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The G protein a-subunit (Gnal) in the wheat pathogen Stagonospora nodorum has previously
been shown to be a critical controlling element in disease ontogeny. In this study, iTRAQ and
2-D LC MALDI-MS/MS have been used to characterise protein expression changes in the S.
nodorum gnal strain versus the SN15 wild-type. A total of 1336 proteins were identified. The
abundance of 49 proteins was significantly altered in the gnal strain compared with the wild-
type. Gnal was identified as having a significant regulatory role on primary metabolic
pathways, particularly those concerned with NADPH synthesis or consumption. Mannitol
dehydrogenase was up-regulated in the gnal strain while mannitol 1-phosphate dehy-
drogenase was down-regulated providing direct evidence of Gnal regulation over this enig-
matic pathway. Enzymatic analysis and growth assays confirmed this regulatory role. Several
novel hypothetical proteins previously associated with stress and pathogen responses were
identified as positively regulated by Gnal. A short-chain dehydrogenase (Sch3) was also
significantly less abundant in the gnal strains. Sch3 was further characterised by gene
disruption in S. nodorum by homologous recombination. Functional characterisation of the
sch3 strains revealed their inability to sporulate in planta providing a further link to Gnal
signalling and asexual reproduction. These data add significantly to the identification of the
regulatory targets of Gnal signalling in S. nodorum and have demonstrated the utility of
iTRAQ in dissecting signal transduction pathways.
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The significant role of G-protein signalling for the patho-
genicity of phytopathogenic fungi has long been established.
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. InterSciencer

The o subunit(s) of the heterotrimeric G-protein in parti-
cular has received considerable attention with its role as a
dominant controlling element in pathogenicity and a
multitude of other phenotypes confirmed [1-9]. Ga signal-
ling is presumed to control these processes via various
signalling pathways but the nature of the downstream
effectors is not well understood. Disruption of a Go gene
was used to study virulence-associated development in the
pathogen Stagonospora nodorum [10, 11]. S. nodorum is a
necrotrophic dothideomycete phytopathogen that is the
causal agent of leaf and glume blotch on wheat and is
responsible for $60 M (AUD) of crop loss in Australia each
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year [12, 13]. Strains of S. nodorum harbouring an impaired
Ga gene exhibited various phenotypes including reduced
pathogenicity, a failure to melanise, an inability to sporulate
and reduced extracellular enzyme production.

Studies exploiting functional genomics approaches to
better understand the downstream effectors of Ga signalling
are emerging. Transcriptomics has been used to elucidate
targets of Goi subunit signalling in the grey mold Botrytis
cinerea and the chestnut blight fungus Cryphonectria
parasitica. These studies have shown signalling regulation of
B. cinerea genes with putative roles in secondary metabo-
lism, proteolysis and carbohydrate metabolism genes [14]
and hypovirus-responsive genes in C. parasitica [15],
respectively.

However, it is now well understood that gene expression
does not necessarily correlate with protein abundance. A key
study by Gygi et al. [16] demonstrated that abundance of
approximately only half of the transcripts in Saccharomyces
cerevisige correlated with protein levels, suggesting that it
would be difficult to dissect phenotypes on the basis of gene
expression data alone. A previous study by Tan et al. [17]
identified a similar pattern of transcript/protein abundance
in S. nodorum [11], confirming that protein expression levels
cannot be predicted from quantitative mRNA data.

Proteomic approaches have been exploited over the last
decade to dissect plant-pathogen interactions, including the
study of plant responsive proteins, morphogenesis and
stress response [18]. Proteomics has also recently been used
to identify the targets of G-protein signalling. Gel-based
proteomics studies on mutants of S. nodorum harbouring a
disrupted Go subunit (Gnal) have revealed novel features of
this pathogen including the involvement of the short-chain
dehydrogenase Schl in asexual sporulation and mycotoxin
production [17, 19].

Over the last decade gel-free proteomics techniques (LC-
MS/MS or LC-LC-MS/MS) have emerged as complementary
techniques to existing gel-based 2-D PAGE. These techni-
ques reportedly overcome many of the limitations of 2-D
PAGE including the detection of low-abundance proteins
and also proteins of extreme M, and/or pI [20]. Gel-free
proteomics techniques are also more amenable to quanti-
tative techniques such as isotope labelling, iCAT and iTRAQ
[21]. In this study, we re-analyse the proteomes of a wild-
type S. nodorum strain and the Gnal mutant strain using
2-D LC-MALDI-MS/MS and iTRAQ to shed further light on
the targets of Gnal signalling in S. nodorum. The MALDI-
MS/MS mass spectrometer, when compared with ion trap
electrospray-based systems has the advantages of increased
resolution as a TOF instrument, the ability to re-analyse
archived samples and its relative insensitivity to ion
suppression agents [22, 23]. Amongst the proteins altered in
this study were two involved in mannitol metabolism.
Mannitol is a highly abundant metabolite in filamentous
fungi and previous studies in S. nodorum have highlighted
the critical role of mannitol metabolism in asexual spor-
ulation [24, 25].
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2 Materials and methods
2.1 Growth and maintenance of S. nodorum

S. nodorum SN15 wild-type (Department of Agriculture,
Western Australia) and the gnal strain carrying a disrupted
Gnal (Genbank accession number EAT82421) were used in
this study. All strains were maintained on CZV8CS agar as
previously described [1]. For proteomic analysis, 100 mg of
fungal mycelia were inoculated into minimal medium (MM)
broth supplemented with 25 mM glucose as the sole carbon
source. The fungal strains were grown to an exponential
vegetative growth-phase by incubation at 22°C with shaking
at 150 rpm for 3 days. Vegetative mycelia were harvested via
cheesecloth filtration and freeze-dried overnight.

2.2 Protein extraction

Soluble intracellular proteins were extracted from freeze-
dried mycelia as previously described [17]. Briefly, freeze-
dried mycelia were mechanically broken with a cooled
mortar and pestle and proteins were solubilised with 10 mM
Tris-Cl (pH 7.5). The crude homogenate was collected and
centrifuged at 20000 x g for 15min at 4°C. The resulting
supernatant was retained and treated with nucleases to
remove nucleic acids. All protein samples were checked via
SDS-PAGE to ensure that proteolysis was minimal during
sample preparation (data not shown).

2.3 Sample preparation and iTRAQ labelling

Proteins from SN15 and gnal strains were precipitated
individually by adding five volumes of acetone, incubating
for 1h at —20°C and pulse centrifuging for 5-10s. The
protein pellets were re-suspended in 0.5M triethylammo-
nium bicarbonate (TEAB) (pH 8.5) before reduction and
alkylation according to the iTRAQ protocol (Applied
Biosystems, Foster City, CA, USA). Samples were centri-
fuged at 13000 x g for 10 min at room temperature before
the supernatant was removed and assayed for protein
concentration (Bio-Rad protein assay kit, Hercules, CA,
USA). A total of 55ug of each sample was digested over-
night with 5.5 pg trypsin at 37°C in 0.5 M TEAB. As part of
the laboratory’s operating procedures standards were
digested concurrently to ensure tryptic digestion perfor-
mance. Each digest was dried in a SpeedVac, re-suspended
in 30 uL 0.5 M TEAB and labelled by adding iTRAQ reagents
114 and 116 to SN15 and SNGna35 samples, respectively.
Excess iTRAQ reagent was quenched by adding 1 mL water,
the samples were then combined, desalted on a Strata-X
33pum polymeric reverse phase column (Phenomenex,
Torrance, CA, USA) and dried. The entire experiment was
performed in triplicate (including the generation of ground
mycelia).
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2.4 Strong cation exchange chromatography

Peptides were separated by strong cation exchange chro-
matography on an Agilent 1100 HPLC system (Agilent
Technologies, Palo Alto, CA, USA) using a PolySulfoethyl
column (4.6 x 100mm, 5pum, 300A, Nest Group, South-
borough, MA, USA). Peptides were eluted with a linear
gradients of Buffer B (1M KCI, 10% ACN and 10mM
KH,PO,, pH 3) A total of 40 fractions were collected and
pooled into eight fractions, desalted and dried.

2.5 Reverse phase nano-LC MALDI-MS/MS

Peptide fractions were separated on a C18 PepMapl00,
3pum column (LC Packings, Sunnyvale, CA, USA) with a
gradient of ACN in 0.1% trifluoroacetic acid using the
Ultimate 3000 nano HPLC system (LC Packings-Dionex,
Sunnyvale, CA, USA). The eluent was mixed with matrix
solution (5 mg/mL CHCA) and spotted onto a 384 well Opti-
TOF plate (Applied Biosystems, Framingham, MA, USA)
using a Probot Micro Fraction Collector (LC Packings, San
Francisco, CA, USA).

Peptides were analysed on a 4800 MALDI-TOF/TOF
mass spectrometer (Applied Biosystems) operated in
reflector positive mode. MS data were acquired over a mass
range of 800—4000 m/z and for each spectrum a total of 400
shots were accumulated. A job-wide interpretation method
selected the 20 most intense precursor ions above a signal/
noise ratio of 20 from each spectrum for MS/MS acquisition
but only in the spot where their intensity was at its peak.
MS/MS spectra were acquired with 4000 laser shots per
selected ion with a mass range of 60 to the precursor ion
—20.

2.6 Data analysis

Protein identification and quantification were performed
using ProteinPilot™ 2.0.1 Software (Applied Biosytems,
Foster City, CA, USA). MS/MS spectra were searched
against the Stagonospora genomic database. Search para-
meters were: Sample type, iTRAQ 4plex (peptide labelled);
Cys alkylation, MMTS; Digestion, trypsin; Instrument,
4800; Special factors, none; Species, none; Quantitate tab,
checked; ID focus, Biological modifications, Search effort,
thorough; Detected protein threshold (unused ProtScore),
1.3 — which corresponds to proteins identified with >95%
confidence.

For quantification analysis, each of the three biological
replicates were analysed separately. Average protein ratios,
p-values to indicate significant differential expression and
error factors (EF) were calculated by the software. The EF
indicates that the value for the average protein ratio is
expected to be found between (reported ratio) x (EF) and
(reported ratio)/(EF) 95% of the time (ProteinPilot™ Soft-
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ware Help). To be considered as being differentially
expressed, proteins were required to have an EF <2, contain
at least two unique high confidence peptides (peptide
confidence >90%) and have significantly different protein
ratios (gnal:SN15) in two of the three biological replicates
26].

To estimate the false discovery rate, a decoy database
search against a concatenated database containing forward
and randomised entries of the Stagonospora genomic data-
base was performed. The false discovery rate was estimated
to be 6.3% and was calculated as follows (number of random
hits/(total number of hits—number of random hits)) x 100
27].

2.7 Construction of the Sch3 gene knockout vector
and transformation of S. nodorum

Sch3 was deleted by gene replacement with a phleomycin-
resistant selectable marker construct. The 5 and 3
untranslated region (UTR) of Sch3 was PCR amplified
with the primer pairs 5FwdKpnI-R637 (5-GGT-
ACCGAGCTATGGAACATGTACAGG-3')/5’RevXhol-R637
(5-CTCGAGTGTTTGCGCTTCACTTGCTT-3) and 3
FwdBamHI-R637 (5-GGATCCGTACAGTGGCTGAA-
GACTGA-3")/3'RevNotI-R637  (5-GCGGCCGCATGTAG-
TAATCATTTAGGTC-3'), respectively. Restriction sites were
introduced into the primer sequences to facilitate cloning
with the phleomycin selectable marker plasmid vector
pBSK-phleo [28]. To achieve this, the 5" Sch3 UTR amplicon
(663 bp) was introduced into Kpnl and Xhol sites of pBSK-
phleo to give pBSK-phleo-5'Sch3. Following this, the 3’ Sch3
UTR amplicon (798 bp) was cloned into BamHI and Notl
sites of pBSK-phleo-5'Sch3 to give the knockout vector
pBSK-Sch3KO (KO, knockout). A 3.61kb gene deletion KO
construct was PCR-amplified from pBSK-Sch3KO using the
primer pair R637FwdKO (5'-ATGGAACATGTA-
CAGGGTGTCGC-3') and R637RevKO (5-GCAACAA-
CACTGAACGTGCTCAA-3') primers were used to amplify
the KO construct for transformation.

Transformation of the Sch3 deletion construct into
S. nodorum was undertaken as previously described [29].
Homologous recombination of the deletion construct into
the S. nodorum genome was checked by PCR using primers
that spanned the flanking regions (R6375'KOScr
5-GCAGATCTAGCGAAGTATGACGGG-3; R6373'KOScr
5'-CGAGAAGGACAACATTGACTTTGGG-3).

2.8 Enzyme assays

Mannitol dehydrogenase activity was assayed as previously
described [30]. The reaction mixture contained 0.25mM
NADPH, 0.8M fructose and protein extract. The volume
was made up to 1mL with 20mM Tris-HCI (pH 7.5). One
unit was defined as the enzyme activity needed to oxidise
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1 pmol of NADPH per min at 30°C. Mannitol 1-phosphate
dehydrogenase assay contained 0.25mM NADH and 50 pL
of protein extract in 50 mM Tris-HCI, pH 7.5, in a volume of
1mL. The reaction was started with the addition of fructose
6-phosphate to a final concentration of 2mM unless other-
wise stated. One unit was defined as the enzyme activity
needed to oxidise 1 pmol of NADH per min at 30°C. Total
protein content was determined using the bicinchoninic
acid technique as previously described [31].

3 Results and discussion

3.1 1336 unique proteins were identified in
S. nodorum

Intracellular proteins from S. nodorum SN15 and gnal were
extracted and digested with trypsin prior to iTRAQ analysis.
Mass spectra from three biological replicates were analysed
using ProteinPilot™ 2.0.1 Software. A total of 974, 922 and
910 proteins were identified with >95% confidence for each
of the biological replicates from 20294, 19037 and 17417
MS/MS spectra, respectively (Supporting Information Fig.
1). Overall, 1336 proteins were identified from 56 748 spec-
tra. A total of 590 proteins were present in all three biolo-
gical replicates with at least 671 proteins identified in two of
the three biological replicates (Fig. 1). A total of 456 proteins
were identified in a single biological replicate with 175, 131
and 150 proteins being unique to replicates 1, 2 and 3,
respectively.

The intracellular proteomes of wild-type S. nodorum and
the gnal mutant have been previously compared via a 2-D gel-
based approach with a total of 475 unique intracellular protein
spots being identified [17]. Not all the spots were analysed so
the number of unique proteins was not determined. This
study identified 1336 unique proteins adding further evidence
to the idea that LC-based proteomics approaches are more
sensitive than gel-based [32, 33]. However, it should be noted
that the gel-based study used only 7 cm IPG strips and small
gels and thus a direct comparison of the two techniques in
this case would be difficult.

Replicate Replicate
1 2

Replicate
3

Figure 1. Protein identification by iTRAQ in three biological
replicates.
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Forty-nine proteins were present at statistically significant
different levels in the gnal mutant strain; of these 25 proteins
were present at higher levels, ranging from 1.3- to 2.7-fold
increases (Table 1). The remaining 24 proteins were present at
lower levels in the gnal strain with levels that were 1.3- to 4.8-
fold lower than the SN15 strain. Representative spectra for
peptides derived from SNOG_09682 and SNOG_08282 are
displayed in Fig. 2, with peak areas of the signature ions 114.1
(SN15) and 116.1 (gnal) shown in the insets.

The results from the previous gel-based study identified
seven proteins that were differentially abundant when
comparing the wild-type and the gna1 strain. Of these seven,
the abundance of most correlated with the findings in this
study but none were differentially abundant at a statistically
significant level. This was not unexpected as LC-based and
gel-based proteomics techniques are complementary tech-
niques that will resolve and detect unique proteins as well as
a common pool [34]. The growth conditions between the two
studies also varied with 30g/L glucose used for fungal
growth in the gel-based approach and 5g/L used in this
study. One particular protein of significance was
SNOG_10217 (Schl), a short chain dehydrogenase
previously shown to be required for sporulation in S.
nodorum [17]. The gel-based approach revealed Schl was
significantly less abundant in the gnal strain compared with
the wild-type. A strong down-regulation trend for Schl in
gnal was observed in this study even though the EF excee-
ded the maximum limit of two in each of the replicates.

3.2 Gna1 regulates mannitol metabolism

The most up-regulated protein in the gnal strain was
mannitol dehydrogenase (Mdhl) while mannitol 1-phos-
phate dehydrogenase (Mpdl) was significantly less abun-
dant in the mutant. Enzymatic analysis of both Mdh1 and
Mpdl were conducted to confirm the differential trend
observed in protein abundances (Table 2). Mpdl enzyme
activity was reduced in the gna1l strain while Mdh1 appeared
significantly increased. The activities of these two enzymes
were also examined in planta. The gnal strain is able to
colonise wheat leaves, albeit slowly, but is unable to spor-
ulate. Neither Mdh1 nor Mpd1 activities were detected in
uninfected leaves (data not shown). This was not unexpected
as there is no evidence to date of wheat metabolising
mannitol. The specific activities of Mpdl and Mdhl in
planta correlated with those observed in vitro. The Mdhl
activity was higher in the gnal strain during both the
vegetative growth and sporulation stages of the infection
cycle. Mpd1 activity was higher than Mdhl during both
stages of growth but was significantly lower in gnal
compared with the wild-type strain, further supporting the
claim that Gnal is a positive regulator of Mpd1 activity.
The ability of the gnal strain to metabolise mannitol was
also examined. Growth assays on MM agar plates
supplemented with different carbon sources were under-
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Table 1. List of proteins identified as being significantly differential abundant when comparing S. nodorum SN15 and gna1

SNOG

Description

Fold change

SNOG_15488.2
SNOG_05229.2
SNOG_09682.2
SNOG_08840.2
SNOG_00877.2
SNOG_15418.2
SNOG_15879.2
SNOG_06833.2
SNOG_10083.2
SNOG_10980.2
SNOG_01247.2
SNOG_09416.2
SNOG_13188.2
SNOG_10204.2
SNOG_01742.2
SNOG_08437.2
SNOG_03634.2
SNOG_02707.2
SNOG_14060.2
SNOG_04804.2
SNOG_12730.2
SNOG_05639.2
SNOG_09984.2
SNOG_14322.2
SNOG_15777.2
SNOG_05888.2
SNOG_04844.2
SNOG_13840.2
SNOG_07370.2
SNOG_15469.2
SNOG_05620.2
SNOG_12489.2
SNOG_14994.2
SNOG_02108.2
SNOG_04101.2
SNOG_09027.2
SNOG_14233.2
SNOG_02770.2
SNOG_15275.2
SNOG_12251.2
SNOG_07136.2
SNOG_08267.2
SNOG_13050.2
SNOG_08282.2
SNOG_12666.2
SNOG_00806.2
SNOG_04306.2
SNOG_02559.2
SNOG_11783.2

Mannitol dehydrogenase
NADP*-specific glutamate dehydrogenase
Transaldolase

GMP synthase

Molecular chaperone

Farnesyl pyrophosphate synthetase
6-Phosphogluconate dehydrogenase
ATP citrate lyase

Transketolase

Glutamyl-tRNA synthetase
Hypothetical protein
Glucose-6-phosphate 1-dehydrogenase
Importin -4

Inositol-3-phosphate synthase
Citrate synthase
Phosphoglucomutase

14-3-3 family protein
Dihydrolipoamide dehydrogenase
Prolyl-tRNA synthetase

Methionine synthase

Unknown

Peptidyl-prolyl cis-trans isomerase
Translation initiation factor 4b

Heat shock 70 kda protein
Phosphoglycerate mutase

Kinesin k39

Hypothetical protein

Bifunctional catalase-peroxidase cat2
Small nuclear ribonucleoprotein
Aldehyde reductase

EF hand domain protein

RNA binding effector protein
Epoxide hydrolase cytoplasmic
3-Deoxy-7-phosphoheptulonate synthase
Actin-binding protein

Malate NAD"-dependent
Hypothetical protein

Hypothetical protein

Hypothetical protein (Cyanovirin-n family protein domain)

Protein disulfide isomerase
Phosphoglycerate kinase

Hypothetical protein

Hypothetical protein

Short chain oxidoreductase
Mannitol-1-phosphate dehydrogenase
RPEI repeat protein

Hypothetical protein

Actin cytoskeleton protein
Glutaredoxin

2.7+0f.3 (3)
2.5+0.5 (3)
2.2+0.1 (3)
2.1+1.2 (2)
2.1+0.2 (3)
2.1+0.1 (2)
2.14+0.0 (2)
2.0+0.4 (2)
1.94+0.3 (2)
1.9+0.2 (2)
1.84+0.5 (2)
1.8+0.3 (2)
1.84+0.3 (2)
1.8+0.2 (3)
1.8+0.1 (3)
1.7+0.4 (2)
1.7+0.4 (2)
1.7+0.2 (3)
1.7+0.1 (2)
1.6+0.3 (2)
1.6+0.2 (3)
1.6+0.2 (2)
1.5+0.0 (2)
1.4+0.0 (2)
1.3+0.0 (2)

—-1.34+0.0 (2)
-1.340.1(2)
—-1.440.2 (2)
-1.54+0.2 (2)
—-1.6+0.1(2)
-1.740.1(2)
-1.840.3 (2)
-1.940.1(2)
-1.940.4 (2)
—-2.0+0.4 (2)
—2.240.1(2)
—-2.24+0.8 (2)
—2.3+0.1(2)
—-2.34+0.9 (2)
—2.440.4 (2)
—-2.540.2 (2)
—2.840.2 (2)
-3.24+1.2(2)
-3.2+2.1(2)
—-3.34+0.4 (2)
-3.440.5 (2)
-3.7+1.4 (2)
—4.2+0.2 (3)
—4.840.6 (2)

The abundance of proteins from the SN15 strain were used as the denominator to calculate the fold change (i.e. 2.7-fold refers to the
protein being 2.7-fold more abundant in the gna7 strain).

taken. The growth rate of the wild-type strain was compar-
able to that of the gnal strain using glucose as a sole carbon
source (Fig. 3). The growth rate of the gnal strain was only
29% of the wild-type when mannitol was supplied as the
sole carbon source. Both strains were also grown in MM

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

containing both glucose and mannitol to determine if the
decreased growth of the gnal strain on mannitol was due to
impaired catabolism or toxicity. Levels of growth were
restored for the gnal strain when grown on both carbon
sources when compared with growth on glucose. These data
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Table 2. Specific activities of Mdh1 and Mpd1 in S. nodorum wild-type and gna7 strains during infection and also grown in vitro

4dpi in planta 8dpi in planta 3dpi in vitro
SN15 gnal SN15 gnal SN15 gnal
Mdh1 8.2+2.3 15.4+3.0 19.4+3.4 28.7+6.85 4.63+1.65 7.98+2.22
Mpd1 57.3+6.1 25.1+5.5 97.7+10.4 34.5+9.45 34.2+7.55 9.87+2.65

Measurements were taken on three biological replicates and the activities are expressed as mU/mg.

suggest that the gnal strain is impaired in its ability to gnal strain to sporulate is not solely due to impaired mannitol
metabolise mannitol and is consistent with metabolism metabolism. Previous studies have identified the short-chain
occurring via Mpd1 (Fig. 4) [24, 25, 35] dehydrogenase Sch1 as being required for the maturation of
Previous studies in S. nodorum have highlighted the critical immature pycnidia [17]. Sch1 mutants were able to produce
role of mannitol metabolism in asexual sporulation [24, 25]. small immature pycnidia that lacked correct cellular structure
Mutants lacking Mpdl were unable to sporulate while (Supporting Information Fig. 2). In contrast, pycnidia are
mutants lacking Mdh1 were unaffected. One of the many completely absent in the Mpd1 and Gnal mutants, suggesting
phenotypes of the gnal strain is its inability to asexually that mannitol is required for initiation of asexual sporulation
sporulate [1] and it is possible that this is due to reduced levels and Schl is involved in subsequent maturation.
of Mpd1. Supplementation of growth media with mannitol Heterotrimeric G-protein signalling and mannitol meta-
did not restore sporulation, suggesting that the inability of the bolism have been previously linked in Neurospora crassa.
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Figure 3. A histogram representing growth rate measurements
for S. nodorum SN15 and the Gna7 mutant on Minimal Medium
agar plates containing either glucose or mannitol or glucose and
mannitol. Plates were grown in darkness at 22°C with radial
growth measured every 3 days. Light grey bars represent the
wild-type strain and the dark grey bars represent the growth of
the gnaT strain. (n=8, SE bars shown).
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Figure 4. A schematic diagram representing mannitol metabo-
lism. “+" symbol indicates that the abundance of that enzyme
was up-regulated in the gnal strain while the “—" symbol
represents less abundant. 1, Mannitol 1-phosphate dehy-
drogenase; 2, Mannitol 1-phosphatase; 3, Mannitol dehy-
drogenase; 4, Hexokinase (adapted from [35]).

Terenzi et al. [36] found that a mutant of N. crassa lacking cr-
1, an adenylate cyclase, was unable to utilise mannitol as a
sole carbon source. More recently, Li and Borkovich [37]
showed that GPR-4, a G-protein couple receptor was also
required for wild-type growth of N. crassa on mannitol as a
sole carbon source. The same study also confirmed the
findings of Terenzi et al. on the requirement of cr-1 for
mannitol-dependent growth. Growth experiments in this
study show that growth of the gnal strain on mannitol is
slower than it is on glucose, suggesting regulatory simila-
rities for G-protein regulation between N. crassa and
S. nodorum at this level. Previous studies from this labora-
tory have demonstrated that Mpd1 is critical for both the
anabolism and catabolism of mannitol [24, 25]. Mdh1 has
only a minor role and appears redundant for the metabolism
of mannitol. Consequently, the data above implies that the
decreased activity and abundance of Mpdl in the gnal
strain results in an inability to use mannitol as a carbon
source.
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3.3 Gna1 regulates various facets of primary
metabolism in S. nodorum

Several other proteins identified as being up-regulated in the
gnal strain are known to either consume NADPH or partici-
pate in pathways doing so (Table 1). Fatty acid synthesis (ATP
citrate lyase and citrate synthase), ergosterol biosynthesis
(farnesyl pyrophosphate synthetase) and nucleotide biosynth-
esis (GMP synthase) are all processes requiring NADPH.
Mannitol dehydrogenase also uses NADPH in the reduction
of fructose to mannitol and has been previously linked to
NADPH regeneration. However, several reports have since
dismissed this postulated role for NAPDH generation in
filamentous fungi [25, 35, 38-40]. The pentose phosphate
pathway (PPP) is primarily responsible for NAPDH produc-
tion in S. nodorum. Two enzymes from the PPP, 6-phos-
phogluconate dehydrogenase and glucose-6-phosphate 1-
dehydrogenase, were both up-regulated in the absence of
Gnal, suggesting increased NADPH synthesis in response to
the increased demand discussed above.

It is also significant to note the down-regulation of
3-deoxy-7-phosphoheptulonate synthase (SNOG_02108.2),
the first enzyme in the aromatic amino acid biosynthetic
pathway. The substrate for this enzyme is erythrose 4-
phosphate, an intermediate of the PPP, thus providing a
further link between Gnal regulation and the PPP. Another
prominent phenotype of the gnal strain is the secretion of
significant quantities of tyrosine, phenylalanine and dihy-
droxyphenylalanine (DOPA) correlating with albinism.
Tyrosine and phenylalanine are aromatic amino acids and
also intermediates of the DOPA melanin synthetic pathway.
The increased levels of tyrosine and phenylalanine (probably
due to their lack of incorporation into DOPA) may impose
feedback inhibition on 3-deoxy-7-phosphoheptulonate
synthase as it is the first committed step in the synthesis of
these amino acids [41].

The fate of glucose 6-phosphate is not restricted to
NADPH production (Fig. 5). Its metabolism through the
PPP can be regulated depending on the physiological status
of the cell. The up-regulation of transaldolase and transke-
tolase in the gnal strain suggest that glucose 6-phosphate is
not solely destined for NADPH production but also for ATP
synthesis. This is further supported by the presence of
several other enzymes concerned with energy production
that are up-regulated in the gnal strain, including dihy-
drolipoamide dehydrogenase (pyruvate decarboxylase
complex E3), phosphoglycerate mutase and citrate synthase.
It is noted that proteins associated with glycolysis (phos-
phoglycerate kinase) and the tricarboxylic acid cycle (malate
dehydrogenase) were down-regulated in the gnal strain,
suggesting a pleiotropic effect on metabolic regulation by
Gnal. Glucose 6-phosphate is also directly involved in the
reactions of two other proteins negatively regulated by Gnal.
Phosphoglucomutase is part of the glycogen catabolic
pathway and is responsible for the conversion of glucose 1-
phosphate to glucose 6-phosphate. Inositol 3-phosphate
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Figure 5. A schematic biochemical pathway outlining the fate of
glucose 6-phosphate. ““+" symbol indicates that the abundance
of that enzyme was up-regulated in the gnal strain whilst the
“—" symbol represents less abundant. 1, Glucose-6-phosphate
1-dehydrogenase; 2, 6-Phosphogluconate dehydrogenase; 3,
Transketolase; 4, Transaldolase; 5, Phosphoglucomutase; 6,
Inositol-3-phosphate synthase; 7, 3-deoxy-7-phosphoheptulo-
nate synthase

synthase was also up-regulated in the gnal strain and it is
responsible for catalysing the synthesis of inositol 3-phos-
phate from glucose 6-phosphate. These results imply that
Gnal signalling has an important regulatory role in deter-
mining the fate of glucose 6-phosphate (Fig. 4). Collectively
these data suggest, either directly or indirectly, that Gnal
has a regulatory role in various facets of primary metabo-
lism. Metabolomics studies are now ongoing to better
understand the impact of Gnal on primary metabolism.

3.4 Several stress-related proteins are regulated by
Gna1

The most strongly down-regulated gene in the mutant is
glutaredoxin. Glutaredoxins have glutathione-dependent
disulfide reductase activity and limit protein disulfide
generated by oxidation of protein sulthydryl groups by ROS
[42]. This mechanism is important for repairing oxidative
damage to proteins as well as for regulating the redox state
of proteins [42]. Also down-regulated in the gnal strain was
SNOG_13840.2, a protein sharing very strong similarity to
bifunctional catalase-peroxidases. However, previous studies
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in S. nodorum have shown that under in vitro conditions, the
gnal strain does not exhibit increased sensitivity to oxidative
stress (Solomon et al., unpublished data).

There were also several down-regulated proteins, which
currently have unknown functions, particularly in fungi.
SNOG_04306.2 encodes a protein with a glutamine amido-
transferase-like (GATasel) domain (Pfam IP: PF00117). The
S. cerevisiae ortholog (Ydr533c) is up-regulated in response
to various stress conditions although the function of
SNOG_04306.2 in S. nodorum in unclear. Also of interest
was SNOG_15275.2, a putative member of the CyanoVirin-
N protein family (Pfam ID:PF08881). The anti-viral protein,
cyanovirin-N (CV-N) was originally isolated from culture
extracts of the cyanobacterium Nostoc ellipsosporum [43, 44].
The antiviral activity of CV-N is mediated through high-
affinity interactions with the GlcNAc-derived carbohydrate
moieties of the HIV envelope, thus impairing virus—cell or
cell-cell fusion [44]. The role of these proteins in fungi is
largely unknown although it is suspected they are capable of
binding various carbohydrates.

3.5 Functional analysis of SNOG_08282

SNOG_08282 was 3.2-fold less abundant in the gnal strain
implying that Gnal is a positive regulator. Sequence
analysis (BlastP) of SNOG_08282 reveals only weak matches
with proteins from other filamentous fungi. A conserved
domain analysis of the SNOG_08282 protein sequence
revealed the presence of a Rossmann-fold NAD(P)(+)-
binding domain. These domains are characteristic of short-
chain dehydrogenases, and consequently, SNOG_08282 was
re-named Sch3.

To functionally characterise Sch3, the gene was disrupted
by homologous recombination. Three independent mutants
were obtained, S. nodorum sch3-17, sch3-24 and sch3-27. The
phenotype of the Sch3 mutants growing in vitro was indis-
tinguishable from the wild-type along with their ability to
utilise a wide variety of carbon sources (Supporting Infor-
mation Fig. 3). Sporulation of the mutants in vitro was also
unaffected. The pathogenicity of the mutants was assessed via
both a detached leaf assay and also a whole-plant spray. Both
assays confirmed that the mutants were fully pathogenic with
respect to lesion development (Supporting Information Fig.
4). The ability of the sch3 strains to sporulate was also exam-
ined using a latent period assay. A quantitative assessment of
the number of pycnidia produced by each of the mutants
revealed that Sch3 is required to complete the pathogenic
lifecycle of S. nodorum (Fig. 6). The number of pycnidia
produced by the sch3 strains was significantly less than the
wild-type or ectopic control. The number of spores within the
pycnidia correlated with the number of pycnidia implying that
of those pycnidia that do develop, they do appear to fully
differentiate into mature structures.

These data confirm the role of Sch3 in pycnidial develop-
ment in S. nodorum and its down-regulation in the gnal
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Figure 6. A histogram representing the average number of
pycnidia present on wheat leaves infected with strains of
S. nodorum. (n=4/5, SE bars shown). SN15 is the wild-type
S. nodorum isolate, Sch3-3E is an ectopic control while sch3-17/
24/27 are three independent transformants that have undergone
homologous recombination.

mutant implies that Sch3 is at least partially responsible for the
inability of the gna1 strains to sporulate. It should be noted that
several other genes associated with Gnal signalling have been
identified and characterised with the resulting mutants each
harbouring sporulation defects. These data are all contributing
to the idea that multiple genes, each under the control of Gnal,
have varied roles in the developmental stages of the sporulation
process including pyncidial initiation (Mpdl — mannitol meta-
bolism), establishment of pycnidia (Sch3 — unknown function)
and pycnidial maturation (Schl — unknown function with
possible link to secondary metabolism). Studies are now
ongoing to determine the role of Sch3 and also Sch1.

4 Concluding remarks

This study has highlighted the significant potential of LC-based
proteomics and iTRAQ to analyse the proteomes of pathogenic
fungi at a quantitative level. In excess of 1300 proteins were
identified with 49 being significantly differentially abundant
when comparing the wild-type and gnal strains. These differ-
entially abundant proteins highlight the regulatory role of
Gnal on mannitol metabolism, other primary metabolic
pathways and asexual sporulation. Several other novel hypo-
thetical proteins were identified, which require further experi-
mentation to deduce their biological roles.

The MS analyses were performed in facilities provided by the
Lotterywest State Biomedical Facility-Proteomics node, Western
Australian Institute for Medical Research. The Grains Research
and Development Corporation is gratefully acknowledged for

funding.
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