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STELLINGEN 

1. Om te voorkómen dat Fusarium toxinen in graanproducten vóórkomen is epidemiologisch 
onderzoek onontbeerlijk. 

2. Een acceptabel niveau van partiële resistentie berust veelal op een oligogene basis en niet op een 
polygene basis. 

3. Het stapelen van resistentiegenen ter verhoging van de duurzaamheid van de resistentie zal bij 
tarweveredeling alleen worden toegepast wanneer moleculaire merkers voorhanden zijn. 

4. Het routinematig stoppen van routineonderzoek getuigt van ondoordachtheid. 

5. Het gebruik van overgevoeligheidsresistentiegenen in tarwerassen betekent dat de 
pathogeenpopulatie permanent bewaakt moet worden ten aanzien van verschuivingen in de 
frequenties van virulentiegenen: een routinematig onderzoek. 

6. De benaming 'secundaire metaboliet' houdt niet in dat de metaboliet van secundair belang of 
waarde is. 

7. Het consumeren van 'Quorn' (Marlow Foods), bestaande uit geconcentreerde, in steriele 
voedingsoplossing gekweekte schimmelmassa van Fusarium graminearum, als hoogwaardig 
gezondheidsproduct zonder cholesterol of onnodige calorieën maar mét vezels en 12 gram eiwit 
per ons (Anon., 1989), moet sterk worden ontraden. 

Anonymous, 1989. Vegetariër zijn in Nederland is niet lastig. NRC-handelsblad, mei 1989 

8. De door Zeven (1990) geciteerde bewering dat het gebruik van de woorden tarwe en weit (met 
hun dialectische vormen) voor broodtarwe in Nederland geografisch verdeeld is door de meridiaan 
'voormalige Zuiderzee - provincie Utrecht', waarbij ten westen van deze meridiaan tarwe gebruikt 
wordt en ten oosten weit, is onjuist. 

Zeven, A.C., 1990. Landraces and improved cultivars of bread wheat and other wheat types grown in the 

Netherlands up to 1944. Wageningen Agricultural University Papers 90.2 

9. Het is zeer aanbevelingswaardig om het in productie nemen van bio-ethanol op basis van tarwe 
te onderzoeken. 

NRLO-Werkgroep 'Biomassa ten behoeve van energie', 1990. Het gebruik van agrarische producten voor 

transportbrandstoffen. NRLO-rapport 90/14. 



10. "Let fame, that all hunt after in their lives, 
Live register'd upon our brazen tombs, 
And then grace us in the disgrace of death; 
When, spite of cormorant devouring Time, 
Th' endeavour of this present breath may buy 
That honour which shall bate his scythe's keen edge, 
And make us heirs of all eternity." 

Shakespeare. Love's labour's lost. 

is een metafoor voor 
"Publish or perish". 

11. Brood, daar zit wat in! 

12. De grootte van een stuk vlaai neemt binnen Nederland lineair af met de hoogte van de 
breedtegraad. 

Stellingen behorende bij het proefschrift van Charles H.A Snijders, getiteld 'Aspects of resistance to 
Fusarium head blight caused by Fusarium culmorum in wheat', te verdedigen op 9 oktober 1990 in de 
Aula van de Landbouwuniversiteit te Wageningen. 



Author's abstract 

In the Netherlands, Fusarium head blight of wheat is predominantly caused by 
Fusarium culmorum. A low infection level leads to important yield losses and 
contaminates the grain with mycotoxins, particularly deoxynivalenol. This mycotoxin 
is suggested to have toxic effects on the wheat plant. Genetic variation for 
resistance to Fusarium head blight appears to be very large. The resistance is 
quantitative; complete resistance does not exist. The estimated number of 
resistance genes in the studied winter wheats was small, the individual genes had 
large effects on resistance and inherited mainly additive. Transgression for 
resistance was observed in progenies. It was possible to select plants on a single 
plant base. No indications were found for Fusarium strain-specific resistance. 
Systemic fungal growth in wheat stems and variation in resistance for this trait was 
also demonstrated. There is a large potential for breeders to develop cultivars with 
a high level of resistance to Fusarium head blight. 
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"... if any fungus were to emigrate to another planet, Fusarium, as a most 
adaptable, versatile and pioneering genus, would be a good candidate for 
establishment out there." 

W.C. Snyder, 1981. In: Fusarium: diseases, biology and taxonomy. Ed.: P.E. Nelson, T.A. Toussoun 
& R.J. Cook. Pennsylvania State University, pp.3-8. 
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general introduction 

GENERAL INTRODUCTION 

In August 1985, the Foundation for Agricultural Plant Breeding (SVP) and the 
Netherlands Grain Centre (NGC) initiated two research projects in wheat with the 
aim to develop selection methods for and identify sources of resistance to (1) head 
diseases caused by Fusarium head blight and Septoria nodonim Berk, (teleomorph: 
Phaeosphaeria nodonim (Müller) Hedjaroude) glume blotch, and (2) leaf blotch 
caused by Septoria nodonim and Septoria tritici Rob. ex. Desm. (teleomorph: 
Mycosphaerella graminicola (Fückel) Schroeter). In the period 1986 to 1988 the 
research was carried out under contract of NGC. After the season 1985-1986, the 
research was concentrated on resistance to Fusarium head blight caused by 
Fusarium culmonim (W.G. Smith), and the research program was extended to form 
the basis of this thesis. After the contract with NGC expired, a permanent position 
at the SVP made it possible to continue the research and finish this thesis on 
resistance to Fusarium head blight. 

Fusarium head blight 

Taxonomy and nomenclature of Fusarium species causing head blight is confusing. 
In this thesis the nomenclature used follows the system given in Nelson et al. 
(1983). 

Fusarium head blight is a fungal disease of wheat found in both temperate and 
semi-tropical regions. A number of species of Fusarium may be responsible but 
generally F. gramineanim Schwabe, with perfect state Gibberella zeae (Schw.), and 
F. culmonim (W.G. Smith), perfect state unknown, predominate. In the cooler 
climates of north-western Europe, including the Netherlands, F. culmonim becomes 
dominant. Both F. gramineanim and F. culmonim cause root rot, foot rot, crown 
rot, stem rot and head blight in wheat (Nelson et ai, 1981). Both fungi also cause 
stalk rot and ear rot in maize and infect other cereals such as barley, oats and 
triticale (Booth, 1971). Heavy damage to wheat often occurs in areas of continuous 
cultivation or where wheat is planted after maize. Damage from head blight is 
caused in the form of reduced kernel set and kernel weight, destroyed starch 
granules and storage proteins, and seed infection (Bechtel et ai, 1985). 

The Fusarium head blight fungi produce a large number of secondary 
metabolites, not all of which have been characterized, including the trichothecenes 
deoxynivalenol (vomitoxin) and nivalenol. These toxins have a range of chronic and 
acute effects on humans and animals that consume infected grain (Marasas et ai, 
1984). 

The pathogen originates from seed, soil, and from inoculum on host residues, 
including those of maize, small-grained cereals and certain grasses (Khonga & 
Sutton, 1988). Practice for suppressing initial inoculum, notably rotation of wheat 
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with non-host crops and ploughing of infested residues have long been 
recommended for managing Fusarium head blight in wheat. There are no practical 
chemical treatments that are effective in preventing this disease. The only and best 
way to eliminate this problem is to introduce adapted cultivars that are resistant to 
Fusarium head blight. 

This thesis 

The purpose of this thesis was to investigate the host-pathogen relationship 
between winter wheat and Fusarium culmorum, to identify sources of resistance to 
Fusarium head blight, to evaluate the nature and genetic aspects of resistance, and 
to study the relation between disease incidence and damage. 

At the time this study was initiated, information on the host-pathogen 
relationship between wheat and Fusarium spp. was scarce, especially regarding 
Fusarium culmorum. The relevant literature is summarized in the concerning 
chapters. 

This study was mainly carried out with SVP wheat breeding lines and wheat 
cultivars registered in the Netherlands, which had been evaluated for resistance at 
the SVP in the years 1982-1984. Based on these unpublished results, in 1985 a 
collection of standard winter wheat genotypes was chosen which covered the range 
from most resistant to most susceptible. However, during the following years, 
genotypes were identified which showed resistance or susceptibility levels that 
surpassed the extremes in the collection of standards. 

During the first season, the reaction of wheat heads to Fusarium spp. was 
studied with isolates of Fusarium culmorum, Fusarium graminearum and Fusarium 
nivale (Fr.) Ces. (perfect state: Monographella nivalis (Schaffnit) Müller), all 
collected in the Netherlands. However, the pathogenicity of F. graminearum and 
Fusarium nivale isolates in field and glasshouse trials in 1986 was low. Also 
inoculum production of these last two species caused problems. As the cool 
summers in the Netherlands cause F. culmorum to be the predominant Fusarium 
head blight species, research was further limited to isolates of this last Fusarium 
species. 

The thesis is divided in chapters, the first eight prepared for individual publication. 
Chapter 9 contains the general discussion. The first eight chapters are published in 
scientific journals (or in press). Chapter 8 is published in a shortened version. 
Chapter 1 of the thesis contains a review of the aspects of the Fusarium toxin 
deoxynivalenol and discusses the natural occurrence of this mycotoxin in relation to 
Fusarium head blight epidemics. Chapter 2 discusses the effect of Fusarium head 
blight caused by Fusarium culmorum on deoxynivalenol content and kernel number 
and weight. Chapter 3 demonstrates the existence of systemic fungal growth of 
Fusarium culmorum in wheat stem tissue and discusses its consequence for 
Fusarium head blight. Chapter 4 addresses the question of the strain-specificity of 
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resistance, using four F. culmorum isolates and the collection of 17 winter wheats 
used as standards. In chapter 5 and 6 the genetic basis of the resistance to F. 
culmorum is investigated of 10 winter wheats with different levels of resistance. 
The response to selection for Fusarium head blight resistance in F2 generations is 
presented in chapter 7. In chapter 8 sources of resistance to Fusarium head blight 
are identified in a collection of winter and spring wheats, and the relation between 
visual head blight symptoms and yield reduction is described. 
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Chapter 1 

FUSARIUM HEAD BLIGHT AND MYCOTOXIN CONTAMINATION OF 
WHEAT, A REVIEW 

Summary 

An infection of bread wheat by Fusarium head blight contaminates the crop with mycotoxins, 
particularly deoxynivalenol (DON) and nivalenol (NIV). The toxicity and natural occurrence of these 
mycotoxins in wheat are reviewed. Based on eight years data of Fusarium head blight epidemics of 
wheat in the Netherlands, DON contamination of the grain was estimated. Fusarium head blight 
ratings averaged an infection of 1.7% of all spikelets; estimates for DON contamination averaged 
0.9 mg kg"1. Taking a guideline level for DON in uncleaned bread wheat of 2 mg kg"1, in 1979 and 
1982 a wheat crop was produced with estimated DON concentrations above the limit of tolerance. 
Human and animal exposure to mycotoxins in the Netherlands appears to be small but chronic. The 
information presented in this paper illustrates the need for an annual evaluation of the crop for 
Fusarium head blight incidence and mycotoxin content, and the necessity of Fusarium head blight 
resistant wheat cultivars. 

Introduction 

In wet summers, Fusarium head blight can be an important problem in wheat. In the 
Netherlands, the species isolated from Fusarium -infected heads are mainly 
F. culmorum (W.G. Smith) Sacc. (teleomorph unknown) and F. graminearum Schwabe 
(teleomorph Gibberella zeae Schw.). Several forms of damage can be distinguished. 
An infection of the head by Fusarium can reduce kernel set and kernel weight, 
causing a yield reduction. Invasion of the kernel by Fusarium destroys the starch 
granules, storage proteins and cell walls, resulting in a poor quality product (Bechtel 
et al, 1985; Meyer et al, 1986). The embryo is usually not infected except in heavily 
invaded kernels. However, slightly infected kernels with apparently uninfected embryos 
exhibit reduced germination and vigour (Bechtel et al, 1985). As a result, a Fusarium 
epidemic can be a serious problem for seed production. 

Various Fusarium species including F. culmorum and F. graminearum are capable 
of producing mycotoxins in crops. The most notorious mycotoxins of F. culmorum and 
F. graminearum in wheat are of the trichothecene class: deoxynivalenol (DON, 
vomitoxin), acetyldeoxynivalenol (the isomers 3-ADON and 15-ADON) and nivalenol 
(NIV) (Kurata and Ueno, 1984; Marasas et al, 1984), amongst which DON occurs 
most frequently. Quality loss because of mycotoxin content is an underestimated form 
of damage. Data on mycotoxin contents of West European wheat crops are scarce. 
The objective of this study was to review the toxicity and occurrence of DON and 
NIV in wheat, and to estimate the DON contamination of wheat grown in the 
Netherlands based on eight years data of Fusarium head blight epidemics. 
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Toxicity of Fusarium toxins 

Fusarium toxins are harmful to human and animal health. The toxicity of the isomers 
3-ADON and 15-ADON is comparable, and is about twice that of DON (Mirocha et 
al, 1989). From the toxicity tests summarized by Joffe (1986), it can be concluded 
that NIV is about 10 times more toxic than DON. 

Several papers report the effects on pigs fed on diets of DON-contaminated wheat 
(Bryden et al, 1987; Friend et al, 1986; Tobin, 1988). Swine diets of wheat naturally 
contaminated with Fusarium containing only 0.3 mg kg"1 DON resulted in decreased 
feed consumption and weight gain (Trenholm et al, 1981). Foster et al (1986) 
concluded that 4.7 mg kg"1 DON added in pure form to the diet did not have any 
lasting effect on feed consumption and weight gain, while a diet of naturally 
contaminated wheat with the same concentration of DON had significantly lower feed 
intake and weight gain values. Apparently other toxic metabolites in Fusarium 
contaminated feed contributed to the poor performance. The reason for pigs refusing 
the feed is not known; there is little evidence that smell, taste, or a combination of 
the two is responsible (Friend and Trenholm, 1988). Toxin contaminated feed will 
lead to poor performance and health, and as a consequence economic losses. 

Poultry can tolerate larger concentrations of DON in their diet (Bryden el al, 1987; 
Hamilton et al, 1985; Manley et al, 1988; Trenholm et al, 1981). Young chickens 
and turkey poults can tolerate diets that contain DON up to at least 5 mg kg"1 from 
wheat (Hamilton et al, 1985) . 

Ill effects can occur also in humans because of the dietary intake of DON or its 
metabolites. The acute symptoms of trichothecene poisoning are characterized by: skin 
irritation, food refusal, vomiting, diarrhea, hemorrhages, neural disturbance, 
miscarriage and death (Joffe, 1986; Kuiper-Goodman, 1985). Human toxicoses due to 
ingestion of mycotoxin-contaminated food are well-documented (Bhat et al, 1989). 
Chronic ingestion of small amounts of trichothecenes may result in an important 
secondary effect: the predisposition to infectious diseases through suppression of the 
immune system (Kuiper-Goodman, 1985; Miller and Atkinson, 1987). Precautions 
should be taken to avoid inhalation of mycotoxin-containing spores and dust, and 
direct skin contact with infected kernels (Trenholm et al, 1989). 

Carry over of DON into food for human consumption 

Deoxynivalenol present in the rations of Leghorn chickens, laying hens and broiler 
chickens at dietary levels of 5 mg kg"1 was not detected in eggs or tissues at a 
detection limit of 10 p.g kg"1 tissue (El Banna et al, 1983). None of the eggs collected 
from White Leghorn hens given a DON-contaminated wheat diet (18 mg kg"1) 
contained detectable quantities (detection limit: 10 ^g kg"1) of DON (Kubena et al, 
1987). Studies on the presence of DON-derived residues in milk of sheep indicated 
that only trace amounts (< 10 /ïg L"1 ) were transmitted following either oral or 
intravenous administration of the toxin (Prelusky et al, 1987). 
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Milling did not remove DON from naturally contaminated wheat (Lee et al, 1987), 
but the toxin was distributed in the milling fractions (Scott et al, 1983). On average, 
baking and cooking reduces DON in wheat or wheat products by 40% (Abbas et al, 
1988; Besling et al, 1983; Carvajal et al, 1987; Isohata et al, 1986; Young et al, 
1984). Therefore, wheat products made from DON-contaminated wheat will still 
contain DON. 

Current regulations 

'Agriculture Canada' advises that animals should be fed diets containing less than 
1 mg kg"1 DON and that clean grain should be fed to pregnant and lactating animals 
(J.D. Miller, Plant Research Centre Ottawa, personal communication). Sweden has 
a regulation advising a maximum of 0.5 mg kg"1 in the diets of swine and 2 mg kg"1 

in cows (Pettersson and Wennberg, 1988). 
For human nutrition, a tolerable daily DON intake of 3.0 /*g kg'1 body weight for 

adults, and 1.5 ßg kg"1 body weight for infants was established in Canada (Kuiper-
Goodman, 1985). The guideline level for DON in uncleaned wheat and in the flour 
portion of finished foods made from bread wheat are therefore 2 mg kg"1 and 
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Figure 1.1: Fusarium head blight prevalence (percentage infected farmer fields) and percentage infected 
spikelets of affected fields in the Netherlands for the years 1979-1986. Source: EPIPRE (Anon. 1985b; 
1987b; Daamen et ai, 1990). 
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1.2 mg kg"1, respectively. For the U.S. the tolerance levels advised by 'Food and Drug 
Administration' are 2 and 1 mg kg"1, respectively (Van Egmond, 1989). In Europe 
only Rumania and the U.S.S.R. have specified tolerance levels for DON: 0.005 mg 
kg"1 food and 0.5 mg kg"1 wheat, respectively (Van Egmond, 1989). 

Fusarium head blight epidemics in the Netherlands 

Figure 1.1 illustrates the Fusarium head blight occurrence in the Netherlands for the 
years 1979-1986, expressed in prevalence, i.e. the percentage of infected farmer fields, 
and the percentage infected spikelets of affected fields. The data were collected from 
the EPIPRE program (Anon. 1985b, 1987b; Daamen et al, 1990) and illustrate the 
irregular pattern of epidemics over the years. The period 1979-1982 had a higher 
prevalence and heavier spikelet infections than the subsequent four years. As the 
relative acreage of cultivars grown did not change in the period 1979-1986 (Figure 1.2; 
Anon., 1987c), different resistance levels cannot explain the pattern of epidemics. 
Also, there was no qualitative change in the use of fungicides and seed coatings 
(Anon., 1979; 1981; 1985a; 1987a). Correlations coefficients for Fusarium head blight 
prevalence and percentage infected spikelets of affected fields versus weather 
conditions of the year concerned and the preceding year, and versus Fusarium head 
blight prevalence and percentage infected spikelets in the preceding year are given 
in Table 1.1. As in the Netherlands winter wheat (which covered in 1979-1986 92% 
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Table 1.1: Correlation coefficients for Fusarium head blight prevalence3 and percentage infected 
spikelets of affected fields versus weather condilionsb of the year concerned and the preceding year, 
and versus Fusarium head blight prevalence and percentage infected spikelets in the preceding year 

Fusarium head blight percentage infected 
prevalence spikelets 

year concerned 

temperature -0.16 -0.24 
relative humidity 0.64 0.67 
precipitation 0.70 0.77* 

preceding year 

temperature -0.48 -0.34 
relative humidity 0.74* 0.29 
precipitation 0.48 -0.03 

prevalence 0.76* 0.52 
percentage infected spikelets 0.67 0.16 

aBased on the percentage infected farmer fields. 
bTemperature (sum of the daily average over the 30 days), relative humidity (sum of the daily average 
over the 30 days) and total precipitation in the period 11 June to 11 July of the years 1978-1986. 
Presented values are means over 5 stations in the Netherlands, viz De Kooy, Eelde, de Bilt, 
Vlissingen and Beek. Source: Anon. 1978-1986. 

'Significant at P=0.05. 

of the total wheat acreage) flowers in the second half of June, data on temperature, 
relative humidity and precipitation were gathered for the period 11 June - 11 July 
(Anon., 1978-1986). The positive correlation between Fusarium head blight prevalence 
and prevalence in the preceding year cannot be ascribed to the occurrence of soil-
borne inoculum, as the crop rotation system prevents this. However, Fusarium winters 
on infected debris of cereals, corn or weeds, and wind and rain will further spread 
conidia and mycelium (Logrieco et al, 1988; Sutton, 1982). Another explanation for 
the correlation might be that a high head blight prevalence resulted in seed infections 
of sowing-seed for the following year. Seed infection therefore could also explain the 
correlation between head blight prevalence and relative humidity of the period 11 
June to 11 July in the preceding year (Table 1.1). The high correlation between 
percentage infected spikelets and precipitation in the period 11 June to 11 July is 
explained by the fact that Fusarium culmorum and F. graminearum are favoured by 
wet conditions (see also Daamen et al, 1990). Above all, they are typical splash-borne 
pathogens (Sutton, 1982). 
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Natural occurrence of Fusarium toxins 

Table 1.2 illustrates the natural occurrence of DON in wheat samples of recent years. 
All the wheat samples were randomly collected from several growing areas, grain-
elevators or graded lots. Average DON concentrations varied from 0.03 mg kg"1 to 
1.78 mg kg4. Maximum DON concentrations varied from 0.09 mg kg"1 to 8.53 mg kg"1. 
For the Netherlands data exist only for the crops of 1982, 1983 and 1984 (Besling 
et al, 1983; Besling, 1985; Tanaka et al, 1990). Samples from Austria, Hungary and 
Poland were analyzed for 3-ADON, but none was detected (Ueno et al, 1985). Some 
of the authors cited analyzed the wheat samples also for the more toxic nivalenol 
(NIV). Sundheim et al (1988) detected NIV in 53 out of 53 Norwegian samples with 

Table 1.2. Average and maximum deoxynivalenol contents (mg kg"1) in positive samples from home­
grown wheat 

country 

Australia 

Austria 

Canada 

F.R.Germany 

France 

Hungary 

The Netherlands 

Norway 

Poland 

Sweden 

U.K. 

U.S. 

crop year 

1983 

1984 

1980 
1986 

1982-1983 
1984 

1984 
1982-1983 

1984 

1982-1983 
1984 
1984 

1984 

1984 

1984 

1984 
1980-1982 

1984 
1982-1983 
1982 

number 
of samples 
out of total 

20/25 

3/4 

36/77 
8/8 

3/5 
5/9 

8/18 
22/25 

2/2 

12/18 
8/20 
13/13 

32/53 

13/42 

8/14 

20/31 
32/200 

7/11 
11/13 
31/33 

DON 
mean 
(mg kg"1) 

0.14 

0.36 

1.06 
0.27 

0.11 
0.06 

0.06 
0.09 

0.70 

0.05 
0.06 
0.12 

0.35 

0.09 

0.40 

0.03 
0.20 

0.06 
0.22 
1.78 

DON 
max. 
(mg kg"1) 

1.7 

0.91 

8.53 
0.45 

0.22 
0.09 

0.14 
0.27 

1.29 

0.16 
0.14 
0.51 

3.19 

0.31 

1.18 

0.31 
0.40 

0.14 
0.50 
5.50 

reference 

Blaney et ai, 1987 

Ueno et ai, 1985 

Trenholm et ai, 1983 
Teich et ai, 1987 

Besling et ai, 1983 
Besling, 1985 

Besling, 1985 
Besling et ai, 1983 

Ueno et ai, 1985 

Besling et ai, 1983 
Besling, 1985 
Tanaka et ai, 1990 

Sundheim et ai, 1988 

Ueno et ai, 1985 

Pettersson et ai, 1986 

Tanaka et ai, 1986 
Osborne & Willis,1984 

Besling, 1985 
Besling et ai, 1983 
Haglcr et ai, 1984 
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an average of 0.06 mg kg"1 and a maximum of 0.89 mg kg"1. Ueno et al. (1985) 
detected NIV in 4 out of 5 Austrian samples with an average of 0.02 mg kg"1 and a 
maximum of 0.04 mg kg"1; in 37 out of 42 Polish samples an average of 0.05 mg kg"1 

with a maximum of 0.35 mg kg"1 was detected. Tanaka et al. (1986) found NIV in 17 
out of 31 U.K. samples with a mean of 0.10 and a maximum of 0.67 mg kg"1. Tanaka 
et al. (1990) detected NIV in 12 out of 13 Dutch samples with a mean of 0.04 mg kg"1 

and a maximum of 0.20 mg kg"1. Osborne and Willis (1984) did not detect any NIV 
in U.K. samples at a detection limit of 0.05 mg kg"1. 

Lepschy-v. Gleissenthal et al. (1989) analyzed 'suspect' field samples of the 1987 
Bavarian wheat crop for DON and NIV: 92 out of 106 DON-positive samples 
contained an average of 3.96 mg kg"1 with a maximum of 43.80 mg kg"1. In samples 
with higher DON concentration NIV was detected with a concentration between 0.10 
and 0.29 mg kg"1. 

From the Fusarium head blight prevalence PRE (%) and the percentage infected 
spikelets of affected fields SPI, a Fusarium head blight rating (%) can be calculated 
for each year as PRE x SPI / 100. For the years 1979-1986 the Fusarium head blight 
ratings averaged an infection of 1.7% of all spikelets. From the data reported by 
Snijders and Perkowski (1990) based on artificial inoculation of ten wheat genotypes 
with one pathogenic strain of F. culmorum (IPO 39-01), a linear regression of DON 
concentration (mg kg"1) on head blight rating (%) was estimated with a regression 
coefficient ß of 0.54 (constant=0; df=9; R2=93%). The yearly Fusarium head blight 
ratings and the estimated DON levels in the kernels of the crops of the years 1979-
1986 are given in Table 1.3. Estimates for DON contamination averaged 0.9 mg kg"1. 
The estimates for kernel DON content in wheat grown in the Netherlands for the 
1984 crop (Table 1.3) and the results from the toxin analysis (Table 1.2) both show 
low concentrations. Regarding the current regulations mentioned above, the estimated 
DON concentrations of the wheat crops of 1979 and 1982 were too high. 

Estimates of DON-contaminated food intake in the Netherlands 

During 1979-1986, the Netherlands produced annually an average of 946,276 tonnes 
of wheat, of which 23% was used for human consumption, 36% for feed and the rest 
for export and food aid (Anon., 1979-1987). Of the feed wheat, 55% was used for 
poultry and 39% for swine (Anon., 1988). 

Indirect intake of DON by man through the consumption of animal tissues and 
produce from animals that were fed DON-contaminated feed is assumed to be 
essentially zero. Therefore, estimates of human exposure to DON are based on the 
direct intake by consumption of wheat products. Using a figure of 14.5 million people 
as the population of the Netherlands, it can be calculated that the human 
consumption of wheat grown in the Netherlands is ±16 kg/person/year. The total 
consumption of wheat flour per person in 1986 was 53 kg (Anon., 1988). Averaged 
over the years following the crops of 1979-1986, the sources of imported wheat used 
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Table 1.3. Fusarium head blight rating 
(percentage infected farmer fields x percentage 
infected spikelets of affected fields /100) and 
estimated kernel DON content for the wheat 
crop of the years 1979-1986 in the Netherlands. 
DON concentration was estimated by a linear 
regression of DON (mg kg"1) on head blight 
rating (%) with /3=0.54 and constant=0 

Table 1.4. Percentage of imported wheat that was 
imported from E.C. countries (EC%), and 
estimated daily DON intake per person in the 
Netherlands for the years following the wheat 
crops of 1979-1986 

crop 
year 

1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 

Fusarium 
head blight 
rating (%) 

3.80 
3.23 
1.41 
4.61 
0.26 
0.03 
0.30 
0.12 

DON 
content 
(mg kg4) 

2.05 
1.74 
0.76 
2.49 
0.14 
0.02 
0.16 
0.07 

crop 
year 

1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 

EC% 

63 
67 
67 
76 
73 
83 
89 
95 

intake/ 
person/day 

G*g) 

129.5 
114.2 
49.9 

176.3 
9.7 
1.2 

12.6 
5.5 

in the Netherlands were: 77% imported from E.C. countries (Table 1.4) (of which 
69% from France), 20% from the U.S. and 3% from Canada (Anon. 1979-1987). 
Assuming (/) 53 kg total consumption of wheat flour per person per year, of which 
70% imported, (ii) all E.C.-grown wheat had the estimated DON concentration of the 
Netherlands home-grown wheat, (iii) the American and Canadian wheat contained no 
DON, and (/v) cooking or baking reduced DON by 40%, the daily intake of DON 
per person can be estimated (Table 1.4). Exposure to DON was small, but chronic. 
In the year following the crop of 1982 as much as 176.3 ßg DON/person/day was 
consumed. Given the tolerable daily DON intake of 3 ßg kg"1 body weight and a 
mean human body weight of 60 kg, the estimated daily intake in 1982 was about 
equal to the limit of tolerance advised in Canada and the U.S.. 

Conclusions 

This analysis indicates the need for more information on the problem of Fusarium 
mycotoxins in wheat grown in Western Europe. More epidemiological data should be 
collected to develop a better model of the relation between climatic factors, Fusarium 
head blight infection and mycotoxin content. The irregular pattern of the Fusarium 
epidemics has led to an underestimation of the potential danger of a toxin 
contaminated wheat crop. In consideration of human and animal health, inspection 
of the crop and harvest is necessary. Breeding wheat for resistance to Fusarium head 
blight is of the utmost importance. 



Fusarium head blight and mycotoxins 13 

References 

Abbas, H.K., C.J. Mirocha, R. Rosiles & M. Carvajal, 1988. Decomposition of zearalenone and 
deoxynivalenol in the process of making tortillas from corn. Cereal Chemistry 65: 15-19. 

Anonymous, 1978-1986. Maandoverzicht van het weer in Nederland 75-83. Uitgave 94A Koninklijk 
Nederlands Meteorologisch Instituut, De Bilt, the Netherlands. 

Anonymous, 1979. Gids voor ziekten- en onkruidbestrijding in land- en tuinbouw. Akkerbouw-tuinbouw 
openbaar groen. Ministerie van Landbouw en Visserij, Directie Akkerbouw en Tuinbouw, 
Planteziektenkundige Dienst. 7e uitgave - maart 1979. Consulentschappen voor 
Plantenziektenbestrijding, Wageningen, the Netherlands. 448 pp. 

Anonymous, 1979-1987. Annual Report of the 'Produktschap voor granen, zaden en peulvruchten', 's-
Gravenhage, the Netherlands. 

Anonymous, 1981. Gids voor ziekten- en onkruidbestrijding in land- en tuinbouw. Akkerbouw-tuinbouw 
openbaar groen. Ministerie van Landbouw en Visserij, Directie Akkerbouw en Tuinbouw, 
Planteziektenkundige Dienst. 8e uitgave - maart 1981. Consulentschappen voor 
Plantenziektenbestrijding, Wageningen, the Netherlands. 456 pp. 

Anonymous, 1985a. Gewasbeschermingsgids. Handboek voor de bestrijding van ziekten, plagen en 
onkruiden en de toepassing van groeiregulatoren in de akkerbouw, veehouderij, tuinbouw en het 
openbaar groen. CAD Gewasbescherming/Plantenziektenkundige Dienst. 9e, herziene druk. 
Wageningen, the Netherlands. 551 pp. 

Anonymous, 1985b. Stichting Nederlands Graan-Centrum (NGC). Jaarverslag 1984. Wageningen, the 
Netherlands. 56 pp. 

Anonymous, 1987a. Gewasbeschermingsgids. Handboek voor de bestrijding van ziekten, plagen en 
onkruiden en de toepassing van groeiregulatoren in de akkerbouw, veehouderij, tuinbouw en het 
openbaar groen. CAD Gewasbescherming/Plantenziektenkundige Dienst. 10e, herziene druk. The 
Netherlands. 575 pp. 

Anonymous, 1987b. Stichting Nederlands Graan-Centrum (NGC). Jaarverslag 1986. Wageningen, the 
Netherlands. 47 pp. 

Anonymous, 1987c. 62e Beschrijvende Rassenlijst voor Landbouwgewassen 1987. Leiter-Nypels, 
Maastricht, the Netherlands. 336 pp. 

Anonymous, 1988. Landbouwcijfers 1988. Landbouw-Economisch Instituut. Centraal Bureau voor de 
Statistiek, 's-Gravenhage, the Netherlands. 247 pp. 

Bechtel, D.B., L.A. Kaleikau, R.L. Gaines & L.M. Seitz, 1985. The effects of Fusarium graminearum 
infection on wheat kernels. Cereal Chemistry 62: 191-197. 

Besling, J.R, 1985. Mycotoxinenrapport 85-1. Deoxynivalenol (DON) in graanproducten. Keuringsdienst 
van Waren, Rotterdam, the Netherlands. 18 pp. 

Besling, J.R, J.H van der Haar & J.J.M. Westerbeek, 1983. Mycotoxinenrapport 83-1. Deoxynivalenol 
(DON) in graanproducten. Keuringsdienst van Waren, Rotterdam, the Netherlands. 35 pp. 

Bhat, R.V., S.R. Beedu, Y. Ramakrishna & KL. Munshi, 1989. Outbreak of trichothecene 
mycotoxicosis associated with consumption of mould-damaged wheat products in Kashmir Valley, 
India. The Lancet Vol.1, 8628: 35-37. 

Blaney, B.J, C.J. Moore & A.L. Tyler, 1987. The mycotoxins - 4-deoxynivalenol, zearalenone and 
anatoxin in weather damaged wheat harvested 1983-1985 in South-eastern Queensland. Australian 
Journal of Agricultural Research 38: 993-1000. 

Bryden, W. L., R.J. Love & L.W. Burgess, 1987. Feeding grain contaminated with Fusarium 
graminearum and Fusarium moniliforme to pigs and chickens. Australian Veterinary Journal 64: 
225-226. 

Carvajal, M., M.R. Rosiles, K.K. Abbas & C.J. Mirocha, 1987. Mycotoxin carryover from grain to 
tortillas in Mexico. In: Aflatoxin in maize. A proceedings of the workshop, El Batan, Mexico, April 
7-11, 1986. Aflatoxin in maize. Ed.: M.S. Zuber, E.B. Lillehoj & B.L.J. Renfro. CIMMYT, Mexico 
D.F., pp. 318-319. 

Daamen, R.A., C.J. Langerak & W. Stol, 1990. Surveys of cereal diseases and pests in the Netherlands. 
3. Monographella nivalis and Fusarium spp. in winter wheat fields and seed lots. Netherlands Journal 



14 Chapter 1 

of Plant Pathology, in press. 
El-Banna, A.A., R.M.G. Hamilton, P.M. Scott & H.L. Trenholm, 1983. Nontransmission of 

deoxynivalenol (vomitoxin) to eggs and meat in chickens fed deoxynivalenol-contaminated diets. 
Journal of Agricultural and Food Chemistry 31: 1381-1384. 

Foster, B.C., H.L. Trenholm, D.W. Friend, B.K. Thompson & K.E. Hartin, 1986. Evaluation of 
different sources of deoxynivalenol (DON) fed to swine. Canadian Journal of Animal Science 66: 
1149-1154. 

Friend, D.W. & H.L. Trenholm, 1988. Mycotoxins in pig nutrition. Review Article. Pig News and 
Information 9: 395-401. 

Friend, D.W., H.L. Trenholm, B.K. Thompson, D.B. Prelusky & K.E. Hartin, 1986. Effect of 
deoxynivalenol (DON)-contaminated diet fed to growing-finishing pigs on their performance at 
market weight, nitrogen retention and DON excretion. Canadian Journal of Animal Science 66: 
1075-1085. 

Hagler, W.M. Jr., K. Tyczkowska & P.B. Hamilton, 1984. Simultaneous occurrence of deoxynivalenol, 
zearalenone, and aflatoxin in 1982 scabby wheat from the Midwestern United States. Applied and 
Environmental Microbiology 47: 151-154. 

Hamilton, R.M.G., H.L. Trenholm, B.K. Thompson & R. Greenhalgh, 1985. The tolerance of White 
Leghorn and broiler chicks, and turkey poults to diets that contained deoxynivalenol 
(vomitoxin)-contaminated wheat. Poultry Science 64: 273-286. 

Isohata, E., M. Toyoda & Y. Saito, 1986. Studies on chemical analysis of mycotoxin. (XVI). Fate of 
nivalenol and deoxynivalenol in foods and contaminated wheat during cooking, cleaning and milling 
processes. Bulletin of National Institute of Hygienic Sciences (Eisci Shikenkjo Hokoku) 104: 144-
147 (Abstract). 

Joffe, AZ., 1986. Fusarium species: their biology and toxicology. Wiley & Sons, New York. 588 pp. 
Kubena, L.F., R.B. Harvey, D.E. Corrier, W.E. Huff, & T.D. Phillips, 1987. Effects of feeding 

deoxynivalenol (DON, vomitoxin)-contaminated wheat to female White Leghorn chickens from day 
old through egg production. Poultry Science 66: 1612-1618. 

Kuiper-Goodman, T., 1985. Potential human health hazards and regulatory aspects. Mycotoxins: a 
Canadian perspective. Ed.: P.M. Scott, H.L. Trenholm & M.D. Sutton. NRCC No.22848. 185 pp. 
pp. 103-111. 

Kurata, H. & Y. Ueno, 1984. Toxigenic fungi, their toxins and health hazard. Developments in food 
science 7. Elsevier, Amsterdam. 363 pp. 

Lee, U.S., H.S. Jang, T. Tanaka, Y.J. Oh, CM. Cho & Y. Ueno, 1987. Effect of milling on 
decontamination of Fusarium mycotoxins nivalenol, deoxynivalenol, and zearalenone in Korean 
wheat. Journal of Agricultural and Food Chemistry 35: 126-129. 

Lepschy-v. Gleissenthal, J., R. Dietrich, E. Märtlbauer, M. Schuster, A. Süß & G. Terplan, 1989. A 
survey on the occurrence of Fusarium mycotoxins in Bavarian cereals from the 1987 harvest. 
Zeitschrift für Lebensmittel-Untersuchung und Forschung 188: 521-526. 

Logrieco, A., A Bottalico & C. Altomare, 1988. Chemotaxonomic observations on zearalenone and 
trichothecene production by Gibberella zeae from cereals in Southern Italy. Mycologia 80: 892-895. 

Manley, R.W., R.M. Hulet, J.B. Meldrum & CT. Larsen, 1988. Research Note: Turkey poult tolerance 
to diets containing deoxynivalenol (DON) and salinomycin. Poultry Science 67: 149-152. 

Marasas, W.F.O., P.E. Nelson & T.A. Toussoun, 1984. Toxigenic Fusarium species, identity and 
mycotoxicology. The Pennsylvania State University Press. University Park and London. 328 pp. 

Meyer, D., D. Weipert & H. Mielke, 1986. Beeinflussung der Qualität von Weizen durch den Befall 
mit Fusarium eulmorum. Getreide, Mehl und Brot 40: 35-39. 

Miller, K. & H.AC. Atkinson, 1987. The in vitro effects of trichothecenes on the immune system. 
Mechanisms and models in toxicology. Archives of Toxicology Suppl. 11: 321-324. 

Mirocha, C.J., H.K. Abbas, CE. Windels & W. Xie, 1989. Variation in deoxynivalenol, 15-
acetyldeoxynivalenol, 3-acetyldeoxynivalenol, and zearalenone production by Fusarium graminearum 
isolates. Applied and Environmental Microbiology 55: 1315-1316. 

Osborne, B.G. & K.H. Willis, 1984. Studies into the occurrence of some trichothecene mycotoxins in 
UK home-grown wheat and in imported wheat. Journal of the Science of Food and Agriculture 35: 



Fusarium head blight and mycotoxins 15 

579-583. 
Pcttersson, H., K.H. Kiessling & K. Sandholm, 1986. Occurrence of the trichothecene mycotoxin 

deoxynivalenol (vomitoxin) in Swedish-grown cereals. Swedish Journal of Agricultural Research 16: 
179-182. 

Pettersson, H. & O. Wennberg, 1988. High content of mycotoxins in 1986 crop from weed trials. 
Växtskyddsrapporter Jordbruk 49: 184-189. 

Prclusky, D.B., D.M. Veira, H.L. Trenholm & B.C. Foster, 1987. Metabolic fate and elimination in 
milk, urine and bile of deoxynivalenol following administration to lactating sheep. Journal of 
Environmental Science and Health, B22: 125-148. 

Scott, P.M., S.R. Kanhere, P.-Y. Lau, J.E. Dexter & R. Greenhalgh, 1983. Effects of experimental flour 
milling and breadbaking on retention of deoxynivalenol (vomitoxin) in hard red spring wheat. Cereal 
Chemistry 60: 421-424. 

Snijders, C.H.A. & J. Perkowski, 1990. Effects of head blight caused by Fusarium culmorum on toxin 
content and weight of wheat kernels. Phytopathology, in press. 

Sundheim, L., S. Nagayama, O. Kawamura, T. Tanaka, G. Brodai & Y. Ueno, 1988. Trichothecenes 
and zearalenone in Norwegian barley and wheat. Norwegian Journal of Agricultural Sciences 2: 49-
59. 

Sutton, J.C., 1982. Epidemiology of wheat blight and maize ear rot caused by Fusarium graminearum. 
Canadian Journal of Plant Pathology 4: 195-209. 

Tanaka, T., A. Hasegawa, Y. Matsuki, U.S. Lee & U. Ueno, 1986. A limited survey of Fusarium 
mycotoxins nivalenol, deoxynivalenol and zearalenone in 1984 UK harvested wheat and barley. Food 
Additives and Contaminants 3: 247-252. 

Tanaka, T., S. Yamamoto, A. Hasegawa, N. Aoki, J.R. Besling, Y. Sugiura & Y. Ueno, 1990. A survey 
of the natural occurrence of Fusarium mycotoxins, deoxynivalenol, nivalenol and zearalenone, in 
cereals harvested in the Netherlands. Mycopathologia 110: 19-22. 

Teich, A.H., L. Shugar & A. Smid, 1987. Soft winter wheat cultivar field-resistance to scab and 
deoxynivalenol accumulation. Cereal Research Communications 15: 109-114. 

Tobin, N. F., 1988. Presence of deoxynivalenol in Australian wheat and triticale - New South Wales 
Northern Rivers region, 1983. Australian Journal of Experimental Agriculture 28: 107-110. 

Trenholm, H.L., W.P. Cochran, H. Cohen, J.I. Elliot, E.R. Farnworth, D.W. Friend, R.W.G. Hamilton, 
G.A. Neish & J.F. Standish, 1981. Survey of vomitoxin contamination of the 1980 white winter 
wheat crop in Ontario, Canada. Journal of the American Oil Chemists' Society 58: 992A-994A 

Trenholm, H.L., W.P. Cochran, H. Cohen, J.I. Elliot, E.R. Farnworth, D.W. Friend, R.W.G. Hamilton, 
J.F. Standish & B.K. Thompson, 1983. Survey of vomitoxin contamination of 1980 Ontario white 
winter wheat crop: results of survey and feeding trials. Journal of the Association of Official 
Analytical Chemists 66: 92-97. 

Trenholm, H.L., D.B. Prelusky, J.C. Young & J.D. Miller, 1989. A practical guide to the prevention 
of Fusarium mycotoxins in grain and animal feedstuffs. Archives of Environmental Contamination 
and Toxicology 18: 443-451. 

Ueno, Y., U.S. Lee, T. Tanaka, A Hasegawa, & E. Strzelecki, 1985. Natural co-occurrence of nivalenol 
and deoxynivalenol in Polish cereals. Microbiologie - Aliments - Nutrition 3: 321-326. 

Van Egmond, H.P., 1989. Current situation on regulations for mycotoxins. Overview of tolerances and 
status of standard methods of sampling and analysis. Food Additives and Contaminants 6: 139-188. 

Young, J.C, R.G. Fulcher, J.H. Hayhoe, P.M. Scott & J.E. Dexter, 1984. Effect of milling and baking 
on deoxynivalenol (DON) content of Eastern Canadian wheats. Journal of Agricultural and Food 
Chemistry 32: 659-664. 



effect of head blight on wheat kernels 17 

Chapter 2 

EFFECTS OF HEAD BLIGHT CAUSED BY FUSARIUM CULMORUM 
ON TOXIN CONTENT AND WEIGHT OF WHEAT KERNELS 

C.H.A. Snijders and J. Perkowski1 

Summary 

Ten winter wheat genotypes were inoculated with three strains of Fusarium culmorum (IPO 39-01, 
IPO 348-01 and IPO 436-01) isolated in the Netherlands. Seed samples were analyzed for several 
trichothecene mycotoxins and zearalenone. Deoxynivalenol was detected in concentrations ranging from 
0 to 48 mg kg"1. The mycotoxins 3-acetyldeoxynivalenol, nivalenol, fusarenon-X and zearalenone were 
not detected. Interactions between strains and genotypes were observed for head blight and kernel 
deoxynivalenol content. For each strain, high correlations were found between deoxynivalenol content 
and yield reduction. Path analysis suggested a relation between deoxynivalenol and kernel weight 
reduction. Infection by a highly pathogenic strain reduced yield in terms of kernel number reduction. 
In the case of two moderately pathogenic strains yield loss was ascribed to lower kernel weight. This 
is the first report on the relationships among head blight incidence caused by Fusarium culmorum, 
kernel toxin content and reduction of yield. 

Introduction 

In the Netherlands, Fusarium head blight in wheat is caused by Fusarium culmorum 
(W.G. Smith) Sacc. and to a lesser extent by F. graminearum Schwabe. These two 
pathogens are closely related, and plant resistance to F. culmorum is correlated with 
resistance to F. graminearum (Mesterhazy, 1983; 1987). Various Fusarium species 
including F. culmorum and F. graminearum are capable of producing mycotoxins in 
crops (Marasas et al, 1984). The most notorious mycotoxins of F. culmorum and 
F. graminearum in wheat are deoxynivalenol (DON), and 3-acetyldeoxynivalenol (3-
ADON) (Visconti et al, 1986). These toxins are harmful to human and animal health. 
Canada allows a maximum DON concentration in unground wheat for human 
consumption of 1-2 mg kg"1; in the United States this tolerance level is advised (Van 
Egmond, 1989). 

Reports on the relationships among Fusarium head blight, toxin concentration and 
yield reduction are scarce. Head blight-susceptible cultivars of wheat contained much 
higher concentrations of DON in the kernels than resistant cultivars after inoculation 
with a single strain of F. graminearum (mean 6.56 versus 0.83 mg of DON kg"1) 
(Miller et al, 1985). From these data a correlation of 0.85 (8 df) between DON and 
spike weight reduction can be derived. No correlation was found between DON and 
kernel weight reduction. In a comparable study a correlation of 0.74 (12 df) was 

1Academy of Agriculture, Department of Chemistry, ul. W. Polskiego 75, Poznan, Poland 
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observed between Fusarium head blight and kernel DON content (Wang and Miller, 
1988). From data on wheat heads enclosed in plastic bags after inoculation with 
F. graminearum and F. culmorum (Mesterhazy, 1983), a correlation between head 
blight and spike weight reduction can be derived of 0.88 (16 df), and a correlation 
between head blight and yield reduction can be derived of r=0.91. In commercial 
wheat fields infected by F. graminearum, correlations between head blight (percentage 
of heads with bleached spikelets 10 days after heading) and DON were found of 0.79 
(20 df) (Teich and Hamilton, 1985) and 0.74 (23 df). No correlation was observed 
between blight and yield, and DON concentration and yield (Teich et al, 1987). 

This study aims to establish the relationships among head blight caused by 
F. culmorum, kernel toxin content, and reduction of yield. It is the first of its kind 
involving F. culmorum. 

Materials and methods 

Source of wheat kernels 

Sixty seed samples from 10 genotypes inoculated with three strains of F. culmorum 
were selected for mycotoxin analysis. The 10 genotypes were drawn from a set of 
winter wheat cultivars and homozygous SVP-lines representing the whole range of 
Fusarium head blight susceptibility based on the SVP-data available in 1985. Ten 
strains, taken from monospore cultures of wheat-derived isolates of F. culmorum 
collected in the Netherlands, were prescreened for pathogenicity in the greenhouse. 
Two non-pathogenic strains were discarded. From the remaining eight strains three 
strains were drawn: IPO 39-01, IPO 348-01 and IPO 436-01, originating from isolations 
from a grain of seed, a head and a leaf sheath, respectively. The lyophilized strains 
are deposited at the Research Institute for Plant Protection (IPO), Wageningen. 
Conidiospores for inoculation were produced in 1 L Erlenmeyer flasks containing 250 
ml sterilized wheat kernels of the cultivar Arminda. The cultures were incubated in 
darkness at 25°C for two weeks, followed by three weeks incubation at 5°C. To 
prepare spore suspensions, conidia were washed from the kernels with water. 

On 22 November 1985, seeds were sown at a standard density of 330 seeds m"2 in 
rows 0.25 m apart. A split-plot design was established, with two blocks. Each plot, 
consisting of one genotype, was divided into subplots of 0.90 x 0.75 m across which 
the strains of F. culmorum and three controls were randomized so that the 
experimental subplots were separated from each other by border subplots of the same 
size. 

Because wheat is most susceptible to Fusarium head blight at anthesis (Schroeder 
and Christensen, 1963), experimental inoculations were made at flowering time on 
19, 24 or 25 June 1986, using a spore suspension of 250,000 spores ml"1, at 
1 L 10 m~2. The spore suspension was sprayed from 0.25 m above the crop, for which 
a propane spray-gun was used. To ensure a high relative humidity during the nights 
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after inoculation, the field was sprinkled in the evening for 1 hr each day over a 
period of two weeks. 

Incubation period, the period from inoculation to the appearance of first symptoms, 
was determined. These first symptoms consisted of light brown, watersoaked spots on 
the glumes. Soon, infected spikelets lost the water-soaked appearance, dried up, and 
assumed the colour of the ripe heads. On 15 July head blight values were determined 
as the product of the percentage of heads infected and the proportion of bleached 
spikelets per infected head. The third week of August, 25 leading tillers were 
randomly harvested per subplot. The heads were threshed by hand, and yield and 
kernel weight were assessed. Reduction of yield and 1000 kernel weight was assessed 
by calculating the difference between a subplot and the mean of the three control 
subplots for each main plot. This difference was expressed as a percentage of the 
mean value of the control subplots. To examine control plots for Fusarium 
contamination, seeds were plated out on selective Fusarium agar (SFA) (Burgess and 
Liddell, 1983). 

In vitro production of mycotoxins 

The toxigenic potential of the strains was determined by analyzing the mycotoxins 
(DON, 3-ADON and zearalenone) produced by in vitro cultures, growing for four 
weeks on wheat kernels ('Grana') of 45% moisture content at a temperature of 20°C. 
The procedure for this toxin analysis has been described (Bottalico et al, 1983; 
Visconti et al, 1986). 

Chemicals and auxiliaries 

All solvents were of analytical grade (Merck, Darmstadt, West-Germany). Charcoal 
columns were prepared as follows: a small ball of glass wool was placed in a filtration 
column (SPE C18 3 ml, Baker Chemicals, Deventer, The Netherlands), acid washed 
celite (0.15 g) (#545; Serva, Heidelberg, West-Germany) and a mixture containing 0.5 
g alumina (Neutral activated; 70-230 mesh; Merck, Darmstadt, FRG), 0.9 g charcoal 
(SK-4; Serva), and 0.3 g celite was added. The column was connected to an assembly 
consisting of reservoir, filtration column, filter and stopcock (Baker Chemicals, 
Deventer, The Netherlands). For better separation, High Performance TLC-plates 
(#5633, Merck, Darmstadt, FRG) were activated for 1 hr at 110°C and then dipped 
in a solution of aluminum-chloride (Sigma, St.Louis, U.S.A)/water/methanol 10:15:90 
(w/v/v). The plates were dried for 12 hr at room temperature followed by 1 hr at 
40°C. Plates were washed by development with chloroform/acetone/2-propanol 
(70:15:15), air dried for 2 hr, and further washed by development with benzene/ 
acetone (60:35). The plates were dried as above. The trichothecene and zearalenone 
standards were obtained from Sigma, St.Louis, U.S.A. The rotary evaporator was a 
product of Büchi, Switzerland. Glass capillary micropipets were obtained from 
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Hirschmann Laborgeräte, FRG. A Vitatron TLD 100 fluorodensitometer was used. 

Chemical analysis 

In a first analysis the 60 samples of infected wheat kernels were analyzed for the 
trichothecene content of DON, 3-ADON, nivalenol (NIV), fusarenon-X (FUS-X), and 
zearalenone (ZEA) by thin layer chromatography (TLC), 2-dimensional TLC, and 
quantitative TLC, described by Visconti et al. (1986). The detection limit of this 
method was 0.1-0.5 mg kg"1, depending on the toxin. Because initially only DON was 
found, only DON was analyzed in further chemical analyses. Samples were extracted 
with aqueous acetonitrile and cleaned up using charcoal columns (Eppley et al., 1986; 
Tanaka et al. 1985; Trucksess et al, 1984; Trucksess et al, 1987). Each wheat sample 
(10 g) was ground and placed in a 200 ml Erlenmeyer flask with 40 ml 
acetonitrile/water (82:18). After being shaked vigorously for 15 min, the mixture was 
left for 12 hr and shaken again for 15 min. The samples were filtered under vacuum 
with a Büchner funnel on Whatman (#2) filter paper. The prepared columns were 
washed with 15 ml acetonitrile/water (82:18) mixture. After the vacuum had been 
disconnected, a clean filter flask was inserted and 20 ml of collected extract was put 
on the column. After 5 min, vacuum was again applied, providing a flow rate through 
the column of 1 ml min"1. The extract volume was filtered to reach the glass wool in 
the bottom of the column and 30 ml acetonitrile/water (82:18) was added. The 
solution containing DON was transferred to a round-bottom flask. After the solvents 
had been evaporated under vacuum at 40°C, the residue was dissolved using two 
aliquots of 2 ml ethyl acetate and 1 ml chloroform/acetonitrile (4:1), and transferred 
to the vial. The solvent was evaporated under a stream of nitrogen. The dry residue 
was dissolved by sonification for 2 min in 200 ß\ of chloroform/acetonitrile (4:1). 
Extracts of 5 and 10 1̂ volume and the standard were applied to the prepared TLC 
plates by glass capillary micropipets. The plate was placed in an unsaturated tank 
containing chloroform/acetone/2-propanol (8:1:1). Each determination was carried out 
in five replicates. Blue fluorescent DON spots were quantified visually and via a 
fluorodensitometer using 20 /*g of DON ml"1 as a working standard prepared in an 
ethyl-acetate/methanol (9:1) solution. 

Recovery tests for DON (n=5) carried out according to the above method gave 
the following yields: at 0.5 mg kg"1 88.5% ± 2.6; at 0.1 mg kg"1 84.0% ± 3.0 and at 
0.05 mg kg"1 86.6% ± 3.9. The limit of detection for DON was 0.05 mg kg"1, and 
minimum detection equalled 0.02 mg/spot. A measure for the repeatability of the 
DON analysis is the intraclass correlation (Steel and Torrie, 1981). Based on 10 
genotypes (classes) and two observations per genotype, r, had a value of 0.99. 

Statistical analysis 

Both wheat genotypes and F. culmorum strains were random samples from fixed sets. 



effect of head blight on wheat kernels 21 

For the analysis of variance a split-plot model with random effects was used (Steel 
and Torrie, 1981). For variance and regression analyses an angular transformation was 
applied for the ratings of Fusarium head blight, and the square root transformation 
for kernel DON content. From the mean squares of the variance analysis and the 
expected mean squares based on a random effect model (Steel and Torrie, 1981), the 
variance components were estimated. Because the variance component due to 
genotypes requires more than two mean squares for its estimation, an approximate 
F-test with quasi F-ratio was used (Winer, 1971), with the approximate degrees of 
freedom calculated by the method of Satterthwaite (Satterthwaite, 1946). The 
heritabilities were estimated on a phenotypic mean basis averaged over blocks and 
strains as follows: 

2 

2 2 2 2 2 
"block 2 , °1 , "strain a$ x strain °e 

+ at + + + 
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where a2 stands for the variance component due to genotypes within populations, 
while CTbiock, CTstrain and a2

 x slrain stand for the variance components due to blocks, 
strains and genotype x strain, respectively, a2 and a2 are variance components due to 
genotype x block (whole-plot error) and block x genotype x strain (subplot error), 
while r and s stand for number of blocks (r=2) and strains (s=3), respectively. Path 
analysis (Sokal and Rohlf, 1981) was used to test a theoretical model for establishing 
possible causal relationships. A path coefficient is the standardized partial regression 
coefficient and estimates the strength of the relationship between cause X and effect 
Y. The indirect path coefficient between two variables is the sum of the product of 
the chain of path coefficients along all the indirect paths by which they are connected. 

Results and discussion 

Date of inoculation had no influence on head blight incidence or DON concentration. 
There was no visible head blight infection in the control plots. Seeds harvested from 
the control plots did not show any Fusarium infection. Therefore kernels harvested 
from the control plots were considered not to contain any DON (Miller et al, 1985). 
As the control plots were free of Fusarium, cross-contamination was considered to be 
absent. 

Head blight incidence and kernel DON concentration are shown in Table 2.1. 
Estimates for variance components, their relative importance in the total variance, and 
estimates for heritabilities are given in Table 2.2. The Fusarium head blight ratings 
varied from 0% in several subplots to 85% in a subplot consisting of SVP 73012-1-2-3 
inoculated with strain IPO 39-01. For Fusarium head blight significant interactions 
existed between plant genotypes and Fusarium strains. Strain IPO 39-01 is a highly 
pathogenic strain, while IPO 348-01 and IPO 436-01 are of moderate pathogenicity 
(Table 2.1). The estimated h2 of 0.67 (Table 2.2) shows that the proportion of the 



22 Chapter 2 

Table 2.1. Fusarium head blight and kernel DON content of 10 wheat genotypes inoculated with three 
strains of Fusarium culmorum 

genotype 

SVP 72017-17-5-10 
SVP 77078-30 
SVP 75059-28 
Saiga 
SVP 72003-4-2-4 
SVP 73030-8-1-1 
SVP 75059-32 
SVP 73016-2-4 
SVP 73012-1-2-3 
SVP 72005-20-3-1 

LSD (P=0.05) 
mean 

F. culmorum 
IPO 39-01 

head 
blight3 

2.0 
9.0 

11.0 
4.5 

23.5 
60.0 
32.5 
47.0 
67.5 
62.5 

29.6 
32.0 ± 8 

: strains 

D O N a 

• b (%) (mg kg" 1 ) 

. 8 d 

4.6 
3.4 
3.4 
4.2 
5.8 

33.2 
13.3 
31.5 
34.0 
37.0 

17.1 
17.0 ±5.0 

IPO 348-01 

head 
blight (%) 

3.0 
1.0 
3.0 
4.5 
9.5 
7.5 
9.0 

14.5 
17.5 
27.5 

9.0 
9.7 ±2.8 

DON 

(mg kg" 1) 

0.8 
NDC 

ND 
0.6 
0.5 
1.9 

ND 
0.4 
1.5 
1.6 

2.2 
0.7 ±0.3 

IPO 436-01 

head 
blight (%) 

1.5 
2.5 
1.5 
9.0 
3.5 
9.0 

25.0 
22.5 
17.0 
23.0 

10.7 
13.2 ±3.0 

DON 
(mg kg" 1 ) 

0.6 
0.4 
0.2 
2.1 
0.7 
6.8 
1.4 
4.5 
8.4 
5.6 

5.4 
3.1 ±1.0 

mean 

head 
blight (%) 

2.2 
4.2 
5.2 
6.0 

12.2 
25.5 
28.0 
28.0 
34.0 
37.7 

18.3 

DON 

K I«"1) 

2.0 
1.2 
1.2 
2.3 
2.3 

13.9 
4.9 

12.1 
14.6 
14.7 

7.0 

a Values shown are the means over two blocks. 
b Head blight ratings were determined as the product of the percentage of heads infected and the 

proportion of infected spikelets per infected head. 
c No deoxynivalenol detected. 
d Standard deviation of the mean. 

Table 2.2. Estimates of variance components3 of the data in Table 2.1, absolute and as percentage of 
the total variance, and heritability0 for head blight and kernel DON content 

head blight 

absolute 

97.18" 

68.20" 

39.54* 

13.38" 

0b 

40.28 

in % of total 
variance 

38 

26 

15 

5 

0b 

16 

DON 

absolute 

0.79* 

2.42** 

0.55* 

0b 

0b 

0.57 

in % of total 
variance 

18 

56 

13 

0b 

0b 

13 

" g x strain 
^ 2 
a block 

^ 2 

0.67 0.42 

a The indices g, 7 and e stand for genotype, whole-plot error and subplot error, respectively. 
b Based on F-statistics, computed from the split-plot analysis of variance, the estimate was not 

significantly different from 0. 
c Heritability was estimated on a phenotypic mean basis averaged over blocks and strains. 

Significant at P=0.05. 
" Significant at P=0.01. 
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total variability among wheat genotypes that was due to additive genetic causes was 
high. 

DON was found in 53 of the 60 samples, with a maximum of 48 mg kg"1 in seeds 
of SVP 72005-20-3-1 inoculated with strain IPO 39-01. Strain IPO 39-01 had a very 
high DON producing capacity (Table 2.1). For statistical analysis, non detection (ND) 
was regarded as a concentration with a value of 0. For DON content, variance 
analysis revealed interactions between plant genotypes and Fusarium strains. Table 2.2 
shows that îgXslrain is of about the same level as o^. The largest part of the variance 
is determined by airain- Except for DON, no 3-ADON or any other trichothecene 
looked for was found. As DON can be formed by hydrolysis of 3-ADON or 15-ADON 
(Miller et al, 1983; Yoshizawa and Morooka, 1975), there may have been 3-ADON 
in the samples in trace amounts below the detection limit. No ZEA was detected. 
Usually there has been little, if any, ZEA in Fusarium infected wheat (Miller and 
Young, 1985; Miller et al, 1985; Visconti et al, 1986). In the in vitro experiment, 
however, besides DON also 3-ADON and ZEA were produced (Table 2.3). As was 
the case in the field, IPO 39-01 had the highest toxigenic potential in vitro. 

For incubation period (IP), reduction in 1000 kernel weight and yield, no significant 
interactions were found. The mean values for IP, 1000 kernel weight reduction and 
yield reduction are given in Table 2.4. For IP only the genotype effect accounted for 
the variation observed, the strain effect was not significant. 

Because of the significant interactions between genotype and strains for head blight 
and for DON concentration, correlations between head blight, kernel DON content, 
kernel weight and yield reduction were calculated for each strain separately (Table 
2.5). The significant negative correlations between head blight and incubation period 
show that the more resistant the genotype, the longer is the incubation period. This 
relation, which does not depend on the pathogenicity of the strain, makes the 
incubation period a potentially useful resistance component for selection. The 
correlations between DON concentration and kernel weight reduction and yield 
reduction, respectively, were high. 

In Figure 2.1, a path diagram illustrates possible causal relationships for each strain 
separately. In comparison with the direct path (pj) between head blight and yield 
reduction, for the pathogenic strain IPO 39-01 the calculated indirect path 

Table 2.3. In 

strain 

IPO 39-01 
IPO 348-01 
IPO 436-01 

vitro toxin proc uction3 of three strains of Fusarium culmorum 

zearalenone 
(mg kg"1) 

20 
40 

1728 

3-ADON 
(mg kg"1) 

4.8 
NDb 

1.5 

DON 
(mg kg1) 

2.0 
ND 
0.5 

a Strains were cultured for four weeks on wheat grains (cultivar 'Grana') of 45% moisture content, 
at a temperature of 20°C. 

bND = non detected. 
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Table 2.4. The effect of inoculation of wheat by Fusarium culmorum on incubation period3 (IP), 1000 
kernel weight reduction3 and yield reduction3 in 10 different genotypes 

genotype IP" 
(days) 

kernel weight 
reduction0 (%) 

5.5 
3.5 
4.8 
6.5 
5.9 

19.5 
2.8 

12.8 
13.5 
22.4 

12.0 
9.7 

yield 
reduction0 (%) 

6.7 
2.7 
4.5 
7.4 
7.4 

26.2 
2.7 

27.6 
35.0 
29.1 

17.8 
15.6 

SVP 72017-17-5-10 
SVP 77078-30 
SVP 75059-28 
Saiga 
SVP 72003-4-2-4 
SVP 73030-8-1-1 
SVP 75059-32 
SVP 73016-2-4 
SVP 73012-1-2-3 
SVP 72005-20-3-1 

LSD (P=0.05) 
mean 

15.0 
16.0 
19.5 
10.2 
11.3 
10.0 
14.8 
8.7 
8.5 
9.5 

2.9 
12.4 

3 Results presented are mean values over three F. culmorum strains and two blocks. 
b IP is the number of days from inoculation time to the appearance of first symptoms. 
0 Yield and 1000 kernel weight are based on 25 randomly harvested leading tillers. Reduction of yield 

and 1000 kernel weight was assessed by calculating the difference between an inoculated subplot and 
the mean of the three control subplots for each main plot. This difference was expressed as a 
percentage of the mean value of the control subplots. 

Table 2.5. Correlations3 between incubation period (IP), head blight, kernel DON content, kernel 
weight reduction and yield reduction, of 10 wheat genotypes after inoculation by Fusarium culmorum, 
for three different strains 

head blight 

kernel DON 
content 

kernel weight 
reduction 

yield reduction 

IPO 39-01 
IPO 348-01 
IPO 436-01 

IPO 39-01 
IPO 348-01 
IPO 436-01 

IPO 39-01 
IPO 348-01 
IPO 436-01 

IPO 39-01 
IPO 348-01 
IPO 436-01 

IP 

-0.64* 
-0.78" 
-0.64* 

-0.69* 
-0.77" 
-0.82" 

-0.40 
-0.81** 
-0.73* 

-0.69* 
-0.69* 
-0.83** 

head 
blight 

0.96** 
0.55 
0.65* 

0.74* 
0.73* 
0.50 

0.96" 
0.68* 
0.39 

kernel DON 
content 

0 .75" 
0 .83" 
0.86" 

0.97** 
0.73* 
0.87" 

kernel weight 
reduction 

0.67* 
0.96** 
0.91** 

3 Correlations are based on the means over two blocks. df=8. 
* Significant at P=0.05 
" Significant at P=0.01 
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(Pi,indirect)> v ' a kernel weight reduction, is of minor importance. The yield reduction 
caused by strain IPO 39-01 must result from a lower kernel number. In contrast, for 
the two less pathogenic strains IPO 348-01 and IPO 436-01, the indirect path is more 
important; yield reduction is almost exclusively caused by a lower kernel weight. 
Comparison of the direct path (p2) between head blight and kernel weight reduction 
with the indirect path (p2,indirect)> i-e- v ' a DON, shows that for the strains IPO 39-01 
and IPO 436-01 the path via DON (p4.5) is more important than the direct path, 
while for IPO 348-01 p2 and p2,indirect a r e about the same. For these three strains there 
appears to be a relation between DON and kernel weight reduction. If the 
measurement of DON is expressed on a per kernel basis, for p2 the coefficients 
change into 0.98, 0.46 and 0.04 for IPO 39-01, IPO 348-01 and IPO 436-01, 
respectively. The coefficients p2indirect change into -0.24, 0.27 and 0.46. In case of 
measuring DON on a per kernel basis the indirect path between head blight and 
kernel weight reduction via DON is only important for IPO 436-01. 

Whether there is a causal, phytotoxic effect of DON on kernel weight reduction 
cannot be proved in this study, but is possible. There have been few reports 
concerning the phytotoxic action of DON. A DON concentration of 2xlO"5M (6 
mg L"1) strongly inhibited the growth of tomato seedlings (Bottalico et al, 1980). 
Coleoptile tissue segments from some wheat cultivars would not grow at a DON 
concentration of 10"6M (0.3 mg L"1) (Wang and Miller, 1988). A retarded germination 
and growth of wheat was observed at 1.2xlO"5M DON (4 mg L'1), while 4.8xlO'5M 
DON (14 mg L1) inhibited seedling growth completely (Snijders, 1988). The 
phytotoxic effect of DON can be explained by the fact that DON is a very potent 

p4= 

p = 
"S.ind 

head 
blight 

0.96 
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1 ' 
kernel 
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0. 
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30 
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Np;* 
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Figure 2.1: Path diagram illustrating possible causal relationships. The path coefficients (p,) express the 
strength of the relationship for the strains IPO 39-01 (top figure in each column of three), IPO 348-01 
(middle) and IPO 436-01 (bottom). The indirect path coefficient (Pj indjrect) between two variables 
expresses the strength of the relationship along all the indirect paths by which they are connected. 


