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Summary

The ascomycete fungus Mycosphaerella graminicola
is the causal agent of Septoria Tritici Blotch disease of
wheat and can grow as yeast-like cells or as hyphae
depending on environmental conditions. Hyphal
growth is however essential for successful leaf infec-
tion. A T-DNA mutagenesis screen performed on
haploid spores identified a mutant, which can undergo
yeast-like growth but cannot switch to hyphal growth.
For this reason the mutant was non-pathogenic
towards wheat leaves. The gene affected, MgAlg2,
encoded a homologue of Saccharomyces cerevisiae
ScAlg2, an alpha-1,2-mannosyltransferase, which
functions in the early stages of asparagine-linked
protein (N-) glycosylation. Targeted gene deletion and
complementation experiments confirmed that loss of
MgAlg2 function prevented the developmental growth
switch. MgAlg2 was able to functionally complement
the S. cerevisiae ScAlg2-1 temperature sensitive
growth phenotype. Spores of DMgAlg2 mutants
were hypersensitive to the cell wall disrupting agent
Calcofluor white and produced abnormally hypo-N-
glycosylated proteins. Gene expression, proteome
and glycoproteome analysis revealed that DMgAlg2
mutant spores show responses typically associated
with the accumulation of mis-folded proteins. The
data presented highlight key roles for protein
N-glycosylation in regulating the switch to hyphal
growth, possibly as a consequence of maintaining

correct folding and localization of key proteins
involved in this process.

Introduction

Pathogenic fungi undergo various developmental
changes in order to infect their hosts. A particular group is
referred to as dimorphic, which describes an ability to
switch between a yeast-like budding growth state and a
filamentous, hyphal growth state. Transitions between the
two often occur in response to changing environmental
stimuli, including temperature and nutritional status. With
respect to fungal pathogens of animals in particular, the
triggers that signal these growth state transitions have
been well studied, as have the signalling pathways that
underpin these developmental changes (Lengeler et al.,
2000; Borges-Walmsley et al., 2002; Woods, 2002;
Nemecek et al., 2006; Whiteway and Bachewich, 2007).
For many well-studied dimorphic fungal pathogens of
animals the pathogenic (or infectious) state is often the
yeast-like form, which may aid the propagation and
spread of the organism throughout the vascular system of
the host (Rappleye and Goldman, 2006; Klein and
Tebbets, 2007).

Dimorphic fungal pathogens are also responsible for
some important diseases of cereal crop plants (Nadal
et al., 2008). Arguably, the best studied fungal pathogen
of this type is the basidiomycete Ustilago maydis, the
causal agent of corn smut disease. U. maydis is non-
pathogenic towards its host in the yeast-like growth
phase, but becomes pathogenic following the transition to
hyphal growth after the fusion of two haploid sporidia
which generate the dikaryotic infection hyphae. The
complex molecular interplay, which underpins this mor-
phological transition, has been the subject of intensive
research (Ruizherrera et al., 1995; Sanchez-Martinez and
Perez-Martin, 2001; Kamper et al., 2006; Klosterman
et al., 2007; Nadal et al., 2008). Less well studied are the
dimorphic ascomycete cereal-infecting fungi, which
include Mycosphaerella graminicola (anamorph Septoria
tritici ), the causal agent of Septoria Tritici Blotch (STB)
disease of wheat. M. graminicola can infect wheat leaves
in its haploid form through the spread of asexual spores.
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These spores are frequently multicellular, often composed
of one to four cells. A prerequisite for infection however is
the ability of these yeast-like spores to form hyphae on the
leaf surface. This occurs rapidly upon contact with wheat
leaves (Mehrabi et al., 2006) and represents an essential
transition, as M. graminicola penetrates leaves almost
exclusively via hyphal growth through stomatal apertures
(Kema et al., 1996). The fungal hyphae then continue to
grow intercellularly within the leaf in an asymptomatic
manner for up to ~ 9 days. Thereafter disease symptoms
appear in the form of necrotic leaf lesions, which appear to
result from the activation of a host programmed cell death
(PCD) response (Keon et al., 2007; Rudd et al., 2008). The
fungus then appears to respond to the increased availabil-
ity of nutrients released from dying plant cells with the
development of asexual sporulation structures (pycnidia)
and the synthesis of more asexual spores. These spore (or
conidia) masses emerge from stomata and are subse-
quently propagated by rain splash throughout the wheat
canopy. But they must then go through the same develop-
mental processes on un-infected leaf tissues, again requir-
ing the transition into hyphae on the leaf surface. Although
it may be argued that most, if not all, plant pathogenic fungi
require this initial step, M. graminicola is somewhat
unusual as these morphological growth transitions are
influenced by environmental changes, and can be easily
mimicked in vitro. For example, M. graminicola spores will
preferentially replicate by yeast-like conidial budding on
rich nutrient media and/or at 15°C. In contrast M. gramini-
cola spores will differentiate into filamentous hyphae in
poor nutrient conditions (which may mimic the leaf surface)
and at higher temperatures (~ 25°C). Therefore, this
fungus can display both environmental and temperature-
sensitive morphological growth changes characteristic of
dimorphic fungi. However, for M. graminicola, it is the
filamentous growth state that is actively pathogenic
towards the plant enabling stomatal penetration and inter-
cellular leaf colonization.

To date only one gene has been implicated in regulat-
ing the transition from yeast-like to hyphal growth of
M. graminicola, the MgHog1 mitogen-activated protein
kinase. Mutant strains disrupted at MgHog1 were able to
proliferate by yeast-like budding but were unable to differ-
entiate hyphae under favourable conditions, including the
wheat leaf surface. For this reason these MgHog1 mutant
strains were non-pathogenic despite being viable in the
yeast-like form (Mehrabi et al., 2006). Thus the impor-
tance of the yeast to hyphal transition for M. graminicola
pathology highlights a potential disease control interven-
tion point for STB disease, and the mechanisms under-
pinning this process merit further study.

Many eukaryotic proteins associated with the cell wall, or
secreted from cells, are frequently glycosylated either on
asparagine (N-linked glycosylation) or on serine/threonine

(O-linked glycosylation). These modifications support
essential functions, which include ensuring correct protein
folding and localization. Fungi and animals possess an
O-linked protein glycosylation pathway not found in plants
which involves the direct addition of mannose to proteins in
a process known as O-mannosylation (Strahl-Bolsinger
et al., 1999; Lommel and Strahl, 2009). In contrast, the
early ‘core’ pathway of protein N-glycosylation is consid-
ered to be largely conserved across all studied eukaryotes,
but has been most extensively studied in the diploid yeast
Saccharomyces cerevisiae (Burda and Aebi, 1999; Lehle
et al., 2006). N-linked glycosylation begins with a series of
sequential reactions, which occur initially on the cytosolic
face, and then within the lumen, of the endoplasmic reticu-
lum (ER). These steps involve the activity of various (ER)
membrane-associated proteins leading to the construction
of a dolichol-pyrophosphate (Dol-PP) linked 14-sugar
‘core’ glycan structure Dol-PP-(N-acetylglucosamine)

2Mannose9Glucose3. This is transferred by an oligosaccha-
ride transferase complex to asparagine side-chains
present in an Asn-x-Ser/Thr sequon motif of the target
proteins, and is further modified in both the ER and the
Golgi apparatus (Helenius and Aebi, 2001). The assembly
of this core structure in S. cerevisiae involves the sequen-
tial function of the Alg (asparagine-linked glycosylation)
genes (Huffaker and Robbins, 1982; 1983). These encode
a variety of enzymatic functions including many glycosyl-
transferases which have been shown, or predicted to be
embedded in, or attached to, the ER membrane (Burda
and Aebi, 1999; Lehle et al., 2006). In S. cerevisiae com-
plete loss of function of many Alg genes is lethal; therefore
many studies aimed at defining the core pathway of
N-glycosylation have used temperature sensitive alleles of
Alg genes (Huffaker and Robbins, 1982; 1983; Reiss et al.,
1996; Kampf et al., 2009). The importance of correct
protein N-glycosylation in eukaryotes is particularly em-
phasized by the range of congenital diseases of humans,
which have been shown to result from defects in the
synthesis of the core glycan structure (Freeze and Aebi,
2005; Lehle et al., 2006; Jaeken and Matthijs, 2007). This
important system of post-translational modification hence
impacts upon many aspects of cellular function ranging
from correct protein secretion to regulation of the cell cycle
(Kukuruzinska and Lennon, 1994; Lennon et al., 1997;
Helenius andAebi, 2001). Despite this, to date comparably
little research has been performed on the protein
N-glycosylation pathway in filamentous fungi, which has
been predicted to have features in common with, as well as
differences, to humans and budding yeasts (Deshpande
et al., 2008).

The present study was initiated following the identifica-
tion of a non-pathogenic haploid strain of M. graminicola,
which was recovered from a T-DNA mutagenesis forwards
genetic screen. The T-DNA insertion was mapped to a
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putative sequence homologue of the S. cerevisiae Alg2
mannosyltransferase, which catalyses the conversion
of Dol-PP-(GlcNAc)2Mann1 through to Dol-PP-(GlcNAc)
2Mann3 in the early stages of assembly of the core glycan
structure (Jackson et al., 1993). The M. graminciola Alg2
mutant (DMgAlg2) was unable to infect susceptible wheat
leaves due to an inability to switch from yeast-like budding
to filamentous growth. The data presented here highlight
the critical importance of protein N-glycosylation for infec-
tious hyphal growth of M. graminicola, but also demon-
strate that yeast-like growth can occur despite major
perturbations to this process.

Results

Identification of a non-pathogenic mutant of
M. graminicola unable to switch from budding yeast-like
growth to infectious hyphal growth

A non-pathogenic T-DNA insertion mutant, referred to as
5-29H, was identified via an attached wheat leaf bioas-
say (Keon et al., 2007) during an initial screen of 615
transformed strains. At 21 days following inoculation, the
wild-type strain induced localized leaf cell death, result-
ing in the formation of necrotic areas bearing asexual
sporulation structures (pycnidia – Fig. 1A). In contrast,

Fig. 1. Identification of a non-pathogenic
M. graminicola mutant 5-29H unable to switch
from budding yeast-like growth to infectious
hyphal growth.
A. Wheat leaf 21 days after inoculation with
the wild-type fungus. The leaf appears fully
necrotic and harbours fungal asexual
sporulation (pycnidia) structures.
B. Wheat leaf 21 days after inoculation with
the T-DNA insertion mutant 5-29H.
C. Trypan blue stained wild-type fungus 21
days after leaf inoculation. The abbreviation
Py highlights the presence of a pycnidium; St
highlights a stomatal aperture; SH indicates
surface hyphae.
D. Trypan blue stained fungal mutant 5-29H,
21 days after leaf surface inoculation;
abbreviation St highlights a stomatal aperture;
Sp indicates un-germinated spores.
E. Scanning electron micrograph (SEM) of the
wild-type fungus four days after leaf surface
inoculation. Abbreviation CH indicates
collapsed hypha; PH indicates leaf
penetrating hypha.
F. SEM of the 5-29H mutant fungus four days
after leaf surface inoculation. Indicated
abbreviations as in (D).
G. Macroscopic growth of wild-type and
5-29H mutants on YEPD plate 10 days after
inoculation.
H. Macroscopic growth of wild-type and 5-29H
mutants on tap water agar (TWA) plates after
10 days.
I. Hyphal growth of the wild-type strain on
TWA visualized by light microscopy.
J. The failure of the 5-29H mutant to produce
filamentous hyphae on TWA again visualized
by light microscopy.
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leaves inoculated with mutant 5-29H showed no disease
symptoms whatsoever at this time point (Fig. 1B) or at
any point thereafter (monitored for over 40 days post
inoculation).

Trypan blue staining of inoculated leaves was per-
formed to determine whether the 5-29H pathogenicity
defect occurred pre- or post-stomatal penetration. In
contrast to the extensive hyphal growth seen on the
surfaces and throughout leaves infected by the wild-
type strain (Fig. 1C), no extended hyphal filaments were
produced by 5-29H on the leaf surface (Fig. 1D). Scan-
ning electron microscopy performed 4 days after leaf
surface inoculation emphasized a dramatic difference in
the development of the wild-type and 5-29H mutant
strains. In contrast to the wild-type strain, which had
numerous (often collapsed) surface hyphae frequently
penetrating stomata (Fig. 1E), the 5-29H mutant
remained in the form of un-germinated spores (Fig. 1F).
No extended hyphal filaments were observed whatso-
ever for this mutant. These data suggested that 5-29H
was defective in the pre-penetrative growth phase of
colonization of wheat leaves, due to an inability to dif-
ferentiate hyphae required to penetrate stomata on the
leaf surface.

We tested whether the failure of hyphal growth by
mutant 5-29H was strictly associated with growth on the
leaf surface or whether this was a more general devel-
opmental defect, which might also be detected in vitro.
The 5-29H mutant was inoculated alongside the wild-
type strain on both rich nutrient agar [yeast extract
peptone dextrose (YEPD); Fig. 1G] and on tap water
agar (TWA), the latter of which stimulates significant
hyphal growth by the wild-type strain (Fig. 1H). While
both strains grew at similar rates during budding yeast-
like growth on rich medium, the 5-29H mutant was
unable to generate hyphal filaments on TWA (Fig. 1I and
1J). These data suggest that the 5-29H mutant is unable
to cause disease on wheat leaves due to a developmen-
tal defect in the ability of spores to form hyphae required
for leaf penetration.

The 5-29H mutant possesses a T-DNA insertion in a
gene encoding a homologue of the Saccharomyces
cerevisiae alpha mannosyltransferase gene, ScAlg2

We performed thermal asymmetric interlaced PCR (TAIL-
PCR) on genomic DNA isolated from the 5-29H mutant
strain in order to identify the region harbouring the T-DNA
insertion. Three sequences retrieved from independent
PCR products harbouring Left Border T-DNA were used in
a Blastn search against the sequenced M. graminicola
genome (http://genome.jgi-psf.org/Mycgr3/Mycgr3.home.
html). All sequences returned the same hit (at e-0)
on chromosome 9 of the genome with a gene model
Id; estExt_Genewise1Plus.C_chr_90094. This predicted
gene of 1515 base pairs (bp) containing an open reading
frame (ORF) of 1437 bp encoded a protein of 479 amino
acids. The left border T-DNA insertion occurred at nucle-
otide position 1334 bp of the predicted ORF. Blastp analy-
sis against the NCBI non-redundant protein database
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) with the
encoded protein identified homologues annotated as
belonging to the yeast (Saccharomyces cerevisiae) Alg2
class of Group 1 glycosyltransferases. Blastp analysis
against the S. cerevisiae genome database (http://www.
yeastgenome.org/) returned the protein ScAlg2 with most
similarity (1.1e-83). The M. graminicola genome browser
annotation also suggested that this ORF may encode a
Group 1 glycosyltransferase belonging to the yeast Alg2
class, potentially involved in the assembly of the
Dol-PP-(GlcNAc)2Mann9Gluc3 core structure for eukar-
yotic protein N-glycosylation (Fig. 2A). We refer to this
gene hereafter as MgAlg2.

Alignment of MgAlg2 with ScAlg2 highlighted the pres-
ence of a conserved glucosyltransferase domain possess-
ing a conserved Lysine (K) in an equivalent position to
K230 of ScAlg2 (indicated by an asterisk* in Fig. 2B), which
is essential for protein function (Kampf et al., 2009). The
left border T-DNA insertion in the original 5-29H mutant
was determined to have occurred within the coding region
for amino acids 445–446, a position 30 residues from the

Fig. 2. The 5-29H mutant has a T-DNA insertion within a predicted Alg2-like mannosyltransferase gene which functionally complements the
yeast (Saccharomyces cerevisiae) Alg2-1 temperature sensitive growth phenotype.
A. Diagram illustrating the roles of the S. cereviseae Alg proteins in the early endoplasmic reticulum (ER)-associated stages of protein
N-glycosylation, leading to attachment of the core glycan structure, Dol-PP-(N-acetylglucosamine)2Mannose9Glucose3. The reaction(s)
performed by Alg2 are indicated in large bold font.
B. Amino acid alignment of MgAlg2 with ScAlg from Saccharomyces cerevisiae. Lines indicate the presence of the conserved predicted
glycosyltransferase domain. The position of a conserved Lysine residue at position 230 which is critical for the function of ScAlg2 is
highlighted by an asterisk (*). The position of the T-DNA left border insertion is indicated by the arrow.
C. PCR on genomic DNA suggested that T-DNA integration may have triggered a re-arrangement or deletion event at the MgAlg2 locus.
Upper panel indicates the position of PCR primers (P1 and P2) relative to the T-DNA insertion. Lower panel shows the result of PCR on
genomic DNA from wild-type and 5-29H mutant fungus. MgSOD1 (superoxide dismutase 1) primers were used as a control for the quality of
the genomic DNA.
D. TMHMM prediction of transmembrane (TM) helices in the MgAlg2 and ScAlg2 proteins.
E. Yeast functional complementation assay. Both the full-length and a truncated version of MgAlg2, omitting the coding sequence for the
c-terminal predicted TM domain, were able to restore growth of the temperature sensitive ScAlg2-1 strain at 34°C.
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C-terminus of the protein (indicated by an arrow in Fig. 2A).
However, PCR on genomic DNA directed towards the 5′
end of the MgAlg2 gene (between nucleotides 78–323)
failed to amplify a product from the 5-29H mutant (Fig. 2C)
suggesting that a deletion or re-arrangement event may
have occurred at this locus during T-DNA integration.

A comparison of predicted transmembrane (TM) helices
(http://www.cbs.dtu.dk/services/TMHMM/) in MgAlg2 and
ScAlg2 suggested for the former only a single TM domain
occurring between amino acids 447–469, contrasting with
the 4 predicted for ScAlg2 (Fig. 2D and Kampf et al.,
2009). An alignment of MgAlg2 with Alg2 homologues
identified in a range of eukaryotic sequenced genomes
highlighted a clear separation of the filamentous fungal
ascomycete sequences from those found in budding
ascomycete yeasts and higher eukaryotes (Fig. S1A).
Comparison of the predicted TM organization highlighted
that the Alg2 homologues from all studied filamentous
fungi share the same predicted single C-terminal TM
domain found in MgAlg2 (Fig. S1B). This TM domain was
not predicted for Alg2 proteins from higher eukaryotes
including those from humans, plants, nematodes and fruit
flies and was particularly notable in its absence from the
Alg2 homologue of the opportunistic animal infecting
fungus Candida albicans. In contrast, these organisms
appear to possess Alg2 protein homologues, which have
either only a single N-terminal TM domain or were not
strongly predicted to possess TM domains (Fig. S1B).

MgAlg2 functionally complements the Saccharomyces
cerevisiae Alg2-1 temperature sensitive growth
phenotype with and without its predicted
transmembrane domain

The Alg2-1 mutant of S. cerevisiae exhibits a temperature
sensitive growth phenotype. This strain cannot grow at
34°C but grows well at 25°C (Huffaker and Robbins, 1982;
Kampf et al., 2009). We tested whether MgAlg2 was able
to complement the temperature sensitive growth pheno-
type of the yeast Alg2-1 mutant by transforming with both
a full-length MgAlg2 sequence, and a truncated version
encoding amino acids 1–446, thus omitting the C-terminal
TM domain. Figure 2E highlights that both constructs
were equally able to restore the growth of the yeast Alg2-1
strain at 34°C, in contrast to non-transformed strains and
those transformed with the empty vector. This data dem-
onstrates that MgAlg2 encodes a functional homologue of
ScAlg2 and that the single C-terminal TM domain was not
essential for its activity.

MgAlg2 function is essential for the fungal transition to
hyphal growth and ability to cause Septoria Tritici
Blotch disease

To confirm that the inability of the original 5-29H mutant to

generate hyphae and cause STB disease of wheat leaves
was caused by the loss of MgAlg2 function, we performed
independent targeted gene disruption of MgAlg2 in the
wild-type strain, and also complementation of the 5-29H
mutant with the intact MgAlg2 sequence along with its
upstream (5′) and downstream (3′) genomic regions.
Independent gene disruption mutants were obtained
by Agrobacterium-mediated fungal transformation and
correct gene targeting was confirmed by Southern blot
analysis (Fig. S2). The results of plant infection assays with
both the targeted disruption strains (DMgAlg2) and the
5-29H strain complemented with MgAlg2 (5–29::MgAlg2)
confirmed that the loss of MgAlg2 function was responsible
for the 5-29H phenotype (Fig. 3). Like the original 5-29H
strain, the targeted DMgAlg2 mutant strains were unable to
cause STB disease lesions or grow hyphally on TWA
(Fig. 3). Importantly, the 5-29H::MgAlg2 complemented
strain completely recovered both the ability to cause
disease and grow hyphally on TWA (Fig. 3). MgAlg2 was
constitutively expressed during in vitro growth and
throughout phases of plant infection spanning symptom-
less colonization (6 and 9 days post inoculation) and
necrotrophic growth and sporulation (14 and 21 days post
inoculation; Fig. S3). These data demonstrate that the

Fig. 3. Targeted deletion of MgAlg2 and complementation of
strain 5-29H with the intact MgAlg2 gene confirms MgAlg2 function
in the regulation of hyphal growth and plant infection. Upper panels
show each strain inoculated on tap water agar (TWA) plates to
stimulate hyphal growth. Bottom two panels show three
independently fungal inoculated wheat leaves for each of the four
strains photographed at 11 and 21 days post inoculation. WT
indicates the wild-type strain; 5-29H the mutant from the T-DNA
mutagenesis screen; DMgAlg2 indicates an independently
generated targeted deletion strain of MgAlg2; 5-29H::MgAlg2
indicates a strain produced by re-integration of the MgAlg2 gene
into the 5-29H mutant.
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function of the constitutively expressed MgAlg2 gene in the
early steps of protein N-glycosylation is essential for the
transition to hyphal growth under permissive conditions,
including those presented by the surface of wheat leaves.

Spores of DMgAlg2 mutants exhibit hypersensitivity to
Calcofluor white and are affected in temperature
sensitive growth

A range of experiments were performed to determine
whether loss of MgAlg2 function caused macroscopic
and/or structural changes in spores. M. graminicola spores
are elongate and comprise 1–4 cells separated by septa.
We measured median cell lengths defined as the distance
between these septa. These measurements suggested
there was a greater range of cell sizes produced by the
DMgAlg2 mutant strains than the wild-type, although this
was not attributable to a change in the number of cells
present within a single spore. Overall, there was a ten-
dency for a larger proportion of DMgAlg2 mutant cells being
slightly shorter than their wild-type equivalents (Fig. S4).
Transmission electron microscopy (TEM) on sections
through both wild-type and DMgAlg2 spores revealed no
obvious consistent macroscopic differences in overall cell
structure, cell wall structure, or in septation or bud emer-
gence (Fig. 4A). Despite these findings, both the original
5-29H mutant and the DMgAlg2 strains showed dramati-
cally increased sensitivity to the cell wall perturbing agent
Calcofluor white, indicating that cell wall integrity and
strength was compromised by the loss of MgAlg2 function.
In contrast, the complemented 5-29H::MgAlg2 strain did
not exhibit this hypersensitivity (Fig. 4B). The DMgAlg2
mutant did not show increased sensitivity to growth on
sorbitol, indicating that the cell wall defect was not caused
by an increase in sensitivity to osmotic stress (Fig. 4C).
Growth of the DMgAlg2 mutant was also reduced at 28°C,
a temperature which stimulates hyphal (mycelial) growth of
the wild-type strain (Fig. 4D). These data suggest that the
cell wall strength of DMgAlg2 strains was affected by the
loss of MgAlg2 function.

DMgAlg2 mutant cells possess abnormally
hypo-N-glycosylated proteins with (GlcNAc)2Mann1

attachments

We tested whether D-mannose-linked glycans were
present on the surface of DMgAlg2 mutant strains
through affinity binding of the FITC-labelled alpha-D-
mannose/alpha-D-glucose-specific lectin Concanavalin-A
(ConA) coupled with fluorescent microscopy. In terms of
both the number of cells which bound ConA, and the
relative intensity of staining, we were unable to detect
consistent differences between DMgAlg2 mutant and
wild-type cells (Fig. S5). This suggests that the DMgAlg2

mutant strain retains alpha-D-mannose/alpha-D-glucose
on cell surface components. However, as ConA is able
to bind to both N-linked and O-linked mannosylated pro-
teins we needed to more directly assess the relative
levels and structural identity of N-linked glycans in the
DMgAlg2 mutant. To do this we used mass spectrometry
to analyse the glycan chains released from total cellular
proteins following treatment with Peptide-N-glycanase A
(PNGase A). PNGase A is only able to release glycan
chains which are N-linked to proteins and does not
release those that are O-linked. N-linked glycans
released from proteins of DMgAlg2 mutants were com-
pared alongside those from the wild-type strain for the
presence of intermediates leading to the formation of the
core structure (GlcNAc)2Mann9, derived from processing
of (GlcNAc)2Mann9Glc3. This analysis revealed that the
DMgAlg2 mutant still possessed some extended glycan
structures attached to proteins including (GlcNAc)2Mann9

(m/z 2395.6; see Fig. 5). Although only semi-
quantitative, it was clear however that the peak heights
of the various glycans were much reduced for each of
these moieties in the DMgAlg2 mutant when compared
with the wild-type spores (Fig. 5).

Significantly, the most prevalent N-linked glycan
released by PNGase A treatment from proteins in the
DMgAlg2 mutant was (GlcNAc)2Mann1 (m/z 763.01; see
Fig. 5) which derives from Dol-PP-(GlcNAc)2Mann1, the
known substrate for Alg2 activity in the early steps of
protein N-glycosylation (see Fig. 2A). The fact that this
moiety was so prevalently released following PNGase A
treatment suggests that it is more frequently transferred to
proteins in the DMgAlg2 mutant. In contrast N-linked
(GlcNAc)2Mann1 was much less frequently detected on
proteins of the wild-type strain (Fig. 5). This suggests that
although the DMgAlg2 mutant is able to extend (to
some degree) the core structure for N-glycosylation
(GlcNAc)2Mann9Glc3, an abnormally high proportion of
truncated N-linked glycans, in particular (GlcNAc)2Mann1,
are found on proteins in these cells.

DMgAlg2 mutant spores exhibit changes in both the
total proteome and glycoproteome

In order to better understand the physiological changes
which might be associated with the hypo-N-glycosylation
of cellular proteins in the DMgAlg2 mutant, we undertook
some preliminary proteome-based analyses. Total protein
extracts from both DMgAlg2 mutant and wild-type spores
were analysed by SDS-PAGE and stained with either
Coomassie blue or ProQ-Emerald, a fluorescent stain
specific for glycosylated proteins. Both the total protein
and glycoprotein staining profiles differed for extracts iso-
lated, initially, from wild-type and 5-29H mutant spores
(Fig. 6A). ProQ Emerald glycoprotein staining identified
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numerous differences between the two strains. However
the most obvious was an enhanced staining of two pro-
teins with molecular weights (Mr) of approximately 75
and 77 kDa in the 5-29H mutant (Fig. 6A arrows). Staining
for total protein also revealed a number of differences, in
particular the appearance of two strong protein bands at
Mr 72 and 60 kDa (Fig. 6A indicated with asterisks ‘*’).
These glycoproteome and proteome changes were spe-
cific to the loss of MgAlg2 function as they were also
detected in independently targeted DMgAlg2 mutant
strains, but were not observed in the complemented
5-29H::MgAlg2 strain (Fig. 6B).

As we had previously shown that at least some N-linked
glycans, albeit predominantly (GlcNAc)2Mann1, are still

attached to proteins in the DMgAlg2 mutant we sought to
determine whether any of the changes we detected in the
glycoproteome were sensitive to pre-treatment of protein
extracts with PNGase F, which acts to specifically remove
N-glycans from proteins but, alike PNGase A, is unable
to remove O-linked sugars. Figure 6C highlights that
PNGaseF treatment did affect the overall glycoprotein
staining of proteins from both the wild-type and DMgAlg2
mutant spores. However, the heavily stained 75 and
77 kDa glycoproteins were resistant to this treatment
suggesting that they did not result from increased
N-glycosylation in the DMgAlg2 mutant. The specificity of
both the ProQ Emerald staining procedure and the
PNGase F treatment was confirmed by the simultaneous

Fig. 4. Examination of wild-type and DMgAlg2 mutant spore structure and sensitivity to stress.
A. Transmission electron microscopy (TEM) sections through wild-type and DMgAlg2 mutant spores. Keys to arrowheads; CW = cell wall,
S = Septa; BS = Budding site.
B. Calcofluor white (cw) sensitivity assay. Serial dilutions of spores were applied to YEPD plates containing the indicated concentrations of cw
and photographed after 6 days growth.
C. Osmotic stress (Sorbitol) sensitivity assay measured after 6 days.
D. Temperature sensitive growth on YEPD plates measured 6 days after inoculation at the indicated temperatures. The data highlight that the
DMgAlg2 mutant spores exhibit hypersensitivity to Calcofluor white and a temperature sensitive growth defect.

Fig. 5. Maldi-MS spectra of per-methylated N-glycans on proteins isolated from wild-type and DMgAlg2 mutant spores. PNGase A treatment
was used to release the N-linked glycan from proteins. Spectra representing the (GlcNAc)2Mannosex glycans are shown with the structures
depicted above. Note the presence of a prominent peak for (GlcNAc)2Mannose1 (m/z 763.01) in the profile of the DMgAlg2 mutant which was
much reduced in the wild-type fungus. The abbreviation Hexx indicate peaks deriving from free hexoses also present in the samples.

M. graminicola yeast to hyphal morphogenesis 423

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 81, 415–433



treatment and staining of the N-glycosylated control
protein Ribonuclease H (RNaseH) (Fig. 6D).

Genes implicated in cellular responses to mis-folded
proteins are more highly expressed in spores of the
DMgAlg2 mutant

The fact that DMgAlg2 mutants possess hypo-N-
glycosylated proteins and also show differences in the

total proteome and glycoproteome suggested that loss
of MgAlg2 might affect the correct folding, stability and
localization of cellular proteins. In yeasts and mammals
the accumulation of mis-folded proteins typically triggers
increased expression of genes, which attempt to stabilize
or increase the folding efficiency of proteins, including
increased expression of various ER localized molecular
chaperones. We analysed the fully sequenced M. gramini-
cola genome to identify putative homologues of some of

Fig. 6. Proteome and glycoproteome analysis of proteins extracted from wild-type and DMgAlg2 mutant spores.
A. Total protein extracts from wild-type or the 5-29H mutant, separated by SDS-PAGE and stained with ProQ-Emerald glycoprotein stain
(ProQ) or Coomassie blue (CBB) along with CandyCane protein markers, which contain a 42 kDa control glycoprotein. Arrows indicate the
presence of heavily stained glycoproteins in the original 5-29H mutant. Asterisks (*) highlight the presence of protein bands with increased
staining intensity in the mutant.
B. Validation that the proteome changes derive from loss of MgAlg2 function. Experiments were performed as in (A) but included two
independently generated DMgAlg2 mutants (-4 and -8) along with the complementation strain 5-29H::MgAlg2.
C. Proteins from the wild-type strain and DMgAlg2 mutants were de-N-glycosylated by pretreatment with PNGase F prior to electrophoresis
and staining. Note the heavily stained glycoproteins in the MgAlg2 mutants were resistant to PNGase F treatment.
D. Controls for PNGase F treatment and ProQ-Emerald stain specificity using an N-glycosylated RNaseH protein standard.
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the key marker genes, which respond to the accumulation
of mis-folded proteins, and determined their expression
levels in DMgAlg2 spores relative to wild-type spores.
We studied the expression of homologues of protein-O-
mannosyltransferases (PMT) 1 and 2, which catalyse the
first reactions in protein O-mannosylation, and the
molecular chaperones KAR2 and an Fkb1-like peptidyl-
prolyl cis isomerize (Table S1 provides the chromosomal
locations and gene model Id codes for both the M.
graminicola and corresponding Saccharomyces cerevi-
siae genes). Each of these genes exhibits increased
expression in S. cerevisiae cells accumulating mis-
folded proteins (Travers et al., 2000). As a comparison
we measured the expression levels of a further two
genes involved in the N-glycosylation pathway: OST1,
which encodes a sub-unit of the protein oligosaccha-
ride transferase complex, and Alg11 encoding an alpha
mannosyltransferase gene, which acts upon Dol-PP-
(GlcNac)2Mann3 normally generated through the activity
of Alg2 (details in Table S1). In contrast, there is no
reported transcriptional activation of either OST1 or Alg11
in response to mis-folded proteins (Travers et al., 2000).
The expression levels of all six genes were determined by
real-time qPCR analysis on RNA isolated from spores
undergoing budding growth in YEPD medium. All four
genes anticipated to be upregulated in response to mis-
folded proteins showed higher expression in DMgAlg2
mutants. This ranged from 3–10 fold greater levels than in
the wild-type cells for individual genes (Fig. 7). In contrast,
no significant change in transcript levels was detected for
MgOST1 and MgAlg11. These data suggest that loss of
MgAlg2 function may result in the accumulation of mis-
folded proteins, which are tolerated during yeast-like
fungal growth, but which may prohibit the subsequent
differentiation of hyphae.

Discussion

Protein N-glycosylation is a ubiquitous post-translational
modification conserved in eukaryotes and operates to
confer the appropriate stability, functionality and localiza-
tion of cellular proteins (Burda and Aebi, 1999; Lehle
et al., 2006). Many proteins, which are secreted or cell
wall localized, are frequently N-glycosylated in the ER
prior to passage into the Golgi. This modification is par-
ticularly important for the correct folding of proteins (Hele-
nius and Aebi, 2001). In fact, protein folding ‘quality
control’ mechanisms exist in the ER in order to ensure,
wherever possible, that only correctly folded functional
proteins are produced and allowed to traverse through the
Golgi apparatus. These quality control processes include
activation of the Unfolded Protein Response (UPR), which
is an ER to nucleus signalling pathway, which serves to
increase the expression of genes whose function is to

stabilize or assist in the folding of mis-folded proteins
(Schroder et al., 2000; Travers et al., 2000; Mori, 2009).
A second, and functionally coordinated mechanism,
involves activation of the endoplasmic reticulum associ-
ated degradation pathway (ERAD) which serves to target
terminally mis-folded proteins for destruction via the cyto-
solic proteosome network (Jakob et al., 1998; Ruddock
and Molinari, 2006; Brodsky and Wojcikiewicz, 2009;
Stolz and Wolf, 2010). Although the process of N-
glycosylation has been most extensively studied in the
yeast S. cerevisiae, defects in many steps in this pathway
have been identified as the causes of many human con-
genital diseases (Freeze and Aebi, 2005; Lehle et al.,
2006; Jaeken and Matthijs, 2007). For example, congeni-
tal disorder of glycosylation 1i (CDG-1i) is known to be
caused by loss of function of the Alg2 homologue in
humans (Thiel et al., 2003). These data highlight the
global importance of correct and functional protein
N-glycosylation for regulating cellular development.

During the course of a forwards genetic screen for
genes, which play a role in virulence of the wheat leaf

Fig. 7. Quantitative RT-PCR analysis on M. graminicola
homologues of yeast genes responding to the accumulation of
mis-folded proteins. The relative expression levels of
M. graminicola homologues of MgPMT1 (Protein
O-mannosyltransferase 1), MgPMT2 (Protein
O-mannosyltransferase 2), MgKAR2 (KARyogamy; ER-localized
ATPase and chaperone) and MgFkb1-like (peptidyl-prolyl cis-trans
isomerase) were determined in wild-type and DMgAlg2 mutant
spores. The corresponding Saccharomyces cerevisiae genes all
show elevated expression in response to the accumulation of
mis-folded proteins. All four M. graminicola homologues of these
genes were more highly expressed in DMgAlg2 mutant spores than
in the wild-type spores. In contrast, no change in expression was
detected for MgOST1 and MgAlg11 which are homologues of yeast
genes, which do not respond to mis-folded proteins. Data are
shown relative to the expression of the constitutive M. graminicola
beta tubulin gene. The experiment was performed twice with similar
results.
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infecting fungus M. graminicola, we identified MgAlg2,
so named due to its homology to the S. cerevisiae
Alg2 gene. ScAlg2 encodes an alpha 1,2- and 1,3-
mannosyltransferase, which is responsible for the
conversion of Dol-PP-(GlcNAc)2Mann1 through to
Dol-PP-(GlcNAc)2Mann3 during the early ER associated
steps of protein N-glycosylation (Jackson et al., 1993;
Kampf et al., 2009). Interestingly, complete loss of ScAlg2
function in yeast is lethal (Giaever et al., 2002), whereas
loss of MgAlg2 function was not. However, loss of MgAlg2
function gave rise to a defect in a developmental process,
which is normally essential for the ability of the fungus to
infect wheat leaves. This defect was an inability of spores
to extend hyphal filaments, which normally permit leaf
penetration by the fungus through stomata. Although
much of the data we have presented has identified
various physiological and molecular differences between
the spores of the wild-type and DMgAlg2 mutant strains,
the most intriguing observation was that the typical
budding yeast-like growth of M. graminicola spores, which
occurs under nutrient rich and/or low temperature condi-
tions, still occurred in DMgAlg2 mutant strains.

Protein glycosylation has been identified as an impor-
tant process for the virulence of various fungal pathogens
of animals. To date, most reports have described the
importance of O-linked glycosylation (frequently O-
mannosylation). For example, roles for PMTs have been
well established to support both morphological transitions
and host infection by Cryptococcus neoformans (Olson
et al., 2007), Candida albicans (Timpel et al., 1998; 2000;
Prill et al., 2005) and Aspergillus fumigatus (Mouyna
et al., 2010). Other studies also implicated roles for
N-glycosylation in virulence of Candida albicans through
the analysis of mutants affected in the subsequent pro-
cessing of high mannose-type glycans, following the initial
transfer of the core oligosaccharide structure onto pro-
teins (Bai et al., 2006; Bates et al., 2006). For plant infect-
ing fungi, to date there are only two examples where
defects in protein glycosylation have impacted upon
pathogen development and virulence and these are both
restricted to the basidiomycete fungus Ustilago maydis.
U. maydis mutants lacking an ER associated glycan pro-
cessing enzyme Glucosidase II were shown to grow nor-
mally in vitro but fail to effectively establish a host–
pathogen interface with the plant (Schirawski et al., 2005),
and the O-mannosyltransferase PMT4 was found to be
essential for appressorium formation and penetration
(Fernandez-Alvarez et al., 2009). The only functional
analyses performed on putative fungal Alg2 homologues
have to date been restricted to Rhizomucor pusillus
and Neurospora crassa. In these cases, despite some
reported abnormalities in hyphal growth, no clear roles for
aberrant protein N-glycosylation in regulating distinct mor-
phological growth transitions were described (Yamazaki

et al., 1998; Takeuchi et al., 1999; Resheat-Eini et al.,
2008). Neither was detailed characterization of the poten-
tial impact of loss of gene function on cell physiology
undertaken.

MgAlg2 was able to complement the temperature sen-
sitive growth phenotype of ScAlg2-1, establishing its
comparable biochemical activity. However, our analysis
of predicted Alg2 proteins from a range of fungi, yeasts
and higher eukaryotes identified a lack of strong con-
sensus for the number and location of predicted TM
spanning domains. For example, ScAlg2 is predicted to
possess up to four regions, which might encode TM
domains. However, recent data have demonstrated that
many of these domains can be lost without affecting
ScAlg2 function (Kampf et al., 2009). The authors con-
cluded that the presence of a single N or C terminal TM
domain alone is sufficient to localize the protein to the
ER membrane and retain activity. However, a ScAlg2
construct lacking all four predicted TM domains was not
tested in this study. MgAlg2, in contrast to ScAlg2, but in
common to Alg2 homologues from all analysed asco-
mycete filamentous fungi, has only one predicted TM
domain present at the extreme C-terminus of the
protein. Moreover deletion of this domain did not impair
the ability of MgAlg2 to complement the ScAlg2-1 tem-
perature sensitivity phenotype, suggesting it was not
essential for protein function. This suggests that the
MgAlg2 protein is either tethered to the ER by other
means, possesses another TM domain, which is not pre-
dicted by the TMHMM software, or exists free in the
cytosol of the cell. The fact that the early steps in the
build-up of the core glycan structure involving Alg2
homologues occur on the cytosolic side of the ER mem-
brane supports the possibility that a non-membrane
attached enzyme might be able to carry out this function.
However, due to the fact that ScAlg2 has been experi-
mentally determined to be membrane associated (Kampf
et al., 2009), it is possible that MgAlg2 might still be teth-
ered to the ER membrane by a mechanism, which does
not involve a recognizable TM domain.

Phenotypic characterization of the DMgAlg2 mutant
highlighted a hypersensitivity to the cell wall destabilizing
agent Calcofluor white. Despite the fact we were unable to
detect consistent gross macroscopic changes in cell wall
structure between wild-type and DMgAlg2 mutants via
TEM, these data nonetheless suggest that the cell walls in
the mutant strain lack the structural strength of wild-type
spores. This was not attributable to an increase in osmo-
sensitivity and is thus more likely to result from altered cell
wall composition. Studies on protein N-glycosylation
mutants in S. cerevisiae have suggested that defects in cell
wall strength may arise from alterations in the chemical
composition of the glucans normally present in this struc-
ture. One hypothesis put forward to explain this link was
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that particular proteins normally subject to N-glycosylation
were not correctly processed and localized in the
N-glycosylation mutant strain (Chavan et al., 2003). Our
analysis of the N-linked glycans released from total cell
proteins of DMgAlg2 mutants following PNGase A treat-
ment highlighted that many proteins were hypo-N-
glycosylated, frequently possessing a (GlcNAc)2Mann1

attachment. This is in contrast to the core structure most
frequently transferred in eukaryotes; (GlcNAc)2Mann9Glc3,
prior to its subsequent processing. The fact that some
extended N-glycans were still found attached to proteins,
suggests that there may be some level of functional
overlap of MgAlg2 with other protein(s) possessing an
N-mannosyltransferase activity. This protein(s) remains to
be identified, although we were able to detect homologues
of various other S. cereviseae Alg genes in the M. gramini-
cola genome (Table S3). However, the data provided high-
lights that M. graminicola is able to transfer truncated or
precurser dolichol-linked glycans onto proteins and sup-
ports what has been reported for N-glycosylation mutants
in S. cerevisiae (Huffaker and Robbins, 1983; Verostek
et al., 1991; 1993) and the Rhizomucor pusillus fungus
(Murakami et al., 1994; Takeuchi et al., 1999). The impact
of hypo-N-glycosylation on the functions and localization of
specific M. graminicola proteins remains to be determined,

but it is conceivable that many might be mis-folded and
perhaps subjected to quality control mechanisms, which
could preclude their function in stabilizing the fungal cell
wall.

The data provided support the idea that protein mis-
folding and activation of quality control mechanisms in the
spores of DMgAlg2 mutants may play roles in prohibiting
the switch to hyphal growth (Fig. 8). For example, prelimi-
nary investigation of the glycoproteome, as revealed by
ProQ Emerald staining, identified two heavily stained
protein bands in the mutant spores which were resistant
to PNGaseF treatment. This suggested that they were not
extensively or aberrantly N-glycosylated. It is therefore
possible that the two highly stained proteins arise from
enhanced O-glycosylation. This has been shown to occur
in yeasts when particular types of protein folding stresses
are imposed upon the ER, which would otherwise
threaten the essential functions of particular proteins.
In this situation these proteins can become hyper O-
glycosylated as a consequence of enhanced O-
mannosylation in order to prevent their destruction by
ERAD (Harty et al., 2001; Nakatsukasa et al., 2004). That
this might be true for some of the novel heavily glycan-
stained, but PNGaseF-resistant, protein species in the
DMgAlg2 mutants, is supported by the fact that homo-

Fig. 8. Summary model for the possible impact of loss of MgAlg2 function on infection related growth transitions of M. graminicola. The
possible events and/or defects, which might contribute to the inability of DMgAlg2 mutant fungal spores to differentiate hyphae, are
highlighted. ‘X’ represents any of the numerous as yet undefined modifications, which can be normally found on extended N-linked glycan
chains. A wild-type fungal spore is indicated on the left with the DMgAlg2 mutant to the right.
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logues of the first two key enzymes in the pathway of
protein O-mannosylation, PMT 1 and 2 also had
increased expression in the DMgAlg2 mutant spores.
Such increases in expression of PMT genes are also
typical of yeast cells undergoing ER stress in response to
mis-folded proteins (Travers et al., 2000). Further support
for the accumulation of mis-folded proteins in DMgAlg2
mutants comes from the elevated expression of homo-
logues of ER-localized molecular chaperones, which are
typically regarded as marker genes for the activation of
the un-folded protein response in S. cerevisiae, including
MgKAR2 and Fkb1-like genes (Schroder et al., 2000;
Travers et al., 2000).

The availability of stable genetic deletion strains of
MgAlg2 opens up new research possibilities for the future.
First, this material may be useful for the identification of
cell surface/cell wall proteins which normally provide the
rigidity and strength and may facilitate the transition to
hyphal growth. It is conceivable that these proteins may in
fact be N-linked glycoproteins, which fail to fold properly
due to hypo-N-glycosylation and do not become incorpo-
rated into cell walls. Second, the preliminary proteome
and gene expression analysis suggest that elements of
the quality control apparatus are activated in the DMgAlg2
mutant spores. It is interesting to note that these mecha-
nisms, and in particular the unfolded protein response,
have recently been shown to regulate pathogenic devel-
opment of the human opportunistic fungus Aspergillus
fumigatus (Richie et al., 2009). We have identified numer-
ous homologues of Alg genes, which might function
downstream of MgAlg2 leading to the synthesis of the
core glycan structure in the M. graminicola genome,
opening up the possibility of generating mutant strains for
each of these genes. This approach, in combination with
analysing homologues of key regulators of the protein
folding quality control machinery, may elucidate mecha-
nisms which control growth transitions, which are ulti-
mately critical for the plant pathogenic lifestyle of M.
graminicola. This may lead to the identification of novel
fungal proteins which could be used as targets for future
control of STB disease of wheat.

Experimental procedures

Plant and fungal material

The fully sequenced M. graminicola isolate IPO323 was
used in all experiments (http://genome.jgi-psf.org/Mycgr3/
Mycgr3.home.html). Fungal spores were harvested from
7-day-old cultures growing (budding) on YEPD plates
(Oxoid, Hampshire, UK) at 15°C. For analysis of the ability
of strains to form hyphae in vitro, spores collected from
YEPD plates were streaked onto sterile tap water agar
plates (1% agar) and visualized after 10 days. For analysing
the sensitivity of spores to Calcofluor white or sorbitol,

sterile filtered stock solutions were dissolved in YEPD agar.
Serial dilutions of spores retrieved from YEPD plates were
then applied as 5 ml droplets in sterile distilled water. Pho-
tographs of the relative colony densities were taken after
6–10 days incubation.

For plant infection the second leaves of 17-day-old wheat
seedlings of cultivar Riband were attached, adaxial side up,
to Perspex sheets using double sided tape. The inoculation
procedure was as described previously (Keon et al., 2007).
The leaves were inoculated evenly with fungal spores at a
density of 1 ¥ 107 cells ml-1 (or serial dilutions of) in water
containing 0.1 % v/v Tween 20. Following 72 h incubation at
100% relative humidity, inoculated plants were incubated at
16°C with a 16 h light period at 88% relative humidity for up
to 40 days. Leaf tissues were excised at various time points
after inoculation and/or infiltration and stored at -80°C for
RNA isolation.

Fungal and eukaryotic genome sequence
resources used

The following genome sequence repositories were used to
identify Alg2 homologues from a range of eukaryotes using
ScAlg2 in Blastp analysis. ScAlg2 protein sequence
(YGL065C) was obtained from http://www.yeastgenome.org/.
To identify the listed fungal homologues of ScAlg2 the BROAD
(http://www.broadinstitute.org/scientific-community/science/
projects/fungal-genome-initiative/fungal-genome-initiative)
and JGI (http://genome.jgi-psf.org/) databases were used.
The following databases were used to identify Alg2 homo-
logues from non-fungal eukaryotes; Homo sapiens (http://
genome.ucsc.edu/cgi-bin/hgGateway?org=Human&db=
hg19&hgsid=189726861); Caenorhabditis elegans (http://
www.wormbase.org/); Drosophila melanogaster (http://
genome.ucsc.edu/cgi-bin/hgGateway?db=dm2); Arabidopsis
thaliana (http://www.arabidopsis.org/); Dictyostelium discoi-
deum (http://dictybase.org/). Protein sequences were
aligned using ClustalW (http://www.ch.embnet.org/software/
ClustalW.html) and Phylip (http://www.phylip.com/). Protein
TM domain prediction was done using TMHMM (http://
www.cbs.dtu.dk/services/TMHMM/).

Generation of T-DNA insertional mutant 5-29H and gene
deletion and complementation strains for MgAlg2

A library of T-DNA insertion mutants was generated in isolate
IPO323 by Agrobacterium–mediated transformation using
Agrobacterium strain Agl-1 harbouring the vector pCHYG,
which provides resistance to Hygromycin B (Motteram et al.,
2009). This led to the identification of mutant 5-29H. For
targeted disruption of the MgAlg2 gene two regions (flanks) of
approximately 750 bp of fungal genomic DNA were amplified
by PCR. Flank1 was then cloned into vector pCHYG using
SacI and KpnI and Flank 2 using PstI and HindIII. The result-
ing plasmid was then used to transform Agl-1 via the freeze-
thaw method (An et al., 1988). Strains harbouring the plasmid
were then used for fungal transformation. For targeted gene
disruption we used a modified DKu70 strain of IPO323
(Bowler et al., 2010). To generate the complementation strain
5-29H::MgAlg2 the entire open reading frame of MgAlg2 plus
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upstream and downstream sequences was amplified by PCR
on genomic DNA. The amplicon was cloned using SacI and
KpnI into vector pCGEN for fungal transformation of strain
5-29H and selection using 100 mg ml-1 Geneticin. pCGEN
was generated by replacing the TrpC–Hph region in vector
PCHYG with the Cochliobolus heterostrophus Pgpd1-Gen
construct excised from vector pSK666 (provided by Martin
Urban, Rothamsted Research). Agrobacterium-mediated
transformation of M. graminicola was performed as previ-
ously described (Motteram et al., 2009; Zwiers & de Waard,
2001). For targeted mutants, homologous recombination was
initially confirmed by PCR on genomic DNA and then subse-
quently by Southern analysis. All nucleotide primer
sequences are provided in Table S2.

Isolation of fungal genomic DNA

DNA for use in PCR screening was extracted from 5–10 mg
of freeze dried and ground fungal spores using Fastprep
FP120 with 350 ml of TEN buffer (500 mM NaCl, 400 mM
Tris-HCL, 50 mM EDTA, pH 8.0), 1% beta-mercaptoethanol,
5 mM 1,10-phenanthroline and 2% (w/v) polyvinylpyrrolidone
K30 following an established protocol (Motteram et al., 2009).
All DNA samples were quantified using a Thermo Scientific
NanoDrop 1000 Spectrophotometer and diluted to 10 ng ml-1

for use in PCR. Genomic DNA for use in Southern blotting
was extracted from 40 mg freeze dried and ground (Fastprep
FP120) mycelium. Nucleic acid extraction was achieved by
disruption in 800 ml of Lee and Taylor lysis buffer (Lee and
Taylor, 1990) and incubation at 65°C for 60 min as per pre-
vious published protocol (Motteram et al., 2009). For South-
ern hybridization 7 mg of DNA was digested with XhoI prior to
electrophoresis.

Identification of T-DNA insertion sites by thermal
asymmetric interlaced (TAIL) PCR

TAIL PCR was carried out on fungal genomic DNA isolated
from the 5-29H mutant according to the method of Liu et al.
(1995) using degenerate primers AD 1, 2, or 3 and Left border
primers LB1, LB2 and LB3 (Table S1). PCR products were
purified (Qiagen PCR purification kit) and sequenced using
primer LB3 (Eurofins MWG). Resulting sequences were used
in a Blastn search against the M. graminicola genome
sequence (http://genome.jgi-psf.org/cgi-bin/searchGM?db=
Mycgr3).

Southern blot analysis

Seven micrograms of digested fungal genomic DNA was
subjected to alkaline Southern blotting via capillary transfer
onto nylon membranes (Hybond N + Amersham Pharmacia).
An 185 bp DNA probe was amplified by PCR. Probe labelling
was achieved with 32Palpha-dCTP (3000 Ci mmol-1, NEN Ltd)
using the Amersham Pharmacia Rediprime random prime
labelling kit. Prehybridization and probe hybridization was
performed at 65°C according to the method of Church and
Gilbert (Church & Gilbert, 1984). Blots were washed at 65°C
twice with 2¥ SSC/0.1% SDS and once with 0.5¥ SSC/0.1%

SDS. Filters were subsequently developed by phosphorim-
aging (Typhoon 8600, Molecular Dynamics).

RNA isolation and real-time RT-PCR with Sybr-Green
detection

Total RNA was isolated from freeze-dried, filtered fungal
material collected during log phase growth in liquid (YEPD)
cultures or from infected leaf tissues using the TRIZOL pro-
cedure (Invitrogen). Total RNA was used for all real-time
RT-PCR analyses. First-stranded cDNA was synthesized
from total RNA using the SuperScript III First_Strand Synthe-
sis System for RT-PCR (Invitrogen). A 5 mg aliquot of total
RNA primed with oligo(dT)20 was used in a 20 ml reaction,
following the suppliers instructions. The resulting cDNA
was analysed using a QuantiTect SYBR Green PCR Kit
(QIAGEN), following the suppliers’ instruction. A 0.5 ml aliquot
of cDNA was used in a 20 ml PCR reaction, with an annealing
temperature of 60°C. Primers were added at a final concen-
tration of 0.25 mM. The PCR reactions were run and analysed
using an ABI 7500 Real Time PCR System. For expression
normalization the beta-tubulin genes were used for M.
graminicola (Keon et al., 2005; 2007; Rudd et al., 2010).

Yeast complementation and temperature sensitivity
experiments

Saccharomyces cerevisiae mutant Alg2-1 (genotype MAT
alpha ura3-52 ade2-101) was made competent using the
Invitrogen Easycomp system following the manufacturer’s
guidelines. Either full-length or truncated MgAlg2 sequences
were amplified from cDNA using primers containing restric-
tion sites KpnI and SacI. Digested DNA was ligated into
vector pYES2 (Invitrogen) and transformed into the Alg2-1
mutant following standard protocols. Transformants were
selected for growth on medium lacking uracil and then incu-
bated at either 25°C or 36°C for 5 days. Plates were then
photographed to record yeast growth.

Protein and glycoprotein analysis

Total cellular proteins were extracted from freeze dried fungal
spores in 50 mM Tris-HCl, 1 mM DTT, 1 mg ml-1 Leupeptin and
Aprotinin. For analysis of N-linked glycans protein extracts
were dialysed overnight against sterile distilled water. For
SDS-PAGE and glycoprotein staining, 50 mg of protein was
loaded per lane. Gels were first stained with the fluorescent
stain Pro-Q Emerald (Invitrogen) according to the supplier’s
protocol with signals detected by imaging on a UV box. Gels
were then subsequently stained for total protein with Coo-
massie blue R250. For deglycosylation of N-glycoproteins we
used the Glycoprofile II enzymatic N-deglycosylation kit
(Sigma Aldrich) containing PNGaseF and the RNaseH glyco-
protein standard, prior to gel electrophoresis.

Mass spectrometry analysis on N-linked glycans

Fungal proteins were adjusted in water to a concentration of
100 mg ml-1. To 100 ml of fungal extract was added 28 ml of a
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1 mg ml-1 pepsin solution [in 5% (v/v) formic acid] mixed
and incubated at 37°C for 24 h. The pepsin was inactivated
by heating to 100°C for 5 min, and the resulting glycopep-
tides were then lyophilized. To release the N-glycans the
glycopeptides dissolved in 50 mM ammonium acetate pH 5
and 4 ml of PNGase A added and incubated at 37°C for
16 h. The sample was then freeze-dried. Glycans were then
purified by passage through a Sep-Pak C18 cartridge.
Briefly, the cartridge was wetted with 100% methanol and
then equilibrated with 5% (v/v) acetic acid. The sample, in
0.5 ml of 5% (v/v) acetic acid, was loaded and eluted with
5% (v/v) acetic acid, leaving non-polar peptides behind. The
eluted glycans were then lyophilized and passed through
Dowex 50WX8-100 resin. The Dowex resin was washed
repeatedly with 4 M HCl, and then with water until the pH
had returned to that of the water. The Dowex was then
washed three times in 5% (v/v) acetic acid and packed into
a Pasteur pipette, with glass wool as a frit. The lyophilized
sample was dissolved in 100 ml 5% (v/v) acetic acid and
eluted with the same, leaving behind any salt and polar
peptides. The eluted glycans were lyophilized.

Per-methylation of lyophilized glycan samples was per-
formed according to the method of Dell et al. (1994). The
derivatized glycans were then redissolved in 200 ml of 35%
(v/v) acetonitrile and passed through another Sep-Pak C18
cartridge. The glycans were eluted with 50% (v/v) acetoni-
trile and freeze-dried. The per-methylated glycan samples
were dissolved in 30 ml of 10 mg ml-1 2,5-dihydroxybenzoic
acid (DHB) in 50% (v/v) methanol. One microlitre was
spotted in triplicate on the MALDI target and allowed to
air-dry.

MALDI-ToF-MS was carried out using a Micromass
M@LDI-LR mass spectrometer (Waters, Manchester, UK)
using a standard peptide mass fingerprinting method and
mass acquisition between 700 and 3500 m/z. The laser
firing rate was 5 Hz, 40 random aims per spot, 10 shots per
spectrum, 10 spectra per scan, 10 scans combined, 10%
adaptive background subtracted, smoothed (Savitzky-
Golay) and centroided to obtain MS spectra shown. The
MALDI-MS was tuned to 10 000 FWHM (full width at half
height) and calibrated with a tryptic digest of ADH follow-
ing the manufacturer’s instructions. At least 6 peaks
were matched out of 12 with mean residue values of
10-3 � 0.007 or better. Glycan molecular ions [M+Na]+ were
assigned.

Fluorescent microscopy

Conidia were fixed in 4 % paraformaldehyde in 0.05 M phos-
phate buffer for 30 min. The samples were then washed three
times in buffer followed by incubation in 20 mg ml-1 FITC-
labelled concanavalin A (Fluka supplied by Sigma-Aldrich,
Dorset, England) for 2 h. The samples were then rinsed in
buffer and imaged with a FITC filter set (excitation: 450–
490 nm, emission: LP 515 nm) using a Zeiss Axiophot micro-
scope (Carl Zeiss, Jena, Germany) and a QImaging Retiga
Exi CCD camera (QImaging, Canada). Cell lengths described
as the distance between septa in multi cell spores were
measured after Calcofluor white M2R staining and imaging
using the microscope above using MetaMorph v. 7.5 image
analysis software.

Preparation of samples for examination using the JSM
6700 FEG Scanning Electron Microscope (Jeol UK)

Electron microscopy examination was used to study the
germination, morphology of hyphal growth and possible
penetration of the pathogen on host leaves. Sections of leaf
tissue (5 mm ¥ 5 mm) were cut from the centre of the inocu-
lation zone using a sterile razor blade. This was quickly
mounted on a cryo stub using OCT compound (Sakura
Finetek, Europe NL) and plunge frozen in pre slushed LN2.
The sample was then transferred under vacuum to the
Gatan Alto 2500 cryo prep chamber (Gatan UK) where the
temperature was maintained at -180°C. The sample was
etched to remove contaminating ice and coated with AuPd.
It was then transferred to the microscope (JSM 6700
FEGSEM; Jeol UK) for examination with the microscope
stage temperature maintained at -150°C throughout.
Images were recorded and saved using the on-board
system and software.

Preparation of samples for examination using the Jeol
2011 FasTEM Transmission Electron Microscope
(Jeol UK)

Spores were scraped from the surface of each culture plate
using a sterile blade, transferred to an Eppendorf and gently
agitated for 10 min in 1 ml of fixative (4% paraformaldehyde,
0.5% glutaraldehyde in 0.05 M phosphate buffer pH 7.2).
They were removed from the agitator and placed in the fridge
(4°C) over night. Samples were washed in 0.05 M phosphate
buffer three times then 1 ml of 1% osmium tetroxide in 0.05 M
phosphate buffer was added to the pellet and gently agitated.
Tubes were double sealed and placed in the fridge (4°C) for
2 h. Samples were washed in phosphate buffer three times
with 10 min intervals before dehydrating through a graded
acetone series of 30%, 50%, 70%, 90% and 100% with
30 min intervals. The samples were infiltrated with Spurr’s
resin starting with 30% of resin : acetone, 50%, 70% 100%.
After two changes in 100% resin the samples were placed in
Beem capsules (TAAB Laboratories Equipment UK) or 0.5 ml
Eppendorf tubes and polymerized at 60°C for 12 h. Ultrathin
sections 60–80 nm thick were cut with a glass knife from
these blocks using a Leica EM UC6 ultramicrotome (Leica
Microsystems UK), stained with uranyl acetate and lead
citrate and examined in the transmission electron microscope
JSM 2011 FasTEM (Jeol UK). Images were captured on a
Ultrascan 1000 CCD digital camera (Gatan UK) using Gatan
Digital Micrograph software.
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