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Abstract

We screened 188 isolates of Fusarium graminearum, which originated from northwest Europe, the USA and Nepal,
for genetic diversity using a sequence-characterised amplified region polymorphism (SCAR). On the basis of this
analysis, 42 of the 118 isolates were selected for random amplified polymorphic DNA (RAPD) analysis. Three
groups were identified, two of which, A and B, contained the isolates from Nepal, and a third, group C, contained
the isolates from Europe and the USA. In pathogenicity tests on wheat and maize seedlings, group C isolates
were more pathogenic than the group A and B isolates. The isolates were assigned chemotypes based on their
ability to produce the trichothecene mycotoxins nivalenol (NIV) and deoxynivalenol (DON). Isolates from group A
were equally likely to produce NIV or DON while group B isolates produced predominantly NIV, and group C
isolates produced predominantly DON. Within group A, isolates of the two chemotypes were equally pathogenic
to wheat but isolates with the NIV chemotype were significantly more pathogenic to maize. The results confirm
that distinct genetic groups exist within F. graminearum and demonstrate that these groups have different biological
properties, especially with respect to their pathogenicity to two of the most economically important hosts of this

pathogen.

Introduction

Three of the world’s most important crops, wheat,
rice and maize, are susceptible to a number of
Fusarium species including Fusarium graminearum
Schwabe (teleomorph Gibberella zeae (Schwein)
Petch). The fungus can infect many plant parts during
the life cycle of the host and thus cause a range of dis-
eases. F. graminearum can cause seedling blight, brown
foot rot, and scab (also known as ear or head blight) of
wheat, and both stem rot and ear rot of maize (Francis
and Burgess, 1975; Miedaner and Schilling, 1996; Ou,
1985; Parry et al., 1995; Vigier et al., 1997).

A number of molecular techniques have been
used to resolve difficulties with the identification
of F. graminearum and to provide information on

its population structure. A combination of mor-
phological and molecular data allowed the divi-
sion of F. graminearum into group 1 and group
2 isolates and the subsequent redesignation of
group 1 F. graminearum as a separate species
F. pseudograminearum (Aoki and O’Donnell, 1999).
Species-specific PCR primers have been designed to
differentiate F. graminearum isolates from those of
related Fusarium species (Nicholson et al., 1998).
Although this fungus has been isolated in all major
agricultural regions of the world, little is known about
the population structure of F. graminearum isolates
from different geographical areas and whether these
differences are related to pathogenicity or any other
trait. Genetic variation within F. graminearum has
been detected by random amplified polymorphic DNA
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(RAPD) analysis. Although isolates from different con-
tinents have been examined (Schilling et al., 1994),
most analyses have compared isolates from closer geo-
graphical sites, e.g., within Europe (Schilling et al.,
1997), Canada (Dusabenyagasani et al., 1999), Nepal
(Carter et al., 2000) and North Carolina, USA (Walker
et al., 2001). While isolates from two regions (Ontario
and Quebec) in Canada were considered to form a sin-
gle population pool (Dusabenyagasani et al., 1999),
two distinct groups were identified among Nepalese
isolates (Carter et al., 2000). The latter study also
characterised isolates using a sequence-characterised
amplified region (SCAR). This revealed that all iso-
lates of one group (termed B) possessed a single
SCAR polymorphism while those of the second group
(group A) had one of five different SCAR polymor-
phisms (Carter et al., 2000). The relationship among
isolates from different geographic regions remains
unclear. DNA sequence analysis has been used to
compare F. graminearum isolates from around the
world and a scheme dividing the species into seven
biogeographically structured lineages was proposed
(O’Donnell et al., 2000). The seven lineages and their
proposed geographical origins, are, however, not fully
supported by an analysis of RAPDs or of restriction
fragment length polymorphisms of the intergenic spac-
ers in the ribosomal RNA gene cluster IGS RFLP) of
isolates from Nepal (Carter et al., 2000), even though
three isolates were common to both studies. Both the
DNA sequence (O’Donnell et al., 2000) and RAPD
(Carter et al., 2000) analysis suggest the existence of
genetically distinct groups within F. graminearum.

Isolates of F. graminearum vary in their patho-
genicity towards different hosts. The pathogenicity of
Chinese and USA isolates has been tested on wheat,
and in a comparison of six isolates, one Chinese iso-
late caused significantly greater disease symptoms than
did any of the four isolates from the USA (Bai and
Shaner, 1996). In a study of pathogenicity towards
rye, the genetic variation among isolates derived from
three continents, America, Australia and Europe, was
greater than that obtained for strains from populations
of F. graminearum from individual sites in Europe
(Miedaner et al., 2000). The individual field popula-
tions contained 60% of the total variation observed,
indicating that a high degree of variation in pathogenic-
ity was present at each site. No relationship was estab-
lished between pathogenicity and population although
one group identified by RAPD analysis was found to
be less frequently isolated from maize than from either
rice or wheat (Carter et al., 2000).

Fusarium species can produce a range of mycotox-
ins, including trichothecenes, a family of sesquiter-
pene epoxides, (Joffe, 1986). Trichothecenes inhibit
protein synthesis (Casale and Hart, 1988; Cundliffe
et al, 1974; Ehrlich and Daigle, 1985), induce
MAP kinases associated with apoptosis (Shifrin and
Anderson, 1999) and have been associated with a
wide range of human and animal diseases includ-
ing anaemia, immunosuppression, haemorrhage and
emesis (Marasas et al., 1984). F. graminearum can
produce a range of 8-keto-trichothecenes, includ-
ing 4-acetylnivalenol (4-AcNIV), nivalenol (NIV),
deoxynivalenol (DON) and other acetylated deriva-
tives. The loss of trichothecene production does not
affect the ability of an isolate to infect wheat or maize,
but it does affect the progression of an infection (Des-
jardins et al., 1996; Harris et al., 1999; Proctor et al.,
1995). This suggests that trichothecenes may be fac-
tors that affect the progress of infections on both wheat
and maize rather than pathogenicity factors controlling
the ability for infection to occur. Chemotypes, based
on the dominant trichothecenes produced, have been
described for F. graminearum (Ichinoe et al., 1983;
Miller et al., 1991), but no relationship has been estab-
lished between chemotype and pathogenicity to barley,
wheat, triticale, rye or maize (Logrieco et al., 1990;
Perkowski et al., 1997) or to genetically distinguish-
able populations (O’Donnell et al., 2000). The lack of
a relationship between chemotype and pathogenicity
may mean that both the type and the amount of toxin
produced affect pathogenicity (Atanassov et al., 1994).
Chemotype variation is, however, important in deter-
mining the suitability of methods used to analyse the
toxin content of human and animal feedstuffs.

The present work was undertaken to determine
whether isolates of F. graminearum from Europe
and USA were similar to either of the groups pre-
viously identified from Nepal (Carter et al., 2000).
Further experiments were carried out to determine
whether genetically distinguishable populations of
F. graminearum differ in their pathogenicity. The
genetic diversity within a collection of isolates of
F. graminearum from the USA, Europe and Nepal
was compared using SCAR and RAPD profiles. The
pathogenicity of isolates from different genetic groups
was then measured on both wheat and maize. In addi-
tion, the relationship between genetic diversity, chemo-
type and the host of origin were examined within
one of the genetic groups which contained isolates
from three hosts of origin and both DON and NIV
chemotypes.



Materials and methods
Origin and maintenance of fungal strains

Isolates of F. graminearum from Germany and France
were isolated in 1992 except for G5 (1997) while
those from the UK were isolated in 1998. All
isolates from the USA were obtained from farms
across Illinois in 1998. Isolates from Nepal were iso-
lated in 1997 except for MK7, ML4, ML6, ML13
and ML15; these were isolated in 1993. Cultures
were maintained at 15°C on potato dextrose agar
(PDA) (DIFCO, West Molesey, Surrey, UK) contain-
ing streptomycin sulphate (50 mg1™") and penicillin-G
(50 mg17"). For long-term preservation, mycelium was
stored in vapour-phase liquid nitrogen vessels.

SCAR analysis

DNA was extracted from the mycelium of 4-5-day-old
cultures of 118 isolates of F graminearum; 28
from the USA, 25 from northwest Europe (France,
Germany, and the UK) and 65 from Nepal, grown in
potato dextrose broth (DIFCO). The mycelium was
freeze-dried, ground to a fine powder, and the DNA
extracted using the CTAB method of Nicholson et al.
(1996). PCR amplification, using primer pair Fg16F/R
(Nicholson et al., 1998), was carried out as described in
Carter et al. (2000) and the products were separated by
electrophoresis through a 2% agarose gel, stained with
ethidium bromide and viewed under UV light. The
size of PCR products was estimated by comparison
with known DNA standards. Before sequencing, PCR
products were purified using Qiaquick PCR purifica-
tion spun columns (Qiagen Ltd, Crawley, West Sussex,
UK) according to the manufacturer’s instructions and
sequenced in both directions using the ABI PRISM Big
Dye terminator cycle sequencing kit (Perkin-Elmer,
Warrington, Cheshire, UK) primed with either Fgl16F
or Fgl6R (Nicholson et al., 1998). Sequencing reac-
tions were run on an ABI PRISM DNA sequencer
(Perkin-Elmer).

RAPD assays

Forty-two isolates were selected for RAPD analysis
on the basis of their area of origin and SCAR type. The
assay was carried out as described in Carter et al. (2000)
using seven oligonucleotide primers OP-T01, OP-T04,
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OP-T06, OP-T16, OP-U13, OP-U15 and OP-U19
from kits OPT and OPU (Operon Technologies
Inc, Alameda, CA). The data were analysed as
described in Carter et al. (2000) using software con-
tained in RAPDist (version 1.04 [http://life.anu.edu/
molecular/software/rapd.htm]) and PHYLIP, (version
3.572; [http://evolution.genetics.washington.edu/
phylip.html]). A programme to produce bootstrapped
datasets was kindly supplied by John Armstrong
(Australian National University, Canberra, Australia).

Pathogenicity tests

The 42 isolates used in the RAPD analysis were tested
for the ability to infect wheat (cv. Chinese Spring) and
maize (cv. F2) seedlings in a stem-base assay mod-
ified from that described by Simpson et al. (2000).
Wheat and maize seed was germinated at 5 and 24 °C,
respectively before five wheat or four maize seeds were
planted into 250-ml pots containing a peat/sand mix-
ture. The pots were placed in covered propagators at
20°C with 16-h light/day and kept moist. Emergent
seedlings were inoculated by pipetting 200 or 400 pl
of mycelial macerate into a 0.5 or 0.9cm internal
diameter plastic collar placed around the stem of the
wheat and maize seedlings respectively. The mycelial
macerate was prepared by homogenising mycelium
from PDA Petri plates, inoculated at the same time
for each isolate and harvested before the hyphae had
reached the edge of the plate, in distilled water (3 cm?
mycelium/ml water). Four days after inoculation the
covers were removed from the propagators and a
further 17 days later the plants were scored on a
0-9 scale based on Simpson et al. (2000): 0, symp-
tomless; 1, coleoptile slightly necrotic; 2, coleoptile
severely necrotic; 3, coleoptile necrotic and first leaf
slightly necrotic; 4, coleoptile and first leaf severely
necrotic; 5, coleoptile and first leaf necrotic, second
leaf slightly necrotic; 6, coleoptile, first leaf and sec-
ond leaf severely necrotic; 7, coleoptile, first leaf
and second leaf severely necrotic, third leaf slightly
necrotic; 8, coleoptile, first, second and third leaves
severely necrotic; 9, coleoptile, first, second, third and
fourth leaf necrotic or whole seedling necrotic. The
test was carried out twice with each experiment con-
taining five pots of wheat seedlings and five pots of
maize seedlings inoculated with each fungal isolate.
The disease rating was calculated as a mean for the
seedlings in each pot (mean of 5 seedlings per pot for
wheat and 3.5 for maize). Data were tested for normal
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distribution and equal variance before analysis using
the accumulated ANOVA option under the general lin-
ear regression menu in Genstat 5, 4th edition (Lawes
Agricultural Trust, Rothamsted Experimental Station,
Hertfordshire, UK). When ANOVA indicated a signif-
icant difference between treatments (P < 0.05) the
treatments were compared using the Students’ z-test
available from the same menu.

Chemotype analysis

The ability of the isolates to produce NIV and DON was
assessed in cultures grown for 4 weeks on autoclaved
rice. The culture material was extracted with 86: 15
(vol/vol) acetonitrile : water (5mlg™"), and 100 pul of
extract was evaporated to dryness under nitrogen at
70 °C. Trimethylsilyl (Tms) derivatives were made by
the addition of 100 pl Tms reagent (Tri-sil, Pierce Co.,
Rockford, IL, USA), heating at 70°C for 1 h before
the addition of 900 pl iso-octane and 1 pl was analysed
by gas chromatography/mass spectrometry in the neg-
ative Cl mode. DON, NIV, 3-AcDON, 15-Ac DON and
4-AcNIV were identified by their retention time and by
their mass spectra in comparison with authentic stan-
dards.

Results

SCAR analysis

Six different PCR products were identified by agarose
gel electrophoresis after amplification by primer pair

Fgl6F/R, with each isolate yielding a single product
(Table 1). All 28 isolates from the USA, 24 of the

Table 1. The distribution of the SCAR polymorphisms amongst
F. graminearum isolates from Europe, Nepal and the USA

Geographical SCAR polymorphism* Total
origin of 1 5 3 4 5 6

isolates

Europe 24 0 0 0 0 1 25
Nepal 3 23 30 6 3 0 65
USA 28 0 0 0 0 0 28

118

*The SCAR polymorphisms had the following apparent molecu-
lar weights after electrophoresis: type 1, 0.42 kb; type 2, 0.51 kb;
type 3, 0.54kb; type 4, 0.58kb; type 5, 0.52kb; and type 6,
0.40kb. The sequences of the different products are shown in
Figure 1.

25 isolates from Europe and three Nepalese isolates
produced type 1 (0.42 kb) SCAR products. The remain-
ing European isolate, D2, was the only isolate to yield a
type 6 (0.40 kb) product. Nepalese isolates yielded four
additional products, type 2 (0.51 kb), type 3 (0.54 kb),
type 4 (0.58 kb) and type 5 (0.52 kb). The size variation
in the PCR products is due to variation in the regions
between nucleotides 79 and 168 and nucleotides 440
and 526, with only seven nucleotide positions out of the
remaining 380 showing variation (Figure 1). The vari-
ation between nucleotide position 79 and 168 could be
accounted for by differing numbers of a 30 nucleotide
repeated motif between nucleotide positions 169 and
199. The shortest product, type 6, had only a sin-
gle copy of this motif, whereas the longest product,
type 4, had three additional copies of the repeat and
type 3, two additional copies. The type 2 and type 5
products had the same sequence length with one addi-
tional, but different, repeat of the 30 nucleotide motif.
The type 1 products from isolates G1 and G2 from
Europe and isolate USA1 from the USA were identi-
cal in sequence and differed by three nucleotides from
the type 1 product yielded by RL1 from Nepal. The
type 1 products had two copies of the repeated motif
but a deletion between nucleotides 440 and 526. D2,
the only European isolate not to yield a type 1 product,
shared this deletion between nucleotide positions 440
and 526 but contained only a single copy of the repeated
motif.

RAPD analysis

We analysed RAPD patterns generated by seven
primers with 42 strains (Table 2). We scored 105 bands,
18 of which were common to all isolates, and five of
which were unique to individual isolates. Only two
of the isolates, ML11 and ML12, both isolated from
maize in Nepal, had identical profiles. A dendrogram
constructed using the RAPD data (Figure 2) showed
that the isolates divided into three groups. Group A,
supported by a bootstrap value of 82%, contained 16
of the Nepalese isolates, and group B, supported by
a bootstrap value of 100%, contained the remaining
6 Nepalese isolates. Group C, supported by a boot-
strap value of 100%, contained all of the American
and European isolates. All of the isolates within RAPD
group B yielded a type 2 SCAR product, and all of the
isolates within RAPD group C yielded a type 1 SCAR
product with the exception of isolate D2 which yielded
atype 6 product. RAPD group A, in contrast, contained
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Figure 1. Nucleotide sequence alignment of the six Fgl6 PCR products from isolates of F. graminearum. Nucleotides 79-168 relate to
the region containing variable numbers of the 30 nucleotide sequence in the different sequences (1, 2 and 3) and which are similar to the
sequence 169-199 (marked 4). The sequence of Fgl6 product type 1 is shown with * indicating sequence identity and — an introduced
gap. Underlined nucleotides in regions 1, 2, 3 and 4 indicate variation from the Fg16 product type 1 sequence from area 4.
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Table 2. The origin, SCAR and chemotype of F. graminearum
isolates used in the RAPD and pathogenicity analysis

Isolate Origin SCAR*  Chemotype®
Country  Host

D1, D3, D4, Germany Wheat 1 DON
D5, D6

D2 Germany Wheat 6 DON

Gl1, G3, France Wheat 1 DON
G4, G5

G2 France Wheat 1 NIV

MK7, MKS, Nepal Maize 2 NIV
ML4, ML13

MKO9, ML15 Nepal Maize 3 DON

ML6 Nepal Maize 2 NC

ML11, ML12 Nepal Maize 3 NIV

RK2 Nepal Rice 3 NC

RKS Nepal Rice 4 DON

RK10 Nepal Rice 4 NIV

RL1, RL2 Nepal Rice 1 DON

RL12 Nepal Rice 3 NIV

UK1, UK2, UK Wheat 1 DON
UK3

USAL, USA2, USA Wheat 1 DON
USA3, USA4,
USAS, USA6

WK1, WL2 Nepal Wheat 3 DON

WKS5 Nepal Wheat 2 NIV

WLI1 Nepal Wheat 5 NIV

WL9, WL11, Nepal Wheat 3 NC
WLI12

WLI12 Nepal Wheat 3 —

*The Fgl6 product types had the following apparent molecular
weights after electrophoresis: type 1, 0.42kb; type 2, 0.51kb;
type 3, 0.54kb; type 4, 0.58kb; type 5, 0.52kb; and type 6,
0.40kb. The sequences of the different products are shown in
Figure 1.

"DON, only DON detected; NIV, NIV detected together with low
levels of DON (less than 5% of the level of NIV); NC, not clas-
sified (toxin production below detection limit); —, isolate not
tested.

isolates that yielded a range of SCAR products, includ-
ing type 1, 3, 4 and 5. Both of the isolates within
group A that yielded type 1 products were grouped
together with 100% bootstrap support; the long branch
length between them and the other isolates within group
A indicates that they may represent a further, fourth,
RAPD group.

Pathogenicity assays

No significant interactions (P > 0.1) were detected
between the block or test factors and isolate so the
mean disease score for each isolate on each host was

used in all subsequent analysis. The pathogenicity of
an isolate to wheat was positively correlated with its
pathogenicity to maize (r = 0.8). The mean patho-
genicity score of 3.6 for RAPD group C isolates on
wheat was higher than the scores for RAPD groups A
and B, 2.9 and 2.4, respectively. Similarly the mean
pathogenicity score of 6.9 for RAPD group C isolates
was higher than the mean pathogenicity score of 4.1
for RAPD groups A and B isolates on maize. Analy-
sis of variance (Table 3) demonstrated that the effect of
RAPD group was highly significant for pathogenicity
to both maize (P = 0.004) and wheat (P = 0.005).
RAPD group C was significantly more pathogenic to
both wheat and maize than RAPD groups A (P =
0.013 and P = 0.002) and B (P = 0.005 and P =
0.02) (Figure 3). There was no significant difference
between the pathogenicity of RAPD groups A and B
towards either wheat or maize (P = 0.294 and 0.972,
respectively).

Chemotype

Of the 40 isolates tested for toxin production,
26 produced DON alone and 10 produced NIV plus
trace levels of DON (less than 5% of the amount of
NIV produced) (Table 2 and Figure 2). Toxin levels of
between 10 and 100 pg g~ dry weight original culture
material were detected for these 36 isolates. Isolates
ML6, RK2, WL9 and WL11 produced no detectable,
or only trace levels compared to the detection limit of
50ngg! dry weight original material, of both toxins,
and could not be placed in a chemotype class. NIV
producers also produced 4-AcNIV at concentrations
that ranged from 20% to 200% of the level of NIV
that was detected. All DON producers also accumu-
lated AcDON (principally 3-AcDON but occasionally
traces of 15-AcDON were also detected) but the level
of AcDON detected was never greater than 5% of the
level of DON measured. A x2 test showed that iso-
lates within RAPD group A were equally likely to pro-
duce NIV or DON (P = 0.58). An analysis of vari-
ance of the pathogenicity data for the group A isolates
indicated that chemotype (NIV, DON, or not classi-
fied) was not significantly associated with pathogenic-
ity to wheat (P = 0.195) but was associated with
pathogenicity to maize (P = 0.005) (Table 4). Isolates
of RAPD group A that had a NIV chemotype were
significantly more aggressive towards maize seedlings
than isolates with a DON chemotype (P = 0.004) or
isolates which had not been classified (P = 0.003)
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Figure 2. Relationship between the F. graminearum isolates based on RAPD analysis. The number after the isolate name refers to the
Fg16 polymorphic PCR product yielded by the isolate. Production of the toxins nivalenol (NIV) and deoxynivalenol (DON) was assessed
after the growth of isolates in rice culture and analysis by GC/MS. Dendrograms were produced after data were converted to a distance
matrix using algorithm number 2 (Jaccard) of RAPDist version 1.04 (2). The distance matrices were used to construct the dendrograms
by the unweighted pair group method with arithmetic mean (UPGMA) using the Neighbour programme contained in PHYLIP, version
3.572 (12). Bootstrapped datasets (500 replicates) were produced using a programme supplied by John Armstrong (ANU Australia) and
analysed using the Neighbour and Consense programmes contained in PHYLIP. Bootstrap values greater than 50% are shown.

Table 3. Analysis of variance for the pathogenicity of RAPD groups within
FE. graminearum towards wheat and maize

Wheat Maize

df*  msb vrt  F.pr! df* ms’ vrt  F.prt
RAPD group 2 4.0887 598  0.005 2 41484 6.55 0.004
Residual 39 0.6836 39 6.331
Total 41 0.8497 41 8.046

“Degrees of freedom; *mean square; ¢ F ratio; ¢ P value from F distribution.
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(Figure 4). Isolates of RAPD group A with DON
chemotypes did not differ significantly in pathogenic-
ity towards maize seedlings from the unclassified iso-
lates. The isolates placed in group B, all of which had
yielded a type 2 Fg16 product, produced NIV (five iso-
lates) apart from ML6 which produced only very low
levels of both toxins. All of the isolates from the USA
and Europe, (RAPD group C and type 1 or type 6 SCAR
products) produced DON, apart from one isolate from
France, G2 which produced NIV.
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Figure 3. The mean pathogenicity scores of isolates of
E graminearum from the three RAPD groups, A, B and C to
(A) wheat and (B) maize. A score of O represents no symptoms and
9 anecrotic plant. Numbers above the columns indicate significant
differences at a 5% level.

Discussion

The species-specific SCAR polymorphic marker
allowed the identification of 118 isolates to be con-
firmed and their genetic variability at one locus to be
assessed. All 53 isolates from the USA and Europe,
except for D2 from Germany, had a similar sized
SCAR product. Isolates from Nepal appeared to be
more variable at this locus than the isolates from the
USA and Europe with five alleles being detected. On
the basis of this assessment and the geographical ori-
gin of the isolates, the RAPD profiles of 42 selected
F. graminearum isolates indicated that at least three
groups, termed A, B and C, each supported by boot-
strap analysis, could be identified. Group A could pos-
sibly be subdivided further into two subgroups, as the
branch length between the two isolates RL1 and RL2,
which grouped together with 100% bootstrap support,
and the rest of the group was twice that of any other
branch length within the group. In addition RL1, RL2
and RL3, which had previously been shown to have
similar RAPD profiles and had been isolated from the
same site (Carter et al., 2000), yielded the only type 1
SCAR products found outside group C. Further iso-
lates from Nepal yielding type 1 SCAR products will
be required to resolve this grouping. RAPD groups A
and B were congruent with those described for Nepal
previously (Carter et al., 2000) and were differentiated
from group C, which contained all of the isolates from
Europe and the USA. RAPD group C may be congruent
with the lineage 7 defined by O’Donnell et al. (2000)
who described a single population of F. graminearum
present across Northern Europe and the USA based
on the DNA sequence analysis of six genes from
three loci.

The present report and that of O’Donnell et al.
(2000) are consistent with the RAPD analy-
sis of F graminearum populations from Canada
(Dusabenyagasani et al., 1999). The relationship
between RAPD groups A and B and the proposed
biogeographical lineages of O’Donnell et al. (2000)

Table 4. Analysis of variance for the pathogenicity of chemotypes of F. graminearum
within RAPD group A towards wheat and maize

Maize

F.prt df* ms? vrt  F.pr!

Wheat

df* ms? VL
Chemotype 2 1.3950 1.86
Residual 13 0.7494
Total 15 0.8355

0.195 2 31.057 823 0.005
13 3.774
15 7.412

*Degrees of freedom; ®mean square; © F ratio; ¢ P value from F distribution.
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Figure 4. The mean pathogenicity scores of isolates of
F. graminearum with the three chemotypes NIV, DON and NC
from RAPD group A to (A) wheat and (B) maize. A score of 0
represents no symptoms and 9 a necrotic plant. Numbers above
the columns indicate significant differences at a 5% level.

remains unclear as although both studies placed iso-
lates from Nepal into two distinct groups, it is not
clear if these groups are congruent. Two Nepalese iso-
lates, MK6 (ARS 28723) and ML1 (ARS 28720) were
used both in O’Donnell et al. (2000) and Carter et al.
(2000) and were placed in RAPD group B, lineage 2
and RAPD group A, lineage 6 respectively, suggesting
congruity between these groups and lineages. However
a third isolate, ML 13 (ARS 28721), placed in group B
on the basis of its RAPD profile in this study, a classi-
fication consistent with both its SCAR product and its
IGS RFLP profile (Carter et al., 2000) was described
as a hybrid between lineages 2 and 6 (O’Donnell et al.,
2000). Further work is required to clarify the relation-
ship between groups determined by the RAPD assay
and the proposed biogeographical lineages (O’Donnell
et al., 2000). Interestingly lineage 2 (O’Donnell et al.,
2000) was the only lineage reported as containing
no DON producers, a similarity shared by RAPD
group B. A type 2 SCAR product, only previously
detected for group B isolates, has been obtained for
one non-Nepalese F. graminearum isolate from maize
in Honduras (Nicholson et al., 1998). Although RAPD
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data are not available for this isolate, the unique-
ness of this PCR product to RAPD group B indicates
that this RAPD group represents a population with a
wider geographical distribution than has been detected
in this study. It is, however, clear that a northwest
European/northern American grouping exists as only
one of several groups from around the world.

The three F. graminearum groups identified by
RAPD analysis did not share the same pathogenicity to
wheat and maize seedlings. Isolates from within popu-
lations have been shown to vary in pathogenicity to rye
(Miedaner et al., 2000; Schilling et al., 1997) but dif-
ferences between populations have not previously been
described. F. graminearum group C was significantly
more pathogenic to both wheat and maize than either
groups A or B, although the pathogenicity of individual
isolates within each group also varied.

There was also a relationship between the genetic
and chemotypic variation detected within the
F. graminearum isolates used in our study. All the tox-
igenic isolates in RAPD group B were NIV producers
and of the 21 isolates in RAPD group C, 20 were
DON producers, with the remaining isolate, G2, a NIV
producer. Previous studies of F. graminearum chemo-
types have shown that in the USA, Europe and South
America the DON chemotype is more frequently
detected than the NIV chemotype (Lori et al., 1992;
Miedaner et al., 2000). The opposite is true in Japan,
with the NIV chemotype being more prevalent (Ichinoe
et al., 1983).

Within F. graminearum, it has been suggested that
NIV and DON-producing chemotypes show no host
specialisation towards maize, wheat, triticale or rye
(Logrieco et al., 1990) and that the level of toxin pro-
duction may be as, or more important than, the type
of toxin produced (Atanassov et al., 1994). In the cur-
rent study, when DON, NIV and non-classified iso-
lates from group A were compared, isolates with a NIV
chemotype were found to be more pathogenic to maize,
but there was no relationship between chemotype and
pathogenicity to wheat. No quantitative measurements
of toxin production were made and it is unclear if
chemotype, the level of toxin production, or a genet-
ically linked trait are responsible for the higher level
of pathogenicity of these isolates towards maize. Iso-
lates within group A had originally been isolated from
maize, rice and wheat and isolates were equally likely
to have been obtained from any of these three hosts
(Carter et al., 2000). The host of origin was not sig-
nificantly related to the pathogenicity of isolates in the
seedling assays.
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F. graminearum isolates may be divided into groups
on the basis of their RAPD profiles. Isolates from the
USA and North-West Europe formed a single group,
group C, while isolates from Nepal were more var-
ied and formed two distinct groups, A and B. There
were biologically significant differences between the
groups, with group C isolates being more aggres-
sive towards both wheat and maize than groups A
and B. It may be hypothesised that group C represents
a recently evolved, more highly pathogenic lineage,
whose spread may account for the increased incidence
of F. graminearum. This difference in pathogenicity
between F. graminearum groups confirms the need for
the vigilant monitoring of potentially infected mater-
ial and selection of suitable plant breeding strategies.
In addition to variation in pathogenicity, group C and
group B were largely composed of isolates of a single
chemotype, DON and NIV, respectively. Further work
is required to study the relationship between toxigenic-
ity and host preference. Similarly, the role of sexual
recombination within and between these populations
requires further study for a fuller understanding of this
economically important pathogen.
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