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Fusarium head blight (FHB) in small grain cereals is primarily caused by the members of the Fusarium graminearum spe-

cies complex. These produce mycotoxins in infected grains, primarily deoxynivalenol (DON); acetylated derivatives of

DON, 3-acetyl-DON (3-ADON) and 15-acetyl-DON (15-ADON); and nivalenol (NIV). This study reports the isolation

of Fusarium cerealis in infected winter wheat heads for the first time in Canada. A phylogenetic analysis based on the

TRI101 gene and F. graminearum species-specific primers revealed two species of Fusarium: F. graminearum sensu stricto

(127 isolates) and F. cerealis (five isolates). Chemotype determination based on the TRI3 gene revealed that 65% of the

isolates were 3-ADON, 31% were 15-ADON and 4% were NIV producers. All the F. cerealis isolates were of NIV chem-

otype. Fusarium cerealis isolates can often be misidentified as F. graminearum as the morphological characteristics are sim-

ilar. Although the cultural and macroconidial characteristics of F. graminearum and F. cerealis isolates were similar, the

aggressiveness of these isolates on susceptible wheat cultivar Roblin and moderately resistant cultivar Carberry differed

significantly. The F. graminearum 3-ADON isolates were most aggressive, followed by F. graminearum 15-ADON and

F. cerealis NIV isolates. The findings from this study confirm the continuous shift of chemotypes from 15-ADON to 3-

ADON in North America. In Canada, the presence of NIV is limited to barley samples and the discovery of NIV-produc-

ing F. cerealis species in Canadian wheat fields may pose a serious concern to the Canadian wheat industry in the future.
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Introduction

Fusarium head blight (FHB), also called scab, is an eco-
nomically important fungal disease in many crops includ-
ing wheat, barley and oats (Parry et al., 1995). Although
many species of Fusarium contribute to this disease,
Fusarium graminearum (teleomorph Gibberella zeae) is
considered to be the major pathogen of FHB in many
countries (Parry et al., 1995; McMullen et al., 1997).
Fusarium culmorum, Fusarium avenaceum, Microdochi-
um nivale, Fusarium verticilloides, Fusarium oxysporum
and Fusarium poae are the other related species that play
a minor role in FHB development (Parry et al., 1995;
Liddell, 2003). These fungi, in association with FHB in
cereals, produce mycotoxins that lead to contamination
of grains posing a concern to the cereal industry. For
example, Fusarium infection alters the physical proper-
ties of wheat kernels and therefore causes a detrimental
effect on the processing quality of wheat.
Fusarium cerealis (syn. Fusarium crookwellense) is an

important pathogen that causes root rot and seedling
blight of cereals. Fusarium cerealis has been reported in

North America, South Africa, Australia, New Zealand,
China, Japan and European countries (De Nijs et al.,
1996; Tan et al., 2004 �Srob�arov�a et al., 2008). In
Europe, F. cerealis was often found within the FHB
pathogen complex causing red rot in corn (Logrieco
et al., 2003). Fusarium cerealis is reported to be the
second most widespread pathogen on corn heads and
leaves in New Zealand (Lauren & Minna, 1999). Sugi-
ura et al. (1994) reported the presence of F. cerealis in
the complex of wheat blight pathogens in Japan.
Recently, Schmale et al. (2011) have reported on one iso-
late of F. cerealis found in wheat fields in eastern USA.
The type B trichothecene mycotoxins deoxynivalenol

(DON) and nivalenol (NIV) are the main mycotoxins
found in Fusarium-infected wheat kernels. Fusarium
graminearum, F. culmorum and F. cerealis isolates
produce type B trichothecenes. Although F. graminearum
isolates produce DON and its acetylated derivatives
3-acetyl-DON (3-ADON) and 15-acetyl-DON (15-
ADON), and NIV, no single F. graminearum isolate is
known to produce both DON and NIV (Goswami &
Kistler, 2005). Unlike F. graminearum, F. cerealis iso-
lates produce NIV and not DON (Ichinoe et al., 1983).
It has been reported that F. cerealis may also produce
fusaric acid, zearalenone, fusarin C and diacetoxyscirpe-
nol (Bacon et al., 1996; Bottalico & Perrone, 2002).
In Canada, DON is the primary mycotoxin in Fusari-

um-infected grain (McMullen et al., 1997), but in Asia
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and Europe both DON and NIV are common
contaminants of grain (Ichinoe et al., 1983). The
acetylated derivatives of DON, 3-ADON and 15-ADON,
increase the total DON contamination in wheat.
Although NIV is less pathogenic to plants, it has been
reported that NIV is more toxic to animals than DON
(Ueno, 1977; Visconti et al., 1991). Both DON and NIV
pose a significant threat to the human and animal sys-
tems by inhibiting the protein synthesis process.
Molecular techniques have allowed the differentiation

of F. graminearum from other species (Demeke et al.,
2005) and provided genetic information on the species
populations (Cumagun et al., 2004; Fernando et al.,
2006). PCR assays have also been developed to character-
ize the different chemotypes (3-ADON, 15-ADON, NIV)
of Fusarium spp. (Guo et al., 2008; Ward et al., 2008).
These molecular techniques help to identify the type of
mycotoxins produced by different Fusarium spp. and their
genetic diversity. Lee et al. (2002) reported the importance
of the TRI13 gene in the TRI5 cluster. The TRI13 gene is
responsible for regulating the DON–NIV switch in Fusari-
um isolates. High-throughput multilocus genotyping has
been extensively used in Fusarium species identification.
One of the major genes used in species identification is
TRI101 (O’Donnell et al., 2004; Starkey et al., 2007).
This gene encodes a trichothecene 3-O-acetyltransferase
that transfers an acetyl group from acetyl-CoA to the C-3
hydroxyl moiety of the trichothecene molecule (Garvey
et al., 2008). Disruption of TRI101 in Fusarium sporotri-
chioides blocks the production of T-2 toxin, a trichothe-
cene-derived metabolite, and leads to the accumulation of
an intermediate, isotrichodermol, suggesting that the
TRI101 gene product is necessary for the production of
trichothecenes (McCormick et al., 1999).
To the best of the authors’ knowledge, NIV-producing

F. graminearum isolates have not yet been reported in
Fusarium-infected wheat fields in Canada. Gale et al.
(2011) reported that populations of F. graminearum col-
lected from infected wheat heads in Louisiana were
mainly composed of NIV-producing isolates. However,
in Canada testing for NIV is not routinely conducted at
mills or elevators. Therefore, the discovery of Fusarium
spp. that are capable of producing NIV may cause
increasing concern to the wheat industry in Canada. This
study reports the presence of NIV-producing F. cerealis
in infected winter wheat plots in Manitoba, Canada, for
the first time. The objectives of this study were: (i) to
identify Fusarium spp. in winter wheat plots in Carman,
Manitoba, Canada; (ii) to determine the chemotype
diversity of Fusarium spp.; and (iii) to characterize the
ability of these Fusarium spp. to induce FHB on wheat
in greenhouse pathogenicity experiments.

Materials and methods

Sample collection and isolation

Wheat heads with symptoms were collected from seven natu-

rally infected winter wheat varieties, Buteo, Accipiter, Falcon,

McClintock, Moats, 39M*11 and Readymade, grown at the Ian

Morrison Research Farm, Carman, Manitoba, Canada in 2013.
Wheat heads with top, middle and bottom infection as well as

full head and peduncle infection were collected separately,

placed in paper bags and transported in cooler boxes to Winni-

peg, Manitoba. Samples were stored at �20°C until processing.
Isolations were done from each head. Infected seeds were sur-

face disinfected in 1% sodium hypochlorite for 1 min and air

dried on sterile filter paper. Seeds were plated individually on
potato dextrose agar (PDA; Difco Laboratories) and incubated

at 25°C for 4–7 days under fluorescent light. As Fusarium spp.

grew out of the seeds, colonies were chosen and subcultured to

obtain pure cultures. All isolates were then plated onto Fusari-
um-specific nutrient-poor Spezieller N€ahrstoffarmer agar (SNA)

plates in order for sporulation to occur. Sporodochia in the

SNA medium were washed using 50 lL sterile distilled water,

and the macroconidia suspension was spread over water agar
(WA) plates. These plates were incubated under the same condi-

tions for 4–6 h and a single germinating macroconidium was

transferred onto PDA plates and incubated for 5–7 days. These

single spore isolates were preserved until further use.

DNA extraction

Single spore isolates were placed on PDA and incubated as

described above. Once plates were covered with fungal growth,

mycelia were harvested, lyophilized and stored at �20°C until fur-
ther use. DNA extraction was carried out according to Fernando

et al. (2006). Briefly, the lyophilized mycelium was broken into

smaller pieces using a sterile toothpick followed by grinding in

600 lL TES buffer (100 mM Tris, 10 mM EDTA, 2% sodium
dodecyl sulphate) in a 1�5 mL microcentrifuge tube using a pellet

pestle. After this, 140 lL 5 M NaCl and 70 lL 10% cetyltrimethyl-

ammonium bromide (CTAB) were added to the tube and vortexed.
The mixture was incubated at 65°C for 20 min. Following incuba-

tion, 600 lL phenol:chloroform:isoamyl alcohol (25:24:1 v/v) was

added and then centrifuged at 9000 g for 15 min. The supernatant

was transferred into a new tube and the latter step was repeated.
DNA was precipitated by adding 80 lL 5 M NaCl and 1 mL

100% ethanol, followed by centrifugation at 12 000 g for 5 min.

The DNA pellet was washed with 200 lL ice-cold 80% ethanol.

After air-drying, the pellet was suspended in 400 lL warm sterile
water (65°C). Following full resuspension, DNA was treated with

RNase (0�75% v/v) and stored at �20°C until further use.

Identification of isolates to species

Isolates were first amplified using F. graminearum species-specific
PCR primers described by Demeke et al. (2005). Two primers

were used in the PCR, Fg16F (50-CTCCGGATATGTTGCGT

CAA-30) and Fg16R (50-GGTAGGTATCCGACATGGCAA-30),
which amplify a fragment of 450 bp. PCR was performed in a
25 lL reaction volume containing 20 ng template DNA, 1�5 mM

MgCl2, 50 mM KCl, 10 mM Tris.HCl (pH 8�0), 0�2 mM of each

dNTP, 0�4 lM of each primer, and 0�75 U Taq DNA polymerase.
The PCR amplification protocol consisted of an initial denatur-

ation at 95°C for 3 min; followed by 35 cycles of 30 s at 95°C,
1 min at 56�7°C, 1 min at 72°C; and a final extension of 72°C
for 5 min. PCR products were run on a 1% agarose gel.

To identify isolates that did not amplify with F. graminearum
species-specific primers, a portion of the TRI101 gene was ampli-

fied and bidirectionally sequenced. The primers used for amplifi-

cation were TRI101F (50-CCATGGGTCGCRGGCCARGTS
AA-30) and TRI101R (50-AACTCSCCRTCIGGYTTYTTNGG
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CAT-30) (Proctor et al., 2009). PCR was performed in a 25 lL
reaction volume as described above. The PCR amplification pro-
tocol consisted of an initial denaturation at 95°C for 2 min; fol-

lowed by 30 cycles of 40 s at 95°C, 30 s at 54°C, 90 s at 72°C;
and a final extension of 72°C for 7 min. For sequence analysis,

PCR-amplified DNA fragments were purified with Exosap-IT
PCR product clean-up kit (Affymetrix), according to manufac-

turer’s instructions. Sequencing reactions were carried out using

the BigDye Terminator Cycle Sequencing kit (Applied Biosys-
tems), with reaction products analysed on an Applied Biosys-

tems 3730xl DNA Analyzer at Eurofins MWG Operon.

Sequences were assembled, trimmed and edited using GENEIOUS v.

5.4.5 (Drummond et al., 2011). The sequences of the PCR prod-
ucts were aligned manually using BIOEDIT v. 7.1.3 sequence

alignment editor (Hall, 1999). The final data set had an aligned

length of 1208 bp. For estimating the appropriate model of

sequence evolution, a hierarchical likelihood ratio test (hLRT)
was carried out using MODELTEST v. 3.8 (Posada & Crandall,

1998). The hLRT criterion indicates that the HYM + G (Tam-

ura & Nei, 1993) represent the optimal model for the data set.

Posterior probability (PP) distributions of trees were created
using the Markov chain Monte Carlo (MCMC) method and fol-

lowing search strategies suggested by Huelsenbeck et al. (2002).
Four chains were run simultaneously (10 000 000 generations),
starting from random trees. Chains were collected every 1000

generations and the respective trees were written to a tree file.

All runs reached a plateau in log likelihood score, which was

indicated by the standard deviation of split frequencies (0�02),
and the potential scale reduction factor was close to 1, indicat-

ing that the four MCMC chains converged. The initial 2500

trees were discarded as burn-in before stationary was reached.

The 50% majority rule consensus tree was developed from the
remaining 7500 trees. Calculation of the consensus tree and of

the posterior probability of clades was done based upon the

trees sampled after the burn-in, and trees were compiled and
drawn using FIGTREE v. 1.3.1 (http://tree.bio.ed.ac.uk/software/

figtree). Sequences of reference isolates from the ARS (NRRL)

Culture Collection were downloaded from GenBank and used in

the alignment for species identification. Fusarium pseudogrami-
nearum was used as the out-group.

Determination of chemotypes using PCR assay

Chemotype identity of each isolate was determined using multi-

plex PCR primers 3CON, 3NA, 3D3A and 3D15A (Ward et al.,
2002). The multiplex PCR primers generate a 840 bp fragment

from NIV-producing strains, a 610 bp fragment from 15-ADON

producers and a 243 bp fragment from 3-ADON producers. PCR

was performed in a 15 lL volume containing 20 ng template
DNA, 2 mM MgCl2, 50 mM KCl, 10 mM Tris.HCl (pH 8�0),
0�2 mM each dNTP, 0�4 lM each primer, and 0�75 U Taq DNA

polymerase. PCR cycling conditions consisted of an initial denatur-

ation at 94°C for 4 min; followed by 35 cycles of 1 min at 94°C,
40 s at 58°C, 40 s at 72°C; and a final extension of 72°C for

6 min. PCR amplicons were separated on a 2% agarose gel.

Analysis of colony morphology and macroconidia of
F. graminearum and F. cerealis

To determine the cultural characteristics of F. cerealis and

F. graminearum, isolates were grown on PDA for 1 week in the
dark at 22–23°C. The macroconidia were produced in SNA

nutrient-deficient medium and observed under a microscope

(Leica Microsystems Inc.) using LEICA APPLICATION SUITE v. 2.8.1.

Aggressiveness experiments and statistical analysis

Fusarium cerealis and F. graminearum isolates were individually

inoculated on the susceptible wheat cultivar Roblin and moder-

ately resistant wheat cultivar Carberry. Three isolates each of
F. graminearum 15-ADON, F. graminearum 3-ADON and

F. cerealis NIV strains were used in this study. Wheat plants

were grown in plastic pots containing Sunshine Mix. Plants were

fertilized every 2 weeks with NPK (20:20:20). The plants were
arranged in a completely randomized design with 10 replicates.

Fusarium inoculations were done by point inoculations. Three

to four spikes were inoculated per plant, once individual spikes
were close to 50% anthesis. Two florets in a spikelet were inoc-

ulated by injecting 10 lL of a macroconidial suspension

adjusted to 5 9 104 spores mL�1 between the lemma and palea

of a floret. Following inoculation, a glassine bag was placed
over the spike to increase humidity. The bags were removed

48 h after inoculation. Disease severity was rated 7, 10, 14 and

21 days after inoculation. Disease severity was rated using the

FHB disease scale (Stack & McMullen, 1995). Disease severity
measured the average percentage of spikes that were infected,

on a scale of 0 (indicating no infection) to 100% (indicating

completely infected spikes).

Analysis of nivalenol in F. cerealis infected wheat
samples

In order to confirm the production of NIV by F. cerealis iso-
lates, the infected wheat kernels were subjected to GC-MS

analysis. Wheat kernels from 10 replicated heads of each isolate

were pooled, ground and analysed by GC-MS according to the

protocol described by Tittlemier et al. (2013). Eight Fusarium
trichothecenes: DON, 3-ADON, 15-ADON, NIV, T-2 toxin,

and its conversion product HT-2 toxin, diacetoxyscirpenol

(DAS) and fusareon-X (FUS-X), were included in the GC-MS
analysis, each with a quantitation limit of 0�05 mg kg�1.
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Figure 1 Representative PCR amplicons for Fg16F/R Fusarium

graminearum species-specific primers. PCR products of 450 bp are

produced by F. graminearum isolates. Representative isolates of

Fusarium cerealis NIV (lanes 2–6), did not give any amplification for

Fg16F/R primers. Fusarium graminearum 3-ADON (lanes 7–9) and

F. graminearum 15-ADON (lanes 10–11) gave the amplified product of

450 bp.
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Figure 2 Phylogenetic tree based on a total of 1208 bp of TRI101 gene sequences derived from Bayesian analysis. Representative isolates of

Fusarium graminearum (22) and Fusarium cerealis (5) are shown in the figure by _CMN strain code name. Other representative isolates from

different Fusarium spp. were downloaded from GenBank. NRRL strain designations and strain codes follow the underscore after the species name.

Numbers at the nodes represent the posterior probability values derived from the Bayesian analysis.
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Results

Fusarium species identification was done by PCR using
F. graminearum species-specific primers Fg16F/R and
also by sequencing a portion of the TRI101 gene. Based
on the Fg16F/R species-specific PCR assay, a 450 bp
fragment characteristic of F. graminearum was obtained
in 127 isolates. Thus, these 127 isolates were identified
as F. graminearum (Fig. 1). However, five isolates did
not show the expected 450 bp fragment. Therefore, these
five isolates, along with 22 isolates randomly selected
from the 127 PCR-positive isolates for Fg16F/R species-
specific primers, were sequenced based on the TRI101
gene. Partial sequences of the TRI101 gene were used to
identify the five unknown isolates to species level.
A phylogenetic tree based on 1208 bp of the TRI101

gene sequence revealed three distinct clades (Fig. 2).
These three clades represent F. culmorum, F. cerealis and
F. graminearum. The five non-Fusarium graminearum
isolates (herein called unknown) in the collection
(CMN7021, CMN7022, CMN7023, CMN7025,
CMN7026) clustered with the known F. cerealis isolates
downloaded from GenBank (F. cerealis isolate 45,
F. cerealis NRRL 11451 and F. cerealis isolate F09624).
The unknown isolates formed a distinct monophyletic
clade with the known F. cerealis isolates with 100% pos-
terior probability. This analysis confirms that the
unknown Fusarium isolates belong to the F. cerealis
clade. These F. cerealis isolates were recovered from the
winter wheat cv. Acciptor. The other 22 F. graminearum
isolates that are already identified from the Fg16F/R
PCR assay formed a monophyletic clade with other
F. graminearum isolates downloaded from GenBank
(GZ21, T1S1, Z3639; Fig. 2). These isolates did not
cluster with other species in the F. graminearum species
complex. This shows that they represent F. graminearum
sensu stricto or lineage 7, which is commonly distributed
in Canada and North America.
The trichothecene chemotypes of all 127 F. graminea-

rum and five F. cerealis isolates were evaluated by using
a multiplex PCR assay based on the TRI3 gene (Fig. 3).
According to the multiplex PCR assay, 65% of the iso-
lates were 3-ADON and only 31% were 15-ADON. Five
isolates showed the amplified band for NIV, which repre-
sented 4% of the total isolates. All the NIV-producing
isolates were found to be F. cerealis.
The morphological and cultural characteristics of

F. graminearum and F. cerealis were also compared. Col-
onies of both F. graminearum and F. cerealis grew rap-
idly, with flocculent aerial mycelia. Although
F. graminearum mycelia were fuzzy with white-pink or
pink colouration, mycelia of F. cerealis were fuzzy with
a red-pink colour. The reverse colour of F. graminearum
was more pinkish than the F. cerealis isolates. Macro-
conidia of F. cerealis were sickle-shaped, thick-walled
with dorsoventral side significantly curved compared to
the ventral side. Although most F. cerealis macroconidia
had five septa, a few had four septa (Fig. 4b). Similar to
F. cerealis macroconidia, F. graminearum macroconidia

were also sickle-shaped but the curve of F. graminearum
macroconidia on the dorsoventral side was less than on
the ventral side. In addition, most F. graminearum mac-
roconidia had five septa and some had three or four
septa (Fig. 4a).
Finally, pathogenicity tests of F. cerealis and

F. graminearum were conducted on susceptible (S) and
moderately resistant (MR) wheat cultivars and it was
found that the aggressiveness of F. cerealis was lower
than that of F. graminearum on both S and MR wheat
cultivars. Fusarium graminearum isolates showed disease
symptoms 5 days post-inoculation (dpi) whereas F. cere-
alis took 7 days to show symptoms in S cv. Roblin and
10–12 days in MR cv. Carberry. Highest disease severity
on both cvs Roblin and Carberry was shown by 3-
ADON isolates followed by 15-ADON and NIV isolates.
Significant differences for disease severity were also
observed among the Fusarium isolates at both 14 dpi
(Fig. 5) and 21 dpi (Fig. 6). Data from GC-MS also con-
firmed the production of NIV by F. cerealis isolates. The
examined F. cerealis isolates produced NIV in infected
grains of S and MR wheat cultivars at levels of 1�39–
6�15 and 0�66–0�99 mg kg�1, respectively. The other
examined trichothecenes (DON, 3-ADON, 15-ADON,
NIV, T-2 toxin, HT-2 toxin, DAS and FUS-X) were not
detected in the analysed grain samples.

Discussion

To the best of the authors’ knowledge, this study pro-
vides the first evidence on the presence of NIV-producing
F. cerealis isolates in winter wheat fields in Carman,
Manitoba, Canada. Miller et al. (1991) have reported
the presence of two F. crookwellense isolates in Ontario,
Canada. Since then, there have been no other reports on
F. cerealis isolates from Canada. Recently, a single NIV-
producing F. cerealis isolate was identified in New York
(Schmale et al., 2011). Zhang et al. (2011) and Castan-
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Figure 3 Representative PCR amplicons for multiplex PCR assay. PCR

products of 243, 610 and 840 bp are produced for 3-ADON, 15-ADON

and NIV isolates, respectively. Representative isolates of Fusarium

graminearum 3-ADON (lanes 2–4), F. graminearum 15-ADON (lanes 5–

7) and Fusarium cerealis NIV (lanes 8–10) are shown. Positive controls

of 3-ADON, 15-ADON and NIV isolates are shown in lanes 11–13,

respectively.
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ares et al. (2013) also reported the presence of F. cerealis
in barley seeds. Such recent reports on the occurrence of
F. cerealis raises concern on the emergence of F. cerealis
as one of the major pathogens causing FHB. Fusarium
cerealis and F. graminearum are morphologically very
similar and difficult to distinguish from each other in
commonly used media, with their macroconidia having a
similar shape (Yli-Mattila & Gagkaeva, 2010). Several
studies reported that F. cerealis macroconidia are stout,
thick-walled, with curved apical and basal cells and usu-
ally 5-septate. Similarly, F. graminearum macroconidia
were sickle-shaped, elliptically curved and have five septa
(Sugiura et al., 1994; Yli-Mattila & Gagkaeva, 2010).
Therefore, molecular techniques have been more effective
in identifying these two species.
This study used TRI101 sequences of F. graminearum

species complex, F. culmorum, F. cerealis and F. pseudo-
graminearum (as the out-group) from GenBank for phylo-
genetic analysis. Fusarium graminearum species complex
included F. aetheiopicum, F. acacia-mearnsii, F. vorosii,
F. cortadariae, F. meridionale, F. boothii, Nepal lineage,
F. gerlachii, F. ussurianum, F. asiaticum, F. graminearum
sensu stricto and novel F. graminearum isolates from the

Louisiana Gulf Coast population. Fusarium graminearum
isolates collected from winter wheat plots in Carman,
Manitoba, Canada, formed a distinct cluster with other
F. graminearum s.s. isolates obtained from GenBank. The
F. cerealis isolates identified in this study formed a distinct
cluster with known F. cerealis isolates from GenBank.
These analyses of TRI101 gene sequences confirmed the
presence of F. cerealis in infected wheat heads collected
from winter wheat plots in Carman, Manitoba, Canada.
All the F. cerealis isolates in this study were of NIV

chemotype. This finding was similar to the reports from
Germany, Poland, Japan and Russia (Sugiura et al.,
1994; Chandler et al., 2003). Other reports indicate that
F. cerealis is also capable of producing the mycotoxin
zearalenone in infected barley seeds (Di Menna et al.,
1991; Miller et al., 1991). Until 2012, the presence of
NIV chemotypes in Canadian grain samples was limited
to barley samples (Tittlemier et al., 2013); no NIV
chemotypes have been found in infected wheat samples.
Therefore, the finding of NIV-producing F. cerealis iso-
lates in wheat fields in Carman, Manitoba, Canada,
comes as a serious concern for the wheat industry in
Canada. A chemotypic shift from 15-ADON isolates to

(a) (b)

Figure 4 Macroconidia of Fusarium graminearum (a) and Fusarium cerealis (b) on Spezieller N€ahrstoffarmer agar medium.
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3-ADON isolates was also observed in this study, as
reported by Ward et al. (2008) and Guo et al. (2008) in
western Canada. Specifically, of the 132 Fusarium
isolates studied, 65% were 3-ADON and 31% were
15-ADON isolates.
The pathogenicity tests revealed that F. cerealis isolates

were able to cause FHB in wheat but were less aggressive
than F. graminearum isolates. In F. cerealis isolates, first
symptoms on the MR cultivar appeared 10–12 days after
single floret inoculation whereas in F. graminearum iso-
lates the symptoms appeared on day 5. Similar lower viru-
lence of F. cerealis isolates in wheat has been reported in
other studies (Sugiura et al., 1994; Desjardins et al.,
2004). Miller (1994) reported that the pathogenicity of
FHB complex species varied from F. graminearum
(highest aggressiveness) > F. culmorum > F. avenaceum >
F. cerealis (lowest aggressiveness). The regional and
annual distribution of FHB complex species is affected by
temperature, where F. culmorum is more prevalent in
cooler climates, followed by F. cerealis and F. graminea-
rum in warmer climates (Miller, 1994).
Although NIV is not very toxic to plants or wheat, it

is more toxic to animals than DON. DON and NIV dif-
fer only at the C4 position in the chemical structure:
NIV has a hydroxyl group at C4 position whereas DON
has a hydrogen. The presence of a hydroxyl group in ni-
valenol increases the toxicity in animals tenfold com-
pared to the hydrogen in DON (Visconti et al., 1991).
NIV contamination is rare in Canada and North Amer-
ica compared to that in Europe and Asia (Desjardins
et al., 2004; Schmale et al., 2011). Therefore, discovery
of NIV-producing Fusarium species in Canada indicates
the need for extensive sampling of wheat fields across
the country. NIV production is a more ancestral trait
and DON-producing isolates have a selective advantage
over NIV-producing isolates. But recent reports from the
USA on NIV-producing F. graminearum and F. cerealis
isolates and other Fusarium isolates with novel traits
show the risk of changing profiles of mycotoxins and
species in the FHB complex (Starkey et al., 2007; Gale
et al., 2011). This study shows the importance of testing
for NIV in naturally infected grain samples and the need
for extensive research for other Fusarium species in the
FHB complex that could be a potential threat to the
wheat industry in Canada.
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