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The Stagonospora nodorum StuA transcription factor gene SnStuA was identified by homology searching in
the genome of the wheat pathogen Stagonospora nodorum. Gene expression analysis revealed that SnStuA
transcript abundance increased throughout infection and in vitro growth to peak during sporulation. To
investigate its role, the gene was deleted by homologous recombination. The growth of the resulting mutants
was retarded on glucose compared to the wild-type growth, and the mutants also failed to sporulate. Glutamate
as a sole carbon source restored the growth rate defect observed on glucose, although sporulation remained
impaired. The SnstuA strains were essentially nonpathogenic, with only minor growth observed around the
point of inoculation. The role of SnstuA was investigated using metabolomics, which revealed that this gene’s
product played a key role in regulating central carbon metabolism, with glycolysis, the TCA cycle, and amino
acid synthesis all affected in the mutants. SnStuA was also found to positively regulate the synthesis of the
mycotoxin alternariol. Gene expression studies on the recently identified effectors in Stagonospora nodorum
found that SnStuA was a positive regulator of SnTox3 but was not required for the expression of ToxA. This
study has uncovered a multitude of novel regulatory targets of SnStuA and has highlighted the critical role of
this gene product in the pathogenicity of Stagonospora nodorum.

Proteins with the conserved APSES (ASM-1, Phd1, StuA,
EFG1, and Sok2) domain (1) belong to a class of transcription
factors unique to the ascomycetes that regulate developmental
differentiation (3, 5, 7, 15, 18, 20, 21, 33, 35). The APSES
domain was modeled as a basic helix-loop-helix (bHLH)-like
structure and binds to a specific stress response element
(STRE) with the consensus sequence (A/T)CGCG(T/A)N(A/
C) (7). The stunted protein StuA, which has a conserved
APSES domain, has been well characterized in Aspergillus
nidulans. A stuA knockout mutant of A. nidulans demonstrated
that it regulates cellular differentiation during the late stages of
the life cycle of the fungus. The stuAp deletion mutant exhib-
ited various abnormal structural developments and reduced
conidiospores compared to those of the wild type (15). The
sexual reproduction cycle was also affected in stuA deletion
mutants, as they failed to produce any ascospores and did not
develop any of the cells and tissues distinctive of the sexual
cycle of A. nidulans (15). Additionally, overexpression of
StuAp was shown to promote extensive vegetative proliferation
at the expense of conidiospore formation (35), and restoring
the level of StuAp expression promoted increasing conidio-
spore complexity (3). Gel retardation analysis demonstrated

that StuA binds to STREs found upstream of critical develop-
mental regulators, such as AbaA and BrlA (7).

Similarly, in Aspergillus fumigatus, Fusarium oxysporum, and
Glomerella cingulata, deletion of the StuA ortholog resulted in
mutants with reduced and abnormal conidiospore formation
(18, 21, 33). In studies of G. cingulata, the stuA deletion mu-
tants failed to infect intact apple fruit due to failure to generate
normal turgor pressure within the wild-type-appearing appres-
sorium (33). However, in studies of A. fumigatus and F. oxy-
sporum, the deletion mutant still caused disease (18, 21).

The dothideomycete Stagonospora nodorum is the causal
agent of glume blotch disease of wheat and is responsible for
significant yield losses throughout the world. A recently com-
missioned pathometry report in Australia determined that
glume blotch accounted for in excess of AUD 100 million in
yield losses per annum (16). The disease is typically initiated
through the germination of sexual ascospores on wheat seed-
lings during the start of the growing season. The ensuing le-
sions produce asexual pycnidiospores, housed within pycnidia.
The infection cycle continues via the splash dispersal of the
pycnidiospores from one leaf to another, keeping pace with the
growth of the host, until the glumes develop and become in-
fected (23). Consequently, asexual sporulation of this polycy-
clic disease is critical for the pathogen to inflict yield loss.

Previous studies in S. nodorum have identified multiple
genes and metabolic pathways implicated in asexual sporula-
tion. Mutants of S. nodorum lacking mannitol 1-phosphate
dehydrogenase were unable to sporulate in the absence of
exogenous mannitol (25, 28, 29). A similar study also found
that S. nodorum mutants impaired in the ability to anabolize
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trehalose also suffered sporulation defects (14). Various sig-
naling genes have also been shown to be required for sporu-
lation (24, 26, 30). The short-chain dehydrogenase Sch1 was
recently demonstrated to have a role in the structural forma-
tion of the pycnidia (31). Strains of S. nodorum lacking sch1
surprisingly produced vast quantities of the mycotoxin alterna-
riol, although this appeared to be not related to the mutant’s
inability to sporulate (32). Consequently, a solid platform of
data is being developed to understand the intricacies of asexual
sporulation in S. nodorum.

The previously demonstrated roles of StuA orthologs for
sporulation in other fungi led to the question of its require-
ment for asexual development in S. nodorum. Consequently,
the role of the S. nodorum StuA transcription factor gene
SnStuA in the S. nodorum pathosystem was investigated using
a reverse genetics approach. Functional analyses of S. nodorum
strains lacking SnStuA revealed the gene to have a required
role in asexual sporulation, as well as a multitude of other
processes.

MATERIALS AND METHODS

Strains and culture conditions. S. nodorum SN15 was obtained and cultured
on V8PDA medium or minimal medium as described previously (31).

Infection assays. Detached-leaf assays were performed as described in refer-
ence 26.

Construct development and transformation. The SnstuA deletion construct
was made using overlap PCR as previously described (24). SnStuAKO5�F (5�-
GCCTTTCTTCAGCAGCTTC-3�) and SnStuAKO5�R (5�-TGTGACTTTTGG
TTACGCCGTCTATAGTGCGAGATTCCCGAG-3�) were used to amplify a
720-bp region upstream of SnstuA, while SnStuAKO3�F (5�-CTCCTATGAGT
CGTTTACCCAGAAATGATGCATATCCCGGC-3�) and SnStuAKO3�R (5�-
GGAAAGCACGAGCTGAAA-3�) amplified a 743-bp region downstream.
These flanks were fused with a phleomycin resistance cassette by using overlap
PCR, resulting in a deletion construct of 3.8 kb. The deletion cassette was
transformed into S. nodorum protoplasts as previously described (27) and
screened for the use of primers designed outside the flanking DNA (SnStu
AKOscr-F [5�-CGTGAACCGCGTAGTCTATT-3�] and SnStuAKOscr-R [5�-A
CTTCACTGACACAGCATGG-3�]). The copy number of the transformed con-
struct was determined as previously described (22).

Microscopy. Tissues for histological examination were fixed overnight in for-
mal acetic alcohol and dehydrated in an ascending series of ethanol concentra-
tions (50% to 100%), followed by a clearing in chloroform. The tissue was then
infiltrated with molten paraffin wax (Paraplast). The paraffin blocks were then
sectioned at 5 to 7 �m, and the sections were allowed to dry onto the slides at
60°C overnight. The wax was removed from the sections by treating the slides
with two changes of xylene. The sections were treated with 1% toluidine blue
stain where appropriate, and a coverslip was applied to the sections. The sections
were examined using an Olympus BX51 compound microscope.

Infected leaf materials were stained with trypan blue as described by Solomon
et al. (24). Briefly, leaf lesions were boiled with trypan blue stain for 5 min,
followed by destaining and washing in 100% ethanol. The stained tissues were
examined using an Olympus BX51 compound microscope.

Metabolomics. The fungus was grown on minimal medium with 30 mM glu-
cose as the carbon source. Agar cultures were grown for 1 to 2 weeks with a 12-h
white-light regimen at 22°C, and 50-ml liquid cultures were grown in the dark at
22°C with shaking at 150 rpm. Mycelia were harvested as quickly as possible and
rinsed in 50% methanol to wash away possible medium carryover. The fungal
material was frozen in liquid nitrogen and freeze-dried overnight in a Maxi-Dry
Lyo freeze drier (Heto, Allerod, Denmark) (13). Six to eight biological replicates
were used for each strain per sampling time point.

Metabolites were extracted and derivatized as previously described (32). The
freeze-dried sample (1 to 5 mg) was mixed with 700 �l �40°C methanol in a tube
and snap-frozen using liquid nitrogen. The tube was thawed on ice and centri-
fuged at 20,000 � g for 30 s. The supernatant was transferred to a fresh tube, and
the extraction procedure was repeated again with a fresh aliquot of 700-�l �40°C
methanol, snap-frozen, thawed on ice, and centrifuged at 20,000 � g. Ribitol (50
�l) at a concentration of 0.2 mg/ml was added to the pooled supernatant as an
internal standard prior to lyophilization using a speed vac concentrator (13). The

dried metabolites were mixed with 25 �l methoxyamine hydrochloride (20 mg/ml
in pyridine) and incubated for 90 min at 30°C with shaking at 1,200 rpm.
N-Trimethylsilyl-N-methyl trifluoroacetamide (MSTFA) (40 �l) was added to
the tube, and the contents incubated at 37°C for 30 min.

Derivatized metabolites (1 �l) were injected in a 20:1 split ratio for gas
chromatography-mass spectrometry (GC-MS) analysis. The GC-MS equipment
consisted of an Agilent 7680 autosampler, an Agilent 6890 gas chromatograph,
and an Agilent 5973N quadrupole mass spectrometer (Agilent, Palo Alto, CA).
The GC-MS system was autotuned using perfluorotributylamine (PFTBA). For
polarity separation by gas chromatography, a 30-m Varian VF-5ms column with
a 10-m integrated Varian EZ-Guard column was used (Varian, Palo Alto, CA).
The injection temperature was 230°C, the interface temperature was 300°C, and
the ion source temperature was 230°C. Helium was used as the carrier gas,
and the flow rate was retention time locked to elute mannitol-trimethylsilyl
(TMS) at 30.6 min. The temperature gradient consisted of an initial temperature
of 70°C, increasing at 1°C per minute for 5 min before increasing to a final
temperature of 300°C at a temperature ramp rate of 5.6°C per minute. Analyz-
erPro (SpectralWorks Ltd., Runcorn, United Kingdom) was used to analyze the
mass spectra and chromatograms. Metabolite peak areas representing the abun-
dance of the metabolites were normalized to the ribitol internal standard and the
weight of the sample, and the data were cross-referenced against the target
component library using the MatrixAnalyser function (13).

Peaks that could not be matched to the target component library were named
unknown metabolites and were labeled according to the following format:
“Unknown_retention time_retention index_base peak.” The processed
metabolomics data were subjected to a principal component analysis (The Un-
scrambler; CAMO) subsequent to the data transformation [x � log(x � 1)].

RNA extraction and gene expression analysis. For determining the expression
of SnstuA in vitro, mycelia were scraped from plates at 4 days and 16 days
postinoculation (dpi). In planta samples were collected at 3 dpi, 5 dpi, 7 dpi, and
10 dpi in biological triplicate. For measuring the expression of the SnTox3 and
ToxA host-selective toxins, the fungal strains were grown on Fries medium as
previously described (12). Fungal tissue for RNA extraction was collected after
3 days of growth in triplicate. RNA from all samples was extracted using Trizol
reagent (Invitrogen Life Technologies, Carlsbad, CA) according to the manu-
facturer’s instructions. Contaminating genomic DNA in the RNA samples was
removed using DNA-Free reagent (Ambion, Austin, TX). The reverse transcrip-
tion of mRNA to cDNA was performed using an iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA) according to the manufacturer’s instructions.

Quantitative PCR (qPCR) was performed using 0.1-ml strip tubes (Corbett
Research, San Francisco, CA) and 20-�l reaction mixtures, each of which con-
sisted of 10 �l IQ SYBR supermix (Bio-Rad, Hercules, CA), 2.5 �l (2.5 �M)
each of the forward and reverse gene-specific primers (Geneworks, Adelaide,
SA, Australia), and 5 �l of the cDNA sample. The primers used were as follows:
Tox3qPCRf (AATGTCGACCGTTTTGACC), Tox3qPCRr (GGTTGCCGCA
GTTGATATAA), ToxAqPCRf (CGATCCCGGTTACGAAAT), ToxAqPCRr
(TTGACATGCAGCTTCCCT), ActinqPCRf (AGTCGAAGCGTGGTATC
CT), and ActinqPCRr (ACTTGGGGTTGATGGGAG). Thermal cycling was
performed in a RotorGene RG-3000 (Corbett Research) using the following
program: 95°C, 15 min, and 40 cycles of 95°C, 15 s; 57°C, 15 s; and 72°C, 20 s.
Readings from the fluorescent dye were acquired using a 470-nm excitation filter
and detected at 510 nm during the annealing stage. The amplification plot and
cycle threshold (CT) values were examined using RotorGene software version 6
(24).

RESULTS

SNOG_14941, a StuA ortholog. The gene SNOG_14941,
encoding a protein with a conserved APSES domain, was
found within the genome of S. nodorum and named SnStuA.
Multiple sequence alignment of SnStuA against StuAp from A.
nidulans and FoStuA from F. oxysporum showed a highly con-
served APSES domain (see Fig. S1 in the supplemental mate-
rial).

The transcript level of SnStuA was analyzed using qPCR to
ensure that SnStuA was not a pseudogene. The expression data
from the in vitro and in planta samples showed that the expres-
sion of SnStuA was upregulated toward the late stages of the
life cycle of the pathogen, correlating with the development of
pycnidia (Fig. 1).
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Deletion of SnStuA. To investigate the properties of SnStuA
in S. nodorum, the gene was deleted using homologous recom-
bination. Flanking regions of approximately 900 bp were am-
plified on both sides of the SnStuA gene and fused to a phleo-
mycin cassette to create a deletion construct. The construct,
conferring resistance to phleomycin, was used to replace the
SnStuA gene via homologous recombination (see Fig. S2A in
the supplemental material).

The transformants were screened using primers spanning
the flanking region of the deletion construct (see Fig. S2B
in the supplemental material). The PCR product from an
SnStuA deletion mutant produced a 4.7-kb product, while an
ectopic strain and the wild-type strain produced 4-kb products.
A transformation efficiency of 4.3% was observed with three
knockout mutants identified out of the 69 transformants
screened. qPCR was used to determine the copy number of the
knockout construct in selected transformants as previously de-
scribed (22). Two of the three deletion mutants were shown to
have single insertions and were subsequently named SnstuA-48
and SnstuA-54. An ectopic strain, SnStuA-5, was also chosen as
a control for subsequent testing. Despite multiple attempts,
complementation of the SnStuA mutants was unsuccessful.
Protoplasts are typically generated from 1-day old mycelia
grown in flask inoculated with spores. As described below, the
mutants did not sporulate, and thus, flasks were inoculated
with homogenized mycelial fragments. Previous such attempts
in this laboratory to generate protoplasts from flasks inocu-
lated with mycelia have proven unsuccessful, and it appears
that such an approach is not technically possible (31).

Phenotypic characterization of the deletion mutants. The
growth of the mutant strains was examined on the complete
medium V8PDA. The mutants (SnstuA-48 and SnstuA-54) ap-
peared to grow more slowly than the wild type and the ectopic
mutant on complex medium. After 14 days of growth, pycnidia
were readily apparent on the wild-type and ectopic strains,
while the SnstuA strains produced thick white aerial hyphae
but no evidence of sporulation (Fig. 2A to D). A closer exam-
ination under the dissecting microscope showed that the wild-
type and ectopic strains produced thin aerial mycelia and dark
brown melanized pycnidia with pink cirrus oozing out of the
bursting pycnidia. The deletion mutants did not differentiate

any observable reproductive structures and produced a thick
layer of aerial mycelia (Fig. 2E to H).

The growth of the strains was also examined on defined
minimal medium (Fig. 2I to L). The wild-type and ectopic
strains grew more slowly and produced less biomass than was
observed on the complex medium. Sectoring was also evident,
as is usually observed when growing S. nodorum on minimal
medium. The deletion mutants produced white mycelia and
exhibited a vastly different morphology than the wild-type
strain or their own growth on the complex medium. Instead of
the usual circular ring growth, major hyphae grew from the
inoculation spot and smaller lateral hyphae developed from
these major hyphae, forming branchlike structures.

The sporulation defect of the mutants was further assessed
using microscopy. Figure 3 shows light-microscope images of
asexual development of the wild-type and the SnStuA-48 mu-
tant in vitro. Preliminary observations at 40� magnification
suggested that both strains produce mycelial knots, the precur-
sor developmental stage to mature pycnidia. Clear structural
differences were evident, though, at increased magnification.
The wild-type pycnidia appeared as previously described, with
a uniform pycnidial wall and subparietal layer (31). The struc-
ture observed in the SnstuA-48 mutant lacked the uniformity of
that in the wild type and appeared to be more a conglomera-
tion of swollen hyphae than a mature pycnidium. No pycnidial
wall or subparietal layer appears to have differentiated, and
there was no evidence of pycnidiospores.

The ability of the SnStuA mutants to utilize a range of
carbon sources was also assessed. A routine assay typically
undertaken on mutants is to examine their ability to utilize
different carbon sources. The phenotypic characterization of
the strains described above showed that the deletion mutants
grew more slowly than the wild-type and ectopic strains on
sucrose and glucose as carbon sources. This trend appeared to
be consistent with the results for nearly all other carbon
sources tested, including fructose, mannitol, and glycerol (data
not shown). Growth on glutamate, though, appeared to be
different, with comparable growth rates measured for all
strains, suggesting that SnStuA has a regulatory role in carbon
metabolism (Fig. 4).

SnStuA is required for pathogenicity. Pathogenicity assays
with S. nodorum are typically undertaken using a whole-plant
spray or detached-leaf assay. Due to the lack of spores pro-
duced by the SnStuA mutants, agar blocks of growing fungi
were cut from plates and used to inoculate detached leaves to
determine the requirement of SnStuA for pathogenicity (Fig.
5). At 7 dpi, the lesions caused by the wild-type and ectopic
strains were spreading rapidly and ranged between 0.7 and 1
cm in length. The lesions induced by the mutant strains were
much smaller and averaged only 0.16 cm.

At 14 dpi, the wild-type and ectopic strains caused extended
light-brown necrosis across the whole leaf, and pycnidia were
observed. Average lesion sizes of around 2 cm in length were
typically recorded for these inoculations. The lesions on the
leaves inoculated with the SnStuA mutants had not progressed
much further than at 7 dpi, with the average length being only
around 0.22 cm. Furthermore, the deletion mutant infections
showed no sign of sporulation. The possibility that the reduced
pathogenicity of the SnStuA mutants was due to their inability
to penetrate the leaf surface was examined by inoculating

FIG. 1. Expression of SnStuA as determined by qPCR. Values
shown represent the expression of SnStuA normalized against the
expression of �-actin. Biological triplicates were assayed using techni-
cal replicates. Standard error bars are shown.
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wounded leaves (see Fig. S3 in the supplemental material).
The state of the infections on the wounded leaves correlated
with that observed on intact leaves, suggesting that SnStuA is
not required for the penetration stage of infection.

StuA has a central regulatory role in carbon metabolism.
The characterization of the SnStuA mutants described above
highlighted a number of phenotypic impairments that may
contribute to a reduced level of pathogenic fitness. To attempt
to identify the role of SnStuA in each of these phenotypes, a
comparative metabolomics approach was undertaken. The use
of metabolite profiling to dissect phenotypes is rapidly gaining
momentum and has been successfully applied to S. nodorum
(13, 14, 32). Each of the four strains described above was
grown for 14 days on minimal medium plates with glucose as
the carbon source, and the metabolites were extracted as de-
scribed in Materials and Methods. Samples from eight biolog-
ical replicates for each strain were processed and analyzed
using GC-MS for metabolite detection. The resulting data
were processed using AnalyzerPro (SpectralWorks, United
Kingdom) prior to being subjected to multivariate analysis.

Principal component analysis (PCA) was applied to gain
insight into the nature of the multivariate metabolite data set
(4, 11). PCA identifies and ranks major sources of variance
within datasets and allows clustering of biological samples into
both expected and unexpected groups based on similarities and
differences in the parameters measured (4). The score plot

generated from the PCA is shown in Fig. 6. Principal compo-
nent 1 (PC1) accounts for 52% of the variation, with the strains
lacking StuA clearly clustering independently from the wild-
type and ectopic strains. PC2 represents 10% of the variation
and appears not significant for this data set.

An analysis of the factor loadings from the PCA score plot
and subsequent analysis of variance identified 62 peaks from
the GC-MS traces that were significantly differentially abun-
dant when comparing normalized peak areas of the wild-type
and ectopic strains to those of the SnStuA mutants (Table 1).
These 62 peaks represent 56 compounds of various classes.
Analysis of the data revealed that deletion of SnStuA has a
significant effect on primary metabolism during sporulation.
All amino acids detected were significantly less abundant in the
SnStuA mutants, while all sugars and sugar alcohols were
present at higher levels. Similarly, organic acids linked with the
tricarboxylic acid (TCA) cycle (pyruvic acid and lactic acid)
were also more abundant in the SnStuA deletion strains.
�-Aminobutyric acid and �-hydroxybutyric acid, though, were
present at lower levels in the mutants. Nearly all compounds
not assigned to specific classes were more abundant in the
wild-type strain, with the exception of phosphoric acid. These
include allantoin, myoinositol, and the recently identified my-
cotoxin in S. nodorum, alternariol. The final class of com-
pounds listed on Table 1 are those that remain unidentified
after the GC-MS analysis. The most striking of these are un-

A B C D

E F G H

I J K L

FIG. 2. Photographs showing the morphology of the S. nodorum strains SN15 (A, E, and I), SnStuA-5 (B, F, and J), SnstuA-48 (C, G, and K),
and SnstuA-54 (D, H, and L). The top four panels represent growth on V8PDA, the middle four panels show sporulation on V8PDA, and the
bottom four panels show growth of the strains on minimal medium.
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knowns 39.33_2484_319 and 35.27_2194_319. These com-
pounds are highly abundant in the mutants and are present at
levels comparable to that of glucose, while being barely detect-
able in the wild-type strain. There were also several other
unknown compounds that shared a 319 m/z base peak that
were significantly more abundant in the mutants. While the
identity of these compounds at present remains elusive, some
information can be attained from their fragmentation pattern.
This is discussed further below.

There were also many other compounds that were not sig-
nificantly different in their abundance in the wild-type strain
and the SnStuA mutants. Notable compounds in this category
include mannitol and trehalose, both previously having been
shown to be required for asexual sporulation in S. nodorum
(14, 28).

SnStuA regulates SnTox3 expression. Each of the pheno-
typic assays described above provides further evidence toward
understanding the role of SnStuA. However, the reason(s) for
the significantly reduced pathogenicity remain unclear. Recent
studies in S. nodorum have highlighted the critical role of
necrotrophic effectors in pathogenicity (8, 9, 12). The expres-
sion of the genes encoding each of the known effectors was
examined in the SnStuA deletion strains and compared to the
level in the wild type to determine if SnStuA has a regulatory
role over these important pathogenicity proteins. After three
days of growth on the effector induction growth medium Fries,

the expression of SnTox3 was approximately 6-fold less in the
SnStuA mutants than in the wild type (Fig. 7). ToxA transcript
levels were considerably lower than those of SnTox3 but were
not significantly different in any of the strains (data not shown).

DISCUSSION

Transcription factors with the conserved APSES domain are
unique to fungi and have been shown to regulate cellular
differentiation (5). An ortholog of the stunted proteins (StuA)
was identified in S. nodorum, and the gene expression pattern
suggested that this transcription factor might be involved in
sporulation. To investigate the role of this transcription factor
in S. nodorum, a gene deletion approach was undertaken and
the resulting strains characterized.

In vitro growth observations showed that the SnStuA dele-
tion mutants remained in a perpetual vegetative state and did
not sporulate when grown in vitro. Detached-leaf assays
showed that the deletion mutants developed lesions at vastly
lower rates than the wild-type and also failed to sporulate.
However, the connection between the low growth rate in vitro
and the reduced pathogenicity is unclear. Similar studies in
other fungal pathogens have shown that deletion of the genes
encoding StuA homologs resulted in defects in asexual or/and
sexual reproduction (3, 5, 7, 15, 18, 20, 21, 33, 35).

The StuA protein has been extensively studied in A. nidulans

A B

DC

FIG. 3. Light-microscope images of agar cross sections showing fungal culture morphology when grown on minimal medium. (A and C) Mature
pycnidium from S. nodorum SN15 at 40� (A) and 100� (C) magnification. (B and D) Abnormal structures produced during pycnidium
development from S. nodorum SnstuA-48 mutant at 40� (B) and 100� (D) magnification.
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(3, 7, 15, 20, 21, 35). A reduction in conidiation was observed
in the StuAp deletion mutant, with the StuA protein being
shown to work together with the bristle (brlA) and abacus
(abaA) genes for asexual development (15). There is evidence
to suggest that the mechanisms of asexual sporulation in A.
nidulans do differ from those in S. nodorum. For example,

extensive homology searching of the S. nodorum genome has
failed to find any orthologs of BrlA or AbaA. Sequence homol-
ogy between transcription factors, even among closely related
species, is often very low. However, another gene that is in-
volved in asexual reproduction in A. nidulans, fluG, has been
identified in S. nodorum and was found not to be required for
asexual reproduction (P. S. Solomon, unpublished data). Fur-
ther evidence of different asexual sporulation mechanisms in S.
nodorum and A. nidulans is the requirement of mannitol for
sporulation of S. nodorum. Mutants of A. nidulans lacking
mannitol anabolic activity maintained the ability to sporulate,
although the resulting conidia suffered increased susceptibility
to stresses (19).

In F. oxysporum, StuA is encoded by FoSTUA, and deletion
of the gene led to reduced conidiation both in planta and in
vitro (18). In G. cingulata, deletion of GcSTUA significantly
reduced the formation of conidia and abolished the production
of perithecia (33). In A. fumigatus, deletion of StuA resulted in
mutants that showed reduction in conidiation and abnormal
asexual structures. Additionally, the abnormal conidia exhib-
ited higher germination rates than the wild-type (21). Thus, the
deletion of StuA in most pathogens has not abolished sporu-
lation but led to a reduction whereby viable spores were still
produced. Conversely, the deletion of SnStuA in S. nodorum
produced a nonsporulating mutant. Microscopic examination
of the SnStuA mutants during attempted sporulation did reveal
that the strains were capable of producing mycelial knots, but
these were unable to develop further into mature pycnidia (6).
A previous study in S. nodorum identified a very similar sporu-
lation phenotype for strains lacking a Ca2�/calmodulin-depen-
dent protein kinase (CpkA), although a link (if any) between
SnStuA and CpkA has yet to be established (24).

Pathogenicity assays revealed that the SnStuA mutants were
significantly less pathogenic than the wild-type strain. The pos-
sibility that this was due to impaired penetration was investi-
gated by infecting wounded leaves; this was found to have no
effect on pathogenicity, implying that SnStuA is not required
for the fungus to breach the leaf surface. In the fungal patho-
gens Magnaporthe grisea and Glomerella cingulata, infection has
also been reduced with the deletion of StuA (17, 33). Charac-
terization of the mutants revealed that the reduced pathoge-

FIG. 4. Line graphs representing the growth of the S. nodorum
strains SN15 (E), SnStuA-5 (�), SnsntuA-48 (‚), and SnstuA-54 (�)
on 30 mM glucose (A) or glutamate (B). Standard error bars are
shown (n � 4).

FIG. 5. Pathogenicity assays at 7 (A and C) and 14 (B and D) dpi.
The images of diseased leaves represent infections of the S. nodorum
strains SN15 and SnStuA-5 in the top two panels and SnstuA-48 and
SnstuA-54 in the bottom panels. The histograms represent the sizes of
the lesions corresponding with the images above. Standard error bars
are shown (n � 6).

FIG. 6. Score plot generated from the PCA. S. nodorum SN15 (E),
SnStuA-5 (�), SnstuA-48 (F), and SnstuA-54 (f).
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TABLE 1. Normalized metabolite abundances

Metabolite and IDa
Normalized abundanceb (mean � SD) in strain:

SN15 SnStuA-5 SnstuA-48 SnstuA-54

Amino acids
L-Glutamine 3TMS_27.96_1779 4.17 � 0.89 3.29 � 0.67 1.19 � 0.87 1.02 � 0.82
L-Glutamic acid 3TMS_24.85_1623_246 2.40 � 0.63 2.03 � 0.40 0.93 � 0.36 0.79 � 0.38
L-Tyrosine 3TMS_30.91_1933_218 0.60 � 0.13 0.53 � 0.12 0.18 � 0.05 0.12 � 0.06
L-Serine 3TMS_18.99_1363_204 0.46 � 0.13 0.38 � 0.16 0.19 � 0.06 0.16 � 0.08
L-Threonine 3TMS_19.60_1387_218 0.43 � 0.12 0.40 � 0.12 0.08 � 0.03 0.07 � 0.02
L-Lysine 4TMS_30.58_1913_174 0.37 � 0.17 0.21 � 0.08 0.06 � 0.02 0.04 � 0.02
L-Histidine 3TMS_30.58_1913_154 0.35 � 0.07 0.22 � 0.07 ND ND
L-Glycine 3TMS_17.61_1308_174 0.32 � 0.07 0.27 � 0.06 0.18 � 0.05 0.16 � 0.02
L-Isoleucine 2TMS_17.29_1295_158 0.31 � 0.06 0.26 � 0.10 0.09 � 0.02 0.07 � 0.01
L-Proline 2TMS_17.41_1300_142 0.23 � 0.09 0.18 � 0.07 0.03 � 0.02 ND
L-Asparagine 3TMS_25.87_1674_116 0.21 � 0.08 0.22 � 0.11 0.02 � 0.02 0.02 � 0.01
L-Threonine 2TMS_17.44_1301_117 0.20 � 0.04 0.19 � 0.04 0.04 � 0.02 0.04 � 0.02
L-Aspartic acid 3TMS_22.72_1516_232 0.18 � 0.08 0.12 � 0.02 0.05 � 0.02 0.05 � 0.02
L-Serine 2TMS_16.38_1258_132 0.16 � 0.03 0.15 � 0.03 0.07 � 0.02 0.07 � 0.03

Sugars/sugar alcohols
Glucose 5TMS_30.21_1884_319 0.19 � 0.07 0.17 � 0.10 9.36 � 1.38 6.53 � 1.85
Arabitol 5TMS_26.75_1719_217 0.51 � 0.21 0.77 � 0.28 5.90 � 0.86 4.26 � 1.10
Glucose 5TMS_30.39_1902_319 0.02 � 0.02 0.02 � 0.02 2.02 � 0.27 1.20 � 0.34
Thrietol 4TMS_22.21_1496_217 ND 0.01 � 0.01 1.29 � 0.20 1.02 � 0.21
Erythritol 4TMS_21.21_1492_217 ND ND 1.26 � 0.21 0.95 � 0.23
Glucopyranose 5TMS_31.49_1967_204 0.10 � 0.09 0.08 � 0.05 1.08 � 0.39 1.10 � 0.32
Fructose 5TMS_29.59_1861_103 0.01 � 0.01 0.01 � 0.01 0.28 � 0.06 0.19 � 0.05
Fructose 5TMS_29.77_1870_103 ND ND 0.15 � 0.03 0.11 � 0.03
D-(�)-Ribose 4TMS_25.97_1679_103 ND ND 0.05 � 0.01 0.03 � 0.01

Organic acids
Fumaric acid 2TMS_18.89_1359_245 0.09 � 0.03 0.09 � 0.03 0.25 � 0.06 0.24 � 0.07
Pyruvic acid 1TMS_10.23_1049_174 ND ND 0.25 � 0.02 0.14 � 0.04
Malic acid 3TMS_22.01_1484_147 0.08 � 0.02 0.08 � 0.02 0.21 � 0.05 0.22 � 0.06
Lactic acid 2TMS_10.93_1060_147 0.06 � 0.01 0.05 � 0.01 0.18 � 0.04 0.13 � 0.03
GABA 3TMS_22.93_1526_174 0.16 � 0.06 0.08 � 0.03 0.01 � 0.01 ND
�-Hydroxybutyric acid 2TMS_15.97_1242_1 0.11 � 0.08 0.15 � 0.06 ND ND
2-Ketoglutaric acid 2TMS_24.04_1582 ND ND 0.08 � 0.02 0.06 � 0.02

Other classes of compounds
Phosphoric acid 3TMS_16.72_1272_299 4.07 � 0.93 3.75 � 0.75 6.54 � 1.50 5.98 � 1.05
Alternariol 3TMS_45.58_2959_459 2.06 � 0.82 1.42 � 0.67 ND ND
Allantoin 4TMS_29.92_1878_331 1.04 � 0.39 0.91 � 0.35 0.44 � 0.17 0.37 � 0.19
Allantoin 5TMS_30.25_1894_518 0.44 � 0.18 0.37 � 0.16 0.09 � 0.06 0.06 � 0.04
Tryptamine_24.44_1602_188 0.34 � 0.10 0.32 � 0.11 0.08 � 0.04 0.08 � 0.04
N-Acetylglutamic acid 2TMS_23.05_1532_8 0.25 � 0.07 0.20 � 0.06 0.09 � 0.02 0.08 � 0.02
Myoinositol 6TMS_32.32_2017_318 0.18 � 0.04 0.16 � 0.05 0.02 � 0.01 0.03 � 0.01
Myoinositol 6TMS_33.36_2080_217 0.18 � 0.04 0.16 � 0.05 0.01 � 0.01 0.02 � 0.01
	-Alanine 3TMS_20.61_1428_174 0.09 � 0.02 0.07 � 0.02 0.02 � 0.01 0.02 � 0.01
Ornithine 4TMS_28.66_1815_142 0.03 � 0.01 0.04 � 0.02 ND ND
Inosine 4TMS_40.65_2579_217 ND ND 0.02 � 0.01 0.02 � 0.01

Unknowns
Unknown_39.33_2484_319 0.03 � 0.01 0.04 � 0.01 8.00 � 1.39 7.45 � 1.26
Unknown_35.27_2194_319 ND ND 7.68 � 3.61 8.27 � 2.10
Unknown_27.63_1763_357 2.23 � 0.59 2.05 � 0.60 0.36 � 0.09 0.33 � 0.06
Unknown_34.09_2123_319 ND ND 1.00 � 0.27 0.86 � 0.18
Unknown_34.00_2117_319 ND ND 0.72 � 0.62 0.62 � 0.12
Unknown_30.02_1883_204 0.07 � 0.04 0.04 � 0.02 0.56 � 0.24 0.54 � 0.27
Unknown_37.61_2361_217 ND ND 0.54 � 0.18 0.37 � 0.06
Unknown_40.14_2542_287 ND ND 0.43 � 0.11 0.39 � 0.13
Unknown_32.39_2021_204 ND ND 0.39 � 0.06 0.23 � 0.07
Unknown_52.11_3560_307 0.34 � 0.17 0.39 � 0.13 ND ND
Unknown_37.74_2370_217 ND ND 0.35 � 0.11 0.25 � 0.04
Unknown_24.44_1603_211 0.34 � 0.10 0.32 � 0.11 0.08 � 0.04 0.08 � 0.04
Unknown_28.85_1824_231 0.29 � 0.07 0.22 � 0.06 0.12 � 0.04 0.12 � 0.04
Unknown_34.66_2157_159 0.26 � 0.16 0.24 � 0.13 ND ND
Unknown_44.27_2846_402 0.15 � 0.08 0.25 � 0.17 ND ND
Unknown_51.36_3487_469 0.13 � 0.05 0.19 � 0.09 ND ND
Unknown_33.85_2109_357 ND ND 0.18 � 0.05 0.14 � 0.07
Unknown_35.85_2234_299 0.07 � 0.02 0.05 � 0.02 0.14 � 0.03 0.12 � 0.02
Unknown_29.78_1871_319 ND ND 0.14 � 0.03 0.11 � 0.02
Unknown_48.39_3199_363 0.12 � 0.03 0.08 � 0.03 0.03 � 0.01 0.02 � 0.01
Unknown_28.99_1831_428 0.05 � 0.02 0.05 � 0.02 ND ND

a All metabolites listed are differentially abundant in the wild-type strain and the SnstuA mutants (P 
 0.05). Metabolites in boldface are significantly more abundant
in the mutant strains than in the wild type, while those not in boldface are less abundant in the mutants than in the wild type. GC-MS data are included in the
identification (ID) code in the format retention time_retention index_base peak.

b Values are in arbitrary units. ND, not determined.
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nicity was due to insufficient development of turgor pressure in
the appressorium, although mobilization of glycogen and tri-
acylglycerol appeared normal. It should be noted, though, that
unlike the pathogens listed above, S. nodorum does not rely on
turgor pressure to breach the leaf surface.

A key finding from this study was the regulation of tox3 gene
expression by SnStuA. Tox3 is a recently described effector
protein that interacts with Snn3 in wheat to cause disease (12).
The expression of a second effector-encoding gene, ToxA, was
unaffected in the SnStuA mutants, implying selected regulation
of the effector genes by SnStuA. However, it is unlikely that the
reduced expression of Tox3 was the sole cause of the patho-
genicity defect, as this strain of S. nodorum also produces ToxA
and the wheat line infected harbors the ToxA susceptibility
gene, Tsn1; this combination alone is sufficient to cause disease
(8).

Metabolomics is a powerful technique now gaining accep-
tance as a tool to dissect phenotypes. Previous studies in S.
nodorum have used metabolomics to great effect for dissecting
osmotic stress and trehalose synthesis, as well as mycotoxin
synthesis (13, 14, 32). Metabolomics was chosen to character-
ize the SnStuA mutation in this study for deliberate reasons.
First, it is now well established that S. nodorum is highly reliant
on particular primary metabolic pathways for asexual sporula-
tion. Metabolomics offers the chance to precisely dissect these
known pathways at the metabolite level during sporulation.
Second, glutamate complemented the growth rate defect in the
SnStuA mutants, implying it has a role in central primary me-
tabolism.

The primary finding from the metabolomics studies was the
increased abundance of sugars present in the mutants, while all
detectable amino acids were less abundant. Intermediates of
the TCA cycle, along with pyruvate and lactate, were also
increased in the mutant compared to their levels in the wild
type. These data suggest that the metabolism of fermentable
carbon sources is negatively affected in the SnstuA background.
This statement is corroborated by the fact that the growth rate
of the mutants was restored to wild-type levels when glutamate
was supplied as a sole carbon source. Glutamate enters carbon
metabolism through �-ketoglutarate in the TCA cycle and,
thus, appears to bypass the problems associated with typical
sugar metabolism through glycolysis and into the TCA cycle in
the SnStuA mutants. One possible explanation for the inhibi-
tion of glycolysis and the accumulation of sugars could be the
inhibition of both pyruvate kinase and phosphofructokinase,
the key regulatory control points of glycolysis. Pyruvate kinase
and phosphofructokinase are inhibited by high concentrations

of ATP, leading to feedback inhibition of the glycolytic path-
way (2). The metabolomics data strongly suggest that ATP
levels in the SnStuA mutants are high compared to the level in
the wild-type strain, as evidenced by the detection of signifi-
cantly higher levels of phosphoric acid, a known marker for
ATP levels. Growth on glutamate would of course bypass the
glycolysis inhibition and allow wild-type growth, which has
been demonstrated. It is interesting to note that lower growth
rates have also been observed from StuA deletion mutants of
M. grisea and F. oxysporum (17, 18), suggesting that StuA may
regulate glycolysis and/or the TCA cycle in these pathogens as
well.

A further significant result to have emerged from the
metabolomics was that mannitol and trehalose levels were
unchanged in the SnStuA mutants. Both compounds are
known to be required for sporulation, but they appear to be
independent of the sporulation defect in these mutants. An-
other interesting result was the decrease in the abundance of
alternariol in the mutants. Alternariol was recently identified
in S. nodorum during a metabolomics screening of a short-
chain dehydrogenase mutant (sch1) (32). Mutants of S. nodo-
rum lacking Sch1 were also unable to sporulate but produced
significantly increased amounts of the mycotoxin, although no
conclusive links between the presence or absence of alternariol
and sporulation have been demonstrated (31). Studies in As-
pergillus fumigatus have demonstrated StuA-dependent regula-
tion of genes involved in secondary metabolism and mycotoxin
synthesis, namely, gliP and clusters (10, 34). It is also intriguing
to note that yet another nonsporulating mutant has altered
alternariol synthesis; however, its role in asexual development
(if any) remains unclear.

The other notable result from the metabolite profiling was
the substantial increase in abundance of the two unknown
peaks 39.33_2484_319 and 35.27_2194_319. These peaks are
massively abundant and appear to be among the most concen-
trated soluble polar metabolites in the mutants. While the
identity of these peaks remains unknown, a base peak of 319
m/z is a strong indication that these are a sugar or sugar
alcohol. Such an identity would fit elegantly with the metabo-
lite patterns observed for the other sugars detected. Various
standards of different sugars and polyols have been scrutinized,
but the identity of these two peaks remains elusive. It also
cannot be excluded that these two peaks represent one com-
pound, as can often happen as a result of the derivatization
process during sample preparation.

In conclusion, this paper has presented several novel find-
ings regarding the role and regulation of the SnStuA transcrip-
tion factor in the wheat pathogen Stagonospora nodorum. Stud-
ies are now ongoing using additional functional genomics
techniques to further elucidate the regulatory role of SnStuA.
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