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Fusarium moniliforme and Fusarium proliferatum are the most frequently isolated fungi from maize
(Zea mays L.) in Spain. Both Fusarium species produce toxins potentially dangerous for animals
and humans, the fumonisins being the most significant of those toxins. White maize is preferred for
human consumption, and extra care should be taken to avoid kernel mycotoxin contamination. The
objectives of this study were to identify and quantify kernel infection by Fusarium spp. and
contamination by fumonisin on white maize hybrids, to search for white maize sources of resistance
to infection by Fusarium spp. and mycotoxin contamination, and to preliminarily study the genetics
involved in such resistances. Ten F1 single crosses derived from a diallel mating design among five
white maize inbreds were evaluated in a randomized complete block design with three replications
in 2002 at two locations. Fusarium verticilloides and F. proliferatum were detected on kernels of
white maize hybrids cultivated in northwestern Spain. No differences in fungal infection were found
among maize genotypes, but differences in fumonisin contamination were significant and could be
related, in part, to differences in husk tightness. Among the genotypes studied, general combining
ability (GCA) effects were the most important for resistance to fumonisin contamination. Inbreds EP10
and EC22 showed the most favorable GCA effects for husk tightness and fumonisin content, and the
cross between them, EP10 × EC22, had the most favorable specific combining ability (SCA) effect
for husk tightness. Inbreds EP10 and EC22 showed favorable GCA effects for fumonisin contamination
and husk tightness, and the cross EP10 × EC22 was the only one with an average fumonisin level
below 1 µg/g. Although this should be confirmed with more extensive studies, white maize inbreds
developed from white maize landraces could be sources of resistance to fumonisin contamination.
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INTRODUCTION

Fusarium moniliformeSheldom [syn.: Fusarium Verticil-
loides (Sacc.) Niremberg] andFusarium proliferatum(Mat-
sushima) Niremberg are the most frequently isolated fungi from
maize (Zea maysL.) and maize-based feeds from Spain (1-5).
Both Fusariumspecies produce toxins potentially dangerous
for animals and humans, the fumonisins being the most
significant of those toxins (6, 7). In Spain, 100% ofF.
proliferatumand>70% ofF. Verticilloidesisolates are toxigenic
(8, 9). Many fumonisin analogues have been identified, but the
most abundantly found are B1, B2, and B3 (10). Reference11
gives detailed information on the most frequent fumonisin, B1.
In Switzerland, a tolerance level of 1µg/g of fumonisins in dry
maize products for human consumption has been proposed (6),

whereas the U.S. Food and Drug Administration has recom-
mended that the fumonisin levels should be below 4µg/g in
whole or partially demerged dry milled corn products for human
consumption (12). The Joint FAO/WHO Expert Committee on
Food Additives allocated a group provisional maximum tolerable
daily intake of 2 µL/g (13). In the European Union, legal
regulation of maximum contents of fumonisins will commence
on October 1, 2007, and establishes that the threshold fumonisin
contents will be 2000µg/kg in nonprocessed maize, 1000µg/
kg in maize flour, 50µg/kg in maize snacks and flakes, 400
µg/kg in maize-based food for adults, and 200µg/kg in maize-
based products for baby food (14).

Natural differences among maize genotypes for fumonisin
accumulation have been found (15-18). As the water available
for fungal growth plays a key role (19), late-maturing maize
cultivars in which grain moisture content decreases slowly are
more susceptible (6). It is thought that upright cobs (20) and
thin grain pericarp increase susceptibility toFusariuminfection
(21). Tight husks have been described as an unfavorable
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characteristic (20) because they slow kernel drying or as a
favorable characteristic (22) because they protect the ear from
insect damage. Therefore, many questions remain to be an-
swered about mechanisms for resistance of maize to fumonisin
contamination. Clements et al. (18) suggested that several
dominant genes are involved, and two quantitative trait loci
(QTLs) located on chromosome 5 were associated with resis-
tance to fumonisin contamination andFusariumear rot (23).

White corn is preferred for human consumption, and extra
care should be taken to avoid drought stress or damage by
insects that could contribute to fungal growth on kernels.
Looking for sources of resistance to mycotoxin contamination
among white maize genotypes would also contribute to reducing
human hazard. The present study was focused on maize grown
in northwestern Spain. A previous study made with maize from
this area showed the presence ofFusarium graminearum
Schwabe associated with appreciable levels of deoxynivalenol
(DON) (1). However,F. Verticilloideswas the most frequently
found fungus, and no test for fumonisin was made. In the present
study, contamination with DON was also considered to compare
its incidence with incidence of fumonisins. The objectives were
to identify and quantify kernel infection byFusariumspp. and
contamination by fumonisin on white maize hybrids, to search
for white maize sources of resistance to infection byFusarium
spp. and mycotoxin contamination, and to study the genetics
involved in those resistances.

MATERIALS AND METHODS

Five maize inbred lines with white kernels were used as parents of
a diallel set of crosses without reciprocals (Table 1). In 1999 and 2000,
10 hybrids were obtained from the diallel design. The 10 F1 single
crosses were evaluated in a randomized complete block design with
three replications in 2002 at Pontevedra (42° 25′ N, 4° 57′ W, and 20
m above sea level) and Barrantes (42° 30′ N, 8° 46′ W, and 50 m
above sea level). Each variety was planted in a single-row plot, 0.80
m between rows and 0.21 m between two-kernel hills within rows.
After thinning, the final density was≈60000 plants/ha.

Before harvesting, husk tightness was evaluated on a visual scale
from 0 (loose husks with visible cob) to 5 (tight husks) (24). At harvest,
yield, ear damage by corn borers on a visual rating from 1 (completely
damaged) to 9 (no damage), and kernel moisture were recorded. In
each plot, harvested ears were shelled, and kernels were dried at 35°C
for 1 week and maintained at 4°C and 50% humidity until analysis
were performed. The kernel germination rate in each plot was
determined on a sample of 100 dried kernels that were watered and
maintained at 25°C for 6 days.

For determining fungal infection proportion, 100 dried kernels from
each plot were placed onto Komada’s medium plates and incubated in
the dark at 24°C for 7-10 days. When fungal growth was observed,
individual cultures were transferred to Spezieller-Nahrstoffarmer agar
(SNA) medium plates and incubated in the dark for 10 days. Then,
Fusariumspecies on each kernel were identified by examining colony
and conidial morphology according to the method of Nelson et al. (25).

Total fumonisin (fumonisins B1, B2, and B3) and DON quantification
was made by the technical service of the Food Technology Departament

of the University of Lleida using specific commercial ELISA kits (R-
Biopharm Rhône Ltd., Glasgow, Scotland). This is a competitive
enzyme immunoassay for the quantification of fumonisin residues in
corn. The recovery rate of the test is≈60% with a mean coefficient of
variation of≈8%, and specifities for B1, B2, and B3 are 100,≈40, and
≈100%, respectively. The ELISA kit used for the quantification of
DON (R-Biopharm Rhône Ltd.) is a competitive enzyme immunoassay
for the quantitative analysis of DON in cereals, malt, feed, beer, and
wort and has a recovery rate of 85-110%; its specifity for DON is
100%. Extraction and preparation of samples, as well as test perfor-
mance, were carried out as described in the kits.

Individual and combined analyses of variance were computed.
Location and replication were considered random factors, and genotype
was considered a fixed factor. Variation among hybrids of the diallel
was partitioned into general combining ability (GCA) and specific
combining ability (SCA) effects using Griffing’s method 4, model I
(fixed effects) (26). The diallel was analyzed using a program developed
by Zhang and Kang (27). Simple correlation coefficients among traits
were calculated. Comparisons of means were accomplished using
Fisher’s protected least significant difference method (LSD). All
analyses were made using SAS, version 9.1 (28).

RESULTS AND DISCUSSION

The Fusarium spp. detected wereF. proliferatum and F.
Verticilloides, agreeing with previous studies that established
that, in Spain, both species are the most frequent fungi in maize
(3-5). The average infection rates byF. proliferatumandF.
Verticilloides were 6.2 (ranging from 0 to 23.4%) and 64.6%
(ranging from 47.5 to 91.4%), respectively. Therefore, the most
abundant species wasF. Verticilloides. Bakan et al. (5),
analyzing kernel infection byFusarium ssp., found thatF.
proliferatum was more abundant in northeastern Spain. Our
experimental plots were located in northwestern Spain, where
climatic characteristics during kernel filling are very different
from northeastern Spain conditions, and those climatic differ-
ences could be responsible for differences in the predominant
Fusariumspecies (29).

The high incidence of fumonisin contamination agreed with
the expectation based on the mycoflora found on maize kernels
becauseF. Verticilloides and F. proliferatum are fumonisin
producers (30). Sanchı́s et al. (8) had already pointed out the
potential fumonisin contamination in many Spanish corn-based
products containing bothFusariumspecies, although fumonisin
levels detected were lower than in the present study.

Although kernel infection byF. graminearumand F. col-
morum(W.G. Smith) Sacc. was not detected, DON levels in
all samples from the Pontevedra experiment were>5 ppb (data
not shown), the maximum recommended level in some countries
(31). However, average levels of fumonisins across locations
were much higher, being>1 ppm for all genotypes, except EC22
× EP10. Negative correlations between the presence ofF.
Verticilloides and otherFusariumspecies have been reported
(32,33). Then, the high kernel colonization byF. Verticilloides
andF. proliferatumcould limit the presence ofF. graminearum
or Fusarium colmorumto a very low level that could not be
detected by the infection experiment involving 100 kernels. It
has been pointed out thatF. Verticilloides has at least one
competitive advantage overF. graminearum, that is, a broader
response to temperature (34).

Kernel damage by corn borers has been associated with
Fusariuminfection and mycotoxin contamination (17, 21, 35).
The association between ear damage by corn borers and
infection by F. Verticilloides was corroborated in the present
study as the simple correlation coefficient between both traits
showed (Table 2), but the absence of differences among
genotypes for ear damage by insects did not allow testing of

Table 1. Pedigree, Kernel Type, and Source of 10 White Corn Inbred
Lines Crossed in a Diallel

inbred pedigree
kernel
type source

EP10 northern white dent dent Misión Biológica de Galicia
EP64 PB98 × PB261 flint Misión Biológica de Galicia
EP65 PB98 × PB261 flint Misión Biológica de Galicia
EP71 PB260 × PB261 flint Misión Biológica de Galicia
EC22 local landrace flint Centro de Investigaciones

Agrarias de Mabegondo
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whether ear resistance to corn borers reduces fumonisin
contamination (Table 3). Significant associations were also
found between germination rate and husk tightness and kernel
moisture (Table 2). Although no relationship between percent-
age of infection byFusariumspp. and germination rate was
detected, a significant and negative relationship between myce-
lial growth and germination rate would be expected (36), giving
support to the decreased germination rate observed when fungal
growth is favored by unprotected ears and high water activity.
Therefore, in future studies, other parameters besides proportion
of kernels infected byFusariumspp. should be recorded, such
as ergosterol and fungal biomass quantification, to ascertain
significant relationships between maize characteristics and
Fusariumgrowth.

Maize was harvested in Barrantes (42.2% average kernel
moisture) earlier than in Pontevedra (32.8% average kernel
moisture), whereas fumonisin contamination was lower (2.7 ppm
in Barrantes and 3.3 ppm in Pontevedra), agreeing with a
previous study that pointed out that early harvest may help to
reduce levels of contamination (37). These authors based that
recommendation on data about the increases in infection and
fumonisin contamination over time. Kernel infection byF.
Verticilloides and fumonisin contamination appeared as the
kernel neared physiological maturity and increased up to the
average harvest date.

Differences among maize hybrids were significant for fumo-
nisin content, husk tightness, and kernel moisture (Table 3).
There was not a significant location× genotype interaction for
any trait, except for husk tightness (data not shown). On the
basis of simple correlation coefficients (Table 2), only differ-
ences among genotypes for husk tightness could contribute to
the differences for fumonisin content. The hybrid EP10× EC22
had the lowest level of fumonisin contamination, although it
did not differ from that of EP65× EP10, and showed the tightest

husks (Table 3). Therefore, husk coverage could protect the
ear from fungal colonization, but not necessarily through
reduction in insect damage, as was pointed out previously (22).
As most kernels are infected through silks, husk tightness could
act as a barrier to fungus entrance and delay fumonisin
contamination. However, genotypes, such as EP65× EP10, that
differed from the best hybrid for husk coverage showed
fumonisin levels as low as the least contaminated hybrid.
Therefore, other mechanisms besides husk tightness should
contribute to the lower level of fumonisin contamination in some
genotypes. The hybrid EP10× EC22 could be recommended
for flour production because, besides its low fumonisin con-
tamination level, it has shown high grain and flour yields and
kernel density in a previous study (38).

The GCA effects were significant for fumonisin content and
husk tightness, whereas SCA effects were significant only for
husk tightness. The GCA effect is related to the mean
performance of an inbred in crosses with other inbreds, whereas
the SCA effect is related to the deviation of the performance of
a particular cross from the expected performance based on the
average general combining ability of the two inbreds (39). No
significant interactions of location× GCA or location× SCA
were found (data not shown), which means that the mean
performances of inbreds and hybrids did not differ from one
location to another. The non-strictly-additive inheritance of husk
tightness was observed previously (40, 41). Clements et al. (18)
suggested that several dominant genes were involved in maize
resistance to fumonisin contamination, but we did not find
evidence for dominance among the genotypes evaluated. Inbreds
EP10 and EC22 showed favorable GCA effects for husk
tightness and fumonisin content, and the cross between them,
EP10× EC22, had the most favorable SCA effect for husk
tightness (Table 4). Inbreds EP10 and EC22 were obtained from
white maize landraces that could have been under selection for

Table 2. Simple Correlation Coefficients among Traits Recorded on 10 Hybrids Resulting from a Diallel Mating Design among 5 White Maize
Inbreds Evaluated in 2002 at Two Locations

ear
damagea

husk
tightnessb

kernel
moisture

germination
rate F. verticilloides F. proliferatum

fumonisin
content

husk tightness −0.02
kernel moisture −0.18 −0.40
germination rate 0.07 0.75 −0.76*
F. verticilloides −0.75* 0.21 0.11 0.12
F. proliferatum −0.10 −0.34 −0.23 −0.14 −0.26
fumonisin content 0.01 −0.72* −0.28 −0.20 −0.22 0.39
DON content 0.13 −0.28 0.55 −0.28 −0.14 −0.23 −0.09

a Ear damage by corn borers was evaluated on a visual rating from 1 (completely damaged) to 9 (no damage). b Husk tightness was evaluated on a visual scale from
0 (loose husks with visible cob) to 5 (tight husks).

Table 3. Means of 10 Hybrids Resulting from a Diallel Mating Design among 5 White Maize Inbreds Evaluated in 2002 at Two Locationsa

hybrid
ear damage

(1−9)b
husk tightness

(0−5)c
kernel

moisture (%)
germination

rate (%)
F. verticilloides

(%)
F. proliferatum

(%)
fumonisin

content (µg/g)
DON content

(ng/g)

EP64 × EP65 5.7 a 1.0 b 38.7 ab 82.2 a 65.8 a 8.3 a 3.01ab 302.1 a
EP64 × EP71 5.2 a 1.2 b 35.9 cd 86.6 a 60.2 a 23.4 a 3.49 ab 27.1 a
EP64 × EP10 5.8 a 1.2 b 38.1 bc 87.0 a 56.7 a 0.0 a 2.85 ab 295.0 a
EP64 × EC22 5.8 a 1.5 b 36.3 bd 84.7 a 47.5 a 7.7 a 2.92 ab 268.3 a
EP65 × EP71 5.2 a 1.0 b 38.1 bc 80.0 a 64.2 a 3.3 a 3.60 ab 30.9 a
EP65 × EP10 5.0 a 1.2 b 41.2 a 79.8 a 61.4 a 6.6 a 2.31 bc 389.3 a
EP65 × EC22 5.5 a 1.0 b 37.8 bc 82.8 a 68.3 a 4.2 a 3.30 ab 147.5 a
EP71 × EP10 4.5 a 1.7 b 37.6 bc 87.2 a 91.4 a 2.6 a 2.55 b 221.9 a
EP71 × EC22 5.3 a 1.7 b 34.6 d 94.0 a 62.0 a 5.5 a 4.03 a 196.5 a
EP10 × EC22 5.5 a 3.0 a 36.5 bd 93.4 a 68.6 a 0.0 a 0.99 c 57.0 a

a In each column, means followed by the same letter did not differ at the 0.05 probability level. b Ear damage by corn borers was evaluated on a visual rating from 1
(completely damaged) to 9 (no damage). c Husk tightness was evaluated on a visual scale from 0 (loose husks with visible cob) to 5 (tight husks).
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kernel appearance for years because white maize is mostly
dedicated to human consumption. It is supposed that such
selection was done against any kind of ear rot and against
contamination by fumonisin because severity of ear rot is
associated with ear contamination by mycotoxins (16,42). The
coefficient of correlation between GCA effects for fumonisin
content and husk tightness was high (-0.63), although not
significant. Therefore, other maize mechanisms besides husk
tightness should be explored in order to determine why some
maize genotypes show lower fumonisin contamination.

Although this should be confirmed with more extensive
studies, white maize inbreds developed from white maize
landraces could be a source of resistance to fumonisin con-
tamination. Future studies should be focused on confirming the
present results and looking for more maize materials resistant
to fumonisin contamination under artificial inoculations with
Fusariumspp.
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I.; Canela, R. Fumonisin producing capacity ofFusariumstrains
isolated from cereals in Spain.J. Food Prot.1994,57, 915-
917.

(3) Doko, M. B.; Rapior, S.; Visconti, A.; Schroth, J. E. Incidence
and levels of fumonisin contamination in maize genotypes grown
in Europe and Africa.J. Agric. Food Chem.1995, 43, 429-
434.
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