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General introduction

Chapter 1: General introduction (Literature review)

Mycotoxins

A large amount of information about mycotoxins has accumulated in the nearly 50 

years since the substantial  loss of  a large number of  animals due to mycotoxins 

(aflatoxin) in feedstuffs in the UK in 1960. This event illustrated the potential threat 

posed  by  mycotoxins  and  initiated  modern  mycotoxicology  (Richard,  2007).  The 

worldwide contamination of cereals and related products with mycotoxins (25 % of 

the world´s crop production; Rotter et al., 1996) impairs livestock performance and 

poses  a  health  risk  to  consumers  (D´Mello  et  al.,  1999;  Fink-Gremmels,  1999; 

Placinta et al., 1999). Therefore this area has become a multidisciplinary issue in-

volving analytical chemists, microbiologists, agronomists, agricultural engineers, en-

tomologists,  plant  pathologists,  crop breeders,  geneticists,  medical  and veterinary 

practitioners and producers (farmers). The combined effort of these groups led to the 

discovery of many new mycotoxins and knowledge about their involvement in dis-

eases of animals (Bennett and Klich, 2003).

Mycotoxins are a group of structurally heterogeneous secondary metabolites pro-

duced by ubiquitous fungi, mainly of the genus  Aspergillus, Penicillium, Fusarium, 

Claviceps, Alternaria, Stachybotrys and Myrothecium. The production of mycotoxins 

is not essential for fungal growth or reproduction, but is supposed to be a “virulence 

factor” for some plant pathogens and acts against other microorganisms and higher 

organisms (Desjardins et al., 1993).

Zearalenone

Zearalenone was isolated by Stob et al. (1962) and Andrews and Stob (1965; U.S. 

patent application 3196019) and derives its name from the fungus  Giberella zeae 

(perfect state of Fusarium graminearum) from whose mycelium, contaminating maize 

(Zea mays), it was first isolated. Urry et al. (1966) carried out a complete character-

isation, assigned structure, and named the discovered compound zearalenone. 
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Chapter 1 General introduction

So far, five derivatives of zearalenone (Fig. 1) have been characterised. They are: α- 

and β-zearalenol, α- and β-zearalanol and zearalanone.

Figure 1. Structure of the mycotoxin zearalenone and its derivatives.

Zearalenone,  6-(10-hydroxy-6-oxo-trans-1-un-decenyl)-β-resorcylic-acid-lactone,  is 

index  in  chemical  abstracts  as  [S-(E)]-3,4,5,6,  9,10-hexahydro-14,16-dihydroxy-3-

methyl-1H-2-benzoxacyclotetradecin-1,7(8H) dione or  by the  CAS number 17924- 

92-4. Zearalenone is a stable compound, both during storage and processing of food 

and does not degrade at high temperatures (Kuiper-Goodman et al., 1987; Gilbert, 

1989; Lauren and Ringrose; 1997).

The resorcylic acid lactone zearalenone is a white crystalline compound with a mo-

lecular weight (MW) of 318.36 and a melting point of 164-165 °C. It is naturally fluor-

escent under ultraviolet (UV) light and its spectrum is characterised by three maxima 

at UVmax 236, 274 and 316 nm. This mycotoxin is practically insoluble in water, but is 
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Chapter 1 General introduction

readily soluble in many organic solvents (Tab. 1).

Table 1. Solubility of zearalenone in different organic solvents and water 
(Hidy et al., 1977).

Solvent g zearalenone/100 g at 25°C

Acetone 58
Ethanol 24
Methanol 18
Dichloromethane 17.5
Acetonitrile 8.6
n-Hexane 0.05
Water 0.002

Producing organisms and natural occurrence of zearalenone

Zearalenone  has  been  isolated  from strains  of  several  species  belonging  to  the 

genus  Fusarium, such  as:  F.  graminearum,  F.  culmorum,  F.  crookwellense  and 

F. equiseti (Logrieco et al., 2002).

Fusarium is an important genus of fungal pathogens and attacks a wide range of 

plant  species including  members  of  the  families  Fabaceae,  Cucurbitaceae and a 

wide range of Poaceae (Shaner, 2003). Fusarium species are responsible for devast-

ating diseases in cereal crops such as  Fusarium Head Blight (FHB) of wheat and 

barley or Fusarium ear rot of maize, which can reach epidemic measures (Goswami 

and Kistler, 2004; Windels, 2000).  Fusarium spp. colonise cereals in the field and 

plant stressors such as draught or over-irritation, insect damage and pesticide expos-

ure may result in a higher susceptibility to fungal infection, whereas the production of 

mycotoxins may be due to stress or altered conditions for the fungus (Fink-Grem-

mels, 1999).  Surveys  on  zearalenone  occurrence  on  several  commodities  are 

routinely published (Tab. 2). 
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Chapter 1 General introduction

Table 2. Recent studies on zearalenone contamination of foods and feeds in 
several countries.

Commodity Country Zearalenone concen-

tration (mg/kg)

References

Wheat Germany ±0.015 Schollenberger et al., 2006
Corn Germany Up to 0.86 Schollenberger et al., 2006
Oats Germany Up to 0.021 Schollenberger et al., 2006
Corn Italy ±0.453 Pietri et al., 2004
Poultry feed Slovakia Up to 0.086 Labuda et al., 2005
Corn Morocco Up to 0.0165 Zinedine et al., 2006
Corn Indonesia Up to 0.52 Nuryono et al., 2005
Corn flour Iran Up to 0.9 Reza Oveisi et al., 2005
Rice Korea Up to 0.047 Park et al., 2005

Zearalenone biosynthesis in F. graminearum

The  polyketide  zearalenone  is  produced  by  the  acetate-polymalonate  pathway 

(Dewick,  2001).  15 polyketide synthase genes were identified in the genomic se-

quence of  F. graminearum (Gaffoor et al., 2005). Gene disruption studies have de-

termined that  four  tightly  linked  genes  are  required  for  zearalenone  biosynthesis 

(Gaffoor and Trail, 2006). The PKS4 (ZEA2) gene encodes an iterative Type I, redu-

cing, polyketide synthase with six functional domains. The PKS13 (ZEA1) gene also 

encodes an iterative Type I. Although both PKS4 and PKS13 polyketide synthases 

are  required  for  zearalenone  biosynthesis,  their  specific  roles  are  unknown.  The 

cluster  also  contains  a  gene  (ZEB1)  that  controls  oxidization  of  β-zearalanol to 

zearalenone (Kim et al., 2005).
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Chapter 1 General introduction

Sampling and Analysis

In  common with  other  mycotoxins sampling of  food commodities for  zearalenone 

must be carried out to obtain samples representative of the consignment under test. 

Commonly used extraction solvents are aqueous mixtures of methanol, acetonitrile or 

ethyl acetate followed by a range of different clean-up procedures.

TLC methods have been used but are now superseded by HPLC with UV or fluores-

cence detection, GC/ECD, GC/MS and HPLC/MS. Use of immunoaffinity clean up 

columns with HPLC is becoming used increasingly (Campbell and Armstrong, 2007; 

Lattanzio et al., 2007). Depending on the method used, concentrations down to and 

below 5 µg/kg can be measured. In addition, ELISA can be used but this is often less 

sensitive and can only measure one toxin at a time (Bennett et al., 1994).

Toxicity

Acute toxicity
Zearalenone has shown relatively low acute toxicity (oral LD 50 values of >2-20g/kg 

body weight) in mice, rats and guinea pigs after oral intake (Flannigan, 1991). Thus, 

Marasas et al. (1979) reported that a single dose of 20 g/kg body weight does not 

cause death in these species. However it is more toxic by intraperitoneal injection 

(Hidy et al., 1977).

Carcinogenicity
Carcinogenic activity of zearalenone is still a matter of discussion (Gao and Yoshiza-

wa, 1997). The National Institute of Health (USA)/National Toxicology Program (NIH/

NTP) considered the results of carcinogenicity assays in rats and mice to be a posit-

ive evidence of carcinogenicity. In these studies, there was an increased incidence of 

pituitary adenomas in both male and female animals, with progression to malignancy, 

as indicated by the presence of pituitary carcinomas in some of the animals (Kuiper 

Goodman, 1991).

However, according to IARC (1999), zearalenone is not classifiable as to its carcino-

genicity  to  humans.  Whether  zearalenone  promotes  breast  cancer  (Ahamed 

et al., 2001; Schoental, 1985; Tomaszewski et al., 1998) rather than reducing mam-

mary tumorigenesis  (Hilakivi-Clarke  et  al.,  1999)  is  heavily  contested  and further 
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Chapter 1 General introduction

studies are required to confirm whether zearalenone should be considered as a po-

tential human carcinogen.

Genotoxicity
Several genotoxicity assays have been conducted with zearalenone. It was found to 

be  negative  in  the  eukaryotic  cell  mutation assay with  Saccharomyces cerevisae 

(Creppy,  2002) and it  did not induce mutations in  Salmonella typhimurium (Ames 

test). However, zearalenone induced the SOS repair system in some bacterial spe-

cies (Ghedira et al., 1998) and has been shown a DNA damaging effect in a recom-

bination test with  Bacillus subtilis (Ueno and Kubota, 1976). According to Lioi et al. 

(2004),  zearalenone induced DNA-adduct formation in  cultures of  bovine lympho-

cytes. Therefore, investigations were undertaken to assess the effect of zearalenone 

on DNA of female mice and rats after intraperitoneal or oral uptake. These studies 

clearly demonstrate that zearalenone leads to DNA-adduct formation, chromosomal 

aberration and polyploidy and therefore approved its genotoxicity (Pfohl-Leszkowicz 

et al., 1995; Coe et al., 1992).

Immunotoxicity
In vitro experiments have shown several alterations of immunological parameters (in-

crease of interleukine (IL)-2 and IL-5 production; Eriksen and Alexander, 1998) when 

testing high concentrations of zearalenone. In other investigations, administration of 

zearalenone (Pestka et al., 1987; Forsell et al., 1986) and of zearalenols (Pung et al., 

1985) did not produce differences between control and treated groups in the serum 

concentration of immuno globuline (Ig) M, IgG, IgA and in white blood cell  count, 

which are typical indicators of immunotoxic activity.

Reproductive and developmental toxicity

Zearalenone  induces  estrogenic  effects  in  mammals,  including  early  maturity  of 

mammary glands and reproductive organs and an increase in their size. At higher 

doses zearalenone interferes with conception, ovulation, implantation, fetal develop-

ment and viability of newborn animals. The most important estrogenic effects of zear-

alenone are shown in table 3. Estrogenic activity of zearalenone metabolites has also 

been reported. Pigs are definitely the most sensitive species (Coulombe, 1993). Hy-
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Chapter 1 General introduction

perestrogenism,  appearing  when  zearalenone  contamination  of  corn  exceeds 

1 mg/kg,  shows different  characteristics dependent  of  the age of  the swine.  Only 

sexually mature boars are relatively insensitive to zearalenone contamination (Cou-

lombe, 1993; Etiene and Jemmali, 1982; Berger et al., 1981; Ruhr et al., 1983).

The estrogenic effect appear to be mediated via binding of zearalenone or its meta-

bolites to the cytoplasmic estrogen receptor (Er-α and Er-β). This has been demon-

strated in several in vitro and in vivo experiments (Kuiper et al., 1998). For example, 

zearalenone and two zearalenone derivatives competed with 17P-estradiol for bind-

ing with the cytosolic receptor in rat uterine tissue (Klang et al., 1978). There is some 

evidence of precocious sexual  developments in humans exposed to zearalenone, 

however these data primarily derive from Puerto Rico and were probably due to the 

use of a commercial animal growth promoter (α-ZAL, trade name: Ralgro®) based on 

zearalenone  metabolites  and  not  a  consequence  of  natural  exposure  (Saenz  de 

Rodriguez et al., 1985).
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Chapter 1 General introduction

Table 3. Estrogenic effects induced by zearalenone in animals.

Species Estrogenic effect Reference

Rodents 

(rats, mice, 

guinea-pigs, 

rabbits)

• increased late fetal deaths

• disappearance of aggressiveness

• infertility or decreased fertility

• reduced serum testosterone levels 

and sperm counts

• reduced incidence of pregnancy, 

altered levels of progesterone

• mimic oestrogen actions, delayed va-

ginal opening, persistent oestrus and 

sterility

Arora et al.,1983

Becci et al., 1982a,b

Kaliamurthy et al., 1997

Long and Diekman, 1989

Nilsson et al., 1987

Ito and Ohtsubo, 1994

Zwierzchowski et al., 2005

Turkey • 20% decreased egg production Allen et al., 1983
Sows, gilts, 

piglets and 

boars

• vulvovaginitis, anestrus

• luteinising hormone and progester-

one secretion

• reduced conception rates, litter size, 

enlargement of ovaries and uterus

• swelling of vulva in piglets

• disturbances in the process of devel-

opment and maturation of some of 

the ovarian follicles

• depression of serum testosterone

• feminization and suppression of li-

bido

Etienne et al, 1994

Vanyi et al., 1994

Zwierzchowski et al., 2005

Dacasto et al., 1995

Diekman and Green, 1992

Dairy cows • infertility and reduced milk production Weaver et al., 1986
Cattle • degeneration of germinal epithelium,

• 75% incidence of sperm degenera-

tion

Vanyi et al., 1980
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Chapter 1 General introduction

Legislation and control of zearalenone

Due to its adverse effects on mammals, zearalenone is one of the most important 

mycotoxins from the animal and human health point of view. The increasing aware-

ness of mycotoxin risks is leading to setting guidelines and/or regulatory limits for 

these mycotoxins. For example, Austria has recommended maximum levels of zear-

alenone of 60 µg/kg wheat, durum wheat, and rye intended for human consumption. 

Other countries (Germany, Estonia, Lithuania, Romania, Canada and Slovenia) have 

also specific regulations setting limits in feed and food. Thus, zearalenone was regu-

lated in the year 2003 by 16 countries (FAO, 2004). A few countries, like Canada and 

the Netherlands, have applied the “zero tolerance level” approach for one or more 

matrices (FAO,1997). But the most important fact that hampers the establishment of 

limits for zearalenone is, that there is no standardised and internationally validated 

method existing for determination of zearalenone and its metabolites.

Biodegradation of zearalenone

A variety  of  microorganisms  including  bacteria,  yeasts,  fungi  but  also  plant  cell 

cultures,  were  found  to  be  able  to  convert  zearalenone  to  α-  and  β-  zearalenol 

(Palyusik  et al., 1980). Firstly,  Steele  et  al.  (1976)  reported  that  zearalenone  is 

degraded by F. graminearum. The ability of rumen protozoa to degrade zearalenone 

was demonstrated by Kiessling et al. (1984). They concluded that protozoa can be 

considered  as  the  most  important  ruminal  microbial  population  in  zearalenone 

biodegradation  (Kiessling  et  al.,  1984;  Hussein  and Brasel,  2001).  However,  this 

degradation  should  not  be  regarded as  a  detoxification  since  α-zearalenol  (more 

estrogenic than zearalenone) is the major metabolite obtained.

Recently,  zearalenone was found to be degraded by the bacterium  Rhodococcus 

erythropolis (W. Holzapfel, I. Brost, P. Faerber, R. Geisen, H. Bresch, K.D. Jany, M. 

Mengu, M. Jakobsen, P.S. Steyn, D. Teniola, P. Addo. 2002. World Trade Organiza-

tion patent application WO02099142). Up to 70% of the zearalenone concentration 

was eliminated by this organism but no analysis of culture extracts revealing zear-

alenone-derived  products  was  reported.  Bacterial  fermentation  of  zearalenone 

contaminated food or feed might reduce zearalenone levels, but it might also convert 
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Chapter 1 General introduction

zearalenone to  even more potent  estrogens (Ryu et  al.,  2002).  Engelhardt  et  al. 

(1988) reported that maize suspension cultures were able to convert zearalenone to 

zearalenone glucoside. However, according to Karlovsky (1999), this transformation 

also cannot be regarded as a detoxification since the estrogenic activity of  these 

metabolites is similar to that of zearalenone.

In the 1980s El-Sharkawy and Abul-Hajj published a series of important papers on 

zearalenone transformation by fungi and actinomycetes. They characterized a non- 

estrogenic  substance:  zearalenone-4-O-β-glucoside,  produced  by  Thamnidium 

elegans and  Mucor  bainieri (El-Sharkawy and  Abul-Hajj,  1987a).  In  addition,  the 

transformation products of  Streptomyces rimosus and  Cunninghamella bainieri did 

not bind to a rat estrogen receptor, indicating a loss of estrogenicity (El-Sharkawy 

and Abul-Hajj, 1987b). Recently, a few microorganisms with zearalenone detoxifica-

tion  activity  have  been  discovered.  Thus,  a  bio-degradation  of  zearalenone  was 

reported for the bacterium Pseudomonas Sp. ZEA-1 (Altalhi, 2007) and for the fungi 

Rhizopus spp. and Mucor spp. (Varga et al., 2005). However, transformation of the 

toxin  to  less  toxic  products  without  estrogenic  effects  could  not  be  proven.  In 

contrast, the yeast species Trichosporon mycotoxinivorans is capable of hydrolysing 

zearalenone into non toxic metabolites (Schatzmayr et al., 2006). Unfortunately, the 

zearalenone detoxifying enzyme(s) involved is/are currently not available. 

Since  about  twenty  years  it  is  known that  the  mycoparasitic  fungus  Gliocladium 

roseum degrades zearalenone enzymatically (El-Sharkawy and Abul-Hajj, 1987). The 

cleavage of the lactone bond of zearalenone by this fungus indicates a true detoxifi-

cation because the product is far less estrogenic than zearalenone. The cleavage 

product,  consisting  of  a  mixture  of  two  isomeric  hydroxyketones,  decarboxylates 

spontaneously, rendering the reaction irreversible. The entire coding region of zear-

alenone  lactonase  gene  zes2  has  been  cloned  from  this  mycoparasite  by  two 

research groups (Kakeya et al., 2002; Takahashi-Ando et al., 2002; E. H. Crane, J. T. 

Gilliam, P. Karlovsky, and J. R. Maddox, 3 October 2002, World Trade Organization 

patent application 02/ 076205; P. Karlovsky,  E. H. Crane, J.  T.  Gilliam, and J.  R. 

Maddox, U.S. patent application 20030073239). The sequences published indepen-

dently differ in three amino acids (P. Karlovsky, personal communication).
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Chapter 1 General introduction

Objectives of this study

The knowledge about the enzymatic detoxification of mycotoxins by fungi is essential 

for our understanding of their biological function and their fate in nature as well as 

their  role  in  interactions  among organisms.  Furthermore,  it  provides  an  attractive 

strategy for the development of biotechnological applications in food as well as feed 

industry. However, the regulation of these processes has not been investigated so 

far.

The main objectives of the present study were:

1. Investigation of the role of zearalenone lactonase in protection of G. roseum from 

fungitoxic effects of the mycotoxin zearalenone (Chapter 2).

2. Evaluation of the phytotoxic effects of zearalenone on growth of Arabidopsis 

thaliana and protection by heterologous expression of zearalenone lactonase 

(Chapter 3).

3. Development of a technique suitable for the genetic transformation of G. roseum

(Chapter 4).

4. Utilisation of the zearalenone-sensing ability of G. roseum as basis for a novel 

kind of biosensors for mycotoxins (Chapter 5).

5. Quantification of green fluorescent protein fluorescence using real-time PCR ther-

mal cycler (Chapter 6).

11
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Chapter 2: Role of zearalenone lactonase in protection of Gliocladium roseum from fungitoxic effects of the mycotoxin zearalenone
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Chapter 3: Phytotoxic effects of zearalenone on growth of 
Arabidopsis thaliana and protection by heterologous 

expression of zearalenone lactonase*

*This manuscript will be submitted for publication in New Phytologist

Jan Utermark and Petr Karlovsky

Abstract

● Zearalenone, a secondary metabolite produced by several plant-pathogenic fungi 

of the genus Fusarium, is known to have high estrogenic and anabolic effects on 

mammals as well as phytotoxic effects. 

● In the present study, a sensitive in vitro seedling growth assay was used to eval-

uate the phytotoxic effect of zearalenone on  Arabidopsis thaliana  wild type and 

transformants expressing the zearalenone specific-lactonase gene zes2 from the 

mycoparasitic  fungus  Gliocladium roseum which  is  known  to  hydrolyse  zear-

alenone. 

● While  wild  type  plants  after  exposure  to  zearalenone exhibited  dwarfism with 

aberrant morphological changes, transgenic plants were more tolerant to zear-

alenone showing almost no symptoms. 

● These data indicate that zearalenone lactonase protects transgenic  Arabidopsis 

plants from the toxic effects of this mycotoxin.

Introduction

A complex  of  closely  related  species  of  the  genus  Fusarium is  responsible  for 

destructive  and  economically  very  important  diseases  of  cereal  crops  (Fusarium 

Head Blight, FHB, of wheat and barley and Fusarium ear rot of maize). In years with 

climatic conditions that favour the development of these fungi, Fusarium infection can 

reach epidemic proportions (McMullen et al., 1997).
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Chapter 3 Phytotoxic effects of zearalenone

Diseases caused by these plant pathogens do not only severely reduce yield, but 

also result in contamination of grain with mycotoxins, which is a problem of world-

wide  relevance for  the  health  of  farm animals  and human consumers.  Fusarium 

species  are  known to  produce  several  mycotoxins,  of  which  trichothecenes (e.g. 

deoxynivalenol) and zearalenone are the most important (Wang et al., 1988). The 

biological  activity  of  zearalenone  (2,4-dihydroxy-6-(10-hydroxy-6-oxo-trans-1-

undecenyl)-benzearalenoneic acid  lactone)  and its  derivatives is  dominated by its 

estrogenic  and  anabolic  effects  on  mammals.  The  toxin  causes  reproductive 

disorders in  farm animals thereby compromising livestock health  and productivity. 

Typical complications associated with zearalenone ingestion are severe morpholo-

gical and functional disorders of reproductive organs like vulva enlargement, hyper-

estrogenism, precocious sexual  development,  pseudopregnancy,  loss of  embryos, 

and reduced litter size (Farnworth and Trenholm, 1983; Green et al., 1990; Dacasto 

et al., 1995; Etienne and Dounnad, 1994). On humans there is some evidence of 

precocious sexual developments in Puerto Rican children exposed to zearalenone. 

However, these effects were probably due to the use of a commercial animal growth 

promoter (α-zearalenol,  trade name: Ralgro®),  based on zearalenone metabolites, 

and not a consequence of a natural exposure  (Saenz de Rodriguez et al.,  1985). 

Furthermore,  carcinogenic  activity  (Gao  and  Yoshizawa,  1997)  and  genotoxicity 

(Grosse et al.,  1997) of  zearalenone have been discussed. Whether zearalenone 

promotes breast cancer (Ahamed et al., 2001; Schoental, 1985; Tomaszewski et al., 

1998) rather than reducing mammary tumorigenesis (Hilakivi-Clarke et al., 1999) is 

also heavily contested.

However, the precise role of zearalenone in plant development and diseases is still 

far from clear.  For example, in tobacco, zearalenone promote the initiation of the 

vegetative bud callus tissue (Mirocha et al., 1968) and enhanced α-amylase and β-

glucosidase  activities  of  germinating  maize  seeds  (Vianello  and  Macri,  1982).  In 

winter wheat cell cultures zearalenone exhibited growth regulator characteristics and 

commonly used synthetic plant growth substances like auxin 2,4-D could be replaced 

by the mycotoxin (Filek et al., 2004). According to Han and Meng (1991) and Fu and 

Meng (1993), zearalenone might enhance flowering in the short-day plant  Lemna 
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perpusilla 6746 and the  long-day plant  Lemna gibba G3.  In  day-neutral  tobacco 

(Nicotiana tabacum L. cv. Samsun), zearalenone is one of the important flower stimuli 

and was related to the flower gradient in shoots (Fu et al., 1995). Application of zear-

alenone to maize resulted in an increased proton permeability in the root cells  and 

lead to the collapse of the transmembrane electric potential. Filek et al. (2002) also 

found that zearalenone can affect membrane electric properties and charge in winter 

wheat cells. Treatment of isolated plant mitochondria with zearalenone caused oxida-

tive  phosphorylation  and  altered  ATPase  activity  in  maize  roots  and  pea  stems 

(Vianello and Macri, 1981). Beneath phytohormon-like properties, zearalenone can 

also be harmful to plants. Thus, the phytotoxic effect of zearalenone appears depend 

on the plant species (Packa, 1991). Zearalenone concentrations of 10 µg/ml exert an 

increased mitotic activity on germinating seeds of rye but a decreased one for wheat 

and field beans. According to Wakuliriski (1989) zearalenone did not affect germina-

tion  or  subsequent  root  and  leaf  development  of  wheat  seedlings,  even  in  high 

concentrations of  50 µg/ml zearalenone. However,  root and shoot  elongation and 

fresh mass accumulation of maize embryos were inhibited by zearalenone at 5 µg/ml 

(McLean, 1996).

We could previously show that zearalenone inhibits the growth of most filamentous 

fungi  except  Gliocladium  roseum. In  the  interaction  with  Fusarium species,  the 

activity of a known zearalenone specific-lactonase from this mycoparasite is an effec-

tive strategy for the protection against the fungitoxic effects caused by zearalenone 

(Utermark and Karlovsky, 2007). The detoxification gene coding for the zearalenone 

specific-lactonase from  G. roseum was cloned and characterized by two research 

groups (Kakeya et al., 2002; Takahashi-Ando et al., 2002; E. H. Crane, J. T. Gilliam, 

P. Karlovsky, and J. R. Maddox, 3 October 2002, World Trade Organization patent 

application 02/ 076205; P. Karlovsky, E. H. Crane, J. T. Gilliam, and J. R. Maddox, 

U.S. patent application 20030073239).

The objective of this work was to prove whether this protection strategy could be 

adapted  by  the  genetic  engineering  of  plants  in  order  to  reduce  the  detrimental 

effects of zearalenone. As a first step in applying this strategy under laboratory scale 

experiments we tested the effects of  the heterologous expression of  zearalenone 
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lactonase on the tolerance of transgenic A. thaliana plants to zearalenone impact as 

to shoot and root development. 

Materials and Methods

Plant growth conditions
A. thaliana (ecotype Col-0 unless stated) plants were grown until flowering stage in a 

climate  chamber  at  24°C  day/20°C  night  with  an  air  humidity  of  65-75%.  The 

photoperiod consisted of 16 hours light and 8 hours darkness with a light intensity of 

150 μmol m-2s-1. 

Construction of the zes2 expression vector
Plasmid  pBI121::zes2  contains  the  coding  region  of  the  zearalenone  specific-

lactonase  zes2  between  the  XbaI  and  SacI  sites  of  the  binary  vector  pBI121 

(Jefferson et al., 1987). For construction of the vector the two oligonucleotides OL503 

(5'-AGA GAGAATCTAGAATGCGCATTCGCAGCACAA-3') and OL504 (5'-TACATAA-

GAGCT CTCAAAGATACTTCTGCGTA-3')  were  used for  PCR amplification  of  the 

zes2 template (GenBank accession no. BD391646) from genomic DNA of G. roseum 

DSM 62726. The GUS gene in pBI121 was then replaced by the amplified zes2 frag-

ment (795-bp) at XbaI and SacI sites to generate pBI121::zes2. This vector was used 

for plant transformation experiments. The length of the T-DNA from left border (LB) to 

right border (RB) was 5.05 kb and cloned inserts of this plasmid were sequenced.

Plant transformation and selection of homozygous transformants
The construct pBI121::zes2 was introduced into A. tumefaciens strain AGL1 (Lazo et 

al., 1991). A. thaliana was transformed by floral dipping (Clough and Bent, 1998) and 

transgenic seeds were surface-sterilized and plated onto Murashige and Skoog (MS) 

medium  (DuChefa  Biochemie,  Haarlem,  Netherlands)  containing  50  µg/ml  kana-

mycin.  T1 seeds  were  harvested  and  again  sown  on  kanamycin  containing  MS 

medium.  Kanamycin-resistant  plants  were  planted,  and  T2 seeds were  harvested 

after 2 months. This self-crossing / selection procedure was repeated up to genera-

tion T4 to achieve homozygousity for  zes2. Five independent homozygous transfor-

mants of T4 plants were used for analysis of zes2 activity.
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Analysis of gene integration in chromosomal DNA of A. thaliana

Total  DNA was extracted  from plant  tissue according  to  Brandfaß and Karlovsky 

(2006). PCR was performed to amplify the zes2 fragment (primers 503 and OL504, 

see above) in the genomic DNA of putatively transformed Arabidopsis transformants 

to prove the transgene integration into the plant genome.

In vitro Zes2 protein activity assay
To evaluate the extent of zearalenone degradation by transgenic Arabidopsis plants, 

crude protein extracts were prepared from the leaves of T4 plants and used for the in 

vitro detoxification assay.  Arabidopsis leaves (about 200 mg FW), ground in liquid 

nitrogen, were vigorously shaken in extraction buffer (50 mM Tris–HCl, pH7.5, 10 mM 

EDTA, 0.1% Triton X-100 and 0.1% ß-mercaptoethanol) and the supernatant was 

recovered.  The  assay  was  initiated  by  adding  100  µg  crude  protein  extract  to 

substrate  solution  (20  µg/ml  of  zearalenone in  0.1M Tris–HCl,  pH 9.5)  to  a  final 

volume of 800 µl and incubated at 37°C for 30 min, 4 h and 20 h, respectively. The 

enzyme reaction was terminated by adding 10 µl of 1 N HCl. The reaction mixture 

was extracted two times with 1 ml of ethyl acetate, organic phases merged and the 

solvent removed in vacuum. The residue was dissolved in 1 ml of 55% methanol and 

45% water, filtrated and quantified by reverse-phase high-performance liquid chroma-

tography (HPLC) with mass spectrometric detectors.

Zearalenone analysis
Reverse-phase HPLC with diode array and mass spectrometric detectors was used 

for  zearalenone determination:  column -  Polaris  C18-A,  5  µm,  150 mm × 2  mm 

(Varian, Darmstadt, Germany); mobile phase - 55% methanol, 45% water, 5% acet-

onitrile; flow rate - 0.2 ml/min; column temperature - 40°C; detection - diode array 

detector - absorbance at 200-800 nm; mass spectrometry - electrospray in positive 

mode, scan for mass/charge-ratio 250-500. 

Phytotoxic effects

Agar bioassay
Square Petri dishes (10 × 10 cm) were filled with 40 ml MS-agar (4.3 g MS salts, 10 g 

sucrose, 0.5 g MES, 8 g agar per liter; pH 5.7) and immediately placed at an angle so 
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that the agar formed a slope. Four up to five surface-sterilized seeds of Arabidopsis 

wild type and accordingly transformants were placed on the agar parallel to the direc-

tion of  the slope (just  below it).  Plates were incubated at 4°C overnight to break 

dormancy and placed vertically in a growth chamber. Each Petri dish was scanned 

after 3 d to quantify the root length of the germinated seedlings.

Leaf assay
Healthy leaves (approximately 0.5 cm long and 0.5 cm wide) were cut from rosettes 

of 3 week old transgenic or wild type plants and placed in a 96 well microtitter plate. 

Subsequently, the leaves were floated on sterile distilled water. Thus, each well con-

tained 100 µl distilled water amended with zearalenone and its derivatives α and β 

zearalenol,  α  and  β  zearalanol  and zearalanone  (Sigma-Aldrich,  Steinheim,  Ger-

many) by adding appropriate amounts of stock solutions in methanol. The concentra-

tion of methanol was adjusted to 1%. Zearalenone and its derivatives were tested 

three times in a dilution series of 0, 1.0, 2.5, 5.0, 10 and 20 µg/ml. The uncovered 96 

well plates were placed in glass petri dishes to maintain humidity and leaves were 

photographed daily.

Assessment of cell growth after zearalenone treatment
For the classical histological studies, whole roots or free-hand made sections of roots 

of seven day old seedlings where placed directly on glass slides in drops of water, 

covered with a cover glass, and observed under a light microscope (Leitz DMRB, 

Leica, Mannheim, Germany).

Results

Molecular characterization of zes2-expression in transgenic Arabidopsis plants
The zearalenone lactonase coding gene zes2 was incorporated into the plant expres-

sion vector pBI121 under the control of a constitutive and powerful cauliflower mosaic 

virus (CaMV) 35S promoter to assure strong expression (Fig. 1) and transferred into 

A. thaliana by means of Agrobacterium tumefaciens- mediated transformation.

Several kanamycin-resistant Arabidopsis T0-transformants were recovered, grown to 

maturity and their seeds collected for further analysis. These transformants were self-

crossed to obtain T1-seeds. Selection of T1-progenies revealed that 60% of the seeds 
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from each transformant failed to produce green cotyledons. 40% continued to grow 

and remained green. This self-crossing /  selection procedure was repeated up to 

generation  T4 to  achieve  homozygousity  for  zes2.  Before  investigating  the  zear-

alenone degrading activity, five transformants of A. thaliana carrying the gene coding 

for zearalenone lactonase were analysed by PCR. All transformants (referred as H-1, 

H-2, H-3, H-4 and H-5) were positive for zes2 (data not shown) and were used for in 

vitro zearalenone detoxification.

Figure 1. Physical map of pBI121::zes2. 
pBI121::zes2 was constructed with the zearalenone lactonase gene placed under the 

control of the constitutive promoter for the 35S RNA from Cauliflower Mosaic Virus 

(CaMV35s) and followed by a Nopaline synthase terminator (TNos).  The plasmid 

also contains the neomycin phosphotransferaseII gene (nptII) conferring resistance 

to kanamycin in plants and the corresponding kanamycin resistance gene in bacteria 

(nptIII).

Zearalenone lactonase expression analysis in different plant tissues
To  evaluate  the  zearalenone  degradation  activity  of  the  transgenic  Arabidopsis 

plants, crude protein extracts were prepared from the leaves of T4 plants and used in 

an  in  vitro detoxification  assay.  No mycotoxin  degradation,  compared  to  a  blank 
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control (data not shown), was observed for the protein extract prepared from the wild 

type (Fig. 2-A). In contrast, the amount of zearalenone decreased significantly in the 

reaction  mixture  obtained from  A.  thaliana transformants  H-1  and H-2. Thus two 

transformants rapidly detoxified all the zearalenone after 4 h exposure. These results 

indicate a strong zes2 expression in transgenic A. thaliana H-1 and H-2. A significant 

amount of zearalenone remained in the H-3, H-4 and H-5 supernatant after 4 h of 

degradation.

Figure 2. Comparison of the detoxification of zearalenone by different
Arabidopsis transformants.

(A) Degradation of 20 µg zearalenone/ml by crude protein extracts from T4 leaves of 

five independent zearalenone lactonase expressing  Arabidopsis transformants and 

non transformed wild type. Analysis of the enzymatic reaction of the transformants 

was examined at 0 min and after  30 min, 4 h and 20 h incubation at 24°C. The error 

bars represent standard deviations (n = 4).

(B) Zearalenone degradation by A. thaliana seeds of wild type (chromatogram b) and 

of T4 plants of transformant H-1 (chromatogram a). Seeds were soaked in zearalen-

one solution (5 µg/ml) for 3 days at 24°C. The amount of zearalenone was detected 

by HPLC-MS.
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Additionally, Arabidopsis seeds of wild type as well as transformants were incubated 

with zearalenone to evaluate the activity of zearalenone lactonase in mature seeds. 

After different periods of incubation, the remaining amount of zearalenone was quan-

tified by HPLC analysis. Concentration of zearalenone in the wild type supernatant 

was  not  reduced  compared  to  the  control  (data  not  shown),  indicating  that  the 

mycotoxin in the solution was not absorbed or degraded by the seeds. In contrast, 

transformed A. thaliana seeds rapidly detoxified zearalenone. Thus, after 3 days of 

incubation, the toxin was completely removed (Fig. 2-B). These in vitro detoxification 

analyses using  different  plant  tissues clearly  show that  zearalenone lactonase is 

produced in an active form in transgenic A. thaliana transformants.

Zearalenone inhibits morphological development in A. thaliana

The effects of zearalenone on seed germination, development of roots, hypocotyl, 

cotyledons and florescence of transformed as well as wild type  Arabidopsis plants 

were tested. To develop a suitable test system for measuring phytotoxicity, seedlings 

were sown and grown in the presence of various zearalenone concentrations on solid 

medium.  In both non-transformed and transformed  Arabidopsis seeds zearalenone 

did not inhibit germination in concentrations of up to 20 µg/ml (data not shown).

However,  the  morphological  development  of  wild  type seedlings  was significantly 

affected by zearalenone. The main phytotoxic effect was a lack of root hair formation 

and dwarfism (Fig. 3-A). Root elongation was retarded by zearalenone exceeding 

1 µg/ml (Fig. 3-B). Further effects on wild type plants, observed after 12 d, included a 

shortened hypocotyl, a clear delay in development of the cotyledons and a reduced 

leaf area. Additionally, the wild type did not developed floral buds after 20 days on 

medium containing zearalenone at 5 µg/ml (Fig. 4).

Furthermore, after 13 days cultivation of wild type plants with zearalenone at 5 µg/ml, 

the cells in the tap root were smaller and more tightly arranged compared to cultiva-

tion without zearalenone (Fig. 5). The toxin also altered the tissue organization of the 

Arabidopsis primary root apex (Fig. 5). The lateral and columella root cap showed a 

change in cell  division patterns. While central cells and initial cells show a typical 

arrangement in the root grown without zearalenone, however, after exposure to zear-

alenone, cell arrangement is disorganized and central cells and surrounding initials 
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are difficult  to identify.  The most affected root tissue is the columella root cap, in 

which cell  layers reflecting the synchronous cell  division of columella initials have 

disappeared.

Figure 3. Phytotoxic effects of zearalenone on A. thaliana.
(A) Photographs show representatives of 12-d-old seedlings of Arabidopsis wild type 

plants and zes2 transformants grown on MS medium containing zearalenone (ZON) 

at 1, 5, 10 and 20 µg/ml. Zearalenone was added as a methanol stock solution to 

agar medium cooled to 60°C. The final concentration of methanol was set to 1%.

(B) Phytotoxic effects of zearalenone at 0 µg/ml (■), 1 µg/ml (◊), 5 µg/ml (▲), 10 µg/

ml (○) and 20 µg/ml (□) on the root elongation of  zes2 transformants and wild type 

A thaliana plantlets. 

The graphs represent the primary root length of the 10-d-old seedlings grown on MS 
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agar medium with or without zearalenone. Each Petri dish was scanned 3 d after ger-

mination and results are presented as average values ± from three experiments.

Figure 4. Effect on bud differentiation of zes2 transformants and wild type 
A. thaliana plantlets after exposure to 5 µg zearalenone/ml for 15 days.

To examine the effects of zearalenone on the phenotypic defects of the zearalenone 

lactonase expressing transformants of  A. thaliana,  we grew the transgenic plants 

under the same conditions such as wild type plants. Normal formation of floral buds 

was observed at 20 µg/ml zearalenone (Fig. 4). Root hair and cotyledon development 

of zes2 transformants was unaffected by zearalenone at 5 µg/ml. The seedlings had 

green, expanded cotyledons and a normal developed phenotype (Fig. 3-A). Zear-

alenone at 1 µg/ml did not inhibit the root elongation on agar media when compared 

with the controls without zearalenone. However, tap root length was reduced by zear-

alenone at 5 µg/ml and more (Fig.  3-B). Roots of  zes2 transformants exhibited a 

coiling effect induced by zearalenone exceeding 10 µg/ml. In addition, abnormal root 

gravitropism in response to zearalenone was observed at 20 µg/ml with the roots 

growing horizontally (Fig. 3-A). Zearalenone treated roots of transgenic Arabidopsis 

plants showed no abnormal morphology in cell size and cell arrangement. The root 
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apical meristem was indistinguishable from that of plants grown without zearalenone 

(Fig.5).

Figure 5. Phytotoxic effects of zearalenone on root hair development and cell 
arrangement of apical tissues of primary roots in wild type and transgenic Ara-

bidopsis plants.
Non-transformed  and  zes2  expressing  12-day-old  seedlings  incubated  in  the 

absence (left) and presence (right) of 5 µg/ml zearalenone.
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Tolerance of Arabidopsis leaves to zearalenone and derivatives
Pathogen-derived  molecules  are  often  associated  with  bleaching  in  plant  leaves 

(Jackson and Taylor, 1996; Stone et al., 2000). To investigate the zearalenone related 

bleaching in Arabidopsis plants of wild type and zes2 transformants, detached leaves 

were incubated  with water containing 1 µg/ml or 20 µg/ml zearalenone. Furthermore, 

in  order  to  check  whether  there  were  some  differences  in  bleaching 

response between α- and β-zearalenol, α- and β-zearalanol and zearalanone, these 

derivatives were also tested in the same manner. 

Bleaching was developed on the wild type leaves after exposure of 24 h 48h and 

60 h to zearalenone at 1 µg/ml or 20 µg/ml. Leaf bleaching symptoms were dose and 

time dependent. A slight bleaching effect was detectable at 1 µg/ml zearalenone after 

24 h. Such lesions spread out more rapidly in leaves injected with zearalenone at 20 

μg/ml. Additionally, exposure to 20 µg/ml zearalenone resulted in total bleaching of 

the leaves after 48 h exposure (Fig. 6-A).

In  contrast,  no  bleaching  symptoms  of  zearalenone  lactonase  expressing 

Arabidopsis  plants were observed with zearalenone at 1 µg/ml. A slight bleaching 

was detectable at 20 µg/ml zearalenone in transgenic leaves at 60 h (Fig. 6-A).
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Figure 6. Bleaching symptoms in A. thaliana wild type and transformed leaves 
caused by zearalenone and its analogous.
Leaves of  21-day-old Arabidopsis wild  type  or  zearalenone lactonase expressing 

transformants were incubated at 24-h-light photoperiod.

(A) Bleaching experiment using 1 µg/ml or 20 µg/ml zearalenone (ZON). The effects 

were recorded after 24 h, 48 h and 60 h incubation.

(B) Effects of 5 µg/ml zearalenone and its derivatives α- and β-zearalenol (α- and β-

ZOL),  α-  and  β-zearalanol  (α-  and  β-ZAL)  and  zearalanone  (ZAN)  on  bleaching 

response after 48 h exposure.

In the second set of experiments, the bleaching formation in response to five derivat-

ives of zearalenone was investigated (Fig. 6-B). Bleaching of wild type leaves was 

observed  for  α zearalenol  at  5  µg/ml.  The  phytotoxic  effects  of  α  zearalenol  on 

Arabidopsis leaves  were  stronger  compared  to  those of  zearalenone  resulting  in 

complete photosynthesis inhibition after 48 h. Interestingly, leaves of zes2 transform-

ants treated with α zearalenol were also relatively pale green. β zearalenol, α and β 

zearalanol and zearalanone did not exhibit any toxicity on wild type as well as trans-

genic leaves of Arabidopsis plants (Fig. 6-B).

Discussion

In this paper,  the phenotypic effects of  zearalenone and five of  its  derivatives on 

different tissues of A. thaliana wild type plants and transformants expressing a zear-

alenone specific-lactonase were analysed. 

We could demonstrate that zearalenone had a strong impact on the development of 

wild type plants under laboratory conditions. Thus, we could show that zearalenone 

inhibited root and shoot growth of Arabidopsis plantlets. Generally, root development 

appeared to react more sensitive to the toxin than shoot development. Zearalenone 

treatment  affected the tissue organization of  the primary root  apex.  Hence, zear-

alenone significantly altered cell proliferation. The fact that the toxin decreased the 

cell size suggests that reduced root length and dwarfism of the plants is caused by 

the inhibition of cell extension.
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We constructed transgenic  A. thaliana transformants that were capable to detoxify 

zearalenone by the heterologous expression of the zearalenone specific-lactonase 

gene  zes2. Primarily,  we found that the expression of  the  zes2 gene significantly 

increased  the  tolerance  of  transgenic  Arabidopsis plants  to  zearalenone.  Zear-

alenone detoxification activity was detected in all examined organs of the plant body, 

including transgenic seeds. These results indicate an active protection of transgenic 

A. thaliana against toxic effects of the mycotoxin.

For quantitative analysis  of  phytotoxicity and structure activity relationships,  zear-

alenone and five of its derivatives were used in a leaf assay. The derivatives lead to 

the  formation  of  different  phytotoxic  phenotypes.  Interestingly,  α-  zearalenol was 

many  fold  more  active  than  its  parent  molecule  zearalenone  and  showed  the 

strongest  phytotoxic  potencial.  Leaves  were  bleached,  suggesting  damage  by 

photooxidative effects or a deleterious effect on chloroplast function.

Our finding that zearalenone at a concentration of 5 µg/ml inhibited the formation of 

floral  buds  is  in  line  with  previous  studies.  Thus,  Fu  et  al.  (2000)  reported  that 

exposure to 3 µg/ml of zearalenone completely blocked bud development in  Nico-

tiana tabacum.

A. thaliana plants have been extensively used to measure the effect of fungal toxins 

on growth and development on tissue as well as on cell level (Stone et al., 2000; 

Kuroyanagi et al., 2005). But so far, the role of mycotoxins in pathogenesis has not 

been clarified unequivocally. The biological function of zearalenone in plant-pathogen 

interactions and the relevance of the phytotoxic potential  as well  as the mode of 

action remain subjects for further studies. Microarray experiments were conducted to 

identify  genes  differentially  expressed  after  zearalenone  treatment  of  A.  thaliana 

(NASCArrays),  focussing  on  signalling  pathways  by  which  the  plant  responses 

towards  zearalenone are  triggered.  First  results  indicate  a  possible  role  of  zear-

alenone as a suppressor of some plant defence responses. In other investigations, 

non zearalenone-producing mutants of F. graminearum did not alter virulence pheno-

types (Gaffoor et al., 2005; Kim et al., 2005). These contradictory results demonstrate 

the importance of studying the role of this mycotoxin in plant-pathogen interactions. 

Whether transgenic detoxification of zearalenone in vivo can also diminish pathogeni-

33



Chapter 3 Phytotoxic effects of zearalenone

city of mycotoxin-producing Fusarium spp. remains to be tested. 

The  parallels  between  the  F. graminearum-wheat  and  the  F.  graminearum-

Arabidopsis pathosystems,  and  investigations  using  zearalenone  lactonase 

expressing mutants of  Arabidopsis should  help to solve this question. Additionally, 

microarray experiments  might  support  pinpointly  the  investigation  of  the  mode of 

action of this mycotoxin.  Regardless of their role in pathogenesis, the presence of 

mycotoxins in agricultural commodities presents a health concern for both animals 

and humans. Transgenic plants exhibiting zearalenone detoxifying activity are one 

approach  for  the  efficient  decontamination  of  zearalenone  within  plant  tissues. 

Hence, this strategy could improve the nutritional quality of plant-based foods and 

feeds.  The  fact  that  the  transgenic  Arabidopsis seeds  showed  substantial  zear-

alenone-degrading  activity  during  seed  maturation  as  assessed  by  the  in  vitro 

enzyme assay makes this approach promising. However, this mycotoxin decontamin-

ation strategy needs to be evaluated by intensive in vivo  studies, including large-

scale investigation experiments with several different animal systems. Additionally, 

potentially  negative  impacts  of  mycotoxin-degrading  transgenic  plants,  such  as 

effects on nutritional properties and the risk from arising allergens also need to be 

assessed in the future.
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Chapter 4: Genetic transformation of filamentous fungi by 
Agrobacterium tumefaciens
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Abstract

Agrobacterium tumefaciens-mediated transformation of filamentous fungi consists of 

(i) induction of A. tumefaciens culture harbouring a binary vector, (ii) co-incubation of 

bacteria with fungal spores on a solid support, and (iii) selection of transformants. 

During the induction,  vir genes on the helper component of the binary vector are 

activated,  conditioning  A.  tumefaciens for  transformation.  During  co-cultivation,  T-

DNA part of the binary vector system is transferred into fungal nucleus and inserted 

into the genome. Transformants are selected on a medium with appropriate antibi-

otic. In order to maximize the number of transformants, the ratio of  A. tumefaciens 

cells to fungal spores and the duration of the co-cultivation need be optimized. The 

procedure takes two to three weeks for fast-growing fungi.

Introduction

Kingdom Fungi consists of about two million species1, which include pathogens and 

symbionts of plants and animals and major biomass decomposers essential for all 

ecosystems. From the human perspective, fungal fruit bodies are consumed directly 

and many traditional food products are manufactured by fungal fermentation. Indus-

trially produced fungal cultures serve as the source of enzymes, antibiotics, vitamins, 

amino acids and other substances2, 3.

The  growing  number  of  sequences  of  fungal  genes  and  entire  fungal  genomes, 

together with transcriptomics and proteomics data accumulating on model species, 

have  generated  numerous  of  hypotheses  about  the  biological  function  of  fungal 

genes. Many of these hypotheses exist as sequence annotations and are based on 
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indirect evidence such as sequence comparisons and data on the regulation of gene 

expression. Verifying the accuracy of this annotation often is the major limiting step in 

the analysis of fungal genomes. These hypotheses normally are tested by gene inac-

tivation, which can be achieved either by gene disruption via homologous recombina-

tion or by RNAi-mediated gene silencing. A crucial prerequisite for both methods is 

an efficient genetic transformation protocol. 

There are four techniques suitable for the genetic transformation of filamentous fungi

• treatment of protoplasts with polyethylene glycol,

• electroporation,

• biolistic methods

• Agrobacterium tumefaciens.

Before de Groot et al.'s introduction of A. tumefaciens into fungal transformation4, the 

most common method for the genetic transformation of filamentous fungi was treat-

ment of a mixture of fungal protoplasts or spheroplasts and DNA with calcium salt 

and polyethylene glycol.  The difficulty of  protoplast  preparation and regeneration, 

high batch-to-batch variation in the quality of enzyme cocktails used to digest fungal 

cell  wall,  and the low yields of transformants for some species were all  important 

drawbacks. Electroporation and biolistic techniques were used rarely with relatively 

low yields5 and unstable transformants6 being common complaints. 

Since 1998,  A. tumefaciens-mediated transformation of fungi has become a viable 

substitute for protoplast/polyethylene glycol method7.  A. tumefaciens is a soil-borne 

plant pathogenic bacterium that genetically manipulates its hosts by transferring a 

fragment of DNA (T-DNA) from its plasmid (Ti plasmid) into the plant genome8. T-DNA 

contains genes encoding enzymes of biosynthetic pathways for phytohormones and 

opines. Expression of these genes leads to the formation of tumors which serve the 

pathogen as an ecological niche and supplies it with nutrients. By replacing these 

genes with a cassette containing a gene to be transferred into the plant genome and 

a selectable marker, the  A. tumefaciens-mediated transformation process can, and 

has been,  used extensively  for  the  past  20  years  to  genetically  engineer  plants. 

Protocols  for  A.  tumefaciens-mediated  transformation  of  dicotyledons  such  as 

Arabidopsis thaliana9 and soybean10 and monocotyledons such as maize11 and rice12 
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are well established. Since the discovery by de Groot et al.4 that chemical treatment 

of  A. tumefaciens also  enables  this  bacterium  to  genetically  transform  fungal 

mycelium,  this  technique  has  become  available  for  the  manipulation  of  fungal 

genomes.  Similarly  to  the  plant  transformation  process,  a  binary  vector  system 

consisting of a small plasmid with T-DNA and a second, large plasmid carrying the 

genes necessary for the process (vir genes) usually is used. The technique is suit-

able for both large-scale random insertional mutagenesis and targeted gene replace-

ment. Although the majority of fungal species transformed using  A. tumefaciens so 

far were Ascomycetes (58 species), the method has also been successfully applied 

to Basidiomycetes (15 species), Zygomycetes (4 species) and even fungus-like prot-

ists Oomycetes (3 species). A direct comparison of the protoplast method with  A. 

tumefaciens-mediated  transformation  is  not  possible  because  the  efficiencies  are 

calculated in different ways: the number of transformants per µg DNA is used in the 

former and the number of transformants per plate or experiment in the latter method. 

In our hands, establishing A. tumefaciens-mediated transformation for a new species 

is faster and easier as compared to the protoplast method. 

Fungal transformation mediated by A. tumefaciens consists of three steps: Induction 

of a bacterial culture harboring appropriate plasmids, co-incubation of the culture with 

fresh fungal spores on a solid support, and selection of transformants on a medium 

with a selection agents (figure 1). We optimized the method extensively and have 

used it routinely for the transformation of five species during the last six years.
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Figure 1. Flow chart of Agrobacterium tumefaciens-mediated transformation of 
Gliocladium roseum.

Materials

A. tumefaciens

Agrobacterium tumefaciens strain AGL1 was provided by Dr. Susanne Frick, Leibniz 

Institute of Plant Biochemistry (Halle/Saale, Germany) and used as the T-DNA donor. 

The strain was stored in a 90:10 water:glycerol suspension at -70°C.

Recipient fungal strains
Gliocladium roseum DSM62726

Fusarium verticillioides DSM 62264 (deposited as Fusarium moniliforme)

Leptosphaeria  maculans T12aD34  (provided  by  A.  von  Tiedemann,  Goettingen 

University, Goettingen, Germany)
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Verticillium longisporum VL 4313

Trichoderma harzianum T5.8 (provided by A. von Tiedemann, Goettingen University, 

Goettingen, Germany)

Reagents
LB broth, low salts (Duchefa, Prod. No. L1703.0500; see reagent setup)

Potato extract glucose broth (Roth, Prod. No. CP74.1; see reagent setup)

Czapek Dox broth (Duchefa, Prod. No. C1714.0500; see reagent setup)

3',5'-Dimethoxy-4'-hydroxyacetophenone (Acetosyringone, Aldrich, Prod. No. 

D134406). 

Hygromycin B (Duchefa, Prod. No. H0192.0005) 

CAUTION: Very toxic by inhalation and in contact with skin. Use personal protective 

equipment.

Kanamycin sulfate monohydrate (Duchefa, Prod. No. K0126.0025)

Carbenicillin disodium salt (Sigma-Aldrich, Prod. No. C1389)

Rifampicin (Duchefa, Prod. No. R0146.0025)

Cefotaxime (Duchefa, Prod. No. C0111.0025)

Potassium dihydrogen phosphate (KH2PO4, Merck, Prod. No. 4873)

Di-Potassium hydrogen phosphate (K2HPO4, Merck, Prod. No. 1.05101.5000)

Magnesium sulphate 7 hydrate (MgSO4 · 7H2O, Roth, Prod. No. P02711)

Sodium chloride (NaCl, Roth, Prod. No. 3957.2)

Calcium chloride 2 hydrate (CaCl2 · 2H2O, Merck, Prod. No. 2382)

Iron(II) sulfate heptahydrate (FeSO4 · 7H2O, Fluka, Prod. No. 44980)

Zinc sulfate heptahydrate (ZnSO4 · 7H2O, Fluka, Prod. No. 96501)

Copper(II) sulfate pentahydrate (CuSO4 · 5H2O, Fluka, Prod. No. 61245)

Boric acid (H3BO3, Fluka, Prod. No. 15660)

Manganese(II) sulfate hydrate (MnSO4·· H2O, Aldrich, Prod. No. 229784)

Sodium molybdate dihydrate (Na2MoO4 · 2H2O, Fluka, Prod. No. 71756)

Ammonium nitrate (NH4NO3, Roth, Prod. No. K299.1)

Glycerol (Roth, Prod. No. 7530.1)

2-(N-Morpholino)-ethane sulphonic acid (MES, Roth, Prod. No. 4256.3)

Glucose monohydrate (Roth, Prod. No. 6780.1)
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L-asparagine (Sigma-Aldrich, Prod. No. A0884)

Iron(III) chloride hexahydrate (FeCl3 · 6H2O, Fluka, Prod. No. 44944)

Agar-Agar (Roth, Prod. No. 5210.2)

Equipment
Electroporator Gene Pulser II (Bio Rad, Prod. No. 165-2112)

Electroporation cuvettes, 0.1 cm gap (Bio Rad, Prod. No. 165-2083)

Petri dishes: 92 x 16 mm (Sarstedt, Prod. No. 82.147)

Incubator programmable to different temperatures (23°C- 28°C)

Horizontal orbital shaker (New Brunswick Scientific, Prod. No. M1282-0050)

Cellophane sheets (Max Bringmann GmbH, Wendelstein, Prod. No. 303)

CRITICAL: See reagent setup and figure 2. 
Sterile 15 ml plastic tubes with screw cap ("Falcon" tubes, Sarstedt, Prod. No. 

62.554.502)

0.2 µm sterile filter (Sartorius, Prod. No. 11106-30)

Drigalski spatula (Roth, Prod. No. T724.1)

Thoma hemacytometer (Roth, Prod. No. T732.1)

Reagent setup
200 mM acetosyringone: Dissolve  390 mg acetosyringone in  10 ml  of  dimethyl 

sulfoxide. Filter-sterilize (0.2 µm) and store at -20 °C.

200 mM cefotaxime: Dissolve 96 mg cefotaxime in 10 ml of distilled water. Filter-

sterilize (0.2 µm)  and store at -20 °C.

50 mg ml-1 kanamycin: Dissolve 2 g kanamycin monosulfate in 30 ml of distilled 

water, bring to a final volume of 40 ml. Filter-sterilize (0.2 µm) and store at -20 °C.

100 mg ml-1 hygromycin B: Add 9 ml of distilled water to 1 ml hygromycin B (1 g 

ml-1). Filter-sterilize (0.2 µm) and store at -20 °C.

1.25 M potassium phosphate buffer: Dissolve 17 g KH2PO4 in 90 ml of distilled 

water and make up the volume to 100 ml. Dissolve 22 g K2HPO4 in 90 ml of distilled 

water and make up the volume to 100 ml. Add K2HPO4 solution dropwise to KH2PO4 

solution until pH reaches the value of 4.8. Sterilize by autoclaving.

MN buffer: Dissolve 30 g MgSO4 · 7 H2O and 15 g NaCl in 900 ml of distilled water 
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and make up the  volume to  1000 ml.  Filter-sterilize  (0.2  µm) and store at  room 

temperature. 

IM-salts: Dissolve 100 mg of each H3BO3, ZnSO4 · 7H2O, CuSO4 · 5H2O, MnSO4  · 

H2O, and Na2MoO4 · 2H2O in 900 ml of distilled water and make up the volume to 

1000 ml. Filter-sterilize (0.2 µm) and store at room temperature. 

10 mg ml-1 CaCl2 · 2H2O: Dissolve 1 g of CaCl2 · 2H2O in 90 ml of distilled water and 

make up to 100 ml. Store at -20°C. 

250 mg ml-1 CaCl2 · 2H2O: Dissolve 5 g of CaCl2 · 2H2O in 15 ml of distilled water 

and make up to 20 ml. Store at -20°C.

1 mg ml-1 FeSO4 · 7H2O: Dissolve 100 mg FeSO4 · 7H2O in 90 ml distilled water and 

make up to 100 ml. Store at -20°C.

100 mg ml-1 FeCl3 · 6H2O: Dissolve 1 g of FeCl3 · 6H2O in 10 ml of distilled water. 

Store at -20°C. 

10 mg ml-1 thiamine: Dissolve 100 mg of thiamine in 10 ml of distilled water, sterilize 

by filtration and store at -20°C. 

200 mg ml-1 NH4NO3: Dissolve 20 g NH4NO3 in 70 ml of distilled water and make up 

to 100 ml. Filter-sterilize (0.2 µm) and store at room temperature.

50% glycerol: Add 50 ml glycerol to 50 ml of distilled water. Store at 4°C.

1 M MES: Dissolve 20 g MES in 90 ml of distilled water and stirr at 50°C until MES is 

completely dissolved. Adjust pH to 5.5 with 5 M NaOH and make up the volume to 

100 ml. Store at 4°C.

200 mg ml-1 glucose: Dissolve 20 g glucose monohydrate in 90 ml of distilled water 

and  stir at 50°C until glucose is completely dissolved. Make up to 100 ml and use 

immediately or store at -20°C. 

LB medium: Dissolve 20 g "LB broth" powder in 900 ml of distilled water and adjust 

pH to 7.2 with 1 M NaOH. Make up to 1000 ml, autoclave at 121°C for 15 min. Cool 

to room temperature and add antibiotics (table 1). 

For agar plates, add 15 g agar-agar before autoclaving, cool to 55°C, add antibiotics, 

mix well and dispense 20 ml per Petri dish. 

Induction medium4 (IM): Mix 800 µl of 1.25 M potassium phosphate buffer, 20 ml 

MN buffer, 1 ml of 10 mg ml-1  CaCl2, 1 ml of 1 mg ml-1 FeSO4, 5 ml IM-salts, 2 ml of 
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200 mg ml-1  NH4NO3,  10 ml of 50% glycerol,  40 ml of 1 M MES and 1 ml (liquid 

medium) or 5 ml (solid medium) of 200 mg ml-1  glucose and make up the volume to 

1000 ml. For solid medium (co-cultivation) add 15 g agar-agar. Autoclave at 121°C 

for 15 min. Cool to 55°C, add 1 ml of 200 mM acetosyringone. Mix vigorously. Solid 

medium: dispense 20 ml per Petri dish. Store the agar plates and liquid medium at 

room temperature. 

? Troubleshooting.

GM7 medium14 for the selection of transformants: Dissolve 3 g L-asparagine, 1 g 

KH2PO4, 0.5 g MgSO4 · 7H2O, and 20 g glucose in 900 ml of distilled water. Add 200 

µl  of  250 mg ml-1 CaCl2,  100 µl  of  100 mg ml-1 FeCl3 and 100 µl  of  10 mg ml-1 

thiamine. Adjust the pH to 5.6 with 1 M NaOH and make up the volume to 1000 ml. 

Add 15 g agar-agar and autoclave at 121 °C for 15 min. Cool to 55°C, add hygro-

mycin B from a stock solution of 100 mg ml-1  to reach the required concentration 

(table 1) and cefotaxime to 200 µM. Mix vigorously.  Pour the medium into sterile 

plastic Petri plates in a sterile hood. 

Czapek Dox medium for the selection of transformants: Dissolve 33.4 g Czapek 

Dox powder in 900 ml of distilled water and bring the volume to 1000 ml. Add 15 g 

agar-agar and autoclave at 121°C for 15 min. Cool the medium to 55°C, add hygro-

mycin B from a stock solution of 100 mg ml-1  to reach the required concentration 

(table 1) and cefotaxime to 200 µM. Mix vigorously.  Pour the medium into sterile 

plastic Petri plates in a sterile hood.

Potato extract glucose medium for the selection of transformants: Dissolve 26.5 

g potato extract glucose broth in 900 ml of distilled water and bring the volume to 

1000 ml. Add 15 g agar-agar and  autoclave at 121°C for 15 min. Cool the medium to 

55°C and add hygromycin B to the required concentration and cefotaxime to 200 µM. 

Mix vigorously. Pour the medium into sterile plastic Petri plates in a sterile hood.
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BOX1: Preparation of A. tumefaciens for electroporation
=> Timing 3 days
6. Add a single colony of  A. tumefaciens AGL1 to 20 ml LB medium in a 100 ml 

Erlenmeyer flask, grow overnight on a rotary shaker at 28°C and 150 rpm.

CRITICAL: A. tumefaciens cultures should always be grown from a single colony 

picked from a freshly streaked plate. 

7. Inoculate 1 liter  LB medium in a 3 l  Erlenmeyer flask with 5 -  10 ml of  fresh 

overnight culture. Shake well at 28ºC in a rotary shaker at 200 rpm. Monitor the 

growth of the strain until OD600 reaches a value 0.5 to 0.9. Chill the flask on ice for 

15 min.

CRITICAL: If cells grow over OD600 of 0.9, dilute with fresh LB broth to an optical 

density of approx. 0.2 and regrow to desired optical density.

8. Pellet the cells in a sterile centrifuge tube at 4000 x g for 10 min at 4°C. 

CRITICAL: Do not centrifuge at a higher g-value than needed to pellet the cells. 

More centrifugal force applied for a longer time reduces the survival rate after electro-

poration.

9. Wash pellet twice in 100 ml of cold distilled water and centrifuge at 4000 x g for 

10 min at 4°C; remove and discard supernatant.

10.Resuspend cell pellet in 20 ml of cold 10% glycerol. Centrifuge at 4000 x g for 10 

min at 4°C; remove and discard supernatant.

11. Resuspend the cells in a final volume of 2 - 3 ml of cold 10% glycerol.  

12.To freeze competent cells, aliquot into 1.5 ml microcentrifuge tubes (45 µl tube-1) 

and place tubes in liquid nitrogen until frozen. Store at -70°C for up to 2 years. 

BOX2: Transformation of Agrobacterium tumefaciens by electoporation

=>Timing 4 hours
1. Place LB medium in a 28°C water bath. Place selective plates at 28°C for 1 hour.

2. Place electroporation cuvettes and microcentrifuge tubes on ice. 

3. Thaw electrocompetent cells of  A. tumefaciens on ice (about 10 min) and mix 

cells by flicking the tube gently. Transfer 40 μl of the cell suspension to a cooled 

microcentrifuge tube. Add 1 μl of plasmid solution in water containing 10 - 100 pg 

plasmid DNA and mix gently. 
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4. Carefully transfer the cell/DNA mixture into a chilled cuvette without introducing 

bubbles. Make sure that the suspension deposits along the bottom of the cuvette. 

Electroporate by using the following conditions: Voltage 1.8 kV, shunt resistor 200 

Ω, and capacitor 25 μF. The typical time constant resulting from this setting is 4 

milliseconds.

5. Immediately after delivering the pulse, add 800 µl of LB medium pre-heated to 

28°C to  the  cuvette,  mix by inverting the cuvette  twice and then transfer  the 

contents to a 1.5 ml microcentrifuge tube. 

6. Incubate without shaking at 28°C for 3 hours.

7. Spread 100 μl of cell suspension onto LB agar medium containing the appropriate 

antibiotics.

8. Incubate at 28°C for approximately 48 h until colonies appear. 

BOX 3: Preparation of membranes for co-cultivation 

Cellophane membranes can be purchased pre-cut into cicrles fitting Petri dishes or 

cut from household cellophane foil for preserves (see equipment) into circles 9.5 cm 

diameter.  A stack  of  cellophane  membranes  interlaced  with  filter  paper  strips  is 

placed into a glass Petri dish of 11 cm diameter filled with distilled water and auto-

claved for 15 min at 121°C (figure 2). Cellophane membranes work as well as do the 

nylon  membranes,  Hybond  N and Hybond  N+,  used  by others  (Michielse  et  al., 

2005).
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Figure 2. Autoclaved cellophane sheets.

BOX 4: Determination of fungal spore density

The spore density is calculated by counting spores in a Thoma hemacytometer with a 

depth of 0.1 mm. A single large square subdivided into 16 smaller squares, which are 

divided into 16 mini squares each (0.0025mm2).

1. Moisten the external supports with distilled water and push the cover glass gently 

onto the  counting  chamber  from the  front.  The formation of  interference lines 

(Newton rings) between the external support and the cover glass shows that the 

cover glass is correctly positioned. 

CRITICAL: The cover glass is fragile and is special for this chamber.

2. Place a drop of a diluted spore suspension into the counting chamber covered by 

cover glass. The gap between the cover glass and the chamber base fills up due 

to capillary action. 
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3. Place  the  counting  chamber  under  a  light  microscope,  select  an  appropriate 

magnification and count spores in 4 small squares (figure 3). Spores crossing the 

border of a square are counted on two sides only for each square. 

4. The spore concentration is calculated as:

Spores ml-1 = total spore count in 4 small squares x 2500 x dilution factor. 

Figure 3. Thoma hemacytometer with spores of Gliocladium roseum. A small 
square  (red)  is  divided into  16  mini  squares 0.0025 mm2 each (green).  For 
details see BOX 3.

BOX 5:Determination of the concentration of selection agent 

Fungal spores are plated on an appropriate agar medium (106 spores per 9 cm plate) 

containing a dilution series of hygromycin from 50 to 300 µg/ml. The lowest concen-

tration at which no growth occur is selected for transformation. The most widely used 

antibiotic for the selection of fungal transformants is hygromycin B (table 1). 
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Table 1. Fungal species successfully transformed with  A. tumefaciens  AGL1 
(pTiBo542ΔT) using the protocol described in this work.

Binary 
vector

Resistance 
cassette

Recipient 
species 

Selection 
medium

Reference

pZG05 gpdA-hph-
trpC

Gliocladium 
roseum15 

GM7 medium 
containing 
hygromycin 
(250 µg ml-1)

15

pPK2 gpdA-hph-
trpC

Leptosphaeria 
maculans*

Czapek Dox 
medium 50 µg 
ml-1

JU, B Koopmann, PK. 
Mitt. Biol. Bundes-
anst. Land- Forst-wirt-
schaft 396, 576-577 
(2004)

pZG07-
GFP oliC-hph-tubA Gliocladium 

roseum14
GM7 medium
250µg ml-1 16

pPK2 gpdA-hph-
trpC

Verticillium 
longisporum4

Czapek Dox 
medium
50 µg ml-1

17

pPK2 gpdA-hph-
trpC

Fusarium verti-
cillioides 
(this work)

PDA medium
200 µg ml-1 this work

pZG06 gpdA-hph-
trpC

Trichoderma 
harzianum
(this work)

PDA medium
200 µg ml-1 this work

Procedure 

Preparation of fungal recipient
=> Timing 20 days 
Preparation of fresh fungal spores is described for  Gliocladium roseum (Clonosta-

chys rosea) as an example. The optimal medium, incubation temperature and time 

varies with species. For most fungi investigated in the laboratory, culture conditions 

inducing sporulation are known. Factors enhancing spore production in most species 

are irradiation with near-UV light, incubation on media with a low nutrient content, 

e.g. straw extract, and the use of vigorously agitated liquid cultures instead of solid 

cultures.
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1. Inoculate G. roseum onto PDA agar and incubate for 20 days at 24°C. 

2. Wash spores from one Petri dish with 3 ml of sterile tap water. Use a Drigalski 

spatula to release the spores gently from mycelium.

3. Collect  spore  suspension  and  determine  spore  concentration  as  described  in 

BOX3.

4. Adjust spore density to 107 spores ml-1 with sterile tap water.

CRITICAL: Store spore suspensions for transformation experiments at 4°C for no 

more than 50 hours. 

Preparation A. tumefacies AGL1 as a donor
=> Timing 48 hours
5. Inoculate 10 ml of LB medium in a 100 ml Erlenmeyer flask containing  appro-

priate antibiotics with a single colony of  A. tumefacies carrying a transformation 

vector (table 1). Grow the strain at 28°C on a rotary shaker at 200 rpm until the 

OD600   reaches 0.5 to 0.9.  For selection of  A. tumefaciens carrying Ti-plasmid 

pTiBo542ΔT and any binary vector from the list shown in Table 1, supplement the 

growth medium with kanamycin, rifampicin, and carbenicillin at 50, 50, and 25 µg 

ml-1, respectively.

CRITICAL: A. tumefaciens cultures for transformation experiments should always be 

grown  from a  single  colony picked  from a  freshly  streaked  selective  plate.  Sub-

culturing directly from glycerol stocks, agar stabs or old liquid cultures may lead to 

unsatisfactory results.

Pre-induction of T-DNA mobilization in Agrobacterium tumefaciens

=> Timing 12 hours
6. Centrifuge 5 ml of the culture in a sterile 15 ml centrifuge tube at 4000 x g for 5 

min at room temperature. 

7. Decant the supernatant as soon as the rotor stops. Add 1 ml IM to the cell pellet; 

pipet up and down or vortex gently until cells are uniformly resuspended.

8. Transfer the mixture to a 2 ml microcentrifuge tube and centrifuge at 4000 x g for 

5 min at room temperature. Wash the cells a second time by resuspending in 

500 µl IM using the same technique. Centrifuge the cell suspension at 4000 x g 
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for 5 min at room temperature. 

9. Resuspend the bacterial pellet in 150 µl of IM.

10.Dilute bacterial cells to OD600 = 0.15 with IM supplemented with 200 μM acetosyr-

ingone. Grow cells for 8-12 hours with vigorous aeration in a 100 ml Erlenmeyer 

flask at 28°C until the cells reach OD600 = 0.3.

Critical step: Do not grow cells at temperatures > 28°C. If the culture develops visible 

clumps, do not use it. 

Co-cultivation of Agrobacterium tumefaciens and fungal recipient 
=> Timing 60 hours
11. Prepare 200 μl of a 1:1 mixture of the fungal spore suspension (107 ml-1) and the 

induced  A. tumefaciens culture from step 10 and spread onto the surface of a 

cellophane sheet placed on an IM agar plate supplemented with 200 μM acet-

osyringone. 

CRITICAL: For uniform distribution use a sterile Drigalski spatula or a glass "hockey" 

stick. 

12. Incubate the plates for 60 hours at 23°C. (Optimal time and temperature may 

differ by species.) Transformation of all species listed in table 1 was successful 

under these conditions.

CRITICAL: A dense layer of mycelium must be formed at the end of the co-cultiva-

tion period (figure 4).

? Troubleshooting 
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Figure 4. Co-cultivation of A. tumefaciens with fungal spores. 
A) A. tumefaciens with Gliocladium roseum with on a cellophane membrane after 60 

hours of co-cultivation. 

B) Leptosphaeria maculans spore (LM) with A. tumefaciens cells attached after 12 h 

of co-cultivation, surrounded by detached flagellae. Samples were stained with 2% 

uranyl acetate (w/v) and visualized by transmission electron microscopy. Scale bar: 

2.5 μm. 

Selection of transformants
=> Timing: up to 7 days
13.After  co-cultivation,  use  sterile  forceps  to  transfer  the  cellophane membranes 

onto selection plates containing 200 μM cefotaxime and hygromycin B (or other 

antibiotic depending on the selection marker used).

14.After 7-10 days (may differ depending on the species), colonies of transformants 

should be readily visible on the background of  decaying mycelium (figure 5). 

Transfer the colonies onto fresh selection plates containing the same antibiotics. 

? Troubleshooting

For troubleshooting guidance, see Table 2.
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Figure 5. Selection of transformats. 
(A)  Gliocladium roseum after 10 days of incubation on a cellophane membrane on 

GM7 medium containing 250 µg ml-1 hygromycin B and 200 µM cefotaxime. 

(B) Leptosphaeria maculans after 7 days of incubation on a cellophane membrane on 

Czapek-Dox medium supplemented with 50 µg ml-1 hygromycin B and 200 µM cefo-

taxime. 

Anticipated results 

The procedure routinely generates 8 - 15 hygomycin resistant colonies per 106 fungal 

spores per plate for both G. roseum  and  L. maculans. It can be used to generate 

hundreds of independent transformation events in one experiment and is suitable for 

saturation mutagenesis. 

Adaptation of the protocol to different fungal species is easy. A crucial parameter to 

determine for  each fungal  isolate  separately is  the concentration of  the selection 

agents. No further optimization is needed when a limited number of transformants 

have to be generated (e.g., transformation of overexpression or silencing constructs). 

For genome-wide mutagenesis, the efficiency of the transformation should be maxim-

ized. The most important parameters to optimize are the ratio between  A. tumefa-

ciens cells and fungal spores and the duration of the co-cultivation. 
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Table 2. Troubleshooting table.

Step Problem Reason Solution
Induction 

medium

IM  medium  does 

not solidify 

pH is too low Check  pH  values  of  phosphate 

buffer and MES solution used to 

make IM. Increase agar concen-

tration to 20 g liter-1 if the problem 

persists. 
5 Agglutination of  A. 

tumefaciens cells 

in liquid culture

Unknown Start  a  new  culture.  If  the 

problem persists, inoculate a new 

plate of the glycerol stock.
12 No dense mycelial 

mat  on  IM  after 

co-cultivation

Impaired  fungal 

spore viability 

Prepare fresh spore suspension 
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Chapter 5: Biosensor for zearalenone

Biosensor for mycotoxin zearalenone based on mycotoxin-sensing 
mycoparasite Gliocladium roseum

*This manuscript will be submitted for publication in Nature Biotechnology

Jan Utermark and Petr Karlovsky

Mycotoxin zearalenone is  a  resorcylic  lactone derivative  produced by plant 
pathogenic  Fusarium species.  Specific  knowledge  of  concentrations  which 
actually occur in the infected tissue would facilitate the understanding of the 
phytotoxic effects caused by zearalenone. However, the currently used tech-
niques  for  mycotoxin  determination,  either  chromatography  or  ELISA,  are 
unsuitable  for  in  situ  real  time  monitoring  of  mycotoxin  biodistribution  on 
plant-based  tissues.  We  harness  the  zearalenone-sensing  ability  of  the 
mycoparasitic  fungus  Gliocladium  roseum to  develop  a  novel  kind  of 
biosensor for zearalenone. Genetically engineered fusions of the zearalenone-
sensing  promoter-element  and  reporter  genes  encoding  Green  Fluorescent 
Protein (GFP)  and  Gaussia princeps lucifease were constructed.  G. roseum 

strains harbouring the fusion constructs act as specific and highly sensible 
system in a bioassay which exhibit fluorescence (GFP) or emit light (luciferase) 
upon exposure to zearalenone. We used the strains for real-time macroscopic 
imaging  of  zearalenone  biodistribution  on  Fusarium infected  maize  tissue. 
Based on these imaging properties, the place of origin of native zearalenone 
synthesis in target tissue was discovered.

Mycotoxin  zearalenone  is  a  resorcylic  lactone  derivative  produced  by  plant 

pathogenic Fusarium species in maize and small-grain cereals. Because of strong
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estrogenic effects exerted by zearalenone on mammals, exposure to zearalenone via 

contaminated food and feed poses a health risk to humans and farm animals (Zine-

dine et al., 2007). The metabolite is therefore regarded as a mycotoxin. Contamina-

tion of feedstuff with zearalenone during the growing season causes heavy losses in 

animal production (Dacasto et al., 1995; Vanyi et al., 1994). Hence, regulatory limits 

for zearalenone in food and feed commodities have been established in most coun-

tries (FAO, 2004). The legal requirements and the growing awareness of the risk of 

mycotoxin contamination in grain-processing industry have increased the demand for 

fast, cost-effective methods for zearalenone detection and quantification suitable for 

a high number of samples. 

A standard instrumental method for zearalenone determination is high-performance 

liquid chromatography (HPLC) with spectrophotometric or mass spectrometric detec-

tion  after  cleanup  of  samples  by  solid-phase  extraction  or  on  an  immunoaffinity 

column. Alternatively,  enzyme-linked immunoassay is used when the demands on 

precision and reliability are relaxed. Neither method is suitable for in-situ detection of 

zearalenone. Furthermore, the costs of both techniques are prohibitive for large-scale 

analysis such as screening of microbial cultures for zearalenone degradation. In the 

last  decade,  bioassays  for  zearalenone  have  been  developed  with  the  goal  of 

providing a low cost, high throughput alternative to established methods. All bioas-

says available so far rely on the high affinity of mammalian estrogen receptors for 

zearalenone. Cloned human androgen receptors, alpha- and beta-estrogen receptors 

were used in yeast-based bioassays with green fluorescent protein and luciferase 

reporters (Beck et al., 2005; Bovee et al., 2006; Mitterbauer et al., 2003; Leskinen et 

al.,  2005).  Because mammalian estrogen receptors  primarily  respond to  steroidal 

estrogens, zearalenone bioassays based on these receptors cannot be used for the 

analysis  of  samples  containing  steroids,  for  example  to  check  beef  imports  for 

contamination with the zearalenone-derived growth promotant zearanol (trade name 

Ralgro©) which is banned in the European Union. Furthermore, mammalian estrogen 

receptors also respond to a number of phytoestrogens (e.g. coumestrol,  daidzein, 

formononetin, biochanin A and genistein; Beck et al., 2005) which limits the applica-

tion of estrogen receptor-based biosensors on samples of plant origin. Furthermore, 
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xenoestrogens  binding  to  estrogen  receptors  (e.g.  4-nonylphenol  and  dichloro-

diphenyldichloroethylene (DDE); Luo et al., 2005; Chedrese and Feyles, 2001) are 

widespread environmental pollutants.

Mycoparasite  Gliocladium  roseum produces  a  lactonase  which  hydrolyses  zear-

alenone (Sharkawy & Abu-Hajj, 1987) and protects the fungus from the fungitoxic 

effect of the mycotoxin (Utermark and Karlovsky, 2007). The gene  zes2 encoding 

zearalenone lactonase has been cloned (Crane et al., 2002, patent application 02/ 

076205; P. Karlovsky et al, U.S. patent application 20030073239; Takahashi-Ando et 

al., 2002; Kakeya et al., 2002) and expressed in different crops to reduce the level of 

zearalenone in infected grain (Igawa et al., 2007; Higa et al., 2003). The inducibility of 

zes2 in  G. roseum by zearalenone and the undetectably low basal activity of the 

enzyme in the absence of an inducer (Woerfel, G. & P.K. Hydrolyse von Zearalenon 

durch  Gliocladium  roseum,  p. 189-192.  In  J.  Wolff  and  T.  Betsche  (ed.),  20th 

Mycotoxin  Workshop.  Gesellschaft  für  Mykotoxinforschung,  Detmold,  Germany 

(1998)) inspired us to exploit the zearalenone-sensing ability of G. roseum as a basis 

for a novel kind of biosensors for mycotoxins. 
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Figure 1. Effect of zearalenone-sensing ability of G. roseum.
(A) Left:  Native locus of  zes2 in  G. roseum  wild type. The coding region of zes2 

(highlighted in red) is flanked by zes2-upstream region (highlighted in grey) and zes2 

downstream region (highlighted in brown). 

Right:  Pathway  of  the  detoxification  of  zearalenone.  Structures  of  the  cleavage 

product  (1-(3,5-dihydroxyphenyl)-10'-hydroxy-1'-undecen-6'-one  is  indicated.  A 

putative unstable intermediate is shown in square brackets.

(B) Left: Orientation of the GFP-zes2 fusion locus in G. roseum. The zes2-GFP locus 

consists of the GFP gene fused to the zes2 upstream region. The surroundings of the 

GFP start codon were modified by insertion of one nucleotide in order to create an 

NcoI site (highlighted in yellow) to place GFP coding region (highlighted in green) 

under the control of the zes2 upstream region (highlighted in grey) and followed by a 

termination region from trpC gene (TtrpC, highlighted in orange).

Right:  Epifluorescence  micrographs  (BL,  bright  field;  FL,  fluorescence)  of  zear-
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alenone induced GFP expression of  G. roseum. 106 spores of the zes2-GFP fusion 

strain grown in 15 ml GM7-medium containing 1 µg zearalenone/ml for 3 days at 

24°C.

(C) Left:Orientation of the hGLuc-zes2 fusion locus in G. roseum. The zes2 upstream 

region (highlighted in grey) was modified by the insertion of ten nucleotides (high-

lighted in yellow) in order to create an XhoI site connecting hGLuc coding region 

(highlighted in purple) and zes2 upstream region (highlighted in grey). Gene fusion 

was terminated by the 3' sequence of the A. nidulans trpC gene (TtrpC, highlighted in 

orange).

Right:  Bioluminescence  response  of  zearalenone-sensing  G.  roseum.  Different 

Fusarium species (supplementary Fig. 1) were cultivated on Hidy-Medium at 24° in 

order to produce zearalenone. After 28 days 106 spores of the  zes2-hGLuc fusion 

strain were added to each well. Imaging was done after 2 days incubation following 

treatment with 50 µl of 50 µM coelenterazine per well.

Translational fusion of  zes2 with green fluorescent protein (GFP) was used for the 

first biosensor. The gene replacement cassette consisted of 0.5 kb of the upstream 

area of zes2 fused to the coding sequence of GFP at the start codon, hygromycin B 

resistance gene and about  1 kb of  coding sequence and downstream regions of 

zes2. Kozak consensus sequence  for eukaryotes (Kozak, 1984) was  used to engi-

neer the surroundings of the start codon in order to improve the efficiency of transla-

tion.  Gene  replacement  was  conducted  by  Agrocacterium  tumefaciens-mediated 

genetic transformation of  G. roseum. Eleven hygromycin B-resistant colonies were 

selected and checked by PCR for the presence of the coding sequence for GFP. 

Southern blot analyses of  HindIII digested genomic DNA (data not shown) showed 

that all 11 transformants contained true gene replacements by a double recombina-

tion in the  zes2 locus. We hypothesized that inactivation of  zes2 by gene replace-

ment would generate a more sensitive bioassay strain as compared to an ectopic 

insertion. 

One strain with  zes2-GFP fusion (TF-20) was selected for further analysis. Fungal 

hyphae emitted green fluorescence in the presence of zearalenone while no fluores-
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cence was detectable in the absence of zearalenone (Fig. 1-B). The response of the 

strain to zearalenone was investigated by measuring the fluorescence of GFP after 

incubation of germinating spores of the strain with zearalenone at concentrations of 

0.05  µg/ml  to  2.0  µg/ml  (Fig.  2-A).  The fluorescence increased with  zearalenone 

concentration in a dose dependent manner, the minimal inducing concentration being 

100 pg/ml. The optimal incubation time for a high sensitivity detection were 42 h, but 

zearalenone at a concentration of 2 µg/ml induced strong fluorescence already after 

24 h (Fig2-B).

Figure 2. Sensitivity of G. roseum zes2-GFP fusion strains to zearalenone.
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106 spores of the GFP fusion strain were cultivated at 24°C in 100 µl GM7-medium 

and zearalenone was added to the culture after 3 days.

(A) Fluorescence response of the fusion strains was measured after 24 h (■) and 48 

h (▲) treatment with increasing zearalenone concentrations.

(B) Fluorescence emission of the fusion strain after exposure to zearalenone at 0.5 

µg/ml (○), 1 µg/ml (◊) and 2 µg/ml (■). The response was measured every 12 h up to 

172 h.

Results are presented as average values ± from five experiments.

The specificity of the response of strain TF-20 was assessed by incubation with zear-

alenone derivatives, a steroidal estrogen and selected  isoflaonoids (Fig. 3-A). The 

ranking of these substances by their zes2-GFP inducing activity was: α-zearalanol > 

zearalanone > zearalenone > α-zearalenol  > β-zearalanol.  No flurorescence after 

exposure to β-zearalenol was observed, confirming previously reported lack of indu-

cing activity of beta-zearalenone regarding zearalenone lactonase activity (Crane et 

al., 2002, patent application 02/ 076205; P. Karlovsky et al, U.S. patent application 

20030073239;  Woerfel,  G.  &  P.K.  Hydrolyse  von  Zearalenon  durch  Gliocladium 

roseum,  p.  189–192.  In  J.  Wolff  and T.  Betsche (ed.),  20th Mycotoxin  Workshop. 

Gesellschaft  für  Mykotoxinforschung,  Detmold,  Germany  (1998)).  As  both  zear-

alenone and α-zearalenone induce  zes2 but β-zearalenol does not,  the resorcylic 

lactone-sensing system of  G. roseum strictly distinguishes among configurations at 

carbon atom No. 6'. This is startling because C6' is part of a flexible macrocyclic ring. 

While α- and β-zearalenols, as well as other known naturally occurring derivatives of 

zearalenone,  can assume a large number of  conformations,  we speculate that  a 

putative receptor which triggers zes2 expression immobilizes resorcylic lactones in its 

surface before a zes2-controlling signal is generated. 

The discrimination against certain stereochemistry at carbon 6' by zes2 induction is 

puzzling.  Although  β-zearalenone is  less fungitoxic  than zearalenone and  α-zear-

alenol (Utermark and Karlovsky, 2007), it appears unlikely that the selection pressure 

caused by metabolic costs  of  zes2 expression can account  for  the discrimination 

against beta-zearalenone. The hypothesis appears even less plausible considering 

63



Chapter 5 Biosensor for zearalenone

that  β-zearalenone  occurs  in  nature  together  with  zearalenone,  from  which  it  is 

generated by reduction (Palyusik et al., 1980; Steele et al., 1976). The lack of under-

standing of  the mechanism and biological  meaning of  the stereospecificity of  the 

regulation of  zes2, however, does not hamper the exploitation of the system in a 

bioassay. 

The capability of  the GFP strains to recognize other chemicals was assessed by 

testing the effect of four fungal metabolites (radicicol, fumonisin BI, fusaric acid and 

gliotoxin) as well as two substances with estrogenic activity (genistein and β- estra-

diol) on induced reporter gene activation. Fig. 3-B shows that both compound classes 

do not interfere with the zes2 promoter.  All tested chemicals were unable to induce 

GFP response in the transgenic strain demonstrating the specificity of the bioassay 

and  the  successful  construction  of  a  transcriptional  fusion  of  the  zes2  promoter 

region to a reporter gene encoding GFP in G. roseum. 
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Figure 3. Specificity of the zes2 regulation in G. roseum.

106 spores of  G. roseum with GFP fusion at  zes2 locus were cultivated in 100 µl 

GM7-medium at 24°C. After 3 days, the analytes were added to the culture.

(A) Effects of 1 µg/ml zearalenone and its derivatives α and β zearalenol, α and β 

zearalanol and zearalanone on fluorescence response after 25 h and 60 h exposure. 

(B) Effect of increasing concentrations of the fungal metabolites radicicol, fumonisin 

BI, fusaric acid and gliotoxin and the estrogenic substances genistein and β- estradiol 

on fluorescence signals. The effects were recorded after 30 h incubation. 

Columns represent averages of 5 measurements with error bars of ± standard devi-

ation.

Bioluminescent imaging which is based on the endogenous production of light by the 

expression  of  the  enzyme  luciferase  (LUC)  was  used  to  design  a  second  zear-

alenone-sensing biosensor. The power of bioluminescent tagging of microorganisms 

was demonstrated by varrious nondestructive, in situ investigations (Chen and Grif-

fiths, 1996; Baker et al., 1992; Contag et al., 1997). In order to sense zearalenone in 

Fusarium infected  plant  tissue  the  start  codon  of  the  humanized  version  of  the 

Gaussia princeps  luciferase gene (hGLuc) was connected to the cloned upstream 

area of  zes2 (0.5 kb). Its surroundings were also engineered by menas of Kozak 

consensus sequence for eukaryotes (Kozak, 1984). The gene replacement cassette 

also contains the hygromycin B resistance gene and about 1 kb of coding sequence 

and downstream regions of  zes2.  Targeted gene replacement  in  G.  roseum was 

mediated  by  A.  tumefaciens transformation.  Five  hygromycin B-resistant  colonies 

were subcultured and screening for luciferase coding sequence by PCR amplification 

and Southern blot analyses of HindIII digested genomic DNA. All five transformants 

evidenced that the  zes2-hGLuc mutated allele was introduced into the  G. roseum 

chromosome by homologous recombination. One strain was selected and designated 

TF-2 for further investigations.

Hidy-medium, a synthetic semi solid support, artificially inoculated with Fusarium spp. 

was used to test the response of the strain TF-2 to zearalenone. The assay was 

simplified by scaling it down to a 12-well format and zearalenone producing and non-
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producing  Fusarium spp.  (supplementary  Fig.  1)  were  cultivated.  After  28  days, 

spores of the zearalenone-sensing strain TF-2 were plated into each well and biolu-

minescence response was measured after 3 days by applying a 50 µM coelentrazine 

substrate dose. Figure 1-C shows that only zearalenone producing Fusarium strains 

were able to induce LUC response in the transgenic strain. These results demon-

strated  the  feasibility  of  the  bioassay to  sense  zearalenone  under  environmental 

conditions without a loss of activity due to matrix effects. 

Since, the LUC biosensor grown on artificial media was easily able to identify zear-

alenone, we performed an experiment to determine distribution of  zearalenone in 

complex environments like plant tissues. The biodistribution of zearalenone in plant 

tissue  was  investigated  by  using  a  maize  cob  naturally  infected  with  Fusarium 

graminearum. The maize cob was cleaved lengthwise in two halves and sterilized in 

a  chloric  gas atmosphere for  24 h.  After  efficient  degassing,  spores of  the zear-

alenone-sensing transformant TF-2 were plated on the maize surface (Fig. 4). Three 

days after inoculation, G. roseum strain TF-2 expressing the hGLuc could be readily 

visualized macroscopically on maize cob surface tissue (Fig.  4).  Emitted photons 

were detected immediately after  addition of  50 µM coelenterazine over the entire 

inoculated tissue surface. After a 2 min integration of the signal, it became apparent 

that there were different signal intensities in different areas of the tissue surface. The 

differences  appeared  to  be  associated  with  different  zearalenone  concentrations, 

which suggested its differential distribution on the tissue surface.

To verify the results of the sensor, the maize ear was rasterised into cuboids and 

extracts of each cuboid were prepared and analysed for zearalenone by conventional 

reversed-phase HPLC-MS. The response  of strain TF-2 occurring on maize tissue 

cuboids was compared to the zearalenone concentrations obtained by HPLC-MS. 

The  results  showed  that  zearalenone  induced  a  bioluminescent  response  in  the 

transgenic  strain  of  a  minimal  concentration  of  50  mg/kg  maize  tissue.  Figure  4 

shows that the zearalenone content was concentrated in the rachis of the maize cob 

which  was  clearly  visualized  by  the  LUC response  in  the  transgenic  strain  and 

confirmed by HPLC-analysis.

To  conclude,  a  novel  fungal  biosensor  has  been  developed  which  signals  zear-
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alenone  colorimetrically.  Our  findings  demonstrate  that  real-time  macroscopic 

imaging of zearalenone biodistribution on plant tissue surfaces is possible when the 

specific  and highly  sensible  zearalenone-sensing  ability  of  G.  roseum is  used  to 

generate a translational fusion of  zes2 with hGLuc. Methodologically, some experi-

mental simplifications can be introduced for the practical use of this genetic system 

which  offers  innovative  opportunities.  The  isolation  of  the  zearalenone  receptor 

elements in G. roseum and its heterologous expression in planta would pioneer the 

development of a new, improved and highly specific biosensor for zearalenone.

Since mycotoxin research advanced in the last decade due to the progress in instru-

mental analytical chemistry and immunochemistry, a plethora of data on the content 

of numerous mycotoxins in plants have been provided. Homogenization of the plant 

tissue is the first step of each mycotoxin determination protocol. Due to the mixture of 

mycotoxin contaminated and uncontaminated tissue we know very little about their 

biodistribution in the infected tissue. The interpretation of phytotoxicity data obtained 

by the treatment of whole plants, plant organs and cell cultures with defined concen-

trations  of  mycotoxins,  however,  requires  the  knowledge of  concentrations  which 

actually occur in the infected tissue and which might be orders of magnitude higher 

than the average concentrations determined in plant homogenates and extracts. To 

close this gap, local concentration of mycotoxins in plant tissue need to be determ-

ined. The use of biosenors provides a promising strategy to monitor the process of 

zearalenone production and biodistribution in situ.
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Figure 4. In situ detection of zearalenone distribution in maize ear infected with 
Fusarium graminearum.

(A) A maize cob naturally infected with Fusarium graminearum was selected in a field 

in Einbeck (Germany) in 2007 and cut in halves longitudinally. 
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(B) 5 x 107 spores of  G. roseum with  zes2-hGLuc were plated on the maize tissue 

surface and incubated in a humid chamber for 3 days at 24°C. Bioluminescence was 

immediately monitored after spraying the sample with 50 µM coelenterazine using a 

CCD camera. 

(C)  The maize ear  was deep-frozen at  -70ºC,  cuboids of  15 x 15 x 3  mm were 

dissected with a scalpel and zearalenone concentration was determined by HPLC-

MS. Areas containing more than 50 mg zearalenone/kg are marked red.

Methods

Microbial strains and culture
G. roseum DSM 62726 was used as the genetically engineered mycotoxin sensor. 

Mycelium  from  the  fungus  was  cultured  on  GM7-medium  (Karlovsky,  1994). 

Conidiospores were prepared from Petri dish cultures upon fungal cultivation for 20 d 

at 24 °C (Utermark and Karlovsky, 2008). Fusarium spp. were in-house strains of the 

culture  collection  of  Mycotoxin  and  Molecular  Phytopathology  unit,  Goettingen 

University (listed in supplementary Fig. 1). For zearalenone production these strains 

were plated onto modified Hidy medium (Richardson et al., 1984) in a 12 well tissue 

culture plate at 24°C for 28 days.

Construction of in situ display vectors for zearalenone
The in situ display vectors were constructed on the backbone of pZG05 (Utermark 

and Karlovsky, 2007). For the construction of pZG07-sGFP, the 541 bp upstream-

regulatory sequence of zes2 (GenBank accession no. AB076037) were amplified with 

primers  OL505  (5'-AAGACAGAGCTCAACCAACCAGCCAGAAGTTAGA-3')  and 

OL513 (5'-TACATAACCATGGTTGGCGGTCTTTTCGTGGGAG-3'), containing recog-

nition sequences for  SacI  and  NcoI,  respectively.  Amplification was performed by 

PCR with 35 cycles of 96°C for 30 s, 61°C for 30 s, and 72°C for 50 s with a final 

extension at 72°C for 5 min. 

The fusion between zes2 upstream sequence and GFP was generated by cloning the 

zes2-upstream PCR fragment into the plasmid pBS::gpd::SGFP (Eynck et al., 2007) 

treated with SacI and NcoI to replace the gpdA-promoter. This plasmid contains the 
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derivative SGFP, which has a serine to threonine substitution at position 65 (S65T, 

Heim et al., 1995) in order to increase brightness.

The  hygromycin  B  resistance  cassette  containing  the hygromycin  phosphotrans-

ferase  gene from  Escherichia  coli (hph)  under  the  control  of  oliC promoter  from 

Aspergillus nidulans and tubA terminator from Botrytis cinerea was isolated as a 2.6 

kb  XbaI-HindIII  fragment  from  the  plasmid  pLOB1  (GenBank  accession  No. 

AJ439603) and cloned into the corresponding XbaI/HindIII sites of pUC57 (GenBank 

accession No. Y14837). The resulting vector was designated pUC57::hph.

The  zes2-upstream-GFP fusion construct was removed from pBS::zes2 upstream-

GFP with SacI and Eco32I as a 1.6 kb fragment and connected to the hygromycin B 

resistance  cassette  in  SacI  and  blunted  XbaI  digested  pUC57::hph  to  produce 

pUC57::zes2-upstream::GFP::hph. The 4.2 kb SacI/HindIII fragment of these plasmid 

was cloned between the corresponding  SacI and  Acc65I (blunt-ended)-sites of the 

binary vector pZG05 to yield pZG07-GFP.

The  strategy  to  generate  the  in  situ  zearalenone  monitoring  vector  pZG07-LUC 

based on the humanized version of luciferase (hGLuc, 185 aa, 19.9 kDa) from the 

marine copepod Gaussia princeps. 

The plasmid pK19  (Pridmore,  1987)  which  contains  the hygromycin  B resistance 

cassette consists of 3 modules (hygromycin phosphotransferase gene from E. coli, 

under the control of both the gpdA promoter and the trpC terminator from A. nidulans) 

was treated with  SacI and BamHI to replace the hygromycin B gene and the  gpdA 

promoter. A 540 bp fragment corresponding to  zes2-upstream region was amplified 

form genomic DNA of G. roseum (Acc. No. AB076037) by PCR with primers OL505 

(5'-AAGACAGAGCTCAACCAACCAGCCAGAAGTTAGA-3')  and  OL522  (5'-

TACATAACTCGAGGCGGTCTTTTCGTGGGA-3'),  that possessed a  SacI/XhoI  site, 

respectively. Simultaneously, the 560 bp coding sequence of the hGLuc gene was 

amplified from the plasmid pGLuc-Basic (Tannous et al., 2005) using primers OL520 

(5'-TACATACTCGAGACCATGGGAGTCAAAGTTCTGTTTGC-3')  and  OL521  (5'-

AAGAGAAGGATCCGTGTTAGTCACCACCGGCCCCCTTGAT-3')  containing  recog-

nition sequences for XhoI and BamHI, respectively. 

Gene hGLuc was joined in a tri-fragment ligation with the  SacI/XhoI-digested PCR 
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product of  the amplified  zes2-upstream sequence and  SacI/BamHI-digested back-

bone of pK19 including trpC terminator to create the hGLuc expression cassette. This 

cassette was removed from the plasmid pK19 by digesting with SacI and XbaI. The 

resulting  1.8  kb  fragment  was  inserted  into  the  corresponding  SacI/XbaI  sites  of 

pUC57::hph. 

The  hGLuc  expression  and  hygromycin  B  resistance  cassette  was  isolated  from 

pUC57 by digestion with SacI and HindIII. This 4.5 kb fragment was cloned into the 

remaining  backbone  binary  vector  pZG05  digested  with  SacI  and  Acc65I  (blunt-

ended) to generate the final construct pZG07-LUC.

Generation of a transgenic  G. roseum strain for real-time monitoring of  zes2 
gene expression
The  fusion  constructs  pZG07-sGFP  and  pZG07-LUC  were  introduced  into  the 

Agrobacterium  tumefaciens strain  AGL1  by  electroporation  (Mattanovich,  1989). 

Recipient strain  G. roseum was transformed by A. tumefaciens as described previ-

ously (Utermark and Karlovsky, 2008). The putative hygromycin-resistant transform-

ants were picked, subcultured onto GM7- medium containing 250 µg/ml hygromycin 

B and 200 µM cefotaxim to prevent the growth of A. tumefaciens. The colonies were 

subcultured on hygromycin B-containing medium at least eight times.

Analysis targeted replacement of zes2 in chromosomal DNA of G. roseum

PCR was used to amplify the particular reporter gene fragments GFP or hGLuc in the 

genomic  DNAs of  putatively transformed strains  to  prove the  integration  into  the 

fungal  genome.  Southern  hybridization  was  used  to  evaluate  zes2  locus  in  the 

genome of G. roseum as previously described (Utermark and Karlovsky, 2007). Total 

DNA was extracted from mycelium according to Brandfaß and Karlovsky (2006). The 

probe, a digoxigenin-labeled 820 bp  zes2-fragment was prepared by using dUTP 

conjugated with  digoxigenin (Roche Diagnostics GmbH, Penzberg, Germany)  and 

the primers OL500 (5'-TACATACATATGCGCATTCGCAGCACAA-3') and OL501 (5'-

AAGAGAAAGATCTTCAAAGATACTTCTGCGTA-3').  Nucleic acids were transferred 

to a Hybond N+ nylon membrane (Amersham Biosciences Europe GmbH, Freiburg, 

Germany) using a VacuGene XL (Pharmacia, Freiburg, Germany) blotting apparatus. 
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Hybridizations were carried out using the DIG Easy Hyb (Roche Diagnostics GmbH, 

Penzberg,  Germany)  hybridization  solution  at  50°C.  Standard  hybridization  and 

washing techniques recommended by the manufacturer were used. 

Fluorescence measurement of zearalenone lactonase synthesis
One hundred microliter aliquots of  G. roseum TF-20 conidiospores (1 × 107/ml) in 

GM7-medium were germinated in a 96 well PCR plate (Sarstedt GmbH, Nümbrecht, 

Germany). After 3 days of cultivation at 24°C, the GM7-medium was replaced by 

fresh GM7-medium amended with  zearalenone,  α-and β-zearalenol, α-and β-zear-

alanol, zearalanone, radicicol, fumonisin BI, fusaric acid, gliotoxin, genistein and  β-

estradiol by adding appropriate amounts of  stock solutions in  5% (v/v)  methanol. 

Exposure was performed for up to 172 hours in various concentrations. Fluorescence 

response was assayed directly in a real-time thermal cycler (Utermark and Karlovsky, 

2006).

In situ monitoring responses of zearalenone
A naturally infected maize cob was cleaved into halves longitudinally and sterilized in 

a chlorgas atmosphere for 24 h. After efficient degassing, the G. roseum transformant 

with  zes2-hGLuc fusion (TF-2)  was plated on the surface of the maize tissue in a 

concentration of 5 x 107 spores/ml suspended in 5 ml GM7-medium. After incubation 

for 4 days at 24°C, 50 µM coelenterazine (Sigma-Aldrich, Steinheim, Germany) in 3 

ml assay-buffer (Dyer et al., 2000) were sprayed on the surface of the maize tissue. 

Photon counts were acquired for 2 min using the CCD camera system (Hamamatsu 

Photonics,  Herrsching,  Germany).  Conventional  white-light  surface  images  were 

obtained immediately before each photon counting session to provide a true-to-life 

outline of the cob. Following data acquisition, postprocessing and visualization were 

performed  using  WASABI  software  (Hamamatsu).  Images  were  displayed  as  a 

pseudo-colour photon count image, superimposed on a gray-scale, white-light image, 

allowing  assessment  of  both  bioluminescence  areas  and  its  biological  source. 

Regions of interest were defined using an automatic intensity contour procedure to 

identify bioluminescent signals with intensities significantly greater than background.
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Extraction of zearalenone and mass spectrometry
Maize tissue was frozen at -70ºC. After 5 h, near-surface tissue was dissected into 

cuboids of 15 x 15 x 3 mm with a scalpel. Each cuboid-tissue was milled, homogen-

ized,  extracted  in  2  ml  of  acetonitrile:water  (84:16  (v/v))  and  shaken  vigorously 

overnight in a wrist-action shaker. The supernatant was evaporated to dryness in a 

speed vacuum chamber. Samples were dissolved in a mixture of 55% methanol–45% 

water–5% acetonitrile and defatted with 500 µl of hexane. After phase separation, the 

lower phase was sterile filtered into HPLC vials.  Reverse-phase high-performance 

liquid  chromatography  (HPLC)  with  mass  spectrometric  detectors  was  used  to 

identify zearalenone as described previously (Utermark and Karlovsky, 2007).

Supplementary information

Supplementary  figure  1:  Fusarium spp.  were  cultivated  on  Hidy-Medium  in 
order to produce zearalenone (Fig. 1).  Each colour-coded well  presents one 
house-hold isolate of the indicated species.
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                       Chapter 6: Quantification of GFP

Quantification of green fluorescent protein fluorescence using real-time PCR thermal cycler

79



Chapter 6 Quantification of GFP

80



Chapter 6 Quantification of GFP

81



General discussion

Chapter 7: General discussion

Mycotoxins are secondary metabolites produced by filamentous fungi that cause a 

toxic  response  (mycotoxicosis)  when  ingested  by mammals  and  humans.  Asper-

gillus, Fusarium, and  Penicillium are the primary fungal genera that produce these 

toxins in the human and animal food chain (Christensen et al., 1974; 1982).

Mycotoxins can accumulate in human foods and animal feeds through fungal growth 

prior to and during harvest, or from incorrect storage following harvest. For example, 

crop  losses  due  to  diseases  caused  by  mycotoxin  producing  fungi  have  put  a 

tremendous economic burden on U.S. Agriculture (U.S. Food and Drug Administra-

tion [http://www.fda.gov]). 

Biological function of mycotoxins

Despite of their economic importance and the impact on the health of humans and 

farm animals, the biological function of most mycotoxins remains elusive. Likewise, 

the biological function of mycotoxin detoxification activity in nature is a subject of 

speculations.

Størmer  and  Høiby  (1996)  reported  that  the  mycotoxins  ochratoxin  A (producing 

organisms:  Aspergillus and  Penicillium spp.)  and  citrinin  (producing  organisms: 

Aspergillus, Penicillum, and Monascus spp.) inhibit the growth of the bacterium Neis-

seria meningitidis. 

Other mycotoxins seem to play a role in the phytopathogenicity. For example, the 

Fusarium mycotoxins trichothecenes may act as virulence factors to enhance the 

spread of  F. graminearum in maize (Harris et al., 1999). The role of the  Fusarium 

trichothecene deoxynivalenol (DON) in plant disease is still  a matter of discussion 

(McCormick, 2003), but most of the evidence supports the hypothesis that its function 

as a virulence factor. Fusarium mutants with a disrupted trichodiene synthase (Tri5) 

gene, involved in trichothecene biosynthesis, are still pathogenic but

they exhibit reduced virulence on wheat (Desjardins et al., 1996); they are unable to 

spread from the infection site (Bai et al., 2002). Deoxynivalenol is diffusible in plants, 

suggesting a role in conditioning host tissue for colonization (Kang and 
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Buchenauer, 1999). Results of several studies indicate that the in vitro resistance of 

wheat cultivars towards deoxynivalenol correlates with  Fusarium resistance in the 

field (Mesterhazy, 2003).

Recently, Williams et al. (2007) have shown that fumonisins produced by Fusarium 

verticillioides are inhibitors  of  ceramide  synthase and play a major  role  in  fungal 

pathogenicity. They demonstrated that fumonisin production is required for the induc-

tion of leaf lesions indicative of F. verticillioides maize seedling disease and that it is 

an important contributor to the degree of disease expression.

Inspired by the idea that the sexual reproduction of fungi is controlled by hormones 

(Machlis, 1966) and by the estrogenic properties of zearalenone, Nelson (1971) and 

Wolf and Mirocha (1973) postulated that zearalenone might play a role as a sexual 

pheromone  in  F. graminearum. However,  this  assumption  has  not  been  proven. 

Furthermore, the fact that F. culmorum produces large amounts of zearalenone while 

not having any sexual stage poses a serious challenge to the sexual pheromone 

hypothesis.

G. roseum produces an esterase which hydrolyzes zearalenone. The high substrate 

specificity of this enzyme indicates that its interaction with Fusarium spp. producing 

zearalenone is frequent enough to maintain the selection pressure for the detoxifica-

tion of zearalenone. This reasoning is in line with the findings that Gliocladium spp. 

have most frequently been found among fungal antagonists of F. culmorum in wheat 

and that it has outperformed other species in biocontrol activity against F. culmorum 

in both greenhouse tests and field experiments (Teperi et al., 1998).

We demonstrated that  zearalenone acts  as an  agent  of  interference competition, 

suppressing the growth of fungi competing with or antagonizing Fusarium spp.. The 

finding  that  the  growth  of  many  filamentous  fungi  was  inhibited  by  zearalenone 

provides a strong support for this hypothesis. Furthermore, we demonstrated that the 

inactivation of the zearalenone detoxifying esterase in the mycoparasite  G. roseum 

reduces the resistance of the fungus to zearalenone. The increased susceptibility of 

the zearalenone lactonase disruption mutant of  G. roseum to zearalenone  further 

corroborates the ecological role of the mycofungicide zearalenone (chapter 2).  The 

zearalenone detoxification gene zes2 provides a promising genetic resource in order 
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to investigate the biological function of zearalenone lactonase in G. roseum and the 

mycotoxin zearalenone itself in situ.

Reduction  of  zearalenone contamination  in  agricultural  commod-
ities by enzymatic detoxification

Efficient  prevention of  mycotoxin  contamination in  the food chain of  humans and 

productive livestock is not always feasible or practical. Therefore, there is a need for 

novel methods for the elimination of zearalenone from contaminated grain. 

Significant proceedings have been made in establishing various control strategies, 

such as prototypes of genetically engineered crops which contain genes for resist-

ance to  mycotoxins  (Igawa et  al.,  2007;  Hohn T.,  Peters  C.  and J.  Salmeron.19 

February 2004, U.S. Patent application number US2004034884).

Regarding  zearalenone,  the  reduction  of  its  content  in  feedstuffs  is  particularly 

important,  because high-quality grains are selected for  human consumption. As a 

decontamination strategy,  feed additives  that  bind  zearalenone by adsorption are 

widely used. However, the use of mycotoxin  sorbents imposes additional costs on 

meat production leading to environmental pollution. Furthermore, these sorbents are 

not entirely safe because adsorption is reversible and mycotoxins can be released 

during their passage through the digestive tracts of animals (Voelkl and Karlovsky, 

1999). Finally, sorbents may bind nutrients and/or dietary compounds, resulting in a 

reduced performance of livestock.

One  promising  strategy  for  reducing  zearalenone  contamination  is  its  enzymatic 

degradation. The commercial product  Mycofix® Plus (Biomin GmbH, Herzogenburg, 

Austria) has been sold as a feed additive and is supposed to eliminate mycotoxins 

within the digestive tract. According to the manufacturer, Mycofix® Plus consists of 

adsorbing  and  enzymatic  components  which  have  the  function  to  adsorb  and 

degrade Fusarium toxins (http://www.biomin.at). The product has been tested for in 

vivo activity (Weiß et al., 1999;  Hoppenbrock, 2002; Danike et al., 2004; Karlovsky, 

1999) and was shown to be ineffective in diminishing the growth depressing effects of 

mycotoxin-contaminated diets. Recently, a novel yeast strain, Trichosporon mycotox-

inivorans with the capability of degrading zeralenone has been isolated and charac-
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terized (Molnar  et  al.,  2004).  It  is  expected that  this  organism will  provide future 

versions of Mycofix® Plus with genuine zearalenone-hydrolyzing activity.

In addition to the use of intact microorganisms or cell-free enzymatic preparations as 

feed additives, the heterologous expression of the respective genes in genetically 

engineered organisms opens new avenues for the reduction the risks of mycotoxin 

contamination. In chapter 3, a transgenic detoxification system for the elimination of 

zearalenone was developed using  the  zearalenone-degrading  enzyme Zes2 from 

G. roseum.  Transgenic  Arabidopsis plants  indicated  a  feasible  way  of  mitigating 

mycotoxin problems caused by Fusarium spp. (chapter 3). Thus, the availability of a 

gene which encodes a zearalenone-detoxifying enzyme suggests a new transgenic 

strategy for the efficient decontamination of zearalenone in feeds and foods.

Biosensors for zearalenone - ready for environmental application?

New detections methods using fiber optics, hyperspectral, and near infrared imaging 

as well as microbial biosensors for rapid and sensitive detection of mycotoxins or 

toxigenic fungi (Maragos and Thompson, 1999; Grow et al.,  2003; Berardo et al., 

2005). Biosensors have major advantages over chemical or physical analyses with 

regard to specificity, sensitivity, and portability. 

Due to recent advances in cell biology, fluorescent probe chemistry, miniaturization 

and automation, many types of living cell biosensors allowing detection of the estro-

genic activity of zearalenone have been developed using recombinant DNA techno-

logy (Mitterbauer et al., 2003; Bovee et al., 2004; 2006). Yeast strains were genetic-

ally engineered to respond to the presence of zearalenone by using a cloned human 

estrogen receptor alpha (ER-α) or estrogen receptor beta (ER-β) and synthesizing a 

reporter protein, such as luciferase or the green fluorescent protein (GFP). 

However, the yeast-based bioassays only enable detection of the estrogenic activity 

in cereal extracts and are not able to distinguish between zearalenone and other 

estrogens.  This  makes  the  screening  of  zearalenone  contaminations  by  this 

approach fairly difficult because phytoestrogens and steroids (e.g. 17- α- or β-estra-

diol and estrone) are also present in plant-based or animal food-producing samples. 

Hence, the use of yeast biosensors will not permit detailed analyses of samples.
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The ability of the mycoparasite  G. roseum to sense zearalenone in growth medium 

and to respond by producing a detoxification enzyme (Woerfel and Karlovsky, 1998) 

inspired us to exploit zearalenone sensing ability of G. roseum as a basis for a zear-

alenone-specific  biosensor.  Thus,  a  G.  roseum-based bioassay that  possesses a 

high  specificity  for  zearalenone  and  its  derivatives  was  developed. Translational 

fusions of zearalenone-sensing promoter-element of the zearalenone lactonase gene 

zes2 with either green fluorescent protein (GFP) or Gaussia princeps lucifease were 

constructed. The high sensitivity makes this assay suitable for low cost monitoring of 

contaminations of small grain cereals with estrogenic  Fusarium mycotoxins, but is 

also attractive as a tool for basic research. We have successfully used a G. roseum 

indicator strain to screen for zearalenone producing Fusarium spp.. Furthermore, we 

applied the strains for real-time macroscopic imaging of zearalenone biodistribution 

which actually occurred in Fusarium spp. infected maize tissue (chapter 5). In further 

applications, its  use in  screening to  find microorganisms that  are able to convert 

zearalenone into less estrogenic compounds would be conceivable. 

Luciferase- and GFP-marker in functional genomics in fungi

Fluorescent and bioluminescent proteins play a major role in advancing our under-

standing of biological processes. Reporter proteins belonging to fluorescent proteins 

(green fluorescent protein (GFP) and reef coral fluorescent protein (RCFP) or luci-

ferases can be transgenically expressed in filamentous fungi.

The use of fluorescent protein markers in filamentous fungi allows applications in 

biochemical assays (Utermark and Karlovsky, 2006) and cell screening (Helber and 

Requena,  2007).  Eynck  et  al.  (2007)  have  used  a  constitutively  GFP-expressing 

Verticillium strain to monitor the various stages of fungal infection and to demonstrate 

the development of Verticillium longisporum on Brassica napus. In vivo biochemical 

assays using GFP reporter gene technique are usually applied to a large number of 

samples, requiring the use of a fluorometer which can accurately quantify fluores-

cence generated on the scale of microtiter plates. However, microtiter plate fluoro-

meters do not belong to the common equipment found in a molecular biology labor-

atory. To overcome this limitation in our laboratory, we used a real-time thermal cycler 
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to measure GFP expression in G. roseum strains.

However, bioluminescent imaging which is based on the endogenous production of 

light by the expression of the enzyme luciferase has led to significant advances in 

comparison to GFP expression. Eynck et al. (2007) demonstrated that the level of 

GFP expression depends on the physiologic state of fungal mycelium in Verticillium 

spp.. With advanced age of the fungal hyphae, the GFP fluorescence decreased. 

Furthermore, bioluminescent imaging was shown to be more sensitive than fluores-

cent GFP imaging (Choy et al., 2003). 

Fluorescence applications of “whole body” imaging (e.g. tissue screening of whole 

mice or plants) required the use of a hardware capable to emit excitation light to raise 

the fluorophore to a higher energy state, followed by emission at a longer wavelength 

(e.g. Molecular Light Imager (Berthold Technologies, Germany) coupled to excitation 

filter and emission filter). This is a big drawback because these devices are not a 

common equipment found in a biology laboratory.

Luciferases occur in lower organisms such as bacteria, fungi, insects, and marine 

crustaceans.  Thus,  these enzymes fall  into  many unrelated classes with  different 

evolutionary origins. For example, firefly luciferase (FLuc), found in the light-emitting 

organ of the firefly Photinus pyralis, is one of the best studied luciferases due to its 

high  quantum yield (>88%; Lembert and Idahl, 1995) generated by oxidation of its 

substrate, beetle d-luciferin. FLuc requires ATP and Mg2+ as cofactors for its activity. 

Another well-studied luciferase is that from the sea pansy, Renilla reniformis (RLuc) 

which uses coelenterazine as a substrate. Like all coelenterazine luciferases, it does 

not  require  ATP  for  activity;  however,  RLuc  has  a  low  enzymatic  turnover  and 

quantum yield (6%; Matthews et al., 1977). 

So far,  only a few researchers demonstrated in vivo the expression of  firefly and 

Renilla luciferase activity in filamentous fungi and it remained problematic due to its 

poor translation (Morgan et al., 2003). 

In order to sense zearalenone in Fusarium infected plant tissue a luciferase from the 

marine copepod Gaussia princeps was used. Gaussia luciferase is the smallest luci-

ferase known and is naturally secreted (Bakhos et al., 2005). The native gene has 

been humanized (Nanolight, Pinetop, USA) by codon optimization for mammalian cell 

87



Chapter 7 General discussion

expression. After the addition of the substrate coelenterazine, the enzyme emits light 

at a peak of 480 nm with a broad emission spectrum extending to 600 nm. Gaussia 

luciferase  has  been  cloned,  overexpressed  in  bacteria,  and  used  as  a  sensitive 

analytical reporter for hybridization assays (Verhaegent and Christopoulos, 2002). 

Up to now, this reporter gene had not been used for monitoring fungal cell expression 

in culture or in vivo. We describe the construction of a genetically engineered fusion 

of the zearalenone-sensing promoter-element and the codon-modified Gaussia prin-

ceps lucifease in G. roseum (chapter 5). Real-time luciferase imaging demonstrated 

that this gene is a sensitive reporter  useful  for  a variety of  experimental  uses in 

G. roseum.

Conclusion and future work

During this work, the biological role of the fungal secondary metabolite zearalenone 

in interactions among microorganisms and plants was studied using tools of analyt-

ical chemistry and molecular genetics. The objectives of this work were to demon-

strate the growth inhibition of filamentous fungi by zearalenone and to evaluate the 

effect of disruption of the zearalenone lactonase gene of G. roseum on the ability of 

the  fungus  to  hydrolyze  zearalenone  and  the  resistance  of  G.  roseum to  zear-

alenone. Zearalenone acts as an agent  of  interference competition and the zear-

alenone specific and inducible lactonase of G. roseum protects the fungus from the 

fungitoxic effect of the mycotoxin.

However, to address the ecological role of zearalenone in detail, the effect of zear-

alenone  and  its  degradation  on  fungal  fitness  needs  to  be  evaluated  in  highly 

complex systems (e.g. microcosms). 

Furthermore, the role of zearalenone in plant-pathogen interactions and the relev-

ance of the phytotoxic potential as well as the mode of action remain also subjects 

for further studies.

The existence of the functional gene zes2 encoding a zearalenone-specific lactonase 

and the inducibility of this gene by zearalenone and its derivatives has only been 

studied in  G. roseum  so far. It is likely that the mechanisms of regulation of  zes2 

expression in G. roseum is still waiting to be discovered.  The goal of future studies 
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should be the cloning of entire genes which are responsible for zes2 regulation. With 

the utmost probability these genes contain a zearalenone receptor and at least parts 

of zes2 transcription factors. Strains of G. roseum carrying gene fusions of zes2 with 

reporter genes (GFP or luciferase) will facilitate these studies. This would be the first 

time that a biological system is utilized for the specific detection of a mycotoxin. The 

practical use of this genetic system offers innovative opportunities. The isolation of a 

zearalenone receptor would pioneer the development of a new, improved and highly 

specific biosensor for zearalenone.
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Summary

Summary

Fungal  secondary  metabolites  can  not  only  cause  toxic  effects  in  animals  and 

humans,  but  also  exhibit  toxic  properties  to  microorganisms  and  plants.  The 

mycotoxin zearalenone is a resorcylic lactone derivative produced by plant patho-

genic Fusarium species, which exerts estrogenic and anabolic effects on mammals.

The biological role of zearalenone in fungal biology has been unknown. We estab-

lished that zearalenone and its derivatives inhibit  the growth of filamentous fungi. 

Only the mycoparasitic ascomycete  Gliocladium roseum, which is known to hydro-

lyse zearalenone to a far less estrogenic product by the activity of a zearalenone-

specific  lactonase,  was  not  affected  by  zearalenone.  The  zearalenone  lactonase 

encoding gene zes2 in G. roseum was inactivated using Agrobacterium tumefaciens-

mediated genetic transformation. The mutants were unable to hydrolyse the lactone 

bond of zearalenone and displayed an increased susceptibility to zearalenone. Thus 

it  appears  that  zearalenone  acts  as  an  agent  of  interference  competition  (active 

protection  of  substrate  from  colonization  by  competitors)  and  that  zearalenone 

lactonase protects G. roseum from its fungitoxic effect.

To assess the effect of zearalenone on plants a sensitive in vitro seedling growth 

assay was used to investigate the phytotoxic effect of zearalenone on  Arabidopsis 

thaliana wild  type  and transformants  expressing  the  gene zes2 from  G.  roseum. 

While wild type plants after exposure to zearalenone exhibited dwarfism. The trans-

genic plants were more tolerant to zearalenone showing almost no symptoms. These 

data indicate that zearalenone lactonase protects transgenic Arabidopsis plants from 

the toxic effects of this mycotoxin.

Genetic and methodical requirements for the A. tumefaciens-mediated transformation 

of  G. roseum and the identification of  mutants deficient in zearalenone lactonase 

production were developed.  We further applied the protocol  to  transform different 

species  of  filamentous  fungi  (Leptosphaeria  maculans,  Verticillium  longisporum, 

Fusarium  verticillioides  and Trichoderma  harzianum).  In  order  to  maximize  the 

number of transformants, the ratio of  A. tumefaciens cells to fungal spores and the 

duration of the co-cultivation was optimized. A practical method for suitable saturation 

102



Summary

mutagenesis is described that can be used to generate hundreds of independent 

transformation events in one experiment.

Specific  knowledge  of  concentrations  which  actually  occur  in  the  infected  tissue 

would facilitate the understanding of the phytotoxic effects caused by zearalenone. 

We harnessed the zearalenone-sensing ability of G. roseum to develop a novel kind 

of  biosensor  for  zearalenone.  Genetically engineered fusions of  the zearalenone-

sensing promoter-element and reporter genes encoding Green Fluorescent Protein 

(GFP)  and  Gaussia  princeps  lucifease  were  constructed.  G.  roseum strains 

harbouring the fusion constructs act as specific and highly sensible systems in a 

bioassay which exhibit fluorescence (GFP) or emit light (luciferase) upon exposure to 

zearalenone.  The  strains  were  used  for  real-time  macroscopic  imaging  of  zear-

alenone biodistribution on Fusarium infected maize tissue. Based on these imaging 

properties, the place of origin of native zearalenone synthesis in target tissue was 

discovered.

Fluorescent proteins like the green fluorescent protein (GFP) have become enorm-

ously popular as tools for monitoring gene expression in filamentous fungi. Biochem-

ical  assays  using  GFP reporter  gene technique are  usually performed in  96-well 

microtiter  plates  and  the  fluorescence  is  determined  with  a  fluorometer.  A new 

method  was  developed  which  uses  a  real  time  thermal  cycler  to  measure  GFP 

expression.  In  this  way,  fluorometers  which  are  not  commonly  encountered  in 

molecular biology laboratories, can be replaced by widely accessible thermal cyclers.
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