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Institut fuer Biologie und Biotechnologie der Pflanzen, Westfaelische Wilhelms Universitaet Muenster, Muenster, Germanya; UMR BIOGER, INRA, Thiverval-Grignon,
Franceb

Important for the lifestyle and survival of every organism is the ability to respond to changing environmental conditions. The
necrotrophic plant pathogen Botrytis cinerea triggers an oxidative burst in the course of plant infection and therefore needs effi-
cient signal transduction to cope with this stress. The factors involved in this process and their precise roles are still not well
known. Here, we show that the transcription factor Bap1 and the response regulator (RR) B. cinerea Skn7 (BcSkn7) are two key
players in the oxidative stress response (OSR) of B. cinerea; both have a major influence on the regulation of classical OSR genes.
A yeast-one-hybrid (Y1H) approach proved direct binding to the promoters of gsh1 and grx1 by Bap1 and of glr1 by BcSkn7.
While the function of Bap1 is restricted to the regulation of oxidative stress, analyses of �bcskn7 mutants revealed functions be-
yond the OSR. Involvement of BcSkn7 in development and virulence could be demonstrated, indicated by reduced vegetative
growth, impaired formation of reproductive structures, and reduced infection cushion-mediated penetration of the host by the
mutants. Furthermore, �bcskn7 mutants were highly sensitive to oxidative, osmotic, and cell wall stress. Analyses of �bap1
bcskn7 double mutants indicated that loss of BcSkn7 uncovers an underlying phenotype of Bap1. In contrast to Saccharomyces
cerevisiae, the ortholog of the glutathione peroxidase Gpx3p is not required for nuclear translocation of Bap1. The presented
results contribute to the understanding of the OSR in B. cinerea and prove that it differs substantially from that of yeast, demon-
strating the complexity and versatility of components involved in signaling pathways.

Constantly aggravating crop losses worldwide reinforce the
need for research on plant pathogens, such as bacteria, vi-

ruses, fungi, and insect pests. According to fungal pathologists, the
second most severe plant pathogen is the necrotrophic fungus
Botrytis cinerea (1). This ascomycete causes rotting of numerous
agronomically important crops, including, e.g., strawberries,
grapes, and tomatoes (2, 3). Furthermore, serious losses in post-
harvest storage can be recorded due to its tolerance of low tem-
peratures and quiescent growth phases (4, 5). To enter the plant,
Botrytis is able to produce phytotoxic metabolites and to secrete a
set of cell wall-degrading enzymes. During the decomposition of
the host tissue the fungus starts to differentiate melanin-contain-
ing conidia for asexual reproduction and dispersal, giving Botrytis
its common name, the gray mold fungus. In order to protect
against the potential invader, the plant reacts with diverse defense
mechanisms, e.g., the production of plant hormones, phytoalex-
ins or -anticipins, and the induction of an oxidative burst (6, 7).
The latter process was shown to be very effective against biotro-
phic pathogens that rely on living plant tissue; however Botrytis is
a necrotroph and benefits from the accelerated plant decay (8, 9).

Like all organisms, B. cinerea has to cope with constantly
changing environmental conditions, especially during the infec-
tion process, and to evoke the appropriate response to a specific
stimulus, efficient signaling cascades are necessary. The response
to oxidative stress is particularly important in Botrytis cinerea.
Reactive oxygen species (ROS) are formed as a consequence of
normal aerobic metabolism. However, as mentioned above, Bot-
rytis has to cope with enhanced amounts of ROS during the patho-
gen-host interaction produced during the oxidative burst of the
plant. Additionally, it was shown that Botrytis even contributes to
this process by forming its own ROS (10, 11). Therefore, for the
tolerance of ROS, efficient signal processing, transmission, and
responses are needed.

Particularly well characterized are two-component histidine
kinase phosphorelay systems that are involved in the regulation of
several phases of life in bacteria and fungi (reviewed in reference
12). These pathways normally comprise a sensor histidine kinase
(HK), a His phosphotransfer protein (HPt), and a response regu-
lator (RR). The HK serves as a sensor and responds to a stimulus
with the autophosphorylation of a conserved His residue. This
phosphoryl group is transferred in several steps via the HPt to an
Asp residue in the receiver domain of the RR. A well-characterized
two-component signal phosphorelay is the Sln1p pathway in Sac-
charomyces cerevisiae. Hyperosmolarity leads to a reduction of
Sln1p phosphorylation and dephosphorylation of the RR Ssk1p
via the HPt Ypd1p. The dephosphorylated form of Ssk1p is active
and associates with the mitogen-activated protein kinase kinase
kinase ([MAPKKK] Ssk2p/Ssk22p) of the high-osmolarity glyc-
erol (Hog1p) pathway, which in turn activates gene expression of
osmotic stress-related genes (13–15). Accordingly, phosphoryla-
tion of Ssk1 suppresses the Hog1p cascade. The second RR in the
Sln1p pathway, Skn7p, is independent of the MAPK pathway and
involved in cell wall signaling and cell cycle control. In contrast to
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Ssk1p, Skn7p is activated by phosphorylation. However, not all
genes regulated by Skn7p require the aspartyl phosphorylation of
the RR. It could be shown that the response to oxidative stress in
yeast is independent of the Sln1p phosphorelay (16). For the re-
sponse to oxidative stress, Skn7p is phosphorylated at a Ser/Thr
residue and works in concert with the basic leucine zipper (bZip)
transcription factor (TF) Yap1 for gene expression (17, 18). Yap1
is a cytoplasmic protein that translocates to the nucleus under
conditions of oxidative stress. In response to hydrogen peroxide,
the glutathione (GSH) peroxidase Gpx3p mediates the oxidation
of Yap1 by the formation of a disulfide bond between two Cys
residues of the protein. Due to this conformational change, the
nuclear export signal (NES) becomes masked, causing retention
of Yap1 in the nucleus, where it activates gene expression of oxi-
dative stress response (OSR) genes. Many genes encoding key en-
zymes in the OSR were shown to be regulated by Skn7p and Yap1.
Analysis of different promoters showed that the preferred binding
sites of both proteins were present in close proximity (19–23).

Potential orthologs of components of the yeast Sln1p pathway
are also present in B. cinerea. However, the HK with highest ho-
mology to Sln1p, B. cinerea Hhk5 (BcHhk5), is not involved in the
response to osmotic, oxidative, or fungicide stress (Y. Cuesta Are-
nas and J. van Kan, unpublished data). Although there is only a
single HK in S. cerevisiae, B. cinerea possesses more than 20 HK-
encoding genes (24). The evolution of this degree of heterogeneity
in the HK family in filamentous ascomycetes may be a conse-
quence of the need to sense different stimuli during pathogenesis
and be due to their diverse life styles and a diversity of hosts (re-
viewed in reference 12). Bos1 (Botrytis osmosensing 1) was shown
to assume functions to similar to those of the HK Sln1p. Knockout
of this HK results in sensitivity to osmotic stress, resistance to
fungicides, impaired virulence, and loss of conidiation and also
leads to a constitutive activation of the MAPK cascade involving
the stress-activated kinase BcSak1 (25, 26). Furthermore, a single
HPt (Bhpt1) could be identified that seems to integrate all signals
from the different sensor HKs, making this protein central for
signal transduction; it is therefore probably essential in numerous
fungi, such as S. cerevisiae, Neurospora crassa, and Aspergillus ni-
dulans (27–30). Two RRs are also present in B. cinerea. The or-
tholog of Ssk1p, Brrg1, is necessary for the activation of the MAPK
BcSak1. Additionally, brrg1 deletion mutants are sensitive to os-
motic stress and types of oxidative stress and fungicides and are
unable to form macroconidia (31). Interestingly, certain pheno-
types of the bos1 deletion mutant are regulated independently of
Brrg1 and BcSak1. Therefore, an additional effector pathway for
Bos1 is assumed (26). This pathway probably involves the second
response regulator BcSkn7, which was recently identified and
partly characterized in a parallel investigation (32). It was shown
that under osmotic stress BcSkn7 positively regulated phosphor-
ylation of BcSak1; however, phosphorylation and expression anal-
yses showed that regulation of the oxidative stress response prob-
ably is independent of BcSak1 phosphorylation, in a similar
manner to that observed in yeast.

Therefore, the aim of this work is an extensive characteriza-
tion of the RR BcSkn7 and the elucidation of possible connec-
tions to other known transduction pathways, with the key focus
on the oxidative stress response and the interplay with the bZip
TF Bap1.

MATERIALS AND METHODS
Strains and growth conditions. Strain B05.10 of B. cinerea Pers.:Fr. [Bot-
ryotinia fuckeliana (de Bary) Whetzel] is an isolate from Vitis and is widely
used as a standard reference strain (33). The fungus and derived mutant
strains were cultivated on different complex media. Synthetic complete
medium (CM) was prepared according to Pontecorvo et al. (34). For
stress sensitivity assays different supplements were added: H2O2 (Appli-
Chem GmbH, Darmstadt, Germany), menadione, SDS, Triton X-100
(AppliChem GmbH, Darmstadt, Germany), calcofluor white, NaCl, sor-
bitol, fluconazole (Sigma-Aldrich, Steinheim, Germany), and iprodione.
Alternatively, the fungus was cultivated on Gamborg’s B5 medium
(Duchefa Biochemie BV, Haarlem, The Netherlands) supplemented with
2% glucose. Potato dextrose agar (PDA) (Sigma-Aldrich, Steinheim, Ger-
many) was supplemented with 100 g/liter homogenized leaves of French
beans (PDAB) (Phaseolus vulgaris). For grape agar, undiluted grape juice
was supplemented with 0.1% yeast extract (pH of 5), and V8 agar was
prepared by adding 0.3% CaCO3 to vegetable juice. As minimal medium
Czapek-Dox (CD) (20 g/liter sucrose, 3 g/liter NaNO3, 1 g/liter
K2HPO4,0.5 g/liter KCl, 0.01 g/liter FeSO4 · 7 H2O, 0.5 g/liter MgSO4 · 7
H2O, pH 5) was used. Reproduction structures were obtained by incubat-
ing the different strains at 20°C either under light conditions (12 h light/12
h darkness) for conidiation for 7 to 10 days or in constant darkness for the
formation of sclerotia for 3 weeks. In order to isolate DNA, fungal myce-
lium was grown for 3 days at 20°C on CM covered with cellophane. For the
generation of protoplasts, Glucanex (Novozymes, Denmark) and lyticase
(Sigma-Aldrich, Steinheim, Germany) or �-glucanase (InterSpex Prod-
ucts, San Mateo, CA, USA) were added to young mycelia and incubated
for 1.5 h. For transformation studies 20 �g of replacement fragments was
added according to Schulze Gronover et al. (35). Selection of transfor-
mants or single spore isolations were performed using 70 �g/ml of hygro-
mycin B (Invivogen, San Diego, CA) or 70 �g/ml of nourseothricin (Wer-
ner-Bioagents, Jena, Germany). S. cerevisiae FY834 was grown either in
complex YPD medium (0.5% [wt/vol] yeast extract, 2% [wt/vol] glucose,
2% [wt/vol] peptone, pH 5.8) or for selection in minimal dropout syn-
thetic dextrose (SD) medium (20 g/liter glucose, 6.7 g/liter Difco yeast
nitrogen base without amino acids [BD, Franklin Lakes, NJ, USA], 0.77
g/liter dropout supplement [Clontech, MountainView, CA, USA], pH
5.8) at 30°C. E. coli TOP10F= (Invitrogen, Groningen, The Netherlands)
cells were cultivated in lysogeny broth (LB) (10 g/liter peptone, 5 g/liter
yeast extract, 10 g/liter NaCl) (36) at 37°C.

Standard molecular methods. Genomic DNA isolation from fungal
mycelium was performed according to Cenis (37). RNA isolation was
achieved by phenol-chloroform extraction using TRIzol reagent (Invitro-
gen) according to the manufacturer’s instructions. For Southern blot
analyses genomic DNA was restricted and separated via gel electrophore-
sis. For Northern analysis, 15-�g RNA samples were separated in an aga-
rose gel containing formaldehyde. The respective gel was transferred to a
nylon membrane (Nytran SPC Whatman; Schleicher and Schuell, Dassel,
Germany) by downward blotting according to Ausubel et al. (88). For blot
hybridizations [�-32P]dCTP radioactively labeled probes were incubated
in 6� SSPE (1� SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA
[pH 7.7]), 5� Denhardt’s solution, 0.1% sodium dodecyl sulfate (SDS),
and 50 mM phosphate buffer, pH 6.6, at 65°C for 16 to 20 h (38). Before
blots were exposed to an autoradiographic film, the membranes were
washed once or twice.

RT-PCR. To study gene expression, quantitative real-time reverse
transcription-PCR (RT-PCR) was performed. Therefore, total RNA was
isolated from fungal mycelium, and 2 �g was used as the template for
reverse transcription. According to the manufacturer’s instructions, re-
verse transcription-PCR was performed using SuperscriptII (Invitrogen).
RT-PCR was carried out using Bio-Rad-iQ SYBR green Supermix and an
iCycler thermal cycler (Bio-Rad, Hercules, CA, USA). Programming, data
collection, and analyses were performed with iCycler iQ Real-Time De-
tection System software, version 3.0 (Bio-Rad, Hercules, CA, USA). Gene
expression of bcpks13 (polyketide synthase 13; primers 68 and 69) and
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bcscd1 (scytalone dehydratase; primers 70 and 71) was normalized to the
expression of the reference genes actin A (actA; GenBank accession num-
ber XP_001553368; primers 64 and 65) and the elongation factor 1-alpha
(ef1�; GenBank accession number XP_001551786; primers 66 and 67)
according to the 2���CT (where CT is threshold cycle) method. Means
and standard deviations were calculated from two technical replicates
representative of two biological replicates.

Transformation. To create knockout strains the genes bcgpx3 and
bcskn7 were replaced by use of homologous recombination in the genetic
background of the B05.10 wild-type (WT) and/or �bap1 strain (39). For
the replacement fragments, the 5= and 3= regions of bcskn7 (1,149 and 986
bp, respectively) and bcgpx3 (1,006 and 1,003 bp, respectively) were am-
plified with the primer pairs 8/9 and 10/11 (bcskn7) and the pairs 31/32
and 33/34 (bcgpx3), respectively (see Table S1 in the supplemental mate-
rial), which have overlapping regions to the resistance cassette and the
shuttle vector pRS426 (40). As a resistance marker, the hygromycin resis-
tance cassette containing the hph gene of Escherichia coli under the control
of the trpC promoter of A. nidulans was amplified from the vector
pCSN44 with the primer pair 12/13. The assembly of the replacement
constructs is achieved by the cotransformation of a linearized shuttle vec-
tor, resistance cassette, and gene flanks in the uracil-auxotrophic yeast S.
cerevisiae FY834, where homologous recombination took place (41, 42).
Transformants were selected on SD minimal medium without uracil, and
for DNA isolation a SpeedPrep yeast plasmid isolation kit (Dualsystems
Biotech, Schlieren, Switzerland) was used according to the manufacturer’s
instructions. For transformation the replacement fragment was amplified
with the primers 8/11 (bcskn7) and 31/34 (bcgpx3). Verification of homol-
ogous integration was done by diagnostic PCR (primers 14/15 and 16/17
for bcskn7 or primers 35/36 and 37/38 for bcgpx3) and Southern Blot
analysis.

To restore the WT phenotype, the �bcskn7 strain was complemented
by targeted integration of bcskn7 at the native locus, thereby replacing the
hygromycin resistance cassette. For the vector construction (pbcskn7-
COMin loco; for in loco complementation) bcskn7 was amplified (primers
8/18) and fused to a nourseothricin resistance cassette and the 5= and 3=
bcskn7 gene flank by homologous yeast recombination. The nourseothri-
cin cassette (PoliC::nat1) from the vector pNR1 was amplified with the
primer pair 19/20. The complementation vector was cut with PvuI, and
the fragment was used for protoplast transformation. Diagnostic PCR
(primers 7/14 and 16/21) confirmed targeted integration at the bcskn7
gene locus.

Complementation of the �bcgpx3 strain was achieved via directed in-
tegration of bcgpx3 with the native promoter and terminator at the bcniaD
gene locus (primers 39/40) (43). The complementation vector pNDN-
OGG was cut with NcoI and NotI, and bcgpx3 was integrated via yeast
recombination. For transformation the vector pNDN-bcgpx3 was cut
with ApaI and SacII, and integration was verified via diagnostic PCR
(primers 23/28 and 25/26).

For localization and overexpression purposes green fluorescent pro-
tein (GFP)-BcSkn7 and GFP-BcGpx3 fusion proteins were constructed,
using primers (18/22 or 41/42) with homologous regions to the glucanase
terminator and gfp. Via yeast recombination the fusion construct was
introduced in the NotI-linearized vector pNDN-OGG (42). The vector
comprises gene flanks for the B. cinerea nitrate reductase, ensuring di-
rected integration at the bcniaD locus, a nourseothricin resistance cas-
sette, and gfp with the oliC promoter for constitutive expression of the
fusion protein (43). The vectors pNDN-OGbcskn7G and pNDN-
OGbcgpx3G were cut with ApaI and SacI, and the replacement fragments
were used for transformation. Diagnostic PCR with the primers 23/24 and
25/26 verified correct integration at the bcniaD locus.

For localization of the protein Bap1, a GFP fusion protein was synthe-
sized. For this purpose the vector pNDH-OGG was cut with NcoI, and the
amplified gene bap1 (primers 44/45) with overhangs to gfp and the oliC
promoter were introduced via homologous recombination. The vector
contains gene flanks for the B. cinerea nitrate reductase, ensuring directed

integration at the bcniaD locus, a hygromycin resistance cassette, and gfp
with the oliC promoter for constitutive expression of the fusion protein
(43). The GFP vector pNDH-OBap1GG was digested with the enzymes
ApaI and SacII and used for transformation. Diagnostic PCR (primers
23/24 and 25/36) proved the integration at the bcniaD locus.

Pathogenicity, germination, and penetration. For the analysis of ger-
mination, conidiospores were harvested and washed. For sugar-induced
germination 1 � 105 spores/ml B5 medium plus 2% glucose was placed on
glass slides and incubated overnight. For microscopic studies of penetra-
tion either 1 � 105 spores/ml H2O (appressoria) or mycelium plugs (in-
fection cushions [ICs]) was placed on onion epidermis layers and allowed
to germinate overnight. The onion epidermis was washed with H2O and
incubated at 70°C for 1 h in a humid chamber to kill the living cells prior
to inoculation, and the surface was stained with lactophenol blue for ob-
servation. The pathogenicity assays used Phaseolus vulgaris as the host
plant according to Schulze Gronover (35) with 10-day-old leaves inocu-
lated with either mycelium plugs or conidium suspension (2 �105

spores/ml B5 medium plus 2% glucose). For the 1.5-h pregermination
step, 10 �l of potassium phosphate (1 M; pH 6.4) was added.

ROS assays. In order to detect exogenous ROS, different assays were
used. For a diaminobenzidine (DAB) test, 25 mg of fresh mycelium/strain
was harvested from CM plates covered with cellophane and placed in a
24-well plate. The mycelium was overlaid with 1 ml of DAB solution (0.5
mg/ml DAB in 100 mM citric acid pH 3.7) and incubated for 1.5 h in
darkness. As a negative control, 1 �l of H2O2 (30%) was added to the DAB
solution, and for the positive control 2 �l of horseradish peroxidase and 1
�l of H2O2 in different dilutions were added to the DAB solution. The
evaluation was done visually. For the quantification of produced ROS, a
total ROS/superoxide detection kit (Enzo Life Sciences) was used accord-
ing to Marschall and Tudzynski (44). Conidiospores from 10-day-old CM
plates were harvested and adjusted to a spore titer of 1 � 106 spores/ml B5
medium plus 2% glucose. A microtiter plate was filled with 100 �l of the
suspension and incubated overnight. The ROS detection mix was pre-
pared according to the manufacturer’s instructions, and 100 �l was added
to the wells with germinated conidia. Following an incubation time of 5
min, fluorescence was detected using an Infinite 200 Pro (Tecan) micro-
plate reader with standard fluorescein (excitation, 488 nm; emission, 520
nm) and rhodamine (excitation, 550 nm; emission, 610 nm) filter sets.
Untreated cells served as negative controls.

Microscopy. Fluorescence and light microscopy was done with an
Axio Imager 2 (Zeiss, Jena, Germany) using a 40� objective lens or with
an Observer Z.1 (Zeiss, Jena, Germany) using a 20� objective lens. For the
visualization of nuclei by Hoechst 33342 and of cell wall structures by
calcofluor white (0.1%, in 0.1 M Tris-HCl, pH 8.5) filter set 49, 4=,6=-
diamidino-2-phenylindole (DAPI) shift free (excitation G 365, beam
splitter FT 395, and emission band pass [BP] 445/50 filters), was used.
GFP fluorescence was examined using filter set 38 (excitation BP 470/40,
beam splitter FT 495, and emission BP 525/50 filters). For the comparison
of conidiation a Discovery V20 stereo microscope (Zeiss, Jena, Germany)
was used. The images were captured with an AxioCam MRm camera and
analyzed with Axiovision Rel, version 4.8, software.

Y1H assay. For the analysis of physical interactions of a TF to a pro-
moter region of a gene, a direct yeast-one-hybrid (Y1H) assay was per-
formed according to Simon et al. (45). Therefore, promoter regions of the
B. cinerea genes gsh1, gpx3, trx1, grx1, glr1, tsa1, and crz1 were cloned
upstream of the reporter gene HIS3 into the vector pINT1_HIS3NB, pro-
vided by P. B. Ouwerkerk (46) using primers 46 to 59 (see Table S1 in the
supplemental material), and excised fragments were used to transform the
yeast strain S. cerevisiae CG1945 (Clontech). Selection of homologous
integration at the PDC6 locus was done using G418 (47). The transformed
yeasts were then tested on SD plates lacking His (SD His�) supplemented
with a series of concentrations of 3-aminotriazole (3-AT) to determine
the concentration of 3-AT required to reduce the leaky expression of the
HIS gene. The DNA binding domains (DBD) of analyzed TFs BcSkn7 and
Bap1 were cloned into pACTIIst, kindly provided by M. Fromont, using
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primers 60/61 and 62/63 (see Table S1), where the DBD is fused with the
yeast GAL4 activation domain. For the Y1H assay CG1945 cells containing
the respective promoter constructs were transformed with 250 ng of the
TF construct. Transformants were selected on SD Leu� plates as a growth
control and on SD Leu� His� plates supplemented with 3-AT to show a
direct interaction.

RESULTS
BcSkn7 is a putative response regulator in B. cinerea and con-
stitutively localizes to the nucleus. Based on the B. cinerea ge-
nome database, the putative response regulator BcSkn7 was iden-
tified. The open reading frame (ORF) of the gene (B0510_6622;
Broad Institute B. cinerea database [http://www.broadinstitute
.org]) has a length of 2,339 bp interrupted by six introns (91, 74,
58, 50, 57, and 65 bp). cDNA analysis confirmed a coding se-
quence with 1,944 bp. BcSkn7 shows high homology to the yeast
Skn7p, in both domain structure and amino acid sequence. On the
amino acid level, the protein combines typical domains for regu-
latory components, such as a C-terminal receiver domain and a
DNA binding domain similar to the heat shock factor 1 (Hsf1), in
a 648-amino-acid (aa) protein (see Fig. S1A in the supplemental
material). Although no nuclear localization sequence (NLS) was
found for BcSkn7, it was shown for other fungi that Skn7 con-
stantly localizes to the nucleus (48, 49). To investigate the local-
ization of the RR in B. cinerea, BcSkn7 was fused to GFP and
expressed in the WT. Germinating spores were used for micro-
scopic analyses. Microscopy showed a constitutive localization of
the BcSkn7 protein to the nucleus (Fig. 1), even under nonstress
conditions, substantiating its expected role in gene regulation.

To examine the role of BcSkn7, knockout mutants (�bcskn7
transformants T1, T6, and T16) were generated by a gene replace-
ment approach (see Fig. S2B in the supplemental material). Ho-
mologous integration and the homokaryotic status of the trans-
formants were verified by diagnostic PCR and Southern blotting
(see Fig. S1B and C). Moreover, a complementation vector con-
taining the full-length gene was designed to transform one of the
bcskn7 deletion mutants (see Fig. 6B and C; see also Fig. S2B).

BcSkn7 has an impact on the formation of reproduction
structures. The lack of brrg1, the gene encoding the alternative
response regulator in B. cinerea, rendered the mutants unable to
produce conidia (31). To find out whether bcskn7 mutants still
form reproduction structures, growth under different light con-
ditions was tested for 14 days. For the wild-type strain B05.10,
asexual reproduction structures such as conidia are formed in
light, while sclerotia, which represent survival structures and serve
as female partners in sexual crossings (fertilization by micro-
conidia leads to formation of apothecia), are formed in constant
darkness. Under light/dark conditions (12 h/12 h), the �bcskn7
mutants displayed a delayed and significantly reduced formation
of conidiospores (�10 times) in comparison to the level of the WT
(Fig. 2A), whereas in constant darkness (24 h) the number of
sclerotia was doubled although they were smaller (Fig. 2A and B)
than those of the controls. A more detailed examination showed
that the �bcskn7 mutant is generally able to form conidiophores,
but fewer conidia are produced (Fig. 2C). The developmental pro-
cesses, such as spore germination and appressorium-mediated
penetration of host tissue, were not affected (see Fig. S3A to C in
the supplemental material). Therefore, the mutant was generally
able to form reproductive organs, but the number and size of these
structures differed from those of the WT, and more whitish aerial
hyphae were visible (Fig. 2C). As the mycelium of the mutant
looked paler than that of the WT, pigmentation defects of the
bcskn7 mutant were assumed. Therefore, the expression of genes
involved in melanin biosynthesis (bcpks13 and bcscd1) was exam-
ined (50, 51). The strains were grown for 4 days in constant light
(Fig. 2D) before being harvested for real-time PCR (RT-PCR)
analysis. The mycelium appeared less pigmented on the plates,
which could be confirmed by significantly reduced expression of
bcpks13 and bcscd1 compared to levels in the WT (Fig. 2E). The
overexpression (OE) of BcSkn7 (BcSkn7-OE strain) enhanced
conidium formation (see Fig. S2A) compared to levels in the con-
trols. While the �bcskn7 mutant showed reduced formation of
conidia under light, the BcSkn7-OE strain produced conidia even

FIG 1 Cellular localization of BcSkn7. Spores of WT::BcSkn7-GFP germinated overnight and were analyzed via fluorescence microscopy. For costaining of
nuclei Hoechst 33342 was used. Images from left to right are as follows: overlay, GFP staining, Hoechst staining, and differential interference contrast. Scale bar,
10 �m.
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FIG 2 Formation of �bcskn7 reproduction structures in comparison to the WT B05.10. (A) Quantitative evaluation of sclerotium and conidium formation. For
sclerotium production strains were grown on CM for 3 weeks in constant darkness, and for conidium formation they were grown for 3 weeks in a 12-h light/dark
cycle. Presented are the mean values with standard deviations from three independent experiments (for sclerotia, 5 plates/strain/experiment; for conidia, 3
plates/strain/experiment). Asterisks represent significant differences (t test) compared to the WT for each condition (***, P � 0.001). (B) CM plates with sclerotia
of the WT and �bcskn7 strains. The strains were grown for 2 weeks in constant darkness. (C) PDAB plates (2 weeks old) with conidia of the WT and �bcskn7
strains as well as enlarged details of each plate using a stereomicroscope (magnification, �47 and �70 for the top and bottom panels, respectively). (D) Growth
of the �bcskn7 and WT strains on CM plates covered with cellophane for 4 days in constant light. (E) Expression of two putative melanin biosynthesis genes in
the �bcskn7 and WT strains. The strains were grown for 4 days on CM plates under constant light conditions. The expression levels of bcpks13 and bcscd1 are
relative to those of the reference genes actA and ef1� and normalized to the level of the WT following RT-PCR. The values are means of two technical replicates
and representative of two biological replicates. Asterisks represent significant differences (t test) compared to the WT for each condition (***, P � 0.001).
Standard deviations are indicated.
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in constant darkness. Because of this result, an in loco complemen-
tation was done using the endogenous promoter to fully restore
the WT phenotype (see Fig. 6B and C; see also Fig. S2B in the
supplemental material).

BcSkn7 is necessary for cell wall integrity and stress re-
sponse. As it is reported for other fungi that deletion of skn7 leads
to sensitivity to osmotic or oxidative stress, the B. cinerea bcskn7
mutant was tested on different stress-inducing media (Table 1)
(52–54). The �bcskn7 mutant showed reduced growth on stan-
dard complete (CM) and minimal (CD) media (data not shown).
The addition of various stressors enhanced this growth defect,
especially the influence of oxidative stress: while bcskn7 mutants
grew feebly on 5 mM H2O2, at higher concentrations the growth
was completely abolished. The addition of menadione also limited
growth to 18% (Table 1). Interestingly, the BcSkn7-OE strain
seems to be more resistant to oxidative stress, such as H2O2 (see
Fig. S2C). For other mutants it could be shown that reduced
growth on oxidative stress medium is accompanied by enhanced
production of ROS (55). Accordingly, the mutants were tested for
ROS secretion. In a semiquantitative diaminobenzidine (DAB)
assay, the �bcskn7 mutant showed strongly increased H2O2 for-
mation in comparison to that of the WT (Fig. 3B). These results
were confirmed using the a total ROS/superoxide detection kit,
which yields reliable quantitative data in B. cinerea (44). Here, a
significant increased production of ROS (1.9 to 2.5 times) was
confirmed (Fig. 3A).

The role of ROS and also the influence from other stressors
were then investigated. An adverse effect caused by osmotic stress

was detected for the �bcskn7 mutant, but this effect was less pro-
nounced than that of oxidative stress. Furthermore, sensitivity to
temperature changes and to membrane or cell wall destabilizers
was observed (Table 1).

The poor growth of the �bcskn7 strain, especially under stress-
ing conditions, suggested defects in cell wall or membrane integ-
rity. Therefore, a protoplast assay with young mycelium was done
to examine the effect of cell wall-degrading enzymes (Glucanex
and �-glucanase) on the mutant (Fig. 4A). The calculated number
of protoplasts showed reduced numbers derived from �bcskn7
strain mycelium (0.6 � 106 to 1 � 106 protoplasts/mg [dry
weight] mycelium), indicating a changed configuration of cell wall
components, but a change in protoplast formation based on chiti-
nase could not be seen (data not shown), indicating that loss of
BcSkn7 modifies the glucan content of the cell wall. Two genes
potentially involved in the synthesis of glucan are �-1,3-glucano-
syltransferases (B0510_10257 and B0510_3559). The products of
these genes have similarities to Gel4 and Gel1 of Aspergillus fu-
migatus that are glucan-elongating enzymes. In Fig. 4B an en-
hanced expression of these genes can be seen for the �bcskn7
strain, supporting the hypothesis that the glucan content of the
cell wall may be enhanced. To test whether changes in the cell wall
composition can be detected, calcofluor white staining of germi-
nating conidia was carried out. However, alterations in septation,
cell wall thickness, or length of germinated hyphae could not be
detected microscopically (data not shown). In contrast, addition
of calcofluor white to CM decreased the growth rate of the
�bcskn7 strain up to 80%, indicating some destabilization of the

TABLE 1 Influence of different stress conditions on growth rates of the �bcskn7, �bap1, �bap1 bcskn7, and the WT B05.10 strains

Growth condition or type of stress Stress condition

Colony diam (% of control) for:a

WT �bcskn7 strain �bap1 strain �bap1 bcskn7 strain

CM control (pH 5, 20°C) 100 100 100 100
Membrane 	 0.02% SDS 57.0 
 5.3 23.0 
 7.0 49.6 
 1.5 11.6 
 6.5

	 0.02% Triton-X-100 27.5 
 2.3 0.0 
 3.2 25.4 
 4.1 0.0
	 5 �g/ml fluconazole 75.0 
 3.8 6.9 
 3.2 66.9 
 5.1 6.5 
 1.2

Cell wall 	 2 mg/ml CFWc 62.8 
 5.9 18.4 
 3.0 66.2 
 4.8 16.1 
 3.5
pH pH 3 87.5 
 1.8 80.0 
 9.0 84.0 
 3.9 80.6 
 9.1

pH 9 36.8 
 3.8 13.8 
 1.8 27.5 
 4.1 12.9 
 2.5
Osmotic 	 1 M sorbitol 105.0 
 7.0 87.4 
 5 100.8 
 5.9 90.3 
 7.7

	 1 M NaCl 52.5 
 5.5 40.5 
 4.1 50.9 
 8.7 40.6 
 3.5
Oxidative 	 5 mM H2O2 72.5 
 7.0 13.8 
 5.3 8.9 
 2.3 0.0

	 10 mM H2O2 52.5 
 4.0 0.0 0.0 0.0
	 20 mM H2O2 35.0 
 1.8 0.0 0.0 0.0
	 500 �M menadione 75.0 
 2.3 18.4 
 6.2 15.3 
 3.1 12.9 
 1.3

Temperature 17°C 105.4 
 6.3 105.3 
 10.2 100.3 
 5.1 103.4 
 9.6
25°C 64.2 
 3.8 27.4 
 4.1 69.6 
 3.7 29.7 
 6.5
28°C 66.2 
 2.5 25.3 
 3.7 68.7 
 3.8 29.7 
 5.9

Plant-derived medium PDAB 142.7 
 1.0 157.9 
 8.2 140.9 
 6.6 167.6 
 3.5
Grape agar 69.7 
 5.5 112.1 
 11.1 69.5 
 5.9 134.5 
 12.3
V8 agar 101.1 
 5.0 108.4 
 12.5 92.0 
 2.5 113.8 
 9.1

CD controlb 100 100 100 100
Ionic 	 0.1 M CaCl2 103.7 
 3.5 219.6 
 9.2 NAb 250.0 
 7.1

	 0.2 M CaCl2 88.3 
 3.4 244.7 
 6.2 NA 320.8 
 3.3
	 0.4 M CaCl2 63.6 
 2.8 176.5 
 7.3 NA 262.5 
 6.4
	 MgCl2 107.4 
 2.6 101.2 
 13.1 NA 83.3 
 6.8

a The strains were grown for 3 days on the indicated medium under the indicated stress condition. The data are means of three experiments with three plates/strain. Standard
deviations (
) are indicated. NA, not analyzed. Percentages are relative to the values for the respective control for the stress group.
b CD, Czapek-Dox medium.
c CFW, calcofluor white.
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cell wall (Fig. 4C and Table 1), and membrane integrity also seems
to be influenced. As mentioned before, detergents affecting the
membrane, such as SDS and Triton X-100, have a strong influence
on the growth of the mutant. Moreover, fluconazole, an inhibitor
of ergosterol biosynthesis, reduced the colony diameter of the
�bcskn7 mutant by more than 90% (Table 1). These results sup-
port the hypothesis that BcSkn7 is either directly or indirectly
involved in cell wall integrity and the response to membrane
stress.

BcSkn7 is involved in mycelium-derived host infection via
infection cushion formation. The role of Skn7 in virulence is
species specific. While in Alternaria alternata the lack of skn7 re-
duces the formation of necrotic lesions, the virulence of Co-
chliobolus heterostrophus and Gibberella zeae is not affected (48,
56). Sugar-induced conidium germination of the �bcskn7 strain
showed no deviations from the WT in the germination rate and
time point (see Fig. S3A and B in the supplemental material). Also
the formation of appressoria during penetration of onion epider-

mis was WT like (see Fig. S3C). It was therefore not surprising that
pathogenicity on Phaseolus vulgaris primary leaves was unaffected
when leaves were inoculated with a spore suspension. Initially,
primary lesions formed, and these lesions spread and developed
soft rot. However, the ability of the �bcskn7 strain to produce new
conidia at the end of the infection cycle was reduced, and more
whitish aerial hyphae were present (Fig. 5A). However, infection
assays with mycelium plugs of the �bcskn7 strain showed results
that differed from those of the WT because the infection pattern
was inconsistent, especially on unwounded leaves. Whereas for
the WT 100% of the plugs infect, for the �bcskn7 mutant only 53%
are able to cause infection (Fig. 5B). On wounded leaves infection
rates for the �bcskn7 strain could be enhanced (data not shown).
As it is proposed that mycelium-derived infection depends on the
formation of infection cushions (ICs) (57), a microscopic analysis
was done to examine these structures. As can be seen in Fig. 5C,
the number of ICs able to penetrate in the bcskn7 mutant is de-
creased up to 43% in comparison to the number for the WT.

Mutation of D424 in BcSkn7 results in osmotic stress sensi-
tivity. For S. cerevisiae it is postulated that the osmotic and oxida-
tive stress responses are regulated via different pathways and
strategies. While the response to osmotic stress requires the phos-
phorylation of a conserved aspartic acid residue (Asp426) of
Skn7p, the oxidative stress response is regulated via phosphoryla-
tion of a serine/threonine (Thr434) (17, 58). To examine this as-
sumption for B. cinerea, point mutations for the anticipated
amino acids were generated, and the mutants were tested under
different stress conditions (Fig. 6A to C). To examine the impact
of these amino acids in the receiver domain of BcSkn7, the corre-
sponding aspartic acid residue was replaced by an asparagine
(D424N), and to examine changes under oxidative stress, the re-
spective serine was changed to an alanine (S434A) in a comple-
mentation approach, using the native gene locus. As can be seen in
from the experiment shown in Fig. 6B, Asp424 is obviously essen-
tial for the response to salt stress in B. cinerea. Additionally, the
effect of sorbitol on the mutants’ growth was tested (data not
shown), and similar growth defects of BcSkn7 (D424N) could be
seen. This indicates that Asp424 is crucial for the general osmotic
stress response. In contrast, the oxidative stress response was not
regulated via Ser434 because the mutants were still able to cope
with H2O2 (Fig. 6B and C). Other tested stressors, such as mena-
dione, SDS, or calcofluor white, did not affect growth of any mu-
tated strain. These results for BcSkn7 indicate that possibly the
mode of phosphorylation determines its effect on gene expression.
However, the regulation of the OSR in B. cinerea seems to differ
from the known mechanism in yeast. Mutation of this amino acid
is at least insufficient to prevent the OSR, and therefore other
phosphorylation sites are probably involved in the regulation of
this process.

BcSkn7 gene regulation is linked to the TF Bap1. To gain
more information about the possible interplay of BcSkn7 with
other transcription factors involved in the stress response, a bap1
knockout (39) and a double deletion of bcskn7 and bap1 (�bap1
bcskn7 mutants T2, T3, and T17) were included in the phenotypic
characterizations. Homokaryosis of �bap1 bcskn7 deletion mu-
tants was verified by diagnostic PCR and Southern blotting (see
Fig. S1B and C in the supplemental material). As described previ-
ously (39) the data showed an involvement of Bap1 in the re-
sponse to oxidative stress (Table 1; see also Fig. S4) and excluded
an effect on pathogenicity (Fig. 5). The �bap1 bcskn7 mutants

FIG 3 ROS production of �bap1, �bcskn7, and �bap1 bcskn7 strains com-
pared to that of the WT B05.10. (A) Determination of ROS amount using a
total ROS/superoxide detection kit. The measurements were done in five cy-
cles at nine different positions in each well. The values for the WT were set to
100%; mutants were calculated in relation to that. (B) DAB assay to test H2O2

secretion of mutants in comparison to the WT. Fresh mycelium was overlaid
with 1 ml of DAB solution and incubated for 1.5 h in darkness. NC, negative
control (DAB solution plus 1 �l of H2O2); PC, positive control (DAB solution
plus 1 �l of H2O2 and 1 �l of horseradish peroxidase). The experiment was
done in independent triplicates and repeated three times.
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exhibited defects similar to those of the �bcskn7 mutant, but they
were more severe. The growth of the �bap1 bcskn7 mutant was
reduced, it was highly sensitive to different types of stress, ROS
production was enhanced, and the formation of infection cush-
ions was reduced (Table 1 and Fig. 3 and 5). The defects of the
double gene deletion are stronger than those for the �bcskn7 mu-
tant, indicating that loss of Skn7 uncovers an underlying pheno-
type of Bap1.

Because it has been shown in some fungi that genes that are
regulated by Skn7 are also regulated by Ap1 (19, 21, 36, 59), the
regulatory function of both proteins was analyzed in B. cinerea. To
gain a first impression, a set of OSR genes was selected for expres-
sion analyses via Northern blotting (thioredoxin reductase, trr1
[B0510_1511]; glutaredoxin 1, grx1 [B0510_5784]; �-glutamyl-
cysteine synthetase, gsh1 [B0510_3554]; GSH peroxidase, gpx3
[B0510_553] GSH reductase 1, glr1 [B0510_2036]; thioredoxin,
trx1 [B0510_2802]; peroxiredoxin, tsa1 [B0510_4954]). For this
purpose the �bap1, �bcskn7, �bap1 bcskn7, and WT B05.10
strains were grown in axenic culture supplemented with or with-
out 10 mM H2O2 for 30 min (see Fig. S4 in the supplemental
material). All tested genes were induced in the WT under oxida-
tive stress triggered by H2O2. The transcription of trr1, gpx3, glr1,
and grx1 was clearly coregulated by both BcSkn7 and Bap1 as there
was no expression of these genes under H2O2 conditions in all
mutants. Also the expression of trx1 was reduced though not to-
tally abolished. Moreover, Bap1 seems to be important for the
regulation of tsa1 and gsh1 because induction was reduced or ab-

sent in the �bap1 and �bap1 bcskn7 strains. The lack of bcskn7
resulted in only slightly reduced expression of tsa1 in the presence
of H2O2, indicating that further TFs are involved in the regulation
of this gene.

To analyze whether the influence of the TFs on these genes is
direct or indirect, a yeast one-hybrid (Y1H) assay was performed.
In this approach direct physical interactions of proteins with spe-
cific DNA regions are detected by reporter gene expression in S.
cerevisiae. For that purpose the respective DNA binding domains
(DBDs) of Bap1 and BcSkn7 were identified in silico by pairwise
protein sequence analyses with the yeast orthologs Yap1 and
Skn7p (see Fig. S1A in the supplemental material). To select a
putative target DNA, the two common binding motifs for each TF
(Yap1 response element [YRE] and OSR element [OSRE]), known
from verified interactions in S. cerevisiae (19–21, 60, 61), were
used for promoter analyses of OSR genes in B. cinerea. By means of
bioinformatic tools (FindPattern and MatInspector), the poten-
tial TF binding sites in the promoter regions of 48 analyzed genes
were predicted, and finally, seven candidates were selected for
Y1H analyses (see Table S2 in the supplemental material). Pro-
moter sequences of around 200 bp were selected, containing the
most interesting putative binding sites (see Fig. S5B). The interac-
tion assays showed that Bap1 binds to the promoters of grx1 and
gsh1. In the case of BcSkn7 an interaction solely with glr1 was
detected (Fig. 7). In some cases the leaky gene expression of HIS3
was not inhibited by the addition of 3-AT (see Fig. S5A). There-

FIG 4 Influence of bcskn7 deletion on cell wall and membrane integrity. (A) Treatment of the �bcskn7 strain with cell wall-degrading enzymes. Conidia were
cultured for 36 h in liquid medium. The harvested culture was incubated for 1.5 h in osmotically stabilized solution containing Glucanex or �-glucanase. The
number of protoplasts formed was calculated per mg dry weight (DW). Represented are the mean values, including standard deviations, from three independent
experiments. Asterisks denote significant differences (t test) compared to the WT for each condition (*, P � 0.05). (B) Transcription of genes involved in cell wall
biosynthesis. Prior to RNA isolation the WT, �bcskn7, �bap1, and �bap1 bcskn7 strains were cultivated for 3 days in liquid CD medium. As probes two putative
�-1,3-glucanosyltransferase-encoding genes were used (B0510_10257 and B0510_3559). (C) Growth rates of the WT, �bcskn7, �bap1, and �bap1 bcskn7 strains
in the presence of calcofluor white. Strains were grown for 3 days on CM containing 2 mg/ml calcofluor white.
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fore, the results for the promoters of gpx3 and tsa1 could not be
evaluated and were omitted.

Northern and Y1H analyses demonstrated that Bap1 and
BcSkn7 are both direct and indirect regulators of oxidative stress-
responsive genes in B. cinerea. Indeed, considering a list contain-

ing nearly all promoters of annotated genes in B. cinerea, 44.3%
contain at least one of the four binding motifs from Bap1 and
BcSkn7 (data not shown).

BcGpx3 is not essential for the activation of Bap1 upon oxi-
dative stress. From yeast studies it is known that the glutathione

FIG 5 Infection ability of different mutants and the WT. (A) Infection assay on bean leaves of Phaseolus vulgaris inoculated with conidial suspensions of the
�bap1, �bcskn7, �bap1 bcskn7, and WT B05.10 strains. For infection 2 � 105 spores/ml B5 medium plus 2% glucose were used, and samples were incubated for
7 days. (B) For the pathogenicity assay primary leaves were infected with mycelium of the �bap1, �bcskn7, �bap1 bcskn7, and WT B05.10 strains and incubated
for 7 days. Percentages indicate successful infection. Calculations are based on three independent experiments; standard deviations are included. (C) Visualiza-
tion of infection cushions. Onion epidermal layers were inoculated with mycelia and incubated for 36 to 40 h. By staining with lactophenol blue, hyphae on the
surface were stained, while invading hyphae remained colorless (arrow). Percentages indicate successful penetration. Calculations are based on three indepen-
dent experiments with 100 ICs analyzed per mutant; standard deviations are included. Scale bar, 20 �m. dpi, days postinfection.
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FIG 6 Complementation of the �bcskn7. (A) Amino acid sequence of the BcSkn7 response regulator (RR) domain in comparison to S. cerevisiae Skn7p. Mutated
amino acids are shown in purple, identical amino acids are shaded in black, and similar amino acids are shown in gray. I, putative interaction site; Hsf, Heat shock
factor. (B) Plate assay with complemented�bcskn7 strain (integration of bcskn7 into the native gene locus [CiL]), BcSkn7-CiL, and the BcSkn7 (D424N), BcSkn7
(S434A), �bcskn7, and WT B05.10 strains. Mutants were grown for 3 days on CM and CM supplemented with 10 mM H2O2 or 500 �M NaCl. (C) Relative growth
diameter of analyzed mutants under different conditions. The strains were grown for 3 days on CM and CM supplemented with 10 mM H2O2 or 500 �M NaCl.
Growth on CM was set as 100%, and growth on other media was calculated in relation to growth on CM. Asterisks represent significant differences (t test)
compared to values for the WT for each condition (***, P � 0.001).
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peroxidase (Gpx), as part of the ROS detoxification complex, has
a key function in the activation of Yap1 upon H2O2 induction
(62). While there are three Gpx proteins present in S. cerevisiae,
just one Gpx3 homolog was found in B. cinerea with high amino
acid sequence homology (�72%) (data not shown). The cysteine
residue Cys36, which is involved in the interaction with Yap1 in S.
cerevisiae (62), was conserved in the B. cinerea BcGpx3. Analysis of
exon/intron organization of the respective gene (B0510_553) pre-
dicted an ORF of 783 bp including two introns of 174 bp and 90
bp. For detailed analysis, bcgpx3 knockout mutants were gener-
ated (U. Siegmund, unpublished data) and screened by diagnostic
PCR and Southern blotting (�bcgpx3 mutants T1, T4, and T15)
(see Fig. S6A in the supplemental material for the Southern blot).

Phenotypic characterization of �bcgpx3 mutant T1 included
plate assays under oxidative stress conditions, secretion of H2O2,
and pathogenicity assays. However, no changes in the behavior of
the mutant in comparison to that of the WT could be seen (see Fig.
S6B to D).

To learn more about the localization of BcGpx3 and verify
whether there is a connection to Bap1, microscopic analyses were
performed. By fusing BcGpx3 to GFP, a more or less diffuse dis-
tribution of the protein throughout the whole hypha was visible
(see Fig. S7A in the supplemental material). The addition of H2O2

had no influence on the localization (data not shown). To explore
if BcGpx3 is necessary for the activation and therewith transloca-
tion of Bap1, Bap1-GFP was expressed in the WT and �bcgpx3
genetic backgrounds. Microscopic analyses confirmed the trans-
location of the TF Bap1 under inducing conditions in the WT (see
Fig. S7B). The same was observed for the �bcgpx3::bap1-gfp strain,
indicating that there is no direct or exclusive dependency of Bap1
translocation on BcGpx3 in B. cinerea. Additionally, the alterna-
tive hypothesis was tested that thioredoxin is required to retrans-
locate Bap1 to the cytoplasm (62, 63). Expression of Bap1-GFP in
the �bctrx1 strain (55) showed normal movement of Bap1 into
and out of the nucleus. Therefore, the presence of BcTrx1 is not

essential for the inactivation and retranslocation of Bap1 in B.
cinerea following oxidative stress treatment. In summary, and in
contrast to experiments with S. cerevisiae (62), localization exper-
iments here proved that BcGpx3 and BcTrx1 are not essential for
the translocation of Bap1 under conditions of stress.

DISCUSSION

In this work we investigated the various biochemical and molec-
ular consequences resulting from the loss of bcskn7 in B. cinerea.
The presented results not only underlined the importance of
BcSkn7 as a transcriptional regulator in the OSR but also revealed
a role in cell wall integrity, development, and virulence.

A recent report dealing with BcSkn7 was published while we
were working on this paper. A comparison of the results shows
that there are several differences between the phenotypes of the
�bcskn7 mutants, starting with a divergent gene annotation. In
contrast to six introns confirmed by cDNA sequencing in the ORF
of bcskn7 in this study, only four introns are described in Yang et
al. (32). Moreover, the results concerning formation of reproduc-
tive structures, sensitivity to cell wall stress, and virulence differ.
However, one has to keep in mind that Yang et al. (32) worked
with the B. cinerea strain 38B1, while B05.10 was used in this study.
There are some reports that gene deletions can have diverse im-
pacts on growth and virulence in B. cinerea in distinct strain back-
grounds. For example, deletion of the pectin methylesterase
bcpme1 caused reduced virulence in strain Bd90 (64) but not in the
B05.10 background (65). Another example involves the loss of the
phytotoxin botrydial, which leads to reduced virulence in T4 but
did not affect virulence in SAS56 (66).

Bioinformatic analysis of the BcSkn7 protein in B. cinerea
B05.10 revealed typical regulatory components such as the C-ter-
minal receiver domain and a DNA binding domain similar to
those of heat shock factor 1 (Hsf1). The similarity to Hsf1 possibly
explains the sensitivity of the �bcskn7 mutant to elevated temper-
atures. BcSkn7 might be responsible for the regulation of heat

FIG 7 Y1H interaction assay of Bap1 and BcSkn7 DNA binding domains with different promoters of oxidative stress-related genes. Dilutions of the transfor-
mants (from 1:1 to 1:10,000) were dropped on SD �Leu medium as growth control and on SD Leu� His� medium supplemented with 1 or 5 mM 3-AT for the
detection of physical interaction. Promoters written in bold indicate positive interactions. crz1, calcineurin-responsive zinc finger transcription factor; grx1,
glutaredoxin 1; glr1, glutathione reductase 1; gsh1, �-glutamyl-cysteine synthetase; trx1: thioredoxin; TF, transcription factor; P, promoter.
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shock-responsive genes or general stress genes. Fusion of the pro-
tein to GFP confirmed the expected localization of BcSkn7 in the
nucleus, strengthening its putative role as a TF.

Impact of BcSkn7 and Bap1 on stress response. Signaling cas-
cades have long been known not to be linear cascades but, rather,
networks of many interacting components. In the OSR the two
yeast components Yap1 and Skn7p are described to be function-
ally closely related, particularly for the activation of ROS-detoxi-
fying genes (61, 67, 68). In B. cinerea a role of these components in
redox homeostasis could be confirmed. Deletion of these two ma-
jor regulators resulted in mutants sensitive to hydrogen peroxide
and menadione (Table 1). This hypersensitivity to oxidative stress
was also shown among others for C. heterostrophus, Candida albi-
cans, and A. fumigatus (56, 69, 70). We have shown before that
Bap1 controls the induction of many classical OSR genes (39).
Furthermore, an altered redox status was observed for the �bap1
strain by measuring the glutathione pool (71). Similarly, BcSkn7 is
necessary for the induction of detoxifying genes, and deletion
therefore probably leads to an imbalanced redox environment.
Concomitant with this hypothesis, the �bap1 bcskn7 and �bcskn7
mutants displayed a significantly increased secretion of ROS (Fig.
3). As ROS are constantly formed as by-products of metabolic
processes, missing or reduced detoxification due to the lack of
bcskn7 could result in an accumulation of ROS. A coherence be-
tween ROS overproduction and sensitivity to external ROS could
also be observed for other knockout mutants involved in the oxi-
dative stress response, such as deletion of the thioredoxin reduc-
tase bctrr1 (55).

In addition to the OSR, an influence of Skn7 orthologs on cell
wall remodeling was shown for different fungi. A. nidulans skn7
mutants are sensitive to calcofluor white, and S. cerevisiae skn7p
knockouts have changes in cell wall composition (58, 72). Also
deletion of bcskn7 resulted in altered growth and sensitivity to cell
wall stress-inducing agents such as calcofluor white, indicating a
restructuring of the fungal cell wall (Fig. 4). Calcofluor white
binds nascent chitin chains and prevents the connection of chitin
to �-1,3-glucan and �-1,6-glucan, resulting in a destabilization of
the cell wall (73). Increased sensitivity to calcofluor white indi-
cates modification of the glucan-chitin network of the mutant.
This is substantiated by the observed increase in resistance to pro-
toplast-forming enzymes. The increased expression of genes en-
coding enzymes involved in glucan synthesis suggests a primary
effect on the glucan backbone. Also, membrane integrity seems to
be influenced. We confirmed that the �bcskn7 strain is sensitive to
the membrane stressors SDS, Triton X-100, and fluconazole (Ta-
ble 1). Substantiating observations from Yang et al. (32) showed
downregulation of ergosterol biosynthetic genes and increased
sensitivity to ergosterol biosynthesis inhibitors in their �bcskn7
mutant, indicating a modified composition of the cell membrane.
The �bap1 strain behaved like the WT upon exposure to SDS, but
the double deletion mutant was more sensitive than the �bcskn7
strain. In general, the �bap1 bcskn7 mutant showed a stronger
phenotype than the single deletion mutants. This indicates that
loss of Skn7 uncovers an underlying phenotype of Bap1 in B. ci-
nerea, which diverges from observations in S. cerevisiae (19). In
summary, the absence of BcSkn7 seems more severe than deletion
of bap1. This demonstrates the extensive role of BcSkn7 beyond
the OSR, such as cell wall and membrane integrity, whereas Bap1
function is limited to the OSR (39).

Influence of BcSkn7 on development and pathogenicity. Loss

of bcskn7 revealed functions in fungal development. Spore mor-
phology and germination of the deletion mutants was WT like (see
Fig. S3); however, the mutants formed significantly fewer conid-
iospores and more but smaller sclerotia than the WT (Fig. 2).
These results indicate a perturbation of both asexual and sexual
differentiation and are in contrast to results observed for B. cinerea
38B1. There, a total loss of conidiation was observed, and signifi-
cantly fewer sclerotia were produced (32). Furthermore, an influ-
ence of BcSkn7 on mycelial pigmentation could be observed (Fig.
2D to F), and the overexpression of BcSkn7 in B05.10 resulted in
enhanced sporulation, even in constant darkness. Normally, the
induction of macroconidia is produced by light and involves the
function of light-dependent TFs, such as BcLtf1 (51). It follows,
therefore, that overexpression of BcSkn7 leads to an altered light
response, maybe due to deregulation of photoreceptor genes.

The phenomenon of altered differentiation in skn7 mutants
has been described in other fungi, e.g., A. alternata and A. nidulans
(48, 72). Additionally, changed melanization was observed in A.
alternata, Magnaporthe oryzae, and Cryptococcus neoformans (48,
52, 74). A reduction in melanin biosynthesis is also possible for the
�bcskn7 strain because the pigmentation of the mycelium ap-
peared more whitish than that of the WT, and the expression of
melanin biosynthesis genes was reduced. (Fig. 2C to E and 5A).
Liu et al. (75) also studied the expression of putative melanin
biosynthesis genes and demonstrated that bcsak1 deletion mu-
tants showed delayed pigmentation, whereas pigmentation of the
�bos1 mutant was increased (75). Analyses of the mutant’s patho-
genicity showed a WT-like infection upon inoculation with
spores, confirming the results of Yang et al. (32) (Fig. 5A). These
observations are in accordance with our previous results for the
�bap1 strain and support the hypothesis that ROS detoxification
might not be required for successful plant infection though the
fungus is exposed to high ROS concentrations. It has already been
demonstrated that Bap1-dependent ROS detoxification genes are
not even upregulated during fungal attack although H2O2 is pres-
ent around the penetration sites (39). Interestingly, however,
plant infection by the skn7 mutants with mycelium plugs was im-
paired. This observation goes beyond analyses from Yang et al.
(32) and revealed an influence of BcSkn7 on virulence. Only about
half of the �bcskn7 mutant plugs were able to cause infection in
contrast to those of the �bap1 strain and the WT (Fig. 5B). Addi-
tionally, again the effect for the �bap1 bcskn7 strain was more
severe as the number of unsuccessful infections increased to 70%
in the double deletion mutant. It is generally accepted that myce-
lium-derived infection in B. cinerea depends on the ability to form
infection cushions, specialized dense and highly branched struc-
tures (76). Analysis of these infection structures showed signifi-
cantly reduced numbers and penetration for the �bcskn7 and
�bap1 bcskn7 strains (Fig. 5C). Defects in mycelium-derived vir-
ulence have been shown for bccrz1, bcsak1, and bmp1 deletion
strains (77, 78). The penetration defect based on mycelium may in
part be due to an inability to remodel the cell wall correctly, lead-
ing to impaired cell wall integrity. The wall composition may be
important for virulence as it could influence the responsiveness of
membrane-bound receptors in the cell response (79).

The effects of Ap1 and Skn7 on virulence in other fungi are
species specific. Whereas in A. alternata significantly fewer ne-
crotic lesions were observed for skn7 deletion mutants on citrus
cultivars, no changes in virulence were detected for M. oryzae or
C. heterostrophus (48, 56, 74).
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Regulatory functions of Bap1 and BcSkn7. An important
function of BcSkn7 and Bap1 could be shown in the regulation of
oxidative stress-responsive genes. Most of the investigated genes
involved in the OSR were not expressed or were expressed less
strongly in strains lacking either bcskn7 or bap1 (see Fig. S4 in the
supplemental material). However, from these results it is not clear
whether the regulation of these genes is direct or indirect. In S.
cerevisiae DNA binding sites for Yap1 and Skn7p mediating direct
interactions with promoters of OSR genes could be identified.
These DBD sites are highly conserved among fungi so that similar
functions of these motifs are assumed. So far, however, the func-
tionality could not be proved in direct interaction assays in fila-
mentous fungi. In the Y1H approach used here, the binding abil-
ities of Bap1 and BcSkn7 were tested for seven genes for which the
putative respective binding motifs could be identified by in silico
promoter analyses (see Fig. S5).

For Bap1 an interaction with the promoter of gsh could be
shown (Fig. 7), concomitant with binding studies in yeast (80).
Moreover, expression of gsh was solely dependent on Bap1, but
not BcSkn7, which is confirmed by the absence of an OSRE motif
in the promoter of gsh. Next to gsh, also grx seems to be bound and
thus directly regulated by Bap1. The Y1H test with BcSkn7 con-
firmed an interaction with the promoter of glr1. Therefore, bind-
ing to the OSRE2 motif is likely, but this motif is also present in

crz1, where no interaction could be observed. The influence of
BcSkn7 on glr1 differs from results in yeast, where glr1 expression
was shown to be solely dependent on Yap1 (21).

The results show that conclusions regarding specific binding
motifs of BcSkn7 and Bap1 are difficult to draw. The quantity and
composition of binding motifs in each promoter are quite diverse,
so specific consensus sequences cannot be assigned for Bap1 and
BcSkn7, respectively. However, interpretation of the data should
take into account the technical limits of the Y1H technique. Apart
from the sequence, the localization of the binding motifs with
respect to each other might be important. Close proximity of two
binding motifs such as in glr1 and grx1 might enhance binding,
which would hint toward a codependency of both TFs. In S. cerevi-
siae phosphorylation of Skn7p is postulated to be important for
stabilization of the Skn7p/Yap1 protein complex, thereby allow-
ing activation of OSR genes (17). Some of the known Bap1 and
BcSkn7 target genes, such as cat5 and trr1, do not contain a com-
mon binding motif. Accordingly, the influence is indirect, and
other TFs are needed to activate gene expression. Other TFs
known to be involved in OSR are Msn2/4p and Hsf1p (81). For
example H2O2-induced expression of CTT1 requires Msn2/4p
and the stress response element (STRE) binding site. In addition
Yap1 and Skn7p are required even though YRE or OSRE binding
sites are lacking in these promoters (67, 82, 83). This emphasizes

FIG 8 Model showing the putative regulatory network of BcSak1, BcSkn7, and Bap1 in B. cinerea. For further details see the text. TF, unidentified transcription
factor.
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the complexity of ROS detoxification and regulation as well as
signaling in general.

Role of BcGpx3 in the OSR. In yeast the glutathione peroxi-
dase Gpx3p acts as sensor for the activation of Yap1 upon oxida-
tive stress (62). Also the glutathione peroxidase Hyr1 of M. oryzae
has already been shown to be involved in the oxidative stress re-
sponse (84). However, our data show that the B. cinerea BcGpx3 is
involved in neither pathogenicity nor the OSR (see Fig. S6C and D
in the supplemental material). Localization studies showed that
BcGpx3 is not essential for nuclear retention of Bap1 (see Fig. S7B)
though the Ap1 binding site of the yeast enzyme is highly con-
served. However, participation of BcGpx3 in the activation of
Bap1 cannot be excluded. In S. cerevisiae, next to Gpx3p, the Yap1
binding protein 1 (Ybp1) also contributes to Yap1 activation. Still,
double deletion of these genes leads to residual peroxide-induced
oxidation. Accordingly, other factors such as peroxiredoxins may
also serve as activators (21, 85). As there are homologs of these
candidate genes present in B. cinerea, a similar interplay can be
presumed for the activation of Bap1.

Integration of BcSkn7 in the signaling network of B. cinerea.
BcSkn7 was shown to be involved in the response to different
kinds of stress. Based on the presented results, BcSkn7 works as an
RR in the two-component signal transduction (TCS) pathway.
Via the phosphorylation of D424 the response to osmotic stress is
regulated. Furthermore, cell wall integrity and development are
clearly regulated via the TCS. In contrast, it is not clear whether
BcSkn7 is responding directly to oxidative stress. At least it has
been established that the phosphorylation of S434 is insufficient
for the regulation of OSR.

One of the few investigated HKs involved in the TCS in B.
cinerea is Bos1. Deletion of this gene constitutively activates the
BcSak1 module and leads to sensitivity to hydrogen peroxide and
osmotic stress, fungicide tolerance, reduced production of mac-
roconidia, increased pigmentation, and impaired virulence (25,
26). As expected, the lack of bcsak1 (and likewise the upstream
kinases Bos4 and Bos5) affects the same parameters as deletion of
bos1, apart from the resistance against fungicides (26, 30, 75, 77,
86, 87). The response regulator Brrg1 seems to be necessary for the
activation of BcSak1 as the MAPK is not phosphorylated in mu-
tants lacking brrg1. Deletion of brrg1 resulted in loss of conidiation
and increased sensitivity to fungicides, osmotic stress, and H2O2-
generated oxidative stress (31). These comparative analyses indi-
cate that Bos1 regulates the resistance to fungicides and superox-
ides and adaptation to polyols independently of Brrg1 and
BcSak1. BcSkn7 seems to be a second RR downstream of Bos1. It
could already be shown that BcSak1 phosphorylation is drastically
reduced under osmotic stress conditions in the �bcskn7 strain
(32). The lack of bcsak1 affects the composition and integrity of
the fungal cell wall, indicated by increased tolerance to cell wall-
degrading enzymes and increased susceptibility toward cell wall-
challenging agents (75). This result agrees with observations made
for the �bcskn7 strain, suggesting a response to cell wall stress via
this signaling branch. Furthermore, penetration by both mutants
based on mycelia is affected. In contrast to the �bos1 mutant but
similar to the �bcsak1 mutant, the �bcskn7 strain shows reduced
pigmentation. Therefore, there may be a promoting function of
BcSkn7 on the regulation of melanin biosynthesis.

In summary, this study helped to further unravel the signaling
network of B. cinerea (Fig. 8). Characterization of the �bap1
bcskn7 and �bcskn7 mutants revealed that BcSkn7 is involved in

several transcriptional programs in response to different types of
stress. BcSkn7 and Bap1 are key players in the oxidative stress
response and work in concert in gene regulation; however, this
pathway seems to be independent of the Bos1 phosphorelay. But
cell wall integrity and development, as well as mycelium-derived
penetration defects, correspond to the Bos1-BcSak1 pathway and
therefore make BcSkn7 an important RR in this TCS.
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