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Abstract

The biodiversity and phylogeny of Fusarium graminearum isolates originating from different geographical
areas were analyzed using isozyme variation, f-tubulin and IGS sequences. Geographically distinct groups
of isolates originating from different areas of the Russian Federation, China, Germany and Finland were
studied. The complex enzymes (a- and ff-esterases, aspartate aminotransferase and superoxide dismutase)
and the IGS sequences demonstrated a high level of genetic diversity in F. graminearum. Diversity in the
Asian population was higher than in the European one. There was a correlation between genetic clusters of
the IGS sequences and geographical origin in F. graminearum. Knowledge of biodiversity and identification
of some phylogenetic lineages in F. graminearum will be useful in defining the risk of pathogen evolution as

well as benefiting disease management strategies.

Introduction

Fusarium head blight (FHB) caused by Fusarium
graminearum (sexual state Gibberella zeae) is an
important disease of cereals that causes serious
losses in both yield and quality of grain. The
trichothecene and estrogenic mycotoxins produced
by this fungus are hazardous to people and ani-
mals, while the trichothecenes are also virulence
factors during pathogenesis in plants (Proctor
et al., 1995). Fusarium graminearum is an impor-
tant pathogen within Europe (Bottalico and Per-
rone, 2002); in Bulgaria (Mladenov and
Karadzhova, 1978), Austria (Lew et al., 2001), the
Czech Republic (Ostry and Ruprich, 2001),
Croatia (Cosic and Jurkovic, 2000), France (Ba-
kan et al., 2001), central and northern Germany
(Ellner, 2001), Romania (Ittu, 2001) and south-
western Ukraine (Klechkovskaya, 1999). In Asia,
this fungus has great importance in China (Zheng
et al., 1983; Chen et.al., 2000; Gale et al., 2002)
and Japan (Koixumi et al., 1991). In Russia, F.
graminearum is common in the southern region
between the Black and Caspian Seas and in the
Far East region close to the Pacific Ocean, but has

not been found in the northwestern and central
parts, or in Siberia (Levitin et al., 1994, 2000). In
Finland, F. graminearum is not detected every
year, but it can be common during warm and rainy
years, especially on oats (Ylimaéki et al., 1979; Yli-
Mattila, 2002b).

Variations in cultural, pathogenic and other
characteristics are a common phenomenon in F.
graminearum (Oswald, 1949; Cullen et al., 1982;
Sugiura et al., 1990; Bai and Shaner, 1996). Iso-
zyme analysis has been a valuable tool for infer-
ring relationships at the inter- and intra-specific
level in several fungi, including Fusarium (Reddy
and Stahmann, 1972; Yli-Mattila et al., 1996; Pa-
avanen-Huhtala et al., 1999; Laday et al., 2000). In
addition, molecular techniques, in particular se-
quences of variable regions (f-tubulin, ITS, IGS)
have used to assess of diversity within Fusarium
(Schilling et al., 1997; Aoki and O’Donnell, 1999;
Logrieco et al., 1999; Roux et al., 2001; Yli-Mat-
tila et al., 2002a).

The purpose of this study was to analyze the
biodiversity and phylogeny of isolates originating
from different geographical areas by using iso-
zymes variation, f-tubulin and IGS sequences.
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Material and methods
Fungal material

Forty-eight isolates of F. graminearum obtained
from wheat grain were studied and their sources are
listed in Table 1: 11 isolates were from far east
Russia, 13 from southern Russia, 9 from north-
eastern China and 10 from Germany. Four isolates
were collected from wheat, barley and oats in Fin-
land. Cultures were identified and single-spore iso-
lates were produced. All the F. graminearum isolates
are in the collection of Fusarium fungi at the All-
Russian Institute of Plant Protection (VIZR).

Extraction, gel electrophoresis and staining of
proteins

The isolates were grown for one week in 250 ml of
liquid Czapek medium containing yeast extract
(0.1%). The mycelium was harvested, washed
several times in distilled water, dried on paper and
frozen at —20 °C. After this, 50 mg of mycelium
was ground in 1.5 ml Eppendorf tubes containing
300 ul cold (4 °C) extraction buffer (0.1 M Tris—
HCI buffer (pH 8.0), 0.5 sucrose, 0.1% ascorbic
acid and 0.1% hydrochloride cysteine). The tubes
were centrifuged at 10,000 rpm for 15 min at 4 °C
and the supernatant stored at —80 °C. The elec-
trophoretic profiles of enzymes were detected by
vertical polyacrylamide gel electrophoresis (Ho-
nold et al., 1966; Mayrer, 1971; Yli-Mattila et al.,
1996). Electrophoresis was performed on a thin
(0.5 mm) lower running gel (7.5%) and an upper
concentrated gel (1%) onto which 50 pl of the
sample were loaded. Electrophoresis was carried
out on vertical gels with 0.01 M Tris—glycine buf-
fer (pH 8.3). The upper chamber contained 0.001%
bromophenol blue as a marker dye. The samples
were first run through the upper gel at 1.5 mA and
then through the lower gel at 2 mA until the
marker dye front reached a level of 1 cm from the
bottom of the gel. After electrophoretic separa-
tion, the gels were stained (Honold et al., 1966;
Korochkin et al., 1977). The polymorphic enzymes
used in the analysis were o- and pf-esterases
(E.C.3.1.1.1), aspartate aminotransferase
(E.C.2.6.1.1) and superoxide dismutase
(E.C.1.15.1.1). The position of each isozyme band
was calculated as the ratio between the distance
moved by the isozyme band and the distance

moved by the bromphenol blue front; this ratio
was designated as the R; value. Each gel was re-
peated at least twice for each sample and only
reproducible results were accepted.

DNA extraction, PCR and PCR product
purification and sequencing

The mycelium for DNA extraction was grown in
the same way as for protein extraction. Total
DNA was isolated using two methods (Lee and
Taylor, 1990; Moller et al., 1992), but in both cases
fresh-frozen mycelium (0.2 g) was used. The DNA
pellet was dissolved in 100 ul TE buffer (10 mM
Tris—=HCI, 1 mM EDTA, pH 7.6). DNA concen-
trations were estimated by electrophoresis using
0.8% agarose gels stained with ethidium bromide
by comparison with DNA standards. The gels
were viewed under UV light and PCR products
were detected visually from the photographs of the
gels. Amplification for PCR reactions was per-
formed in 25 pl of 1x Dynazyme reaction buffer
(10 mM  TrissHCL pH 8.8, 1.5 mM MgCl,,
50 mM KClI and 0.1% Triton X-100), 150 uM of
each deoxyribonucleotidetriphosphate (ANTP), ca.
60 ng forward and reverse primers, 0.8 U Dyna-
zyme polymerase (Finnzymes, Espoo, Finland)
and 1-10 ng of template DNA (Paavanen-Huhtala
et al., 2000; Yli-Mattila et al., 2002a). Primer
sequences and PCR amplification conditions for f3-
tubulin (500 bp) and the IGS region were as de-
scribed in Yli-Mattila et al. (2002a). PCR reactions
were performed in a PTC 200 DNA Engine ther-
mal cycler (MJ Research, Watertown, MA, USA).
The amplification products (5ul) were separated in
1% agarose gel by electrophoresis in 1x TBE buf-
fer. PCR products were purified and sequenced
(Yli-Mattila et al., 2002a; Yli-Mattila et al., in
press). All new sequences were submitted to Gen-
Bank.

Data analysis

Sequences were aligned using the Clustal W pro-
gram (Thompson et al., 1994) on the server of the
DNA Data Bank of Japan and edited visually. The
programs DNADIST (Kimura) and NEIGHBOR
(UPGMA) of PHYLIP 3.5 (Felsenstein, 1993)
were used for phenetic analyses. In addition, the
POY 2.7 program (Wheeler, 1996; Gladstein and
Wheeler, 2001) in the computers of CSC (Scientific
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Computing, Espoo) was used for analyzing IGS
sequences without previous alignment. The X? test
was used to determine the significance of differ-
ences in diversity between Asian and European
populations (Szecsi et al., 1976).

Results
Electrophoretic separation

Polymorphic patterns of «- and p-esterase were
revealed in 15 and 13 distinct bands, respectively.
The isozyme profiles of aspartate aminotransferase
and superoxide dismutase consisted of 5 and 8
bands, respectively (Figure 1). Based on the fre-
quency of each isozyme band, coefficients of sim-
ilarity were calculated and a dendrogram was
constructed (Figure 2). The enzymes used revealed
a high level of phenotypic variation: 31 different
electrophoretic phenotypes (single clonal lineages
based on 100% similarity) were detected among 48
isolates. These phenotypic lineages consist of 1-6
members. Isolates of F. graminearum were divided
into four clusters at a similarity level of 83%. The

R
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Figure 1. Electrophoresis patterns of enzymes detected in
Fusarium  graminearum. 1 = a-esterase, 2 = f-esterase
(E.C.3.1.1.1), 3 =superoxide dismutase (E.C.1.15.1.1),
4 = aspartate aminotransferase (E.C.2.6.1.1).
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first cluster consists of 15 Asian and 22 European
isolates and included 77% of the analyzed isolates.
Cluster I was divided, at a similarity level of 87%,
into two subclusters. Within subcluster IA, all
European isolates (10), except one isolate from
North Ossetia (CO4-2), were grouped together
with the Asian isolates (12). In subcluster IB, the
European isolates (12) prevailed over Asian (3)
isolates. Clusters II and III consist of a small
number of isolates, 4 (2 Asian and 2 European)
and 2 (Asian) isolates, respectively. Cluster IV,
which contained all four isolates from Finland and
one from China (Chl3), was least similar to the
other isolates. The diversity in Asian population
was significantly higher than in European popu-
lation (X2 =16.13, X2 aeq = 12.6 at 95%

calculated — t

and 16.8 at the 0.99% level of significance, df = 6).
p-tubulin sequences

The p-tubulin sequences (500 bp) of 15 F. grami-
nearum isolates (Krl4, Krl8, Krl19, Pr81, Pr§2,
G3-5, G3-6, G23-4, F27, F28, Chab507, Chabl10-
2, Chab2-13, Chl13, Ch39) representative of the
different location were identical to each other and
to known F. graminearum sequences (e.g. accession
number AF107861). Only isolates from the North
Ossetia  CO3-7 (AY360077) and COS5-5
(AY360073) had one common point mutation
differing from other isolates. They were found to
have identical -tubulin sequences with an Iranian
F. flocciferum (accession number AF006363;
O’Donnell et al., 1998) isolate, which was later
reidentified as F. graminearum of lineage 7
(O’Donnell et al., 2000).

Ribosomal DN A internal spacers

IGS haplotypes partially differentiated the geo-
graphical groups of isolates. Five main clusters
were found in the UPGMA dendrogram at a
similarity level of 99.2% (Figure 3). Clusters III
and IV were Asian, while cluster V was European
and clusters I and II contained isolates from both
Europe and Asia. Cluster 11 could be divided into
three subclusters at a similarity level of 99.48%;
one of the subclusters was European, one Asian
and the third mainly European. Isolates CO4-5,
Ch39 (cluster I), Kr19, Kr18, CO4-2, G23-1, Krl4
(cluster IIA), F29, G8-8, F27 (cluster V) and
Chab2-13 (cluster IV) had a long deletion (80 bp),
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which was partly common with the shorter dele- and ITA) and Ch324, Ch14 and Chabl0-2 (cluster
tion (69 bp) of isolates Chab507 (cluster 1IB) and IIT) had their own deletions, which were 18 and
Pr82 (cluster IIC). Isolate groups CO4-5, Ch39, 28 bp, respectively. POY analysis gave 53 shortest
Kr19, Krl8, CO4-2, G23-1 and Krl4 (clusters I trees with a length of 409 steps for IGS sequences.
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Figure 2. UPGMA dendrogram for combined isozyme data based on coefficient of similarity (DICE). Clusters I, II, III and IV are
marked.



In the POY consensus tree (Figure 4) clusters I,
II1, TV and V were well supported, while the large
cluster II was divided into subclusters, of which
ITA and IIB were similar to those in the UPGMA
dendrogram. The three European isolates of clus-
ter ITA had a basal position to other F. grami-
nearum isolates. The diversity in the Asian
population was significantly higher than in the
European one (X2.uiaed = 16-09, X2 1aeq = 12:6
at 95% and 16.8 at the 0.99% level of significance,
df = 6).
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Discussion

The population structure of F. graminearum is
poorly understood. Miedaner et al. (2001) found a
high molecular genetic diversity and variation for
aggressiveness in Fusarium graminearum popula-
tion originating from Europe. Walker et al. (2001)
demonstrated a high level of genotypic and phe-
notypic diversity in populations of F. graminearum
in North Carolina. Quellet and Seifert (1993), on
the other hand, characterized F. graminearum
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Figure 3. UPGMA dendrogram for IGS sequences based on similarity (DICE) coefficient. Clusters I, II, III, IV and V and subclusters

ITA, 1IB and IIC are marked.
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Figure 4. POY consensus tree of 53 shortest trees with a length
of 409 steps for IGS sequences. Clusters and subclusters marked
as in Figure 2. Only branches present in more than 50% of the
trees are shown. IGS sequences of F. avenaceum isolates a28
and al7 (Yli-Mattila et al., 2002a) were used as outgroups.

isolates from Canada using RAPD and restriction
analysis of amplified fragments from the PCR and
demonstrated a relatively low amount of genetic
diversity, which could not be grouped according to
host or geographic origin. The analysis of 72 iso-
lates from Canada by RAPD showed that all iso-
lates were genetically distinct; 90.56% of the
genetic variability was explained by within-region
variation (Dusabenyagasani et al., 1999). Bowden
et al. (2000) using AFLP analysis to determine
genetic diversity in F. graminearum from Kansas
and North Dakota, found a high degree of
homogeneity between subpopulations. Fernando
et al. (2003) confirmed that diversity between
Canadian isolates was more closely related to their
aggressiveness and toxin production than to geo-

graphic location or to the host from which the
pathogen was isolated.

O’Donnell et al. (2000) have identified at least
seven biogeographically structured lincages of F.
graminearum from different regions of the world.
They suggested that such lineages may be due to
longstanding geographic isolation or other repro-
ductive barriers. According to O’Donnell et al.
(2000), the most basal (oldest) phylogenetic lin-
eages of F. graminearum can be found in the
southern hemisphere. Nicholson et al. (2002)
showed that three distinct genetic groups (one in
northwestern Europe and USA and two in Nepal)
exist within F. graminearum, and demonstrated
that these groups have different biological prop-
erties, especially with respect to their pathogenicity
on wheat and maize.

A considerable genetic resemblance was found
by RAPD between 34 isolates from northeastern
and northwestern China. Grouping of isolates was
not related to pathogenicity or to host cultivar
(Liu et al., 2002). Investigation of F. graminearum
isolates from the southeastern area of China using
RFLP established that all isolates belonged to
lineage 6, and revealed a homogeneous population
(Gale et al., 2002).

The intensive mycogeographic surveys for more
than 10 years involved sampling of grain
throughout the Russian Federation. The results
revealed two suitable areas where F. graminearum.
was distributed: the South FEuropean (North
Caucasus) and the Far East regions. The isolation
and identification of a large number of Fusarium
isolates has given considerable confidence to con-
clusions drawn about the absence of F. graminea-
rum between the 50° and 120° meridians of Russia.
The distribution of the pathogen is obviously
associated with climate, since the area where the
cereal crop is grown is larger than the distribution
of F. graminearum. The area, where F. graminea-
rum is absent in Russia, is about 7000 km long and
it separates the European and Asian populations
of the fungus. If the spores (conidia or ascospores)
were dispersed by air currents from one of these
areas to the other one, it should be possible to
isolate F. graminearum from cereal plants in cen-
tral Russia, but this is not the case. There is also
not much exchange of cereal seeds between the
European part and the far east of Russia. The
apparent geographical isolation over a long period
could cause dissimilarity between the genetic



structures of the species between the different to
geographical areas.

The present work established genetic variation
between and within geographical groups of F.
graminearum. The complex enzymes (o- and f-
esterases, aspartate aminotransferase and super-
oxide dismutase) and the IGS sequences demon-
strated a high level of genetic diversity in F.
graminearum. The partial sequences of the p-
tubulin gene demonstrated high similarity of the F.
graminearum isolates, except for the two isolates
originating from the North Ossetia, Russia. These
were later found to have pf-tubulin sequences
identical to an Iranian isolate of Fusarium grami-
nearum (NRLL 13383), known to be of lineage 7.
This isolate produces zearalenone, but not de-
oxynivalenol or nivalenol (O’Donnell et al., 2000).
In the IGS dendrogram and POY consensus tree
CO3-7 and COS5-5 were, however, clustered in the
same group as isolates G3-6 and G3-5, which
having a typical F. graminearum [-tubulin se-
quence, but not with isolate NRLL 13383.

Some grouping among geographically similar
isolates of F. graminearum was observed, but it
was not sharply defined. For example, the Asian
cluster III and European clusters IIA and IIB were
well-supported in the IGS dendrogram and in the
phylogenetic IGS POY consensus tree. When the
partial IGS sequences of the present study were
compared to unpublished F. graminearum 1GS
sequences obtained from O’Donnell, more strains
of clusters I (NRRL 29169), IIB (NRRL 5883,
NRRL 28063 and NRRL 31084), IV (NRRL
6394) and V (NRRL 28336 and NRRL 13383)
were found. The isolates NRRL 29169, NRRL
5883, NRRL 28063, NRRL 31084 and NRRL
28063 are from USA, NRRL 6394 from Hungary
and NRRL 13383 from Iran and they all belong to
lineage 7 (O’Donnell, personal communication).
Thus, it seems that most of our isolates belong to
the northern lineage 7 of F. graminearum
(O’Donnell et al., 2000).

On the basis of the enzyme and IGS sequence
data, Asian populations are more heterogeneous
than European ones. Under laboratory conditions,
all the isolates studied formed perithecia and were
homothallic (Gagkaeva et al., 2001). However, the
same fungus can display different modes of
reproduction in different geographic locations and
at different times. In the southern and far eastern
region of Russia the sexual stage (G. zeae) is fre-
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quently observed as perithecia on the heads and
the debris of cereals.

Perithecia formation was not observed in Fin-
land. The absence of a sexual stage in Finland
could be one of the causes of the similarity of the
isolates. The appearance of F. graminearum in
Finland is relatively recent, caused by the spread-
ing of highly adapted clones of the pathogen from
the warmer areas. The Finnish isolates, for in-
stance, formed a cluster with the German isolate
G8-8 in the IGS dendrogram and in the IGS POY
consensus tree. The Finnish isolates were also
identical in the isozyme analysis and were in the
same dendrogram cluster as one isolate from
China (Chl3, cluster 1V). This cluster had a low
level of similarity with other F. graminearum iso-
lates. They are also very similar based on the
RAPD analysis of Yli-Mattila et al. (1996). Thus,
Finland may be a marginal region for F. grami-
nearum and this may explain the low level of ge-
netic variability.

It appears that F. graminearum occurred in the
Asian region earlier than in the other regions in-
cluded in this work. In the eastern part of Russia,
for example, the scientific investigation of Fusari-
um head blight began at the end of the 19th cen-
tury (Voronin, 1890, 1891; Paljchevskiy, 1891).
Long before that, local people had already ob-
served the pink scab with small black spots on the
head of cereals. This suggestion is supported by
the high frequency of the FHB resistant plant
genotypes originating from the Asian region
(Gocho, 1985; Takeda and Heta 1989; Snijders,
1990; Gagkaeva et al., 2002), as the result of host-
pathogen coexistence over a long period.

The results of the present study are in agree-
ment with previous studies of these isolates (Gag-
kaeva et al., 2001). Significant quantitative
variation in aggressiveness was observed within
populations, but this did not differ between Asian
and European populations. Variation in the in vi-
tro sensitivity of isolates to fungicides (Sportak,
Folicur, Benzimidazole) exists and the Asian sub-
group is less sensitive to fungicides than European
isolates. Variation in the sensitivity of the Asian
isolates to fungicides was considerably higher than
European group. Vegetative compatibility studies
revealed a high degree of genetic diversity among
these isolates, 29 VCGs were found among 32
isolates. Only one complex VCG was found and it
included isolates originating from distant locali-
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ties, two isolates from Asia (China and the Far
East of Russia) and one from Europe (Germany).
Another similarity between these isolates was their
low aggressiveness. The ERICs fingerprint re-
vealed that all the isolates of F. graminearum be-
long to two major molecular types, in which the
isolates were grouped according to their aggres-
siveness. Isolates from the complex VCG posi-
tioned in one subcluster (Gagkaeva et al., 2001).

The genetic structure within F. graminearum,
which is determined by the evolution history of
pathogen, is defined as the amount and distribu-
tion of genetic variability. Since F. graminearum is
found in different regions throughout the world it
makes sense to ignore administrative barriers and
to bring together to join the efforts of a large
number of qualified research groups in studying its
genetic status. Knowledge of its biodiversity and
identification of the phylogenetic lineages in F.
graminearum will be useful in both defining the
risk of pathogen evolution and facilitating efficient
disease management.
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