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Abstract The fungal communities on wheat leaves
showing symptoms similar to stagonospora nodorum
blotch were analysed using terminal restriction frag-
ment length polymorphism (T-RFLP). Collection of
diseased leaves was carried out in eleven winter
wheat fields located in three regions of Sweden
during mid-July in 2003–2005. Fourteen different
fungal species were found on the leaves out of which
thirteen were identified to the species level and one to
the genus level. The majority of the samples had
between one and four species present of which at least
one was a pathogen. Among the analysed leaves three
major leaf pathogens were found: Phaeosphaeria
nodorum was common during 2003 and 2004,
Mycosphaerella graminicola dominated during 2005.
Pyrenophora tritici-repentis was present in all fields,
but sometimes in just a few samples. Phaeosphaeria
nodorum and P. tritici-repentis often co-occurred on
the same leaf. In addition, seven species of yeast and
three saprophytes frequently occurred on the leaves
every year. The variation in fungal community was
largest between the different years while the region of
Uppland diverged from the other two regions in
species composition. No significant differences in
fungal communities were found within a single field,

indicating a uniform community at the lowest spatial
level.
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Introduction

Wheat, Triticum aestivum, is one of the largest staple
food crops grown globally today. Grain yield can be
significantly reduced by pathogens that degrade leaf or
other host tissues leading to decrease of nutrient
assimilation. Several fungal pathogens cause necrotic
lesions on wheat leaves and the most common ones are
Phaeosphaeria nodorum (anamorph Stagonospora
nodorum causing stagonospora nodorum blotch,
Pyrenophora tritici-repentis (anamorph Dreschlera
tritici-repentis) causing tan spot and Mycosphaerella
graminicola (anamorph Septoria tritici) causing septo-
ria tritici blotch. Winter wheat seedlings can also be
damaged by Monographella nivalis (anamorph Micro-
dochium nivale) causing pink snow mold, Ascochyta
tritici (causing ascochyta leaf spot) and Cochliobolus
sativus (anamorph Bipolaris sorokiniana) causing spot
blotch. The stem base and spike can be affected by
various Fusarium species. These pathogenic fungi are
found in many parts of the world where wheat is
grown and their importance varies between regions and
climatic conditions (Wiese 1987).
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Necrotic leaf spot pathogens can often be distin-
guished by the symptoms and the morphology of the
spores produced. The early symptoms of stagono-
spora nodorum blotch are dark brown lesions, often
surrounded by chlorosis, that later expand to irregular
lesions (Eyal et al. 1987). Pycnidia of P. nodorum are
tan or brown and scattered in the lesion. They can be
difficult to discover since they are partly embedded in
the leaf tissue and their colour is very close to that of
the lesion. The cirrhi containing pycnidiospores have
an orange to pink colour. Phaeosphaeria avenaria
f.sp. triticea causes symptoms similar to stagonospora
nodorum blotch, but the pycnidiospores are larger
than those of P. nodorum and the cirrhi are white.

The early symptoms of tan spot are small lens- or
diamond-shaped tan to brown lesions, often densely
scattered over the leaf surface. The lesions are
surrounded by a yellow border and often a dark spot
can be seen in the centre. In later stages the margins
of the tan-coloured spot becomes darker and the
centre of the lesion turns into a lighter colour. Lesion
shape becomes more irregular as lesions coalesce.
The typical lesions of tan spot will still have a grey
spot in the centre (Dreschler 1923). The symptoms
can vary depending on wheat cultivar and race of the
pathogen. The presence of a greyish spot in the centre
of the lesion is often used to distinguish tan spot from
stagonospora nodorum blotch. A quick method to
distinguish between stagonospora nodorum blotch
and tan spot is to examine the early symptoms along
with the formation and morphology of the conidia and
pycnidiospores. Pyrenophora tritici-repentis produces
free conidia attached to conidiophores on the leaf
surface during the asexual stage of the life-cycle,
while P. nodorum produces pycnidia, containing
pycnidiospores.

The symptoms of septoria tritici blotch are long
light brown to greyish lesions following the leaf
veins. Black pycnidia are produced in the substomatal
chambers giving the typical appearance of black dots
in a row (Eyal et al. 1987; Shaner and Finney 1976).
These pycnidia are smaller than those of P. nodorum
but easier to see since they protrude more from the
leaf surface and have a darker colour. The cirrhi from
M. graminicola pycnidia are white.

The incidence of M. nivalis, A. tritici and C. sativus,
is often low under Swedish conditions and their
symptoms can be distinguished from those of other
leaf-spotting fungi, due to their colour and time of

appearance. Other types of fungi, such as saprotrophs
and yeasts, can also be found on wheat leaves; the
amount and species diversity is dependent on environ-
mental factors (Kinkel 1997).

Identification of fungal species in complex com-
munities can be efficiently performed by surveys and
assessment of plant samples using molecular meth-
ods. The most frequently used genomic region for
species identification of fungi is the internal tran-
scribed spacer of the ribosomal genes (ITS-region)
(White et al. 1990). The two non-coding ITS-regions
flanking the rDNA subunit 5.8s, ITS1 and ITS2, are
species-specific in nucleotide sequence composition.
A fungal-specific primer has been developed, ITS1f,
which together with primer ITS4 is used to amplify a
400–800 bp region (Gardes and Bruns 1993; Kitts
2001).

Terminal restriction fragment length polymorphism
(T-RFLP) is a method that identifies species based on
variations in fragment lengths after digestion of the
PCR amplified fragment by restriction enzymes
(Dickie et al. 2002; Kitts 2001). The method relies
on a reference database of restriction fragment lengths
from identified taxa. Such a database is derived
directly from the samples to be analysed, through
cloning and sequencing of amplicons. By restriction
cutting of the cloned amplicons, a unique combination
of fragment lengths are recorded for each identified
species. T-RFLP patterns derived from mixed commu-
nities are then compared with the fragments derived
from sequenced clones, in order to identify species
within the communities (Lindahl et al. 2007).

Natural fluctuations in population dynamic pro-
cesses such as immigration, density and resource
limitations, can be found among fungal species
occurring on the phylloplane, i.e. leaf and stem
surfaces on plants (Kinkel 1997; Woody et al.
2007). The density and diversity of the fungal
community on wheat leaves has been shown to
increase as the plant develops during the season
(Blakeman 1985; Remlein-Starosta 2004), but also
varies between seasons (Legard et al. 1994). Yeasts
colonise leaves early in the season and are often
dominant during mid-season, whereas filamentous
fungi increase later (Behrendt et al. 1997; Blakeman
1985). The population dynamics of yeasts may
fluctuate even on a daily basis as the microclimate
changes between day and night (Nix et al. 2008).
Environmental conditions are important for fungal
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development on the phylloplane. Humidity, tempera-
ture and nutrient supply are parameters that, besides
fungicides, determine the growth of the fungi (Blakeman
1985). Sulphur dioxide emissions have been associated
with the increase of white-pigmented yeasts and P.
nodorum on wheat leaves (Remlein-Starosta 2004;
Shaw et al. 2008). Pink-pigmented yeasts are on the
other hand inhibited by sulphur emission (Dowding
and Richardson 1990).

The spatial distribution of fungi on leaves varies
due to leaf habitat conditions and irregular deposition
of inoculum (Andrews and Harris 2000). The majority
of epiphytic fungi are found on the abaxial (lower)
surface of the leaf, which may be due to a higher
nutrient availability and a more suitable microclimate
in terms of moisture and temperature. Studies on
spatial distribution of fungi on a larger scale have
often been conducted to find a means for prediction
and prevention of epidemics (Almquist et al. 2008;
Engle et al. 2006). Variation in abundance and even
presence of pathogens at larger spatial scales may
fluctuate with agricultural management, location and
weather conditions. The latter is often important in
determining the distribution and incidence of patho-
gens within and among fields as well as their
temporal variation.

The aim of this study was to investigate fungal
communities on diseased winter wheat leaves show-
ing symptoms similar to stagonospora nodorum
blotch and the variation in species composition over
time and different spatial levels. Leaf samples were
collected from three consecutive years across different
spatial scales; within single fields, within regions
(200 m–30 km) and across regions (100–300 km).

Materials and methods

Sampling

Collection of diseased wheat leaves showing symp-
toms similar to stagonospora nodorum blotch was
made during mid-July in 2003, 2004 and 2005, with
years subsequently referred to as year 1, 2 and 3. The
sampling locations were eleven commercial winter
wheat fields with plots (appr. 20×20 m) which were
not treated with fungicides (used for disease warning
services by the Swedish Board of Agriculture). The
fields were located in three different regions of Sweden:

Uppland, (U), Västergötland (V) and Östergötland (E)
(Fig. 1, Table 1). The regions are about 100–300 km
apart. In each region, samples were collected during
three subsequent years (U1, U2, U3, etc.) and
from different fields each year. In Västergötland and
Östergötland the fields were located within a 600 m
distance, whereas in Uppland they were within 20 km
from each other. In the region of Östergötland three
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Fig. 1 Sampling locations of winter wheat fields within three
regions of Sweden. U: Uppland (U1, U2, U3); V: Västergötland
(V1, V2, V3); E: Östergötland (E1a, E1b, E1c, E2, E3) (map:
K. Perhans, Dept. of Ecology, SLU, Uppsala)
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field plots (E1a, E1b and E1c) within 30 km distance
were sampled in year 1 (Table 1).

The cultivar grown in the sampled fields was Olivin
except in the fields E1a and U3 where the cv. Kosack
was grown. All crops were second year winter wheat
and the fields were ploughed between the two wheat
crops, except for the field sampled in Uppland 2003
(U1), which was organically cultivated with a clover-
grass ley (ploughed under) as the previous crop.

Approximately ten diseased leaves, mostly flag
leaves, with well defined necrotic lesions were
collected at early grain-fill, DC 69–75 (Zadoks et al.
1974), at each of twelve sampling sites within each
sampling plot, referred to as fields. Along each of four
rows in a plot samples were taken at three sites which
were approx. 6 m apart. The original aim of the leaf
collection was to study the population of P. nodorum
(Blixt et al. 2008), so the leaves were selected based
on symptoms caused by this fungus. No systematic
disease measurements were taken. One single leaf per
sampling site within a field (12 per field for U1-3,
V1-3, E1a, E1b, E2, and E3) was randomly selected
for this study, i.e. a total of 120 leaves. For further
analysis of the variation within fields, the field named
E1c was hierarchically sampled. In addition to a

single leaf from each of the 12 sampling sites, nine
supplementary leaves were sampled at six of the
sampling sites, i.e. each corner of the plot and from
the middle site of the second and third row. In total 66
leaves were sampled from this field. The total number
of leaf samples used in the study was 186 (Table 1).

DNA-extraction

The leaves were freeze-dried and ground in a 2 ml
microcentrifuge tube containing two M5 stainless
steel nuts at a speed of 4.5 units for 30 s in a
FastPrep® preparation shaker (Qbiogene). DNA was
extracted using the Qiagen DNeasy Plant Mini kit
protocol with minor modifications: 400 µl of buffer
AP1 was added to a 2 ml microcentrifuge tube
containing 20 mg of leaf powder and five glass beads.
The tubes were shaken at 5,000 rpm for 2×30 s in a
Precellys® preparation shaker (Bertin Technologies);
21 U of RNase A was added and the samples were
incubated at 65°C for 60 min, and 130 µl of buffer A2
was then added and the samples centrifuged for 5 min
at 13,000 rpm (16,200×g). The protocol was then
followed and the DNA was re-suspended in 50 µl
dilution buffer (DNeasy Plant Mini Kit, Qiagen).

Table 1 Sampling strategy for the survey of the fungal community on wheat leaves exhibiting symptoms similar to stagonospora
nodorum blotch

County of
Sweden

Year of
sampling

Field name Cultivar Precrop No. of samples
collected

No. of samples used
in analyses

Uppland (U) 2003 U1 Olivin Ley (organic) 12 10

2004 U2 Olivin Winter wheat 12 12

2005 U3 Kosack Winter wheat 12 12

Västergötland (V) 2003 V1 Olivin Winter wheat 12 12

2004 V2 Olivin Winter wheat 12 12

2005 V3 Olivin Winter wheat 12 9

Östergötland (E) 2003 E1a Kosack Winter wheat 12 12

E1b Olivin Winter wheat 12 12

E1c Olivin Winter wheat 66a 12b, 59c

2004 E2 Olivin Winter wheat 12 11

2005 E3 Olivin Winter wheat 12 9

Total no. of samples 186 123b, 172d

a Nine additional leaves were collected from six of the sampling sites (corners and middle of the second and third row)
b One random sample from each of the twelve sampling sites
c Only the leaves from the sites with multiple collection was used for test of within-field variation
d All samples were used in some analyses
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Identification of fungal species

Terminal restriction fragment length polymorphism
(T-RFLP) was used to identify the fungal species. The
ITS region was amplified with the primers ITS1f
(Gardes and Bruns 1993) and ITS4 (White et al.
1990). The primers were labelled with fluorescent dye
D3 and D4 respectively (Well red, Sigma-Proligo).
The PCR solution of 20 µl contained 0.5 ng total
DNA µl−1, 2.75 mM MgCl2 (final concentration),
0.2 mM dNTP, 0.2 µM of each primer, 0.03 U µl−1

ThermoRed DNA Polymerase (Saveen & Werner AB)
and corresponding reaction buffer Y (10X). The PCR
conditions were 94°C for 2 min, 30 cycles of 30 s at
94°C, 30 s at 55°C and 30 s at 72°C, followed by a
7 min extension (2720 Thermal Cycler, Applied
Biosystems). Negative controls were included in
every PCR. The PCR products were separated on
1.0% agarose gel (Agarose D-1, Conda), half-strength
TBE, at 3.3 V cm−1 for 90 min. The gels were stained
with ethidium bromide and visually analysed under
UV light (GelDoc, Bio-Rad Laboratories).

The PCR products were digested with restriction
enzymes AluI (Roche), CfoI (Promega) and TaqI
(Fermentas) according to the manufacturers’ manual.
The digested PCR products were purified by first adding
400 µl autoclaved Sephadex G-50 Medium suspension
(GE Healthcare Bio-science) to each well of the 96-well
plate supplied by the manufacturer, which was then
centrifuged for 2 min at 1,500 rpm to remove additional
water. Ten micro-litres of the digested PCR products
were then added to the Sephadex G-50 medium and
centrifuged again at 300 rpm for 2 min. The purified
PCR products were collected from the lowermost 96-
well plate. The length of the terminal fragments were
analysed in a Beckman Coulter CEQ™ 8000 Genetic
Analysis System using CEQ™ DNA Size standard
Kit-600 (Beckman Coulter) as an internal standard.

Assembly of clone library

To set up a reference library of fungal species, PCR
products of the ITS region, using non-fluorescent
primers, were cloned using the TOPA TA Cloning Kit
with the PCR® 2.1-TOPO vector and One Shot TOP10
chemical component Escherichia coli (Invitrogen).
Based on the outcome of a preliminary multivariate
analysis of T-RFLP patterns (see “Statistical analysis”),
PCR products from the eleven fields were pooled into

seven samples that were cloned individually. In total,
152 bacterial clone colonies were selected and each was
suspended in 100 µl sterile H2O, 25 µl of which were
used directly for PCR. The PCR solution of 50 µl had
the same concentrations and conditions as above but
with different primers: M13 Forward and M13 Reverse.
The PCR products were purified with the Agencourt ®
AMPure® Protocol 000601v024. Sequencing of the
clones was performed by Macrogen (Seoul, S Korea)
from both ends using the ITS1f and ITS4 primers.

The clone sequences between primer sites ITS1f
and ITS4 were assembled to 99% accuracy using
SeqMan Genome Assembler (DNAstar Inc.) and the
species were identified by comparison with reference
sequences at the National Centre for Biotechnology
Information (NCBI, www.ncbi.nlm.nih.gov) using the
BLASTN algorithm (Altschul et al. 1990). Positive
identification was made if the entire fragment be-
tween ITS1f and ITS4 was aligned to a species. In
order to obtain T-RFLP patterns of the identified
species, selected clones were once again re-amplified,
using fluorescent primers, PCR products were cut
with restriction enzymes and fragment lengths ana-
lysed as described above. Supplementary species
patterns were kindly provided by Dr Magdalena
Grudzinska-Sterno at the Department of Forest My-
cology and Pathology, SLU, Uppsala, Sweden.

Identification of species within samples

The T-RFLP patterns of the identified species in the
clone library were used for identification of species
within each sample. Positive identification was made
if both terminal restriction fragments from each
restriction enzyme were present in the PCR product
(six in total) or the entire ITS-amplicon in cases
where restriction sites were missing, which sometimes
was the case for AluI. For each sample and primer/
restriction enzyme combination, the amplitude of the
fragment peaks was normalised as a proportion of the
total fluorescence. The relative abundance of each
species within each sample was calculated as the
average normalised fluorescence of the unique frag-
ments of the species using the following formula:

Abundance ¼
Pn

i¼1

Ffragm:

FTot:

� �

i

n
n : number of unique fragments
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Statistical analysis

The pooling of PCR products for cloning was based on
a preliminary clustering of samples by the multivariate
technique detrended correspondence analysis (DCA)
using canoco version 4.5 for Windows (Microcomputer
Power) (Hill and Gauch 1980). The data used during
the DCA procedure was the normalised amplitude of
the terminal restriction fragments (all enzymes sepa-
rately) from the ITS1f primer end.

To depict variation in fungal community composi-
tion within and between fields a DCA was performed
using relative species abundances based on species-
unique fragments from all six primer/enzyme combi-
nations. Relationships between geographical location,
sampling year and community composition within and
among fields were tested for statistical significance
using canonical correspondence analysis, CCA (ter
Braak 1986). For statistical analyses of differences
between fields, regions and years the 12 samples per
field were used (Table 1). Within-field variation was
tested using ten leaves from six sample sites where

multiple collections were made in field E1c. The
percentage of the total inertia that was explained by
the environmental parameters was calculated by
dividing the sum of all canonical eigenvalues by the
sum of all eigenvalues. The significance of the CCA
was tested using 1000 Monte Carlo permutations.

Results

Total DNA from 186 leaves was extracted and the
fungal ITS region amplified with either ordinary or
fluorescent primers for cloning or T-RFLP analysis,
respectively. PCR products from the eleven fields
were pooled and cloned in seven individual samples.

Clone library

One hundred and fifty-two clones were sequenced and
96 of them clustered into 16 groups corresponding to
unique sequence types (Table 2). These sequences
showed 98–100% identity to reference sequences at

Table 2 Fungal species identified on wheat leaves showing symptoms similar to stagonospora nodorum blotch based on cloned
fragments of the ITS-regions

Species GenBank No % identity. No. of clones %a Species code

Pathogenic fungi Blumeria graminis AB273566 99 1 1.0 –

Mycosphaerella graminicola EU019297 100 9 9.4 M. gram

Phaeosphaeria avenaria f.sp. triticea AY196988 99 2 2.1 (grouped with P. nod)

Phaeosphaeria nodorum AF181710 100 30 31.3 P. nod

Pyrenophora tritici-repentis AM887510 100 18 18.8 PTR

Saprotrophic fungi Davidiella macrospora EU167591 100 5 5.2 Dav. mac

Lewia infectoria b AY154692 99 1 1.0 Lew. in

Udeniomyces pannonicus AB072232 100 6 6.3 Uden. pa

Yeasts Bullera globospora AF444407 99 1 1.0 Bul. glo

Cryptococcus victoriae AJ581048 99 1 1.0 Cry. vic

Cryptococcus wieringae AF444383 99 3 3.1 Cry. we

Cryptococcus sp.c AF444354c 98 4 4.2 Crypt. sp.

Dioszegia crocea d AJ581068 99 3 3.1 Dio. cr

Dioszegia fristingensis EU070927 98 2 2.1 Dio. fri

Dioszegia hungarica AB049614 99 8 8.3 Dio. hu

Sporobolomyces roseus AY015438 99 2 2.1 Spo. ros

Sum of clones and percentage 96 100

a Percentage of the 96 clones successfully sequenced and identified to species or genus level
b anamorph Alternaria infectoria
c Short fragment aligned to C. chernovii (98% identity)
d syn. Bullera crocea
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NCBI and corresponding taxa were identified for
fifteen of them. One sequence group could only be
determined at the genus level. Thirty-one sequenced
clones were identified as PCR-chimeras of sequences
from different taxa. The sequencing procedure failed
for 25 clones. The most frequent clones were identified
as P. nodorum (31.3% of total identified clones,
Table 2). Two clones were identified as the pathogen
P. avenaria f.sp. triticea, but were pooled together with
P. nodorum in the subsequent T-RFLP analysis, since
the restriction fragments from the separate clones could
not be distinguished during fragment analysis. Four
species, M. graminicola, Davidiella macrospora, Bul-
lera globospora and Cryptococcus victoriae did not
have any restriction sites for AluI within the ITS-
region, and thus the PCR product appeared uncut in the
fragment analysis. Separate analyses of the sequences
of ITS1 and ITS2 from the chimeras identified the
following species: M. nivalis, Ascochyta sp., Clado-
sporium sp., Epicoccum sp., Cryptococcus nyarrowii
and Dioszegia aurantiaca. These species were not used
in further analyses due to lack of complete restriction
fragment profiles of the species.

Fungal community within fields

The fungal communities from 186 wheat leaves from
three regions, three years and 11 fields were analysed
with T-RFLP. Fourteen samples were removed from
the study due to unsuccessful PCR amplification. The
restriction fragments from the samples were matched
with the fragment patterns of the clones. All cloned
species, except for Blumeria graminis, were recov-
ered as T-RFLP patterns among the samples (Table 3).
The majority of the samples contained 1–4 identified
species, of which at least one was a recognised
pathogenic fungus (Fig. 2). The maximum observed
species richness was ten species in a sample, recovered
from three different samples.

All major detected fragment peaks could be
assigned to an identified species, except for two large
peaks cut by Taq1 in ITS2, one small peak cut by
TaqI in ITS1 and three small peaks cut by CfoI. Four
small peaks were not identified for either ITS1 or
ITS2 when the restriction enzyme AluI was used. The
percentage of total fluorescence assigned to identified
clones per field was between 55–96%, with the lowest
percentage in field U1 and the highest in field V1.
The average across all fields was 72%.

Three recognised pathogenic fungi were identified
among the samples and they were the most abundant
species. P. nodorum and P. tritici-repentis were found
in all eleven fields. These two species corresponded
to >50% of fluorescence associated with the identified
fungal species in some of the samples (Table 3,
Fig. 3). The pathogen M. graminicola was found in
eight of the fields and dominated in field V3 and E3.
Basidiomycetous yeasts, especially Dioszegia crocea
(syn. Bullera crocea) and Dioszegia hungarica, as
well as the saprotroph Davidiella macrospora were
abundant in all fields, except for U3 (Fig. 3).

There was no significant (P=0.758) difference in
community composition within field E1c (n=59)
(Table 4). The analysis of the adjacent fields in region
E showed differences in community composition
between fields that could explain 26% of the inertia
(P=0.001). The fields E1b and E1c had similar fungal
communities, but the samples from E1a diverged
(Fig. 4). E1a had a different cultivar but the effect of
the cultivars was small (explained 9% of total inertia)
when analysing all fields.

The composition of fungal communities between
fields varied across all regions and years (Fig. 5).
Across all regions, there was an overall separation
between years, (20% of inertia, P=0.001), driven by a
higher incidence of basidiomycetous yeasts during
year 1, highest abundance of P. nodorum during year
2 and higher abundance of M. graminicola (E & V)
and P. tritici-repentis (U) during year 3 (Figs. 3 & 6).
Across all years, an overall separation between
regions was observed (12% of inertia, P=0.001).
Samples from region U diverged from regions E and
V (Fig. 5), particularly during year 1 (high incidence
of basidiomycetous yeasts) and year 3 (high incidence
of P. tritici-repentis (Figs. 3 & 6).

Discussion

The community structure present on wheat leaves
exhibiting symptoms similar to stagonospora nodo-
rum blotch were of low complexity. In most cases, the
fungal communities consisted of less than five species
although a few samples from 2003 and 2004 had up
to ten species identified. At least one of the three main
pathogens, P. nodorum, M. graminicola or P. tritici-
repentis, was found on almost every sampled leaf and
often dominated the fungal flora on the leaf. This
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indicates that leaves exhibiting symptoms similar to
stagonospora nodorum blotch are strongly associated
with the presence of pathogenic fungi during the
development stages when the samples were collected.
In general, the dominant pathogen co-occurred with
epiphytic species of yeasts, saprophytes or one of the
other two main pathogens. In rare occasions all three
pathogens were present in the same sample, but in
these cases one of them still dominated. Phaeosphae-
ria nodorum and P. tritici-repentis often co-occurred
on the leaf and in a few samples they contributed
equally to the community.

We observed that different pathogens dominated in
different years, with P. nodorum dominating the first
and second year and M. graminicola or P. tritici-
repentis during the third year of sampling. Fluctuation
in occurrence of pathogenic fungi between years is
common and can to a large extent be explained by
weather factors (Djurle 1996). Conclusions about
consistent shifts in pathogen frequencies cannot
be drawn from this study. Shifting frequencies of
P. nodorum and M. graminicola over long periods of
time were analysed from the long-term samplings at
Broadbalk, U.K, and a decrease in sulphur deposition
was one of the suggested causes of the decreased
occurrence of P. nodorum (Shaw et al. 2008). The
observation that P. nodorum incidence has decreased
in Sweden since the 1990s while the incidence of
M. graminicola and P. tritici-repentis respectively has
increased remains to be explained.

The variation in fungal communities between the
fields was high as shown by the inertia explained by

the variation within region and the scattered samples
in the figure of DCA for regional level (Fig. 4). The
samples from all regions and years were also scattered
(Fig. 5). The samples from each field were close
together in the two figures indicating that the
variation was larger between fields than within fields,
which was confirmed with the CCA analysis. The low
variation within fields can be explained by adjacent
migration of fungi within fields or that the microcli-
mate in the crop might favour certain species resulting
in low variation in species composition within a field.

Our result of higher abundance of P. nodorum
during years 1 and 2 differed from the reports from
the Plant Protection Centres, which instead reported
high abundance of P. tritici-repentis (SJV 2003,
2004). This was probably due to the sampling strategy
in the current study, where leaves with symptoms
similar to stagonospora nodorum blotch were selected
for collection. Dominance of M. graminicola within
fields in regions E and V was also observed by
farmers and extension workers in 2005 (SJV 2005).
The dominance of M. graminicola was seen already
during sampling when it was difficult to find leaves
with symptoms similar to stagonospora nodorum
blotch. The weather conditions may have had an
impact since the spring of 2005 was drier and the
early summer had more rain than in an average year
(SJV 2005). There were no distinct differences in
temperature during spring and early summer between

Fig. 3 Quantification of fluorescence associated with identified
species as percentage of the total fluorescence from species
identified within each field. P. nod: P. nodorum, PTR: P. tritici-
repentis, M. gram:M. graminicola. U: Uppland, V: Västergötland,
E: Östergötland
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2005 and a normal year. Rain during spring increases
the incidence of both M. graminicola and P. nodorum,
and P. nodorum is more abundant during warm
summers (Shaw et al. 2008).

The composition of the fungal community in the
region of Uppland differed from the other two
regions, mainly in the low frequency of pathogens
during year 1 and the almost complete dominance of
P. tritici-repentis during year 3. The cultivar in 2005

was Kosack but it has similar resistance levels to tan
spot and stagonospora nodorum blotch as cv. Olivin
(Larsson et al. 2006). The agricultural management in
field U1 (organic) could explain the divergence of the
fungal community compared to the other fields
(conventional). The previous crop in this field (U1)
was not wheat, which could mean that there was less
initial inoculum of the pathogens detected in this
study. The crop canopy was not dense and plants were
short, potentially leading to a drier microclimate,
which would be less favourable for disease develop-
ment. A short straw would on the other hand facilitate
splash dispersed pathogens reaching the upper leaves.
Moreover, even under the favourable, moist, weather
conditions present during the spring and the middle of
the summer in Uppland in 2003, a shorter and lighter
crop canopy would likely to have dried out more
rapidly, potentially leading to less favourable con-
ditions for disease (SJV 2003). Pyrenophora tritici-
repentis dominated in the wheat fields of Uppland in
2003, whilst M. graminicola and P. nodorum rarely
occurred (SJV 2003). In the absence of epidemics of
pathogenic fungi in field U1, shown by small and few
lesions on the leaves, the epiphytic fungi, especially
Cryptococcus sp., dominated in the DNA pool.

Some saprotrophic fungi were common in a few
fields. However, species of Lewia (anamorph Alter-
naria) and Davidiella (anamorph Cladosporium) were
scarce or could not be detected through cloning. This
may be due to the date of sampling, since the
senescence of the plants had not progressed far, or
that the cloning was not successful in detecting
species from these genera. The species of yeast found
on the wheat leaves are similar to those from earlier
studies. Species within the genera Sporobolomyces

Table 4 Variation in fungal community among sites, fields, regions and years as determined by canonical correspondence analyses
(CCA)

Source of variation Sample set Total inertia Explained inertia % explained

Within field E1ca 2.303 0.175 8, ns

Fields within Region E1a, E1b, E1cb 1.195 0.305 26, ***c

Region U, V, E 3.274 0.382 12, ***

Year 1,2,3 3.274 0.652 20, ***

Region + Year All fields 3.274 1.108 34, ***

a Ten samples were collected at six sampling sites in field E1c (corners and middle of the second and third row)
b One random sample from each of the twelve sampling sites
c Stars indicate Monte Carlo permutations P=0.001
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(pink-pigmented yeasts) and Cryptococcus (white-
pigmented yeasts) have been reported as most
abundant during heading, but also genera such as
Candida, Geotrichum and Trichosporon (Remlein-
Starosta 2004), as well as other sets of fungal species
have been found on healthy wheat leaves (Larran et
al. 2007). Epiphytic yeasts found on two wild-grass
species, creeping bentgrass (Agrostis palustris) and
tall fescue (Festuca arundinacea), were associated

with the pathogenic fungi Sclerotinia homoeocarpa
and Thanatephorus cucumeris (anamorph Rhizoctonia
solani) (Allen et al. 2004). Higher numbers of yeast
colony-forming units were observed on leaves affect-
ed by either of the pathogens, suggesting that yeasts
metabolise nutrients from the leaking dying cells. The
yeast community was found not to vary across space
or time during two previous trials (Allen et al. 2004).
In the present study, yeasts were common in the fields
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with pathogens and there was a tendency for a
variation in the abundance of yeasts, but neither was
statistically significant. However, yeasts were dominat-
ing where the pathogens were low in frequency (U1),
which may be due to less competition for nutrients.

The complexity of the fungal community as well as
the ecological functions of the fungal species on the
phylloplane have not been thoroughly investigated
(Andrews and Harris 2000). Yeasts have antagonistic
capacities towards pathogenic fungi. Less disease
caused by P. nodorum occurred when Sporobolomyces
roseus and Cryptococcus laurentii were present on the
leaf surface or the spikes (Fokkema et al. 1979). Other
yeasts, such as Rhodotorula glutinis and Cryptococcus
sp., and the filamentous fungus Trichoderma harzia-
num inhibit growth and prevent germination of Botrytis
cinerea (Buck 2002; Dik et al. 1999). The fungi T.
harzianum and T. koningii decrease the impact of P.
tritici-repentis and M. graminicola when applied to
seeds and leaves (Perelló et al. 2006). Ulocladium
atrum and Clonostachys rosea prevent sporulation of
Botrytis aclada (Yohalem et al. 2004). The mechanism
of antagonism is thought to be competition for the
nutrients on the leaf surface (Fokkema et al., 1979). In
the case of Trichoderma species, mycoparasitism
involving hyphal penetration has been observed
(Perelló et al. 2003). Fatty acids produced by the yeast
Pseudozyma flocculosa have been shown to have
antagonistic effects on the growth of B. graminis (Avis
et al. 2000).

Identification of fungal species using cloning of the
ITS region and subsequent matching of restriction
fragments from the clones and the samples enables
community analysis in large sample sets (Lindahl et
al. 2007). Only a few fragments obtained from the
leaf samples did not match fragments obtained from
the sequenced clones, indicating that the cloning
approach was successful in isolating the majority of
the dominant species within the sampled fields. One
drawback was that T-RFLP was unable to distinguish
between P. nodorum and P. avenaria f.sp. triticea,
since their ITS sequences are so similar. When
comparing the clones in this study with sequences
published in GenBank we found matches to P.
nodorum both with and without two extra nucleotides
(CT).

The total amount of fungal DNA could vary
depending on the fungal occurrence in the sample,
implying that the method used here only provides

relative information on species abundances. However,
at sample level, the percentage of fluorescence
associated with identified species was in general high,
which further supports the efficiency of this method.

Since the sampling plan was designed to include
leaves with symptoms of stagonospora nodorum
blotch, and that these are similar to those of tan spot,
it was not surprising to find that both fungi occurred
on the leaves during the first two years of collection.
The dominance of P. tritici-repentis in U3 was not
expected since P. nodorum had been isolated from
>30 sampling sites in this field prior to the experiment
(Blixt et al. 2008). The isolates of P. nodorum
collected previously in U3 originated from leaves
incubated under damp conditions with continuous
near-UV light, and since the focus was only on P.
nodorum numerous lesions caused by P. tritici-
repentis could have been ignored. The environmental
conditions during the incubation were also beneficial
for P. nodorum (Eyal et al. 1987), which might have
favoured isolation of that fungus in the previous
study, and hence the deviation between other Swedish
studies and the present one. The results from the
current study are yet another example of the difficulty
in distinguishing symptoms of tan spot from stago-
nospora nodorum blotch just at a glance, as reported
earlier (Almquist et al. 2008; Engle et al. 2006). In the
inventory of pathogenic fungi on wheat made by
Almquist et al. (2008), P. nodorum was much more
frequent after Q-PCR identification than when ob-
served visually in the field. The symptoms of M.
graminicola are so distinct that they may have been
subject to negative selection during the collections.

We could not identify any other pathogenic fungi
in this study. The sampling dates were too early in the
season to detect rust fungi such as Puccinia striiformis
var. striiformis or P. triticina. It was probably too late
for B. graminis. Absence of these pathogens in the
samples could indicate that the cultivars in the study
are less susceptible but the severities of rust and
powdery mildew were in general low during the years
in question according to reports from the Swedish
Board of Agriculture, subdivision Plant Protection
Centre (SJV 2003, 2004, 2005).

The variation in composition of fungal communi-
ties within fields varied across both time and space.
Differences between years had the largest effects on
the fungal communities, due to a shift in dominating
pathogens in 2005 compared to the two previous
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years. In addition, the fungal communities in Uppland
differed from those in Västergötland and Östergöt-
land, which were more similar to each other. Low
variation in fungal community composition was
found within a single field (E1c). This was also
supported by the dense scattering of the samples from
individual fields in the DCA (Figs. 4 & 5). The cvs
Olivin and Kosack have similar sensitivity to tan spot
and stagonospora nodorum blotch, but Olivin is
slightly more sensitive to septoria tritici blotch
(Larsson et al. 2006) and the cultivars did not have
a large impact on the fungal community composition,
shown by CCA.

The total fungal community on the wheat leaves
was found to consist of 14 species of which one only
could be identified to genus level (Cryptococcus sp.).
The fungi detected were epiphytes, saprotrophs and
pathogens. Both yeasts and filamentous fungi were
represented. Three species of pathogenic fungi were
the most abundant on the wheat leaves together with
three species of basidiomycetous yeasts. Necrotic
lesions on wheat leaves were associated with one of
the three major pathogens, P. nodorum, P. tritici-
repentis and M. graminicola. A single pathogen
dominated within each field, but P. nodorum and P.
tritici-repentis often co-occurred during 2003 and
2004. In 2005 the occurrence of P. nodorum was
lower than for the two previous years while M.
graminicola dominated in two regions and P. tritici-
repentis in the third.
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