Extremophiles (2013) 17:623-636
DOI 10.1007/s00792-013-0546-4

ORIGINAL PAPER

The HOG signal transduction pathway in the halophilic fungus
Wallemia ichthyophaga: identification and characterisation
of MAP kinases WiHoglA and WiHog1B

Tilen Konte - Ana Plemenitas

Received: 10 January 2013/ Accepted: 12 May 2013 /Published online: 28 May 2013

© Springer Japan 2013

Abstract The high-osmolarity glycerol (HOG) pathway
is one of the several MAP kinase cascades in fungi. It is the
main signal transduction system that is responsible for
cellular stress responses, and has primarily been studied in
the context of osmotic stress. In the present study, we
provide the first insights into the HOG pathway of the
obligatory halophilic basidiomycetous fungus Wallemia
ichthyophaga, with the characterisation of its two Hogl-
like kinases: WiHoglA and WiHogl1B. These share high
similarity to Hogl kinase from Saccharomyces cerevisiae
(ScHogl) at the level of amino-acid sequence. While
WiHogl A could not optimally complement the function of
ScHogl, WiHog1B was a fully functional Hog1-like kinase
and could improve the halotolerance of the yeast, com-
pared to the wild-type or the ScHogl-expressing hogl4
strain. In W. ichthyophaga cells, Hogl was constitutively
phosphorylated under optimal osmotic conditions and
dephosphorylated when the cells were challenged with
hypo-osmolar or hyperosmolar stress. This pattern of
phosphorylation kinetics is opposite to that of yeast.
Transcriptional analysis of these two kinases in W. ich-
thyophaga shows that WiHOGIB is more responsive to
changes in NaCl concentrations than WiHOGIA. Our
identification and characterisation of these Hogl-like
kinases from W. ichthyophaga confirm the existence of the
HOG signalling pathway and its role in osmosensing in this
halophilic fungus.
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Abbreviations
HOG High-osmolarity glycerol

ScHogl Saccharomyces cerevisiae Hogl

HwHogl Hortaea werneckii Hogl

WiHoglA  Wallemia ichthyophaga Hogl isoform A

WiHoglB  Wallemia ichthyophaga Hogl isoform B

EXF Culture collection of the Department of
Biology, Biotechnical Faculty, University of
Ljubljana

YNB Yeast nitrogen base

WT Wild type

EV Empty vector

LG model Le-Gascuel model

Introduction

To assure normal physical and chemical conditions for
intracellular processes, the cell must maintain optimal
water potential and turgor. Responding to changes in
osmolarity is, therefore, of essential importance, especially
if the organism inhabits environments that can have fluc-
tuating osmolyte concentrations (e.g., ripening fruit, solar
salterns) (Gunde-Cimerman et al. 2000; Heermann and
Jung 2004). In Saccharomyces cerevisiae, there are several
MAPK pathways (Gustin et al. 1998; Chen and Thorner
2007), the most studied of which is the high-osmolarity
glycerol (HOG) pathway (Westfall et al. 2004; Hohmann
et al. 2007). The HOG pathway is also defined as a stress-
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activated protein kinase cascade (de Nadal et al. 2002). The
upstream part of the HOG pathway consists of two func-
tionally redundant, but structurally distinct, branches.
These two branches, known as the SHOI and SLNI bran-
ches, converge at Pbs2 MAP2K, which is an activator of
Hog! (ScHogl) MAPK (Brewster et al. 1993). When the
S. cerevisiae cell shrinks upon osmotic shock (Petelenz-
Kurdziel et al. 2011), ScHogl is doubly phosphorylated
and acts on different cellular targets (Westfall et al. 2008;
Mas et al. 2009; Sole et al. 2011). As a result of HOG
pathway activation, also the glycerol production is upreg-
ulated. Once the cell volume and turgor are restored,
ScHogl is dephosphorylated by phosphatases Ptp2, Ptp3
and Ptcl (Hohmann et al. 2007). The ScHogl MAPK
contains defined sites, motifs and domains that are
important for MAPK function and interactions: the active
site (Westfall and Thorner 2006), the phosphorylation sites
(Bell and Engelberg 2003), the common docking domain
(Tanoue and Nishida 2003) and the Pbs2-binding domain 2
(PDB-2) (Murakami et al. 2008).

In recent years, much attention has been given to the
interplay between the HOG pathway and other signalling
routes in yeast. A number of studies have investigated the
mechanisms of signal specificity, where multiple signalling
pathways share the same protein components. It is now
apparent that ScHogl kinase is also involved in the inhi-
bition of interacting pathways (O’Rourke and Herskowitz
1998; Saito 2010).

Other fungi have similar signalling pathways that are
homologous to HOG (Krantz et al. 2006b), which show
distinctive structural and functional features. For example,
Aspergillus nidulans (Furukawa et al. 2005) and Asper-
gillus fumigatus (Reyes et al. 2006) have two Hogl
homologues, known as MpkC and SakA (HogA), which are
similar in sequence, but do not respond in the same way to
environmental stress. In Cryptococcus neoformans sero-
type A, Hogl is constitutively phosphorylated under ‘nor-
mal’ conditions, while in C. neoformans serotype D it is
not (Bahn et al. 2005). In the extremely salt tolerant fungus
Hortaea werneckii, phosphorylated HwHog1 kinase can be
detected when the cells are grown in >3 M NaCl, but not
when they are grown at lower salinity (Turk and Plemen-
itas 2002). The transcription of HwHogl is also salt
dependent (Lenassi et al. 2007). Interestingly, almost all of
the HOG pathway components that have been studied in
H. werneckii are represented by two gene copies (Lenassi
and Plemenitas 2007; Fettich et al. 2011).

Our model organism is the recently discovered halo-
philic fungus Wallemia ichthyophaga. This is a basidio-
mycetous fungus from the xerophilic genus Wallemia
(Wallemiomycetes and Wallemiales, cl. et ord. nov), which
also includes Wallemia sebi and Wallemia muriae (Zalar
et al. 2005). W. ichthyophaga forms multicellular
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meristematic clumps and, in contrast to the other two
Wallemia species, has almost no hyphal growth in liquid
cultures. Its surface is covered with an extracellular poly-
meric substance matrix in a salt-dependent manner (Gunde-
Cimerman et al. 2009). Recently, the draft sequence of the
W. ichthyophaga genome became available (Gostincar,
unpublished results). With its small size of 9.7 Mbp, it is
similar to the genome of W. sebi, where the expansion of
several gene families was observed, with the most significant
of these being amino-acid transporter, Heat shock protein
HSP20, and stress responsive A/B barrel domain. This might
represent the background for the xerophilic nature of W. sebi
(Padamsee et al. 2012). On the other hand, W. ichthyophaga
is the most halophilic eukaryote known to date, as it grows in
1.7to 5.1 M NaCl. The addition of salt to the growth medium
of W. ichthyophaga is mandatory, and it has been shown that
the salt concentration affects its morphology (Kralj Kuncic
et al. 2010). The mRNA transcript of the glycerol-3-phos-
phate dehydrogenase, the enzyme involved in the production
of the glycerol (the main compatible solute in W. ichthy-
ophaga), is induced upon hyperosmotic shock (Lenassi et al.
2011).

In the present study, we present the first insights into the
HOG pathway of the extremely halophilic W. ichthyoph-
aga, with the identification and characterisation of its two
Hogl homologues: WiHoglA and WiHogl1B.

Materials and methods
Strains and growth conditions

W. ichthyophaga (EXF 994) was isolated from the saline
waters of the SeCovlje solar saltern and is preserved in the
culture collection of the Department of Biology, Biotech-
nical Faculty, University of Ljubljana (EXF). W. ichthy-
ophaga was grown at 28 °C in a rotary shaker (180 rpm) in
yeast nitrogen base (YNB) medium, which contained:
0.08 % (w/v) complete supplement mixture (CSM; For-
medium), 0.16 % (w/v) YNB (Formedium), 2.0 % (w/v)
glucose (Mallinckrodt Baker), 0.5 % (w/v) ammonium
sulphate (Carlo Erba Reagents), and 3.4 M NaCl (Carlo
Erba Reagents), in deionised water, at pH 7.0. Prior to the
experiments with the hypo-osmotic and hyperosmotic
stress, W. ichthyophaga cells were grown to the mid-
exponential growth phase (when the medium pH had
decreased to 4.0) in the above defined YNB medium con-
taining 3.4 M NaCl, and then aliquoted into two parts, and
harvested by centrifugation at 4000xg for 10 min. The
application of the hypo-osmotic and hyperosmotic stress
was carried out by replacing the supernatant medium of
these aliquots with the same volume of the YNB medium at
pH 4.0 (to avoid the pH stress) containing 1.7 or 5.1 M



Extremophiles (2013) 17:623-636

625

Table 1 Primers used in this

Name of
study

primer®

Sequence
( 5/_3/)b

pWiHOGIA.f
npWiHOGIA £
pWiHOGIAx
npWiHOGIA.x
WiHOGIA £
WiHOGIA x
WiHOGIB £
WiHOGIB.x
(EcoRI)WiHOGIA £
(BamHI)WiHOGIA x
(BamHI) WiHOGIArMYC

(EcoRI)WiHOG1B.f
(Smal)WiHOGI1B.x
(Smal) WiHOGIB.rMYC

(BamHI)ScHOG1 .
(HindIIScHOG 1 .x
(HindIIl) ScHOGI.rMYC

* In primer names, f stands for qPCRWIHOGIAf
forward, r for reverse primer, and qPCRWiHOGIA x
MYC for MYC-tag sequence gqPCRWiHOGIB.f
® Restriction sites are underlined gqPCRWiHOGIB.r

in primer sequences

TTCAACGACGCTGATCT CCCTACTGAT
GGAAGGTGATGATGTA CTCTGAGATA
GCCTGGGGAAATGAAA ACGTCTAACAA
GGAAATGATGTTCTC ATGGCGGAGGTGTT
ATGTCCCAAGAAGACAGCAGTTT
CTAGTGAGCACCAGCGGTGGTA
ATGGCGGATTTCGTCAACGCTAGCAT
TTAAACGGTGAAGGACGAATCACT
TAGAATTCATGTCCCAAGAAGACAGCAGTTT
TAGGATCCCTAGTGAGCACCAGCGGTGGTA

TAGGATCCCTACAAATCTTCTTCAGAAATCAATTT
TTGTTCGTGAGCACCAGCGGTGGTA

TAGAATTCATGGCGGATTTCGTCAACGCTAGCAT
TTCCCGGGTTAAACGGTGAAGGACGAATCACT

TTCCCGGGTTACAAATCTTCTTCAGAAATCAATTTTTGTTCA
ACGGTGAAGGACGAATCACT

TAGGATCCCATGACCACTAACGAGGAATTCATTA
TTAAGCTTTTACTGTTGGAACTCATTAGCGTACTG

TTAAGCTTTTACAAATCTTCTTCAGAAATCAATTTTTGTTCCTG
TTGGAACTCATTAGCGTACTG

ATGTCATCAACACCATCACA
TGTCTCTTTGGTAAAGCGTCTA
ACGACGTCATCCAGACTATTT
GCTTTTTAGGCAAGCTTTGA

NaCl for the hypo-osmotic and hyperosmotic stress,
respectively. Aliquots of the cell suspensions were
removed at the indicated times before and after the
replacement of the medium, and then fast filtered through
1.2-um-pore-size MCE filters (Sartorius) and frozen in
liquid nitrogen.

The S. cerevisiae auxotrophic wild-type (WT) (BY4741;
MATa; his3AI; leu2A0; metl5A0; ura3A0) and hoglA
mutant (BY4741; MATa; his3A1; leu2A0; metl5A0;
ura3A0; YLR113w::kanMX4) haploid strains were obtained
from the Euroscarf Yeast deletion strain collection
(Frankfurt, Germany). For the growing conditions of
S. cerevisiae, see “Sequence, domains and phylogenetic
analysis”.

DNA and RNA isolation, and cDNA synthesis

Highly purified fungal genomic DNA was isolated from
mid-exponential-phase cells grown in the YNB medium
with 3.4 M NaCl using the modified phenol/chloroform/
isoamyl alcohol method described previously (Rozman and
Komel 1994). Genome Walker Universal kits (Clontech)
were used to construct pools of uncloned, adaptor-ligated

genomic DNA fragments. The RNA was extracted from
mid-exponential phase cells of W. ichthyophaga grown in
the YNB medium containing 1.7, 3.4 and 5.1 M NaCl,
using the TRI reagent (Sigma Aldrich). Possible DNA
contamination was removed using DNAse I (Fermentas),
and the integrity and purity of the RNA were evaluated
spectrophotometrically and by capillary electrophoresis
(Agilent 2100 Bioanalyser). The cDNA was synthesised
using SuperScript III first-strand cDNA synthesis kits
(Invitrogen) and random hexamer primers (Promega), or
with SMARTer race cDNA amplification kits (Clontech),
according to the manufacturer instructions. The DNA from
the S. cerevisiae WT strain was also isolated according to
the method described above.

Identification, amplification, cloning and sequencing
of the HOGI-like genes from W. ichthyophaga

In our previous study (Lenassi et al. 2007), a partial
sequence of the HOGI-like gene from W. ichthyophaga
was PCR amplified from genomic DNA using degenerate
primers. Based on the partial sequences of this HOGI-like
gene, we designed gene-specific primers (Table 1) to
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amplify sequences upstream (5’) and downstream (3') of
the known fragment, using cDNA or gDNA as template
and prepared with SMARTer race cDNA amplification kits
and genome walker universal kits, respectively. Primary
touchdown PCR and the following secondary nested PCR
(annealing for 5 cycles at 72 °C, 5 cycles at 70 °C and 25
cycles at 68 °C, for both) were performed with high fidelity
polymerase mix (Fermentas), using 50 ng cDNA template
for 20 pL reactions and pWiHOGIA f/jpWiHOGIA.xr and
npWiHOGIA fnpWiHOGIA.xr primers for the touchdown
and nested PCR, respectively. The products were purified
using EZNA gel extraction kits (Omega Bio-Tek) and
cloned into the pJET cloning vector (Fermentas). The
cloned fragments were sequenced (Macrogen) and the new
forward and reverse primers WiHOGIAf/WiHOGIA.x
were subjected to PCR amplification of the whole coding
sequence, again with 50 ng template cDNA, high fidelity
polymerase mix, and annealing for 30 cycles at 60 °C. A
bioinformatic analysis using local BLAST searches of the
W. ichthyophaga draft genome that became available later
during this study (Gostincar, unpublished results) identified
another copy of a HOGI-like gene. This gene was ampli-
fied from 50 ng template cDNA with high fidelity poly-
merase mix and annealing for 30 cycles at 60 °C, using the
forward and reverse primers WiHOGIB.f and WiHOGIB.r
(Table 1).

Sequence, domains and phylogenetic analysis

The protein sequences of ScHogl (GenBank: NP013214),
WiHogl A (GenBank: JX573532) and WiHog1B (GenBank:
JX573533) were aligned using M-Coffee with the default
settings  (http://tcoffee.crg.cat/apps/tcoffee/do:mcoffee;
August 2012). This programme combines outputs of differ-
ent multiple alignment algorithms (Notredame et al. 2000).
The sequences were visualised with the Jalview 2.7 software
(Waterhouse et al. 2009). The domain annotation was based
on data from the UniProt database (the Uniprot Consortium,
2012; http://www.uniprot.org/; August 2012) and the liter-
ature (Murakami et al. 2008; Maayan et al. 2012). The
ProtParam ExPasy programme (http://web.expasy.org/
protparam/; August 2012) was used to analyse the physico-
chemical parameters of the amino-acid sequences (Wilkins
et al. 1999). Sequence similarity searches using the BLAST
algorithm were conducted with the Aspergillus Genome
Database (http://www.aspgd.org/; August 2012), with the
non-redundant database at the National Center for Biotech-
nology Information (http://blast.ncbi.nlm.nih.gov/Blast.cgi;
August 2012), and with the local BLAST programme for the
W. ichthyophaga genome (version 2.2.25; http://blast.ncbi.
nlm.nih.gov/Blast.cgi?’CMD=Web&PAGE_TYPE=BlastDocs
&DOC_TYPE=Download; November 2010).
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The alignment for the maximum likelihood phylogenetic
tree of the deduced Hog1-like proteins was carried out with
M-Coffee. The phylogeny was reconstructed with the
PhyML 3.0 software (Guindon et al. 2010), with aLRT
implementation for the calculation of y* based support
(Anisimova and Gascuel 2006). The analyses were run
using a Le-Gascuel (LG) model of amino-acid substitution,
the optimised proportion of the invariable sites, and the six
substitution rate categories with an optimised gamma dis-
tribution parameter.

Expression of ScHogl, WiHogl A and WiHogl1B
in the S. cerevisiae hogl A mutant,
and the halotolerance assay

For the expression of W. ichthyophaga genes in S. cerevi-
siae, the corresponding open reading frames were amplified
from the pJET cloning vectors (see “Identification, ampli-
fication, cloning and sequencing of the HOGI-like genes
from W. ichthyophaga”) with primers containing restriction
sites (Table 1). WiHOGIA was amplified using the forward
primer (EcoR)WiHOGIA.f and the reverse primer (Bam-
HDWiIHOGIA.x or (BamHI)WiHOGIA.1r.MYC. WiHOGIB
was amplified with the forward primer (EcoR)WiHOGIB.f
and the reverse primer (Smal)WiHOGIB.r or (Smal)Wi-
HOGIB.1rMYC. The ScCHOGI gene amplified from S. ce-
revisiae gDNA with the forward primer (BamHI)ScHOG 1 .f
and the reverse primers (HindIlI)ScHOGI.xr or (BamHI)
ScHOG1.rMYC served as the positive control in these
experiments. The resulting untagged or MYC-tagged
products were cloned into the corresponding restriction sites
of the low-copy-number plasmid pYX142 (CEN, LEU, TPI,
Amp"), which contained the constitutive triose-phosphate
isomerase promoter. The S. cerevisiae hoglA mutant cells,
where the complete Hogl open reading frame is knocked-
out, were transformed with an empty vector pYX142 or
with the constructs pYX142 + ScHOGI, pYX142 + Wi-
HOGIA or pYX142 4+ WiHOGIB, to create transformants
hoglA + EV, hoglA + ScHOGI, hoglA + WiHOGIA
and hoglA + WiHOGIB, respectively. The WT strain was
transformed with the empty vector pYX142 to give the
transformant WT + EV. The transformations were per-
formed using the quick and easy (Gietz and Schiestl 2007)
LiAc/SS carrier DNA/PEG method, and the cells were
selected on YNB plates with leucine (LEU) drop-out
selection, with the presence of the plasmids confirmed by
colony PCR.

For the halotolerance assays, the positive transformants
were grown to mid-exponential phase in YNB-LEU
medium containing: 0.08 % (w/v) CSM-LEU (Formedi-
um), 0.16 % (w/v) YNB (Formedium), 2.0 % (w/v) glu-
cose (Mallinckrodt Baker), 0.5 % (w/v) ammonium
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sulphate (Carlo Erba Reagents), and NaCl (Carlo Erba
Reagents) added to different concentrations, at pH 7.0 and
30 °C in a rotary shaker (180 rpm). Next, the ODgog Was
adjusted to 0.5, and 3.5 pL. of 10-fold serial dilutions
(1-10° dilutions) was spotted onto the YNB-LEU plates
(YNB-LEU medium with 2 % (w/v) agar) that contained
the indicated NaCl concentrations. The plates were incu-
bated at 30 °C for 4 days, and then scanned. For the
generation of growth curves, the transformed cells were
inoculated at ODggo 0.05 into 96-well plates containing
100 pL. YNB-LEU medium in each well, without NaCl,
and with 0.4, 0.8 and 1.6 M NaCl. The 96-well plates
were incubated at 30 °C in a Synergy 2 (Biotek) micro-
plate reader, and the ODgon was measured for the media
containing 0, 0.4, 0.8 and 1.6 M NaCl at 32, 48, 48 and
70 h, respectively. The graphs were generated using the
GraphPad Prism 5 software. We used two positive con-
trols: WT + EV and hoglA + ScHOGI.

The HOG-specific B-galactosidase assay

For analysis of the induction of GPDI-lacZ reporter
expression by HOG pathway activation, the positive
transformants hogl/A + EV, hoglA + ScHOGI, hoglA +
WiHOGIA, hoglA + WiHOGIB and WT + EV were co-
transformed with the YCplac33 + GPDllacZ plasmid,
which contained 800 bp of the GDPI promoter that con-
trols the expression of the lacZ gene. The cells were grown
to mid-exponential phase in YNB-URA-LEU medium,
aliquoted into two parts, and the medium of one aliquot
was replaced with fresh YNB-URA-LEU medium con-
taining 1.2 M NaCl and incubated for 4 h. For the
B-galactosidase assays, first, 5 mL cells was harvested in
the mid-exponential phase and resuspended in the same
volume of Z buffer (60 mM Na,HPO, x 7H,O, 40 mM
NaH,PO4 x H,O, 10 mM MgSO, x 7TH,O, 50 mM
2-mercaptoethanol, pH 7.0), after which the ODgoy was
measured. Then, the cells were lysed with 4 freeze—thaw
cycles (liquid nitrogen, 30 °C water bath), and 30 pL ali-
quots of these lysed cells was diluted with 470 puL Z buffer
containing 100 pL. 4 mg/mL ortho-nitrophenol-B-p-galac-
topyranoside in Z buffer. Following incubations for
15-30 min at 37 °C, the reactions were stopped by addition
of 250 pL 1 M NayCOs;, and the ODy4yy and ODssy were
recorded using a Synergy 2 microplate reader (BioTek).
The B-galactosidase values were calculated in Miller units,
according to the formula (A459 x 1000 — 1.75 x ODss()/
(timeminy X Vimry X ODggo) (Miller 1972; Murakami
et al. 2008). The B-galactosidase values were measured in
triplicate, and the mean 4+ SD values were calculated.
Activation of the cross-talk mating response was
assessed in the same way, except that the transformants

hoglA 4+ EV, hoglA + ScHOGI, hoglA 4+ WiHOGIA,
hoglA + WiHOGIB and WT + EV were co-transformed
with the reporter plasmid YCplac33 + FUSIlacZ, which
contained 834 bp of the FUS!I promoter that controls lacZ
gene expression. The B-galactosidase values were calcu-
lated as above.

Quantitative real-time PCR (qPCR) analysis
of WiHOGIA and WiHOGIB transcription
in W. ichthyophaga

The levels of WiHOGIA and WiHOGIB transcripts were
determined with the qPCR experiment using the cDNA
from the cells grown at denoted salinities. The reaction
mixture was prepared with the SYBR green PCR master
mix (Applied Biosystems), according to the manufacturer
instructions. The gene-specific qPCR primers (Table 1)
were used to generate 65-bp-long amplicons. The forward
primer qPCRWiHOGIAf and the reverse primer
qPCRWiHOGIA.r were used for the WiHOGIA amplicon,
and the forward primer qPCRWiHOGB.f and the reverse
primer qPCRWiHOGIB.r for the WiHOGIB amplicon.
None of the primers formed observable dimers at the
optimal final concentration of 200 nM. Approximately,
5 ng of template cDNA was used in the reaction with the
thermal profile of 2 min at 50 °C, 10 min at 95 °C, 40
cycles of 15 s at 95 °C and 1 min at 60 °C, followed by a
dissociation curve. The experiment was performed in an
ABI 7500 real-time PCR system, and analysed with the
7500 system SDS software (Applied Biosystems). The
expression levels of WiHOGIA and WiHOGIB transcripts
were normalised to the amount of the 28S rRNA transcript,
the expression levels of which remain unchanged under
these different environmental conditions (Rizner et al.
1999).

Western blotting of cell lysates

In S. cerevisiae, the ScHogl protein is phosphorylated
upon osmotic shock (Brewster et al. 1993). To determine
whether the ScHogl, WiHoglA and WiHoglB kinases
expressed in the S. cerevisiae hoglA mutant cells are also
phosphorylated under such conditions, the transformants
hoglA + ScHOGI (positive control), hoglA + WiHOGIA
and hoglA + WiHOGIB expressing the MYC-tagged
kinases were harvested before and 5 min after application
of 0.6 M NaCl shock. For the negative control, hogl-
A + EV cells were used. The cell lysates were prepared by
disruption with glass beads in protein extraction buffer
(100 mM Tris-HCl, pH 6.8, 20 % glycerol, 2 %
2-mercaptoethanol, 4 % SDS) containing a cocktail of
fungal protease inhibitors (Sigma) and phosphatase inhib-
itors (10 mM NaF, 0.1 mM Na3zVO,). The protein
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concentrations were measured spectrophotometrically
using the BCA protein assay (Pierce), at 562 nm. Equal
concentrations of proteins were boiled for 10 min in 5x
protein-loading buffer (0.313 M Tris—-HCl, pH 6.8 at
25 °C, 10 % SDS, 0.05 % bromophenol blue, 50 % glyc-
erol; Fermentas) before loading. The proteins were sepa-
rated by SDS-PAGE in 12 % acrylamide gels and blotted
onto Immobilon PVDF membranes (Millipore). Immuno-
detection with anti-phospho-p38 antibodies (anti-P-p38;
cell signalling technology) and anti-rabbit secondary anti-
bodies (cell signalling technology) conjugated with horse-
radish peroxidase (HRP) was performed using the rapid
step ECL reagent (Calbiochem). An anti-MYC-tag
antibody (Abcam) that recognises the tagged kinases
independent of the phosphorylation state, together with the
anti-rabbit-HRP antibody, was used as controls. A LAS-
1000 camera (Fuji) was used for visualisation of the signals
on the membranes.

The protein extracts of W. ichthyophaga were prepared
from cells grown and stressed as described in “Strains and
growth conditions”. The cells were separated from the
medium before (time 0) and 2, 10 and 30 min and 24 h
after the hypo-osmotic and hyperosmotic NaCl stress was
applied, and frozen in liquid nitrogen. The cells harvested
at 24 h were considered as adapted to the stress conditions.
For protein extraction, the cells were first ground in a pestle
and mortar under continuous cooling with liquid nitrogen,
and then the extraction was carried out in the protein
extraction buffer and with glass beads, as described for

ATP-binding site

S. cerevisiae. The protein concentrations were determined
and the samples were loaded onto SDS-PAGE gels, and
then blotted as above. The phosphorylated WiHog1 kinases
were probed and visualised using anti-P-p38 and anti-rab-
bit-HRP secondary antibodies. As we could not detect
WiHoglA or WiHoglB with any of the commercially
available antibodies against ScHogl or p38, the mem-
branes were stained with 0.1 % (w/v) Ponceau S (Carl
Roth) in 0.5 % (v/v) acetic acid (Carl Roth), and scanned.
The images of the visualised proteins were analysed den-
sitometrically, using the ImagelJ software (Schneider et al.
2012), to normalise the phospho-WiHogl (P-WiHogl)
bands according to the amount of protein loaded. Only the
area of Ponceau S-stained protein in the range from 70 to
25 kDa was used for normalisation.

Results

Two HOGI-like genes in W. ichthyophaga: WiHOGIA
and WiHOGIB

We constructed gene-specific primers (Table 1) and
amplified the 5" and 3’ ends of the WiHOGIA gene from
SMARTer RACE cDNA and Genome Walker genomic
DNA. The WiHOGIA gene amplified from the genomic
DNA was intronless, as the sequence was identical to the
cDNA sequence (GenBank: JX573532). From the 1098-bp-
long gene, a 365-amino-acid protein was deduced (Fig. 1),

ScHog1/1-435 TM-TTNEEFIRTQIFGTVFEITNRYNDLNPIVGMGAFGLV[ICSATDTLTSQPVAIKKIMKPFSTAVLAKRTYRELKLLKHLRHENLICLQDIFLSPLEDIYFVTELQGTDLHR 109
WiHog1A/1-365 1MSQEDSSFVKLSVFGNIFQVTTRYTDLQPIVGMGAFGLLICSSTDQKSGGPVAIKKVMKPFSAPVLAKRTYRELKLLKHLRHENIISLLDVFISPGEDIYFITELLGTDLHR 110
WiHog1B/1-368 1----MADFVNASIFGTLFQITSRYVNLEPVGMGAFGLVICSAKDQLTSSPVAIKKIMKPFSTPVLSKRTYRELKLLKHIRHENIISLSDIFISPSEDIYFVTELLGTDLHR 106
Conservation
Active site Activation loop IR

ScHog1/1-435 10 LLQTRPLEKQFVQYFLYQILRGLKYVHSAGV IHRDLKPSNILINENCDLKI[CDFGLARIQDPQMTGYVSTRY[YRAPE IMLTWQKYDVEVDIWSAGCIFAEMIEGKPLFPG 219
WiHog1A/1-365 1M LLSSRPLERQFVQYFLYQMLRALKFVHPAGVVHRPDILKPSNILINENCDLKI[CDFGLARLQDPQMTGYVSTRY[YRAPEIMLTWQEYDSAVDIWSVGCIFAEMIDGRPIFPG 220
WiHog1B/1-368 107 LLTARPLEKQF IQYFLYQILRGLKYVHSAGVVHRPDILKPSNILVNENCDLKI[CDFGLARIQDPOMTGYVSTRY|[YRAPEIMLTWQKYDVAVDIWSTGCIFAEMLEGKPLFPG 216

Conservation

Common docking domain

ScHog1/1-435 220 KDHVHQFS | ITDLLGSPPKDV INTICSENTLKFVTSLPHRDP IPFSERFKTVEPDAVDLLEKMLVFDPKKRITAADALAHPY|SAPYHDPTDEPVADAKFDWHFNDADLPV 329
WiHog1A/1-365 221 KDHVHQLTVITELLGSPPEDVINTITSENTRRFVDALPKRHKISFADRFPNANAEE IDLLEKMLDFNPKKRITAADALAHPYLAPYHDPEDEPTANERFDWSFNDADLPT 330
WiHog1B/1-368 217 KDHVNQFS I ITELLGTPPDDVIQTICSENTLRFVQSLPKKPRIPFNEKFKTNDPLALDLVEKMLSFDPRTRITASQALAHPY|LAPYHDPNDEPVAAEIQFDWSFNDADLP I 326

Conservation
[
2

ScHog1/1-435 330 DTWRVMM

WiHog1A/1-365 331 DQWKVMM

WiHog1B/1-368 327 DTWKVMM
Conservation

Fig. 1 Protein alignment of ScHogl (GenBank: NP013214), Wi-
HoglA (GenBank: JX573532) and WiHog1B (GenBank: JX573533).
The deduced amino-acid sequences of the kinases were used to create
an alignment with M-Coffee. Conservation of amino-acid sites is
demonstrated by grey columns, where higher and lighter-coloured
columns represent greater conservation. Important regions and sites
are indicated with framed boxes: ATP-binding site; active site;
activation loop containing the TGY motif with the T and Y
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with a predicted molecular weight of 41.63 kDa and a
theoretical isoelectric point (pI) of 5.56.

In the draft genome sequence of W. ichthyophaga
(Gostincar, unpublished results), we recently identified
another HOG I-like gene using local BLAST searches, which
we named WiHOG1B. The gene was amplified from cDNA
as described in “Identification, amplification, cloning and
sequencing of the HOGI-like genes from W. ichthyophaga™ .
This 1516-bp-long gene contains eight introns that range in
size from 43 to 56 bp, and it transcribes to a 1107-bp-long
coding sequence (GenBank: JX573533). The deduced pro-
tein has 368 amino acids (Fig. 1), with a predicted molecular
weight of 41.84 kDa and a theoretical pI of 5.49.

WiHoglA and WiHog1B kinases show high similarity
to ScHogl kinase

M-Coffee multiple protein sequence alignment revealed
high conservation of the Hogl kinase domains and motifs
in both of the WiHogl A and WiHog1B isoforms (Fig. 1).
In all of these Hogl kinases (i.e., also ScHogl; Fig. 1), the
conserved serine/threonine kinase domain starts very close
to the N-terminus, at five residues upstream of a conserved
ATP-binding site. The aspartic acid in the active site
remains unchanged, as does its surrounding amino acids.
The activation loop that contains the TGY motive is also
highly conserved, with the only difference being at position
8, which in WiHoglA is leucine, whereas in ScHogl and
WiHogIB it is isoleucine. The CD domain is not as highly
conserved as the activation loop, although the important
negatively charged residues at positions 6, 9 and 10
(Tanoue and Nishida 2003) remain unchanged. Following
the CD domain, there is the PBD-2 region. As can be seen
from the alignment in Fig. 1, WiHog1A and WiHog1B also
have relatively conserved PBD-2 regions. Murakami et al.
(2008) confirmed the role of PBD-2 in the binding to Pbs2
kinase and Ptp2 phosphatase in S. cerevisiae. All of the
residues that are important for the function of the PBD-2
domain in ScHogl are conserved in WiHoglA and Wi-
HoglB. Two new regions were recently identified in
ScHogl: a motif that resides inside the PBD-2 domain and
is responsible for ScHogl autophosphorylation (Fig. 1);
and the domain which extends from the residue 341 to the
C-terminus and inhibits this autophosphorylation (Maayan
et al. 2012). However, from the PBD-2 domain further
towards the C-terminus, there are only a further 15 and 22
residues in WiHog1 A and WiHog1B, respectively, while in
ScHogl, 85 residues follow the PBD-2 region (Fig. 1).

Gene phylogeny reconstruction

To construct a maximum likelihood phylogenetic tree and
to place the WiHog1 A and WiHog1B proteins in the fungal

kingdom, the newly identified sequences were compared to
homologous sequences of other fungi. The fungal homo-
logues were retrieved from the Aspergillus Genome Data-
base for Aspergilli, and from the National Center for
Biotechnology Information for the other fungi (for details,
see “Sequence, domains and phylogenetic analysis”).
Figure 2 shows the phylogenetic tree that was arbitrarily
rooted to Rhizopus delemar. The two deduced kinases of
W. ichthyophaga are positioned apart from each other.
W. ichthyophaga HoglA is placed together with W. sebi
Hogl at the base of the Basidiomycota, which indicates
that these two kinases separated from the common ancestor
a long time ago. The other isoform, W. ichthyophaga
HoglB, is closely related to W. sebi SakA and is phylo-
genetically more similar to other Hogl-like kinases from
basidiomycetous fungi.

WiHogl A and WiHog1B rescue the osmosensitive
phenotype of S. cerevisiae hoglA

To demonstrate experimentally that the WiHOGIA and
WiHOGIB genes are indeed functional homologues of the
ScHOG] gene, functional complementation assays were
performed with the S. cerevisiae hoglA strain expressing
the MYC-tagged kinases WiHogl A and WiHog1B. Along
with the expressed ScHogl kinase, WT cells also served
as the positive control. The transformants were plated on
YNB-LEU medium with the indicated NaCl concentra-
tions. The growth was recorded after 4 days, with repre-
sentative data shown in Fig. 3a. On the YNB-LEU plate
without NaCl (Fig. 3a, YNB control), the cells showed
identical growth patterns, confirming the uniform cell
spotting. The growth of the WiHoglA-expressing cells
was reduced in comparison to the cells expressing
ScHogl, WiHoglB and the WT cells, even at 0.4 M
NaCl, although these cells grew better than the negative
control (Fig. 3a, hoglA + EV); this demonstrates that the
WiHogl A kinase can partially complement the function
of ScHogl. At 0.8 and 1.6 M, there was better growth of
the WiHoglB-expressing cells, compared to all of the
other transformants (Fig. 3a). In parallel with the MYC-
tagged genes, transformations were also carried out with
the untagged WiHOGIA, WiHOGIB and ScHOGI genes.
In functional complementation assay, there were no dif-
ferences when the untagged kinases were expressed in
transformants (data not shown) and, therefore, we exclu-
ded these untagged kinases from the further studies. It has
also been shown previously that the function of GFP-
tagged ScHogl remains the same as that for untagged
ScHogl (Reiser et al. 1999).

To more precisely monitor the growth patterns of these
transformants, the cells were inoculated into liquid YNB-
LEU media and the ODg¢(, was followed over the indicated
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Fig. 2 Maximum likelihood
phylogenetic tree of deduced
Hogl-like proteins arbitrarily
rooted to Rhizopus delemar. The
protein alignment was carried
out with M-Coffee (Notredame
et al. 2000), and PhyML
(Guindon et al. 2010) was used
for construction of the tree
(settings described in
“Sequence, domains and
phylogenetic analysis™). Grey
highlighted W. ichthyophaga
HoglA and W. ichthyophaga ]
Hogl1B, positioned apart on the

EIE88086 Rhizopus delemar Hog1

XP758504 Ustilago maydis Hog1

— JX573532 Wallemia ichthyophaga Hog1A
L EIM21301 Wallemia sebi Hogt

BAM08274 Trichosporonoides megachiliensis Hog1
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XP003323178 Puccinia graminis Hog1
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NP592843 Schizosaccharomyces pombe Sty1
NP013214 Saccharomyces cerevisiae Hog1
XP460213 Debaryomyces hansenii Hog1
XP721137 Candida albicans Hog1

EHY57809 Exophiala dermatitidis Hog1
r— XP001558337 Botryotinia fuckeliana Hog1
XP003665798 Myceliophthora thermophila Hog1
XP962163 Neurospora crassa Sty1
XP001906721 Podospora anserina Hog1
EGX46451 Arthrobotrys oligospora Hog1
|— XP001536669 Ajellomyces capsulatus Hog1

1 Zygomycota

Basidiomycota

Ascomycota

T EDP51653 Aspergillus fumigatus MpkC

0.05

time course in a 96-well microplate reader. The growth
curves presented in Fig. 3b show that growth on the YNB-
LEU medium alone (Fig. 3b, YNB control) was similar for
all transformants. At 0.4 and 0.8 M NaCl, the hogl A cells
expressing WiHog1 A did not reach as high an ODg as the
ScHogl-expressing and WiHog1B-expressing cells and the
WT strain (Fig. 3b). More importantly, the WiHoglB-
expressing cells grew significantly better than the other
transformants at 1.6 M NaCl (Fig. 3b). These data further
support the results of the functional complementation assay
on the YNB-LEU medium on plates, where the hogl A4 cells
expressing WiHog1B showed the greatest tolerance to high
salinity (Fig. 3a, 1.6 M NaCl).

To determine whether the WiHogl kinases are phos-
phorylated upon osmotic shock in S. cerevisiae, the cell
lysates were prepared from the transformants carrying the
empty vector and from those expressing the MYC-tagged
kinases ScHogl, WiHogl A and WiHogl1B. The cells were
harvested before and after 0.6 M NaCl stress for 5 min.
Immunoblotting of the lysates was carried out with the anti-
MYC-tag or anti-P-p38 antibodies to probe for the MYC-
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AAF81523 Aspergillus nidulans HogA

XP752664 Aspergillus fumigatus SakA

XP001264469 Neosartorya fischeri SakA

XP002146247 Penicillium marneffei SakA

XP002478549 Talaromyces stipitatus SakA

AAMB4214 Hortaea weneckii Hog1

Q4W6D3 Cochliobolus heterostrophus Hog1

ADD17355 Alternaria alternata Hog1 _

1 XP662272 Aspergillus nidulans MpkC

tagged and phosphorylated kinases, respectively. Figure 3c
shows representative data where these kinases were expres-
sed (Fig. 3c, anti-MYC). There was no phosphorylation of
the WiHogl A and WiHog1B kinases before the NaCl stress
(Fig. 3c, no salt, anti-P-p38); in contrast, all kinases were
phosphorylated upon application of the salt shock (Fig. 3c,
0.6 M NaCl, anti-P-p38). Lower phosphorylation of the
WiHoglA kinase is in agreement with the lower halotoler-
ance of this transformant (Fig. 3a, b).

WiHog1B kinase activates the HOG pathway
and inhibits the cross-talk more efficiently
than WiHoglA in S. cerevisiae hogl A

Quantitative measures of HOG pathway activation was
examined using the B-galactosidase assay (Miller 1972).
The hogl A cells carrying the empty vector, the hogl A cells
expressing ScHogl, WiHoglA, WiHoglB, and the WT
cells were co-transformed with the plasmid carrying the
GPDI-lacZ reporter gene. The activity of the B-galacto-
sidase enzyme was determined before and after the
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Fig. 3 Expression of the ScHogl, WiHogl A and WiHog1B kinases
in yeast. S. cerevisiae wild-type (WT) strain (positive control) was
transformed with an empty vector. The hogl A strain was transformed
with an empty vector (negative control) or vectors containing the
ScHOG] (positive control), WiHOGIA or WiHOG1B genes. a Func-
tional complementation and halotolerance assay. Transformed cells
were 10-fold serially diluted and spotted on YNB-LEU plates without
salt (YNB control) or with 0.4, 0.8 or 1.6 M NaCl, as indicated.
b Growth of transformed cells in liquid YNB-LEU medium without
salt (YNB control) or with 0.4, 0.8 or 1.6 M NaCl, as indicated. Here,
96-well plates were incubated in a microplate reader and ODgg was
measured at the indicated times. Data are mean + SD of two
experiments, each carried out in triplicate. ¢ Immunodetection of

application of 1.2 M NaCl stress for 4 h. Figure 3d shows
that in the WT and the WiHoglB-expressing cells, the
induction of the GPDI-lacZ reporter (and thus the
[B-galactosidase activity) following this osmotic stress was
comparable, while that for the WiHogl A-expressing cells
was lower, as expected from the previous results above. In
all of the cells, there was also high background enzyme
activity independent of this salt stress, which might be the
result of a leaking promoter. Indeed, taking this into
account, it was the WiHoglB kinase that showed the
highest relative induction of this B-galactosidase activity.

O’Rourke and Herskowitz (1998) described a phenom-
enon in yeast by which the mating pathway is activated
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GPD1-lacZ FUS1-lacZ

expressed and phosphorylated kinases with anti-MYC-tag or anti-P-
p38 antibodies, respectively, in transformants of hogl 4 cells carrying
empty vector or vectors with the ScHOGI (positive control),
WiHOGIA or WiHOGIB genes. The lysates were prepared from
cells before and 5 min after application of the 0.6 M NaCl shock.
Arrows positions of Hogl MAPKs. d, e Activation of the HOG
pathway (GPDI-lacZ) and cross-talk activation of the mating
pathway (FUSI-lacZ) assayed by the B-galactosidase activity assay.
Activity in cell lysates of transformants co-transformed with the
GPDI-lacZ or FUSI-lacZ reporter plasmid was measured before
(white bars) and after (black bars) application of 1.2 M NaCl stress
for 4 h. Data are mean + SD, carried out in triplicate

during osmotic shock, when some components of the HOG
pathway are deficient. This happens because the phos-
phorylation cascade cannot feed forward to ScHog1, which
also negatively controls the cross-talk; instead, the phos-
phorylation/activation pathway proceeds through the mat-
ing pathway components via Stell, to activate Fus3 or
Kssl, which in turn activate FUSI expression via Stel2
transcription factor. Another way to test the function of
these WiHog1 kinases in S. cerevisiae is thus to determine
whether WiHogl A and WiHoglB can prevent this cross-
talk. Therefore, the cells carrying the empty vector, the
cells expressing ScHogl, WiHogl A and WiHoglB, and
the WT cells were co-transformed with a plasmid carrying
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the FUSI-lacZ reporter. Induction of -galactosidase was
measured in the lysates from these cell (as a measure of the
cross-talk) before and after the application of 1.2 M NaCl
stress for 4 h (as described for the GPDI-lacZ reporter).
Figure 3e shows the results of this cross-talk activation of
the mating pathway upon osmotic shock. As the negative
control, the WT cells showed the lowest cross-talk acti-
vation. While levels of the cross-talk are almost the same in
the cells expressing either ScHogl or WiHogl, we
observed higher cross-talk (as defined by the greater
B-galactosidase activity) in the cells expressing WiHogl A,
which is in agreement with the lower HOG pathway acti-
vation by WiHoglA (Fig. 3c, d, hoglAd + WiHOGIA). As
expected, there was also high cross-talk shown by the
B-galactosidase activity of the hoglA cells used as positive
control (Fig. 3e, hogiA + EV).

Expression of the WiHOGIA and WiHOGIB genes
in W. ichthyophaga depends on environmental salinity

Despite the fact that the components of signalling pathways
are regulated primarily at the level of posttranslational
modifications, there are reported cases of mechanisms
involving also transcriptional regulation (Han and Prade
2002; Lenassi et al. 2007). More importantly, transcrip-
tional analysis is of interest in fungi with paralogous
MAPKSs (Reyes et al. 2006). Because two paralogous genes
coding for Hogl-like kinases exist also in W. ichthyophaga,
we preformed the qPCR analysis to check if their tran-
scription was affected by salt levels. Following the growth
of the cells under the optimal (3.4 M), hyperosmotic
(5.1 M) and hypo-osmotic (1.7 M) conditions, the tran-
scription of WiHOGIA and WiHOGIB genes was analysed.
Results presented in Fig. 4 show that the transcript levels
of both genes were upregulated in the hyperosmotic
(5.1 M) and hypo-osmotic (1.7 M) medium. WiHOGIA
gene expression increased less than 3-fold in 1.7 M and
5.1 M NaCl, while under these conditions WiHOGIB
reached 6-fold that of the basal level. These results dem-
onstrate that HOGI-like genes are differentially expressed
and that WiHOGIB is more responsive to changes in
environmental salinity.

Phosphorylation patterns of Hogl-like kinase
in W. ichthyophaga

As W. ichthyophaga is a true halophile, which means that it
cannot survive without NaCl and it shows optimal growth
at 3.4 M NaCl, we examined its Hogl phosphorylation
patterns. To determine whether the Hogl-like kinases in
W. ichthyophaga undergo phosphorylation kinetics that are
similar to other fungi during osmotic changes, we probed
the protein lysates of W. ichthyophaga with anti-P-p38
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Fig. 4 Transcription of HOGI-like kinases in W. ichthyophaga
analysed by qPCR. Expression of WiHOGIA (white bars) and
WiHOGB (black bars) under optimal (3.4 M), hyperosmolar (5.1 M)
or hypo-osmolar (1.7 M) conditions. The fold-induction on cDNA
levels is presented as mean £ SD of two real-time experiments each
carried out in duplicate, relative to cDNA levels at 3.4 M NaCl

antibodies (Fig. 5). Here, we cannot discriminate between
the two isoforms of WiHoglA and WiHoglB for the
phosphorylation patterns that are detected. However, in
the representative data shown in Fig. 5, the intensities of
the WiHog!1 phosphorylation bands (Fig. 5, P-Hogl) were
normalised relative to the amounts of the loaded proteins
(Fig. 5, Ponceau), as given in the histograms of Fig. 5.
Following the growth of these cells under the optimal
osmotic conditions (3.4 M), their time courses of WiHog1
phosphorylation under hyperosmotic and hypo-osmotic
stress were followed. Under the hyperosmotic stress
(5.1 M; Fig. 5a), the initial WiHogl phosphorylation
increased to a maximum within 2 min, followed by its
dephosphorylation to below the starting level within
10 min, and a further decrease to 30 min. Under the hypo-
osmotic stress (1.7 M; Fig. 5b), the initial Hogl phos-
phorylation decreased immediately, and continued to
decrease further to 30 min. Thus, under both hyperosmotic
and hypo-osmotic stress, even 30 min after the cells were
challenged, the Hogl phosphorylation levels remained
lower than at the start (Fig. 5a, b). With the continuation of
the hyperosmotic and hypo-osmotic stress to 24 h
(Fig. 5¢), the cells grown at 5.1 M NaCl showed a return to
the initial Hogl phosphorylation level. However, in the
cells grown at 1.7 M NaCl, even after 24 h, the Hogl
phosphorylation levels remained low, showing that these
cells challenged with hypo-osmotic shock were still not
adapted to this new condition.

Discussion

Through our studies of the HOG pathway of the obligatory
halophilic fungus W. ichthyophaga, we identified two
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Fig. 5 Phosphorylation patterns of Hogl-like kinase in W. ichthy-
ophaga. Cell lysates of W. ichthyophaga were probed with anti-P-p38
antibodies. The phosphorylated Hogl-like kinase (P-Hogl, upper
panels) and images of Ponceau S staining (middle panels) are shown.
The intensities of the phosphorylation bands were normalised to the
amount of loaded protein for the histograms, for the phosphorylation

HOGI-like genes, WiHOGIA and WiHOGIB. The protein
products of WiHoglA and WiHoglB deduced from these
genes share 69 % identical amino acids with each other,
and 59 and 66 % with ScHogl kinase, respectively. Of
note, the ScHog1 protein has 435 amino acids and is thus
70 amino acids longer than WiHogl A and 67 longer than
WiHog1B.

Murakami et al. (2008) showed that deletion of the 77
C-terminal ScHog! residues has no effect on its binding to
Pbs2, while the study of Maayan et al. (2012) demonstrated
an autophosphorylation-inhibiting role of these C-terminal
residues. Furthermore, a hyperactive ScHogl mutant was
identified following the C-terminal N391D mutation (Bell
et al. 2001). Our data show that although WiHoglA and
WiHog1B lack a considerable portion of the C-terminal
amino acids seen for ScHog1, they can still complement its
function in the S. cerevisiae hoglA strain and they remain
largely non-phosphorylated when expressed in unstressed
cells. This thus confirms that the final 70 residues of
ScHogl are not essential for its function. This alanine-rich
C-terminus of ScHogl is also missing in all known fila-
mentous fungi (Krantz et al. 2006a). However, WiHogl1 A
is not fully functional when compared with WiHog1B and
ScHogl, despite the most important residues being con-
siderably conserved. Evidently, the lower phosphorylation
levels, lower GPDI-lacZ induction, and greater cross-talk
indicate that WiHoglA cannot interact optimally with the
activating MAP2K Pbs2 or with its targets, which might be
explained by small differences in the ATP-binding site, the
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relative to the normal state (before stress). a, b Cells grown under
optimal osmotic conditions (3.4 M NaCl) with time courses for the
application of hyperosmotic (5.1 M) stress (a) and hypo-osmotic
(1.7 M) stress (b). ¢ Cells grown under optimal osmotic conditions
(3.4 M NaCl), and 24 h after the transfer to the medium containing
5.1 M and 1.7 M NaCl, as indicated

activation loop, the common docking domain, and/or the
PBD-2 region. On the other hand, WiHoglB can be
phosphorylated, can efficiently bind to the GPDI promoter,
and shows lower cross-talk activation, which demonstrates
that in the S. cerevisiae hogl A background, WiHog1B is a
fully functional kinase. Because of the efficient interaction
between GPDI promoter and WiHoglB in S. cerevisiae
and the induction upon hyperosmotic shock of the GPDI
mRNA transcript in W. ichthyophaga (Lenassi et al. 2011),
there is a strong indication that this kinase is involved in
the induction of the glycerol synthesis in W. ichthyophaga.
WiHog1B also improves the tolerance of the yeast strain to
high salinity, which was not observed for the expression in
S. cerevisiae of HwHogl, from the halotolerant H. wer-
neckii (Lenassi et al. 2007).

It is not common for organisms to contain two copies of
Hogl-like protein kinases (Krantz et al. 2006b). To date,
the duplication of a HOGI-like gene had only been
reported in the Aspergillus genus. In A. nidulans, the
hogAA knock-out is osmosensitive, while deletion of
the other Hogl-like kinase, AnMpkC, does not affect the
phenotype (Furukawa et al. 2005). For AfSakA from
A. fumigatus, as well as its involvement in osmotic stress
signalling, it has been shown to take part in nitrogen
sensing and germination (Xue et al. 2004). Furthermore,
AfSakA shows different transcriptional responses to stress
compared to AfMpkC, which in A. fumigatus is a MAPK
that is required for the use of polyalcohol sugars (Reyes et al.
2006). The results of the BLAST searches of Hogl-like
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kinases in the Aspergillus Genome Database indicated that
HOGI-like genes in Aspergilli show high diversification.
Our results from W. ichthyophaga (the present study) and the
results from the W. sebi genomic data (Padamsee et al. 2012)
show that duplication happened a long time ago also in the
common ancestor of these two fungi. Most likely, this feature
extends to the whole of the Wallemia genus. WiHogl A and
WsHogl share 93 % identity, while WiHog1B and WsSakA
have 90 % identical residues. Usually core components of
signalling pathways are under strong functional selection
(Wu et al. 2010) and, therefore, a duplication of such a gene
can release conservational pressure, to give the newly cre-
ated gene the space to accumulate mutations more rapidly
and to acquire new functions. Duplication of genes is also
considered a mechanism of adaptation to extreme environ-
ments (Kondrashov et al. 2002), which was confirmed in our
studies on the halotolerance of H. werneckii (Gostincar et al.
2011).

As W. ichthyophaga is a recently discovered species
(Zalar et al. 2005), there are few molecular tools that have
been developed to investigate this organism. Its slow
growth, formation of cell clumps, and requirement for NaCl
in the growth medium further aggravate its manipulation. In
the present study, we performed transcriptional and post-
translational analysis of Hogl-like kinases to investigate the
mechanisms of the HOG pathway regulation in this fungus.
We demonstrated that the two paralogous Hogl kinases
identified in W. ichthyophaga, WiHoglA and WiHoglB,
responded differentially at the level of transcription. Data
from the literature show that the response to increased
osmolarity varies among fungi; when S. cerevisiae cells are
exposed to osmotic shock, levels of ScHOGI mRNA remain
unchanged (Brewster et al. 1993), while in H. werneckii
transcription of HwHOG] gene is upregulated in such con-
ditions (Lenassi et al. 2007). Levels of AnHOGA from
A. nidulans (Han and Prade 2002) and AfSAKA from A. fu-
migatus (Reyes et al. 2006) also respond to osmotic shock,
in contrast to the transcripts of the paralogous MPKC kinase
gene, which in A. nidulans are not detected (Furukawa et al.
2005), and in A. fumigatus they increase in response to the
carbon source and oxidative stress but not to osmotic stress
(Reyes et al. 2006). Our data presented in Fig. 4 demon-
strated that Hogl paralogues in W. ichthyophaga are regu-
lated at the level of transcription and that WiHOGIB is more
responsive to changes in NaCl concentrations.

To investigate HOG pathway activation in W. ichthy-
ophaga, cell lysates were prepared at different time points
after the application of hyperosmotic and hypo-osmotic
shock. In S. cerevisiae, ScHog1 is not phosphorylated under
iso-osmotic or hypo-osmotic conditions. Upon hyperosmotic
shock, ScHogl is phosphorylated and translocates to the
nucleus. After the cell adapts to the higher osmolarity,
ScHogl is dephosphorylated by phosphatases in a negative-
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feedback manner (Hohmann et al. 2007). However, here,
W. ichthyophaga shows the opposite phosphorylation pat-
tern: Hogl-like kinase in W. ichthyophaga remains phos-
phorylated under optimal osmotic conditions (3.4 M NaCl)
and is dephosphorylated within 10 min of either hypo-
osmotic or hyperosmotic shock. This suggests that phos-
phatases have an important role in the HOG pathway
regulation in W. ichthyophaga. Indeed, after 30 min of both
hyperosmotic and hypo-osmotic stress, the phosphorylation
levels remained low, which indicates that the cells had not
yet adapted to these new osmotic conditions. However, after
24 h of growth under hyperosmotic and hypo-osmotic
shock, the phosphorylation levels remained lower with
hypo-osmotic medium than in the cells grown at both
optimal and the hyperosmolar salt concentrations. This
suggests that under these hypo-osmotic conditions, the cells
are still under acute stress, or that the HOG pathway from W.
ichthyophaga shows a different feedback mechanism. Sim-
ilar phosphorylation models have already been reported for
C. neoformans, where serotype A has a unique, W. ichthy-
ophaga-like patterns, while some isolates of serotype D
regulate CnHog1 phosphorylation in a way parallel to that of
S. cerevisiae (Bahn et al. 2005). The CnHog1 proteins from
C. neoformans serotype A and D are identical at the amino-
acid level and are functionally redundant, which demon-
strates that their upstream and downstream signalling
components are divergent and regulate the HOG pathway
differently in C. neoformans. Similarly, by expression of the
WiHoglA and WiHogl1B proteins in S. cerevisiae hoglA,
we have shown that W. ichthyophaga Hogl-like kinases can
be functionally similar to ScHogl in the yeast background,
although they show completely different phosphorylation
patterns in W. ichthyophaga. In a well-designed study, Bahn
et al. (2007) provided evidence that Ssk2 MAP3K is a key
element for such opposing regulation of HOG pathways in
isolates of C. neoformans. Nevertheless, W. ichthyophaga
needs a more elaborate examination to investigate and define
further such hypotheses.

While in S. cerevisiae constitutive Hogl phosphoryla-
tion is lethal (Maeda et al. 1994), in W. ichthyophaga and
C. neoformans this appears not to be the case. In W. ich-
thyophaga and C. neoformans, the HOG pathway regula-
tion follows a mechanism that is opposite to that of yeast.
On the other hand, when the halotolerant H. werneckii is
grown in medium containing >3 M NaCl, HwHogl is
constitutively phosphorylated, which is not the case if it
is grown at lower osmolarity (Turk and Plemenitas 2002).
As with organisms from hypersaline environments, the
pathogens must also be resistant to different stresses when
invading their host. This is evident by the ability of
H. werneckii to cause tinea nigra, a mycotic skin infection
that is seen in tropical regions (Gottlich et al. 1995). While
the assumption has been made that a unique mechanism of
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CnHogl phosphorylation in C. neoformans is responsible
for its higher stress resistance and the virulence of its
serotype A (Bahn et al. 2007), in a similar way such HOG
pathway regulation might be the reason for the high salt
resistance of W. ichthyophaga. Halophiles are challenged
with osmotic changes that are much greater than those of
S. cerevisiae and, therefore, we propose halophilic and
halotolerant models, like W. ichthyophaga and H. wer-
neckii (Plemenitas et al. 2008), to investigate the complex
responses to extreme changes in osmolarity that are gov-
erned by HOG signalling (Vaupotic and Plemenitas 2007,
Lenassi et al. 2011). S. cerevisiae is a mesophilic organism,
in which ScHogl is not phosphorylated when the cells are
adapted to the changed osmotic conditions. In H. wer-
neckii, we observed a phosphorylation mechanism similar
to that of S. cerevisiae only when the cells were grown in
up to 3 M NaCl. When H. werneckii cells were grown at
higher salinities, HwHogl was phosphorylated constitu-
tively (Turk and Plemenitas 2002). As this hybrid regula-
tion might represent the background for the extreme
halotolerance of H. werneckii, the constitutive phosphory-
lation of Hogl-like kinase from W. ichthyophaga might
support its obligatory halophilic nature.

In the present study, we have evaluated the W. ichthy-
ophaga Hogl-like kinases in the background of the S. ce-
revisiae hoglA mutant strain through three independent
approaches. First, with complementation assays and growth
on high-osmolarity medium, secondly, with immunode-
tection of phosphorylated Hogl, and finally with the
transcriptional activation of the HOG-specific reporters
GPDI-lacZ and FUSI-lacZ. WiHogl1 A and WiHog1B are
functional homologues of ScHogl. From this study of
phosphorylation in W. ichthyophaga, we can conclude that
the HOG pathway regulation is similar to that of C. neo-
formans serotype A, and in contrast to that of S. cerevisiae.

Acknowledgments The authors gratefully thank Metka Lenassi,
Cene Gostincar, Anja Kejzar and Jernej Praprotnik for their useful
suggestions. This work was supported in part by Research Grant
P1-0170, and in part by a Young Researcher Fellowship, from the
Slovenian Research Agency.

References

Anisimova M, Gascuel O (2006) Approximate likelihood-ratio test
for branches: a fast, accurate, and powerful alternative. Syst Biol
55:539-552

Bahn YS, Kojima K, Cox GM, Heitman J (2005) Specialization of the
HOG pathway and its impact on differentiation and virulence of
Cryptococcus neoformans. Mol Biol Cell 16:2285-2300

Bahn YS, Geunes-Boyer S, Heitman J (2007) Ssk2 mitogen-activated
protein kinase kinase kinase governs divergent patterns of the
stress-activated Hogl signaling pathway in Cryptococcus neo-
formans. Eukaryot Cell 6:2278-2289

Bell M, Engelberg D (2003) Phosphorylation of Tyr-176 of the yeast
MAPK Hog1/p38 is not vital for Hogl biological activity. J Biol
Chem 278:14603-14606

Bell M, Capone R, Pashtan I, Levitzki A, Engelberg D (2001)
Isolation of hyperactive mutants of the MAPK p38/Hog]1 that are
independent of MAPK kinase activation. J Biol Chem
276:25351-25358

Brewster JL, de Valoir T, Dwyer ND, Winter E, Gustin MC (1993)
An osmosensing signal transduction pathway in yeast. Science
259:1760-1763

Chen RE, Thorner J (2007) Function and regulation in MAPK
signaling pathways: lessons learned from the yeast Saccharo-
myces cerevisiae. Biochim Biophys Acta 1773:1311-1340

de Nadal E, Alepuz PM, Posas F (2002) Dealing with osmostress
through MAP kinase activation. EMBO Rep 3:735-740

Fettich M, Lenassi M, Veranic P, Gunde-Cimerman N, Plemenitas A
(2011) Identification and characterization of putative osmosen-
sors, HwSholA and HwSholB, from the extremely halotolerant
black yeast Hortaea werneckii. Fungal Genet Biol 48:475-484

Furukawa K, Hoshi Y, Maeda T, Nakajima T, Abe K (2005)
Aspergillus nidulans HOG pathway is activated only by two-
component signalling pathway in response to osmotic stress. Mol
Microbiol 56:1246-1261

Gietz RD, Schiestl RH (2007) Quick and easy yeast transformation
using the LiAc/SS carrier DNA/PEG method. Nat Protoc
2:35-37

Gostincar C, Lenassi M, Gunde-Cimerman N, Plemenitas A (2011)
Fungal adaptation to extremely high salt concentrations. Adv
Appl Microbiol 77(77):71-96

Gottlich E, deHoog GS, Yoshida S, Takeo K, Nishimura K, Miyaji M
(1995) Cell-surface hydrophobicity and lipolysis as essential
factors in human Tinea nigra. Mycoses 38:489-494

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W,
Gascuel O (2010) New algorithms and methods to estimate
maximum-likelihood phylogenies: assessing the performance of
PhyML 3.0. Syst Biol 59:307-321

Gunde-Cimerman N, Zalar P, de Hoog S, Plemenitas A (2000)
Hypersaline waters in salterns—natural ecological niches for
halophilic black yeasts. FEMS Microbiol Ecol 32:235-240

Gunde-Cimerman N, Ramos J, Plemenitas A (2009) Halotolerant and
halophilic fungi. Mycol Res 113:1231-1241

Gustin MC, Albertyn J, Alexander M, Davenport K (1998) MAP
kinase pathways in the yeast Saccharomyces cerevisiae. Micro-
biol Mol Biol Rev 62:1264-1300

Han KH, Prade RA (2002) Osmotic stress-coupled maintenance of
polar growth in Aspergillus nidulans. Mol Microbiol 43:
1065-1078

Heermann R, Jung K (2004) Structural features and mechanisms for
sensing high osmolarity in microorganisms. Curr Opin Microbiol
7:168-174

Hohmann S, Krantz M, Nordlander B (2007) Yeast osmoregulation.
Methods Enzymol 428:29-45

Kondrashov FA, Rogozin IB, Wolf YI, Koonin EV (2002) Selection
in the evolution of gene duplications. Genome Biol 3:1-9

Kralj Kuncic M, Kogej T, Drobne D, Gunde-Cimerman N (2010)
Morphological response of the halophilic fungal genus Wallemia
to high salinity. Appl Environ Microbiol 76:329-337

Krantz M, Becit E, Hohmann S (2006a) Comparative analysis of
HOG pathway proteins to generate hypotheses for functional
analysis. Curr Genet 49:152-165

Krantz M, Becit E, Hohmann S (2006b) Comparative genomics of the
HOG-signalling system in fungi. Curr Genet 49:137-151

Lenassi M, Plemenitas A (2007) Novel group VII histidine kinase
HwHhk7B from the halophilic fungi Hortaea werneckii has a
putative role in osmosensing. Curr Genet 51:393-405

@ Springer



636

Extremophiles (2013) 17:623-636

Lenassi M, Vaupotic T, Gunde-Cimerman N, Plemenitas A (2007)
The MAP kinase HwHogl from the halophilic black yeast
Hortaea werneckii: coping with stresses in solar salterns. Saline
Systems 3:3

Lenassi M, Zajc J, Gostincar C, Gorjan A, Gunde-Cimerman N,
Plemenitas A (2011) Adaptation of the glycerol-3-phosphate
dehydrogenase Gpdl to high salinities in the extremely halotol-
erant Hortaea werneckii and halophilic Wallemia ichthyophaga.
Fungal Biol 115:959-970

Maayan I, Beenstock J, Marbach I, Tabachnick S, Livnah O,
Engelberg D (2012) Osmostress induces autophosphorylation
of Hogl via a C-terminal regulatory region that is conserved in
p38alpha. PLoS ONE 7:e44749

Maeda T, Wurglermurphy SM, Saito H (1994) A 2-component system
that regulates an osmosensing map kinase cascade in yeast.
Nature 369:242-245

Mas G, de Nadal E, Dechant R, Rodriguez de la Concepcion ML,
Logie C, Jimeno-Gonzalez S, Chavez S, Ammerer G, Posas F
(2009) Recruitment of a chromatin remodelling complex by the
Hogl MAP kinase to stress genes. EMBO J 28:326-336

Miller JH (1972) Experiments in molecular genetics. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor

Murakami Y, Tatebayashi K, Saito H (2008) Two adjacent docking
sites in the yeast Hogl mitogen-activated protein (MAP) kinase
differentially interact with the Pbs2 MAP kinase kinase and the
Ptp2 protein tyrosine phosphatase. Mol Cell Biol 28:2481-2494

Notredame C, Higgins DG, Heringa J (2000) T-Coffee: a novel
method for fast and accurate multiple sequence alignment. J] Mol
Biol 302:205-217

O’Rourke SM, Herskowitz I (1998) The Hogl MAPK prevents cross
talk between the HOG and pheromone response MAPK
pathways in Saccharomyces cerevisiae. Genes Dev 12:2874—
2886

Padamsee M, Kumar TK, Riley R, Binder M, Boyd A, Calvo AM,
Furukawa K, Hesse C, Hohmann S, James TY, LaButti K,
Lapidus A, Lindquist E, Lucas S, Miller K, Shantappa S,
Grigoriev IV, Hibbett DS, McLaughlin DJ, Spatafora JW, Aime
MC (2012) The genome of the xerotolerant mold Wallemia sebi
reveals adaptations to osmotic stress and suggests cryptic sexual
reproduction. Fungal Genet Biol 49:217-226

Petelenz-Kurdziel E, Eriksson E, Smedh M, Beck C, Hohmann S,
Goksor M (2011) Quantification of cell volume changes upon
hyperosmotic stress in Saccharomyces cerevisiae. Integr Biol
(Camb) 3:1120-1126

Plemenitas A, Vaupotic T, Lenassi M, Kogej T, Gunde-Cimerman N
(2008) Adaptation of extremely halotolerant black yeast Hortaea
werneckii to increased osmolarity: a molecular perspective at a
glance. Stud Mycol 61:67-75

Reiser V, Ruis H, Ammerer G (1999) Kinase activity-dependent
nuclear export opposes stress-induced nuclear accumulation and
retention of Hogl mitogen-activated protein kinase in the
budding yeast Saccharomyces cerevisiae. Mol Biol Cell
10:1147-1161

Reyes G, Romans A, Nguyen CM, May GS (2006) Novel mitogen-
activated protein kinase MpkC of Aspergillus fumigatus is

@ Springer

required for utilization of polyalcohol sugars. Eukaryot Cell
5:1934-1940

Rizner TL, Moeller G, Thole HH, Zakelj-Mavric M, Adamski J
(1999) A novel 17 beta-hydroxysteroid dehydrogenase in the
fungus Cochliobolus lunatus: new insights into the evolution of
steroid-hormone signalling. Biochem J 337:425-431

Rozman D, Komel R (1994) Isolation of genomic DNA from
filamentous fungi with high glucan level. Biotechniques
16:382-384

Saito H (2010) Regulation of cross-talk in yeast MAPK signaling
pathways. Curr Opin Microbiol 13:677-683

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to
ImagelJ: 25 years of image analysis. Nat Methods 9:671-675

Sole C, Nadal-Ribelles M, Kraft C, Peter M, Posas F, de Nadal E
(2011) Control of Ubp3 ubiquitin protease activity by the Hogl
SAPK modulates transcription upon osmostress. EMBO J
30:3274-3284

Tanoue T, Nishida E (2003) Molecular recognitions in the MAP
kinase cascades. Cell Signal 15:455-462

Turk M, Plemenitas A (2002) The HOG pathway in the halophilic
black yeast Hortaea werneckii: isolation of the HOG1 homolog
gene and activation of HwHoglp. FEMS Microbiol Lett
216:193-199

Vaupotic T, Plemenitas A (2007) Differential gene expression and
Hogl interaction with osmoresponsive genes in the extremely
halotolerant black yeast Hortaea werneckii. BMC Genomics
8:280

Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ (2009)
Jalview Version 2—a multiple sequence alignment editor and
analysis workbench. Bioinformatics 25:1189-1191

Westfall PJ, Thorner J (2006) Analysis of mitogen-activated protein
kinase signaling specificity in response to hyperosmotic stress:
use of an analog-sensitive HOGI1 allele. Eukaryot Cell
5:1215-1228

Westfall PJ, Ballon DR, Thorner J (2004) When the stress of your
environment makes you go HOG wild. Science 306:1511-1512

Westfall PJ, Patterson JC, Chen RE, Thorner J (2008) Stress
resistance and signal fidelity independent of nuclear MAPK
function. Proc Natl Acad Sci USA 105:12212-12217

Wilkins MR, Gasteiger E, Bairoch A, Sanchez JC, Williams KL,
Appel RD, Hochstrasser DF (1999) Protein identification and
analysis tools in the ExPASy server. Methods Mol Biol
112:531-552

Wu XC, Chi XQ, Wang PM, Zheng DQ, Ding R, Li YD (2010) The
evolutionary rate variation among genes of HOG-signaling
pathway in yeast genomes. Biol Direct 5:46

Xue T, Nguyen CK, Romans A, May GS (2004) A mitogen-activated
protein kinase that senses nitrogen regulates conidial germina-
tion and growth in Aspergillus fumigatus. Eukaryot Cell
3:557-560

Zalar P, Sybren de Hoog G, Schroers HJ, Frank JM, Gunde-
Cimerman N (2005) Taxonomy and phylogeny of the xerophilic
genus Wallemia (Wallemiomycetes and Wallemiales, cl. et ord.
nov.). Antonie Van Leeuwenhoek 87:311-328



	The HOG signal transduction pathway in the halophilic fungus Wallemia ichthyophaga: identification and characterisation of MAP kinases WiHog1A and WiHog1B
	Abstract
	Introduction
	Materials and methods
	Strains and growth conditions
	DNA and RNA isolation, and cDNA synthesis
	Identification, amplification, cloning and sequencing of the HOG1-like genes from W. ichthyophaga
	Sequence, domains and phylogenetic analysis
	Expression of ScHog1, WiHog1A and WiHog1B in the S. cerevisiae hog1 Delta mutant, and the halotolerance assay
	The HOG-specific beta -galactosidase assay
	Quantitative real-time PCR (qPCR) analysis of WiHOG1A and WiHOG1B transcription in W. ichthyophaga
	Western blotting of cell lysates

	Results
	Two HOG1-like genes in W. ichthyophaga: WiHOG1A and WiHOG1B
	WiHog1A and WiHog1B kinases show high similarity to ScHog1 kinase
	Gene phylogeny reconstruction
	WiHog1A and WiHog1B rescue the osmosensitive phenotype of S. cerevisiae hog1 Delta 
	WiHog1B kinase activates the HOG pathway and inhibits the cross-talk more efficiently than WiHog1A in S. cerevisiae hog1 Delta 
	Expression of the WiHOG1A and WiHOG1B genes in W. ichthyophaga depends on environmental salinity
	Phosphorylation patterns of Hog1-like kinase in W. ichthyophaga

	Discussion
	Acknowledgments
	References


