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Abstract

The development of new maize hybrids with resistance to Fusarium infection is an effective means of minimizing
the risk of mycotoxin contamination. Several maize hybrids have been investigated for Fusarium ear rot and
accumulation of fumonisin B, (FB,), fumonisin B, (FB,), beauvericin (BEA) and fusaproliferin (FP) after artificial
inoculation in the field with toxigenic strains of Fusarium verticillioides and Fusarium proliferatum. The year of
inoculation had a significant influence on the disease severity and mycotoxin accumulation in maize kernels. Of all
the hybrids tested, only Mona exhibited resistance to ear rot caused by F. verticillioides and produced low levels of
fumonisins during three years of experiments. In Fusarium-damaged kernels (FDK), fumonisin B,, fumonisin B,,
beauvericin and fusaproliferin were detected at concentrations much higher (up to 10-20 times) than in healthy-
looking kernels (HLK). Animal and human exposure to these mycotoxins can be drastically reduced by removing

mouldy and visibly damaged kernels from the commodity.

Introduction

Fusarium verticillioides (synonym F. moniliforme) and
F. proliferatum are important maize pathogens causing
stalk and ear rot. They can produce a variety of myco-
toxins including fumonisins, beauvericin and fusapro-
liferin both in pre-harvested and in stored products
(Bottalico et al., 1989; Chulze et al., 1998; Logrieco
et al., 1995; Moretti et al., 1997; Shephard et al.,
1999).

Fumonisins are a group of structurally related
mycotoxins occurring in maize and maize-based
products intended for animal and human consumption
worldwide (Bullerman, 1996; Visconti, 1996). At
present, at least fifteen fumonisin analogues have been
characterized, but only three of these, fumonisin B,
(FB,), fumonisin B, (FB,) and fumonisin B; (FB,),

*Dedicated to Prof Antonio Graniti on the occasion of his 75th
birthday.

are abundant in naturally contaminated products.
FB, generally occurs at levels higher than FB, or
FB;. Fumonisin B; (and to some extent FB,) causes
equine leukoencephalomalacia, porcine pulmonary
oedema and liver or kidney cancer in experimental
rats or mice. Moreover, fumonisins have been statisti-
cally associated with an increased risk of oesophageal
cancer in humans consuming contaminated maize in
some regions of South Africa (IPCS, 2000; Marasas,
1995; US NPT, 1999).

Beauvericin (BEA) is a mycotoxin produced by
several Fusarium species, mainly by F. proliferatum,
F. semitectum and F. subglutinans (Logrieco et al.,
1998; Moretti et al., 1997; Shephard et al., 1999). It
has insecticidal activity and is highly toxic towards
Artemia salina larvae and murine and human cell lines,
and induces apoptosis (Grove and Pople, 1980; Krska
et al.,, 1997; Ojcius et al., 1991). It has been found
as a natural contaminant of maize in Italy, Austria,
Poland, South Africa and USA (Krska et al., 1997,
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Logrieco et al., 1993; Munkvold et al., 1998; Ritieni
et al., 1997b; Shephard et al., 1999).

Fusaproliferin (FP), a recently characterized
metabolite of F proliferatum and F. subglutinans
(Logrieco et al., 1996; Moretti et al., 1997; Shephard
et al., 1999), exhibits toxicity to Artemia salina, to
insect cells and human B lymphocytes (Logrieco et al.,
1996), and was highly teratogenic on chicken embryos
(Ritieni et al., 1997a).

The natural co-occurrence of fusaproliferin, beau-
vericin and fumonisins in pre-harvest maize samples
contaminated by Fusarium species has been reported
in Italy, South Africa and Iowa (Munkvold et al., 1998;
Ritieni et al., 1997b; Shephard et al., 1999).

The production of maize hybrids with resistance
to Fusarium infection and consequent mycotoxin
accumulation is an efficient method for decreasing
the risk of mycotoxin contamination. The results of
studies carried out for several years jointly by the
CNR Institute of Toxins and Mycotoxins, Bari (Italy)
and the Institute of Plant Genetics, Polish Academy
of Sciences, Poznan (Poland) on the susceptibility
of different maize hybrids to F. verticillioides and
F. proliferatum infection are summarized in this mini-
review in relation to the accumulation of fumonisins,
beauvericin and fusaproliferin in maize kernels after
artificial infection in the field.

Materials and methods

Twenty-nine maize hybrids were inoculated with tox-
igenic strains of F. verticillioides (KF 1795 and

KF 1214) and F. proliferatum (ITEM 1752), in one
to four seasons, under field conditions. In particu-
lar, 14 hybrids were inoculated with F. verticillioides
during the years 1992-1995 and 15 hybrids with
F. proliferatum during the years 1996, 1997 and 1999
(Table 1).

Maize hybrids were sown in May, in identical field
trials, at Radzikow, 30 km west of Warsaw, Poland.
Hybrids were selected for relatively similar maturity
dates and different susceptibilities to Fusarium ear rot.
One-hundred and sixty plants of each hybrid were sown
in four rows (5 m long), of which 10 were inoculated
with the fungal strains. Fungal inoculation was per-
formed with toothpicks placed in the maize ear accord-
ing to Hart et al. (1982), at the medium silking stage,
one week after silk emergence. Ears from inoculated
plants and from control plants (non-inoculated plants)
were harvested during the third week of October and
transported to the laboratory. Disease assessments were
made on 10 inoculated ears and on 10 control ears.
A five degree scale was used to evaluate the infection of
each ear (Chelkowski et al., 1989). The Fusarium ear
rot index (Fi), ranging from O to 500, was calculated
using the following equation:

Fi = (3 Fx100) /n

where F is the disease score of individual ears
(1-5) and n is the number of scored ears. Ker-
nels from the same ears were separated in two frac-
tions: Fusarium-damaged kernels (FDK, i.e. visibly
mouldy kernels) and healthy-looking kernels (HLK,
i.e. symptomless kernels). Separate analyses of FDK

Table 1. Maize hybrids tested in different years in Fusarium inoculation experiments

Fusarium verticillioides

Fusarium proliferatum

Hybrid Inoculation year Hybrid Inoculation year
KLG 2210 1992, 1993, 1994, 1995 BURAN 1996, 1997, 1999
SMOLIMAG 1992, 1993, 1994, 1995 ELA 1996, 1997, 1999
MONA 1993, 1994, 1995 EWA 1996, 1997, 1999
RUTEN 1992, 1993, 1995 KLG 2210 1996, 1997, 1999
ZENIT 1992, 1993, 1994 MILPA 1996, 1997, 1999
BETULISA 1992, 1995 MONA 1996, 1997, 1999
RAHBE 90102 1992, 1993 JANINA 1996, 1999
ANNA 1994 RAH 895 1996, 1997
BURAN 1994 RUTEN 1996, 1999

ELA 1994 KASIA 1999

MILPA 1994 OLENKA 1999

RAHBE 921573 1995 RAHS595 1997

RAHBE 86101 1992 RAH996 1997

SMH 4792 1994 SMHS8195 1997

WILGA 1999




and HLK were performed for fumonisins, beauvericin
and fusaproliferin (Pascale et al., 1999). Meteorolog-
ical data (mean monthly temperatures and monthly
precipitations) were obtained from the Meteorolog-
ical Station located in the Radzikow experimental
station.

Results

Results of disease assessments on maize hybrids inoc-
ulated with F. verticillioides and F. proliferatum under
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field conditions in different years are summarized in
Tables 2 and 3.

Inoculation with F. verticillioides. The inoculation
of hybrids with F. verticillioides resulted in differ-
ent degrees of ear rot (from O to 350) (Table 2).
Moreover, the artificial infection of the same hybrids
for two or more years gave rise to significant differ-
ences in ear rot disease. Hybrids Ruten and Smolimag
showed low susceptibility to infection in 1992 and
1993, but they exhibited higher disease scores in 1994
and 1995. Hybrids Ela, Zenit and RAHBE 90102

Table 2. Fusarium ear rot index (disease score) and percentage of Fusarium-damaged kernels
(FDK) in maize hybrids inoculated with Fusarium verticillioides in different years in Poland

Hybrid Fusarium ear rot index (Fi)* Fusarium-damaged kernels (%)
1992 1993 1994 1995 1992 1993 1994 1995
SMOLIMAG 60 60 130 200 1 2 5 7
KLG 2210 40 130 110 80 <1 2 2 3
ZENIT 140 230 311 — 2 24 31 —
RUTEN 100 0 — 120 <1 0 — 2
MONA — 30 110 60 — 2 3 1
RAHBE 90102 240 230 — — 3 9 — —
BETULISA 120 — — 140 2 — — 9
RAHBE 86101 140 — — — 1 — — —
RAHBE 921573 — — — 170 — — — 15
ELA — — 350 — — — 60 —
MILPA — — 220 — — — 26 —
ANNA — — 133 — — — 10 —
SMH 4792 — — 125 — — — 5 —
BURAN — — 125 — — — 6 —

— not tested. *Fi = 0-500 (0 = healthy cob, 500 = totally rotted cob).

Table 3. Fusarium ear rot index (disease score) and percentage of Fusarium-damaged kernels
(FDK) in maize hybrids inoculated with Fusarium proliferatum in different years in Poland

Hybrid Fusarium ear rot index (Fi)* Fusarium-damaged kernels (%)
1996 1997 1999 1996 1997 1999
MONA 170 280 360 11 17 39
BURAN 230 270 410 19 27 37
MILPA 270 250 425 26 17 31
ELA 280 370 450 24 52 54
KLG 2210 340 230 500 37 12 64
EWA 370 360 480 38 37 71
RAH 895 180 280 — 16 28 —
JANINA 210 — 400 25 — 65
RUTEN 240 — 437 24 — 56
SMH 8195 — 260 — — 18 —
RAH 595 — 270 — — 20 —
RAH 996 — 310 — — 30 —
WILGA — — 300 — 27
KASIA — — 400 — 29
OLENKA — — 460 — 40

— not tested. *Fi = 0-500 (0 = healthy cob, 500 = totally rotted cob).
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were very susceptible, with high disease scores (up
to 350) and a high percentage of FDK (up to 60%).
Hybrid Mona was found to be the only one of 14
tested to exhibit low susceptibility in all seasons with
about 1.8% FDK in inoculated ears (Pascale et al.,
1997).

Inoculation with F. proliferatum. Significant differ-
ences in the degree of Fusarium ear rot disease were
observed in hybrids inoculated with F. proliferatum
(Table 3). Fusarium ear rot index (Fi) ranged from 170
to 370 in 1996, from 250 to 370 in 1997 and from 300
to 500 in 1999; the percentage of Fusarium-damaged
kernels (FDK) ranged from 11% to 38% in 1996, from
12% to 52% in 1997 and from 27% to 71% in 1999.
The hybrids grown in 1999 showed a higher suscep-
tibility to fungal infection compared to the other two
years. Moreover, for the same hybrid, different dis-
ease scores were observed during two or three years
of investigation. In particular, most hybrids (Mona,
Buran, Ela, RAH 895, Janina and Ruten) showed higher
susceptibility to Fusarium ear rot in 1997 and 1999
than in 1996, whereas the hybrids Milpa, Ewa and
KLG 2210 were more susceptible to infection in 1996
and 1999 than 1997. In particular, hybrid KLG 2210
showed high disease scores in 1996 and in 1999
(340 and 500, respectively), but exhibited the lowest
Fusarium ear rot index (230) in 1997 (Pascale et al.,
2001).

Mycotoxin accumulation

Results for accumulation of fumonisin B, and B, in
maize kernels after inoculation with F. verticillioides
are reported in Table 4. The amounts of FB,, FB,, beau-
vericin (BEA) and fusaproliferin (FP) accumulated in
maize kernels after inoculation with F. proliferatum
are reported in Table 5.

Inoculation with F. verticillioides. Fumonisin concen-
trations in maize kernels ranged from 0.1t093.2 ug g™*
for FB, and from 0.02 to 15.8 ug g~' for FB,. FB, was
detected at levels lower than FB, in all samples tested
with the FB,/FB, ratio ranging from 0.13 to 0.43 (0.29
average for all samples). Largest amounts of fumon-
isins accumulated in kernels of hybrid Zenit, exam-
ined for three seasons (up to 37.4 ugg~" of FB, and
8.0 ugg~! of FB,), and in hybrid Ela (93.2 ugg™"' of
FB, and 15.8 pgg™' of FB,) inoculated only in 1994.
The hybrid Mona contained low levels of fumonisins
during three consecutive seasons ranging from 0.1 to
1.7 ug g™" and from 0.02 to 0.4 ug g~' of FB, and FB,,
respectively. However, significantly higher amounts of
fumonisins were detected in grains of hybrids inoc-
ulated in the 1994 and 1995 seasons, compared to
grains of the same hybrids inoculated in the 1992 and
1993 seasons. Results of the analysis of control ears
(non-inoculated) showed that the amount of FB; did
not exceed 0.04 pg g~' and FB, was not detected.

Table 4. Fumonisin (FB, and FB,) contamination in kernels of maize hybrids inoculated with
Fusarium verticillioides in different years in Poland

Hybrid Fumonisin content (1Lg g™')*

1992 1993 1994 1995

FB, FB, FB, FB, FB, FB, FB, FB,
SMOLIMAG 0.2 0.1 0.9 0.2 6.4 1.8 9.6 3.1
KLG 2210 04 0.1 04 0.1 3.7 1.0 34 1.0
ZENIT 2.5 0.8 10.0 2.6 374 8.0 — —
RUTEN 0.9 0.3 0.2 0.02 — — 54 1.6
MONA — — 0.1 0.02 1.7 0.4 1.3 0.4
RAHBE 90102 4.3 1.6 6.8 24 — — — —
BETULISA 2.2 0.9 — — — — 4.2 1.3
RAHBE 86101 2.6 1.1 — — — — — —
RAHBE 921573 — — — — — — 14.9 4.6
ELA — — — — 93.2 15.8 — —
MILPA — — — — 12.8 3.7 — —
ANNA — — — — 8.1 2.0 — —
SMH 4792 — — — — 39 1.1 — —
BURAN — — — — 2.5 0.8 — —

— not tested. *“Weighted averages derived from separate analyses of Fusarium-damaged

kernels and healthy looking kernels.
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Table 5. Fumonisins (FB, FB,), beauvericin (BEA) and fusaproliferin (FP) contamination in maize hybrids inoculated with

Fusarium proliferatum in different years in Poland

Hybrid Mycotoxin content (PLg g~")*

1996 1997 1999

FB, FB, BEA FpP FB, FB, BEA FP FB, FB, BEA FP
MONA 18.0 1.6 0.8 0.3 66.4 5.3 3.0 1.3 99.6 11.1 9.0 2.0
BURAN 72.4 6.2 1.2 1.8 67.5 6.3 39 1.3 122.2 12.3 16.5 1.9
MILPA 54.5 4.3 2.5 0.5 41.1 3.6 4.3 0.4 76.0 7.4 5.5 0.8
ELA 46.3 4.1 1.0 1.1 125.3 11.1 7.4 3.9 173.8 15.9 12.2 4.1
KLG 2210 97.7 8.3 4.2 1.5 26.4 1.9 1.3 0.4 231.9 26.5 18.0 6.4
EWA 130.4 10.7 3.0 3.6 100.1 8.6 7.1 2.8 148.3 15.9 12.1 5.3
RAH 895 20.7 1.6 0.2 0.6 93.1 6.8 29 14 — — — —
JANINA 38.2 0.4 0.4 0.5 — — — — 210.4 25.3 19.6 4.9
RUTEN 11.4 1.6 1.6 1.1 — — — — 138.7 13.4 15.1 2.8
SMH 8195 — — — — 34.1 2.7 2.3 0.9 — — — —
RAH 595 — — — — 40.8 32 2.5 0.8 — — — —
RAH 996 — — — — 50.8 4.2 3.1 1.1 — — — —
WILGA — — — — — — — — 29.6 2.8 1.7 0.7
KASIA — — — — — — — — 79.5 9.7 8.6 1.5
OLENKA — — — — — — — 124.2 12.2 14.2 3.0

— not tested. *Weighted averages derived from separate analyses of Fusarium-damaged kernels and healthy looking kernels.

The fumonisin content in Fusarium-damaged ker-
nels varied greatly, from 5.1 ug g~ FB, and 1.4 ug g™
FB, to 196.0 ug g~' FB, and 62.0 ug g~' FB,. Sixteen
samples (57%) contained fumonisins at levels higher
than 100 ug g~'. Healthy-looking kernels of inoculated
ears contained the much lower amounts of fumon-
isins compared to the FDK fraction, ranging from
0.06 to 1.5 ug g™ of FB, and from 0.02 to 0.4 pg g™
of FB, (data not shown). This clearly indicates that
damaged kernels account for almost all the fumonisin
contamination.

The totality of data, including all hybrids tested
from one to four seasons, led to a good correlation
between the Fusarium ear rot index (Fi) and fumonisin
contamination, with a coefficient of correlation (r) of
0.933 (Pascale et al., 1997).

Inoculation with F. proliferatum. Fumonisin con-
centrations in maize kernels ranged from 18.0 to
2319 ugg™' for FB, and from 0.4 to 26.5 ugg™" for
FB,, from 0.2 to 19.6 pg g~' for BEA and from 0.3 to
6.4 ug g=' for FP. Similarly to the disease score, a con-
siderable influence of the year of inoculation on myco-
toxin accumulation in maize hybrids was observed. In
particular, significantly higher amounts of mycotoxins
were detected in kernels of hybrids inoculated in the
1999 season, compared to kernels of the same hybrids
inoculated in the 1996 and 1997 seasons. Between
hybrids, comparison showed that Mona and RAH 895

contained low amounts of fumonisins, beauvericin and
fusaproliferin in 1996, but were highly contaminated in
1997, whereas the hybrid KLG 2210 accumulated high
concentrations of all four mycotoxins in 1996 and the
lowest concentrations in 1997.

The amount of fumonisins in Fusarium-damaged
kernels varied from 115.7 to 361.5 pg g~' and from 8.3
to 41.1 ug g~! for FB, and FB,, respectively. The frac-
tion of healthy-looking kernels of inoculated ears con-
tained much lower levels of fumonisins compared to
the Fusarium-damaged kernels fraction, ranging from
1.6 to 26.0 pug g~! of FB, and from 0.1 to 2.3 ugg™!
of FB,. The contamination levels of beauvericin and
fusaproliferin in Fusarium-damaged kernels were sig-
nificantly lower than fumonisins, ranging from 1.1 to
44.3 ug g~! for BEA and from 1.7 to 10 ug g=' for FP.
Also, these toxins accumulated mainly in Fusarium-
damaged kernels, whereas only trace amounts were
found in healthy-looking kernels (up to 0.2 ugg™' for
BEA and 0.3 ugg™' for FP). The analysis of control
ears (not inoculated) showed that only four samples
out of 30 contained fumonisin B, at levels not exceed-
ing 1.2 ug g=', whereas fumonisin B,, beauvericin and
fusaproliferin were not detected (data not shown).

A good correlation between the Fusarium ear rot
index (Fi) and mycotoxin contamination (FB,, FB,,
BEA and FP) was observed (correlation coefficient
(r) = 0.895). The hybrids Buran (in 1996) and Janina
(in 1999) were not considered in the analysis. The high
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Table 6. Meteorological data (mean monthly temperatures and monthly precipitations) for 1992-1997 and 1999 at Radzikow and long-term averages

Month Mean temperatures (°C) Precipitation sums (mm)
1992 1993 1994 1995 1996 1997 1999 Long-term 1992 1993 1994 1995 1996 1997 1999 Long-term
1966-1995 1966-1995
May 142 182 138 138 164 148 157 138 17.6 363 64.5 41.6 694 560 393 476
June 183 174 176 186 182 18.1 19.7 16.7 47.3  20.0 8.3 73.1 66.8 843 155.1 62.1

July 202 182 239 221 175 191 231 184
August 21.6 181 194 198 202 209 206 178
September 12.7 126 154 141 112 139 183 133
October 59 8.5 69 11.1 9.8 6.8 8.9 8.4

558 655 228 633 132.6 2277 307 678
242 495 719 66.1 397 319 50 5438
786 465 536 1387 556 18.6 54 454
398 276 742 87 253 266 188 3538

levels of mycotoxins found in kernels of these hybrids
were not in agreement with the external symptoms of
infection observed; this could be explained by a pos-
sible fungal infection acting mainly inside the kernels
(Pascale et al., 2001).

Discussion

The results showed that F verticillioides and
E. proliferatum were highly pathogenic to maize ears
under field conditions. These species may contribute
to significant contamination of maize with at least
four toxic metabolites (i.e. FB,, FB,, BEA and FP).
Damaged kernels accounted for almost all the myco-
toxin contamination. Consequently, it is possible to
drastically reduce the exposure of animals and humans
to mycotoxins by segregating mouldy and visibly
damaged kernels from healthy kernels.

A good correlation between the Fusarium ear rot
index (Fi) and mycotoxin contamination was observed,
both in . verticillioides and F. proliferatum inoculation
experiments. The severity of ear infection has been also
found to be a good indicator of ear contamination by
mycotoxins (Schaafsma et al., 1993).

Poor reproducibility of the results was observed
between the different years of investigation. Low dis-
ease scores and low content of mycotoxins, observed
in one or two seasons, did not necessarily produce low
susceptibility of a given hybrid in other seasons. The
highest disease scores and accumulation of mycotoxins
in the maize hybrids were observed in the years 1994
and 1995 for the F. verticillioides inoculation experi-
ments, and in the year 1999 for the F. proliferatum inoc-
ulation experiments. These seasons were characterized
by high temperatures at the pollination period (July),
but low precipitation was observed only in 1994 and
1999, not in 1995 (see Table 6). High temperatures, low
moisture and dry weather at or just prior to pollination
have been reported to be important factors in fumonisin

production (Shelby et al., 1994). In the USA, fumon-
isin contamination in warm, dry years was reported to
be greater than in cooler years (Murphy et al., 1996).

Fumonisin levels in maize kernels after inocula-
tion with F. proliferatum were much higher than those
found in experiments carried out with F. verticillioides.
Beauvericin levels in 1996 and 1997 were similar to
those found in kernels of maize hybrids artificially
inoculated with F. subglutinans (Krska et al., 1996), a
known producer of beauvericin, whereas in 1999 they
were much higher. No previous inoculation experi-
ments under field conditions have been performed with
respect to fusaproliferin accumulation, although high
levels of the toxin have been found in pre-harvest maize
ear rot (Ritieni et al., 1997b).

The ability of maize hybrids to accumulate only low
amounts of mycotoxins is a highly desired trait for
farmers. In our experiments, a generally high suscep-
tibility to fungal infection and high accumulation of
mycotoxins in kernels was observed. However, some
promising traits were found in the hybrid Mona result-
ing in a low F. verticillioides ear rot index and low
fumonisin contamination. These results suggest that
the possibilty of finding selected hybrids with dif-
ferent susceptibility to Fusarium ear rot and differ-
ent tendencies to accumulate mycotoxins in the field
exists, but further long-term experiments are necessary
before maize hybrids resistant to infection by Fusarium
species and consequent mycotoxin accumulation are
available commercially.
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