
 

HADRI LATIF

DEVELOPMENT AND APPLICATION OF AN 

ENZYME IMMUNOASSAY FOR THE DETECTION 

OF THE MYCOTOXIN FUMIGACLAVINE A

INAUGURAL DISSERTATION
for the acquisition of the doctoral degree 
at the Faculty of Veterinary Medicine
of Justus Liebig University Giessen
Germany

VVB VVB LAUFERSWEILER VERLAG
édition scientifique

9 7 8 3 8 3 5 9 5 5 4 7 9

VVB LAUFERSWEILER VERLAG
STAUFENBERGRING 15
D-35396 GIESSEN

Tel: 0641-5599888 Fax: -5599890
redaktion@doktorverlag.de
www.doktorverlag.de

VVB LAUFERSWEILER VERLAG
édition scientifique

ISBN: 978-3-8359-5547-9

 

H
A

D
R

I
 
L
A

T
I
F
 
 
 
 
 
E
N

Z
Y

M
E
 
I
M

M
U

N
O

A
S
S
A

Y
 
F
O

R
 
F
U

M
I
G

A
C

L
A

V
I
N

E
 
A



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gedruckt mit Unterstützung des Deutschen Akademischen Austauschdienstes 

 



Das Werk ist in allen seinen Teilen urheberrechtlich geschützt. 

Jede Verwertung ist ohne schriftliche Zustimmung des Autors 
oder des Verlages unzulässig. Das gilt insbesondere für 
Vervielfältigungen, Übersetzungen, Mikroverfilmungen

 und die Einspeicherung in und Verarbeitung durch 
elektronische Systeme.

1. Auflage 2010

All rights reserved. No part of this publication may be
 reproduced, stored in a retrieval system, or transmitted, 

in any form or by any means, electronic, mechanical, 
photocopying, recording, or otherwise, without the prior 

written permission of the Author or the Publishers.

st1  Edition 2010

©  2010 by VVB LAUFERSWEILER VERLAG, Giessen
Printed in Germany 

VVB LAUFERSWEILER VERLAG

STAUFENBERGRING 15, D-35396 GIESSEN
Tel: 0641-5599888 Fax: 0641-5599890 

email: redaktion@doktorverlag.de

www.doktorverlag.de

édition  scientifique



 

 

From the Institute of Veterinary Food Science 

Chair of Dairy Science 

Justus Liebig University Giessen 

 

Supervisor: Prof. Dr. Dr. habil. Ewald Usleber 

 

 

 

Development and Application of an Enzyme Immunoassay  

for the Detection of the Mycotoxin Fumigaclavine A 

 

 

 

 

 

INAUGURAL DISSERTATION 

for the acquisition of the doctoral degree  

at the Faculty of Veterinary Medicine 

of Justus Liebig University Giessen 

Germany 

 

 

 
submitted by 

 

 

HADRI LATIF 

Veterinarian from Lasusua, Indonesia 

 

 
Giessen 2010 

 



With the permission of the Faculty of Veterinary Medicine of 

Justus Liebig University Giessen 
 

 

 

 

 

 

 

Dean   : Prof. Dr. Martin Kramer 

 

 

 

Referees  : Prof. Dr. Dr. habil. Ewald Usleber 

     Prof. Dr. Dr. h. c. Bernd Hoffmann 

 

 

 

 

 

 
 
 

 

 

 

 

Date of the Disputation: October 27th, 2010 

 

 

 

 

 



Declaration 

 

I declare that I have completed this dissertation without the unauthorized help of a 

second party and only with the assistance acknowledged therein. I have 

appropriately acknowledged and referenced all text passages that are derived 

literally from or are based on the content of published or unpublished work of 

others, and all information that relates to verbal communications. I have abided by 

the principles of good scientific conduct laid down in the charter of the Justus 

Liebig University of Giessen in carrying out the investigations described in the 

dissertation. 

 

 

 

Giessen,  

 

 

 

Hadri Latif 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dedicated to My Dear Mother

 



 

 

i Contents 

CONTENTS 

 
Contents ..............................................................................................................i 

List of Tables ..........................................................................................................v 

List of Figures ........................................................................................................vi 

 

1 INTRODUCTION ................................................................................ 1 

 

2 LITERATURE REVIEW ...................................................................... 3 

2.1 Ergoline Alkaloid-Producing Fungi ................................................. 3 

2.1.1 Aspergillus fumigatus .......................................................................... 3 

2.1.2 Penicillium roqueforti .......................................................................... 7 

2.1.3 Neotyphodium spp. ............................................................................. 7 

 

2.2 Ergoline Mycotoxins ......................................................................... 9 

2.2.1 Lysergic Acid Derivatives .................................................................. 11 

2.2.2 Clavine Alkaloids .............................................................................. 11 

2.2.2.1 Fumigaclavines ................................................................................. 12 

2.2.2.2 Other Clavines .................................................................................. 14 

 

2.3 Other Mycotoxins Produced by A. fumigatus .............................. 15 

2.3.1 Gliotoxin ............................................................................................ 15 

2.3.2 Fumitremorgins ................................................................................. 16 

2.3.3 Verruculogen .................................................................................... 17 

2.3.4 Fumigatin .......................................................................................... 18 

2.3.5 Fumagillin ......................................................................................... 19 

2.3.6 Helvolic Acid ..................................................................................... 20 

2.3.7 Fumiquinazolines .............................................................................. 21 

 

2.4 Analytical Methods for Mycotoxins ............................................... 25 

2.4.1 Thin-Layer Chromatography ............................................................. 25 

2.4.2 Gas Chromatography ....................................................................... 27 



 

 

ii Contents 

2.4.3 Liquid Chromatography .................................................................... 29 

2.4.4 Enzyme Immunoassay ..................................................................... 32 

2.4.4.1 Principle of EIA ................................................................................. 32 

2.4.4.2 Antibody production .......................................................................... 32 

2.4.4.3 Test formats ...................................................................................... 33 

2.4.4.4 Enzyme conjugate ............................................................................ 34 

2.4.4.5 Detection systems ............................................................................ 34 

2.4.4.6 Application of EIA for mycotoxin analysis ......................................... 35 

 

3 MATERIALS AND METHODS ......................................................... 38 

3.1 Materials .......................................................................................... 38 

3.1.1 Laboratory Animals ........................................................................... 38 

3.1.2 Chemicals and Biochemicals ............................................................ 38 

3.1.3 Toxins ............................................................................................... 39 

3.1.4 Immunoreagents ............................................................................... 39 

3.1.5 Media ................................................................................................ 40 

3.1.6 Buffers and Dilutions ........................................................................ 40 

3.1.7 Equipments and Instruments ............................................................ 40 

3.1.8 Chromatographic and Fraction Equipments ..................................... 41 

3.1.9 Other Materials ................................................................................. 41 

 

3.2 Methods ........................................................................................... 42 

3.2.1 Antibodies against FuA and EIA Development ............................ 42 

3.2.1.1 Conjugate Synthesis ......................................................................... 42 

3.2.1.2 Rabbit Immunization ......................................................................... 42 

3.2.1.3 Antiserum Collection ......................................................................... 43 

3.2.1.4 Antibody Titer Determination ............................................................ 43 

3.2.1.5 EIA Development .............................................................................. 44 

3.2.1.5.1 Method optimisation ......................................................................... 44 

3.2.1.5.2 Standard curve evaluation ................................................................ 45 

3.2.1.6 Competitive Indirect EIA for FuA ...................................................... 45 

3.2.1.7 Specificity of the Assay ..................................................................... 46 

 



 

 

iii Contents 

3.2.2 Application Studies ........................................................................ 47 

3.2.2.1 Analysis of FuA in Silage ............................................................... 47 

3.2.2.1.1 Sample collection ............................................................................. 47 

3.2.2.1.2 Sample preparation and analysis ..................................................... 47 

 
3.2.2.2 Analysis of FuA in Tissue Samples from the Respiratory  

 System of Birds with Aspergillosis ............................................... 47 

3.2.2.2.1 Sample collection ............................................................................. 47 

3.2.2.2.2 Sample preparation and analysis ..................................................... 48 

 

3.2.2.3 Isolation and Characterization of Fumigaclavines ....................... 48 

3.2.2.3.1 Fungal Cultivation and Toxin Isolation .............................................. 48 

3.2.2.3.2 EIA Analysis ..................................................................................... 49 

3.2.2.3.3 HPLC Analysis .................................................................................. 49 

3.2.2.3.4 Immunochromatography Analysis .................................................... 50 

 

3.2.2.4 Combined Analysis of FuA and IsoFuA in Blue Cheeses ........... 51 

3.2.2.4.1 Competitive Direct EIA for Ergonovine ............................................. 51 

3.2.2.4.2 Specificity Pattern of FuA EIA and Ergonovine EIA .......................... 51 

3.2.2.4.3 Analysis of Blue Cheese ................................................................... 52 

 

4 RESULTS ......................................................................................... 54 

4.1 Antibodies against FuA and EIA Development ............................ 54 

4.1.1 Conjugate Synthesis ......................................................................... 54 

4.1.2 Antibody Production ......................................................................... 56 

4.1.3 EIA Development............................................................................... 57 

4.1.4 Specificity of the Assay ..................................................................... 60 

 

4.2 Application Studies ........................................................................ 61 

4.2.1 Analysis of FuA in Silage .................................................................. 61 

4.2.2 Analysis of FuA in Tissue Samples from the Respiratory System of  

 Birds with Aspergillosis ..................................................................... 61 

4.2.3 Isolation and Characterization of Fumigaclavines ............................. 63 

4.2.3.1 Fungal Cultivation ............................................................................. 63 



 

 

iv Contents 

4.2.3.2 Toxin Isolation and EIA Analysis ...................................................... 65 

4.2.3.3 HPLC Analysis .................................................................................. 65 

4.2.3.4 Immunochromatography Analysis .................................................... 69 

4.2.4 Combined Analysis of FuA and IsoFuA in Blue Cheese ................... 71 

4.2.4.1 Specificity Pattern of FuA EIA and Ergonovine EIA .......................... 71 

4.2.4.2 Analysis of Blue Cheese ................................................................... 73 

 

5 DISCUSSION ................................................................................... 75 

5.1 Antibodies against FuA ..................................................................... 76 

5.2 Development of EIA .......................................................................... 77 

5.3 Specificity of the Assay ..................................................................... 78 

5.4 Application Studies ........................................................................... 79 

5.4.1 Analysis of FuA in Silage .................................................................. 79 

5.4.2 Analysis of FuA in Tissue Samples from the Respiratory System of 

  Birds with Aspergillosis ..................................................................... 79 

5.4.3 Isolation and Characterization of Fumigaclavines ............................. 80 

5.4.4 Combined Analysis of FuA and IsoFuA in Blue Cheese ................... 81 

 

6 SUMMARY ....................................................................................... 83 

7 ZUSAMMENFASSUNG ................................................................... 85 

8 REFERENCES ................................................................................. 87 

9 ABBREVIATIONS .......................................................................... 116 

ACKNOWLEDGEMENTS................................................................................... 118 

 

 

 

 

 

 

 

 

 
 
 



 

 

v List of Tables 

LIST OF TABLES 

 

Tab. 1 Some physiochemical properties of mycotoxins produced by  

 A. fumigatus ...................................................................................... 23 

Tab. 2 Examples of TLC methods used for the detection of mycotoxins ..... 26 

Tab. 3 Examples of GC methods used for the detection of mycotoxins ....... 28 

Tab. 4 Examples of LC methods used for the detection of mycotoxins ....... 31 

Tab. 5 Examples of protocols and detection limits using EIA for  

 mycotoxin ......................................................................................... 37 

Tab. 6 Relative cross-react of antibodies against FuA with FuB and some 

 lysergic acid derivatives .................................................................... 60 

Tab. 7 Recovery of FuA from artificially contaminated silage ...................... 61 

Tab. 8 Recovery of FuA from artificially contaminated respiratory system  

 tissue of birds (control samples) ....................................................... 62 

Tab. 9 FuA in tissue samples from the respiratory system of dead birds  

 with confirmed aspergillosis .............................................................. 62 

Tab. 10 Different specificity pattern of FuA EIA and ergonovine EIA ............. 72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

vi List of Figures 

LIST OF FIGURES 

 

Fig. 1 Biosyntetic pathways of ergoline alkaloids in C. purpurea and 

 A. fumigatus ........................................................................................ 4 

Fig. 2 Comparative representation of the chemical structure of 

 some ergoline alkaloids .................................................................... 10 

Fig. 3 The basic structures of clavine alkaloids .......................................... 12 

Fig. 4 Structures of fumigaclavines ............................................................. 13 

Fig. 5 Structure of gliotoxin ......................................................................... 15 

Fig. 6 Structures of fumitremorgins ............................................................. 17 

Fig. 7 Structure of verruculogen ................................................................. 18 

Fig. 8 Structure of fumigatin ........................................................................ 19 

Fig. 9 Structure of fumagillin ....................................................................... 19 

Fig. 10 Structure of helvolic acid ................................................................... 20 

Fig. 11 Structures of fumiquinazolines .......................................................... 22 

Fig. 12 Schematic of the microtiter plate and concentrations used in the  

 checkerboard experiment ................................................................. 44 

Fig. 13 UV spectrophotometry of FuA standard (5 µg/ml) dissolved in 

 methanol ........................................................................................... 54 

Fig. 14 Comparison of the UV spectrophotometry of FuA-KLH conjugate  

 dissolved 1:20 in PBS, FuA  and KLH .............................................. 55 

Fig. 15 Comparison of the UV spectrophotometry of FuA-BSA conjugate  

 dissolved 1:20 in PBS, FuA and KLH ............................................... 55 

Fig. 16 Antibody titers of three rabbits after immunization with FuA-KLH  

 conjugate .......................................................................................... 56 

Fig. 17 Comparison of the standard curves of the competitive indirect EIA  

 for FuA using the antiserum from rabbits 55 and 57 ......................... 58 

Fig. 18 Optimized standard curve of the competitive indirect EIA for FuA  

 using plate coating with FuA-BSA and antiserum of rabbit 57 .......... 59 

Fig. 19 Fungal growth on air sac of dead Humboldt Penguin with  

 confirmed aspergillosis ..................................................................... 63 

Fig. 20 A. fumigatus: colonies 7 days at 25oC on MEA (A), conidia and  

 conidiophores (B) ............................................................................. 64 



 

 

vii List of Figures 

Fig. 21 HPLC chromatogram of FuA standard (100 ng/ml) .......................... 66 

Fig. 22 HPLC chromatogram of mycelium extract of A. fumigatus  

 (diluted 1:1000 in methanol) ............................................................. 66 

Fig. 23 Chemical transformation of FuA into FuB and FuC into FuD by  

 alkaline hydrolysis ............................................................................ 67 

Fig. 24 HPLC chromatograms of mycelium extract of A. fumigatus, before  

 hydrolysis (A) and after hydrolysis (B) .............................................. 68 

Fig. 25 Immunogram of HPLC eluate fractions of A. fumigatus  

 extract after hydrolysis ...................................................................... 70 

Fig. 26 Standard curve of the competitive direct enzyme immunoassay  

 for ergonovine ................................................................................... 71 

Fig. 27 Schematic diagram of different specificity pattern of antibodies  

 against FuA and ergonovine ............................................................. 72 

Fig. 28 HPLC chromatograms of blue-veined cheese extract, without and  

 with FuA standard (500 ng/ml) .......................................................... 73 

Fig. 29 Comparison of FuA and ergonovine EIA immunograms of HPLC  

 eluate fractions of blue-veined cheese extract (sample 01) .............. 74 

 

 

 

 

 



 

 

1 Introduction

1 INTRODUCTION 

 

Fumigaclavine A (FuA) and the closely related compounds FuB and FuC are 

indole alkaloids belonging to the large group of ergolines (clavine alkaloids). 

Production of clavine alkaloids has been reported for species belonging to several 

fungal genera, including Aspergillus (e.g., A. fumigatus), Penicillium (e.g., 

P. roqueforti), Claviceps (e.g., C. purpurea), endophytic Epichloë/Neotyphodium 

species (e.g., Neotyphodium (syn. Acremonium) coenophialum), and by an 

epibiotic clavicipitaceous fungus named IasaF13 (Lyons et al. 1986; Flieger et al. 

1997; Panaccione 2005; Steiner et al. 2006; Frisvad et al. 2008, Ge et al. 2009). 

Due to the ubiquitous occurrence of clavine-producing fungi on and in plants, 

these alkaloids can potentially be found on (or in) all plant materials and in the 

environment. 

 

Little is known about the effects of fumigaclavines, but in general clavine alkaloids 

are antagonists (or partial agonists) of serotonin, and therefore have neurological 

properties which are also used therapeutically (Pertz 1996). For other clavines, 

various pharmacological and toxicological properties have been reported. FuC has 

various pharmacological effects and caused concentration-dependent 

vasorelaxation in isolated rat aortic rings (Ma et al. 2006), improved concanavalin 

A-induced liver injury in mice via inhibiting TNF alpha production (Zhao et al. 

2004), and improved experimental colitis in mice via downregulating Th1 cytokine 

production (Wu et al. 2005). Agroclavine interrupted early pregnancy in mice when 

given orally but not after subcutaneous application (Mantle 1969), and potentiated 

hippocampal EEG effects of weak combined magnetic field in rats (Vorobyov et al. 

2009). Clavine alkaloids, but not lysergic acid derivatives also seem to have 

antibacterial effects (Schwarz and Eich 1983). 

 

Analysis of FuA may therefore be interesting within a strategy of mycotoxin 

analyses and also could be indicative for presence and metabolic activity of one of 

the FuA producing fungal species listed above. Furthermore, FuA analysis may 

also be of interest considering infectious diseases caused by A. fumigatus. This 

fungus is an opportunistic pathogen in human and animals, and causes a wide 
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range of severe respiratory diseases in humans, including allergic reactions 

(allergic fungal sinusitis, allergic broncho-pulmonary aspergillosis; for review see, 

e.g., Shah 2008) and necrotizing lung infections such as invasive aspergillosis, 

chronic necrotizing pulmonary aspergillosis, and aspergilloma (for review see, e.g., 

Latgé 2001; Zmeili and Soubani 2007). 

 

From an immunochemical point of view, clavine alkaloids are a very heterogenous 

group of compounds, because of the large variability of substituents at C-2, C-8, 

and C-9, and because of the existence of α- and β-epimeric forms at C-8 and C-9 

for some compounds. Thus, the production of generic anti-clavine antibodies does 

not seem to be feasible. Since FuA is the most common clavine, and since it is 

commercially available as a standard substance, this study concentrated on FuA 

as the hapten. Until now antibodies against FuA have not been described. 

 

The aims of this study were (1) to develop high-affinity antibodies against FuA, (2) 

to establish an enzyme immunoassay for trace level detection of FuA; and (3) to 

establish immunochemical methods of analysis for FuA in food (e.g., cheese), feed 

(e.g., silage), and biological material (e.g., respiratory system tissue of bird). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

3 Literature Review

2 LITERATURE REVIEW 

 

2.1 Ergoline Alkaloid-Producing Fungi 

 

Ergoline alkaloids represent one of the most interesting groups of secondary 

metabolites of microscopic fungi. They are produced by a wide range of fungi, 

predominantly by members of the grass-parasitizing family of the Clavicipitaceae, 

especially from the genus Claviceps (e.g. C. purpurea). However, the capacity to 

synthesize ergolines is not restricted to the genus Claviceps. Fungi of the genera 

Acremonium/Neotyphodium (e.g., Neotyphodium coenophialum), Aspergillus (e.g., 

A. fumigatus), Penicillium (e.g., P. roqueforti), as well as certain plants of the 

Convolvulaceae family were also found to synthesize ergoline alkaloids (Flieger et 

al. 1997; Boichenko et al. 2001; Vinokurova et al. 2003a; Wang et al. 2004; 

Frisvad et al. 2008). The ergoline alkaloids of these divergent fungi share a four-

membered ergoline ring system, but differ in number, type, and position of the side 

chain residues (Floss 1976; Coyle and Panaccione 2005). 

 

Interestingly, ergoline alkaloid-producing fungi typically produce a characteristic 

profile of several ergoline alkaloids rather than a single end product (Panaccione 

2005). Figure 1 shows the common steps in biosynthesis pathway of ergoline 

alkaloids in A. fumigatus and C. purpurea. 

 

 

2.1.1 Aspergillus fumigatus 

 

A. fumigatus Fresen. is a fungus of the genus Aspergillus, family Trichocomaceae, 

order Eurotiales, class Eurotiomycetes, phylum Ascomycota, and kingdom Fungi. 

It is a saprophyte fungus which survives and grows over a large variety of organic 

remains and whose most common ecological niche is soil (Marsh et al. 1979; 

Rementeria et al. 2005). A. fumigatus is found worldwide and has an essential role 

in recycling carbon and nitrogen. This fungal species has a very simple biological 

cycle, and grows faster than any other airborne fungi at 40oC (Tekaia and Latgé 

2005). 
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Figure 1. Biosyntetic pathways of ergoline alkaloids in A. fumigatus and C. purpurea 

(Tudzynski et al. 2001; Panacionne 2005; Li and Unsöld 2006; Rigbers and Li 2008). 
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At least 20% of A. fumigatus-specific genes appear to be functional and are 

involved in carbohydrate and chitin catabolism, transport, detoxification, secondary 

metabolism, and other functions that may facilitate the adaptation to 

heterogeneous environments such as soil or a living host (Fedorova et al. 2008). 

Much of the basic biology of A. fumigatus, including it is rapid growth rate, 

remarkable thermo-tolerance, numerous secondary metabolic pathways producing 

both toxic and useful metabolites, and pathogenicity in general are poorly 

understood (Ronning et al. 2005). Until recently A. fumigatus was only thought to 

reproduce asexually, as neither mating nor meiosis had ever been observed in the 

fungus. However, O’Gorman et al. (2009) reported for the first time that 

A. fumigatus possesses a fully functional sexual reproductive cycle, 145 years 

after it is original description by Georg W. Fresenius. These authors proposed the 

name Neosartorya fumigata for the teleomorph of A. fumigatus, although 

Hawksworth (2009) suggested that A. fumigatus should remain as the sole name 

for pragmatic reasons. 

 

Genetically A. fumigatus seems to be very homogeneous and unique, and is 

clearly separated from related species based on genetic traits including beta-

tubulin, actin, and calmodulin. Therefore the new taxonomies are based on a 

polyphasic approach using phenotypical characters together with multigene 

deoxyribonucleic acid (DNA) sequences. In a polyphasic approach, micro- and 

macromorphology, physiology, metabolites produced, and molecular data are all 

important, and in principle no particular method should be overemphasized 

(Samson et al. 2006). 

 

The ubiquitous A. fumigatus is an opportunistic fungal pathogen, it is by far the 

most important pathogenic species within Aspergillus section Fumigati, both in 

humans and in animals (Tepšič et al. 1997; Stanzani et al. 2005; Li and Unsöld 

2006; Orciuolo et al. 2007). A. fumigatus may also be regarded as the most 

important airborne pathogenic fungus (Brakhage and Langfelder 2002). It 

produces small-sized conidia (2-3 µm) which become airborne easily and allows 

them to be deposited deep in the lung (Cockrill and Hales 1999). A. fumigatus 

causes a wide range of diseases which include mycotoxicosis, allergic reactions, 
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and systemic diseases with high mortality rates (Rinyu et al. 1995; Rementeria et 

al. 2005). A. fumigatus produces a number of mycotoxins, including ergolines 

(clavine alkaloids) such as fumigaclavines and festuclavine (Spilsbury and 

Wilkinson 1961; Ohmomo et al. 1989; Panaccione and Coyle 2005; Coyle et al. 

2007). 

 

Since A. fumigatus is ubiquitous in silage (Cole et al. 1977; Santos et al. 2002), 

feeds may be contaminated with clavine alkaloids, although no data have been 

published. Likewise, natural occurrence of fumigaclavines in food seems to be 

probable, but only one study (Scott and Kennedy 1976) could be found in the 

literature. 

 

Aspergillosis, which is mainly caused by A. fumigatus, presents a wide spectrum 

of clinical syndromes in the respiratory system. Invasive pulmonary aspergillosis 

(IPA) is a severe disease, and a major cause of mortality in severely 

immunocompromised patients. Critically ill patients without malignancy may also 

develop IPA without having the classic risk factors. Chronic necrotizing 

aspergillosis (CNA), which is locally invasive, is seen mainly in patients who are 

mildly immunocompromised or have chronic lung disease. Aspergilloma and 

allergic bronchopulmonary aspergillosis (ABPA) are non-invasive pulmonary 

diseases. Aspergilloma is a fungus ball that develops in a pre-existing cavity in the 

lung parenchyma, while ABPA is a hypersensitivity disease of the lungs that 

almost always affects patients with asthma or cystic fibrosis (for review see, e.g., 

Zmeili and Soubani 2007; Shah 2008). 

 

Among animals, birds kept in captivity are particularly affected by aspergillosis 

(Tell 2005). Various clavine alkaloids produced by A. fumigatus may be 

responsible for part of the immunosuppresive activity of the fungus and play an 

important role in the pathogenesis of aspergillosis. 
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2.1.2 Penicillium roqueforti 

 

P. roqueforti is a common saprotrophic fungus from the family Trichocomaceae. It 

is the best studied representative of genus Penicillium. Formerly P. roqueforti was 

divided into two varieties, one used for cheese starter cultures (P. roqueforti var. 

roqueforti), and one ubiquitous patulin-producing variety (P. roqueforti var. 

carneum). Based on DNA ribosomal sequences, random amplified polymorphic 

DNA (RAPD) profiles, and secondary metabolite profiles, P. roqueforti was 

recently split into three species, nemely P. roqueforti, P. carneum, and P. paneum 

(Boysen et al. 1996). P. roqueforti is the most common species of the three, and 

due to it is resistance to organic acids and ability to grow at low pH, it is found as a 

contaminant of processed food such as bread, rye bread, beer, hard cheeses, and 

olives (Nielsen et al. 2006). 

 

In cheese-making industry, P. roqueforti is commonly used to produce a variety of 

blue-veined cheeses. It was also the most frequently isolated fungus in silage 

(Ohmomo and Kitamoto 1994; Auerbach et al. 1998; O´Brien et al. 2006; O´Brien 

et al. 2008). Therefore, the ability of this fungus to produce mycotoxins, including 

ergoline alkaloids, has attracted much research.  

 

Some clavine alkaloids have been identified in P. roqueforti, including IsoFuA, 

IsoFuB, festuclavine, and chanoclavine-I (Ohmomo et al. 1975; Scott and 

Kennedy 1976; Scott et al. 1976; Vinokurova et al. 2001). 

 

 

 

2.1.3 Neotyphodium spp. 

 

Ergoline alkaloids have gained considerable agricultural relevance not only due to 

contamination of cereals with sclerotia of the genus Claviceps, but also because of 

ergopeptine-producing endophytic fungi wich are involved in the intoxication with 

ergoline alkaloids and other toxins of animals held on pasture grassland in many 

parts of the world (for review see, e.g., Tudzynski et al. 2001). These endophytes, 
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especially Epichloë spp. and their asexual forms Neotyphodium spp. (formerly 

Acremonium spp.), which are living as symbionts intercellularly on grasses such 

as Festuca, can cause serious problems in livestock breeding, for example fescue 

toxicosis in cattle (Blankenship et al. 2001). In general, endophyte infection 

frequencies seem more variable in natural compared to pastoral situations, 

suggesting that expressions and benefits (protection against “herbivorous 

enemies”) attributable to endophyte infection depend on the resource environment 

in which the host–endophyte complex was formed, and the conditions under which 

it is being grown (for review see, e.g., Malinowski and Belesky 2006). 

 

Neotyphodium spp. have been reported to produce ergoline alkaloids such as 

ergovaline (Lyons et al. 1986; Panaccione et al. 2003; Wang et al. 2004), lysergic 

acid amide, isolysergic amide, 8-hydroxylysergic acid amide, ergonovine, 

chanoclavine-I, and N-formylloline (Petroski et al.1992). In addition, other alkaloids 

such as lolitrem may be important in the context of anti-herbivorous alkaloids 

produced by endophytic fungi (Rasmussen et al. 2008). 
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2.2 Ergoline Mycotoxins 

 

Mycotoxins are a group of secondary fungal metabolites which can cause a toxic 

response, termed a mycotoxicosis, if ingested by higher vertebrates and other 

animals (Sweeney and Dobson 1999). The most notorious mycotoxicosis in 

human history is ergotism, which is caused by consumption of grain, usually rye, 

contaminated with sclerotia of Claviceps purpurea. The toxic effects of ergoline 

alkaloids have been the cause of mass poisonings in both humans and animals. 

Ergoline poisoning in humans has been known for more than 2,000 years, and 

was responsible for numerous medieval epidemics of a disease then called St. 

Anthony’s Fire was characterized by gangrenes of the extremities and neurological 

symptoms (convulsions, psychoses) (for review see, e.g. Desjardins and Hohn 

1997; Tudzynski et al. 2001; Lee et al. 2009). 

 

Ergoline alkaloids are indole compounds that are biosynthetically derived from L-

tryptophan and represent the largest group of nitrogeneous fungal metabolites 

found in nature (Heinstein et al. 1971; Schiff 2006; Ahimsa-Müller et al. 2007). 

Over 80 ergoline alkaloids are known. The common structural feature is the 

ergoline ring system with a nitrogen atom at positions 1 and 6 (Figure 2). Because 

of their structural features, ergoline alkaloids can be divided into two groups, 

lysergic acid derivatives and clavine alkaloids (Floss 1976; Tudzynski et al. 2001; 

Metzger et al. 2009). Depending on the substituent at C-8 of ring D, ergoline 

alkaloids can also be divided in four groups, (1) the clavine alkaloids (e.g. 

agroclavine, lysergine, festuclavine, and fumigaclavines), (2) the simple lysergic 

acid derivatives (e.g. lysergic acid, ergometrine, also known as ergonovine), (3) 

the peptide alkaloids-cyclo ergoline alkaloids (e.g. ergolineamine, ergocristine, 

ergocornine), and (4) the lactam ergoline alkaloids (Flieger et al. 1997). 

 

In general ergoline alkaloids interact with several monoamine receptors, resulting 

in cardiovascular, nervous, and reproductive disorders, and by affecting the 

immune system (Panaccione and Coyle 2005). 
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Figure 2. Comparative representation of the chemical structure of some 

ergoline alkaloids: clavines and lysergic acid derivatives. 
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2.2.1 Lysergic Acid Derivatives 

 

Lysergic acid, also known as D-lysergic acid and (+)-lysergic acid, is a precursor of 

a wide range of ergoline alkaloids that are produced by the “ergot” fungus, namely 

Claviceps species. All lysergic acid derivatives reported to date are either lysergic 

acid amides (simple lysergic acid amides and paspalic acid, e.g., ergonovine, 

erginine) or lysergic acid peptides (sometimes also designated as ergopeptides or 

ergopeptines, e.g., ergotamine, α- and β-ergocryptine, ergocornine) (Floss 1976; 

Flieger et al. 1997; Schiff 2006). 

 

Lysergic acid derivatives have a wide spectrum of pharmacological and 

toxicological activities. Depending on the substituent attached to the carboxy 

group at C-8 of ring D of the ergoline ring system, the lysergic acid pharma-

cophore has different affinities towards the various receptors of the noradrenaline, 

dopamine, and serotonin neurotransmitters. Since the C-8 bond may undergo 

isomerisation, all ergoline alkaloids exist as isomeric pairs, the –ine form (e.g., 

ergotamine) and, the –inine form (e.g., ergotaminine). The latter are 

pharmacologically inactive (Hofmann 1964). Chemical synthesis of the natural 

lysergic-acid-related compounds, such as ergometrine and ergopeptines, as well 

as of new semisynthetic derivatives (methylergometrine, methysergide, or 

cabergoline) used in therapy (for review see, e.g., Tudzynski et al. 2001).  

 

 

 

2.2.2 Clavine Alkaloids 

 

Clavine alkaloids are the most simple ergoline alkaloids, they lack the amide-

linked side chains on the ergoline ring system. Certain clavines provide a pathway 

to lysergic acid, whereas others may be products of shunts off the main ergoline 

alkaloid pathway. Still other clavines may be the ultimate pathway end product in 

their producing organism (for review see, e.g., Panaccione 2005). 
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Clavine alkaloids can be divided into three groups (Figure 3), one consisting of the 

alkaloids with an 8,9-ergolene skeleton, e.g. agroclavine, another consisting of 

those with a 9,10-ergolene skeleton, e.g. lysergol, and the third consisting of those 

with a hydroxyl group at the 9-position, e.g. fumigaclavines (Floss 1976; Rehacek 

1980; Ninomiya et al. 1986). 

 

 

 

 

 

 

 

 

 

 

 

Although most clavine alkaloids have been isolated from members of the genus 

Claviceps, some clavines have also been found in other fungi, e.g. Aspergillus and 

Penicillium (Spilsbury and Wilkinson 1961; Vinokurova et al. 2001; Frisvad et al. 

2007). For example, some clavine type alkaloids (fumigaclavines) are produced by 

A. fumigatus, but not by fungi belonging to genus Claviceps (e.g. Claviceps 

purpurea). Conversely, the amide and peptide derivatives of lysergic acid are 

produced by C. purpurea, but not by A. fumigatus. In contrast, agroclavine was 

identified in both fungal groups (Flieger et al. 1997; Li and Unsöld 2006).  

 

 

 

2.2.2.1 Fumigaclavines 

 

Fumigaclavines (FuA, FuB, and FuC, Figure 4) are clavine alkaloids which are 

mainly produced by A. fumigatus (Spilsbury and Wilkinson 1961; Ohmomo et al. 

1989; Panaccione and Coyle 2005; Coyle et al. 2007; Frisvad et al. 2008), while 

the main producer of their 8,9-isomers (IsoFuA = roquefortine A; IsoFuB = 

Figure 3. The basic structures of clavine alkaloids. 
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roquefortine B) are found in Penicillium species belonging to the P. roqueforti 

complex (Ohmomo et al. 1975; Scott et al. 1976; Nielsen et al. 2006). However, 

literature data concerning the question which isomers are produced by which 

fungus are to date somewhat confusing. For example, Lund (1995) reported that 

all isolates of P. palitans produced FuA but not IsoFuA. Vinokurova et al. (2001) 

described two strains of P. roquefortii Thom 1906, one producing FuA, the other 

IsoFuA. These authors also reported that some strains of P. commune Thom and 

of P. clavigerum Demelius were able to produce FuA and FuB (Vinokurova et al. 

2003c). Finally, new clavines and other fungal ergoline alkaloids are isolated up 

today (Ge et al. 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Both FuA and FuC indirectly affect the peripheral and central nervous system 

(Lugauskas 2005). FuC exhibited potent concentration dependent vaso-relaxant 

actions in isolated rat aortic ring pre-contracted by high K+ or phenylephrine with 

50% effective dose (EC50) values of 5.62 µmol/l and 1.58 µmol/l, respectively (Ma 

et al. 2006), and affects the lymphocytes by inhibiting their activation, proliferation 

and adhesion to extracellular matrices, and reducing their production of tumor 

necrosis factor-alpha (TNF-α) (Zhao et al. 2004). FuC also inhibited the expression 

and production of inflammatory cytokines, and the activity of matrix metallo-

proteinase in sacral lymph node cells, colonic patch lymphocytes, and colitis 

Figure 4. Structures of fumigaclavines. 
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tissues from 2,4,6-trinitrobenzene sulfonic acid (TNBS) colitis mice (Wu et al. 

2005). 

 

Ingestion of crude extracts of A. fumigatus cultures (approximately 2.5 and 5.5 mg 

of FuC per kg body weight) by calves resulted in severe diarrhea, irritability, 

reduced feed intake, causes serious enteritis, and evidence of interstitial changes 

in the lungs. The oral 50% lethal dose (LD50) of FuC was about 150 mg/kg in one 

day-old cockerels (Cole et al. 1977). 

 

 

 

2.2.2.2 Other Clavines 

 

The number of clavine alkaloids described in the scientific literature has 

proliferated greatly over the years, and new members continue to be added to the 

list. Little is known about the effects of clavine alkaloids in man and animal. 

However, some clavine alkaloids, including agroclavine, costaclavine, 

dihydrolysergol-l, elymoclavine, festuclavine, lysergene, lysergol, and pyroclavine 

are antagonism/partial agonism at 5-HT2A receptors and antagonism at α1-

adrenoceptors in blood vessels (Pertz 1996). Agroclavine, festuclavine, and their 

derivatives were also reported as a potent cytostatic agents by Eich et al. (1984). 
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2.3 Other Mycotoxins Produced by A. fumigatus 

 

A recent review concerning the metabolomics of A. fumigatus (Frisvad et al. 2008) 

includes a comprehensive list of mycotoxins produced by this fungus, but gives 

little information concerning their toxicity. Therefore some major toxins of 

A. fumigatus are described in the following chapters. 

 

 

2.3.1 Gliotoxin 

 

Gliotoxin (Figure 5) is a secondary metabolite which is produced by a number of 

Aspergillus and Penicillium species, and also by some species of Gliocladium, 

Thermoascus, and Candida (Nieminen et al. 2002; Lewis et al. 2005). However, 

the main producer seems to be A. fumigatus (Pattron 2006). 

 

 

 

 

 

 

 

 

 

 

Gliotoxin is one of several members of the epipolythiodioxopiperazines (ETP), a 

class of cyclic dipeptides characterised by the presence of an internal disulfide 

bridge (Waring and Beaver 1996; Gardiner and Howlett 2005; Gardiner et al. 

2005). It is extremely sensitive to alkalies and is altered rapidly even by mild 

alkaline reagents such as sodium bicarbonate, sodium sulfite, and sodium sulfide 

(Dutcher et al. 1945). The biological activity of gliotoxin is dependent on the 

presence of a strained disulfide bond that can react with accessible cysteine 

residues on proteins (Hurne et al. 2000). 

 

OH N

CH2OH

CH3

O

O
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Figure 5. Structure of gliotoxin. 
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Gliotoxin primarily has immunosuppressive activity (Sutton et al. 1994), and is now 

considered as a virulence factor in human and animal aspergillosis (Kamei and 

Watanabe 2005; Kwon-Chung and Sugui 2008; Hof and Kupfahl 2009). It is 

capable of inhibiting macrophage function (Eichner et al. 1986; Bertout et al. 2002) 

and thus may alter the immune response to Aspergillus. Gliotoxin induces 

apoptotic cell death in macrophages (Waring 1990), and affects spleen cells 

(Braithwaite et al. 1987). Gliotoxin has been detected in lung tissue samples of 

poultry (Richard and DeBey 1995; Richard et al. 1996), where it may facilitate 

fungal persistence and colonization of tissue. In addition, gliotoxin has been 

implicated for the destruction of lung parenchyma in invasive aspergillosis (Sutton 

at al. 1996) and the penetration of blood vessels in angio-invasive aspergillosis 

(Fraser 1993). 

 

Gliotoxin inhibits phagocyte nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase assembly and activation, a key component in host defence 

against filamentous fungi (Müllbacher and Eichner 1984). It also inhibits activation 

of nuclear factor kappa B (NF-kB; a transcriptional factor that is a key mediator of 

cytokine and inflammatory responses) in T and B cells (Pahl et al. 1996). 

Intraperitoneal injection of gliotoxin depressed platelet aggregation in mice at a 

dose of 0.25 mg/kg with LD50 value was about 5-10 mg/kg (Sakai and Watanuki 

1987).  

 

 

 

2.3.2 Fumitremorgins 

 

A. fumigatus has been reported to produce fumitremorgins A, B, and C (Yamazaki 

et al. 1971; Cole et al. 1977). Fumitremorgins (Figure 6) are members of a group 

of prenylated indole alkaloids (Yamazaki et al. 1980a; Maiya et al. 2006). 

Fumitremorgin A is the most potent mycotoxin among the fumitremorgins 

(Nishiyama and Kuga 1986). It caused sustained tremor with intermittent 

convulsion (which was often fatal) in mice, rats, and rabbits after several tonic-

clonic convulsions (Yamazaki et al. 1980a; Yamazaki et al. 1980b). 
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From experiments with rabbits, Nishiyama and Kuga (1990) concluded that 

fumitremorgin A might activate some neurons in the midbrain reticular formation, 

and that convulsive burst discharges in peripheral motor nerves resulted from 

abnormal activation of these neurons. Fumitremorgen B also caused severe 

tremors and convulsion in experimental animals (Yamazaki et al. 1980b), and DNA 

damage in human lymphocytes (Sabater-Vilar et al. 2003). The LD50 value of 

fumitremorgin A in mice after intravenous administration was 185 µg/kg (Yamazaki 

et al. 1979). 

 

 

 

2.3.3 Verruculogen 

 

Verruculogen (Figure 7) is one of the tremorgenic mycotoxins produced by fungi 

belonging to the genera Aspergillus and Penicillium. Most producers of 

verruculogen were identified as A. fumigatus, and some as A. fischeri (Shreeve et 

al. 1983). Verruculogen is produced not only during myceliar growth of fungi, but 

was also found in the spores of A. fumigatus (Kosalec et al. 2005). It is also a 

member of the indole alkaloid group of mycotoxins (Abraham and Arfmann 1990). 

Like the fumitremorgins, verruculogen was found to induce tremor and muscular 

incoordination in laboratory and farm animals (Peterson et al. 1982). However, the 

effect of this mycotoxin upon health, especially of immuno-compromised patients, 
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Figure 6. Structures of fumitremorgins. 
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is still unknown, as well as its influence on healthy persons (Kosalec et al. 2005). 

The intraperitoneal LD50 of verruculogen was 2.4 mg/kg in mice and 15.2 mg/kg in 

chicken. Orally administered LD50 values for this toxin were 126.7 mg/kg and 

365.5 mg/kg in mice and chicken, respectively (Cole et al. 1972). 

 

 

 

 

 

 

 

 

 

 

 

Khoufache et al. (2007) reported that verruculogen modifies the electro-

physiological properties of human nasal epithelial cells (HNEC). The role of these 

modifications in the colonization and invasion of the respiratory epithelium by 

A. fumigatus on first contact with the epithelium remains to be determined. The 

authors speculated that the presence of verruculogen at the cellular level could 

alter pulmonary clearance and thereby increase colonization and the risk of 

invasive aspergillosis. 

 

 

 

2.3.4 Fumigatin 

 

Fumigatin (Figure 8) has been originally isolated from the medium of a strain of 

A. fumigatus by Anslow and Raistrick (1938). It is a relatively small molecule, 

chemically it is a p-toluqunone derivative (Raistrick 1940; Pettersson 1963). 

Frisvad et al. (2008) list 21 fumigatin analogues within the metabolome of 

A. fumigatus, and report that 35% of the tested strains produced fumigatin. 
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Figure 7. Structure of verruculogen. 
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Fumigatin is soluble in acetone, ether, chloroform, benzene, ethyl acetate, and 

alcohol, fairly soluble in water and slightly soluble in light petroleum (Anslow and 

Raistrick 1938). Fumigatin was found to have antibiotic activity (Waksman and 

Geiger 1944). It was cited to be toxic against experimental animals, but it is not 

clear to what extent these substance may cause disease conditions in animals 

under natural conditions (Austwick 1965). 

 

 

 

2.3.5 Fumagillin 

 

Fumagillin (Figure 9) is a cyclohexane derivative. It was first reported as an 

antiphage agent (H-3) by Hanson and Eble (1949) from A. fumigatus. Fumagillin is 

representative of a class of sesquiterpenes (Picoul et al. 2003). One of the unique 

structural feature of fumagillin is that possess two potentially reactive epoxide 

groups (Griffith et al. 1998). 
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Figure 8. Structure of fumigatin. 
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Fumagillin was first described as an antimicrobial agent, but more recently, Ingber 

et al. (1990) discovered that this compound is a potent and selective inhibitor of 

endothelial cell proliferation of angiogenesis. 

 

Fumagillin was reported to have cilioinhibitory effects on the human ciliated 

respiratory epithelium (Amitani et al. 1995). Stanimirovic et al. (2007) suggest that 

fumagillin has also genotoxic (clastogenic) potential in mammals in vivo. 

 

 

 

2.3.6 Helvolic acid 

 

The isolation of helvolic acid (Figure 10) from A. fumigatus has been described by 

Chain et al. (1943). Helvolic acid is soluble in chloroform, acetone, ethyl acetate, 

methanol, ethanol, alkali water, and pyridine (Chain et al. 1943; Tschen et al. 

1997). The substance is stable at an active temperature of 22oC-100oC and is also 

stable at various pH levels (pH 3-11) (Tschen et al. 1997). 

 

 

 

 

 

 

 

 

 

 

 

 

Information concerning the biological activity of helvolic acid is scarce. It has 

antibiotic (Chain et al. 1943) and phytotoxic (Tschen et al. 1997) properties. Mice 

weighing 20 g tolerate 5 mg helvolic acid given intravenously or 20 mg by mouth, 

but repeated injections cause severe liver damage (Chain et al. 1943). Mitchell 
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Figure 10. Structure of helvolic acid.
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et al. (1997) have shown that helvolic acid inhibits the oxidative burst of 

macrophages. It is also cilioinhibitory but at high concentrations (Stanimirovic et al. 

2007).  

 

 

 

2.3.7 Fumiquinazolines 

 

Fumiquinazolines (FQ) A-G (Figure 11) have been isolated from a strain of 

A. fumigatus which was originally separated from the gastrointestinal tract of the 

marine fish Pseudolabrus japonicus (Numata et al. 1992; Takahashi et al. 1995). 

 

Biogenetically, these molecules are tri- or tetrapeptides derived from anthranilic 

acid, tryptophane, and ahnine. The fumiquinazolines must therefore be derived 

from D-tryptophane. Fumiquinazolines (A-G) exhibited moderate cytotoxicities in 

vitro against P388 lymphocytic leukemia cells with ED50 values of 6.1 µg/ml, 16.0 

µg/ml, 52.0 µg/ml, 13.5 µg/ml, 13.8 µg/ml, 14.6 µg/ml, and 17.7 µg/ml, respectively 

(Biabani and Laatsch 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

22 Literature Review

R = α-Me (FQF) 
R = β-Me (FQG) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R1 = Me, R2 = H (FQA) 
R1 = H, R2 = Me (FQB) 
R1 = Me, R2 = OMe (FQE) 
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Figure 11. Structures of fumiquinazolines. 
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2.4 Analytical Methods for Mycotoxins 

 

The fact that most mycotoxins are toxic in very low concentrations, and they are 

usually present in low concentrations in complex sample matrices, diversity of 

chemical structures and physicochemical properties, and they may occur in 

various combinations produced by a single or by several fungal species. 

Therefore, efficient analytical tools for the qualitative and quantitative analysis of 

toxic fungal metabolites in food, feed, and environmental samples are required (for 

review see, e.g., Krska et al. 2008; Cigić and Prosen 2009). 

 

Because of the large chemical variability of mycotoxins, it is impossible to use one 

standard technique to detect all mycotoxins, as each will require a different 

method. Although recent reports claim the determination of nearly 100 different 

mycotoxins in a single run by LC-MS (Sulyok et al. 2007), the validity of such 

claims has yet to be proven. There are biological (e.g., in vivo or in vitro tests), 

physicochemical (e.g., thin-layer chromatography, gas chromatography, and liquid 

chromatography), and immunoassay (e.g., enzyme immunoassay) methods for 

mycotoxin analysis. Because biological methods are mostly qualitative or 

semiquantitative and they are often non-specific, their use in the surveillance of 

food and feed for mycotoxins is of minor importance. Biological methods may be 

useful in screening for mycotoxins, especially when the identity of the mycotoxins 

is not known (van Egmond and Paulsch 1986). 

 

 

2.4.1 Thin-Layer Chromatography 

 

Traditionally the most popular method used for mycotoxins analysis is thin-layer 

chromatography (TLC), which offers the ability to screen large numbers of 

samples economically (for review see, e.g., Turner et al. 2009). TLC is based on 

the separation of compounds by how far they migrate on a specific matrix with a 

specific solvent. The distance that a compound will travel is a unique identifier for 

specific compounds, and a retention factor (Rf) has been determined for most 

mycotoxins. As with any detection system, a positive control containing purified 
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mycotoxins must be ran in parallel to ensure accuracy, since different chemicals 

can have a similar Rf (Muro-Cacho et al. 2004). Unfortunately, this method is often 

incapable of differentiating between ergot alkaloids and other indole-containing 

metabolites (Boichenko et al. 2001). Table 2 lists some examples TLC methods for 

the detection of several common mycotoxins. 

 

Table 2. Examples of TLC methods used for the detection of mycotoxins 

Mycotoxins Protocol/detection Matrix Reference(s) 

Aflatoxins and 
ochratoxin A 

TLC with 
densitometry 

Cereals Braicu et al. 
2008 

Citrinin and patulin Normal TLC Grapes Abrunhosa et al. 
2001 

Fumigaclavine A, 
fumitremorgins B and 
C, verruculogen 

TLC agar plug 
method compered 
with HPLC 

Isolated fungi  Tepšič et al. 
1997 

Fumigaclavines A and 
C, fumitremorgins 

Normal TLC Moldy silage Cole et al. 1977 

Fumigaclavines (B, C), 
fumitremorgins (B, C), 
gliotoxin 

Normal TLC Moldy silage Santos et al. 
2002 

Gliotoxin TLC, quantitated by 
HPLC 

Rice cultures Richard et al. 
1989 

Patulin TLC using a charge 
coupled device 

Apple juice Welke et al. 
2009 

Fumonisin B1 Normal TLC 
compered with EIA 

Maize Shelby et al. 
1994 

Fusarium toxins 

 

Normal TLC 
compered with EIA 
and HPLC 

Maize and 
wheat 

Schaafsma et al. 
1998 

Ochratoxin A TLC with 
densitometry 

Green coffee Santos and 
Vargas 2002 

Roquefortines Normal TLC Silage Ohmomo and 
Kitamoto 1994 

Verruculogen Normal TLC Airborne and 
clinical isolates 

Kosalec et al. 
2005 

Zearalenone TLC with 
densitometry 

Corn Shotwell et al. 
1976  
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2.4.2 Gas Chromatography 

 

The development of gas chromatography (GC) in the mid-1950s provided a 

convenient method of analysis of almost anything that could be volatilized 

(Vesonder and Rohwedder 1986). Most mycotoxins are not volatile and therefore 

have to be derivatised for analysis using GC. Several techniques have been 

developed for the derivatisation of mycotoxins. Chemical reactions such as 

silylation or polyfluoroacylation are employed in order to obtain a volatile material 

(for review see, e.g., Turner et al. 2009) 

 

Modern GC combines superior separation on the capillary columns with a variety 

of general and specific detectors. Various detection systems may be utilized as 

coupled to GC, but in most cases electron-capture detection (ECD) and mass 

spectrometry (MS) have been employed (Pittet 2005). GC-ECD and GC-MS were 

used to identify and quantify the presence of mycotoxins in food and feed 

samples, and many excellent sample-handling and analytical techniques have 

been developed, especially for trichothecenes and other Fusarium toxins (Croteau 

et al. 1994; Onji et al. 1998; Eskola et al. 2000; Tanaka et al. 2000; Nielsen and 

Thrane 2000).  

 

Since the GC with detection systems are very specialized and costly, its 

availability may be limited as a routine method for mycotoxin analysis. Table 3 

shows some examples of use of GC for the detection of several common 

mycotoxins. Nowadays GC is largely replaced with liquid chromatography 

methods, in particular with mass spectrometric detection. 
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Table 3. Examples of GC methods used for the detection of mycotoxins 

Mycotoxins Protocol/detection Matrix Reference(s) 

Alternaria toxins 

 

GC-mass 
spectrometry (GC-
MS) 

Apple juice 

 

Scott et al. 1997 

Deoxynivalenol GC-Electron 
capture detection 
(GC-ECD) 

Cereals Eskola et al. 2000 

Fusarium 
mycotoxins 

GC-MS Beers Scott et al. 1993 

Fusarium 
mycotoxins 

GC-MS Cereals Onji et al. 1998 

Ochratoxin A and 
deoxynivalenol 

GC-MS and 
electronic nose 

Barley grains Olsson et al. 2002 

Patulin 

 

GC-MS in the 
selected ion 
monitoring mode 

Apple juice Llovera et al. 2005

 

Trichothecene 
toxins 

GC-Ion trap 
detection 

Cereals Schwadorf and 
Müller 1991 

Trichothecene 
toxins 

GC-ECD Corn Croteau et al. 
1994 

Trichothecene 
toxins 

GC-Tandem mass 
spectrometry (GC-
MS/MS) 

Fungal cultures Nielsen and 
Thrane 2000 

Trichothecene 
toxins and 
zearalenone 

GC-MS Cereals Tanaka et al. 2000

T-2 toxin GC-MS/MS Water Russo et al. 2007 
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2.4.3 Liquid Chromatography 

 

Liquid chromatography (LC) is a separation technique in which the mobile phase is 

a liquid. Chromatographic is performed using columns filled with stationary phase 

materials usually based on modified silica. Liquid chromatography generally 

utilizes very small packing particles and a relatively high pressure is referred to as 

high-performance liquid chromatography (HPLC) (IUPAC 1993). In a typical HPLC 

set-up screening for mycotoxins, C18 columns are commonly used, thus the 

equipment is run in the reverse phase mode (for review see, e.g., Krska et al. 

2008). 

 

HPLC is used in combination with a variety of detectors, for example fluorescence 

detection (FLD, if necessary with pre-column or post-column derivatisation), 

ultraviolet detection (UV) or mass spectrometry (MS) as quantitative methods for 

the determination of mycotoxins. Such methods have been described for some 

mycotoxins, including aflatoxins, fumonisins, zearalenone, type-A (e.g., T2-toxin) 

and -B trichothecenes (e.g., deoxynivalenol), ochratoxin A, and gliotoxin in food 

and feed (Frisvad et al. 1989; Richard et al. 1989; Degelmann et al. 1999; Thimm 

et al. 2001; Meister 2003; Klötzel et al. 2005; Pena et al. 2005; Yentür et al. 2006, 

Toscani et al. 2007; Krska and Molinelli 2007). Determination of ergoline alkaloids 

in various matrices was also achieved by HPLC with UV, FLD, or MS (Jaussaud et 

al. 1998; Müller et al. 2006; Scott 2007; Reinhard et al. 2008). 

 

In the last few years, the first quantitative liquid chromatography with tandem mass 

spectrometry (LC-MS/MS) method for Penicillium toxin, including roquefortine C, 

griseofulvin, mycophenolic acid, ochratoxin A, verruculogen, chaetoglobosin B, 

penitrem A, citrinin, rubratoxin B, cyclopiazonic acid, PR-toxin, patulin, and 

penicillic acid in food and feed samples was developed by Rundberget and Wilkins 

(2002). Using LC-MS/MS increased analytical methods for the simultaneous 

determination of different classes of mycotoxins (Sulyok et al. 2007). The main 

advantages this method are the general applicability and high sensitivity as well as 

an outstanding selectivity (Kokkonen and Jestoi 2009). Commonly, isotope labeled 

reference compounds are applied as internal standards for LC-MS/MS to 
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overcome matrix interference effects. Unfortunately today such standards are not 

commercially available for all mycotoxins (Biselli et al. 2005). 

 

A rapid quantitative LC-MS/MS method for the simultaneous determination of the 

major Fusarium mycotoxins nivalenol, deoxynivalenol, fusarenon-X, 3-acetyl-

deoxynivalenol, 15-acetyl-deoxynivalenol, diacetoxyscirpenol, HT-2 toxin, T-2 

toxin, and zearalenone in maize and wheat was developed by Schuhmacher et al. 

(2005). Zitomer et al. (2008) developed this method for the simultaneous analysis 

of fumonisins B1, B2, and B3 in maize with single-step extraction method. 

 

Although LC-MS/MS offers sufficient selectivity and multianalyte capabilities, its 

realization in the field of multi-mycotoxin analysis has been hampered mainly by 

the chemical diversity of the different toxin classes, which include acidic 

(fumonisins), basic (ergoline alkaloids) as well as polar (moniliformin, nivalenol), 

and apolar (zearalenone, beauvericin) compounds. Therefore, compromises have 

to be made in the choice of extraction solvent and mobile phase, and the 

conditions may be far from optimal for certain analytes (for review see, e.g., Krska 

et al. 2008). Table 4 lists some examples of LC methods for the detection of 

several common mycotoxins. 
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Table 4. Examples of liquid chromatography methods used for the detection of 

mycotoxins 

Mycotoxins Protocol/ 
detection 

Matrix Reference(s) 

Aflatoxins LC-MS Nuts, cereals, dried 
fruits, spices 

Nonaka et al. 2009 

Aflatoxin M1 LC-MS/MS Milk, milk powder Chen et al. 2005 

Alternaria toxin 
(tenuazonic acid)  

HPLC-MS Cereals Siegel et al. 2009 

Citrinin HPLC-FLD Fungal cultures, 
cheese extracts 

Franco et al. 1996 

Deoxynivalenol HPLC-UV Milk Vudathala et al. 
1994 

Ergoline alkaloids HPLC-MS/MS Rye flour Mohamed et al. 2006

Ergovaline HPLC-FLD Ovine plasma Jaussaud et al. 1998

Fumonisins  HPLC-FLD Corn silage Kim et al. 2004 

Gliotoxin HPLC-MS Building materials Nieminen et al. 2002

Gliotoxin LC-MS/MS Lungs, sera Lewis et al. 2005 

Ochratoxin A HPLC-MS/MS Cheese Zhang et al. 2009 

Ochratoxin A HPLC-FLD Milk González-Osnaya et 
al. 2008 

Patulin LC-MS Fruit juice, dried fruit Kataoka et al. 2009 

Penicillium 
mycotoxins 

LC–MS/MS Foods, feeds Rundberget and 
Wilkins 2002 

Type A and B 
trichothecenes 

HPLC-MS/MS Maize Berthiller et al. 2005 

Type A and B 
trichothecenes 

LC-MS/MS Cereals, cereal-
based food 

Klötzel et al. 2005 

Zearalenone HPLC-FLD Corn flour, cheese 
snacks 

Oveisi et al. 2005 

Zearalenone and 
its metabolites 

HPLC-MS Urine, plasma, 
faeces of horses 

Songsermsakul et al. 
2006 
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2.4.4  Enzyme Immunoassay/Enzyme-linked Immunosorbent Assay 

2.4.4.1 Principle of the EIA 

 

The basic principle of an immunoassay is the reaction between an antigen and its 

antibody to form a complex antigen-antibody. In general an enzyme immunoassay 

(EIA) consists of a series of antigen-antibody reactions which result in the binding 

of an enzyme-labeled antibody to a solid-phase (Yolken and Leister 1981). 

 

The working principle of an EIA is analogous to radioimmunoassay (RIA), before 

measuring the enzyme activity, it is necessary to separate the bound and unbound 

labelled fractions of the reaction partners. The antigen-antibody reaction takes 

place on a special solid-phase, which can take many forms. These materials are 

able to adsorb the antigens or antibodies, which are chemically proteins, 

polysaccharides, or lipids. EIA is ideal systems for dealing with a wide range of 

studies in many biological areas. The main reason for this success is test 

flexibility, whereby reactants can be used in different combinations, either attached 

passively to a solid-phase support or in the liquid phase (Crowther 2009). 

 

 

 

2.4.4.2 Antibody production 

 

Antibodies are host proteins that comprise one of the principal effectors of the 

adaptive immune system. Their utility has been harnessed as they have been and 

continue to be used extensively as a diagnostic and research reagent (Lipman et 

al. 2005). The basic structure of all antibody or immunoglobulin molecules consists 

of four protein chains. There are five distinct classes of immunoglobulins: IgA, IgD, 

IgE, IgG, and IgM. IgG has been more thoroughly investigated than the other 

immunoglaobulins. The basic molecular units consists of two identical heavy 

chains of approximately 50 kD and two identical light chains of about 23 kD are 

cross-linked each other by disulfide bonds (Terry et al. 1968; Yamaguchi and 

Harada 2003). 
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Since all immunoassays are based on the reaction of analyte with its specific 

antibody, the quality of the antibody is one of the most important factors for the 

development of sensitive assays. For mycotoxin EIAs this could mean high affinity 

for a specific toxin or for a group of chemically related toxins, depending on the 

individual need. Because mycotoxins are not immunogenic and are known as 

haptens or molecules that will not stimulate antibody production by themselves, 

earlier studies is focused on the development of methods of conjugation of 

mycotoxins to a protein or polypeptide carrier and optimization of conditions for 

antibody production (polyclonal antibodies) in rabbits or in other animals (Chu 

1992; Fremy and Usleber 2003). The most frequently used carrier proteins for 

conjugation are bovine serum albumin (BSA), ovalbumin (OVA), conalbumin 

(CONA), thyroglobulin (TG), immunoglobulin (Ig), fibrinogen, or keyhole limpet 

hemocyanin (KLH) (Singh et al. 2004). High-quality antibody can be obtained by 

using the appropriate immunogen, immunization protocol, and screening 

procedures (Barna-Vetró et al. 1996).  

 

 

 

2.4.4.3 Test formats 

 

EIA make use of a wide variety of different solid phases on which one of the 

immunoreactants is immobilized. Most immunoassays for agrochemicals, 

however, utilize the 96-well microtiter plate from polyvinyl chloride (flexible plates) 

or polystyrene (inflexible rigid plates). The microtiter plate offers ease of handling, 

large sample capacity and simple test standardisation (Krotzky and Zeeh 1995; 

Crowther 2009). A key feature of the solid-phase EIA is that antigens or antibodies 

can be attached to surfaces easily by passive adsorption. This process is 

commonly called coating. Most proteins adsorb to plastic surfaces, probably as a 

result of hydrophobic interactions between nonpolar protein substructures and the 

plastic matrix (Crowther 2009). Other formats include fluorescence polarization 

assays or membrane based rapid tests (Schneider et al. 2004). 
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2.4.4.4 Enzyme conjugate 

 

Intrinsic to the EIA is the addition of reagents conjugated to enzymes. Assays are 

then quantified by the build up of colored product after the addition of substrate or 

a combination of substrate and dye. The analytical sensitivity of the EIA depends 

on the ability of the antibody to bind and the specific enzyme activity of the labeled 

immunoreactant, the conjugate. The linkage of an enzyme to an antigen or 

antibody may affect the specificity of an assay if any chemical modification of the 

moieties involved alters the antigenic determinants or the reactive sites on 

antibody molecules (Crowther 2009). 

 

Horseradish peroxidase (HRP), a holoenzyme of molecular weight 40,200, 

containing one ferritprotoprotein group per molecule, has been widely used for 

labeling antibodies and is now one of the most common marker enzymes in EIA 

(Porstmann et al. 1981; Nilsson et al. 1981; Porstmann et al. 1985; Abuknesha et 

al. 2005; Crowther 2009). Conjugates may be obtained commercially or made in 

individual laboratories. Great care must be exercised in using the appropriate 

reagent in any assay. Thus, the immunological implications of various reagents 

must be considered and information sought. 

 

 

 

2.4.4.5 Detection system 

 

Using spectrophotometric detection, the product of the substrate catalysis by 

enzyme is measured by transmitting light of a specific wavelength through the 

product and measuring the amount of adsorption of that light. Because different 

products are produced in EIA, care must be taken to select appropriate filters for 

the detection of the correct wavelengths (Crowther 2009). 

 

The most commonly used substrates for horseradish peroxidase are a solution 

containing H2O2 and tetramethyl-benzidine (TMB), and for alkaline phosphatase, 

p-nitrophenyl-phosphate (PNP). Substrate reaction is assayed either at an 



 

 

35 Literature Review

endpoint (the reaction is stopped by adding acid or base) or in a kinetic mode. 

UV/Vis-absorption in all wells on the microtiter plate can be assayed rapidly with 

compatible photometer (Krotzky and Zeeh 1995; Crowther 2009). 

 

 

 

2.4.4.6 Application of EIA for mycotoxin analysis 

 

Official regulations (maximum levels) for mycotoxins in foods and feeds is a major 

driver in terms of future requirements for analytical methods. This is an influencing 

factor not only in terms of demanding validated methods which are required for 

official purposes but also in terms of the needs for monitoring raw materials and 

quality assurance where rapid screening methods may be more appropriate (for 

review see, e.g., Gilbert 2000). 

 

EIA has become one of the most useful methods for the rapid monitoring of 

mycotoxins, especially for the screening of samples. The great advantages of this 

assay are speed, sensitivity, specificity, ease of operation, and high sample 

throughput (Barna-Vetró et al. 1996; Krska and Molinelli 2007).  

 

Two types of EIA have been used frequently for the analysis of mycotoxins, and 

both types are competitive EIA. One type, direct EIA, binding of specific antibodies 

to a solid support, and the other system, indirect EIA, coated antigens to a solid 

support (Chu 1992; Goryacheva et al. 2009). Both competitive direct and indirect 

EIA employed in analysis of mycotoxins have their advantages and limitations. 

Direct EIA is quick since only one antibody is used and cross reactivity of 

secondary antibody in some cases is completely eliminated. However, they usually 

require high amounts of toxin for the preparation of enzyme conjugate, which in 

addition may be less stable. Indirect EIA has several advantages, in the sense that 

a wide range of labeled secondary antibodies are commercially available (for 

review see, e.g., Turner et al. 2009). 
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Development of EIA for detection of trace level of mycotoxins in food, feed, and 

environmental matrices is now well documented in the literature. Table 5 shows 

some examples of protocols and detection limits using EIA for analysis of several 

common mycotoxins. 
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3 MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Laboratory Animals 

 

Female Rabbit Chinchilla Bastard   Charles River, Kisslegg 

Female Rabbit Holländer-Deutscher Riese  Manfred Bauer Kaninchen, 

       Neuenstein 

Immunization of rabbits were performed under permit number 265, Regierungs-

präsidium Gießen (Az: V54-19c20/15c GI 18/5). 

 

3.1.2 Chemicals and Biochemicals 

 

Acetic anhydride     Merck KGaA, 1.00042 

Acetone      Merck KGaA, 1.00013 

Acetonitrile      Merck KGaA, 1.14291 

Acetonitrile      Merck KGaA, 1.15500 

Ammonium sulfate      Merck KGaA, 1.01217 

Bovine serum albumine     Sigma-Aldrich Chemie, A0281 

Casein sodium salt      Sigma-Aldrich Chemie, C8654 

Citric acid monohydrate     Merck KGaA, 1.00244 

Dimethyl sulfoxide      Sigma-Aldrich Chemie, 472301 

Di-Sodium hydrogen phosphate anhydrous  Merck KGaA, 1.06586 

Ethyl acetate      Merck KGaA, 1.09623 

Formaldehyde solution (37% [w/v])   Merck KGaA, 1.04003 

Freund’s complete adjuvant   Sigma-Aldrich Chemie, F 5881 

HCl       Riedel-de-Haën AG, 30721 

Keyhole limpet hemocyanin    Calbiochem-Novabiochem, 374805 

Methanol       Merck KGaA, 1.06007 

Methanol      Merck KGaA, 1.06009 

n-Heptane      Merck KGaA, 1.04365 

Potassium dihydrogen phosphate   Merck KGaA, 1.04877 

Potassium hydroxide    Merck KGaA, 1.05021 

Pyridine      Sigma-Aldrich Chemie, P3776 
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Sodium carbonate      Merck KGaA, 1.06392 

Sodium chloride      Merck KGaA, 1.06404 

Sodium hydrogen carbonate    Merck KGaA, 1.06329 

Sodium hydroxide      Merck KGaA, 1.06467 

Sulfuric acid      Merck KGaA, 1.00729 

3,3´, 5,5´-tetramethyl-benzidine    Sigma-Aldrich Chemie, T2885 

Tween 20       Sigma-Aldrich Chemie, P1379 

 

All chemicals used were of at least analytical grade 

 

 

3.1.3 Toxins 

 

Alpha-ergocryptine      Sigma-Aldrich Chemie, E5625 

Ergonovine       Sigma-Aldrich Chemie, E7008 

Ergotamine       Fluka Cheme, 45510 

Fumigaclavine A     Alexis Biochemicals, ALX-630-110 

Fumigaclavine C     Isolated from A. fumigatus 

Fumigaclavines B and D    prepared from fumigaclavines A  

and C, respectively, by alkaline 

hydrolysis (Spilsbury and Wilkinson 

1961) 

Isofumigaclavine A      kindly supplied by Dr. Peter Scott,  

       Ottawa, Canada 

Gliotoxin       Fermentek Ltd. 

 

 

3.1.4 Immunoreagents 

 

Anti-ergonovine antibody (Institute of Veterinary Food Science, Chair of Dairy 

Science, Veterinary Faculty, Justus Liebig University) 

Ergonovine-HS-HRP (Institute of Veterinary Food Science, Chair of Dairy Science, 

Veterinary Faculty, Justus Liebig University) 

Polyclonal swine anti-rabbit immunoglobulins/HRP (DAKO A/S, P0217) 
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3.1.5 Media 

 

Malt extract agar (MEA)    Oxoid, CM0059 

 

 

3.1.6 Buffers and Dilutions 

 

0.05 mmol/l sodium carbonate buffer (pH 9.6) 

Phosphate-buffered saline (PBS, 0.01 mmol/l phosphate buffer containing 0.1 

mmol/l NaCl, pH 7.4) 

10% methanol/PBS (pH 7.4) 

5% acetonitrile/PBS (pH 6.0) 

1% and 2% casein sodium salt/PBS 

Enzyme substrate/chromogen solution according to Gallati and Pracht (1985), 

containing 3 mmol/l H2O2 and 1 mmol/l 3,3´, 5,5´-tetramethyl-benzidine in 

potassium citrate buffer (0.2 mmol/l, pH 3.95) 

1 mol/l sulfuric acid (H2SO4) 

 

 

3.1.7 Equipment and Instruments 

 

ELISA-auto-reader      Tecan GmbH 

Spectrophotometer UV 1601   Shimadzu Germany GmbH 

Ridawin software version 1.38    R-Biopharm AG 

Magellan software version 1.3   Tecan Trading AG 

Single channel pipette  

(0,5-10 µl, 10-100 µl, 100-1000µl)  Eppendorf AG 

12-channel pipette 30-300 µl   Eppendorf AG 

12-channel pipette 50-300 µl    Thermolabsystems 

Pipette tip 10 µl, 200 µl, 1000 µl    Sarstedt 

Vortex-Genie 2      Scientific Industries Inc. 

Centrifuge (Multifuge 3 S-R)    Heraeus Christ GmbH 

Centrifuge (5415 C)     Eppendorf AG 
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Balance (Basic Plus)    Sartorius AG 

Balance (Master Pro LA)    Sartorius AG 

Stomacher      Seward Stomacher, England 

 

 

3.1.8 Chromatographic and Fraction Equipment 

 

HPLC system (pump and auto injector)  Dionex, P580 Pump and ASI-100 

UV detector (photodiode array detector)  Dionex, PDA-100 

Fluorescence detector     Dionex, RF 2000 

Column C18 (25 cm x 4 mm, 5 µm)  Supleco, 565513-U 

Universal chromatography interface  Dionex, UCI-100 

Fraction collector code 21 rack    Gilson, model 202 

Fraction controller 201-202   Gilson, version C 

HPLC software     Dionex, Chromeleon 

 

 

3.1.9 Other Materials 

 

Microtiter plate      MaxiSorpTM Surface, Nunc 

Dialysis tubing 8/32, Ø 6 mm    Serva Electrophoresis GmbH,  

       44104 

pH Indicator paper      Marck KGaA, 1.09535 

Filter paper Ø 90 mm     Whatman GmbH 

Syring filter cellulose 0,2 µm    VWR International 
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3.2 Methods 

3.2.1 Antibodies against FuA and EIA Development 

3.2.1.1 Conjugate Synthesis 

 

The Mannich condensation reaction with formaldehyde was used to conjugate FuA 

to keyhole limpet hemocyanin (KLH) for immunization, and to bovine serum 

albumine (BSA) for use as coating antigen using a reaction protocol described 

earlier for the mycotoxin citrinin (Abramson et al. 1995). KLH (15 mg) from 

Megathura crenulata was dissolved in 2.0 ml of aqueous sodium acetate (0.1 

mmol/l, pH 4.2). To this was added 2.0 mg of FuA in 0.1 ml of DMSO and 500 µl of 

37% formaldehyde solution. After incubation for 3 h at 37oC, the mixture was 

dialyzed at 4oC for 3 days against three changes of phosphate-buffered saline 

(PBS; 0.01 mmol/l phosphate buffer containing 0.1 mmol/l NaCl, pH 7.4). 

 

In a second conjugation experiment, BSA (4.4 mg) was dissolved in 1.4 ml of 

sodium acetate (0.1 mmol/l, pH 4.2). FuA solution (2.0 mg in 0.1 ml DMSO) was 

added, followed by 400 µl of 37% formaldehyde solution. After 3 h at 37oC, each 

mixture was dialyzed at 4oC for 3 days against three changes of PBS. Both FuA-

KLH and FuA-BSA conjugates solution were stored in small portions at -18oC until 

used. 

 

 

 

3.2.1.2 Rabbit Immunization 

 

A portion of the precipitate-containing FuA-KLH conjugate (600 µl, containing 

approximately 3 mg KLH), was made up to 1.5 ml with distilled water and 

emulsified with 4.5 ml of Freund’s complete adjuvant. Three rabbits each received 

2 ml of the emulsion described above intradermally at 20 sites on their backs. 

Booster injections using the same composition and amount of immunogen were 

given individually as soon as the relative antibody titer decreased. 
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3.2.1.3 Antiserum Collection 

 

Antiserum was collected from rabbits from the A. auricularis magna every 2 

weeks, starting 4 weeks after the initial immunization. After collection, blood was 

allowed to clot for 1 h at 37oC. The clot was then separated from the sides of the 

collection vessel and allowed to contract for 30 min at 4oC. The serum was 

removed from the clot, further purified by repeated centrifugation at 1,500g for 15 

min at 4oC, and then stored frozen at -18oC until used. The relative antibody titer 

was determined for each individual serum and rabbit by competitive indirect EIA.  

 

 

 

3.2.1.4 Antibody Titer Determination 

 

The relative antibody titer was determinated for each individual serum and rabbit 

by competitive indirect EIA. The FuA-BSA conjugate was diluted 1:1,000 (v/v) in 

sodium carbonate buffer (0.05 mmol/l, pH 9.6), and 100 µl was added per well to 

microtiter plates (MaxiSorpTM Surface, Nunc, Denmark), which were kept overnight 

at ambient temperature. Free protein-binding sites were blocked with casein 

sodium salt (2% in PBS) for 30 min at ambient temperature before being washed 

three times with 0.85% NaCl solution containing Tween 20 (250 µl/liter) and 

decantation. Serial dilutions of antisera (in PBS) were prepared and 100 µl was 

added per well. After incubation for 1 h, the plate was washed three times with 

NaCl-Tween solution. Anti-rabbit IgG-HRP conjugate solution was diluted 1:1,000 

in PBS, and 100 µl was added per well. After 1 h, the plate was washed three 

times with NaCl-Tween solution, and 100 µl of an enzyme substrate/chromogen 

solution was added per well. After 15 min, the reaction was stopped with 1 mol/l 

H2SO4 (100 µl per well), and the absorbance measured at 450 nm. Titer was 

defined as the antiserum dilution giving an absorbance value of 0.3 units under 

these conditions. 
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3.2.1.5 EIA Development 

3.2.1.5.1 Method Optimisation 

 

A chessboard or checkerboard experiment design under the conditions of 

competitive indirect EIA was used for optimisation of concentrations of antiserum 

and coating conjugate. Following the procedure as described in 3.2.1.4 with some 

modifications, different concentrations of the FuA-BSA conjugate were added to 

the microtiter plate with each row containing a different concentration (100 µl per 

well). After incubation overnight at ambient temperature, free protein-binding sites 

were blocked with casein sodium salt (2% in PBS) for 30 min before being washed 

three times with 0.85% NaCl solution containing Tween 20 and decantation. Each 

well in the half of plate were added with 10% methanol/PBS, and 1 µg/ml FuA 

standard solution, respectively (50 µl per well), and then different concentrations of 

the anti-FuA antiserum (50 µl per well) were added in both of the half of plate wich 

each column containing a different concentration. Thus each well in the half of 

plate had a different permutation of the amount of FuA-BSA conjugate and anti-

FuA antiserum. Figure 12 shows a schematic of the microtiter plate and 

concentrations used in this experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10% methanol/PBS FuA, 1 µg/ml 

AS 1:100, 1:3 AS 1:100, 1:3 
C

onjugate 1:100, 1:3 

Figure 12. Schematic of the microtiter plate and concentrations used in 

the checkerboard experiment. 
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3.2.1.5.2 Standard Curve Evaluation 

 

After optimizing the EIA reagents and assay procedures, the method was tested to 

detect the FuA standard in buffer solutions (10% methanol/PBS). The experiment 

with FuA was to perform a calibration curve. Four replicate wells were analyzed for 

each concentration of FuA. Measured absorbance (binding, B) values for FuA 

standard solutions were transformed and expressed as relative absorbance (B/B0 

x 100) values, using the absorbance value of the toxin-negative control as B0. The 

50% inhibition concentrations (IC50) levels and detection limit of standard curves 

from different rabbit antisera were evaluated. Because of the relatively high 

sensitivity of the EIA standard curves obtained with serum of rabbit 57, all further 

experiments were performed with this antiserum (collected from week 12 after the 

initial immunization). 

 

 

 

3.2.1.6 Competitive Indirect EIA for FuA 

 

Competitive indirect FuA EIA was established for the detection of FuA. Briefly, the 

FuA-BSA conjugate was diluted 1:2,000 with sodium carbonate buffer (0.05 

mmol/l, pH 9.6), and 100 µl was added per well to microtiter plates, which were 

kept overnight at ambient temperature. Free protein-binding sites were blocked 

with casein sodium salt (2% in PBS pH 7.4) for 30 min before being washed with 

0.85% NaCl solution containing Tween 20 (250 µl/liter) and decantation. 

Afterward, to each well, serial dilutions of FuA standard solution or extracted 

samples (in 10% methanol/PBS; 50 µl per well) and anti-FuA antiserum obtained 

from rabbit 57 (diluted in PBS; 1:1,000, 50 µl per well) were incubated for 1 h. After 

a washing step with NaCl-Tween solution, anti-rabbit IgG-HRP conjugate solution 

(diluted 1:2,000 in PBS pH 7.4) was added (100 µl per well). After 1 h, the plate 

was washed, and 100 µl of enzyme substrate/chromogen solution was added per 

well. After 15 min, the reaction was stopped with 1 mol/l H2SO4 (100 µl per well), 

and the absorbance measured at 450 nm. A standard curve was established for 

FuA (4 replicates per standard concentration) in concentration range between 200 
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ng/ml and 26 pg/ml. Calculations of standard curve parameters were performed 

using EIA software (Ridawin or Magellan). The IC50 value was used to compare 

standard curves over a time period of several months. 

 

 

3.2.1.7 Specificity of the Assay 

 

Assay specificity was checked by competitive binding experiments with FuB and 

some lysergic acid derivatives, including ergonovine (also known as ergometrine), 

ergotamine, and alpha-ergocryptine under the conditions of competitive indirect 

FuA EIA as described in 3.2.1.6. The IC50 value of FuA and IC50 value of cross-

reacting compound (CRC) were used as a reference for calculation of relative 

cross-reactivity (CR) according to the formula: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
x  100 Relative CR (%) = 

MW = molecular weight 

FuA IC50 : FuA MW 
CRC IC50 : CRC MW 
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3.2.2 Application Studies 

3.2.2.1 Analysis of FuA in Silage 

3.2.2.1.1 Sample collection 

 

Corn silage and grass silage samples (n=24) were collected from various farms in 

Hesse, Germany (n=15) and from various farms from West Java Province, 

Indonesia (n=9). A representative silage sample (ca. 200 g) was collected in each 

farm. The samples were dried (for ca. 24 h at 40oC) and blender-milled. 

 

 

3.2.2.1.2 Sample preparation and analysis 

 

Silage sample (5 g) was extracted by adding 50 ml of methanol/water (70:30, v/v) 

and shaking for 30 min. The extract was filtered through filter paper (Ø 90 mm). 

The extract solution was diluted in PBS (1:7, v/v) before applied on the FuA EIA. 

Further dilutions were made in 10% methanol/PBS.  

 

In the recovery experiment, 5 g portions of silage were spiked with various 

amounts of FuA in methanol (25-1,000 ng/g sample), and extracted as described 

above. 

 

Extracts were analyzed by the FuA EIA as described in 3.2.1.6. At least three 

different dilutions of silage extracts were analyzed, and four replicate wells were 

analyzed for all standard and extract solutions. 

 

 

 

3.2.2.2 Analysis of FuA in Tissue Samples from the Respiratory System of 

Birds with Aspergillosis  

3.2.2.2.1 Sample collection 

 

Tissue samples from the respiratory system (lung, air sac) of dead birds with 

confirmed aspergillosis (“cases”, n=9), and of dead birds without pathological signs 
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of aspergillosis (“controls”, n=7) were obtained from the Clinic for Birds, Reptiles, 

Amphibians, and Fish, Justus Liebig University, Giessen. A representative of 

respiratory tract sample (ca. 1-5 g, depend on the size of bird) was collected from 

each bird. Avian species included falcons (Falco sp.), parrots (Psittacus erithacus 

and Eclectus roratus), humboldt penguin (Spheniscus humboldti), common redstart 

(Phoenicurus phoenicurus), diamond dove (Geopelia cuneata), chicken (Gallus 

domesticus), and turkey (Meleagris sp.). 

 

 

3.2.2.2.2 Sample preparation and analysis 

 

One gram of tissue sample from respiratory system was homogenized with 10 ml 

of 10% methanol/PBS (v/v, pH 7.4) for 10 min in a Stomacher. If the total amount 

of tissue sample was less than 1 g, the solvent volume was reduced accordingly. 

Then the extract was centrifuged at 3,000g for 15 min at 4oC. The supernatant was 

further purified by repeated centrifugation (11,000g for 15 min at ambient 

temperature). Dilutions of this extract were made in 10% methanol/PBS. In the 

recovery experiment, various amounts of FuA in methanol (5-100 ng/g sample) 

were spiked in to 1 g of samples in which the toxin was not present, and extracted 

as described above. 

 

Extracts were analyzed by the FuA EIA as described in 3.2.1.6. At least three 

different dilutions of sample extract in 10% methanol/PBS were analyzed, and four 

replicate wells were analyzed for all standard and extract solutions. 

 

 

 

3.2.2.3 Isolation and Characterization of Fumigaclavines from A. fumigatus 

Isolated from Air Sac Tissue 

3.2.2.3.1 Fungal cultivation and toxin isolation 

 

In some tissue samples of avian aspergillosis, fungal growth was visibly 

detectable. Fungal material was obtained by swabbing and plated on malt extract 
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agar (MEA). Plates were incubated for 7 days at 25oC. Fungi were preliminary 

identified as A. fumigatus by visual and microscopic evaluation (Schmidt and Wolff 

1997).  

 

A portion (~10 µg) of mycelium of A. fumigatus was mixed with 1 ml of methanol. 

The mixture was homogenized on a shaker (vortex) for 10 min, and then allowed 

to stand for at least 3 h at ambient temperature. The homogenate was mixed 

again (vortex) and then was centrifuged (11,000g, 10 min). The supernatant was 

collected and centrifuged again. Finally, the solution was filtered through a syringe 

filter containing cellulose (0.2 µm).  

 

 

 

3.2.2.3.2 EIA Analysis 

 

The purified fungal extract was diluted 1:10 with PBS. Further dilutions were made 

with 10% methanol/PBS. Diluted extracts were analyzed in the FuA EIA as 

described in 3.2.1.6. At least three different dilutions of toxin extract in 10% 

methanol/PBS were analyzed, and four replicate wells were analyzed for all 

standard and extract solutions. 

 

 

 

3.2.2.3.3 HPLC Analysis 

 

Confirmation of FuA in mycelium extract was performed by HPLC-UV using the 

method of Smedsgaard (1997) with slight modifications. Briefly, the toxins were 

detected using a photodiode array detector (200-600 nm), the detection 

wavelength for quantification was 280 nm. Additionally, a fluorescence detector set 

at 280 nm (Excitation) and 400 nm (Emission) was used in line after the diode 

array detector. The column was maintained at 40oC. A linear gradient starting from 

85% water contained 0.1 g/l ammonium sulfate (solvent A) and 15% acetonitrile 

(solvent B) going to 100% acetonitrile in 40 min, then maintaining 100% 
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acetonitrile for 10 min, was used at a flow-rate of 1 ml/min. A portion (50 µl) of the 

mycelium extract (after 1:100 dilution in methanol) was injected into the HPLC 

system. FuA in mycelium extract was identified according to physicochemical 

characteristics (retention time, spectrum, fluorescence ability) and through 

comparison with FuA standard solution. FuB standard was used as prepared by 

deacetylation of FuA; FuC was estimated from the relative retention time given by 

Nilsen and Smesdsgaard (2003). 

 

For deacetylation, the method of Spilsbury and Wilkinson (1961) with slight 

modifications was adopted for hydrolysis of FuA and FuC. Briefly, 0.1 ml of 

mycelium extract containing FuA (~3 µg/ml) and FuC (~10 µg/ml) was diluted in 

0.8 ml methanol. To this was added 0.1 ml of 2 mol/l NaOH (equivalent to 0.2 mol/l 

NaOH in the final solution). After incubated for 16 h at ambient temperature, the 

pH was adjusted to approximately 7 with HCl (2 mol/l, 0.1 ml), and the 

deacetylated toxins analyzed by HPLC.  

 

 

 

3.2.2.3.4 Immunochromatography Analysis (Combining HPLC-EIA) 

 

Analysis of fumigaclavines in mycelium extract after hydrolysis was performed 

using a immunochromatography method. During analysis of mycelium extract by 

HPLC as described in 3.2.2.3.3, the HPLC eluate was fractionated based on a 

time setting of 1 min (corresponding to 1 ml per fraction). The entire process was 

automated using a Gilson Fraction Controller 201-202. The collected eluate from 

each fraction was diluted 1:10 in PBS. Detection of the fumigaclavines in HPLC 

eluate fractions was performed by FuA EIA. 
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3.2.2.4 Combined Analysis of FuA and IsoFuA in Blue Cheeses 

3.2.2.4.1 Competitive Direct EIA for Ergonovine 

 

A competitive direct ergonovine EIA as established previous by at the Institute was 

performed as described by Curtui et al. 2007. Briefly, the rabbit antiserum-

ergonovine was diluted 1:2,000 (v/v) in sodium carbonate buffer (0.05 mmol/l, pH 

9.6), and 100 µl was added per well to microtiter plate, which were kept overnight 

at ambient temperature. Free protein-binding sites were blocked with casein 

sodium salt (2% in PBS) for 30 min before being washed three times with 0.85% 

NaCl solution containing Tween 20 (250 µl/liter) and decantation. Then, 50 µl of 

serial dilution of ergonovine standard solution (in 5% AcN/PBS, pH 6.0) or 

extracted samples with 50 µl of ergonovine-HS-HRP conjugate (diluted 1:2,000 in 

1% casein sodium salt/PBS) were incubated simultaneously for 2 h at ambient 

temperature. After washing with NaCl-Tween, 100 µl of an enzyme substrate/ 

chromogen solution was added per well. After 15 min, the reaction was stopped 

with 1 mol/l H2SO4 (100 µl per well), and the absorbance measured at 450 nm. 

The IC50 value of ergonovine and IC50 values of FuA, IsoFuA, and FuB were used 

as a reference for calculation of relative cross-reactivity according to the formula 

as described in 3.2.1.7. 

 

 

 

3.2.2.4.2 Specificity Pattern of FuA EIA and Ergonovine EIA 

 

To determine specificity pattern of antibodies against FuA and antibodies against 

ergonovine, competitive binding experiments under the conditions of the 

competitive indirect FuA EIA and the competitive direct ergonovine EIA as 

described in 3.2.1.6 and 3.2.2.4.1, respectively were used. The individual 

specificity pattern of the FuA EIA and the ergonovine EIA was checked by 

competitive binding experiments with some ergoline alkaloids including FuA, FuB, 

IsoFuA, and ergonovine. 
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3.2.2.4.3 Analysis of Blue Cheese 

3.2.2.4.3.1 Sample collection 

 

Blue-veined cheese samples (n=16) were purchased from retail shops in the area 

of Giessen, Germany. These samples included products originating from Germany 

(n=4), France (n=7), Italy (n=3), and Denmark (n=2). 

 

 

3.2.2.4.3.2 Sample preparation and analysis 

 

Blue-veined cheese sample containing plenty of mycelium (0.5 g) was 

homogenized with 2.5 ml of methanol and allowed to settle for at least 3 h at 

ambient temperature. The homogenate was mixed on shaker for 5 min and 

centrifuged (4,000g, 10 min, 4oC). The supernatant solution was taken, further 

purified by repeated centrifugation. The solution was filtered through a syringe 

filter cellulose (0.2 µm). The aqueous solution washed 2 times with 2 ml of 

n-heptane to remove residual fat. This solution was directly used for HPLC. To 

check matrix interference, the aqueous solution was spiked with FuA standard 

solution. Sample solution for EIA was prepared by diluting the supernatant 1:10 

with PBS. Further dilutions were made with 10% methanol/PBS as necessary. 

 

Analysis of blue-veined cheese samples was performed by competitive indirect 

FuA EIA and competitive direct ergonovine EIA as described in 3.2.1.6 and 

3.2.2.4.1, respectively. At least three different dilutions of cheese extracts were 

analyzed by both EIAs, and four replicate wells were analyzed for all standard and 

extract solutions. 

 

 

3.2.2.4.3.3 Immunochromatography Analysis (HPLC-EIA) 

 

Combining analysis of mycotoxins in blue-veined cheese samples were performed 

by using HPLC-EIA method. HPLC method was performed using the method as 

described in 3.2.2.3.3. A portion (50 µl) of the cheese extract was injected into the 
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HPLC system. During analysis of samples by HPLC, the HPLC eluate was 

fractionated. The entire process was automated using Gilson Fraction Controller 

201-202 (version C). The fractionated HPLC eluate was collected based on a time 

setting of 2 min (with volume of 2 ml per fraction). The fractionated HPLC eluates 

from each fraction were diluted 1:10 in PBS and analyzed using the FuA EIA and 

the ergonovine EIA. 
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4 RESULTS 

 

4.1 Antibodies against FuA and EIA Development 

4.1.1 Conjugate Synthesis 

 

UV spectrophotometric characterization of the FuA standard (98% purity, 

molecular weight: 298.4) dissolved in methanol revealed absorbance maxima at 

224 nm, 275 nm, 281 nm, and 292 nm (Figure 13), which is largely in agreement 

with literature data for FuA/IsoFuA/roquefortine A (Scott et al. 1976; Frisvad and 

Thrane 1987; Kozlovsky et al. 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The FuA-protein conjugates were prepared using the Mannich condensation 

reaction. FuA-KLH was used as the immunogen, while FuA-BSA was used as the 

solid-phase antigen in the competitive indirect EIA. Spectrophotometric analysis of 

FuA-KLH and FuA-BSA conjugates are shown in Figures 14 and 15, respectively. 

Both conjugates showed increased UV absorption in the range of the UV 

maximum of FuA (~224 nm and ~280 nm). However, because of the overlay with 

Figure 13. UV spectrophotometry of FuA standard (5 µg/ml) dissolved in 

methanol. 

-0.05

0.1

0.25

0.4

0.55

0.7

0.85

200 250 300 350 400

nm.

A
b

s
.

22
4 

28
1 

27
5 

29
2 



 

 

55 Results

the UV absorbance of native proteins, quantification of the conjugation ratio was 

not possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Comparison of the UV spectrophotometry of FuA-KLH conjugate 

dissolved 1:20 in PBS, FuA (5 µg/ml in methanol), and KLH (25 µg/ml in PBS). 

Figure 15. Comparison of the UV spectrophotometry of FuA-BSA conjugate 

dissolved 1:20 in PBS, FuA (5 µg/ml in methanol), and KLH (25 µg/ml in PBS). 
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4.1.2 Antibody Production 

 

The FuA-KLH conjugate was used to immunize 3 rabbits (rabbits 55, 56, and 57). 

The titer development against FuA was monitored by competitive indirect EIA. 

Specific antibody titers could be obtained from rabbits 55 and 57, in both cases 

serum titers increased significantly after the first booster injection. 

 

Antibody titers obtained from rabbits 55 and 57 increased until the second booster 

injection. However, the last booster injections did not increase further antibody 

titers from all rabbits. Resultant relative antibody titers from all rabbits during the 

first 36 weeks after initial immunization are shown in Figure 16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Antibody titers of three rabbits after immunization with fumigaclavine 

A-KLH conjugate prepared by formaldehyde condensation. Arrows indicate the 

time of booster injections. 
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Although solid-phase binding properties of sera obtained from rabbit 56 increased 

significantly 6 weeks after the initial immunization, with relative EIA titers of 

1:3,200, no specific competitive binding inhibition by FuA could be achieved for 

these sera. Booster injections did not increase specific antibody production against 

FuA. Therefore EIA development was continued with sera from rabbits 55 and 57. 

 

 

 

4.1.3 EIA Development 

 

The optimization process and reagent concentrations by using competitive indirect 

EIA format found that FuA-BSA conjugate at a dilution of 1:2,000 (v/v) in sodium 

carbonate buffer (0.05 mmol/l, pH 9.6) to be optimum for coating the microtiter 

plates. The optimum solution of antiserum was 1:1,000 in PBS, while anti-rabbit 

IgG-HRP conjugate (commercially available) at a dilution of 1:2,000 in PBS gave 

optimum results. 

 

All combinations of antiserum and conjugates that showed specific and sensitive 

results were used to carry out competitive indirect EIA for FuA. Evaluation of FuA 

standard curves, established for antisera from rabbits 55 (week 14) and 57 (week 

12) over a period of several months, resulted in 50% inhibition concentrations 

(IC50) of 20.6 ± 2.7 ng/ml (n=12) and 3.3 ± 0.3 ng/ml (n=23), respectively (Figure 

17). Considering the overall test variability of competitive microtiter plate EIA, the 

realistic detection limit typically corresponds to a relative absorbance between the 

IC30 and IC20 value. For the FuA EIA using antiserum of rabbit 57, this would yield 

a detection limit of 0.2-0.5 ng/ml. The measuring range of the standard curve 

usually is from 30% to 80% relative absorbance (B/B0 x 100) values. The standard 

curve obtained for FuA in buffer solutions (10% methanol/PBS) under these 

conditions is depicted in Figure 18. Since the polyclonal antibodies obtained from 

rabbit 57 enabled a nearly 6-fold better sensitivity in EIA compared with serum of 

rabbit 55, all further experiments were performed with serum of rabbit 57. 
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Figure 17. Comparison of the standard curves of the competitive indirect 

EIA for FuA using the antiserum from rabbits 55 and 57. Plates were coated 

with FuA-BSA (dilution 1:2,000). Sera (55; 57) were each used in a dilution 

of 1:1,000. Solid-phase bound antibodies were detected using anti-rabbit 

IgG-HRP in a dilution of 1:2,000. 
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Figure 18. Optimized standard curve of the competitive indirect EIA for FuA 

using plate coating with FuA-BSA (1:2,000) and antiserum of rabbit 57 (dilution 

1:1,000). B0 was 1.2 absorbance units. Intraassay coefficient of variation 

(4 replicate wells per concentration level) ranged from 1.5% to 9.0%. The 

mean detection limit of the standard curve (80% B/B0) was typically at 0.2-0.5 

ng/ml. 
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4.1.4 Specificity of the Assay 

 

The specificity of the assay was determinated against FuB and some lysergic acid 

derivatives (ergonovine, ergotamine, and alpha-ergocryptine). The assay was very 

specific for FuA, with low cross-reactivity with FuB. The assay did not cross-react 

with ergonovine, ergotamine, and alpha-ergocryptine at concentrations up to 10 

µg/ml. Table 6 shows the IC50 values and relative cross-reactivity of antibodies 

against FuA with FuB and some lysergic acid derivatives under the condition of the 

competitive indirect FuA EIA. 

 

Table 6. Relative cross-reactivity of antibodies against FuA with FuB and some 

lysergic acid derivatives 

FuA EIA Compound Molecular 

weight IC50 (ng/ml) % CR 

FuB 256.2 224.0 1.3 

Ergonovine 325.4 >10,000 < 0.01 

Ergotamine 581.5 >10,000 < 0.01 

Alpha-ergocryptine 575.7 >10,000 < 0.01 
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4.2 Application Studies 

4.2.1 Analysis of FuA in Silage 

 

The competitive indirect FuA EIA was used for the detection of FuA in silage 

samples. The detection limit for FuA in silage was at 10 ng/g. Recoveries of FuA 

from artificially contaminated silage samples are summarized in Table 7. However, 

none of 24 silage samples contained detectable amounts of FuA (<10 ng/g). 

 

Table 7. Recovery of FuA from artificially contaminated silage 

FuA found FuA added 

(ng/g) mean (ng/g) + SD (ng/g) RSD (%) recovery (%) n 

25 22.4 4.7 20.9 89.6 4 

100 70.9 8.1 11.4 70.9 5 

500 404.0 29.5 7.3 80.8 4 

1,000 696.7 41.3 5.9 69.7 5 

 

 

 

 

4.2.2 Analysis of FuA in Tissue Samples from the Respiratory System of 

Birds with Aspergillosis 

 

The competitive indirect FuA EIA was used for the determination of FuA in tissue 

samples of the respiratory system of dead birds with confirmed aspergillosis. The 

detection limit of the assay for FuA in avian respiratory system tissue was at 

1.5 ng/g. Recoveries of FuA from artificially contaminated control samples are 

summarized in Table 8.  

 

Natural occurrence of FuA in respiratory system tissue of dead birds with 

pathological signs of aspergillosis was determinated. FuA was found in six (66%) 

tissue samples of aspergillosis cases (Table 9), while all control samples were 

negative. 



 

 

62 Results

Table 8. Recovery of FuA from artificially contaminated respiratory system tissue 

of birds (control samples) 

FuA found FuA added 

(ng/g) mean (ng/g) + SD (ng/g) RSD (%) recovery (%) n 

0 0    7 

5 4.2 0.8 19.0 84.0 3 

20 17.1 2.7 15.7 85.5 3 

100 108.7 10.3 9.5 108.7 4 

 

 

 

Table 9. FuA in tissue samples from the respiratory system of dead birds with 

confirmed aspergillosis 

Sample 

Code 

Species FuA found  

(ng/g) 

A1 Falcon (Falco sp.) 28 

A2 Falcon (Falco sp.) 10 

A3 Falcon (Falco sp.) < 1.5 

A4 Chicken (Gallus domesticus) < 1.5 

A5 African Grey Parrot (Psittacus erithacus) 14 

A6 Common Redstart (Phoenicurus 

phoenicurus) 

2.5 

A7 African Grey Parrot (Psittacus erithacus) 4 

A8 Humboldt Penguin (Spheniscus humboldti) 38 

A9 Diamond Dove (Geopelia cuneata) < 1.5 
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4.2.3 Isolation and Characterization of fumigaclavines from A. fumigatus 

isolated from air sac tissue 

4.2.3.1 Fungal Cultivation 

 

The dark green mycelium of fungus growth on tissue samples from the respiratory 

system of dead birds with aspergillosis was isolated from tissue samples A5 and 

A8 (Figure 19). In a previous experiment, FuA was found in both samples. 

 

Cultivation of these fungi on MEA yielded fungal material which was typical for 

A. fumigatus (confirmed under the colonial morphology and the presence of 

characteristic conidia and conidiophores). Figure 20 shows the typical colony, 

conidia, and conidiophore of A. fumigatus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Fungal growth on air sac of humboldt penguin (sample A8) 

with confirmed aspergillosis. 
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Figure 20. A. fumigatus: colonies 7 days at 25oC on MEA (A), 

conidia and conidiophores (B).
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4.2.3.2 Toxin Isolation and EIA Analysis 

 

Extraction of mycelium from two A. fumigatus isolates (A5, A8) were performed by 

methanol. When mycelium extracts were redissolved in 10% methanol/PBS, and 

assayed by FuA EIA, both mycelium extracts contained high amounts of FuA (up 

to 8 mg/g). 

 

 

 

4.2.3.3 HPLC Analysis 

 

By using HPLC, the identification of FuA in mycelium extracts of A. fumigatus was 

based on typical retention time (13.3 min), fluorescence ability, and spectra-

maxima (224 nm, 281 nm) of FuA standard (Figure 21). 

 

The presence of FuA was confirmed in mycelium extract of A. fumigatus (isolates 

A5 and A8) through comparison with FuA standard. Although FuC standard was 

not available, the presence of this toxin in mycelium extracts of A. fumigatus was 

confirmed by identification of retention time, spectra-maxima, and fluorescence 

ability of this toxin. FuA and FuC were found in both isolates. Some other 

unidentified compounds were also detected (Figure 22). However, the presence of 

gliotoxin was not detected from both A. fumigatus isolates (based on retention 

time, not fluorescent, and spectra-maxima of gliotoxin standard). 

 

Alkaline treatment with NaOH proved to be an effective approach for hydrolysis of 

FuA and FuC. Hydrolysis of FuA and FuC gave deacetylfumigaclavine A and 

deacetylfumigaclavine C, respectively (Figure 23). Because deacetyl-

fumigaclavine A was named FuB by Spilsbury and Wilkinson (1961), the name 

FuD is proposed for deacetylfumigaclavine C. HPLC chromatograms of mycelium 

extract from isolate A5, before and after hydrolysis are shown in Figure 24. 
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Figure 21. HPLC chromatogram (280 nm) of FuA standard (100 ng/ml). 

Figure 22. HPLC chromatogram (UV detector, 280 nm) of mycelium extract of 

A. fumigatus (diluted 1:1000 in methanol). 
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Figure 24. HPLC chromatograms (fluorescence detector) of mycelium 

extract of A. fumigatus (isolate A5), before hydrolysis (A) and after 

hydrolysis (B) of the extracts with NaOH. 
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4.2.3.4 Immunochromatography Analysis 

 

Analysis of the HPLC eluate fractions of mycelium extract A5 (after hydrolysis) 

using FuA EIA detected not only FuA but also other fumigaclavines including FuB, 

FuC, and FuD. The retention times of the four compounds were 6.2 min (FuB), 

13.3 min (FuA), 15.3 min (FuD), and 21.4 min (FuC), respectively. Because FuB, 

FuC, and FuD were not commercially available, an estimate to quantitate was 

made on these compounds, using the FuA standard. The amount of these 

compounds was each estimated by comparing the relative peak area with that of 

FuA, assuming that the absorptivity characteristics of all four compounds is nearly 

identical. 

 

Fractions containing FuB, FuC, and FuD were obtained from HPLC separation of 

mycelium extract after alkaline hydrolysis. The concentration of toxins in these 

solutions were approximately 2 µg/ml (FuB), 3 µg/ml (FuC), and 7 µg/ml (FuD), as 

estimated from UV peak areas at the respective HPLC retention times. These 

fractions were analyzed by competitive indirect FuA EIA. From the concentration 

values obtained by EIA, the relative reactivities were calculated to be 100% (FuA), 

1.3% (FuB), 12.6% FuC, and 0.2% (FuD). Therefore, the FuA EIA enables a 

relatively sensitive detection not only of FuA but also of FuC, which is in line with 

the similar structure of FuC at C-9 (Figure 2). An immunogram of mycelium extract 

of A. fumigatus after hydrolysis is given in Figure 25. 
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4.2.4 Combined Analysis of FuA and IsoFuA in Blue Cheeses 

4.2.4.1 Specificity Pattern of FuA EIA and Ergonovine EIA 

 

To check whether FuA, IsoFuA, or both toxins may occur in blue cheeses, the 

differences in the specificity pattern of antibodies against FuA and against 

ergonovine were employed. Using competitive direct EIA format (typical standard 

curve is given in Figure 26), the anti-ergonovine antibody is able to detect several 

other clavine alkaloids, including FuA, FuB, and IsoFuA. Conversely, by 

competitive indirect EIA, anti-FuA antibody was only reactive with FuA and FuB, 

but did not cross-react with IsoFuA and ergonovine. A comparison of the 

specificity pattern of the FuA EIA and the ergonovine EIA are shown in Table 10 

and Figure 27. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Standard curve of the competitive direct enzyme immunoassay 

for ergonovine. The IC50 of the EIA was 0.16 ng/ml with detection limit of 

standard curve varied between 0.02 to 0.05 ng/ml. 
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Table 10. Different specificity pattern of the FuA EIA and the ergonovine EIA 

FuA EIA Ergonovine EIA Compound Molecular 

weight IC50 (ng/ml) % CR IC50 (ng/ml) % CR 

FuA 298.4 3.3 100 22.4 0.51 

FuB 256.2 224 1.3 6.6 1.62 

IsoFuA 298.4 >10,000 < 0.01 0.33 22.08 

Ergonovine 325.4 >10,000 < 0.01 0.16 100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Schematic diagram of different specificity pattern of antibodies 

against FuA and antibodies against ergonovine: anti-FuA antibodies detect FuA 

and FuB, while anti-ergonovine antibodies detect FuA, IsoFuA, FuB, and other 

ergoline alkaloids. 
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4.2.4.2 Analysis of Blue Cheese 

 

A variety of blue-veined cheeses from the German market such as Roquefort, 

Danish Blue, Bresse Blue, Bavaria Blue, Gorgonzola, and Cambozola were 

analyzed. Using the FuA EIA method, none of the 16 blue veined cheese samples 

contained FuA, while analysis of samples using ergonovine EIA found positive 

results in all cheese samples. 

 

As shown in Figure 28, direct HPLC-UV analysis of raw blue cheese was not 

possible because of strong matrix absorbance. Only very high concentrations of 

FuA standard added to cheese extract yielded a clearly discernible peak at the 

retention time of FuA (15.6 min). However, analysis of fractionated HPLC eluates 

of cheese sample extracts in the FuA EIA and in the ergonovine EIA clearly 

confirmed that IsoFuA but not FuA was present in blue cheese (Figure 29). 

Fraction 8, corresponding to a HPLC run time of 14.1 – 15.9 min, which brackets 

the retention time of IsoFuA was clearly positive in the ergonovine EIA, but was 

negative in the FuA EIA. The immunograms of the ergonovine EIA and the FuA 

EIA obtained for one blue cheese are only qualitative but clearly demonstrate the 

analytical power of combining physicochemical separation and immunochemical 

detection. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 28. HPLC chromatograms of blue-veined cheese extract, without and 

with FuA standard (500 ng/ml). 
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5 DISCUSSION 

 

Ergoline mycotoxins probably comprise the largest group of mycotoxins. The 

number of potentially toxin producing fungal species (from at least four different 

genera) is also very high, and so is the variety of their habitats. It may therefore be 

concluded that ergolines are probably the most ubiquitous mycotoxins worldwide. 

However, relatively little research has been done in this field, compared with, for 

example, aflatoxins or trichothecenes. Likewise, no specific regulations for 

ergoline alkaloids in foods or feeds exist. There is an indirect regulation for 

Claviceps purpurea ergot set by the feed law (1000 mg/kg feed), but this does not 

directly refer to the alkaloid content. Furthermore, ergot (or any other fungus) 

cannot be detected anymore in milled and processed material. Hence, there is a 

need to provide specific analytical methods for ergolines. Depending on the 

individual demands, rapid and simple methods such as immunoassays may offer 

many advantages within an analytical strategy. 

 

Methods described for ergoline alkaloids so far are mostly HPLC-based. Most 

method development has been reported for ergot alkaloids which have strong 

fluorescence properties, thus simplifying detection. Clavine alkaloids also do have 

UV absorbance and fluorescence, and should therefore be easy to analyse at 

trace level concentrations. However, very few methods have been described so 

far. Published research on immunochemical methods for ergolines is very scarce. 

The group of RA Shelby described immunochemical methods for some lyserg acid 

derivatives such as ergotamine (Shelby and Kelley 1990) and ergovaline (Shelby 

et al. 1998). Shelby and Kelley (1991) also developed monoclonal antibodies 

against ergonovine (ergometrine) which enabled sensitive detection of this alkaloid 

in enzyme immunoassay (50% inhibition value of the standard curve: 46 pg/ml). 

They also observed weak (0.05-0.1%) cross-reactions in this assay with 

festuclavine, agroclavine, and some other clavine alkaloids. However, 

immunochemical methods for clavine alkaloids, especially for fumigaclavines have 

so far not been reported. 
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5.1 Antibodies against FuA 

 

A specific immune response against haptens can usually be achieved by coupling 

the haptens to high molecular weight protein. Like any other mycotoxin, FuA is a 

low molecular weight compound and is therefore nonimmunogenic. Therefore, in 

order to gain immunogenic properties it must be conjugated to a protein carrier 

(e.g., KLH) before immunization (Chu et al. 1976; Krotzky and Zeeh 1995). 

 

The FuA was conjugated to KLH and BSA using the Mannich condensation 

reaction. This reagent is very versatile and can be used to couple haptens through 

various functional groups, including primary and secondary amines (Wong 1991). 

Thus it may be assumed that FuA was conjugated to KLH and BSA via its indole 

nitrogen, although no definite proof for this could be obtained. Spectrophotometric 

analysis of the conjugates showed increased absorbance at UV wavelength 

maxima corresponding to FuA. However, quantitative determination of the 

conjugation ratios was not possible because of absorbance interference by 

turbidity and precipitates, which was mainly observed in the FuA-KLH, but to a 

lesser extent also in the FuA-BSA. However, the ultimate control of the success of 

immunogen synthesis lies with the ability to induce specific antibodies. 

 

In this study, the induction of specific anti-FuA antibodies after immunization of 

rabbits with FuA-KLH was moderately efficient, as monitored by competitive 

indirect EIA. Although specific binding to FuA-BSA was measured for all sera, 

competitive binding inhibition through free FuA standard solution could only be 

achieved using sera from rabbits 55 and 57, respectively, because no specific 

antibodies against FuA were detected in the antiserum from rabbit 56. However, 

one rabbit (57) produced polyclonal antibodies which had very high apparent 

affinity for FuA in competitive binding inhibition assays. 
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5.2 EIA Development 

 

Current methods of mycotoxin analysis usually include an extraction step and a 

clean-up step to reduce or remove sample matrix interferences, to improve the 

measurement of mycotoxins (Zheng et al. 2006; Krska et al. 2008). Because EIAs 

are easy to operate, require only simple equipment, and enable a high sample 

throughput, these assays have become one of the most useful tools for the rapid 

monitoring of mycotoxins (Schneider et al. 2004). However, immunochemical 

methods for fumigaclavines, including FuA have so far not been reported. 

 

Using polyclonal anti-FuA antibodies and the FuA-BSA conjugate, competitive 

indirect EIAs were developed for analysis of FuA. Antiserum from rabbit 57 with an 

IC50 level and detection limit of the standard curve of 3.3 ng/ml and approximately 

0.2 to 0.5 ng/ml, respectively had superior properties compared with serum of 

rabbit 55. It was used for the establishment of the immunoassay, because it 

yielded not only the most sensitive test system, but was also less affected by non-

specific background color development. 

 

The FuA EIA described here is the first one for a clavine alkaloid. Because this 

novel analytical method offered for the first time a possibility to check various 

matrices without time-consuming sample extract purification steps, a wide range of 

applications was tested. Analysis of FuA may be interesting within a strategy of 

mycotoxin analysis in food, feed, and environmental samples, but could also be 

useful to study toxin production by A. fumigatus.  

 

 

 

5.3 Specificity of the Assay 

 

The immunoassay specificity was initially studied with different ergoline alkaloid 

mycotoxins as competitive antigens. FuB and some other lysergic acid derivatives, 

including ergonovine, ergotamine, and alpha-ergocryptine were chosen because 

of basic structural similarities to FuA. 
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The IC50 for FuB, which differs from FuA only by the lack of an acetyl residue at  

C-9, was 224 ng/ml, corresponding to a relative cross-reactivity of 1.3%. Although 

other clavines were not available at this time, the relative poor reactivity of the 

closely related FuB indicated that cross-reactivity with other structurally related 

compounds, is probably very weak. No cross-reactivity was observed for lysergic 

acid derivatives (ergonovine, ergotamine, and alpha-ergocryptine). Obviously 

antibody binding is affected by structural differences of the substituent at C-9, and 

by α/β-epimeric forms at C-8 and C-9.  

 

Reactivity data of FuC and FuD, obtained from extracts of A. fumigatus, grown on 

malt extract agar, with partial alkaline hydrolysis of FuC into FuD, showed that the 

acetate at C-9 is obviously important for antibody binding. FuC, which also has the 

acetate at C-9 and a bulky substituent at the indole ring, still has high reactivity of 

about 10% of that of FuA. After alkaline hydrolysis of the acetate, the resulting 

FuD retained only very weak reactivity (~0.2%). This shows that the FuA EIA could 

be used for the detection of FuA and FuC. It also indicates that the conjugation 

site of FuA in the immunogen is probably distal of the acetate, and most likely at 

the indole nitrogen, because antibody recognition was not strongly affected by 

modifications of the indole ring. 
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5.4 Application Studies 

5.4.1 Analysis of FuA in Silage 

 

Clavine alkaloid-producing fungi, in particular A. fumigatus, are ubiquitous in silage 

(Cole et al. 1977; O’Brien et al. 2006). However, natural occurrence of 

fumigaclavines in silage has so far not been reported. Previously, the 

determination of FuA from fungal material isolated from moldy silage was reported 

by Cole et al. (1977) and Santos et al. (2002). The present study reports the first 

direct analysis of FuA in silage samples. 

 

Silage is a complex matrix, therefore FuA extraction was necessary before the 

samples could be tested by EIA. Sample extraction using methanol/water (70:30, 

v/v) was efficient enough for FuA, with recovery values between 70 and 90%. 

Because of the high sensitivity of the EIA, diluted extracts could be analysed to 

overcome matrix interference, and still a good detection limit of about 10 ng/g 

could be achieved. FuA was not found in any silage sample. Although the sample 

number was limited, the results indicate that FuA is probably not a widespread 

problem in silage. 

 

 

 

5.4.2 Analysis of FuA in Tissue Samples from Respiratory System of Birds 

with Aspergillosis 

 

A. fumigatus is an opportunistic pathogen in humans and animals, and causes a 

wide range of severe respiratory diseases including aspergillosis in birds (for 

review see, e.g., Rementeria et al. 2005). It was therefore interesting to see 

whether or not FuA is produced in situ during aspergillosis. 

 

Using a simple sample preparation, FuA could be analysed in respiratory system 

tissue samples at concentration of 1.5 ng/g or higher. With this detection limit, the 

FuA EIA is sufficiently sensitive for FuA. Although FuA was found in 66% tissue 

samples of aspergillosis cases, the role of this mycotoxin in this disease remains 



 

 

80 Discussion

to be clarified. However, the determination of FuA in Aspergillus-infected birds, 

especially in aspergillosis cases, could be interesting, both for diagnostic purposes 

and to study its potential role within this disease complex. Further work will aim at 

analysis of FuA in blood serum from birds with aspergillosis. Although this is highly 

speculative at the moment, FuA could possibly be an indicator of this disease in 

live birds.  

 

 

 

5.4.3 Isolation and Characterization of Fumigaclavines from A. fumigatus 

Isolated from Air Sac Tissue 

 

A. fumigatus has been determined as the most pathogenic among the causative 

agents of aspergillosis in different avian species such as gulls (Lorits sp.), great 

rhea (Rhea americana), parrot (Eclectus sp.), penguin (Spheniscus sp.), turkey 

(Meleagris sp.), ostrich (Struthio camelus), and chicken (Gallus domesticus) 

(Pouldino 1952; Reissig et al. 2002; Lair-Fulleringeret et al. 2003; Xavier et al. 

2007; Mayahi et al. 2008; Khosravi et al. 2008; Zafra et al. 2008). 

 

Gliotoxin, a known as potential virulence factor of A. fumigatus, especially in 

human and animal aspergillosis, was not found by HPLC in mycelium extracts of 

A. fumigatus from aspergillosis cases. This was rather preliminary, because no 

specific attempts were made to optimize A. fumigatus cultivation for gliotoxin 

production. However, the production of high amounts of FuA by isolates of 

A. fumigatus from aspergillosis cases indicate that this compound could be of 

relevance. Speculatively, FuA (and maybe other fumigaclavines) could even play a 

role in disease causation by A. fumigatus, considering the vasoactive and 

immunomodulatory activity of the fumigaclavines (Ma et al. 2006; Wu et al. 2005).  
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5.4.4 Combined Analysis of FuA and IsoFuA in Blue Cheese 

 

Relative cross-reactivities of FuA, IsoFuA, FuB, and ergonovine, when used as 

competitive inhibitors in the FuA EIA and the ergonovine EIA, indicated an 

interesting difference in the specificity pattern of both EIAs. It is interesting to note 

that antibodies obtained from rabbit immunized with FuA-KLH did not cross-react 

with ergonovine. Conversely, when the rabbit was immunized with ergonovine-

KLH, the antibody cross-reacts with FuA. 

 

The chemical structures of ergonovine and FuA differ at C-8 and C-9. However, 

using competitive direct ergonovine EIA, the anti-ergonovine antibody was able to 

detect FuA and the closely related compounds IsoFuA and FuB. These data 

strongly indicated that the basic ergoline ring system is detected by the anti-

ergonovine antibody. Therefore, anti-ergonovine antibody has a cross-reactivity 

with several other ergoline alkaloids, including clavine alkaloids. In contrast, the 

FuA EIA did not detect ergonovine and IsoFuA. This would indicate that anti-FuA 

antibody is greatly influenced not only by an acetyl group at C-9 and an α/β-

epimeric forms of FuA at C-8 but also an isomeric forms of FuA at C-8 and C-9. 

Thus, anti-FuA antibody did not react with IsoFuA and some lysergic acid 

derivatives, such as ergonovine. 

 

P. roqueforti is commonly used to produce a variety of blue-veined cheeses, but 

on the other hand it has been reported that this fungus is able to produce some 

clavine alkaloids such as IsoFuA, IsoFuB, and festuclavine (Ohmomo et al. 1975; 

Scott and Kennedy 1976; Scott et al. 1976; Nielsen et al. 2006). Vinokurova et al. 

(2001) described two strains of P. roqueforti Thom 1906, one producing FuA, the 

other IsoFuA. Ohmomo et al. (1975) reported that they found “insignificant” levels 

of 0.2-3.6 mg/kg (IsoFuA and IsoFuB) in roquefort type cheese, but gave no 

further details. Until today, the only larger study on natural occurrence of clavine 

alkaloids in food was performed by Scott et al. (1977) who found IsoFuA and 

IsoFuB in blue cheese. IsoFuA was found in 11 out of 16 analyzed samples, at 

levels of 0.020-4.7 mg/kg, while only traces of IsoFuB were present in four 

samples. 
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In this study, the presence of IsoFuA in blue-veined cheese samples was detected 

using the ergonovine EIA. Since this assay also had cross-reactivity with some 

other clavine alkaloids, the positive results could not automatically be attributed to 

IsoFuA. However, with the development of a combined HPLC separation following 

by the FuA EIA and the ergonovine EIA (Immunochromatography analysis), the 

determination of toxins in blue-veined cheese was possible. 

 

Analysis of HPLC eluate fractions was clearly demonstrated that IsoFuA was 

present in these samples. This is only the third report on IsoFuA in cheese, and 

the first one for more than 30 years. Since cheese production parameters 

influence toxin production by P. roqueforti, further studies should aim at a larger 

screening study, including quantitative analysis of IsoFuA. 

 

In conclusion, in this study, the first antibodies against a clavine alkaloid have 

been developed. The EIA established for the determination of FuA is highly 

sensitive and easy to perform. Application of this EIA to determine FuA in food, 

feed, and biological material has been successful. Therefore the FuA EIA present 

a versatile analytical tool to enhance the study of ergoline alkaloids. 
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6 SUMMARY 

 

The present study describes the development of specific polyclonal antibodies 

against fumigaclavine A (FuA) in rabbits, and the development of a highly sensitive 

enzyme immunoassay (EIA) for this mycotoxin. The Mannich condensation 

reaction with formaldehyde was used to conjugate FuA to keyhole limpet 

hemocyanin (KLH) as the immunogen, and to bovine serum albumine (BSA) for as 

the coating antigen. Conjugation of FuA to KLH with formaldehyde proved to be an 

effective approach for the preparation of immunogen for anti-FuA antibody 

production. 

 

A competitive indirect EIA was optimized using antiserum obtained from one 

rabbit. The EIA was very sensitive for FuA, with a 50% inhibition concentration 

(IC50) value of 3.3 ng/ml and a detection limit of the standard curve in buffer 

solutions of 0.5 ng/ml. The EIA was very specific for FuA with 1.3%, 12.6%, and 

0.2% cross-reactivity with FuB, FuC, and FuD, respectively. IsoFuA and several 

other lysergic acid derivatives (ergonovine, ergotamine, and alpha-ergocryptine) 

were tested but did not cross-react in this assay. 

 

The EIA was applied to the analysis of FuA in silage and in tissue from the 

respiratory system of birds with aspergillosis. The detection limit for FuA in silage 

was at 10 ng/g, average recoveries from artificially contaminated control samples 

were 77.8%. None of 24 analyzed silage samples contained detectable amounts of 

FuA. Although the number of samples was limited, the results indicate that there is 

not a widespread problem of FuA in silage.  

 

The detection limit of the assay for FuA in tissue from the respiratory system of 

birds was at 1.5 ng/g, with average recoveries from artificially contaminated of 

92.7%. FuA was found in 66% tissue samples of aspergillosis cases. Cultivation of 

fungal growth on respiratory tissue samples of aspergillosis cases on malt extract 

agar (MEA) yielded fungal material which was typical for A. fumigatus. When the 

mycelium was extracted and assayed by FuA EIA, high amounts of FuA was found 

(up to 8 mg/g mycelium). Further analysis of the mycelium extract by HPLC found 
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FuA, FuC, and other unidentified compounds. Hydrolysis of FuC which have been 

isolated from mycelium extract of A. fumigatus gave a new fumigaclavine 

derivative. FuD is proposed as the name of this compound. 

 

Different specificity pattern of the FuA EIA and that of a previously developed 

ergonovine EIA were studied. In competitive indirect EIA, the anti-FuA antibody did 

detect neither ergonovine nor IsoFuA. Conversely, by competitive direct EIA 

format, the anti-ergonovine antibody was able to detect both FuA and IsoFuA. 

Using these assays in combination with HPLC separation of cheese extracts, a 

series of blue-veined cheeses from the German market were analyzed. None of 16 

blue-veined cheese samples contained FuA. However, the presence of IsoFuA in 

blue-veined cheese samples was detected using the ergonovine EIA. 

 

This is the first description of antibodies against FuA and the first development of 

an EIA for FuA. This is also the first report demonstrating that FuA is correlated 

with aspergillosis in birds. However, the role of this mycotoxin in this disease 

remains to be clarified.  
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7 ZUSAMMENFASSUNG 

 

Die vorliegende Arbeit beschreibt die Herstellung spezifischer Antikörper gegen 

Fumigaclavin A (FuA) und die Entwicklung eines hochempfindlichen Enzym-

immuntests (EIA) für dieses Mykotoxin. Die Mannich-Kondensation mit 

Formaldehyd wurde verwendet, um Fumigaclavin A an keyhole limpet hemocaynin 

(KLH) als Immunogen und an bovines Serumalbumin (BSA) als 

Beschichtungsantigen zukoppeln. Die Kopplung von FuA an KLH mittels 

Formaldehyd erwies sich als effektiver Ansatz zur Herstellung eines Immunogens 

zur Gewinnung von Anti-FuA Antikörpern in Kaninchen. 

 

Ein kompetitiver indirekter EIA wurde erstellt und optimiert, unter Verwendung 

polykloner Antikörper eines Kaninchens. Der EIA war sehr empfindlich für FuA, mit 

einer 50%-Dosis von 3,3 ng/ml und einer Nachweisgrenze von 0,5 ng/ml (in 

Pufferlösung). Der EIA war relativ spezifisch für FuA, mit Kreuzreaktionen von 

1,3%, 12,6% bzw. 0,2% Kreuzreaktion für FuB, FuC bzw. FuD. IsoFuA und einige 

andere getestete Lysergsäurederivate (Ergonovin, Ergotamin, und alpha-

Ergokryptin) wurden ebefalls untersucht, zeigten aber keine Kreuzreaktion in 

diesem Testsystem.  

 

Der EIA wurde zur Untersuchung von FuA in Silage und in Gewebsproben 

(Repirationstrakt) von Vögeln mit Aspergillose eingesetzt. Die Nachweisgrenze für 

FuA in Silage betrug 10 ng/g, die durchschnittlichen Wiederfindungsraten für FuA 

in künstlich kontaminierten Kontrollproben lagen bei 77,8%. Keine der 24 

untersuchten Proben enthielt nachweisbare Gehalte an FuA. Obwohl nur eine 

begrenzte Probenanzahl untersucht wurde, zeigen die Ergebnisse, dass FuA kein 

weit verbreitetes Problem in Silage darstellt. 

 

Die Nachweisgrenze für FuA in Gewebsproben des Repirationstrakts von Vögeln 

lag bei 1,5 ng/g, mit durchschnittlichen Wiederfindungsraten für FuA in künstlich 

kontaminierten Proben von 92,7%. FuA wurde in 66% der Proben von Vögeln mit 

Aspergillose nachgewiesen. Bei einer Kultivierung von Pilzisolaten des 

Atmungstraktes auf Malzextraktagar (MEA) entwickelte sich ein Mycel, das typisch 
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für A. fumigatus war. Bei Extraktion des Mycels und Untersuchung im FuA-EIA 

wurden große Mengen an FuA (bis zu 8 mg/g Mycel) nachgewiesen. Bei einer 

weiteren Untersuchung des Mycelextrakts mittels HPLC  wurden FuA, FuC und 

andere, nicht identifizierte Komponenten gefunden. Eine Hydrolyse von FuC, das 

aus dem Mycelextrakt von A. fumigatus gewonnen wurde, ergab ein neues 

Fumigaclavin-Derivat. FuD wird als Name für diese Verbindung vorgeschlagen. 

 

Zur Untersuchung von Blauschimmelkäse auf Clavin-Alkaloide wurden die 

unterschiedliche Spezifitäten des FuA-EIA und eines zuvor entwickelten 

Ergonovin-EIA ausgenutzt. Im kompetitiven indirekten EIA für FuA waren alle 

Proben negativ. Dagegen wurde bei Verwendung eines kompetitiven direkten EIA 

unter Verwendung von Anti-Ergonovin-Antikörpern hohe Meßwerte erzielt. Bei 

einer Untersuchung mit Hilfe dieser beiden Testsysteme und einer HPLC-

Trennung von Käse-Extrakten wurden Blauschimmelkäse des deutschen Marktes 

untersucht. Keine der 16 untersuchten Proben enthielt FuA, jedoch wurde die 

Anwesenheit von IsoFuA in Blauschimmelkäse nachgewiesen. 

 

Die vorliegende Arbeit beschreibt erstmals die die Entwicklung von Antikörpern 

gegen FuA und eines Enzymimmuntests für dieses Mykotoxin. Auch wird 

erstmalig eine Korrelation zwischen FuA-Gehalten in Gewebe des 

Repirationstrakts und der Aspergillose von Vögeln beschrieben. Die Rolle dieses 

Mykotoxins bei diesem Krankheitsbild bleibt allerdings noch zu klären. 
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9 Abbreviations 

 

ABPA  allergic bronchopulmonary aspergillosis 

Abs.  absorption 

BSA  bovine serum albumine 

CNA  chronic necrotizing aspergillosis 

CR  cross-reactivity 

CRC  cross-reacting coumpound 
oC  degree Celsius 

DMSO dimethyl sulfoxide 

DNA  deoxyribonucleic acid 

EC50  50% effective concentration 

ED50  50% effective dose 

ECD  electron capture detection 

e.g.  exempli gratia (for example) 

EIA  enzyme immunoassay  

ELISA  enzyme-linked immunosorbent assay 

EMIT  enzyme-multiplied immunoassay technique 

et al.  et alii  (and others) 

EtOH  ethanol 

ETP  epipolythiodioxopiperazine 

FID  flame ionisation detection 

FLD  flourecence detection 

FuA  fumigaclavine A 

FuB  fumigaclavine B 

FuC  fumigaclavine C 

FuD  fumigaclavine D 

FQ  fumiquinazolines 

GC  gas chromatography 

HNEC  human nasal epithelial cells 

HPLC  high performance liquid chromatography 

HRP  horseradish peroxidase 

IC50  50% inhibition concentration 
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IgG  immunoglobulin G 

IPA  invasive pulmonary aspergillosis 

IsoFuA isofumigaclavine A 

IsoFuB isofumigaclavine B 

IsoFuC isofumigaclavine C 

KLH  keyhole limpet hemocyanin 

LC  liquid chromatography 

LD50  50% lethal dose 

MEA  malt extract agar  

MeOH methanol 

µg  microgram 

mm  millimeter 

ml  milliliter 

MS  mass spectrometry 

MS/MS with tandem mass spectrometry 

MW  molecular weight 

NADPH nicotinamide adenine dinucleotide phosphate 

NF-kB  nuclear factor kappa B 

ng  nanogram 

PBS  phosphate-buffered saline 

pg  picogram 

Rf  retention factor 

RIA  radioimmunoassay 

TLC  thin-layer chromatography 

TNF-α  tumor necrosis factor-alpha 

TMB  3,3´, 5,5´-tetramethyl-benzidine 

TNBS  2,4,6-trinitrobenzene sulfonic acid 

UV  ultraviolet 

v/v  volume per volume 
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