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1. General introduction 

 

Plant diseases are a severe problem for the agricultural production worldwide because they 

reduce quality of products, causes substantial yield damages on average of approximately 17.2 

- 30.0% depending on the crop species (Savary et al., 2019) and lead therefore to high 

economic losses. Plants can be damaged by biotic agents such as fungi, bacteria, nematodes, 

viruses and insects (Pandey, 1992) or by abiotic factors such as nutrient deficiency, drought, 

extreme temperature, radiation, or pollution (Freeman and Beattie, 2008).  Although plants 

do not have an adaptive immune system, plant defense strategies are complex, specific (Spoel 

and Dong, 2012) and lead to many biochemical and physiological changes (Kombrink and 

Somssich, 1995). Plant immunity reaction can be distinguished into two categories: 

incomplete resistance (quantitative resistance) and complete resistance (qualitative 

resistance; Kushalappa et al., 2016). The first one is controlled by polygenes that can interact 

with the environment and with each other. Therefore, it is characterized by a quantitative 

distribution of the resistance values leading to a reduction but not an absence of the disease 

whereas ergot caused by Claviceps purpurea belongs to this category. Pyramiding of many 

quantitative trait loci (QTL) contributing more or less to the expression can increase the 

resistance level. The second one is mainly controlled by single genes affecting the expression 

of a qualitative heritable characteristic what can be illustrated by the zig-zag model of plant 

immunity (French et al., 2016). In a first step, signaling components and pathogenesis-related 

(PR) proteins are formed as response to pathogen-associated molecular patterns (PAMPs) and 

microbe-associated molecular patterns (MAMPs; Sudisha et al., 2012) in a PAMP-triggered 

immunity (PTI; Rajamuthiah and Mylonakis, 2014). During the infection process, pathogens 

secrete virulence factors (effector proteins) to suppress the host cellular defense processes. 

In response, plants have evolved resistance (R) proteins and provoke an effector-triggered 

immunity (ETI; Rajamuthiah and Mylonakis, 2014). Additionally, priming shortens response 

time or increases the magnitude of defense reaction (Paré et al., 2005) and epigenetic 

modifications seem to provide a long-lasting immune memory of pathogen attack (Spoel and 

Dong, 2012). So, plants are not defenseless, but must adapt consecutively to changing 

conditions due to ongoing evolution of the pathogens and effects of climate change (Juroszek 

et al., 2020).  
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Controlling plant diseases under practical conditions is complex due to balancing costs and 

benefits, efficiency and technical feasibility. For a successful disease management, a plenty of 

measures have to be considered (Chaube and Singh, 1991). In general, it includes appropriate 

application of chemical plant protection agents and fertilizers, agronomic measurements, and 

the use of resistant varieties that are developed by plant breeding. In the light of future 

challenges due to climate change, ongoing population growth and sustainable use of 

resources, disease resistance breeding will get an even more substantial importance 

(Miedaner and Juroszek, 2021a, 2021b). 

 

1.1 Rye – a versatile and robust multi-talent 

Winter rye (Secale cereale L.) is an important, major staple crop in the European Union (EU) 

grown on 2.3 million hectares with a production of 9.4 million tons in 2020 (Eurostat, 2021). 

Over seventy percent is produced in Germany (3.5 million tons), Poland (3.3 million tons), and 

Austria (231 thousand tons). The other large producers in the EU are Spain and Denmark. In 

Germany, important rye growing areas (2020) are: Brandenburg (172.800 ha), Lower Saxony 

(138.800 ha), Saxony-Anhalt (74.800 ha) and Mecklenburg-Western Pomerania (69.700 ha; 

DESTATIS, 2020).  

Rye is characterized by a high tolerance to biotic and abiotic (drought, salt, aluminum) stress, 

a robust growth, and a high yield potential that is competitive to other cereals such as wheat 

or triticale not only under tough agroclimatic conditions but also on better soil types (Geiger 

and Miedaner, 2009). The possible uses are multifarious and comprise food production, 

animal feeding and energy production from biogas and bioethanol (Miedaner, 2013). In 

Germany, there is a long tradition and unique variety of bread making with different 

proportions of wheat and rye flour (Deutsches Brotinstitut e.v., 2021). For that reason, 

German bread culture was honored in 2014 by UNESCO as intangible cultural heritage 

(Deutsche UNESCO-Kommission, 2019). For the production of high-quality food and feed, it is 

essential that grain samples are free from visible impurities (stones, etc.) and other 

contaminations (ergot, etc.) to meet the mandatory legal requirements. In contrast, this does 

not apply for biogas and bioethanol production except when co-products were used as feeding 

material (Schmitz, 2003).  
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Rye is an outcrossing, allogamous species with a gametophytic self-incompatibility system 

(Lundqvist, 1956). There are two types of cultivars, the open-pollinated and hybrid cultivars. 

Open-pollinated cultivars are generated by random mating after self-incompatible families 

were carefully selected and are, therefore, fully pollen shedding. For hybrid cultivars, a single-

cross seed parent is crossed with a two-line synthetic as pollen parent (A • B × Syn C,D; Geiger 

and Miedaner, 2009). The crosses are generated on the basis of cytoplasmic-male sterility 

(CMS) of the Pampa (P) cytoplasm and need for restoration of the pollen fertility in the 

progenies (commercial rye stand) restorer genes that are coming from the pollinator. The 

European restorer-to-fertility (Rf) genes which were used in early hybrids provided 30-50% 

pollen shedding and are additionally vulnerable to environmental changes. At the present day, 

non-adapted restorer genes from Iranian primitive rye and Argentinean landraces, so called 

exotic Rf genes, are used in some hybrid varieties, and lead to a considerably better 

restoration comparable to open-pollinated cultivars (Miedaner et al., 2008). Additionally, the 

pollen-fertility of the hybrids is also determined by the ease of restoration of the female 

(Miedaner and Geiger, 2015). The rye research group of the University of Hohenheim provided 

an enormous contribution to the hybrid breeding by discovering the P cytoplasm and exotic 

Rf genes, therefore, bringing the development of hybrids decisively forward (Geiger and 

Schnell, 1970). Furthermore, considerable heterosis can be exploited in hybrid rye breeding 

for important traits due to firmly established genetically distinct heterotic groups (Petkus and 

Carsten pools; Geiger and Miedaner, 2009). Thus, it is not surprising that in Germany almost 

80% of the agricultural area is grown by hybrid cultivars (BMEL, 2019) whereas hybrids are 

also of increasing importance in Poland and Austria.  

 

1.2 Claviceps purpurea: causal agent of ergot 

1.2.1 Biology, epidemiology and (historical) importance of ergot disease  

Ergot is caused by fungi of the genus Claviceps with the type species Claviceps purpurea [Fr.] 

Tul. and leads to a severe plant disease of the grass inflorescences (Wegulo and Carlson, 2011). 

The first symptom of an ergot infection is the emergence of a sugary, sticky, and yellow-brown 

liquid called honeydew on the head at or soon after flowering (Fig. 1A). After that, the 

characteristic, black-purpled, and up to 5 cm long ergot bodies, so-called sclerotia, are 

developing on the ear instead of the kernels (Fig. 1B). They extend out from the glume as 
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compact mass of fungal mycelium with a purplish-black outside layer (Pažoutová, 2002) that 

protects the fungal mycelia from desiccation, UV light and other adverse environmental 

conditions (Schumann, and Uppala, 2002). Honeydew and sclerotia can also occur 

simultaneously on the same ear (Fig. 1C) and lead to infections of rye stocks in the field 

(Fig. 1D) or in the polyethylene tunnel (Fig. 1D). 

       

    

Fig. 1 Ergot on winter rye: characteristic disease symptoms on the ears in form of A) 
honeydew, B) matured sclerotium [origin: T. Miedaner], and C) simultaneously occurrence of 
honeydew and sclerotia; and general view of ergot disease in the D) field, and E) polyethylene 
tunnel. 

 

The fungus is distributed worldwide with a large host range containing more than 400 grass 

species including important crops such as rye and forage grasses in the temperate regions. 

Interestingly, Claviceps purpurea grows faster than other Claviceps species (Irzykowska et al., 

2012) what might be an explanation for the high relevance and wide host-range underlying 

the importance of the factor fungal strain or isolate for the ergot reaction of cultivars. 

Although C. purpurea is the type species for the genus and also economically the most 

A) B) 

C) 

D) E) 

B) A) 
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important one, about 45 other teleomorph Claviceps species have been described. Even more 

species are supposed to exist but are difficult to detect because they are probably present 

only in anamorphic (sphacelial) stage. The distribution area of the other Claviceps species is 

mostly in tropical or subtropical areas. Other prominent representatives of the genus are C. 

sorghi, C. africana (sorghum ergot), C. fusiformis (pearl millet ergot) and C. gigantea (maize 

ergot; Pažoutová, 2002).  

The disease cycle of C. purpurea (Fig. 2) was for the first time fully described by the French 

mycologist Louis René Tulasne in 1853. In a first step, overwintered sclerotia of the last season 

produce perithecia at the periphery of the stroma with sexually produced ascospores that are 

inducing primary (initially) infections on wild species and forage grasses (Mantle et al., 1977). 

Imitating pollination, the germination hyphae exclusively colonize the ovary and grows from 

the pistil through the stigma until it get to the ovule (Kirchhoff, 1929; Mielke, 2000; Tenberge, 

1999; Tudzynski et al., 1995). After colonization, honeydew is secreted by the heads and leads 

to secondary infections. Ergot spores are transmitted to other flowers by physical head-to-

head contact, farming equipment, aerosols (Miedaner and Geiger, 2015), or insects crawling 

on the head caused by the attraction due to the syrupy honeydew (Schumann, and Uppala, 

2002). After that, sclerotia are developing within four to five weeks (Miedaner and Geiger, 

2015) substituting the kernels. During the harvest, the matured sclerotia fall down, overwinter 

on the field surface and the life cycle starts anew. 
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Fig. 2 Life cycle of ergot of small grain cereals and grasses (Schumann, and Uppala, 2002) 

 

The time slot for a C. purpurea infection is only at or shortly after flowering because the fungus 

cannot grow through intact glumes, thus, making cross-pollinating crops such as rye 

particularly susceptible to ergot (Kirchhoff, 1929; Mielke, 2000; Tudzynski et al., 1995). 

Additionally, ergot does not appear randomly in the field but flowering, environmental and 

cultivation conditions and the presence of insects contribute to disease spreading (Dung et 

al., 2019). 

The word ergot originates probably from argot (old French for cockspur) caused by the shape 

of the sclerotia (Schumann, and Uppala, 2002) and lead to a severe disease called ergotism 

also known as St. Anthony’s fire or holy fire (Schiff, 2006). Ergotism can occur in two types: 

“convulsive” and “gangreneous” ergotism that is distinguishable by the symptoms (Hulvová 

et al., 2013). The first one comes together with fever, muscle spasms, tremor, paralysis and 

hallucinations due to the stimulation of the central nervous system by some ergot alkaloids 

(EAs) showing structural similarity to the neurotransmitter serotonin (Eadie, 2003). The other 

type, so-called gangreneous ergotism, is characterized by gangrene, peripheral pulses, violent 

burning, and shooting pain of distal organs (fingers, toes) up to losses of affected tissues after 

chronic intake due to vasoconstriction effects of some EAs  and is eponymous for the disease 
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name “St. Anthony's fire” (Lee, 2009). One of the earliest recorded epidemics occurred in 

western Germany (857 AD) documented in the Annales Xantenses or in Limoges (France) in 

944–945 AD leaving nearly 40,000 people dead (Engelke, 2002). Epidemic outbreaks in the 

Middle Ages resulted in death rates between 10 and 20% (Schumann, and Uppala, 2002) with 

thousands of dead people (Schiff, 2006). Sick people received help from the Hospital Brothers 

of Saint Anthony illustrated in “the Isenheim altarpiece” that can be visited in the Musée 

Unterlinden in Colmar (Musée Unterlinden, 2021). Also famous historical events like the Salem 

witchcraft trials of 1692 are suspected to be caused by ergot beside of other social, political, 

and psychological determinants (Caporael, 1976). Rye and ergot were so closely interwoven 

in previous times that early botanical drawings of rye included ergot in the outline. At this, 

people did not associate ergotism with ingestion of ergot-contaminated food. After assessing 

ergot as the disease cause of ergotism by the French physician Dr. Thuillier in 1670, severe 

epidemic events were getting rarer because the ergot bodies were sorted out before the 

milling process (Schumann, and Uppala, 2002). One of the last serious disease outbreaks with 

a total number of 47 fatalities occurred in 1977 in Ethiopia where local barley was infested by 

Claviceps purpurea. Here, more than 80% of the concerned people were between 5 and 34 

years of age (Demeke et al., 1979). So, ergot was permanently of high concern especially for 

rural people that depend on rye as their primary source for bread making like it was the case 

in medieval times of Central and Eastern Europe (Schumann, and Uppala, 2002).  

 

1.2.2 Ergot alkaloids with Janus face: toxic, but also of medical importance 

Ergot alkaloids (EAs) are a diverse group of secondary metabolites (Money, 2016) known from 

several Ascomycetes species (Schiff, 2006) including pathogens (C. purpurea) or symbionts 

(Neotyphodium, Epichloë; Potter et al., 2008). They are defined as derivates of 4-(γ,γ-

dimethylallyl)tryptophan (DMAT; (Florea et al., 2017)) and are grouped into clavine alkaloids, 

D-lysergic acid and its derivatives, and ergopeptines (Florea et al., 2017; Jakubczyk et al., 2014; 

Schardl et al., 2006; Young et al., 2015). More than 80 individual EAs are known in literature 

(Křen and Cvak, 1999; Schiff, 2006). In a communication of the European food safety authority 

(EFSA) ergometrine (Em), ergotamine (Et), ergosine (Es), ergocristine (Ecr), ergocryptin (Ekr), 

and ergocornine (Eco) and the corresponding -inine epimers were found to be the main 

alkaloids for C. purpurea (EFSA, 2012). The spectrum of the EAs is strongly influenced by the 
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host plant, geographic region and fungal isolate (Battilani et al., 2009; Krska and Crews, 2008; 

Malysheva et al., 2014; Schardl et al., 2006). In addition, the isolates seem to vary in their 

virulence depending on origin and geography of the host revealing complex relationships 

between host and fungus (Menzies et al., 2017). For Festuca sinensis, host of the systemic 

endophytic fungus Epichloë, even a seasonal-dependent variation of the EA formation was 

shown (Lin et al., 2019). Although EAs were investigated for a long time, the ecological 

function has not been sufficiently clarified yet. But there are studies indicating that EAs 

contribute to virulence (Panaccione and Arnold, 2017) and are necessary for the resistance of 

the fungus against insects (Potter et al., 2008), mammals (Panaccione et al., 2006), or 

microbes (Venkatesh and Keller, 2019). Additionally, pigmented fungi are known to be better 

adapted to withstand adverse environmental conditions (Diem, 1971; Durrell, 1964; Last and 

Deighton, 1965) what indicates that the pigmentation of ergot sclerotia might be an adaption 

mechanism against environmental stress factors such as heat or radiation. Interestingly, the 

EA content of a sclerotia is proportional to its pigment content making a toxicity analysis on 

base of pigment quantification imaginable (Flieger et al., 2019; Maríne Font et al., 1971; 

McClymont Peace and Harwig, 1982). However, EAs are light sensitive (Komarova and 

Tolkachev, 2001), thus, the correlation of EA and pigment content might be just a result of 

light-induced degradation of EAs in sclerotia with primary lower contents of pigments that are 

less protective (Flieger et al., 2019). 

The yield loss due to ergot can amount to up to 5-10% and can be, therefore, a problematic 

issue in single years (Wegulo and Carlson, 2011). Nevertheless, the greatest threat is the 

contamination of the harvest by poisonous EAs leading to the severe symptoms of ergotism. 

The EAs are toxic for humans and warm-blooded animals (Hulvová et al., 2013) and can 

contaminate whole harvest lots by EA-containing dust caused by abrasion. Additionally, ergot 

bodies are fragile and the resulting fractions can be of similar size than the rye kernels which 

make separating expensive (Miedaner and Geiger, 2015). In contrast, the therapeutic effect 

of EAs has been known for a long time. Already around 350 BCE the effect that EAs trigger 

contractions at pregnant women was recorded in a sacred book of the Parsees (De Costa, 

2002). In Germany, ergot was mentioned as a medical aid in childbirth by Adam Lonicer in 

1582 for the first time (Mühle and Breuel, 1977) and was regularly used in obstetrics and 

inducing abortions in previous times. Since the 20th century, scientific research was started 

with isolation of ergotamine by Arthur Stoll in 1918 (Lee, 2009). After that milestones were 
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made such as suggesting ergotamine as drug for treating migraine by Hans Maier in 1926 or 

discovering Lysergic acid diethylamide (LSD) by Albert Hofmann in 1938 (Lee, 2010). 

Nowadays, EAs are used in modern medicine in several ways due to their pharmacological 

effects (Schardl et al., 2006; van Dongen and de Groot, 1995) as therapeutic drugs to treat a 

large number of human diseases like migraines, uterine hemorrhaging, or Parkinsonism 

(Florea et al., 2017; Sharma et al., 2016). For monitoring the toxicology of EAs in e.g. feeding 

studies in animal models, highly sensitive analytical methods are required (Shi and Yu, 2018; 

Strickland et al., 2011). 

 

1.3 Detection methods for ergot alkaloids: pros and cons   

EA concentration cannot be assessed by visual inspection (Shi and Yu, 2018), so, there are 

several methods for detecting and analyzing EAs based on different analytical techniques such 

as chromatography, immunology, spectroscopy or capillary electrophoresis (Crews, 2015; 

EFSA, 2012; Flieger et al., 1997; Scott, 2007; Shi and Yu, 2018). Nowadays, high performance 

liquid chromatography with fluorescence detection (HPLC-FLD) and HPLC—tandem mass 

spectrometry (HPLC-MS/MS or LC-MS) are routinely used as internationally validated standard 

in determining EA content in food and feed samples (EFSA, 2012; Schardl, 2015). Therefore, 

HPLC approaches are frequently applied in numerous screening studies (Debegnach et al., 

2019; Malysheva et al., 2014; Meister and Batt, 2014; Mulder et al., 2012; Müller et al., 2009; 

Ruhland and Tischler, 2008; Wegulo and Carlson, 2011), particularly for the simultaneous 

screening of a large number of samples (Veršilovskis et al., 2019). Although HPLC determines 

EAs in a reliable, steady, repeatable and quantitative way (Shi and Yu, 2018), the analysis is 

time consuming and expensive because it requires on the one hand a well-equipped 

laboratory with well-trained employees (Beuerle et al., 2012; Ruhland and Tischler, 2008). On 

the other hand, time-consuming wet-chemical extraction and cleanup steps that rely on 

expensive and hazardous organic solvents (Senthilkumar et al., 2016) are needed. 

Furthermore, the choice of extraction solvents is of major importance, so, recurrent 

optimization of the experimental process has to be considered to gain maximum information 

from analytical data (Gemperline, 2006).  

Besides, enzyme-linked Immunosorbent assays (ELISA) are also able to detect EAs because the 

mycotoxins can be discerned by the spatial structure in an antigen-antibody reaction (Shi and 
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Yu, 2018; Zheng et al., 2006). In this context, several commercial ELISA kits are available based 

on determining the content of lysergic acid and its derivatives, a common motif of the 

precursor group in the EA pathway (Cell Signaling Technology, 2021; LCTech, 2021; 

Veršilovskis et al., 2019). In comparison to other wet chemical methods such as HPLC, ELISA 

approaches are relatively fast, easy-to-use, and cheap (Cell Signaling Technology, 2021; Krska 

and Crews, 2008). Thus, making the tool a promising solution for a quick and financially 

sustainable screening assay for users in the daily routine. ELISA approaches were already 

applied for assessing EAs such as ergonovine in wheat and grass seeds (Shelby and Kelley, 

1992) or the total EA content in native Turkish grasses (Tunali et al., 2000). Recent studies are 

using the technique more in the context of fescue toxicosis in livestock (Kenyon et al., 2018; 

Roberts et al., 2014; Schnitzius et al., 2001). Additionally, screening of EAs in a qualitative way 

was successful for two out of three ELISA kits for a low number of samples even though 

quantitative comparison with HPLC was difficult due to false positive and false negative results 

(Veršilovskis et al., 2019). This also illustrates major problems of this method. In particular, 

lower accuracy and specificity (Veršilovskis et al., 2019) and falsified results due to matrix 

effects or varying cross-reactivity (Coufal-Majewski et al., 2016; Krska and Crews, 2008; Shi 

and Yu, 2018) for instance against ergopeptines (e.g. ergovaline). This discrepancy may lead 

to divergent EA contents between different analytical methods due to under- or 

overestimation what is already reported in literature when comparing HPLC and ELISA 

(Roberts et al., 2014; Schnitzius et al., 2001).  

 

1.4 Ergot-contamination in food and feed and consequent regulations  

Numerous screening studies have shown that contamination of EAs in food and feed samples 

seems to occur regularly under natural infection conditions for all common cereals in different 

countries (Topi et al., 2017). EAs could be detected in a plethora of samples of rye and rye-

based products (51% - 100%) with maximum levels between 61 to 1231 µg/kg whereas one 

rye feeding lot showed an extraordinary high EA content of 12340 µg/kg (Debegnach et al., 

2019; Malysheva et al., 2014; Meister and Batt, 2014; Mulder et al., 2012; Ruhland and 

Tischler, 2008; Wegulo and Carlson, 2011). Additionally, other cereals like triticale or wheat 

showed similar maximum levels of EAs (123 and 1236 µg/kg) illustrating that ergot 

contamination is also a problem in other important crop species. So, screening of all cereals is 
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necessary to ensure food safety (Malysheva et al., 2014; Meister and Batt, 2014; Mulder et 

al., 2012; Müller et al., 2009; Ruhland and Tischler, 2008; Topi et al., 2017). But there is no 

uniform and consistent method for monitoring baked goods (Kniel et al., 2018) and EA content 

in individual sclerotia is variable (Schwake-Anduschus, 2018). Furthermore, EAs could be 

detected in ergot-cleaned samples what is probably caused by abrasion and arising dust 

formation during processing steps (Beuerle et al., 2012; Byrd and Slaiding, 2017; MacDonald 

and Anderson, 2017). Another explanation could be phloem movement because EAs could be 

detected in healthy grain that is evolved over- or underlying of the infected florets in wheat, 

barley and for a lesser extent in rye (Gordon et al., 2019). Nevertheless, a transfer over fungus-

plant junction into healthy grain of the same ear seems not to be relevant in practical purposes 

as EAs could not be found in rye kernels of ergot infected ears (Mainka et al., 2007).  

Nevertheless, the risk of an severe epidemic outbreak caused by ergot nowadays is low due 

to diversification of diets, cleaning possibilities (Miedaner and Geiger, 2015) and strict 

regulations of ergot within the EU (EFSA, 2012). In the EU, ergot sclerotia and sclerotial 

fragments in unprocessed cereals are restricted to 0.05% by weight (wt.) for human 

consumption (European Union, 2015) and to 0.1% by wt. for animal feeding (European 

Communities, 2002). Recent research gives the cause for a more critical evaluation of the 

regulatory limit because ergot doses close to the recommended limit of the tolerable daily 

intake (TDI) retained by the EFSA seem to induce alterations of the liver and intestine (Maruo 

et al., 2018). As a reason of the recurrent occurrence of EAs in food and feed and indications 

of an insufficient relationship between ergot amount and EA content (Bryła et al., 2018; Grusie 

et al., 2017; Kenyon et al., 2018; Mulder et al., 2012; Orlando et al., 2017; Roberts et al., 2014; 

Schwake-Anduschus et al., 2020), a reorganization of the regulations is expected to be enacted 

in the near future. At this, the limit will be adjusted to 0.02% by wt. (unprocessed rye). 

Furthermore, the maximum EA content will be limited to 250 µg/kg (as from 01.07.2023, until 

30.06.2023: 500 µg/kg) for rye milling products and for infants and young children to 20 µg/kg 

on the base of the following 12 main EAs of C. purpurea: ergometrine, ergometrinine, 

ergosine, ergosinine, ergotamine, ergotaminine, ergocornine, ergocorninine, α-ergocryptine, 

α-ergocryptinine, ergocrystine, and ergocrystinine (A. Raditschnig, pers. commun. 2021).  
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1.5 Countermeasures, influencing factors and breeding strategies for reducing 

ergot  

There are several factors for preventing ergot in a commercial field. First of all, agronomic 

measures such as supporting a well-developed, homogenous rye stand with an adequate 

density (Wegulo and Carlson, 2011), purification and controlling of weeds and grasses around 

the field (Mantle et al., 1977), crop rotation with non-susceptible species, deep plowing 

(Schumann, and Uppala, 2002), avoiding irrigation at the beginning of the flowering period 

(Alderman, 2006), and using certified seeds (Miedaner and Geiger, 2015) can be addressed by 

the farmers against ergot contamination. Chemical control of ergot disease via fungicides is 

not possible because no fungicides are registered on the market for this purpose (Engelke, 

2002). When ergot occurs in the crop stand sclerotia and sclerotial fragments can be removed 

to a large extent by mechanical cleaning or optical color-sorting machines before milling what, 

however, increases the costs and slows down the processing speed (Miedaner and Geiger, 

2015). Considerable reduction of EAs was observed in wheat and rye bread after baking (Bryła 

et al., 2018; Meleard, 2016) but not during durum pasta production (Tittlemier et al., 2019). 

Despite beer is not a key source of EA intake, EAs could be detected together with other 

mycotoxins after brewing in low levels but with high frequency (Bauer et al., 2016).  

Another factor to prevent ergot is host resistance. It can be distinguished into passive 

mechanisms such as disease escape via stigma constriction (Willingale et al., 1986; Willingale 

and Mantle, 1985) or avoidance by cleistogamy of self-pollinating crops and active 

mechanisms like a real physiological resistance (Miedaner and Geiger, 2015). Although the 

existence is not validated yet few QTL associated with partial resistance to ergot are known in 

bread wheat influencing weight and size of sclerotia (Gordon et al., 2015) or in durum wheat 

having an effect on different components of the infection process like the hormonal pathway 

(Gordon et al., 2020).  

Due to the fact that the fungus mimics pollination of a cereal, flowering biology is an essential 

factor influencing ergot contamination (Kirchhoff, 1929; Mielke, 2000; Tenberge, 1999; 

Tudzynski et al., 1995). Consequently, floral characteristics such as duration of flowering 

(Thakur and Williams, 1980), aperture angles, stigma size, duration of receptivity and drying 

time after pollination of stigmas are important factors as shown in sorghum (Bandyopadhyay 

et al., 1998; Cisneros-López et al., 2010; Dahlberg et al., 2001). Additionally, pollen availability 
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is crucial for preventing ergot and lead to a competition between pollen and fungal spores 

(Engelke, 2002; Miedaner and Geiger, 2015; Thakur and Williams, 1980). Consequently, a 

reduced pollen amount promotes ergot infection. This could arise because of partial 

restoration of a hybrid cultivar. Furthermore, rainy and moist weather with high humidity and 

low temperatures around flowering reduces on the one hand production, shedding, 

movement and viability of pollen negatively but increases on the other hand proliferation and 

development of the pathogen. In addition, warm and sunny weather conditions lead to 

thickened honeydew (McCrea, 1931; Menzies and Turkington, 2015; Miedaner and Geiger, 

2015; Pažoutová, 2002). So, interactions between weather, fungus and host are complex 

making a high impact of genotype-by-environment interaction imaginable and lead to the 

necessity of testing ergot trials across several locations and years (Dhillon et al., 2010; 

Miedaner et al., 2010a, 2010b; Miedaner and Geiger, 2015; Mirdita and Miedaner, 2009).  

Until now, breeding for reducing ergot focuses on the enhancement of the pollen shedding of 

the cultivars that should be environmental stable also under adverse conditions (Engelke, 

2002; Miedaner and Geiger, 2015). At this, introgression of effective restorer genes to 

guarantee a high pollen ability is one of the most important tools for breeding companies and 

lead in practical conditions to a significant reduction of ergot contamination (Miedaner et al., 

2008). In the descriptive list of varieties of Germany (grain utilization), nine population and 26 

hybrid cultivars of winter rye were registered in 2020 and the susceptibility to ergot ranges 

between 3-6 on the 1-9 scale (1 = fully resistant, 9 = fully susceptible; Bundessortenamt, 2020). 

Despite population cultivars received on average a better ergot evaluation, the top grade (= 3) 

was assigned to population as well as hybrid cultivars. Consequently, farmers can choose 

varieties with a good ergot defense what was due to plant breeding progress.   
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2. Objectives 
 

The aim of this research thesis was to investigate the relative importance of crucial factors 

(genotype (male, female), location, year, isolate) and their interactions on ergot infection and 

ergot alkaloid (EA) contents in multi-locational field trials across Central Europe, and to 

examine the covariation of high performance liquid chromatography (HPLC), enzyme-linked 

immunosorbent assay (ELISA) and ergot severity in a large-scale study.  

In particular, the specific aims were to: 

(I) Validate a harmonized method for testing resistance to ergot in winter rye cultivars 

considering different environmental conditions in Central Europe 

(Publication 1, 2); 

(II) Evaluate the relative importance of the effects of male and female genotype, and 

environment for ergot severity (Publication 1) and the role the maternal 

component (Publication 3); 

(III) Assess the effect of inocula from fungal isolates of different EU countries and to 

estimate potential changes of cultivars in rank order when using country-specific 

inocula (Publication 1, 2); 

(IV) Analyse the EA contents regarding genotypes, locations, countries, years, isolates, 

and interactions (Publication 2, 4); 

(V) Calibrate a commercial ELISA test kit (ErgoREAD; LCTech GmbH) for the total EA 

content by HPLC and determine the correlation among ELISA and HPLC values and 

ergot severity (Publication 2, 4). 
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3. Publication I: Ergot infection in winter rye hybrids shows 

differential contribution of male and female genotypes 

and environment1) 

 

Anna Kodisch1 ∙ Peer Wilde2 ∙ Brigitta Schmiedchen2 ∙ Franz-Joachim Fromme3 ∙ 
Bernd Rodemann4 ∙ Anna Tratwal5 ∙ Michael Oberforster6 ∙ Franz Wieser7 ∙ 
Andrea Schiemann8 ∙ Lise Nistrup Jørgensen9 ∙ Thomas Miedaner1. 
  
 

1 State Plant Breeding Institute, University of Hohenheim, 70593 Stuttgart, 
Germany. 

2 KWS LOCHOW GMBH, Ferdinand-von-Lochow Straße 5, 29303 Bergen, Germany. 

3 HYBRO Saatzucht GmbH & Co. KG, Kleptow Nr. 53, 17291 Schenkenberg, Germany. 

4 Julius Kühn-Institute, Federal Research Centre for Cultivated Plants, Institute for 
Plant Protection in Field Crops and Grassland, Messeweg 11/12, 38104 
Braunschweig, Germany. 

5 Institute of Plant Protection – National Research Institute, Władysława Węgorka 
20, 60-318 Poznań, Poland. 

6 Austrian Agency for Health and Food Safety (AGES), Institute for Sustainable Plant 
Production, Spargelfeldstr. 191, 1220 Vienna, Austria. 

7 Saatzucht LFS Edelhof, Edelhof 1, 3910 Zwettl, Austria. 

8 Teknologisk Institut, Agro Food Park 15, 8200 Aarhus, Denmark. Current address: 
Nordic Seed A/S, Kornmarken 1, 8464 Galten, Denmark. 

9 Aarhus University, Department of Agroecology-Crop Health, Forsøgsvej 1, 4200 
Slagelse, Denmark. 

 

 

Euphytica (2020) 216:65  

The original publication is available (open access) at 
https://doi.org/10.1007/s10681-020-02600-2  

 

https://doi.org/10.1007/s10681-020-02600-2
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4. Publication II: Covariation of Ergot Severity and Alkaloid 

Content Measured by HPLC and One ELISA Method in 

Inoculated Winter Rye across Three Isolates and Three 

European Countries2) 

 

Anna Kodisch1 ∙ Michael Oberforster2 ∙ Armin Raditschnig3 ∙ Bernd Rodemann4 ∙ 

Anna Tratwal5 ∙ Jakub Danielewicz5 ∙ Marek Korbas5 ∙ Brigitta Schmiedchen6 ∙ 

Jakob Eifler6 ∙ Andres Gordillo6 ∙ Dörthe Siekmann7 ∙ Franz-Joachim Fromme7 ∙ 

Frederik N. Wuppermann8 ∙ Franz Wieser9 ∙ Elisabeth Zechner9 ∙ Małgorzata 

Niewińska10 ∙ Thomas Miedaner1. 

 

1 State Plant Breeding Institute, University of Hohenheim, 70593 Stuttgart, 
Germany. 

2 Austrian Agency for Health and Food Safety (AGES), Institute for Sustainable 

Plant Production, 1220 Vienna, Austria. 

3 Austrian Agency for Health and Food Safety (AGES), Institute for Food Safety 

Linz, 4020 Linz, Austria. 

4 Federal Research Centre for Cultivated Plants, Julius Kühn-Institute, Institute for 

Plant Protection in Field Crops and Grassland, 38104 Braunschweig, Germany.  

5 Institute of Plant Protection—National Research Institute, 60-318 Poznań, 

Poland. 

6 KWS LOCHOW GMBH, 29303 Bergen, Germany. 

7 HYBRO Saatzucht GmbH & Co. KG, 17291 Schenkenberg, Germany. 

8 LCTech GmbH, 84419 Obertaufkirchen, Germany. 

9 Saatzucht LFS Edelhof, 3910 Zwettl, Austria. 

10 DANKO Hodowla Roslin Sp. z o.o., 64-000 Kościan, Poland 

 

Toxins 2020, 12(11), 676;  

The original publication is available (open access) at 
https://doi.org/10.3390/toxins12110676 

https://doi.org/10.3390/toxins12110676
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5. Publication III: Maternal differences for the reaction to 

ergot in unfertilized hybrid rye (Secale cereale)3) 
 

Anna Kodisch1 ∙ Brigitta Schmiedchen2 ∙ Jakob Eifler2 ∙ Andres Gordillo2 ∙ Dörthe 

Siekmann3 ∙ Franz-Joachim Fromme3 ∙ Michael Oberforster4 ∙ Thomas 

Miedaner1. 

 

1 State Plant Breeding Institute, University of Hohenheim, 70593 Stuttgart, 
Germany. 

2 KWS LOCHOW GMBH, 29303 Bergen, Germany. 

3 HYBRO Saatzucht GmbH & Co. KG, 17291 Schenkenberg, Germany. 

4 Austrian Agency for Health and Food Safety (AGES), Institute for Sustainable 

Plant Production, 1220 Vienna, Austria. 

 

European Journal of Plant Pathology 2022, 163:181–191 

The original publication is available (open access) at 
https://doi.org/10.1007/s10658-022-02467-0  

  

https://doi.org/10.1007/s10658-022-02467-0
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6. Publication IV: Ergot alkaloid contents in hybrid rye are 

reduced by breeding4) 
Thomas Miedaner1 ∙ Anna Kodisch1 ∙ Armin Raditschnig2 ∙ Jakob Eifler3 

1 State Plant Breeding Institute, University of Hohenheim, 70593 Stuttgart, 
Germany. 

2 Austrian Agency for Health and Food Safety (AGES), Institute for Food Safety 

Linz, 4020 Linz, Austria. 

3 KWS LOCHOW GMBH, 29303 Bergen, Germany. 

 

Agriculture 2021, 11(6), 526;  

The original publication is available at 
https://doi.org/10.3390/agriculture11060526 

 

https://doi.org/10.3390/agriculture11060526


84 
 

 



85 
 

 



86 
 

 



87 
 

 



88 
 

 



89 
 

 



90 
 

 



91 
 

 



92 
 

 



93 
 

 



94 
 

 

  



95 
 

7. General discussion 
 

7.1 Establishment of a harmonized method for testing ergot-related traits 

For establishment of a harmonized testing system for ergot-related traits, five steps should be 

validated regarding their efficiency, suitability and practicability (Figure 1): 

 

Fig. 1 Adjusting screws for validating a harmonized method for testing ergot-related traits 

 

A standardized protocol for producing high quality ergot inoculum with high germination rates 

was successfully applied in all experiments (Publication 1-4) as previously described (Miedaner 

et al., 2010b) because the germination rate is one of the key quality parameters of the 

inoculum (Tenberge, 1999). Here, problems could arise when inoculation is outside the 

narrow time frame of flowering due to delays, technical or delivery problems. For this, 

germination rates of spores were analysed on water agar (WA) after freezing (data not 

published). A reason for the low initial values (55%) might be that the experiment started after 

trial inoculations and the inoculum was already stored 2 week at 4°C. Freezing lowers the 

germination rate of the spores after 6 weeks with minimal differences between -20°C (41%) 

and   -80°C (39%). Thus, inoculum should be freshly prepared prior to inoculation although the 

inoculum could be stored at 4°C for a short time until usage. Consequently, germination rates 

should be always analysed prior to inoculation to guarantee sufficiently high infection levels.    

Validating a 
harmonized

method

(1) Inoculum 
production

(2) Experimental 
design

(3) Artificial
inoculation

(4) Recording 
traits

(5) Data 
evaluation
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Secondly, a field design with minimized neighbouring effects due to border plots in a 

completely randomized chessboard-like design revealed moderate to high repeatabilities and 

heritabilites and good differentiation among genotypes (Publication 1-4). Thus, the testing 

system worked very well for analysing ergot reaction in winter rye as previously shown 

(Miedaner et al., 2010b). Reasonable genotypic variation could be observed for ergot severity 

in years with high natural disease pressure (Publication 1). Nevertheless, a reliable artificial 

inoculation procedure was of huge importance in most environments to guarantee a 

considerable differentiation of genotypes especially in years with unfavourable infection 

conditions (Miedaner et al., 2010a; Publication 1,2). High correlation between both 

inoculation methods (Publication 1) indicated that results obtained under artificial inoculation 

represent the practical situation under natural infection conditions very well. Spray 

inoculation during flowering via tractor was suitable for field trials when evaluating a large 

number of genotypes simultaneously because ergot infections could be observed in almost all 

locations (Publication 1,2,4). In greenhouse and polyethylene tunnel trials spray inoculation 

could be used to generate solid infection levels (Publication 3). Here, the spraying could be 

handled routinely, location-independent and is, therefore, less prone to error  making ergot 

experiments in the greenhouse promising also in the winter season with less environmental 

risks due to drought or storm (Duarte-Galvan et al., 2012). Another inoculation possibility is 

the needle inoculation. At this, the principal is exemplified by the motorised “golden hamster” 

(in German “Goldhamster”, Putoma AG Luzern, Switzerland) as professional inoculation and 

harvesting machine formerly used by the pharmaceutical industry (Universität Hohenheim, 

2021). In this context, a needle inoculation approach by hand resulted in considerable ergot 

infections (Publication 3). Obviously, the clear advantage of this method was that all entries, 

also male-fertile rye, could be examined without pollen because the inoculation was done 

before flowering when the heads were still in the leaf sheath (BBCH 45-49) (Meier, 2018). 

Additionally, this method gave the advantage to analyse partially or fully fertile material in the 

field without complex and laborious isolation constructions or distances. At this, field 

approaches are better related to reality than greenhouse experiments (Publication 3). 

However, a further improvement and optimization of the needle method has to be done to 

conduct also large-scale studies which decrease possible error factors. Nevertheless, field and 

greenhouse experiments were correlated to a certain extent (Publication 3) illustrating that 

spray as well as needle inoculation can be used for evaluating ergot without pollen.  
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The traits ergot severity (Publication 1,2,4) and ergot incidence (Publication 3) were recorded 

as resistance trait with high repeatablities as shown in previous studies (Miedaner et al., 

2010a, 2010b; Schwake-Anduschus et al., 2020). For high-throughput analysis of ergot severity 

and EA content, a flow scheme was developed (Figure 4). Here, harvesting was done at BBCH 

87-89 (Publication 2,4) because EAs were produced rather during later stages of sclerotial 

development (Loo and Lewis, 1955). Additionally, samples were stored until milling at < 37°C 

and afterwards at -20°C (Publication 2,4) since EAs are highly temperature-sensitive (Bryła et 

al., 2019). The restorer index was a key parameter for the ergot reaction and can be calculated 

from anther rating (Publication 1,2,4) for estimating the pollen amount in a more accessible 

and comprehensible way (Geiger et al., 1995). When working with ergot-related traits, 

attention should be payed to checking the prerequisite of analyses of variance (ANOVA) and 

transformation should be done in case of need because the residuals were often not normally 

distributed in the environments (Publication 1, 2, 4) as also demonstrated in other studies 

(Miedaner et al., 2010a; Mirdita et al., 2008). An explanation was that much more low values 

appeared in comparison to high values for biological reasons such as limited source-sink-

relationships leading to a distribution that was strongly skewed to the left.
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Fig. 4 Flow scheme for high-throughput analysis of ergot severity and EA content 
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7.2 Factors influencing ergot reaction 

7.2.1 Environment 

The environment was of upmost importance for ergot severity (Publication 1, 2, 4) also 

without pollen in field and greenhouse trials (Publication 3) and for EA content (Publication 

2,4). This was in agreement for Claviceps purpurea in rye (Dhillon et al., 2010; Mainka et al., 

2007; Miedaner et al., 2010b; Miedaner and Geiger, 2015; Mirdita and Miedaner, 2009) and 

Claviceps africana in sorghum  (Wang et al., 2000; Workneh and Rush, 2006, 2002). For all 

experiments, locations as well as years were relevant (Publication 1-4). An explanation of the 

high environmental impact was that ergot severity and restorer index were tightly correlated 

(Publication 1,2,4). In this context, pollen shedding is strongly affected by weather while 

favourable infection conditions (wet, cool) negatively influence pollen production, viability, 

and flight (Miedaner and Geiger, 2015). Additionally, viable pollen depends on the severity of 

environmental conditions since moving in the air is drying the pollen (Fritz and Lukaszewski, 

1989). But also without any pollen different infection levels and a large variation regarding 

their ergot reaction could be detected for individual locations and years (Publication 3). 

Although uniform handling and maintenance of environmental conditions seem to be easier 

in the greenhouse (Publication 3). In addition to that, averaged results for ergot severity and 

ergot incidence and also the differentiation among genotypes were higher in the greenhouse 

(spray inoculation) than in the field (needle inoculation) in almost all cases (Publication 3). 

Thus, also without pollen testing across several locations and years was definitely necessary 

as previously reported for other ergot-related traits (Publication 1,2,4). In conclusion, weather 

or climate conditions remain to be one of the main driving factors for ergot infection (Mainka 

et al., 2007; Orlando et al., 2017, Publication 1-4).  

The same location could display a completely different ergot severity (Publication 1,2,4), ergot 

incidence (Publication 3) or EA content in different years (Publication 2,4). In literature it was 

shown that the locations with the highest ergot development were not always the best 

selection environment with the highest breeding success (Dhillon et al., 2010). Possible 

inequalities of soil or micro-climate were minimized by conducting multi-locational trials 

(Publication 1-4). But surrounding plant species could also contributed to a higher ergot 

incidence caused by generating a favourable micro-climate for ascospore discharge probably 

by shading as shown for ergot in a ryegrass - wheat complex (Mantle and Shaw, 1976). 
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Furthermore, genotype by environment interaction was of huge importance for all ergot-

related trials (Publication 1-4) what was in agreement with the literature (Dhillon et al., 2010; 

Mainka et al., 2007; Miedaner et al., 2010b; Miedaner and Geiger, 2015; Mirdita and 

Miedaner, 2009). In the greenhouse without pollen, genotype by environment interaction was 

the most important source of variation (Publication 3). This illustrated that prediction of 

locations regarding ergot even in greenhouse trials without pollen was difficult or even 

impossible. So, plant breeders and scientific researches have to perform multi-environmental 

trials at locations with different agro-climatically conditions ideally with high annual 

precipitation.  

Another aspect was the interaction between fungal isolate and environment because 

development and infection process of the pathogen itself was highly influenced by 

environmental conditions (Mainka et al., 2007). Here, moist and cool weather were optimal 

for spore germination (Menzies and Turkington, 2015). In addition, environmental conditions 

could affected poikilothermic insects contributing to Claviceps purpurea proliferation whereas 

ergot occurred in clusters under natural conditions for Kentucky bluegrass (Poa pratensis) 

(Dung et al., 2019). Some Claviceps purpurea strains could be more encouraged by 

environmental conditions than others (Jungehülsing and Tudzynski, 1997; Meinicke, 1956; 

Schulze, 1953). This might be an explanation for varying ergot severities found for different 

countries (Publication 1) although isolate-by-environment interaction variance was not 

significant (Publication 1,2,4). Thus, the origin of the isolate must not be taken in consideration 

with a great effort but rather determining the aggressiveness of the inoculum as key factor for 

achieving a good genotypic differentiation. The EA profile was demonstrated to be rather 

stable across different years for the individual isolates (Publication 2) and for an isolate mix 

(Publication 2,4). Nevertheless, changes of the EA profile seem to occur frequently caused by 

environmental conditions (EFSA, 2012; Schummer et al., 2020) and even seasonal-dependent 

variations of the EA formation appeared for the systemic endophytic fungus Epichloë when 

infecting Festuca sinensis (Lin et al., 2019). An explanation of the stable EA profile (Publication 

2, 4) could be that main driving factors supporting EA profile changes such as experimental 

design, processing, detection technique, analysed species, respective cultivar, and product 

type were handled similar.  
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7.2.2 Genotype 

High variations regarding ergot severity could be observed for commercially available 

population and hybrid cultivars (Publication 1). So, the choice of variety was relevant for ergot 

contamination (Appelt and Ellner, 2009; Krska and Crews, 2008; Mainka et al., 2007; Orlando 

et al., 2017; Pažoutová, 2002) and is an effective tool for farmers in practice. Genotypic 

variation regarding ergot severity could be found in all studies (Publication 1,2,4) also without 

pollen (Publication 3) as already mentioned in other rye studies (Miedaner et al., 2010b, 

2010b; Mirdita et al., 2008). For other cereals such as spring and durum wheat, triticale, or 

barley, the genotype was an important factor influencing the reaction to Claviceps purpurea 

in one of the three main components of the disease reaction: frequency of sclerotia, size of 

sclerotia, and amount of honeydew (Mainka et al., 2007; Menzies, 2004; Platford and Bernier, 

1976, 1970). In durum wheat, the genotype was a significant factor influencing EA 

concentrations (Tittlemier et al., 2016). Plant breeding requires genetic variation (Brown and 

Caligari, 2011). Thus, developing new superior cultivars that are less susceptible to ergot is 

possible and less susceptible genotypes can be utilized directly as resistance donors in existing 

breeding cycles (Publication 1-4) confirming the literature (Dhillon et al., 2010; Miedaner et 

al., 2010a, 2010b; Miedaner and Geiger, 2015; Mirdita and Miedaner, 2009). Additionally, it 

was demonstrated that values of ergot severity and incidence in the greenhouse were 

positively correlated (Publication 3). Consequently, highly contaminated entries comprised a 

large number of rather small ergot bodies because the sclerotial size is limited by the sink-

source relationship. A large number of small sclerotia were even more difficult for mechanical 

cleaning processes because size was then similar to kernels (Miedaner and Geiger, 2015). 

Therefore, the greatest threat would arise from genotypes producing many small sclerotia.  

For reducing ergot, breeders concentrate currently on creating cultivars with a high and 

environmentally stable pollen production to outperform the competitive situation of pollen 

and fungal spores (Engelke, 2002; Geiger and Miedaner, 2009; Miedaner and Geiger, 2015). 

For balancing a smaller pollen shedding out, blending of 5-10% population rye in commercial 

hybrid cultivars is done by some companies (Engelke, 2002; Miedaner et al., 2008). But mixing 

population rye was not always successful for all tested hybrid cultivars showing a high ergot 

contamination (Publication 1). Although blending lowered ergot severity and incidence 

considerably for entries that are more susceptible, the effect could be neglected for cultivars 
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with low ergot reaction and was often not enough to reduce ergot in practice (Miedaner et 

al., 2010b). So, blending seems to be only a supplementary measures against ergot.  

As for now, full restoration of male fertility by introgression of effective restorer genes was 

the most favourable way to minimize ergot infection in hybrid rye varieties (Miedaner and 

Geiger, 2015; Publication 1,4). The restorer index was clearly increased by a raising proportion 

of the restorer gene what led to a considerable reduction of ergot at artificial inoculation as 

well as under natural infection conditions (Publication 1). This strong relationship between 

pollen and ergot could be found in all experiments (Publication 1,2,4). Interestingly, 

introgression of the IRAN IX Rfp1 gene, even in small proportions, could reduce ergot 

considerably (Publication 1). For example introgression of 25% was followed by an 70% 

decrease of ergot severity (Klotz, 2002; Publication 1). That was of particular interest for 

breeding purposes because significant yield reduction was ascertained for hybrids with a high 

proportion of a non-adapted restorer gene in earlier stages of backcrossing (Miedaner et al., 

2017). Obviously, ergot contamination was substantially higher when hybrids were only 

partially restored or effective restorer genes were completely missing (Miedaner and Geiger, 

2015; Publication 1,4). Additionally, the origin of the restorer gene was of crucial importance 

for the fertility restoration ability of the pollinator (Publication 1,4). This was even more 

conspicuous when comparing ergot severity of pollinators with restorer genes of European 

origin (minus) and those with non-adapted restorer genes (plus; Publication 1). The first one 

was often restoring in an inadequate way resulting in low quantities of pollen and, thus, high 

ergot contamination especially under adverse environmental conditions. A clear difference 

between European and exotic restorer genes could not be found for all cases (Publication 1) 

what might be probably associated with problems in the introgression process, when 

European restorer genes having already a high amount of effective restoration or the female 

seed parent was quite easy to restore.  

The close relationship of anther rating and ergot severity clearly showed that cultivars with a 

high pollen amount possess also lower ergot contamination (Publication 1,2,4) but there was 

the question if breeding for cultivars with a higher and environmental stable pollen shedding 

also came together with a reduced EA content and how the EA content and profile was 

influenced by the genotype. For the pathosystem rye – Claviceps purpurea, the EA content 

was clearly influenced by the genotype (Publication 2,4) and it was shown that the EA content 



103 
 

can be clearly and considerably reduced by breeding (Publication 4). For this, cultivars with a 

high pollen shedding caused by introgression of non-adapted Rf genes (Miedaner et al., 2008, 

Publication 1,4) or exploiting variation in cytoplasm and maintainer genes of female CMS lines 

that are easier to restore (Publication 1,4; Vendelbo et al., 2021) showed a considerable less 

ergot contamination and simultaneously a reduced EA content (Publication 4). So, hybrid 

breeding for a lower EA contamination was promising when selecting male and female 

components carefully although intra-pool diversity and the number of potential crosses for 

new hybrids was reduced (Hallauer et al., 2010). Interestingly, the female line in the same 

cytoplasm contributed a much higher proportion on the total genetic variance for the EA 

content as for ergot severity although the male component was of higher importance for both 

traits (Publication 4). So, for the reduction of the EA content, attention should be paid to the 

male fertility restoration ability of the pollinator as well as the female restorability of the seed 

parent.  

The female restorability of the seed parent was important for ergot-related traits although 

the male component was of higher importance (Publication 1,3,4). When focusing on the 

maternal side in a special testing system without any pollen small but significant genotypic 

differences regarding ergot severity and ergot incidence could be detected for unfertilized 

CMS-single crosses inoculated by needle and spray method (Publication 3) as previously 

described (Miedaner et al., 2010a). In addition, quantitative differences for susceptibility were 

reported among artificially inoculated CMS-inbred lines when excluding the factor pollen 

(Geiger and Bausback, 1979). A reason might be variable responses of the ovaries during the 

infection process or a resistance mechanism. Therefore, it could be a determining factor in 

future breeding programs to further reduce ergot when a high pollen amount was already 

reached. Here, a more ergot-resilient CMS single cross could be identified showing lower ergot 

contamination for all years and inoculation methods (needle, spray; Publication 3) what might 

be a promising candidate for future research or breeding programs. Large differences could 

be detected regarding the ease of restoration for the CMS female lines which affected also 

ergot contamination levels (Publication 1). At this, CMS female lines that were easier to 

restore showed also less ergot severity and vice versa (Publication 1). So, selecting appropriate 

CMS female lines in hybrid breeding is crucial for lowering ergot reaction. Additionally, 

moderate correlation between inbred lines and their testcrosses for ergot severity showed 

that pre-selection among lines per se was possible and only a smaller number of carefully 
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selected testcrosses had to be analysed (Miedaner et al., 2010a). Nevertheless, differences for 

ergot severity could be found for CMS female lines although the restoration ability was similar 

(Publication 1). A reason here could be different heading stages (Publication 1) and, thus, a 

disease escape. Another explanation might be physiological characteristics of the ovary 

although a real resistance against ergot based on physiological processes had not been 

detected so far in rye (Menzies and Turkington, 2015; Miedaner and Geiger, 2015; Publication 

3). Nevertheless, QTL contributing to a partial resistance have been documented in bread 

wheat (Gordon et al., 2015) or durum wheat (Gordon et al., 2020) and resistance-related 

genes found for transcriptome analysis in wheat supporting the concept of a resistance against 

ergot. So, it might be exploited by breeders in future for creating new ergot resistant or at 

least distinctly less susceptible cultivars.  

 

7.2.3 Fungal characteristics and isolate 

The isolate was observed as significant factor influencing ergot severity as well as EA content 

in a genotype-unspecific way (Publication 1, 2,4). This confirmed findings in the literature 

because EA content and EA profile was dependent on Claviceps isolates and population 

dynamic of different strains (Appelt and Ellner, 2009; Mainka et al., 2007). The high impact of 

the isolates could be also observed for other cereals like wheat where large pathogenic 

variation and considerable differences among isolates were reported in accordance to the 

geographic origin (Menzies et al., 2017). The same could be observed in wheat sclerotia since 

EA concentrations were highly influenced by the isolate (Tittlemier et al., 2016). Furthermore, 

endophyte strains showed quantitative and qualitative variation regarding ability and 

concentration of EAs (Easton et al., 2002; Hill et al., 1991; Latch, 1994).  

The country-specific inocula showed in the respective country higher ergot contamination 

than the foreign inocula in nearly all cases (Publication 1). Additionally, large differences 

regarding the EA quantity could be observed for the country-specific isolates although the 

ergot contamination was similar (Publication 2). This might be explained again by the fact that 

some Claviceps purpurea isolates could be more supported by specific environmental 

conditions (Jungehülsing and Tudzynski, 1997; Meinicke, 1956; Schulze, 1953). Isolates of 

Claviceps purpurea from diverse collection sites in different countries varied in their 

aggressiveness (Publication 1, 2) resulting in a different degree of pathogenicity and, thus, 
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occurrence of ergot sclerotia. Nevertheless, EAs seemed to act not as major virulence factors 

contributing to a more promising infection in the pathosystem Claviceps purpurea and rye 

(Publication 2). Here, a higher ergot severity level was not closely associated with an increased 

EA content (Publication 2) although it was indicated that EAs were associated with virulence 

in literature (Panaccione and Arnold, 2017). It should be noted here that EA biosynthesis genes 

and underlying functions were already studied (Gerhards et al., 2014; Young et al., 2015) but 

the function of EAs and the relevance for the infection process was not truly explored yet. So, 

further studies, probably with EA defective strains, will help to clarify the function of EAs and 

their impact on the infection process.  

For Claviceps purpurea, large differences regarding the EA content could be detected for the 

isolates (Publication 2,4) what was already mentioned in literature (Taber and Vining, 1958). 

Since always a mix of different isolates is appearing in practice, farmers and breeders cannot 

influence or predict the isolate in the practical situation without artificial inoculation. So, 

although the concept of cross-protection was not really proven yet for ergot in rye, it might 

be possible in future like it is reported for ergot in tall fescue toxicosis (Bouton et al., 2002) or 

aflatoxin and “aflasafe” (Senghor et al., 2021). In this context, all tested isolates produced EAs 

in all experiments (Publication 2,4) but further screening should reveal naturally occurring 

isolates producing no EAs in the host plant as already mentioned for various Epichloë isolates 

(Young et al., 2015). At this, a sequence-related amplified polymorphism (SRAP) marker 

system revealed high genetic intraspecific variation for isolates originated from rye plots in 

plant breeding nurseries and naturally rye fields in Poland (Irzykowska et al., 2012). Another 

possibility could be the usage of transformation-mediated biotechnology as described for 

pharmaceutical production of EAs (Panaccione et al., 2012) when legislative regulations ever 

approve genetically modified organism (GMO) in practice. Furthermore, it should be noted 

here that although EA spectrum shifts seem to be very common (EFSA, 2012) and were also 

affected by the isolates (Battilani et al., 2009; Krska and Crews, 2008) all three country-specific 

isolates had a very similar and stable EA profile (Publication 2). It is known that different EA 

profiles were mostly the result of functional mutations of pathway genes (Gerhards et al., 

2014; Young et al., 2015). The reason for the stable EA profile here might be again that the 

flow scheme and important parameters like handling or detection method was rather similar 

for all experiments (Publication 2,4).  
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7.3 Covariation of ergot severity and EA content measured by HPLC and ELISA 

The covariation of ergot severity and EA content determined by HPLC showed an inconsistent 

picture (Publication 2,4) what was already mentioned in previous studies varying from low 

(Babič et al., 2020; Mainka et al., 2007; Schummer et al., 2018) to moderate (Bryła et al., 2018; 

Kenyon et al., 2018; Mulder et al., 2012; Publication 2; Schwake-Anduschus et al., 2020) to 

high (Grusie et al., 2017; Orlando et al., 2017; Publication 4; Tittlemier et al., 2015). A reason 

for the high correlations outlined in some studies might be the large genetic variation of the 

analyzed samples. For Publication 4, the focus was set on rye material with large genotypic 

variation from a breeding company. Additionally, the study was performed in a location that 

was in the light of past experience excellently suited for ergot research (Dhillon et al., 2010; 

Miedaner and Geiger, 2015; Publication 1-4). Additionally, it was known that for Claviceps 

purpurea the genetic variation of fungal populations was considerably higher in experimental 

plots of plant breeding stations under artificial infection than in naturally infected rye fields 

caused by the high genotype variety of host plants (Irzykowska et al., 2012). However, the 

correlation was often to be found not linear (Publication 2). This might be because of huge 

variations of the total EA amount of sclerotia of similar weight (Bürk et al., 2006; Frach and 

Blaschke, 1998; Grusie et al., 2017; Lauber et al., 2005; Lombaert, 2001; Lorenz and Hoseney, 

1979; Schoch and Schlatter, 1985; Scott, 2009; Wolff and Richter, 1989). Furthermore, the 

correlation decreased considerably with major deviations from the regression for low EA 

concentrations (Publication 2). This was in agreement to previous findings (Grusie et al., 2017) 

and represented even more the real situation at practical fields (Byrd and Slaiding, 2017; 

Malysheva et al., 2014; Meister and Batt, 2014; Mulder et al., 2012; Müller et al., 2009; 

Ruhland and Tischler, 2008; van Dongen and de Groot, 1995; Wegulo and Carlson, 2011). An 

explanation could be the rising coefficient of error variation when EA concentrations were 

decreasing (Grusie et al., 2017). But also for high infection levels (ergot severity ≥0.05%), the 

correlation was not getting considerably better (Publication 2). Although it was previously well 

demonstrated that the EA content is highly influenced by environment and isolate (Publication 

2) grouping of samples according to these parameters, e.g. separating locations or country-

specific isolates, did not improve the covariation in a consistent way. Nevertheless, some 

locations and isolates showed higher correlations but this was often not stable and predictable 

across multiple years (Publication 2) where typically a variety of isolates occurs. This illustrated 

that this was not useful for breeders or farmers to effectively reduce ergot.  



107 
 

The tested ELISA kit showed considerably higher EA contents and distribution patterns when 

comparing to HPLC (Publication 2,4). A reason here was probably the fundamental differences 

of the underlying methodology of HPLC (Beuerle et al., 2012) and ELISA (LCTech, 2021). The 

HPLC is an internationally validated tool analyzing twelve specific EAs in a quantitative way 

(EFSA, 2012; Schardl, 2015; Shi and Yu, 2018). In contrast, the ELISA kit determines lysergic 

acid as progenitor in the EA pathway (LCTech, 2021). Since a wide variety of individual EAs 

were known (Křen and Cvak, 1999; Schiff, 2006) the ELISA could overestimated the HPLC 

results quite easy as demonstrated for three commercially available ELISA kits (Veršilovskis et 

al., 2019; Publication 2,4). Nevertheless, ELISA approaches were already used for examinating 

EAs (Shelby and Kelley, 1992; Tunali et al., 2000) especially for fescue toxicosis in livestock 

(Kenyon et al., 2018; Roberts et al., 2014; Schnitzius et al., 2001). Another problem here was 

that the working range of commercially available ELISA kits was in many cases not sufficiently 

large enough (Publication 2,4) also for naturally infected samples (Veršilovskis et al., 2019). At 

this, extremely high dilution seemed to be not appropriate to bring samples in the measuring 

area since an extra error must be added (Publication 2,4). Thus, the ELISA was not a good tool 

for untrained staff. Additionally, a varying consensus could be also an explanation because the 

group of EAs is highly diverse and similar in structure leading possibly to cross-reactivity 

(Florea et al., 2017; Gerhards et al., 2014; Kren et al., 1994; Schiff, 2006). Here, it was 

conceivable that cross-reactivity could vary for different EA groups (Shi and Yu, 2018).  

This large discrepancy was also expressed by the fact that no relationship between ELISA and 

HPLC values was found illustrated by very low covariation values (Publication 2). The same 

could be observed for Kentucky blue grass (Schnitzius et al., 2001) even when concentrating 

on an individual EA such as ergovaline (Roberts et al., 2014). Although ergovaline showed high 

toxicity (Caradus et al., 2020) the compound is not covered by the HPLC protocol 

recommended by the EFSA in future regulations because it appeared to be present only in 

traces in Claviceps purpurea (EFSA, 2012). So, it was also not analyzed in this studies 

(Publication 2,4). No improvement of the correlation was detected by grouping the factors 

environment, genotype, isolate or infection level (ergot severity <0.05% and ≥0.05%; 

Publication 2). Thus, the ELISA was not the right tool for screening EAs in a large-scale for 

milling and food industry in their day-to-day routine in an appropriate way. Also separating of 

the samples into cultivars or individual locations will not be working. In contrast to this, when 

focusing on samples with large genetic variation the correlation between ELISA and HPLC 
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values was obviously raising from zero to moderate (Publication 4). So, further improvement 

would enable us to minimize the high number of samples that has to be analyzed in breeding 

programs and concentrate on the samples showing a low EA contamination.   

Thus, the covariation between ergot contamination and EA content outlined in several studies 

remained to be volatile and highly variable depending on several factors such as genotype, 

isolate or environment. Here, the impact of these parameters were at the moment not fully 

understood. This pointed out that the sclerotia amount of a sample was not suitable to predict 

EA concentrations in the product in a reliable way (Publication 2) being in agreement to other 

researchers coming to the same conclusion for diverse cereals (Mainka et al., 2007; Mulder et 

al., 2012; Schummer et al., 2018; Schwake-Anduschus et al., 2020). For this reason, chemical 

analysis of EA content as part of the legislative regulation apart from ergot contamination is 

absolutely required to monitor and evaluate potential health risks for food and feed safety. In 

this context, HPLC – based approaches are recommended since the used ELISA was not an 

alternative due to missing coincidence and corresponding correlation.  

 

7.4 Conclusion: what should breeders, farmers, food and milling industry do? 

The major outcomes were related to clarify significant factors influencing ergot reaction in 

winter rye, to establish a harmonized method for testing ergot in field and greenhouse trials 

with/without pollen, to investigate the covariation between ergot severity and EA content 

determined by HPLC, and to test a commercial ELISA kit as suitable screening method. High 

heritabilities of almost all experiments and nearly perfect correlation between natural 

infection and artificial inoculation demonstrated that results of experimental trials 

represented the practical situation very well. Additionally, a harmonized method for testing 

ergot-related trials also without pollen could be validated. In figure 5, a complex picture can 

be drawn with a variety of significant factors, more precisely genotype, environment (location, 

year, country) and isolate, having an influence to a greater or lesser degree on the ergot 

reaction. Further, interaction of the individual factors, aspects for breeders and effective 

strategies for farmers, milling and food industry was demonstrated.  

In detail, it was shown that the environment and environment × genotype interaction was of 

tremendous role for the ergot reaction. So, multi-environmental testing across several 
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locations and years with different agroclimatic conditions is absolutely necessary. Breeders 

and scientists should use locations with high annual precipitation resulting in a high infection 

pressure and ideal conditions for disease occurrence. Further, the environment is also 

important for farmers, milling and food industry because ergot contamination is increased in 

years with cool and rainy conditions. Thus, monitoring of the weather is important to estimate 

the potential disease risk and to take the respective safety and cleaning measures, if required.  

The second significant factor with a major importance for ergot severity as well as EA content 

was the host genotype as illustrated in figure 5. The genotype can be strongly influenced by 

breeders in generating resistant cultivars. For ergot, less susceptible cultivars can be used right 

away in breeding cycles as resistance donors. Here, the male fertility restoration ability of the 

pollinator by introgression of effective and environmental-stable Rf genes was still one of the 

key factors for lowering ergot susceptibility in breeding programs. For large genotypic 

variation, it was also demonstrated that the EA content could be reduced simultaneously to a 

large extent by implementing a high pollen shedding. Further, the origin of the Rf gene was 

important while exotic Rf genes showed a better restoration compared to European Rf genes 

especially for unfavorable conditions. Here, low proportions of the Rf gene worked very well. 

Thus, significant yield reduction related to hybrids with a high proportion of a non-adapted 

restorer gene in earlier stages of backcrossing can be avoided. Blending of population rye in 

hybrid cultivars to overcome a lower pollen amount was only a complementary measures 

against ergot. Another way for breeders was the female restorability of the seed parent and 

using CMS cytoplasms that were quite easy to restore. Exploiting of maternal components in 

breeding cycles could reduce the EA content substantially. Here, the contribution of the 

female line on the total genetic variation was much higher for the EA content than for ergot 

severity although the male component was again of highest importance. A resistance 

mechanism could be not confirmed yet but significant maternal effects in a special test system 

without pollen could be observed. Therefore, exploring of a real physiological resistance will 

be worth the effort and will give us the potential to additionally reduce ergot especially when 

a high restorer index was already implemented. 

EA content and ergot severity was strongly influenced by the isolate in a genotype-unspecific 

way although the EA profile was rather stable across the years and isolates. Huge differences 

could be observed for the EA content for three country-specific isolates despite a similar ergot 
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contamination. At this, ergot severity was not increased by a higher EA content illustrating 

that the EAs were not acting as major virulence factors in the infection process of Claviceps 

purpurea. Since the relevance of genotype-by-isolate interaction was low it could be 

concluded that the aggressiveness of the inoculum was not necessarily based on the origin of 

the isolate but had to be determined ahead of each inoculation. 

For farmers, a “To do” list against ergot was mentioned (Figure 5). Here, the best strategy is 

to choose resistant cultivars that are less susceptible to ergot. In addition, a good disease 

management should be done with adequate agronomic measures like weed control, or deep 

plowing. It is necessary to monitor the ergot amount and in the case of need, milling and food 

industry could remove ergot by mechanical cleaning or optical colour-sorting machines to a 

large extent. The covariation between ergot severity and EA content measured by HPLC was 

fluctuating and often moderate for a diverse sampling. So, ergot contamination could not 

displayed the content of toxic EAs in an appropriate way making legislative changes and 

integration of EA content beneath ergot amount absolutely indispensable. Further, analyzing 

EAs is necessary for milling and food industry in their day-to-day routine to secure food and 

feed safety because a clear decrease of the correlation could be found for low ergot 

contaminations what is usually the case in practice. In contrast, the covariation was high for 

samples with large genotypic variation revealing a great potential in breeding cycles in future. 

Ergot contamination as well as EA content could be then simultaneously reduced to a large 

extent by implementing a high pollen amount via exotic Rf genes. The missing correlation 

between ELISA and HPLC data for a diverse set of samples leads to the conclusion that the 

tested ELISA kit was not a reliable screening tool for milling and food industry in their daily 

life. Problems could occur at the ELISA handling because the working range of commercially 

available ELISA kits was often too small creating the need of high and error-prone dilution 

series. So, just one clear recommendation could be made for the milling and food industry in 

their daily routine comprising a 3 step strategy: step one assessing the ergot amount based 

on the traditional approach, step two rejecting all samples that exceeded the visually visible 

limit as usual, and step 3 determining the EA content by HPLC for all remaining samples and 

rejecting again all samples that exceed the limit to guarantee that all food and feed samples 

are harmless, safe and will meet the European limits.  
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Fig. 5 Overview of significant factors and their interaction and relevance (symbolized by thickness of red arrows) for the ergot reaction: 
uncontrollable parameters (orange), aspects for breeders (blue), and strategies for farmers, milling and food industry (green) 
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8. Summary  
 

Ergot caused by Claviceps purpurea [Fr.] Tul. is one of the oldest well-known plant diseases 

leading already in medieval times to severe epidemic outbreaks. After the occurrence of 

honeydew, the characteristic ergot bodies called sclerotia are formed on the ear. These are 

containing toxic ergot alkaloids (EAs). Strict limits are set within the European Union. Rye 

(Secale cereale L.) as cross-pollinating crop is particularly vulnerable to ergot since Claviceps 

cannot grow through intact glumes leading to a competitive situation of fungal spores and 

pollen during flowering. Resistance breeding against ergot focuses on generating cultivars 

with a high and environmental stable pollen shedding. Nevertheless, even today the threat is 

real as agricultural practice is changing such as skipping of deep plowing or maintaining flower 

strips including grasses that can serve as inoculum spreading areas. And even more serious 

screening studies revealed EAs in samples of the whole cereal value chain frequently. The 

overall aims were firstly to establish a harmonized method to test ergot resistance and EA 

contamination in winter rye and secondly to clarify major significant factors and their 

relevance, more precisely genotype, environment (location, year, country), and isolate. A third 

aim was created by the economic need due to prospective legislative changes. So, effort was 

paid to examine the covariation of ergot amount and EA content considering different factors. 

And finally to reveal the suitability of one commercial ELISA test as functional alternative by 

analysing 372 winter rye samples from different genotypes, locations from Germany, Austria, 

and Poland over two years, and three isolates.  

In a first study, genotypes showed significant variation for ergot severity and pollen-fertility 

restoration after natural infection as well as artificial inoculation whereas a high positive 

correlation could be found between both inoculation treatments. Additionally, variances of 

environment, general combining ability (GCA), specific combining ability (SCA), and 

interactions were significant. Although male pollen-fertility restoration was of utmost 

importance, the female component was also significant. This illustrates that apart from 

promising selection of high restoration ability the maternal restorability could be exploited in 

future breeding programs especially when a high pollen amount is already reached.  

In a second study, a large-scale calibration study was performed to clarify the covariation of 

ergot severity, EA content by HPLC and ELISA considering genotypes, locations, countries, 
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years, and isolates. EA profile was rather stable across country-specific isolates although large 

differences regarding the EA content were detected. The moderate covariation between ergot 

severity and EA content determined by HPLC indicates that a reliable prediction of the EA 

content based on ergot severity is not possible what can also not be explained by grouping 

effects of tested factors. Further, EAs seem not to act as virulence factor in the infection 

process since EA content showed no relationship to disease severity. Additionally, the missing 

correlation of ELISA and HPLC leads to the conclusion that the ELISA is not an appropriate tool 

what can be used safely to screen samples regarding ergot in the daily life.  

In a third study, the genetic variation of male-sterile CMS-single crosses was analysed in a 

special design without pollen in field and greenhouse to identify resistance mechanisms and 

to clarify whether ergot can be reduced in the female flower. At this, comparison of needle 

(field) and spray (greenhouse) inoculation revealed medium to high correlations illustrating 

that both methods were suitable for this research. Significant environment and genotype by 

environment interaction variances were detected. So, testing across several environments 

(location, year) is necessary also without pollen. Further, small but significant genotypic 

variation and identification of one more ergot-resilient candidate revealed that selection of 

female lines could be promising to further reduce ergot contamination.  

And in a fourth study, it was shown that the EA content of rye cultivars was lower for less 

susceptible genotypes. Thus, EA content can be considerably reduced by breeding. In contrast 

to study 2, a strong positive correlation could be found for ergot severity and EA content when 

analysing 15 factorial single crosses with artificial inoculation whereas also the correlation 

between ELISA and HPLC values was increased. The reason was that the trials were performed 

in empirically well suited locations for ergot research as well as the focus was set on samples 

with a large genotypic variation. The male pollen-fertility restoration was also here the most 

relevant component but the female component contributed an obviously higher proportion 

for the EA content than for ergot severity.  

In conclusion, this thesis demonstrate that implementing of a high and environmental stable 

male fertility restoration ability via exotic Rf genes can effectively reduce ergot although also 

the female restorability enables great opportunities. The unpredictable covariation between 

ergot amount and EA content illustrates that both traits have to be assessed, in particular the 

EA content by a valid HPLC approach to guarantee food and feed safety.  
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9. Zusammenfassung 
 

Mutterkorn wird durch Claviceps purpurea [Fr.] Tul. verursacht und ist eine der ältesten 

bekannten Pflanzenkrankheiten, welche bereits im Mittelalter zu schweren epidemischen 

Ausbrüchen geführt hat. Nach dem Auftreten vom Honigtau werden die charakteristischen 

Mutterkörner, auch Sklerotien genannt, an der Ähre gebildet. Diese enthalten toxische 

Mutterkornalkaloide (engl.: ergot alkaloids, EAs). Strenge gesetzliche Vorschriften gelten 

innerhalb der Europäischen Union. Roggen (Secale cereale L.) ist als Fremdbefruchter 

besonders anfällig gegenüber Mutterkorn, da Claviceps nicht durch geschlossene Hüllspelzen 

hindurchwachsen kann und sich somit eine Konkurrenzsituation von Pilzsporen und Pollen 

während der Blüte ergibt. Die Resistenzzüchtung gegen Mutterkorn konzentriert sich auf die 

Entwicklung von Sorten mit einer hohen und umweltstabilen Pollenschüttung. Dennoch ist die 

Gefahr auch heute vorhanden, da sich die landwirtschaftliche Praxis ändert, wie das Auslassen 

von tiefem Pflügen oder die Erhaltung von Blühstreifen inklusive Gräsern als mögliche 

Inokulumquelle. Und noch bedenklicher, zahlreiche Screening-Studien EAs wurden in Proben 

der gesamten Wertschöpfungskette von Getreide wiederholt nachgewiesen. Das oberste Ziel 

war es zum einen, eine harmonisierte Methode zu etablieren, um die Mutterkornresistenz 

und Akaloid-Kontamination von Winterroggen zu testen, und zweitens, wichtige 

Einflussfaktoren und deren Interkation, genauer Genotyp, Umwelt (Standort, Jahr, Land) und 

Isolat, aufzuklären. Ein drittes Ziel ergab sich hierbei durch eine zukünftige Gesetzesänderung 

und dem daraus folgenden ökonomischen Bedarf. Folglich lag ein besonderes Augenmerk auf 

der Untersuchung des Zusammenhangs zwischen Mutterkorngehalt und Alkaloid-Gehalt, 

ermittelt mit der HPLC, unter Berücksichtigung der Einflussfaktoren. Und schließlich die 

Eignung eines kommerziellen ELISA Tests als funktionale Alternative durch die Analyse von 

372 Winterroggenproben von unterschiedlichen Genotypen, Standorten aus Deutschland, 

Österreich und Polen von 2 Jahren und 3 Isolaten zu prüfen.  

In einer ersten Studie zeigten die Genotypen sowohl unter natürlicher Infektion als auch 

künstlichen Inokulation eine signifikante Variation hinsichtlich Mutterkornanteil und 

Pollenfertilitäts-Restauration, wobei die beiden Inokulationsverfahren eine starke, positive 

Korrelation zeigten. Zudem waren die Varianzen von Umwelt, generelle Kombinationseignung 

(GCA), spezifische Kombinationseignung und die Interaktionen signifikant. Obwohl die 

männliche Pollenfertilitäts-Restauration von höchster Wichtigkeit war, war auch die weibliche 
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Komponente signifikant. Dies verdeutlicht, dass neben der vielversprechenden Selektion auf 

hohe Restaurationsfähigkeit auch die weibliche Seite in zukünftigen Züchtungsprogrammen 

genutzt werden kann, vor allem, wenn bereits eine hohe Pollenmenge erreicht ist.  

In einer zweiten Studie wurde eine groß angelegte Kalibrierungsstudie durchgeführt, um den 

Zusammenhang zwischen Mutterkornanteil, Alkaloid-Gehalt mit HPLC und ELISA unter 

Berücksichtigung von Genotypen, Standorten, Ländern, Jahren und Isolaten zu klären. Das 

Alkaloid-Profil war über die länder-spezifischen Isolate relativ stabil obwohl große 

Unterschiede hinsichtlich des Alkaloid-Gehalts auftraten. Der mittlere Zusammenhang 

zwischen Mutterkornanteil und Alkaloid-Gehalt, ermittelt mit HPLC, weist darauf hin, dass 

eine zuverlässige Vorhersage des Alkaloid-Gehalts auf Basis des Mutterkornanteils nicht 

möglich ist, was auch nicht durch Gruppierungs-Effekte der getesteten Faktoren erklärt 

werden. Des Weiteren scheinen die Mutterkorn-Alkaloide nicht als Virulenzfaktoren im 

Infektionsprozess zu agieren, da der Alkaloid-Gehalt keine Beziehung zum Schweregrad der 

Krankheit aufwies. Ergänzend führt die fehlende Korrelation von ELISA und HPLC zu der 

Schlussfolgerung, dass der ELISA keine zuverlässige Methode darstellt, um Proben im Alltag 

sicher hinsichtlich von Mutterkorn zu prüfen.  

In einer dritten Studie wurde die genetische Variation von männlich sterilen CMS-

Einfachkreuzungen in einem speziellen Versuchsaufbau für Pollenisolierung im Feld und 

Gewächshaus analysiert, um Resistenzmechanismen zu identifizieren und zu untersuchen, ob 

Mutterkorn durch die weibliche Blüte reduziert werden kann. Hierbei deckte ein Vergleich von 

Nadel- (Feld) und Sprüh- (Gewächshaus) Inokulation mittlere bis hohe Korrelationen auf, was 

veranschaulicht, dass beide Methoden für diese Forschung geeignet sind. Signifikante 

Umwelt- und  Genotyp-Umwelt-Interaktions-Varianz wurden ermittelt. Es folgt, dass auch 

unter Pollenisolierung eine Prüfung über mehrere Umwelten (Standort, Jahr) notwendig ist. 

Außerdem zeigten kleine, aber signifikante genotypische Variation und  das Auffinden eines 

widerstandsfähigeren Kandidaten gegenüber Mutterkorn, dass die Selektion von weiblichen 

Linien vielversprechend ist, um die Mutterkornkontamination weiter zu reduzieren.  

Und in einer vierten Studie wurde gezeigt, dass der Alkaloid-Gehalt von Roggensorten für 

weniger anfällige Genotypen niedriger was. Dies bedeutet, dass der Alkaloid-Gehalt durch 

Züchtung deutlich reduziert werden kann. Im Gegensatz zu Studie 2 wurde bei der Analyse 

von 15 faktoriellen Einfachkreuzungen nach künstlicher Inokulation eine starke, positive 



116 
 

Korrelation für den Mutterkornanteil und Alkaloid-Gehalt gefunden, wobei auch die 

Korrelation zwischen ELISA und HPLC erhöht war. Der Grund hierbei war, dass die Versuche 

auf Standorten durchgeführt wurden, die erfahrungsgemäß hervorragend für die 

Untersuchung von Mutterkorn geeignet sind, und zum anderen, dass der Schwerpunkt auf 

Proben mit einer hohen genotypischen Variation lag. Die männliche Fertilitäts-Restauration 

war auch hier die maßgebliche Komponente, aber der Beitrag der signifikanten, weiblichen 

Seite hatte einen deutlich höheren Anteil für den Alkaloid-Gehalt als für den Mutterkornanteil.  

Zusammenfassend zeigt diese Doktorarbeit, dass Mutterkorn effektiv durch die Einbringung 

einer hohen und umweltstabilen männlichen Fertilitätsrestauration durch exotische 

Restorergene reduziert werden kann, obwohl auch die weibliche Restaurierbarkeit große 

Chancen eröffnet. Der unberechenbare Zusammenhang zwischen Mutterkornanteil und 

Alkaloid-Gehalt zeigt, dass beide Merkmale erfasst werden müssen, insbesondere der 

Alkaloid-Gehalt durch eine valide HPLC-basierte Methode, um die Nahrungsmittel- und 

Futtermittelsicherheit zu gewährleisten. 
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