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Summary

Sources of resistance to Fusarium spp. are needed to develop maize hybrids resistant to the accumulation of fun-
gal mycotoxins in the grain. In a search for resistant germplasm in 1999 and 2000, a set of Argentinian maize
populations was evaluated in Ottawa, Canada, for resistance to ear rots after inoculation with local isolates of
Fusarium verticillioides and F. graminearum. Sixteen of these populations, varying in observed resistance levels,
were re-evaluated in 2003 and 2004 in Pergamino, Argentina, using local isolates of the same fungi. Conidial
suspensions of each fungal species were inoculated into the silk channel of primary ears. Disease severity was
assessed after physiological maturity using a scale based on the percentage of visibly infected kernels. Genotype
effect was more important than genotype-by-fungal species or genotype-by-fungal species-by-environment inter-
action effects. In addition, disease severity levels associated with each fungal species were positively correlated
(P < 0.05) (r =090,r = 0.81,r = 0.87 and r = 0.53, in Ottawa 1999 and 2000, and Pergamino 2003 and
2004, respectively). Populations ARZM 01107, ARZM 07138, ARZM 10041, ARZM 13031, ARZM 16002 and
Pora INTA exhibited the highest and most stable resistance to both species. Considering that disease resistance
exhibited low specificity to the environment and to the fungal species in evaluations conducted in a wide range
of environments and with fungal isolates collected from different hemispheres, the most resistant populations are
potential sources of genes for stable resistance to these Fusarium spp.

Introduction

Fusarium graminearum (Schwabe) [teleomorph Gib-
berella zeae (Schwein. Petch] and F. verticillioides
(Saccardo) Nirenberg [=F. moniliforme (Sheldon)]
{teleomorph G. fujikuroi (Sawada) Ito in Ito &
Kimura} are two of the most prevalent maize (Zea
mays L.) ear rotting pathogens around the world.
Fusarium spp. enter maize ears mainly through ker-
nel wounds and the silks (Hesseltime & Bothast,
1977). These fungi cause loss in grain yield and af-
fect grain quality due to contamination of infected

grains with mycotoxins (Marasas et al., 1988; Prelusky
et al., 1994; Vigier et al., 2001). Although mycotox-
ins have been detected in grain samples from ears
exhibiting low levels of symptomatic kernels, par-
ticularly with infections of F. verticillioides, there
is a positive association between visible symptoms
and mycotoxin concentration for F. verticillioides
(Desjardins et al., 1998; Clements et al., 2003) and
for F. graminearum (Reid et al., 1996c). Therefore,
it should be possible to reduce grain mycotoxin con-
tamination by selecting for hybrids less susceptible to
ear rots.
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In the maize growing regions of Argentina and
Canada, F. verticillioides and F. graminearum regularly
cause outbreaks, but the prevalence of each species
within a given year depends on the environmental con-
ditions during the growing season. Thus, developing
resistance to both pathogens is important to prevent
yield loss and mycotoxin contamination. In addition,
since the response of maize hybrids to Fusarium infec-
tion is affected by genotype—by-environment interac-
tions (Vigier et al., 2001), the identification of stable
sources of resistance is a prerequisite to the develop-
ment of hybrids resistant to Fusarium infection across
variable environmental conditions.

Resistance to ear rots caused by these Fusarium
spp. is available and depends on several genes ex-
hibiting mostly additive effects for F. verticillioides
(Gendloffetal., 1986) and for F. graminearum (Chungu
et al., 1996). An evaluation of disease resistance after
inoculation of several isolates of the prevalent Fusar-
ium species, in variable environmental conditions, may
provide indications of resistance stability.

The objective of this work was to assess resistance
and stability of resistance to ear rots, after inoculation
with local isolates of F. verticillioides and F. gramin-
earum, in a set of Argentinian maize populations across
four environments (two years each in a major maize
growing region of both Argentina and Canada).

Materials and methods

In a search for resistant germplasm in 1999 and
2000, fifty-three maize populations, representing a
wide range of the earliest germplasm from Argentina,
and two local check hybrids were evaluated for ear
rot resistance after inoculation with local isolates of
F. verticillioides and F. graminearum in Ottawa, On-
tario, Canada (Presello et al., 2004). In 2003 and 2004,
16 of these populations, including fourteen landraces
and two breeding populations (Table 1), which varied
in disease resistance when evaluated in Canada, were
chosen to be re-evaluated in Pergamino, Province of
Buenos Aires, Argentina, for resistance to local iso-
lates of the same fungal species. Information on race,
geographical origin, and kernel type of each genotype
were provided by Presello et al. (2004).

A split-plot design, with the genotype randomized
to the main plot units and the fungal species randomized
to the sub-plot units, was used in the four environments.
Since the search of broad resistance to F. graminearum
and F. verticillioides was considered as a main objec-

Table 1. Severity of ear rot symptoms after inoculation with conidial
suspensions of Fusarium verticillioides and F. graminearum into
the silk channel of fourteen landraces and two breeding populations
of maize evaluated in two years (2003 and 2004) in Pergamino,
Argentina

Symptom severity?

Fusarium
graminearum

Fusarium
verticillioides

Genotype Code 2003 2004 2003 2004
ARZM 01069 Gl 0.38 0.29 0.40 0.35
ARZM 01107 G2 0.26 0.23 0.37 0.34
ARZM 01122 G3 0.71 0.33 0.81 0.59
ARZM 01123 G4 0.31 0.23 0.49 0.42
ARZM 01127 G5 0.41 0.29 0.50 0.42
ARZM 07138 G6 0.18 0.20 0.32 0.36
ARZM 09144 G7 0.48 0.34 0.84 0.27
ARZM 10041 G8 0.22 0.26 0.28 0.31
ARZM 12154 G9 0.48 0.40 0.59 0.67

ARZM 13031 G10 0.16 0.23 0.31 0.32
ARZM 16002 Gl1 0.29 0.24 0.25 0.35
ARZM 16015 G12 0.39 0.37 0.47 0.5

ARZM 16040 G13 0.38 0.40 0.52 0.34
ARZM 19001 Gl14 0.59 0.55 0.93 0.50

CSDP® G15 0.38 0.30 0.39 0.40
Pora INTA® Gl16 0.16 0.19 0.24 0.21
Mean 0.36 0.30 0.48 0.40
LSD. 0.18

2 Arcsin (percentage of the ear affected by the fungus)!/2.
PBreeding populations.

Least significant difference to compare the means of two genotypes
at a probability level of 0.05.

tive, fungal species was randomized to the sub-plot
units to have the highest precision level in compar-
isons of means of disease severity after the inoculation
with either fungus within genotype. However, disease
severity means among genotypes were compared with
alower precision level than that for fungal species. The
number of replicates was three in Ottawa and two in
Pergamino. Each subunit consisted of two 3.5-m long
rows separated by 0.7 m and sown at a rate of fifteen
plants per row.

In Canada, the inoculum for F. verticillioides was
produced from the isolate DAOM 195167 and the in-
oculum for F. graminearum was produced from a mix-
ture of three isolates (DAOM 180378, DAOM 194276
and DAOM 212678). All of these isolates were ob-
tained from naturally infected maize in Ontario pro-
duction fields. In Argentina, the isolate P364, obtained



from maize grown in Pergamino, was used to produce
the inoculum of F. verticillioides and the isolate VI-II-
3, obtained from wheat at the Universidad Nacional de
La Plata and tested for aggressiveness in maize, was
used to produce the inoculum of F. graminearum.

Isolates were grown separately in a liquid medium
following Reid et al. (1996a). After two weeks, the
cultures were filtered through cheesecloth to remove
mycelium and conidial concentrations were adjusted
to 2.5 x 10° conidia ml~! with sterile water. Suspen-
sions were stored at 4 °C for a maximum of three days
prior to inoculation. For inoculation, two ml of conidial
suspension were injected into the silk channel 4 to 6
days after silking (Reid et al., 1996a).

Ears were manually harvested at maturity and
disease severity was assessed by determining the
percentage of each ear covered by fungus using a
seven-category rating scale where: 1 = no symptoms;
2 =1-3%;3 =4-10%; 4 = 11-25%; 5 = 26-50%; 6
= 51-75%; and, 7 = 76-100% of the ear covered by
the fungus (Reid et al., 1996a). This scale was tested
for accuracy of disease severity assessment by Chungu
et al. (1997). To perform the analysis of variance and
statistical tests on the basis of a linear scale, non-linear
ear rot severity scores were converted to percentages
of the ear exhibiting symptoms by replacing each
score with the mid-point of the interval the score
represents on the percentage scale (e.g. 1 = 0%, 2
= 2%, 3 = 7%, etc.), as suggested by Campbell and
Madden (1990). The percentages of disease severity
were then transformed to arcsin (percentage of the ear
affected by the fungus)'/2. Transformed percentages
were tested for goodness-of-fit to a normal distribution
by the Kolmogorov-Smirnov test and for additivity
among blocks by the Tukey’s test for non-additivity
(Reza Hoshmand, 1994), and subjected to analysis of
variance. Environment and replicate within environ-
ment were considered as random effects. Genotype
and fungal species were considered as fixed effects.
Environment, genotype and genotype-by-environment
sources of variation within pathogen were analyzed
following additive main effects and multiplicative
interaction (AMMI) models (Zobel et al., 1988).
Data analyses were performed with SAS® (SAS
INSTITUTE INC., 1999) following Vargas Hernandez
& Crossa (2000). The same sources of variation were
used to estimate genotype-by-environment interaction
effects accounted for each genotype. Pearsons corre-
lation coefficients were calculated between means of
disease severity after the inoculation of F. graminearum
and F. verticillioides in each environment. All statisti-
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cal tests were based on transformed means of disease
severity, arcsin (percentage of the ear visibly affected
by the fungus), at a significance level of P = 0.05.

Results and discussion

All genotypes developed symptoms after inoculation
with either fungal species. In Ottawa, inoculation with
FE. graminearum caused more severe symptoms to most
genotypes compared to those caused by inoculation
with F. verticillioides [Ottawa data was previously
published in Presello et al. (2004) as a subset of a
much larger data set]. A similar trend was observed in
Pergamino, but differences in disease severity between
fungal species were not significant for most genotypes
(Table 1). These results are consistent with previous
reports suggesting that environmental conditions in
Canadian maize growing regions favor the growth of
F. graminearum (Reid et al., 1999) and environmental
conditions in the Argentinian maize growing region fa-
vor growth of F. verticillioides (Saubois et al., 1996).
ARZM16002 and Pora INTA, two of the most resistant
genotypes, exhibited no differences between severity
of symptoms caused by F. graminearum and F. verti-
cillioides across the four environments (Presello et al.,
2004, Table 1).

Genotype mean square was substantially higher
than those of genotype-by-environment and genotype-
by-fungal species-by-environment (Table 2), which in-
dicates that there was a general trend of disease severity

Table 2. Analysis of variance of transformed disease severity [arcsin
(percentage of the ear affected by the fungus)!/?] from a split-plot ex-
periment in which sixteen maize populations (genotype) were eval-
uated for resistance to ear rot after inoculation with two Fusarium
spp (fungal species) in four environments

Degrees Mean

Source of variation of freedom square

Environment 3 0.0890
Replicate/Environment 6 0.0176
Genotype 15 0.3292*
Genotype x Environment 45 0.0290*
Error A 90 0.0127
Fungal Species 1 2.5389*
Fungal Species x Environment 3 0.1950*
Genotype x Fungal Species 15 0.0326*
Genotype x Fungal Species x Environment 45 0.0151*
Error B 96 0.0089

*Significant at a probability level of 0.05.
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Figure 1. Biplot of disease severity (percentage of the ear affected
by the fungus) after the inoculation of Fusarium graminearum and
the first principal component from an analysis of additive main ef-
fects and multiplicative interactions of sixteen maize genotypes (see
Table 1 for codes) in four environments: Ottawa 1999 (01999) and
2000 (02000), and Pergamino 2003 (2003) and 2004 (P2004).

of the genotypes across environments and across fungal
species. Analyses of genotype-by-environment inter-
action with AMMI models within fungal species indi-
cated significant differences for PC1 in the two fungal
species [mean squares (%) = 57.0 and 52.3, for F.
graminearum for F. verticillioides, respectively]. For
PC1, Pergamino 2004 and Pergamino 2003 exhibited
the highest contribution to genotype-by-environment
interaction effects for F. graminearum and for F. ver-
ticillioides, respectively (Figures 1 and 2). The most
unstable genotypes (largest PC1 scores in absolute val-
ues) were ARZM09144 (G7) and ARZM19001 (G14)
for F. graminearum and ARZMO01122 (G3) for F. verti-
cillioides (Figures 1 and 2). Most of the other genotypes
exhibited PC1 scores close to zero, which indicates that
reaction to inoculation tended to be stable across en-
vironments for both fungi, and this tendency was ob-
served regardless of the mean disease severity of each
genotype.

Populations ARZM 01107, ARZM 07138, ARZM
10041, ARZM 13031, ARZM16002 and Pora INTA
exhibited, in most environments, less disease sever-
ity compared to that exhibited by the most suscepti-
ble genotypes (ARZM 01127, ARZM 01122, ARZM
09144 and ARZM 19001) (Presello et al., 2004,
Table 1). In addition, genotype-by-environment effects
within fungal species were not significant for all five re-
sistant populations (results not shown) and PC1 scores
from the AMMI analyses tended to be close to zero
(Figures 1 and 2), which indicates that resistance of
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Figure 2. Biplotof disease severity (percentage of the ear affected by
the fungus) after the inoculation of after the inoculation of Fusarium
verticillioides and the first principal component from an analysis of
additive main effects and multiplicative interactions of sixteen maize
genotypes (see Table 1 for codes) in four environments: Ottawa 1999
(01999) and 2000 (02000), and Pergamino 2003 (2003) and 2004
(P2004).

these genotypes to either fungi was stable across the
four environments. The other genotypes evaluated here
exhibited significant genotype-by-environment effects
for at least one of the fungal species, even though
mean squares of the genotype-by-environment inter-
action were minor compared with those of genotype or
environment.

Within each environment, mean of disease severity
observed after inoculation with F. verticillioides was
positively correlated with that observed after inocu-
lation with F. graminearum (r = 0.90, r = 0.81,
r = 0.87 and r = 0.53, in Ottawa 1999 and 2000,
and Pergamino 2003 and 2004, respectively). Similar
associations were observed by Al-Heeti (1987) for the
ear rots caused by F. graminearum, F. sporotrichioides
Sherb. and F. poae (Peck) Wollenw. The positive cor-
relations that we observed suggest common mecha-
nisms of disease resistance to the two pathogens. If so,
then selection for resistance to one pathogenic species
would most likely result in an indirect selection for re-
sistance to the other species. Thus, the inoculum for
selection could be developed either from the prevalent
pathogenic species in a given region or from the species
that maximizes the genetic progress. Fusarium verti-
cillioides causes a mix of non-symptomatic and symp-
tomatic infections (Munkvold et al., 1997), while F.
graminearum causes a generalized ear rot (Reid et al.,
1996b). Thus, disease severity can be assessed more
accurately after the inoculation of F. graminearum and
consequently, assuming the same genotypic variability



for resistance to each fungal species, genetic progress
should be easier to attain using F. graminearum as the
source of inoculum.

Some of the most resistant maize populations eval-
uated here exhibited stable resistance across environ-
ments. Considering that these evaluations of disease
resistance were conducted after the inoculation of fun-
gal species belonging to two different Sections of the
genus Fusarium, in very heterogeneous environmen-
tal conditions in North and South America and using
isolates that had been collected from different regions,
the low specificity of disease resistance to the environ-
ment and the pathogen indicates that resistance of these
populations might be quite durable. This is consistent
with the fact that several genes affect resistance to both
fungal species in maize (Gendloff et al., 1986; Chungu
et al., 1996).

Most of the resistant populations identified in this
study are ancient landraces with poor agronomic per-
formance. However, since these landraces have rarely
been used in breeding programs, they could be poten-
tial sources of novel genes for broad-based resistance to
two of the most prevalent Fusarium spp. in the world.
Since several genes affect resistance to Fusarium in
maize, undesirable linkages may hinder the utilization
of these landraces in traditional breeding programs and
further research on molecular markers may be required.
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