U. maydis mutants are based on analyses
of at least three independent lines.

Construction of U. maydis strains

Standard molecular techniques were used (Sambrook et al.
1989). All enzymes if not otherwise stated were purchased
from New England Biolabs (Frankfurt/Main, Germany).
Isolation of U. maydis genomic DNA was carried out
according to a published protocol (Hoffman and Winston
1987). All U. maydis strains generated in this study are
derived from the wild-type isolate FB1. For the deletion
of weol (um03180), cryl (um01131), cry2 (um05917), phrl
(um06079), and phr2 (um02144), a PCR-based approach
using hygromycin as resistance marker (Kdmper 2004)
was applied. 1 kb of each flanking region of each gene
was amplified by PCR using primers for the left border
and primers for the right border (Table S2). PCR products
were digested with Sfil and ligated to the hygromycin
cassette of pMF1-h (Brachmann et al. 2004).

All mutant strains were confirmed by PCR and Southern
analysis. Deletion phenotypes were verified by complementa-
tion. Transformation of U. maydis was performed as de-
scribed (Tsukuda et al. 1988; Schulz et al. 1990). For selection
of transformants, PD plates containing 200 ug mL™!
hygromycin or 5 yg mL™! carboxin were used.

For construction of U. maydis strains expressing GFP-
Wcol or mCherry-Wco2 the weol (um03180) or wco2
(um02664), open reading frames were cloned downstream
of the fluorescent protein in a plasmid derived from
Bohmer et al. (2008). Primers used are listed in Table
S3. The protein fusion was expressed from the otef pro-
moter. Plasmids were linearized with Sspl and integrated
into the ip locus of FB1. The integration of the plasmids
into the ectopic ip locus and expression of the fusion
proteins were verified by PCR and subsequently by
immunoblotting (Brachmann et al. 2001).

Light treatments of U. maydis

Cells were grown in YEPS-L medium at 28°C and dark-
adapted by incubation overnight in complete darkness.

© 2015 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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The following day cultures were diluted in YNB-SO,
medium with 2% glucose under green safe light to an
0Dy, of 0.2 followed by incubation for 3 h in darkness.
Cultures were then split in two aliquots. One aliquot, the
dark sample, was completely wrapped with aluminum foil
and kept with the other uncovered aliquot on the same
shaker during the blue light (471 nm, 30 gmol m~2 sec™!)
treatment for 60 min. Cells were pelleted and stored at
—80°C until RNA extraction.

Photoreactivation tests

To test for photoreactivation after UV-B treatment, wild-
type and mutant cells were grown until logarithmic phase
in YEPS-L. The cultures were diluted to an OD, of 0.1
and 50 pL of various dilutions (1:100, 1:300, and 1:900)
were spread on PD-plates with some distance to the border
to avoid shadowing of the cells by the rim of the plates.
Plates were irradiated for 0, 40, 80, 120 or 180 sec with
UV-B (1.83 W m™% for spectrum see Fig. S1) from seven
tubes (Ultraviolet-B TL 40W/12 RS; Philips, Amstelplein,
Netherlands) and incubated afterwards in darkness or
illuminated for 1 h with white light (OSRAM 36W/11
TL LUMILUX daylight, distance between plates and light
field: 43 cm) followed by incubation in the dark for
48 h. Colonies were counted to determine the survival
rate.

RNA isolation, qRT-PCR, and microarray
analysis

RNA was extracted using TRIzol Reagent (Life technolo-
gies, Darmstadt, Germany). For microarrays, 6 pg RNA
were treated with 1 pL Precision DNase (Primerdesign,
Rownhams, UK) and purified using an RNeasy Mini Kit
(Qiagen, Hilden, Germany). Labeling of 100 ng RNA and
hybridization on custom-designed Affymetrix chips
(Eichhorn et al. 2006) was achieved with the GeneChip
3" IVT PLUS Reagent Kit (Affymetrix, Cologne, Germany)
using the protocol FS450_0001 at the GeneChip Fluidics
Station and the instructions of the Affymetrix GeneChip
Command Console for the GeneArray Scanner.

The microarray data were analyzed using the Partek
Genomics Suite version 6.12. Expression values were nor-
malized using the RMA method. Criteria for significance
were a corrected P-value (per sample) with an FDR of
0.05 and a fold change of >2. Differentially expressed
genes were calculated by a one-way ANOVA. Array data
are based on three biological replicates.

To verify microarray results, selected genes were analyzed
by quantitative RT-PCR. Therefore, 2 pg of RNA were
treated with 1 pL of Precision DNase, and then, cDNA
was synthesized using the Precision nanoScript Reverse

© 2015 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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Transcription Kit (both from Primerdesign, Rownhams,
UK). Quantitative RT-PCR was performed on a Rotor-
GeneQ cycler (Qiagen, Hilden, Germany) using the
SensiFast SYBR No-ROX-Kit
Germany). Cycling conditions were 3 min 95°C, followed
by 45 cycles of 5 sec 95°C, 10 sec 60°C, 30 sec 72°C,
and an increase in temperature from 72°C to 95°C for

(Bioline, Luckenwalde,

melting analysis.

Yeast-two-hybrid studies

The Matchmaker two-hybrid system from Clontech (BD
Biosciences Clontech, Palo Alto, CA) was used to study U.
maydis White collar protein interactions. The Saccharomyces
cerevisiae strain Y190 was cotransformed with pAS2- and
PACT2- derived plasmids. pAS2 was used to express Wcol
or Wco2 as fusions to DNA binding domain (BD), and
Wcol or Wco2 were expressed as fusions to the activation
domain (AD) of GAL4 in pACT2. Double transformants
were selected on minimal medium lacking leucine and
tryptophan (-L, -W), and subsequent spotting of cell sus-
pensions on the same medium (as control) or minimal
medium lacking leucine, tryptophan, and histidine and
containing 3AT (3-amino-1,2,4-triazole). The protein in-
teractions were determined by growth on selective medium.
The activation of $3-galactosidase was tested with X-gal as
substrate by a filter lift assay (Mockli and Auerbach 2004).

Fluorescence microscopy

Ustilago maydis cells from logarithmic phase grown in
YNB-SO, medium with 2% glucose were mounted on
agarose padded slides. Fluorescence microscopy was per-
formed on a Zeiss Axiovert 200 microscope system using
a CCD camera. Image acquisition was performed using
Improvision Volocity software and processed on Image].
Staining of nuclei with Hoechst 33,342 dye was done as
described before (Kangatharalingam and Ferguson 1984).

Construction of E. coli expression vectors
and expression of recombinant proteins

The synthetic ¢cDNA encoding U. maydis cryl (Life
Technologies) was cloned using Kpnl and Sacl sites into
pET51b expression vector (Novagen/Merck, Darmstadt,
Germany) and expressed as 10xHis- and Strep-tagged
protein in E.coli Bl21 (DE3) cells (Table S4). Cells were
grown in autoinduction medium (0.5% yeast extract, 1%
tryptone, 1 mmol L' MgSO,, 25 mmol L™! (NH,),SO,,
50 mmol L' KH,PO,, 50 mmol L' Na,HPO,, 0.5%
glycerol, 0.05% glucose, 0.2% a-lactose) at 20°C for 40 h.

The ¢cDNA encoding U. maydis cry2 was cloned using
Sall and Notl sites into pET51b expression vector and
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expressed as 10xHis- and Strep-tagged protein in E. coli
Arctic Express cells. Cells were grown in LB (lysogeny broth)
medium (0.5% yeast extract, 1% tryptone, 1% NaCl). Protein
expression was induced by the addition of 1 mmol L7!
IPTG and cells were further incubated for 16 h at 16°C.

The cDNA encoding U. maydis phr2 was cloned using
Kpnl and Notl sites into pET51b expression vector and
expressed as 10xHis- and Strep-tagged protein in E. coli
Rosetta (DE3) cells. Expression was as for Cryl.

The cDNA encoding U. maydis phrl was cloned using
Ncol and Notl sites into a modified pET21d expression
vector (Hothorn et al. 2011) and expressed as 7xHis- and
Strep-tagged SUMO fusion protein in E.coli BL21 (DE3)
cells. Cells were grown in TB (Terrific Broth) medium
(2.4% vyeast extract, 1.2% tryptone, 0.4% glycerol,
17 mmol L~! KH,PO,, 72 mmol L' K,HPO,) at 25°C
for 20 h. Primers for cloning of CPF members in expres-
sion vectors are listed in Table S5.

The same procedure of cells harvesting, cell lysis, and
purification of recombinant CPF proteins was applied as
described previously (Pokorny et al. 2005). In brief, the
protein was purified by two chromatographic steps. For
the first step, Nit2-affinity chromatograph (GE Healthcare,
Munich, Germany) was used. The proteins were eluted by
a linear gradient of imidazole from 10 to 500 mmol L~}
For the second heparin HiTrap column purification step
(GE Healthcare, Munich, Germany), the protein was eluted
by a linear gradient of NaCl from 0.2 to 2 mol L7\

Photoreduction of CPF proteins

10 pmol L1 of proteins were illuminated with blue light
(Cryl: 450 nm, 10 nm FWHM, 50 gmol m~2 sec”}; Cry2:
450 nm, 10 nm FWHM, 64 ymol m~2 sec™!; Phr2: 439 nm,
10 nm FWHM, 38 pmol m~2 sec”!; Phrl: 450 nm, 10 nm
FWHM, 100 pmol m™2 sec™!) in the presence of
10 mmol L™! DTT at 15°C for 30, 45, or 60 min. The
final buffer conditions were 50 mmol L~! Na-phosphate
pH 7.5, 200 mmol L~! NaCl, 10% glycerol. During the
blue light illumination, absorption changes were monitored
using UV-Vis spectrophotometer (UV-240 1 PC; Shimadzu,
Neufahrn, Germany).

DNA repair assays

For the photorepair of T<>T dimers in dsDNA by Phrl, a
restriction site restoration assay was used as described before
(Pokorny et al. 2008). The reaction contained 40 nmol L1
Phrl, 2 nmol L' oligoLAMRA (for sequence see Table S6),
2 mmol L' DTT, 10% 10 x buffer O (Fermentas/Fisher
Scientific, Schwerte, Germany), 10% glycerol. Samples were
placed in a Quartz Suprasil cell (Hellma GmbH & Co.KG,
Miillheim, Germany) and irradiated with UV-A (365 nm,
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88 umol m=2 sec’!) at 15°C. The control was stored in
darkness at 15°C. After the blue light treatment, the samples
were incubated at 95°C for 10 min to inactivate Phrl and
annealed with oligoCT (40-mer fully complementary strand
to oligoLAMRA; for sequence see Table S6). In the next step,
samples were incubated with VspI (Fermentas/Fisher Scientific)
at 37°C for 60 min, afterwards Vspl was inactivated at 65°C
for 20 min. The reactions were mixed with formamide load-
ing buffer (95% formamide, 20 mmol L~! EDTA pH 7.5)
and loaded on polyacrylamide gels containing 7 mol L™
urea. Samples were heated at 95°C for 10 min before load-
ing. Afterwards, the gel was scanned and analyzed using the
Odyssey” Infrared Imaging System (Li-Cor Biosciences, Bad
Homburg, Germany). Percentage of repaired probe was cal-
culated as described previously (Pokorny et al. 2008).

To study repair of (6—4)-photoproducts by U. maydis
Phr2, and repair of T<>T by Cryl, Cry2, and Phrl, an
18-mer oligodT (Eurofins MWG Operon, Ebersberg,
Germany) was used. To generate (6—4)-photoproducts,
100 pymol L7! oligo(dT),4 in TE buffer (10 mmol Lt
Tris-HCl, pH 7.5, 1 mmol L™! EDTA) was irradiated
(spectrofluorophotometer RF-5301PC; Shimadzu) with A
260 nm (22 pmol m~2 sec™!) for 135 min at 15°C. To
generate the CPD lesion, oligo(dT),; in TE buffer
(10 mmol L™!Tris-HCl pH 7.5, 1 mmol L™! EDTA) was
irradiated with UV transilluminator (TF-20 mol L~}; Vilber
Lourmat, Eberhardzell, Germany) as described previously
(Pokorny et al. 2008). During irradiation, absorption
changes at 265 nm and 325 nm were monitored spec-
troscopically (Gene Quant 1300, GE Healthcare). Decrease
in 265 nm absorption originates from formation of both
CPDs and (6—4)-photoproducts, increase in 325 nm ab-
sorption from formation of (6—4)-photoproducts (Kim
and Sancar 1991; Yamamoto et al. 2013).

Repair assays of Phr2 contained 33 ymol L™! oligo(dT), 4
with 4 CPDs (T<>T) and 1 T(6-4)T lesion per oligonu-
cleotide in average and 0.7 ymol L™! prephotoreduced (fully
reduced flavin state) U. maydis Phr2. Repair assays of Cryl
and Phrl contained 5 ymol L™ oligo(dT), with 2.6 (Cryl)
or 4.4 (Cry2 or Phrl) thymine dimers (T<>Ts) lesion per
oligonucleotide in average, 50 nmol L™! or 100 nmol L'
prephotoreduced (fully reduced flavin state) purified protein.
The final buffer conditions were 50 mmol L~! Tris-HCI
pH 7.5, 50 mmol L' NaCl, 10% glycerol, 10 mmol L'
DTT. Samples were placed in a Quartz Suprasil cell (Hellma
GmbH & Co0.KG) and irradiated with UV-A (385 nm,
100 pmol m~2 sec™!) by the spectrofluorophotometer (RF-
5301PC; Shimadzu) at 15°C. Spectra in the 240-450 nm
range (Gene Quant 1300; GE Healthcare) were taken at
different time points. Decrease in A,,. was used to obtain
the molar amount of repaired (6—4)-photoproducts, increase
at A, for repair of T<>T (Kim and Sancar 1991). UV-
A-treated reactions without enzyme served as control.

© 2015 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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Results

Ustilago maydis contains ten photoreceptor
candidate genes

Searching the U. maydis genome database [http://pedant.
helmholtz-muenchen.de/pedant3htmlview/pedant3view?!M
ethod=analysis&Db=p3_t237631_Ust_maydi_v2GB] for
genes encoding putative photoreceptors revealed 10 genes
fitting this criterion (Fig. 1). Four among these genes
categorized to the CPF encoding two DASH-type cryp-
tochromes (cryl, um01131; cry2, um05917), a class I CPD-
photolyase (phrl, um06079), and a (6—4)-photolyase (phr2,
um02144). Among the other candidates, um03180 (wcol)
encodes a protein with the typical domain organization
of White collar 1. Wcol does not contain a zinc-finger
motif, which is typically present in other fungal clades,
but not in Basidiomycetes (Idnurm and Heitman 2005).
The PAS-like domain in Wcol contains a GKNCRFLQ
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motif, which is typical for LOV domains to bind the
light-sensitive flavin chromophore (Swartz and Bogomolni
2005). The second gene annotated as a wc-I homolog
(um02052) in the Ustilago database does not contain the
typical hallmark of a LOV-domain. Thus, we did not
consider this gene as a photoreceptor candidate. A wc-2
homolog (wco2) is present in U. maydis, which is encoded
by um02664. In addition, U. maydis encodes a protein
with all characteristics of a fungal phytochrome (phyl,
um05732). Moreover, there are three opsin-like genes (ops1,
um02629; ops2, um00371; ops3, um04125) in the U. maydis
genome, which have been partially characterized (Estrada
et al. 2009) and sometimes also annotated as small heat
shock proteins (Ghosh 2014). Surprisingly, U. maydis also
contains a BLUF-domain protein encoded by um00188
(blfl1) as noticed before (Herrera-Estrella and Horwitz
2007). BLUF-domain proteins act as photoreceptors and
are widely distributed in the bacterial kingdom (Losi and
Girtner 2012), but have not been described in other
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Figure 1. Domain structure of predicted light-responsive proteins of U. maydis. Abbreviations are: PHR, Photolyase homology region; PAS, Per/
Arnt/SIM domain; GAF, cGMP-specific phosphodiesterase/Anabaena adenylate cyclase/E. coli FhIA domain; PHY, phytochrome-specific domain; HKD,
histidine kinase domain; RRD, response receiver domain; LOV, Light/Oxygen/Voltage domain; ZnF, zinc-finger domain; OPS, opsin domain; BLUF, blue
light sensing using FAD domain. The numbers indicate the length of the proteins in amino acids.
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eukaryotes, except U. maydis and Euglenoids (Iseki et al.
2002). BLAST search revealed that BLUF-proteins can also
been found in species closely related to U. maydis such
as U. hordei, Sporisorium reilianum, Pseudozyma sp., and
Melanopsichium pennsylvanicum.

In order to test the expression and response to blue
light exposure of the 10 candidate genes, as well as of
weo2, we performed qRT-PCR on RNA isolated from U.
maydis wild-type cells grown in darkness or treated with
blue light for 60 min. All candidate genes except ops3
were expressed under these experimental conditions
(Fig. 2), and all except phyl, wcol, wco2, and bIf] were
induced by blue light.

Ustilago maydis is responsive to blue light

Responsiveness to blue light is well documented for several
fungal species such as N. crassa, P. blakesleeanus, A. nidu-
lans, and F. fujikuroi (Herrera-Estrella and Horwitz 2007;
Idnurm et al. 2010; Rodriguez-Romero et al. 2010). In
order to investigate blue light-mediated responses in U.
maydis, transcriptome analysis was performed using
Affymetrix-based microarrays (Kdamper et al. 2006).
U. maydis wild-type cells were grown in continuous dark-
ness or treated with blue light at a fluence rate of
30 pmol m~2 sec™! for 60 min. Extracted RNA samples
of three biological replicates were labeled and hybridized
to the microarray chips. Normalization and statistical
analysis of the expression data identified 61 transcripts
being differentially regulated between dark and light-treated
samples (=twofold difference in expression; P < 0.05)
(Table 1). While only one gene was downregulated, 60
genes were transcriptionally induced, corresponding to
about 1% of the 5824 U. maydis genes represented on
the microarray. Among the upregulated genes were three
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of the four CPF members namely phrl (um06079), cry2
(um05917), and phr2 (um02144) with fold-induction values
of 20.8, 9.5, and 5.2, respectively (Table 1).

Blue light induction of the CPF members was confirmed
by gRT-PCR (Fig. 3). Although the values of induction
differed between the two techniques, transcript levels of
phrl, cry2, and phr2 were significantly higher in blue
light-exposed cells than in cells grown in darkness.
Moreover, qRT-PCR data showed a weak (2.4-fold), but
significant induction of cryl (Fig. 3) that was not seen
in the microarray analyses. These data demonstrate that
U. maydis is responsive to blue light and that all members
of the CPF are upregulated by blue light.

White collar 1 acts as a blue light
photoreceptor in U. maydis

In N. crassa, WC-1 is forming together with WC-2, a
photoresponsive transcription factor complex (WCC) which
regulates gene expression in a light-dependent fashion (Chen
et al. 2010). The role of the orthologous genes wcol and
wco2 in light responses has not been investigated in U.
maydis so far. We analyzed the transcriptome of U. maydis
wild-type versus Awcol deletion mutant cells in dark-grown
and under blue light-treated conditions. Only eight genes
showed blue light-induced differential expression in the
Awcol mutant at a significant threshold level above two
(Table 1). All of these eight genes were induced and belong
to the strongly induced genes in the wild type. However,
the fold induction of these genes was much smaller in
Awcol than in the wild-type. To reaffirm the array data,
we quantified the transcript levels of the CPF members
by gRT-PCR. As shown in Figure 4, the blue light-driven
transcript induction in Awcol was either completely abol-
ished (cryl, cry2, phr2) or strongly reduced (phrl).
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Table 1. Blue light-controlled genes of Ustilago maydis wild-type and Awco1 mutant.

Gene Annotation Blue light induction wild-type  Blue light induction Awco1
um10690 Hypothetical protein 121.84 4.48
um02629 Related to YRO2 - putative plasma membrane protein, 79.87 -
transcriptionally regulated by Haalp
um10676 Conserved hypothetical protein 59.23 -
um02723.2 Probable mfs-multidrug-resistance transporter 45.01 7.70
um00286 Hypothetical protein 34.91 5.62
um10657 Conserved hypothetical protein 32.43 8.37
um05328 Conserved hypothetical protein 31.79 10.88
um11403 Conserved hypothetical protein 27.64 -
um10208 Conserved hypothetical protein 23.63 3.64
um06079 Related to deoxyribodipyrimidine photolyase PHR 20.78 6.91
um10865 Conserved hypothetical protein 19.32 3.12
umO00371 Related to Opsin-1 17.24 -
um01815 Related to carbonyl reductase 16.93 -
umO00719 Hypothetical protein 13.70 -
um11249 Related to cyclopropane-fatty-acyl-phospholipid synthase 13.16 -
um03485 Conserved hypothetical protein 12.31 -
umo4575 Conserved hypothetical protein 11.73 -
um10868 Conserved hypothetical protein 11.18 -
um05917 Related to deoxyribodipyrimidine photolyase 9.52 -
umo4712 Related to N-methyltransferase 9.31 -
um03016 Conserved hypothetical protein 7.14 -
um00205 Related to HSP12-heat shock protein 6.90 -
um06063 Related to GAD1 - glutamate decarboxylase 6.64 -
umO00573 Conserved hypothetical protein 6.25 -
um03556 Conserved hypothetical protein 6.06 -
umO00749 Related to lipase 5.97 -
um11229 Conserved hypothetical protein 5.87 -
um06119 Conserved hypothetical protein 5.61 -
um03994 Probable PDC1 — pyruvate decarboxylase, isozyme 1 5.56 -
umo04742 Related to stomatin 5.52 -
umO03779 Related to galactinol synthase 5.39 -
um02070 Conserved hypothetical protein 5.32 -
um02144 Related to deoxyribodipyrimidine photolyase 5.17 -
um04005 Conserved hypothetical protein 4.82 -
um10062 Related to monooxygenase 4.80 -
um05961 Probable alpha-methylacyl-coa racemase 4.42 -
umo4724 Conserved hypothetical protein 3.92 -
um03177 Related to peroxisomal membrane protein 20 3.83 -
um10002 Related to NADH-dependent flavin oxidoreductase 3.80 -
um04922 Related to 2,5-diketo-D-gluconic acid reductase 3.63 -
um10540 Related to blue-light-inducible Bli-3 protein 3.61 -
umo02161 Conserved hypothetical protein 3.58 -
um03506 Conserved hypothetical protein 3.56 -
um02876 Conserved hypothetical protein 3.43 -
um11978 Conserved hypothetical protein 3.42 -
um02721 Conserved hypothetical protein 3.38 -
um05222 Putative protein 3.36 -
um02888 Related to ADH6 - NADPH-dependent alcohol dehydrogenase 3.35 -
um01351 Putative protein 3.29 -
um10780 Conserved hypothetical protein 3.20 -
um10692 Putative protein 3.16 -
umO01728.2 Conserved hypothetical protein 2.90 -
um04749 Conserved hypothetical protein 2.89 -
um04947 Putative protein 2.78 -
um10392 Conserved hypothetical protein 2.75 -
umO01185 Conserved hypothetical protein 2.73 -
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Table 1. (Continued)
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Gene Annotation Blue light induction wild-type  Blue light induction Awco1
um06428 Related to Thiamine-repressible acid phosphatase precursor 2.68 -
um03073 Related to GTT1 — glutathione-S-transferase 2.64 -
umO01724 Conserved hypothetical protein 2.58 -
um10207 Related to AMD?2 - acetamidase 2.34 -
um04910 Conserved hypothetical protein -3.20 -
Members of the cryptochrome/photolyase family (CPF) are highlighted.
45 7 45 1 m Wild-type
20 m Awco1
401 0 Awco?2
35 25 | @ Awco1 P,-gfp:wcot
°© e
> 30 1 _—
] [ J
-0_5_ E 30 g
= 25 1 ‘E.
3 = 25 1 :I;
& 201 @
= S 201
T 15 =
4 e
& 151
10 1
10 -
5 B
o i : , 5 & o
cryt cry2 phr1 phr2
o) Mha- . . .
Figure 3. Expressions of cryptochrome/photolyase genes are induced cryl cry2 phr1 phr2

by blue light. Transcript levels of the U. maydis CPF members were
quantified by gRT-PCR in samples from wild-type cells grown in
darkness or treated for 1 h with blue light (471 nm, 30 umol m~2 sec™").
Given are the values of light samples normalized against the dark
control. Data represent mean and standard errors from three biological
replicates.

To exclude the possibility that deletion of wcol had
caused some side effects, we transformed this strain with
a P, cgfprweol construct and tested for complementation
of the Awcol phenotype. The ectopic expression of Wcol
could revert the blue light-induced transcripts similar to
wild-type levels (Fig. 4). Together, these data clearly show
that Wcol is the main blue light photoreceptor in U. maydis
at least under the applied experimental conditions. Since
Awcol still shows induction of a few genes, we assume
that other and so far undefined blue light photoreceptors
exist in U. maydis.

To figure out whether Wcol requires functional Wco2
also in U. maydis, wco2 knockout mutants were constructed
and analyzed for blue light induction of CPF members.
Indeed, the expression levels of these genes were reduced
in Awco2 cells to a very similar extent as in Awcol (Fig. 4).
This supports the notion that in U. maydis, Wcol oper-
ates together with Wco2 as a blue light-dependent tran-
scription factor.
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Figure 4. Blue light induction of cryptochrome/photolyase genes is
controlled by Wco1. Shown are transcript levels quantified by gRT-PCR
of cells irradiated with blue light (471 nm, 30 pmol m=2 sec™')
normalized against dark controls of the respective genotype. Analyzed
genotypes were wild-type (black bars), Awco1 (gray bars), Awco2 (white
bars), and Awco7 complemented with GFP-Wco1 (hatched bars). Given
are means and standard errors (n = 3).

White collar 1 and White collar 2 localize to
the nucleus and function as a complex

We used the yeast-two-hybrid (Y2H) system to test for
Wcol/Wco2 complex formation. weol and wco2 were fused
to the Gal4-activation domain (AD-X) or the DNA-binding
domain (BD-X) in all possible combinations (Fig. 5A).
Whereas coexpression of BD-Wcol with the empty AD-
vector did not show activation of the [B-galactosidase
reporter, the BD-Wco2/empty AD-vector combination did
so. This indicates that Wco2 has transactivation activity,
which is typical for a transcription factor. When fused
to the Gal4-AD, Wco2 did not show activation of the
reporter and selection marker. Thus, the AD-Wco2 con-
struct was used to study interaction between Wcol and
Wco2. Indeed, we observed activation of the His and
lacZ reporter genes with the AD-Wco2/BD-Wcol

© 2015 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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combination (Fig. 5A) clearly demonstrating direct inter-
action between Wcol and Wco2. Moreover, activation of
the reporters in yeast cells expressing the AD-Wcol/BD-
Wcol combination indicates homooligomerization of

(A) o
Y2H plasmids expressing —L,-W -H, +AT  +X-gal
AD DBD
AD | | DBD-Wcol
AD | | DBD-Wco2
Wco1l-AD -DBD.
Wrco2-AD | | DBD
Wcol-AD | | DBD-Wcol
Wco2-AD | | DBD-Wco2 “w
Wco2-AD | | DBD-Wcol
| Weo1-AD | | DBD-Weo2
[ sva0 T-AD | | DBD-ps3 |
(B) Phase contrast Hoechst Fluorescence

GFP-Wcol

mCherry-Wco2

Figure 5. Ustilago maydis Wco1 and Wco2 are nuclear proteins and
interact with each other. (A) Wco1 or Wco2 proteins were expressed as
fusions of GAL4 activation domain (AD), GAL4 DNA-binding domain
(BD) and their interactions were tested by yeast- two-hybrid assay. Yeast
transformants were spotted on minimal medium lacking indicated
amino acids, along with positive control plasmids provided by the
supplier. The positives for protein—protein interactions were determined
by growth on selective medium SD,-L,-W,-H with 3-aminotriazole (3-AT)
and activation of the B-galactosidase was tested with the X-gal substrate
by a filter lift assay. (B) Wco1 and Wco2 were expressed in U. maydis
wild type as a fusion to the C-terminus of a fluorescent protein from a
constitutive otef promoter. Fluorescence microscopic images showing
exclusive or enriched nuclear localization of GFP-Wco1 and mCherry-
Woco2, respectively, and the phase contrast images. Nuclei were
visualized by Hoechst 33,342 dye staining. Bar, 5 um for all pictures.
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Wcol. Whether Wco2 also can form oligomers could not
be tested by our Y2H because of the above mentioned
transactivation activity of the BD-Wco2 fusion.

Light-induced gene activation by WCC in N. crassa
is mediated by direct binding of WCC to light-responsive
elements in the promoter regions of the induced genes
(Crosthwaite et al. 1997; Chen et al. 2009). Therefore,
we tested whether Wcol and Wco2 also localized to the
nucleus in U. maydis. Constructs of Wcol fused with
GFP (GFP-Wcol) and of Wco2 fused with mCherry
(mCherry-Wco2) driven by the constitutive otef promoter
(Hartmann et al. 1999) were stably expressed in U.
maydis wild-type cells. Fluorescence microscopic studies
showed nuclear localization of GFP-Wcol (Fig. 5B).
Signals of mCherry-Wco2 were detected both in the
nucleus and in the cytosol (Fig. 5B). Taken together,
these studies demonstrate that U. maydis Wcol and
Wco2 form a WCC acting as a nuclear blue light pho-
toreceptor similar as in other fungal species (Chen et al.
2010).

CPD- and (6-4)-photolyases contribute to
UV-B tolerance of U. maydis

U. maydis is known to be highly resistant to UV-B and
ionizing radiation. Its efficient recombination repair also
is well documented (Holloman et al. 2007, 2008). However,
it was not known whether photolyase-mediated photore-
activation contributes to the UV-tolerance of U. maydis.
We use the term photoreactivation in its original defini-
tion (Kelner 1949) as an increase in the number of sur-
viving cells as a consequence of UV-A or visible light
given after UV-B exposure. The fact that U. maydis pos-
sess four members of the CPF prompted us to analyze
whether U. maydis is able to photoreactivate, and if so,
which role each of the CPF members plays in this
process.

To test for photoreactivation, wild-type cells were spread
on PD-plates, irradiated with UV-B and subsequently
transferred to darkness or allowed for photoreactivation
under white light for 1 h followed by 48 h incubation
in the dark. Colony counting showed a decrease in survival
rate at higher UV-B doses. By contrast, survival rates
were strongly increased when cells were incubated with
white light after UV-B treatment (Fig. 6A). This result
unambiguously shows photoreactivation by U. maydis. To
find out which one of the four CPF members is required
for photoreactivation, deletion mutants for each gene were
generated and their survival rates analyzed after UV-B
irradiation followed by dark incubation or white light
treatment (Fig. 6B). Wild-type cells, Acryl, and Acry2
showed undistinguishable photoreactivation behavior, sug-
gesting that none of the DASH-type cryptochromes
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Figure 6. Photoreactivation of Ustilago maydis is mediated by Phr1 and
Phr2. (A) Survival rate of U. maydis wild type treated with increasing
doses of UV-B (for spectrum see Fig. S1). Cells were exposed to UV-B
with irradiation times indicated and transferred directly to darkness
(solid line) or allowed for phototoreactivation (broken line). (B) Survival
rate of wild-type and CPF member mutants treated with UV-B for 40 sec
and given no (black bars) or 1 h photoreactivating light (white bars).
Data of biological replicates as indicated (n = 3-8). Wild-type and CPF
mutants Aphr1, Aphr2, Acry1, and Acry2.

contributes to photoreactivation of U. maydis. In contrast,
disruption of phrl completely abolished photoreactivation
(Fig. 6B). This demonstrates that the encoded protein
plays an essential role in photoreactivation of U. maydis.
The mutant of phr2 had an intermediate phenotype be-
tween wild-type and the CPD-photolyase mutant (Fig. 6B),
indicating that repair of CPD-lesions by CPD-photolyase
in U. maydis has a priority over the repair of
(6—4)-photoproducts by the (6—4)-photolyase.

U. maydis CPF members bind flavin, are
photoactive and repair UV-lesions in vitro

Data shown in Fig. 6 strongly suggest that at least the
predicted CPD- and (6-4)-photolyase have an in vivo
function as DNA repair enzymes in U. maydis. One es-
sential prerequisite for a photolyase is binding of the
FAD cofactor. If this cofactor is not in the fully reduced
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anionic state (FADH™), which is the only known catalytic
state upon photoexcitation, its reduction or photoreduc-
tion becomes likewise essential (Sancar 2003). To test
for the presence of cofactors and observe FAD-
photoreduction, the four CPF members of U. maydis
were expressed and purified as His- and Strep-tag fusions
from E. coli. All proteins were purified close to homo-
geneity in soluble form and had the expected molecular
masses (Fig. S2A). The identity of the proteins was further
confirmed by immunoblotting using His-tag antibodies
and mass spectrometry (data not shown). UV-Vis absorp-
tion spectroscopy showed that the four CPF members
bind chromophores as seen by the absorbance in UV-A
and the visible range of the spectrum (Fig. S2B-E).
Absorbance in the range between 440 nm and 500 nm
with fine structures and peaks at around 445 nm and
shoulders around 470 nm is typical for the fully oxidized
state of FAD (Zirak et al. 2009). A strong and higher
absorbance than in the 450 nm range was observed for
Cry2, Phrl, and Phr2 at around 380 nm (Fig. S2C-E).
Usually, this is typical for protein-bound MTHF, a com-
mon antenna of photolyases (Sancar 2003). In case of
Cryl, we observed in the 380 nm range a peak of similar
height as in the 450 nm range (Fig. S2B). This indicates
that U. maydis Cryl does not bind MTHF in contrast
to Cry2 and Phrl. The absorption spectrum of Phr2 in
the 330 nm—400 nm region (Fig. S2E) does not fit well
with that of MTHF-binding CPF members and suggests
the presence of an unknown cofactor that needs to be
identified in the future. Ilumination with blue light re-
sulted in absorption changes in all four CPF members
(Fig. S3). These changes are consistent with lifetimes of
fully oxidized FAD in the range of minutes and with
the formation of fully reduced flavin (FADH™/FADH,).
Reoxidation to FAD__ was much slower and occurred in
the range of hours (data not shown). Together, these
data proved that all CPF members of U. maydis bind
FAD. Methenyltetrahydrofolate (MTHF) is the second
cofactor of Cry2 and Phrl. Moreover, photoreduction
studies showed that all CPF members reduce FAD__ to
fully reduced FADH/FADH, and thus are photoactive
proteins.

We went ahead to characterize the U. maydis CPF
members for their ability to repair pyrimidine dimers.
DASH-type cryptochromes are known to repair CPDs
in single-stranded DNA (ssDNA), but not in double-
stranded DNA (dsDNA) (Selby and Sancar 2006). We
performed in vitro assays to observe repair of CPDs in
a single-stranded (ss) oligo(dT),s. The assays were per-
formed in the presence and absence of photoreactivating
light. Both, Cryl (Fig. 7A) and Cry2 (Fig. 7B) showed
repair activity of CPDs exclusively in the light-exposed
samples. Thus, U. maydis Cryl and Cry2 behave similar
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to other DASH-type cryptochromes with regard to repair
of CPDs in ssDNA. Further, we tested the ability of
Phrl to repair CPDs in ssDNA and dsDNA probes. As
expected from the severe phenotype of the U. maydis
Aphrl mutant (Fig. 6B), we observed light-driven repair
of CPDs in ssDNA (Fig. 7C) as well as in dsDNA (Fig. 7D),
thus assigning Phrl a canonical class I CPD-photolyase.
Likewise, the ability of the predicted (6—4)-photolyase
to repair (6—4)-photoproducts was analyzed by an in
vitro assay using (6—4)-lesion-containing substrate. We
observed light-driven repair of (6—4)-photoproducts
(Fig. 7E) confirming that phr2 encodes a functional
(6—4)-photolyase.

Wco1 contributes to UV-tolerance of
U. maydis

The light-induced upregulation of CPF members seen in
wild-type is significantly reduced or even abolished in
the Awcol mutant (Table 1, Fig. 4). This provoked us
to address the question whether the UV-tolerance of U.
maydis is reduced in the Awcol mutant. Compared to
wild type, the survival rate of Awcol under UV-B is
strongly reduced. However, Awcol shows an increased
survival rate in light compared to darkness, indicating
that its total capacity to survive the UV-B treatment is
reduced, but not completely abrogated (Fig. 8). As ex-
pected, the AphriAphr2 double mutant showed a similar
survival rate in light and darkness confirming the in vitro
data and supporting the concept that cry-DASHs play no
obvious role in photoreactivation of U. maydis. We con-
clude that the reduced expression of phrl and phr2 in
the Awcol mutant (Fig. 4) is one of the important factors
responsible  for its increased against
UV-radiation.

sensitivity

Discussion

In contrast to several other fungal species, there are only
few publications addressing the question of how U. maydis
responds to light (e.g., Estrada et al. 2009). Moreover,
none of the known photoreceptor systems has been ana-
lyzed in this fungus. Therefore, this study aims to set
the basis for a future photobiology of U. maydis. U. maydis
has the full set of photoreceptors known from other fungi,
and, in addition, a gene encoding a BLUF-domain protein
(BIf1) which is very uncommon to eukaryotes (Fig. 1).
This is in contrast to the basidiomycete C. neoformans,
which encodes only three photoreceptor candidates (BWCI,
PHY1, and OPSI) (Idnurm and Heitman 2005).
Importantly, we could verify the expression of nine of
the ten putative photoreceptor candidates in U. maydis
wild types (Fig. 2). The only photoreceptor candidate
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whose expression was not detected (um04125), previously
described as ops3 (Estrada et al. 2009), is annotated as
a heat shock protein. While this gene is not expressed
in axenic cultures, it was found to be strongly induced
during host infection (Ghosh 2014).

Most of the photoreceptor candidate genes in U. maydis
are predicted to bind flavin (Wcol, CPF members, Blf1)
and thus should absorb in the UV-A/blue-light region of
the spectrum. Therefore, we decided to test specifically
the global transcriptional response of U. maydis to blue
light, and identified 60 genes induced and one gene re-
pressed by blue light based on a twofold threshold level
(Table 1). The number of blue light-controlled genes in
U. maydis is much higher than in C. neoformans using
the same approach and stringent cutoff, which revealed
only one gene encoding ferrochelatase to be controlled
by white light (Idnurm and Heitman 2010). In N. crassa,
5.6% of the total detectable transcripts are under control
of white light including those of early and late responding
genes (Chen et al. 2009). We assume that the real number
of light-responsive genes in U. maydis is higher than de-
scribed here for the following reasons: 1. We used a very
stringent cutoff for the analysis of array data; 2. We
checked the specific role of blue light thus excluding ac-
tivation of rhodopsins and phytochrome, which operate
in the green and red spectral range, respectively
(Blumenstein et al. 2005; Brandt et al. 2008; Purschwitz
et al. 2008; Garzia-Martinez et al. 2015); 3. We sampled
only at one time point (60 min) after light on and thus
could have missed transcripts expressed late or very tran-
sient as has been described for N. crassa (Chen et al.
2009). Studies are in progress to identify genes, which
are controlled by other wavebands and/or are expressed
at other time points.

The transcriptional response revealed that only eight
of the 61 blue light-controlled genes in wild-type are
differentially expressed in Awcol mutants (Table 1).
Moreover, these eight genes showed strongly decreased
induction ratios (e.g., um06079: 24-fold in wild-type and
threefold in Awcol). These data unambiguously show that
Wcol has the most prominent role in blue light percep-
tion of U. maydis as in other fungi such as N. crassa
(Chen et al. 2009), C. neoformans (Idnurm and Heitman
2005, 2010), P. blakesleeanus, and M. circinelloides
(Corrochano and Garre 2010). However, the residual blue
light induction of few genes in Awcol suggests presence
of other photoreceptors which also mediate blue light
regulation. We consider the second gene annotated as a
we-1 homolog (um02052) in the Ustilago database as the
most unlikely candidate since the encoded protein does
not contain the conserved GKNCRFLQ motif in its PAS
domain, which is required for binding and covalent link-
age of the light-sensitive flavin chromophore (Swartz and
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Figure 7. CPF members of U. maydis repair UV-lesions in vitro. (A) Kinetics of repair of T<>T in an oligo(dT),5 in the absence or presence of Cry1. The
curves show the calculated molar amounts of repaired T<>T in the different assays: samples containing 50 nmol L=' Cry1 and treated with
photoreactivating UV-A (black squares); samples containing 50 nmol L= Cry1 incubated in darkness (white squares); samples containing no Cry1 and
treated with photoreactivating UV-A (circles). Given are means and standard errors of two independent experiments. (B) Kinetics of repair of T<>T in
an oligo(dT),5 in the absence or presence of 100 nmol L~" Cry2. The curves show the calculated molar amounts of repaired T<>T in the different
assays. Symbols in curves are as in A except that Cry2 was used. Given are means and standard errors of two independent experiments. (C) Repair of
T<>T in ssDNA by 100 nmol L=1 Phr1. Symbols in curves are as in A. (D). Repair of T<>T in dsDNA by Phr1. The curves show the calculated percentage
amounts of repaired T<>T in the different assays: samples containing 40 nmol L~' PHR1 and treated with photoreactivating UV-A (black squares);
samples containing 40 nmol L=" Phr1 incubated in darkness (white squares). Given are means and standard errors of two independent experiments.
(E) Repair of (6-4)-photoproducts by Phr2. Curves show the repair kinetics in the absence (circles) or presence of 0.7 umol L=" Phr2 (squares). Samples

were treated with UV-A to allow repair. Given are means and standard errors of two independent experiments.
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Figure 8. Wco1 contributes to UV-resistance of Ustilago maydis.
Survival rate of U. maydis wild-type, Awco1, and Aphr1/Aphr2 mutants
upon UV-B treatment (330 J m~2) followed by absence (black bars) or
presence (gray bars) of photoreactivating light. Data represented are
means with standard errors from three biological replicates. *Indicates
significant difference (P < 0.05) between light and dark samples of the
same genotype; °Indicates significant difference (P < 0.05) between
wild-type and the mutant of the same light program.

Bogomolni 2005), but we cannot completely rule out its
role as photoreceptor. Other putative blue light photo-
receptors in U. maydis are the four members of the CPF
and the BLUF-domain protein. Moreover, U. maydis en-
codes a protein (um04464.1) with sequence homology to
Dst2 from C. cinerea. Dst2 has a split FAD-binding-4
domain and its mutant is severely affected in blue light
perception (Kuratani et al. 2010). However, FAD-binding
to Dst2 is not documented and we have therefore not
included um04464.1 in our list of putative light-responsive
proteins. A photoreceptor function was shown for cry-
DASH in other fungi including N. crassa, S. sclerotiorum,

© 2015 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.

and F. fujikuroi (Frohlich et al. 2010; Olmedo et al. 2010;
Nsa et al. 2015; Veluchamy et al. 2008; Castrillo et al.
2013) and for the CPD-photolyase in A. nidulans (Bayram
et al. 2008). We cannot exclude that CPF members in
U. maydis also are involved in light regulation, despite
their DNA repair activities demonstrated here. The same
applies for the BLUF-domain protein. This requires further
studies to analyze light responses in mutants of the re-
spective genes. However, the weak response to blue light
of the Awcol mutant clearly shows that such a suspected
role is rather minor at least under the experimental
conditions.

WC-1 in N. crassa is known to form heterodimers with
WC-2 resulting in the white collar complex (WCC), and
to act as light-regulated transcription factor which binds
to light-responsive elements in the promoter regions at
least of early induced genes (Ballario et al. 1996; Crosthwaite
et al. 1997; Chen et al. 2009). The homologous proteins
BWC1 and BWC2 from the basidiomycete C. neoformans
dimerize as well and have a light-dependent role on UV-
resistance and filamentation, but a light-independent func-
tion on virulence (Idnurm and Heitman 2005).
Interestingly, the WC-1 homologs of basidiomycetes lack
a zinc-finger motif in contrast to Ascomycetes (Idnurm
and Heitman 2005) and Mucormycotina such as Phycomyces
(Corrochano and Garre 2010), but the zinc-finger motif
is conserved in WC-2 homologs of all fungal clades in-
cluding basidiomycetes (Fig. 1). Thus, a role of WCC in
DNA-binding and direct transcriptional control of target
genes is very likely also for U. maydis. Indeed, we could
show by fusion with fluorescent proteins that Wcol and
Wco2 localize to the nucleus and form a complex based
on Y2H assays (Fig. 5). Furthermore, our Y2H assays
suggest that Wcol also can interact with itself. Whether
this has biological relevance remains to be clarified.
However, we assume that Wcol requires Wco2 also in
U. maydis because Awco2 has a similarly reduced blue
light response as Awcol (Fig. 4).

We screened the upstream intergenic region of the blue
light-induced and Wcol-regulated CPF genes for the pres-
ence of any potential consensus signature elements using
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the analysis tool “The MEME suite” (Bailey and Elkan
1994). The analyzed data revealed the consensus motif
GATVC....CGATV (where V can be any nucleotide except
T). This motif is present in all upregulated genes except
um03994, um05961, and um02161. The spacing between
the two motifs varies significantly. Thus, the conserved
element in blue light-induced U. maydis genes resembles
the light-responsive element of N. crassa (GATNC....
CGATN) except that N can be any nucleotide (He and
Liu 2005).

Whether the three genes mentioned above are not under
direct control of the WCC remains to be investigated in
the future as well as binding of WCC to this element.

Classification of genes upregulated by blue light into
functional categories revealed that genes involved in cell
rescue, defense, and virulence as well as genes classified
to be involved in interaction with the environment are
overrepresented whereas genes of most other categories
are underrepresented (data not shown). This suggests that
light serves as a signal for U. maydis to adapt to adverse
environmental conditions including exposure to UV-
radiation as described for other fungi (Rodriguez-Romero
et al. 2010; Fuller et al. 2015). Indeed, we found three
of the four CPF members in U. maydis including phrl
and phr2 among the light-induced genes (Table 1). We
confirmed these data by qRT-PCR (Fig. 3) and found an
additional CPF member (cryl, um0I1131) to be 2.4-fold
upregulated by blue light treatment. This raised the ques-
tion whether U. maydis encodes functional photolyases
and in consequence is able to photoreactivate.

Studies with radiation-sensitive mutants of U. maydis
in the early 1970s used the activity of nitrate reductase
as a marker for monitoring DNA repair. They observed
that UV-B-repressed expression of nitrate reductase is
enhanced by UV-A after the UV-B exposure (Resnick
and Holliday 1971). However, the genes involved were
unknown. From our studies, we could confirm their ob-
servation that U. maydis responds to photoreactivating
light, which had a significant positive effect on survival
after UV-B exposure (Fig. 6A). Here, we could demon-
strate that Aphrl and Aphr2 show no and reduced pho-
toreactivation, respectively, whereas the two cry-DASH
(Acryl and Acry2) mutants are identical to wild-type
(Fig. 6B). This supports the notion that Phrl and Phr2
are functional photolyases, and is first clear evidence that
these enzymes mediate photoreactivation of U. maydis.
The fact that we did not observe any difference in pho-
toreactivation between Aphrl single and Aphri1Aphr2 double
mutants suggests that repair of (6—4)-photoproducts by
Phr2 is less important as long as CPDs remain unrepaired.
Compared to wild-type, the survival rate of Awcol mutants
was lower when treated only with UV-B (Fig. 8). At first
glance, this is surprising since this result suggests a role
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of Wcol in darkness. We assume, however, that the re-
sidual UV-A and visible light in the UV-B source (see
spectrum Fig. S1) could allow activation of additional
repair systems. However, transcript profiling gave no sup-
port for such an assumption.

The photolyase function of Phrl and Phr2 was further
supported by our biochemical characterization of the re-
combinant CPF members. The absorption spectra of dark-
incubated samples of all CPFs (Fig. S2) showed peaks or
shoulders at around 450 nm and 475 nm indicative for
the presence of fully oxidized flavin and, more or less
pronounced, absorption in the range between 500 nm and
650 nm indicating the presence of the neutral flavin radi-
cal as seen in other photolyases and cryptochromes (Chaves
et al. 2011). This is clear evidence that the four U. maydis
CPF members bind the flavin cofactor essential for catalysis
in photolyases and light signaling of cryptochromes (Sancar
2003). Moreover, the strong peak at around 380 nm seen
for all U. maydis CPFs except Cryl strongly suggests the
presence of MTHF known to function as antenna chromo-
phore (Chaves et al. 2011) or an unknown cofactor in
case of Phr2. We modeled the structure of U. maydis
Cryl based on the structure of cry-DASH (cry3) from
Arabidopsis thaliana (Klar et al. 2007) and found residues
such as Glul49 of cry3, which is essential for MTHF
binding (Zirak et al. 2009) conserved in Cryl. However,
additional loops in this region could interfere with MTHE-
binding. The UV-Vis spectrum of Phr2 differs from spectra
of known MTHF-binding CPFs. In contrast to the MTHF
peak usually found at around 380 nm, the UV-A peak
of Phr2 is at 369 nm. Furthermore, peaks typical for
FAD__ at 445 nm and 475 nm are superimposed on the
above UV-A peak. This is reminiscent, but not identical
to the case of prokaryotic CPF proteins with iron—sulfur
cluster (Oberpichler et al. 2011) where the absorption
spectrum of FAD__ is superimposed on the spectrum of
a cofactor later identified as 6,7-dimethyl-8-ribityl-lumazine
(Geisselbrecht et al. 2012; Zhang et al. 2013). Given that
a fluorescence analysis of U. maydis Phr2 did not support
the presence of MTHF (data not shown), we conclude
that this protein contains besides FAD an additional co-
factor whose identification must await further studies.

Most importantly, all four U. maydis CPFs respond to
blue light (photoreduction of the flavin cofactor) con-
comitant with formation of fully reduced FAD (Fig. S3)
which is required for photolyase to be catalytically com-
petent (Sancar 2003). Thus, the spectroscopic behavior
of the U. maydis CPF members already suggested that
they might act as photolyase. This was further confirmed
by in vitro repair studies (Fig. 7). Cry-DASH proteins
are known to repair CPDs specifically in single-stranded
DNA (Selby and Sancar 2006; Pokorny et al. 2008). Both
cry-DASHs repaired these lesions in a light-dependent
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fashion to similar extent (Fig. 7A, B). Cry-DASHs have
been described in other fungi, and for some of them, a
minor sensory role was found. For example, they par-
ticipate in the light regulation of development in S. scle-
rotiorum and F. fujikuroi (Veluchamy and Rollins 2008;
Castrillo et al. 2013), and of pigment accumulation in F.
fujikuroi (Castrillo et al. 2013). The photolyase activity
of Cryl and Cry2, described here does not preclude a
sensory function of these proteins. Most genes identified
in our study as blue light controlled are under control
of Wcol, but a few still responded to blue light in the
Awcol mutant (Table 1). Future studies needs to address
which of the photoreceptors including Cryl and Cry2,
regulate induction of light-controlled genes so far uni-
dentified ones from our transcriptome studies.

The DNA repair assays with Phrl were performed with
CPDs present in ssDNA and dsDNA. In contrast to cry-
DASH, canonical CPD-photolyases repair these lesions in
both, ssDNA and dsDNA (Sancar 2003). As expected from
its sequence homology with canonical class I CPD-
photolyases, Phrl repaired CPDs in both substrates (Fig. 7
C, D). This is corroborated by our observation that Aphrl
mutants are deficient in photoreactivation (Fig. 6). In
addition, we observed repair of (6—4)-photoproducts by
Phr2 (Fig. 7E) demonstrating that it is indeed a functional
(6—4)-photolyase. We did not test whether Phr2 repairs
CPDs and whether Phrl repairs (6—4)-photoproducts be-
cause photolyases are known to be very specific for either
one of these substrates (Sancar 2003).

Wcol-dependent induction of phrl and phr2 suggested
that a Awcol mutant might be less resistant to UV-B due
to lower levels of photolyase. Therefore, we tested pho-
toreactivation in Awcol cells and found indeed a much
lower rate of survivors compared to wild-type (Fig. 8).
Nevertheless, Awcol cells still showed a positive effect of
visible light on survival compared to the AphriAphr2
double mutant. This is most likely due to the residual
induction of phrl in the Awcol mutant (Table. 1, Fig. 4).
These data also demonstrate that Wcol is important for
U. maydis to sense adverse environmental conditions in-
cluding such of elevated UV-exposure. Such a role is not
unique to U. maydis since deletion of white collar 1 in
other fungi like the basidiomycete C. neoformans have
been found to cause UV-sensitivity, too (Idnurm and
Heitman 2005; Verma and Idnurm 2013). Moreover, in-
duction of DNA repair enzymes by visible light has been
shown for other fungal species such as the ascomycetes
N. crassa, A. fulmigatus (Fuller et al. 2013), A. nidulans,
(Ruger-Herreros et al. 2011), F. oxysporum (Ruiz-Roldan
et al. 2008), and C. zea-maydis (Yu et al. 2013).

With this study, we aimed to lay the basis for the
photobiology of U. maydis. Further investigations as to
how light affect downstream signaling cascades in U.

© 2015 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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maydis especially with respect to its interaction with the
host plant maize, will be of particular interest.
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