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Abstract

Recent research on the epidemiology of Fusarium ear (or head) blight (FEB or FHB) of small-grain cereals is
reviewed, focusing on inoculum, infection and disease forecasting. Both conidia and ascospores have been shown
to be important for causing FEB. For Fusarium graminearum, propagules from crop debris are the main source
of initial inoculum. Inoculum production is critically dependent on rainfall although the precise relationship is not
clear. Recent work on understanding the effects of climatic variables on FEB development has been based on field
observations. These field-based studies confirmed that warm and moist conditions during anthesis are the key factors
for FEB development. Several empirical models were derived from the field data and proposed for use in disease
forecasting. However, these models may not be applicable to a broader range of areas because of the limited nature
of the field data. Several areas are proposed for future research, focusing on the development of more generally
applicable forecasting models and on understanding the relationships between disease severity, fungal biomass and
the production of associated mycotoxins.

Introduction

Fusarium ear (or head) blight (FEB or FHB) of small
grains has recently become an important issue for two
reasons. First, the incidence and severity of FEB has
increased worldwide and these have resulted in signif-
icant yield losses. The International Maize and Wheat
Improvement Centre (CIMMYT) has identified FHB as
a major factor limiting wheat production in many parts
of the world. In addition to causing yield losses, FEB
is of greater significance under certain circumstances
because of mycotoxin accumulation which can occur
in Fusarium-infected grain. Grain contaminated with
Fusarium mycotoxins is unsuitable for both human and
animal consumption because of adverse health effects
of such toxins.

The main causal agents of FEB are Fusarium
culmorum, F. graminearum, Microdochium nivale var
nivale and var majus (formerly F. nivale), F. avenaceum
and F. poae. The distribution and predominance of
these pathogens is, to a large extent, determined

by climatic parameters, particularly temperature and
moisture. Hence, in hotter regions, F. graminearum pre-
dominates, whereas in cooler maritime areas M. nivale
is favoured. In addition to small-grain crops, Fusarium
has a wide host range among other grass hosts. Com-
binations of these pathogens can often occur on wheat
ears. The impact of the environment on such disease
complexes is poorly understood. The sporadic nature
of FEB is largely attributed to the observation that
wheat plants are most susceptible to the disease dur-
ing anthesis, which is a relatively short phase of the
growth. For successful infection during anthesis, inocu-
lum must be available and optimum weather conditions
must prevail. There is a general consensus, which has
been arrived at largely through anecdotal evidence,
that FEB is most severe in cereals where warm and
wet conditions occur. However, there are still insuffi-
cient quantitative data on the impact of environmental
parameters on FEB development caused by individual
species, and combinations of species, to draw any firm
conclusions.
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Because of its economic importance, there is an
immense literature on FEB worldwide. Central to
the understanding of FEB development is the nature
of the initial inoculum of Fusarium from the soil,
which survives either as saprophytic mycelium or as
thick-walled resting chlamydospores, depending on
the species. This initial inoculum may result in the
infection of seedlings, resulting in the development
of seedling blight and foot rot. Later, during anthesis
and the early seed development period, airborne coni-
dia or ascospores may infect the ears of cereal plants
and consequently this results in development of FEB.
Research on FEB has been reviewed by Parry et al.
(1995) and Dubin et al. (1997). The FEB situation in
North America has also been reviewed (Bai and Shaner,
1994; McMullen et al., 1997). Consequently, this paper
concentrates on reviewing research on FHB conducted
over the last 7–8 years, focusing on three aspects of the
epidemiology of the disease: inoculum, infection and
forecasting.

Inoculum

Most species of Fusarium are spread by the dis-
persal of conidia that are blown or splashed to
new infection courts. Among the species causing
FEB, F. graminearum has an additional epidemiolog-
ical advantage because it regularly forms abundant
perithecia (Gibberella zeae), resulting in production
of ascospores. Ascospores are forcibly discharged into
the air, which greatly increases the dispersal distance
from the colonised residue where perithecia form.
Ascospores and conidia cause significant infections
(Fernado et al., 1997; Scholz and Steffenson, 2001).
A genetically modified strain of G. zeae was obtained
by deleting the entire mating type locus (MAT) that
controls sexual reproduction from a wild type (Brown
et al., 2001). This MAT-deleted strain appears simi-
lar to the wild type in morphology and in its ability
to produce macroconidia. Field inoculations showed
that the MAT-deleted strain resulted in less disease and
less trichothecenes than the wild strain, indicating that
ascospores play an important role in the development of
FEB epidemics and the production of FEB associated
mycotoxins.

Production of conidia is critically influenced by
temperature as well as moisture. Rossi et al. (pers.
comm.) studied the effect of constant temperature
regimes on sporulation of F. avenaceum, F. culmorum,

F. graminearium and M. nivale on potato dextrose agar
media. Different isolates within each species showed
similar relationships of sporulation with temperature.
F. avenaceum produced the greatest amount of spores,
followed by M. nivale and then by F. graminearium
and F. culmorum. The optimum temperature for pro-
duction of macroconidia was 32 ◦C for F. culmorum
and F. graminearium, 28 ◦C for F. avenaceum and 26 ˚C
for M. nivale. Mathematical models were developed to
describe these relationships for each species and val-
idated against data obtained on artificially inoculated
wheat stems.

Conidia are generally splash dispersed and thus
the dispersal distance is generally limited. Laboratory
research showed that the maximum dispersal height
and distance of F. culmorum and F. poae are 60 cm and
70 cm, respectively (Horberg, 2002). Furthermore, the
splash dispersal patterns are indistinguishable for the
two species. Thus only a very small proportion of coni-
dia on the crop debris at soil level can reach the ears
by rain splash. It has been speculated that symptomless
infections on green leaves, such as the flag leaf, may
provide an important bridge between conidia on crop
debris and ears. Isolation of apparently healthy and dis-
eased leaves (with necrotic leaf spots) indicated that
Fusarium species associated with FEB survive para-
sitically and saprophytically on leaves throughout the
season (Ali and Francl, 2001).

One of the main sources of inoculum is colonised
crop debris. This provides a site for abundant sporu-
lation during the next growing season. The mixture of
maize, wheat and barley production, especially when
combined with widespread use of reduced tillage,
has increased residue retention and set the stage for
major epidemics of FHB to occur in small-grain cere-
als whenever weather is favourable for disease during
flowering and heading. Andries et al. (2000) found
that in Michigan the peak of perithecial production
occurred just prior to flowering and that most (83%)
of these perithecia were on maize debris. The propor-
tion of mature perithecia was highly correlated with
temperature during the 14 days prior to sampling, but
not with relative humidity (RH). Temperatures below
3 ˚C appeared to inhibit perithecium formation. These
findings closely parallel the 2-week cycle of devel-
opment and maturation of perithecia demonstrated in
the laboratory (Trail and Common, 2000). In China,
where rice is rotated with wheat, the incidence of rice
debris bearing ascospores could be as high as 80%
(Lu et al., 2001). Ascospore production appears to be
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critically dependent on soil moisture. When the soil
moisture content is below 30%, ascospore production
is not possible. When it is greater than 80%, ascospore
production is at its maximum. Minimum and optimum
temperatures for ascospore production are about 7–10
and 15–20 ◦C, respectively. Burning crop residues
reduces the inoculum potential of F. graminearium
present in residues and hence the potential inocu-
lum for FEB (Dill-Macky and Salas, 2001). However,
there are many other hosts, such as grasses and some
broad-leaved weeds, which may provide an important
alternative inoculum source.

Several researchers have observed a clear diur-
nal pattern of ascospore discharge (Paulitz, 1996;
Fernado et al., 2000; Francl et al., 2000), beginning
from 1600–1800 h, which peaked around midnight
and then gradually declined. Peak ascospore release
occurred 2–4 days after rainfall (>5 mm). Similarly,
in China, ascospore release only occurred at near-
saturation humidity (Lu et al., 2001). Paradoxically,
Maldonado-Ramirez and Bergstrom (2000) found that
most ascospores were discharged during daylight hours
when atmospheric turbulence was highest. This pat-
tern may provide the maximum opportunities for
ascospores to be moved into the planetary layer, where
vertical mixing occurs up to cloud level and the
potential for long distance dispersal is greatest.

In general, ascospore dispersal is associated with
rainfall events, although Thomas et al. (1999) and
Francl et al. (1999) did not find any consistent rela-
tionships between the numbers of ascospores caught
in trapping experiments and the actual amount of rain-
fall. The numbers of spores caught during anthesis
were generally low but increased substantially there-
after (Thomas et al., 1999). Spores were not detected or
only occurred sporadically during dry periods (Francl
et al., 1999). Inoculum increased during rainy peri-
ods but the timing of this increase was variable. These
results suggest that, whilst rainfall may be needed for
perithecial and ascospore formation and maturation, it
may not actually trigger the release of ascospores.

Infection

As outlined above, anthesis appears to be a period of
increased susceptibility of ears to Fusarium infection.
Much research has been directed towards understand-
ing the exact pathways through which Fusarium spores
infect and colonise ears. To facilitate such research,

Bushnell et al. (1999) produced a transformed isolate
of F. graminearum with a constitutively expressed gene
for green fluorescent protein (GFP). Preliminary inves-
tigations using this GFP-transformed isolate showed
that hyphae within host tissues were subcuticular and
intercellular and that hyphae also appeared to grow
into and out of leaf stomata. Furthermore, fungal
development was limited in paleas, lemmas and coleop-
tiles. Infection and colonisation pathways on ears are
currently being further investigated using this fungal
isolate. Pritsch et al. (2000) found that spores germi-
nated and penetrated the glume stomata and spread
throughout the wheat head resulting in chlorosis of
infected kernels. There were no differences in the infec-
tion structures between a resistant and a susceptible
cultivar investigated. Under warm, mist-irrigated field
conditions, colonies that formed on the abaxial (exte-
rior) surface of the palea (near the kernel) and on the
adaxial (interior) surface of the palea and lemma fac-
ing the floret mouth served as starting points for floret
invasion (Lewandowski and Bushnell, 2001).

Infection of seeds by F. graminearium was inves-
tigated in plots inoculated with colonised corn debris
and irrigated prior to and during anthesis (Argyris
et al., 2001). The incidence of infection increased from
c. 20% at 10 days after anthesis (DAA) to a max-
imum level >95%v at 37–40 DAA (harvest was at
c. 50 DAA; physiological maturity, i.e. maximum dry
seed weight, occurred between 30 and 32 DAA). There
was a significant relationship between visual estimates
of spikelet infection and seed infection in the four cul-
tivars studied. Germination of seeds from inoculated
plots declined progressively from 10 DAA to harvest
(50 DAA); there was a significant negative correlation
between germination and seed infection.

Knowledge of environmental factors that influence
infection and subsequent FEB development is essential
for assessing the potential disease risks and for devel-
oping efficient disease management strategies. There
seems little doubt that the most important environmen-
tal factor that limits FEB development is moisture.
Given a wet environment for an extended time, even a
low initial inoculum level or a sub-optimal temperature
does not prevent FEB from developing. Most studies
which investigated the relationship between environ-
mental factors and FEB development have been based
on intensive field monitoring of inoculum strength,
weather variables and disease development.

Development of FEB has been monitored in states of
the USA over several years (De Wolf et al., 2000; 2001).
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Differences in observed disease incidence between
different field sites can be attributed partially to the
differences in temperature and moisture. Lower tem-
peratures and lack of surface wetness during anthesis
are believed to be limiting factors for the low inci-
dence of FEB. Modelling of these field data showed
that environmental conditions prior to flowering were
less important than those during anthesis. One of the
important variables identified was the duration (hours)
of RH >90% and temperature at 15–30 ˚C. Similar
results were also obtained in Argentina indicating the
importance of warm and moist conditions for FEB
development (Moschini and Fortugno, 1996). Chinese
researchers showed that ascospore germination is crit-
ically affected by temperature and humidity (Lu et al.,
2001). At 25 ˚C and 100% RH, germination can be as
high as 97.5% after 8 h and incidence of infection on
stamens was about 58% after 20 h. Below 90% RH,
germination was only about 0.4%.

The effects of temperature and humidity on the infec-
tion of wheat ears by F. avenaceum, F. graminearum,
F. culmorum and M. nivale were studied recently using
detached spikes in controlled environments (Rossi
et al., 2001b). Infection of glumes was determined
following incubation in wet conditions (4–72 h) at dif-
ferent temperatures. F. avenaceum and F. graminearum
showed the highest incidence of infection, with optima
at 28–29 ˚C. M. nivale and F. culmorum had lower
incidences of infection, with optimum temperatures
of 18 and 26.5 ◦C, respectively. Overall, the inci-
dence of infection increased with increasing duration
of wet periods, with F. avenaceum and F. graminearum
increasing at a much faster rate than the other two
species. For example, at the optimum temperature
30 ˚C, the incidence of infection by F. avenaceum
increased from 0% after an 8 h wet period to 84% after
a 72 h wet period, whereas with M. nivale at 15 ˚C, it
increased from 0 to 22% under the same conditions.
Empirical regression models were developed to relate
the incidence of infection to the length of wet period
and temperature and these models were used as a basis
for developing forecasting models.

Recently, there has been a growing interest in under-
standing the spatial as well as the temporal dynamics
of FEB epidemics. The spatial pattern of disease inci-
dence appeared to be completely random in three out of
four sampled fields (Shah et al., 2000; 2001), indicating
that the primary inocula for infecting ears were dis-
tributed randomly and were thus more likely to be
composed of external airborne ascospores. Only in one
field was there some degree of clustering of diseased

ears within the sampling quadrat. This may indicate
that the inoculum was from clustered corn debris in
soil. The field with an aggregated pattern had much
a higher disease incidence than the other three fields.
In another study, infected heads were found to be aggre-
gated, in some cases highly so, within an individual
wheat field, with the degree of aggregation increasing
over time as disease incidence increased. The propor-
tion of infected seeds varied greatly between seed lots,
and this variability in seed infection was significantly
greater than would be expected for a binomial (i.e.
random) distribution in 72% of data sets (Shah et al.,
2002).

Forecasting

A disease forecasting system is generally based on
the combined effects of host susceptibility, inocu-
lum strength and meteorological conditions on disease
development. For FEB, the most susceptible stage
appears to be anthesis, although considerable infection
is still possible at the milky stage. Usually, inocu-
lum strength, which is dependent on rainfall, RH,
temperature and disease carry-over, etc. is very diffi-
cult to estimate. Many forecasting models have been
developed for FEB and almost all are empirical regres-
sion models derived from long-term field observations.
These models describe the overall effects of weather
variables on epidemic development such as sporula-
tion, spore dispersal, infection and subsequent disease
development. These models may therefore not perform
equally well in other regions because of the local nature
of the field data. Details of these models are published
and the models have been validated, although their use-
fulness in assisting practical disease management is
often not known.

In China, there have been 19 documented forecast-
ing models used in various regions (Lu et al., 2001).
Most of these models use rainfall and temperature over
various periods of time to estimate FEB risk. Some
models also use measures of disease severity in the pre-
vious season and current spore catches to predict the
disease risk. Similar models have been developed in
other countries (Moschini and Fortugno, 1996; Lipps
et al., 2001). A prediction model based on a single
variable that combines both moisture and temperature
correctly identified 83% of epidemic severity classes
across several states in the USA (De Wolf et al., 2000;
Lipps et al., 2001). In general, these models include the
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effects of weather variables on two aspects of epidemic
development:

1. Spore production. Sufficient rainfall about
8–10 days prior to and during anthesis facilitates
production of both ascospores and conidia.

2. Spore dispersal and infection. Sufficient rainfall
may be needed to disperse ascospores and/or coni-
dia, followed by prolonged periods of warm humid
conditions that are conducive for infection of ears.

The nature of these empirically derived models
means that the exact weather variables and their weight
in estimating the infection risk differed significantly
between each model. This reflects differences in many
of the factors in the data sets used to develop the models,
such as the frequency/duration of field observations,
the cultivars used, fungal pathogen species, inoculum
strengths and climates. It remains a challenge for plant
pathologists to develop a FEB forecasting model that
can be used reliably over a wider range of conditions.

Recently, a system-based model development frame-
work was adopted for developing a risk assessment
model for FEB (Ross et al., 2001a). Such system-based
models are usually developed by dividing the whole
process into several sub-processes such that the indi-
vidual sub-processes can be predicted accurately from
variables that can be easily obtained. Risk indices are
then derived by linking individual sub-models sequen-
tially. This model included three sub-processes: sporu-
lation, spore dispersal and infection. The model finally
estimates daily infection risks. However, no validation
results are yet available.

The future

There are several key areas in the epidemiology of FEB
that need to be investigated before an effective man-
agement system can be developed for FEB in cereal
production.

1. Most current research on the effects of weather
conditions on FEB is based on intensive field obser-
vations. Such data are very useful for many pur-
poses, but they cannot usually be used to develop
a forecasting system applicable to a wide range of
conditions. Infection studies need to be conducted in
controlled environment conditions on whole plants
instead of detached ears or spikelets.

2. The interrelationships between disease inci-
dence/severity, fungal biomass and concentration of
the associated mycotoxins need to be understood.
Such knowledge should enable disease develop-
ment to be forecast, and the potential production
of mycotoxins to be predicted. Of course, the pro-
duction of mycotoxins is likely to be influenced by
post-infection and post-harvest conditions/events.

3. As FEB is a disease complex in most regions,
the consequence of infection by multiple Fusarium
species on disease development and the production
of mycotoxins needs to be understood.

4. A better understanding of the relationship between
the actual moisture level on the ear surface
and atmospheric moisture, and how this relates
to our laboratory measurement of ‘wetness’ is
required.

5. There is a need to understand and characterise
the spatial heterogeneity and patterns of FEB and
their relationships to mycotoxins. Further research
is also needed to understand the underlying phys-
ical and biological processes that are responsible
for the resulting spatial heterogeneity and patterns.
Such knowledge will enable an effective sampling
scheme for disease assessment and quantification of
mycotoxins to be designed.

6. Finally, in addition to the need to develop and
validate forecasting models, it is necessary to inte-
grate these models into practical production systems
and to demonstrate their usefulness to a wider
audience.

Currently, HRI-East Malling is co-ordinating an
EU-funded project (RAMFIC) that attempts to obtain
key knowledge in areas (1)–(3). The overall objective
of this project is to obtain a large body of quantitative
data on FEB (both visual disease severity and fungal
biomass) and the production of associated mycotoxins
in controlled environments and to develop quantitative
risk assessment models, which will be refined using
data collected from a large number of field sites in
Europe with contrasting climatic conditions.
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