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3 Chapter 1: General Introduction

1 General Introduction

1.1 Role of Fusarium Diseases

The widespread genus Fusarium belongs to the phylum Ascomycota (tubular fungi), which
represents about 30 % of all known fungal species. The genus was first described by
Link (1809). Wollenweber & Reinking (1935) established the basis for a taxonomic system,
although nomenclatural aspects of Fusarium were always discussed controversially
(Summerell et al., 2010; Leslie & Bowden, 2008; Samson & Gams, 1984). In this context,
there are morphological, biological and phylogenetic species concepts available
(Taylor et al., 2000; Gerlach & Nirenberg, 1982; Mayr, 1963). Anamorph and teleomorph
genera were described and the teleomorph genus Gibberella (anamorph Fusarium) includes
some of the most important species of plant pathogens (Summerell et al., 2010;
Desjardins, 2003). Fusarium diseases occur worldwide on important agricultural and
horticultural crops and lead to the reduction of yield, seed quality and contamination of food
commaodities with toxic secondary metabolites, so called mycotoxins (Osborne & Stein, 2007;
Windels, 2000). Fusarium spp. are of outstanding relevance for the production of maize
(Zeamays L.) and wheat (Triticum aestivum L.) as well as other small-grain cereals
(Logrieco et al., 2002; McMullen et al., 1997). As a consequence of increasing demands for
energy use, animal food and human diet, the world maize production is increasing steadily
(Shiferaw et al., 2011; Nuss & Tanumihardjo, 2010; Oslaj et al., 2010). Most important maize
producers in 2010 were USA with 316 million tons (37 %, 33 million hectares), China with
178 million tons (22 %, 33 million hectares) and Brazil with 56 million tons (7 %, 13 million
hectares). Entire world production of maize in 2010 was about 844 million tons on 162
million hectares (FAO, 2012). Because of its excellent nutrition quality, wheat flour is the
main commodity for bakery products. Moreover, it is used as a substrate for malt and starch
production and to lower extends for energy purposes and animal food (Entwistle et al. 1998,
Faridi et al., 1989). Wheat production was about 654 million tons on 217 million hectares in
2010. Most important producers in 2010 were China (18 %), India (12 %) and USA (9 %).
Wheat production increased over the last decades (FAO, 2012).
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From the phytopathological point of view, plant residues of the former crop, especially maize,
seem to be a major source of inoculum (Maiorano et al., 2008; Parry et al., 1995). It is known
that the increase of conservation tillage, as economically favoured treatment, facilitates
Fusarium development and contamination with mycotoxins in the following crop
(Blandino et al., 2010; Dill-Macky & Jones, 2000). The increase of cultivation area, trends in
post-harvest treatment and short intercropping phases between host plants lead to an

intensification of the Fusarium problem (Edwards, 2004).

1.2 Symptoms and Epidemiology of Fusarium Diseases in Wheat and

Maize

1.2.1 ‘Fusarium Head Blight’ (FHB) of Wheat

Fusarium spp. play a serious role as pathogens in the worldwide production of wheat and
other small-grain cereals (Bottalico & Perrone, 2002). The symptom is described as Fusarium
head blight (FHB). It occurs as darkened necrotic lesions at the bottom of the ear and typical
tissue bleaching (‘blight’) of upper spikelets. Some infected spikelets may show a brown
discolouration (Goswami & Kistler, 2004). The disease is predominated by F. graminearum
Schwabe, F.culmorum (W. G. Smith) Sacc. and F.avenaceum (Fr.) Sacc., but other

Fusarium spp. might be associated (Parry et al., 1995).

1.2.2 ‘Gibberella Ear Rot’ and ‘Fusarium Ear Rot’ of Maize

Fusarium infection of maize can be divided in two major characteristics, Giberella ear rot or
'red ear rot' and Fusarium ear rot or ‘pink ear rot’. Red ear rot of maize is essentially caused
by F.graminearum (Discolour section). Associated symptoms, like extensive red or pink
mold, usually emerge from the tip of the ear and extend downwards (Munkvold, 2003). Other
Fusarium spp., like F.culmorum and F.avenaceum, may be grouped with this disease
(Logrieco et al., 2002). Pink ear rot is mainly caused by F. verticillioides (Sacc.) Nirenberg
(syn. F. moniliforme, Liseola section) (Nirenberg & O’Donnell, 1998). Typical symptoms
occur on single kernels or a small group of kernels as white or pink mold. Associated species
are F. proliferatum (Matsushima) Nirenberg and F. subglutinans (Wollenweber & Reinking)

P.E. Nelson, Toussoun & Marasas (Logrieco et al., 2002).
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1.2.3 Epidemiology of F. graminearum and F. verticillioides

The main inducer of red ear rot and FHB is homothallic F. graminearum. The species bridges
the time gap between host crops by development of chlamydospores on remaining plant
residues (Nyvall, 1970). During favourable conditions, it produces perithecia (teleomorph
Gibberella zeae). The released ascospores can be considered a main source of inoculum, but
the release of macroconidia from sporodochia may also play a role (Paul et al., 2004). The
propagules can be distributed by wind and water splashes (Parry et al., 1995). Considering red
ear rot, the infection pathway through the silk channel of maturing maize ear is most
important (Miller et al., 2007). Furthermore, the transmission of F. graminearum from seeds
to seedlings of maize was described by Kabeere et al. (1997). Infection of wheat ears occurs
during anthesis or shortly after. Optimal temperature for F. graminearum development is
considered to be in the range of 15 -25 °C. High moisture content, frequent rainfall and
moderate temperature conditions facilitate fungal growth and production of mycotoxins
(Osborne & Stein, 2007, Gilbert & Fernando, 2004, Doohan et al., 2003).

Pink ear rot is mainly caused by F. verticillioides. During time gaps between host crops,
F. verticillioides produces thickened hyphae as survival structures. Under favourable
conditions, it produces a large number of microconidia and macroconidia on plant residues.
Those asexual spores can be considered a major source of airborne inoculum. Infection
through silk channel, as described for F. graminearum, is assumed to be the most important
pathway (Munkvold et al., 1997). The transmission of F. verticillioides from infected seeds to
the maize ear, via colonization of the entire plant, has been discussed recently (Murillo-
Williams & Munkvold, 2008). In this context, a symptomless infection of vegetative plant
organs and maize ears has been described (Bacon & Hinton, 1996). Another infection
pathway might be the transfer of inoculum by insects, such as European corn borers (Ostrinia
nubilalis) or sap beetles (Coleoptera: Nitidulidae) (Parsons & Munkvold, 2010;
Schulthess et al., 2002). Even the attraction of insects by volatile compounds, released by
F. verticillioides, was discussed (Bartelt & Wicklow, 1999). Growth of F. verticillioides is
facilitated by warm and dry conditions. A temperature range around 30 °C and even drought
stress was described to be suitable for fungal development and production of mycotoxins
(Munkvold, 2003; Reid et al., 1999; Marin et al., 1995). The related species F. proliferatum
and F. subglutinans share most important infection characteristics. Nevertheless, they have
not been extensively studied and key elements of their development need to be understood
(Munkvold, 2003).
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1.3 Important Secondary Metabolites in the Fusarium - Plant Pathosystem

1.3.1 Mycotoxins

Mycotoxins are secondary metabolites of filamentous fungi with pharmacological activity.
The metabolites are related to diseases of humans and vertebrates (Bennett & Klich, 2003).
Most important mycotoxins, associated with fusarioses, are trichothecenes, such as
deoxynivalenol (DON, syn. vomitoxin) and nivalenol (NIV), but also fumonisins and

zearalenone (Placinta et al., 1999).

Structurally, trichothecenes are based on an epoxide containing sesquiterpenoid skeleton.
They can be divided by their macrocyclic and nonmacrocyclic structures. The group of
nonmacrocyclic trichothecenes is, furthermore, subdivided in type A trichothecenes, such as
T-2 and HT-2 toxin, and type B trichothecenes, including DON/ADON (3/15ADON as
acetyled derivates) and NIV (Kimura et al, 2007; Bennett & Klich 2003). The formation of
type A trichothecenes is predominated by F. sporotrichioides, while type B trichothecenes are
produced by F. graminearum and F. culmorum (Placinta et al., 1999). Previous investigations
indicate a role of trichothecenes in the pathogenesis in plants (Langevin et al., 2004;
Proctor et al., 2002; Proctor, 1995). DON is known to exert multiple toxic effects in humans
and animals, such as inhibition of protein synthesis, immunosuppression, anorexia and weight
loss, but has comparatively low acute toxic effects (LDso (mouse): 78 Mg kg™ (oral), 49 mg kg™
(intraperitoneal, i.p.)) (Rotter, 1996; Forsell et al., 1987). Lethal toxicity of NIV is described
to be 10 times higher (Ueno, 1984). Thresholds for maximal DON concentration in
agricultural commodities are established in the European Union. The DON threshold for
unprocessed wheat and maize is fixed to 1.75 mg kg™ (Commission Regulation (EC) no.
1126/2007) and the blending of highly contaminated and less contaminated batches is not
permitted.

The occurrence of fumonisins in Fusarium infected maize and maize products plays an
important role as health risk. Fumonisins are polar mycotoxins, mainly produced by
F. verticillioides. They derive from the condensation of alanine into an acetate-derived
precursor. At least 15 compounds belong to the group of fumonisins, but fumonisin B1 (FB1)
is considered to be the most important compound (Bennett & Klich, 2003). Fumonisins were
first mentioned in context with leokoencephalomalacia in horses (Marasas et al., 1976) and

are known to have cancer-promoting activities (Gelderblom etal., 1988). A treshold of
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4.0 mg kg™ for the concentration of fumonisins B1 and B2 in unprocessed maize is actually
implemented by the European commission (Commission Regulation (EC) no. 1126/2007).
Although fumonisins are phytotoxic, it is assumed that they are not required during

pathogenesis on maize (Desjardins & Plattner, 2000).

Zearalenone (ZEN), previously known as F-2 toxin, is a resorcyliyc acid lactone, produced
through the polyketide pathway by Fusarium species. Most important producers are
F. graminearum and F. culmorum. ZEN is known to have a relatively low toxicity (LDsp (rar) >
10 000 mg kg™), although its estrogenic properties play an important role in animal
production, especially in the production of pigs (Zinedine et al., 2007). The mycotoxin, which
was also described as phyto- or mycoestrogen, resembles B-estradiol and binds to estrogen
receptors in mammalian cells. The estrogenic activity is increased by reduction of ZEN to
a-zearalenol (Kuiper et al., 1998; Kuiper-Goodman et al., 1987). A formulation including
a-zearalanol (zeranol, Ralgro®) is still used as an anabolic agent in animal production outside
of the European Union (Thevis et al., 2011; Bennett & Klich, 2003).

In the last decades, enzyme-linked immunosorbent assays (ELISA) were used for the
detection of mycotoxins. Nowadays, liquid and gas chromatography coupled with mass

spectrometry are the favoured methods (Placinta et al., 1999).

1.3.2 Volatile Organic Compounds (VOCs)

Volatile organic compounds (VOCs) are low-molecular carbons with a high vapour pressure.
They belong to several chemical classes and can travel large distances in heterogeneous
environments. Most organisms, i.e. plants and microbes, are able to release VOCs. However,
each organism tends to produce a specific mixture of volatiles that might be characteristic of
that organism under a given environmental and physiological  condition
(Holopainen & Gershenzon, 2010; Kesselmeier & Staudt, 1999).

Plant volatiles are released from the generative and vegetative parts and belong to the group
of terpenes, non-terpene aliphatics, phenylpropanoids and benzenoids (Tholl et al., 2006). It is
well known that plant VOCs are a major component of essential oils (Bakkali et al., 2008).
They play a role in indirect plant defense mechanisms, such as the attraction of parasitoids
after herbivory (Kessler & Baldwin, 2001; Dicke etal., 1990; Turlings et al., 1990).
Moreover, they are known to have antimicrobial and antifungal properties
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(Soliman & Badeaa, 2002, Daferera et al., 2000, Baratta et al., 1998). Upon injury, a fast
de-novo synthesis of Cg compounds, so called green leaf volatiles (GLVSs), with defensive
features was observed (Bate & Rothstein, 1998). In contrast to other studies,
Meérey et al. (2011) found no attraction of beneficial insects in maize fields when synthetic
GLVs were released. The group observed a dose dependant attraction of herbivores by GLVs.
In context with stress situations, the role of VOCs in communication between neighbouring
plants, so called ‘plant talk’, was discussed intensively (Baldwin et al., 2006,
Arimura et al., 2005, Dicke et al., 2003). Besides biotic stress situations, abiotic stress, like
drought and high temperatures, can influence the volatile composition that is released by
plants (Loreto & Schnitzler, 2010, Gouinguene & Turlings, 2002).

Filamentous fungi produce a number of characteristic volatiles on stored cereals, such as
1-octen-3-ol, 3-methyl-1-butanol and 3-octanone, but also terpenoid substances
(Boerjesson et al., 1989; Kaminski et al., 1974). The volatiles may be part of infection and
competition processes (Kramer & Abraham, 2011; Linton & Wright, 1993). Previous studies
indicate the use of these fungal compounds for the evaluation of food quality in storage

processes (Magan & Evans, 2000).

In general, the sampling of VOCs is possible through either dynamic or static sampling. The
dynamic system or loop-stripping system was first described by Grob (1973), who applied the
method on water samples. In the case of open-loop-stripping (OLS), a stream of ambient air is
pulled or respectively pushed by a pump through a sample covering vessel. Volatile
molecules enrich selectively on an adsorbing matrix (i.e. carbon or Tenax®), which is usually
packed in a glass cartridge. This assembly is called the volatile trap. It is placed behind the
sample container in the direction of a pulling pump. In contrary to a closed-loop system
(CLSA), the incoming air is renewed continuously. A dynamic sampling takes typically
several hours (Jelen et al. 1995). After this process, the volatiles can be released from the
adsorbing matrix by solvent extraction or by thermal desorption. The dynamic sampling of
volatiles was extensively used in the last decades. Each application requires a distinct
optimization with respect to sample properties (Vichi etal., 2007; Dickschat et al., 2004;
Bestmann et al., 1997; Buttery & Ling, 1995; Donath & Boland 1995).

In the static procedure of volatile collection the sample is placed in a glass vial that is sealed
air tight. Volatiles are released from the sample by diffusion and can be trapped on an

adsorbent material that is exposed in the gas phase around the sample, the so called headspace
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(HS). The most common procedure for static headspace collection is the solid-phase
microextraction (SPME), which was first described by Arthur & Pawliszyn (1990). The
SPME technique is based on a fused silica fiber that is coated with a specific polymer, the
stationary phase. Common polymers are polydimethyl-siloxane (PDMS), divinylbenzene
(DVB) and Carboxen. The sensitive fiber is assembled in a syringe-like device. Like this, the
matrix is exposed into the headspace of any sample. Volatile molecules adsorb selectively on
the matrix. They can be released from the fiber by thermal desorption or via solvent
extraction. The application of SPME technique for volatile analysis was prevalently described
in the last two decades (Vas & Vékey, 2004; Kataoka, 2000; Roberts et al., 2000;
Zhang & Pawliszyn, 1993).

The most common way of volatile analysis is by gas chromatography (GC), which is usually
combined with mass spectrometry (GC-MS). The obtained total ion chromatograms (TIC)
comprise information about the retention time and mass spectra of each compound (mass-to-
charge, m/z). Commercial mass spectral databases (i.e. NIST or Wiley libraries) can be
employed for the identification of compounds. In this case, it is strongly recommended to
calculate the Kovats’ retention index (KI) of a separated compound on the basis of a
homologous series of n-alkanes as an additional parameter of identity. Other common
detection systems are flame ionization detectors (FID), which are used for quantitative
purposes, or time-of-flight (TOF)-MS detectors that are used for the identification of
overlapping peaks, obtained from a fast GC procedure (Tholl et al., 2006).

Beside the precise but very time-consuming and expensive analysis by GC-MS, portable
electronic sensors (E-noses) can also potentially detect specific VOCs. They are typically
constructed as multisensor arrays consisting of different types of chemo-resistive metal oxide
sensors (i.e. In,03, SNO,) (Presicce et al., 2006; Abramson et al., 2005, Falasconi et al., 2005,
Dickinson et al., 1998). Gobbi et al. (2011) and Falasconi et al. (2005) investigated the use of
an electronic nose system for the prediction of fumonisin contamination of maize in vitro.
Olsson et al. (2002) used E-noses and GC-MS for the detection of Ochratoxin A and DON in
barley (Hordeum vulgare L.) grains. Balasubramanian et al. (2007) applied E-noses for the

classification among barley samples, based on their ergosterol content.

The ion mobility spectrometry (IMS) has become a useful tool for mobile volatile analysis.
The procedure is based on the velocity of gas-phase ions in an electric field under atmospheric

pressure. So far, the technique, which is also available in portable devices, has been used for



New Strategies for the Detection of Fusarium Infection and Mycotoxin Contamination of Cereals And Maize 10

the detection of biohazards, chemical weapons, and also for environmental studies
(Kolakowski & Mester, 2007; Borsdorf & Eiceman, 2006; Eiceman & Karpas, 2005;
Guevremont, 2004).

The emission of volatiles from infected maize and small-grain cereals by pathogenic fungi
was extensively studied over the last decades. In this context, terpenoid compounds that are
mainly released from plants become more important (Gershenzon & Dudareva, 2007).
Terpenoids, also known as isoprenoids, are the largest family of natural compounds (> 30 000
molecules). They derive from the mevalonate pathway in the cytosol (Aharoni et al., 2005).
So far, a large number of natural monterpenes (Cio), sesquiterpenes (C;s), diterpenes (Cyo) and
triterpenes (Csp) are known. The large structural diversity of terpenes is caused by the high
number of enzymes that catalyse their formation (terpene synthases) and the fact that they are
able to generate multiple products from a single substrate (Degenhardt et al., 2009).
Especially maize produces a multitude of terpenoid compounds (Schnee et al., 2006).
Koellner et al. (2008) described the production of B-bisabolene and B-macrocarpene (first
described by Cool (2005)) by the terpene synthases TPS6 and TPS11 in maize. Recently,
Huffaker et al. (2011) perceived the formation of non-volatile terpenoid phytoalexins, so
called zealexins, that resemble B-macrocarpene. The authors investigated maize tissue that
was exposed to herbivory or fungal infection. Furthermore, a class of diterpenoid
phytoalexins, so called kauralexins, was currently described in maize (Schmelz et al., 2011).
The recent findings illustrate the relevance of terpenoid compounds in plant defense

mechanisms.

In the specific case of Fusarium, the sesquiterpene hydrocarbon trichodiene has been
identified as a volatile marker for the biosynthesis of fungal derived trichothecenes. This was
first described by Jelen et al. (1997), who cultivated different Fusarium spp. on autoclaved
wheat grains. For a long time, the production of trichodiene was only reported in context with
trichothecene producers. However, Dickschat et al. (2011) described trichodiene as a principal
component in the volatile spectrum of F. verticillioides, a species that is not able to produce
trichothecenes. The group analysed in vitro cultures on CM agar medium.
Demyttenaere et al. (2004) reported the production of trichodiene and other sesquiterpenes by
toxigenic Fusarium sp. on malt extract and potato dextrose agar. The group was able to
distinguish between toxigenic strains on the basis of the terpene profile. Girotti et al. (2010)

investigated the VOC emission of different Fusarium spp. growing on sterile rice cultures and
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could detect a broad spectrum of unknown sesquiterpenes beside trichodiene. They were also

able to discriminate between species on the basis of the volatile profile.

It has to be considered that volatile profiles of in vitro cultures with fungi growing on sterile
plant substrate differ considerably from profiles of infected living plants in the field or
greenhouse. In vitro experiments with autoclaved plant substrate, consequently, do not render
the plant response signals towards infection and fungal growth stays unchallenged. Apart
from this aspect, the choice of medium and nutrients (i.e. grains or artificial medium) as well
as incubation conditions have an effect on the presence and concentration of certain volatile
compounds (De Lucca et al., 2012; Christen et al., 1997; Wheatley et al., 1997). Hence, under
in vitro conditions the attack-defense interaction and associated VOC emission between
fungus and plant cannot be described properly. For the first time Perkowski et al. (2008)
monitored the volatile emission of wheat and triticale grains, infected with F. culmorum,
under field conditions. They could detect trichodiene and no other relevant terpenoid
compound under these conditions. Girotti et al. (2012) were able to predict an early
F. graminearum infection of wheat and, respectively, the contamination with DON and its
derivates from field samples via SPME/GC-MS. The authors were mainly referring to
trichodiene. There is no in vivo investigation of the VOC emission on Fusarium infected

maize ears, including the identification of specific volatile markers for infection to this day.

1.3.3 Other Secondary Metabolites Involved in Plant Defense Reactions

Injury by insects or pathogens can activate defense mechanisms in the plant. These protective
processes include the induction of secondary metabolites, such as glucosinolates, phenolics,

terpenoid compounds and phytoalexins (Bennett & Wallsgrove, 1994).

Plant oxylipins play a role in the defense response to pathogen attack. They are oxidized
lipophilic molecules that derive from the oxidation of polyunsaturated fatty acids (PUFAS),
such as linoleic acid, a-linolenic acid and roughanic acid (Goebel & Feussner, 2009;
Howe & Schilmiller, 2002; Brash, 1999). The formation of plant oxylipins occurs by either
non-enzymatic or enzymatic reactions. The non-enzymatic synthesis is the peroxidation of
membrane lipids upon oxidative stress (Goebel et al., 2003). The enzymatic reaction is the
incorporation of molecular oxygen into free fatty acids by lipoxygenases (LOX)
(Feussner & Wasternack, 2002). Plant oxylipins show a high structural diversity. They occur

as free molecules in the cytosol, stroma and peroxisomal matrix. Furthermore, they are bound
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in complex lipids. Oxylipins in plants have signalling functions (i.e. jasmonic acid and its
methyl ester) and antimicrobial, antifungal and anti-insecticidal activities (i.e. leaf aldehydes,
divinyl ethers) (Prost et al., 2005; Reymond & Farmer, 1998). The analysis of oxylipins is
possible via fluorescence detection or by liquid and gas chromatography, as described in
detail by Goebel & Feussner (2009). The formation of oxylipins, as compounds involved in
development and response, also plays a role in other organisms, such as mammals and fungi.
The occurrence of oxylipins in fungi was recently reviewed by Brodhun & Feussner (2011).

Up to now, the regulation of oxylipins in infected and non-infected maize ears is unknown.

Phytoalexins are a group of inducible compounds with antifungal and antibacterial properties.
They are synthesized in plant tissues close to the site of infection
(Bennett & Wallsgrove, 1994). As mentioned earlier, a novel class of phytoalexins, so called
zealexins, was described by Huffaker etal. (2011). Zealexins are non-volatile acidic
sesquiterpenoid hydrocarbons. Their skeleton resembles 3-macrocarpene, a terpenoid volatile
compound. Zealexins are known to play a role in the chemical defense of injured maize
plants, i.e. during pathogen and herbivore attack. Furthermore, the authors describe an
induction under exposition with stress hormones (i.e. jasmonic acid and ethylene). The
concentration of zealexins reveals a positive correlation with the transcript levels of terpene
synthase genes tps6 and tps11. These terpene synthases catalyse the formation of p-bisabolene
and B-macrocarpene, the volatile zealexin precursors, in several plant tissues
(Koellner et al., 2008). The analysis of zealexins can be accomplished by GC-MS after

derivatization.

1.4 A Fungal Antagonist of Fusarium spp. and its Potential Use for the
Specific Detection of Zearalenone

1.4.1 The Mycoparasite Gliocladium roseum, its Features and its Use as a Biocontrol

Agent Against Phytopathogenic Fungi

The parasitism of fungi, named mycoparasitism, occurs in a biotrophic mode, with little harm
to the host fungus, or in a destructive mode. In the latter case, the parasite kills the fungal host

with toxic secondary metabolites, i.e. toxins and antibiotics (Barnett & Lilly, 1962).
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The common mycoparasite Gliocladium roseum Bainier (syn. Clonostachys rosea (Link: Fr.)
Schoers, Samuels, Siefert and W. Gams; teleomorph Bionectria ochroleuca) occurs
worldwide as a non-pathogenic parasite in vegetative and generative tissues of plants, but is
also associated with nematodes and resting structures of phytopathogenic fungi in the soil
(Rodriguez et al., 2011; Zhang et al., 2008). The hyphomycete produces one-celled conidia on
two different types of conidiophores (Sutton et al., 1997). The activity of cell wall-degrading
enzymes from G.roseum might play a key role in its mycoparasitic activity
(Roberti et al., 2002). Besides glucanases (Chatterton & Punja, 2009), the fungus releases
chitinases that catalyze the decomposition of chitin, the major component of fungal cell walls
and the second most abundant polysaccharide in the world after cellulose
(Mamarabadi et al., 2008; Gan et al., 2007). Apart from G. roseum, a multitude of other
organisms are able to produce chitinases (Inglis & Kawchuk, 2002).

The cyclopentapeptide argifin, which is produced by Gliocladium sp. was investigated by
Omura et al. (2000) and Shiomi et al. (2000). Argifin is a chitinase inhibitor and can suppress
the maturation and reproduction of insects. It is also known as an inhibitor of chitinase B1 in
Aspergillus fumigatus (Dixon etal., 2005). Its application against fungi and insects was
discussed extensively (Hirose, 2012, Rush et al., 2010).

As mentioned earlier, the estrogenic mycotoxin ZEN is produced by phytopathogenic
Fusarium spp., mainly F. graminearum and F. culmorum. It was assumed that it plays a role
during competition, because the toxin has an inhibitory effect on the growth of other
filamentous fungi than G. roseum (Utermark & Karlovsky, 2007). The mycoparasite
G. roseum protects itself from the inhibitory effects of ZEN by the secretion of a specific
zearalenone lactonase (el-Sharkawy & Abul-Hajj, 1988). This enzyme converts ZEN to a
cleavage product (1-(3,5-dihydroxyphenyl)-10'-hydroxy-1'E-undecene-6'-one), which has no
estrogenic activity. The gene that encodes the specific lactonase was described by two distinct
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). Recently, the ability of the yeast Trichosporon
mycotoxinivorans to detoxify ZEN was described by Vekiru et al. (2010).

G. roseum was extensively studied as a biocontrol agent against phytopathogenic fungi. Its

application against the important pathogen Botrytis cinerea Pers. ex. Fr., a producer of grey
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mould in fruits and vegetables, was described (Morandi et al., 2000; Sutton et al., 1997).
Teperi et al. (1998) screened several fungal isolates for their ability to control seed-borne
F. culmorum infection in wheat and found isolates of G.roseum to be the most effective
antagonists. Luongo et al. (2005) showed the use of G.roseum cultures to colonize and
decompose wheat and maize debris in agricultural soils and, therefore, to inhibit the
development of Fusarium spp. on these plant residues. Apart from its application as
biocontrol agent, it was reported that G. roseum has a growth promoting effect on its host
plant and enhances productivity. This effect might be stimulated by its antifungal abilities or

by a direct interaction between the mycoparasite and the plant (Sutton et al., 2006).

1.4.2 Bioassays for the Identification of Estrogenic Zearalenone

Because the analysis of ZEN and other estrogenic compounds by liquid chromatography is
comparatively expensive, it was attempted to develop cheaper bioassays. A bioluminescence
assay, based on Photobacterium phosphoreum for several mycotoxins, including ZEN, was
presented by Yates & Porter (1982). A bioassay, based on MCF-7 cells (breast cancer cell
line), for estrogens in feedstuff was reported by Welshons etal. (1990). The group
investigated common estrogens, like estradiol and ZEN, as well as phytoestrogens (i.e.
genistein) and could not specifically distinguish between different estrogenic compounds.
Mayr et al. (1992) presented a bioassay for myco- and phytoestrogens in cereal extracts on the
basis of engineered susceptible cell lines that exhibited estrogen-specific proteins. An
engineered yeast assay (strain: Saccharomyces cerevisiae, YZRM7), based on human
estrogen receptors, was used by Mitterbauer et al. (2003) for the detection of estrogenic
compounds from cereal extracts. Besides ZEN and its derivates, their assay also responded to
17-p estradiol. Bovee et al. (2004) constructed a yeast bioassay, based on the fusion of human
estrogen receptors o and B with green fluorescent protein (GFP). Their assay showed a broad
response to estrogenic compounds, including ZEN. Later, the group tested their assay with
contaminated animal feed and could successfully detect hormonal substances
(Bovee et al. (2006). Winter et al. (2008) established a bioassay for estrogens on the basis of
the human estrogen receptors o and B in embryonal kidney cells. They detected

phytoestrogens and other extrogenic compounds, including ZEN, in the diet of pigs.

As mentioned earlier, pigs are highly susceptible to ZEN and there is an urgent need to
prevent the transfer of ZEN contaminated agricultural products to their diet

(Marin et al., 2010; D’Mello et al., 1999). The protein demand in pig nutrition is, nowadays,
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mainly covered with soy, which contains huge amounts of phytoestrogens
(Winter et al., 2008). Hence, to identify a true contamination with estrogenic Fusarium
metabolites it is necessary not only to establish a bioassay for estrogenic compounds, but to
provide a specific assay with respect to ZEN and its derivates. All previously described
assays, based on the human estrogen receptors o and B, respond to physiological estrogens as

well as to phyto- and mycoestrogens (Kuiper et al., 1998; Martin et al., 1978).

The use of the mycoparasite G.roseum for the detection of ZEN was reported by
Utermark & Karlovsky (2006). The group used an engineered G. roseum strain, carrying a
fusion of the ZEN sensing promoter element zes2 and a reporter gene (GFP), to compare the
use of a real-time PCR cycler and a common fluorescence reader. They detected an increase

of the fluorescence signal with increasing ZEN concentration.

1.5 Aims of the Study

To prevent the transfer of contaminated material from the field to the food chain of animals
and humans is a major goal of applied Fusarium research and there is an urgent need for a
reliable method for the early and fast detection of Fusarium infections in pre- and post-
harvest processes. With the exception of the visual observation of cereal crops by farmers and
experts, there is no efficient system for the early detection of Fusarium infection in fields
until now. The exact determination of fungal biomass by molecular methods (i.e. quantitative
real-time polymerase chain reaction, PCR) and the determination of toxin contamination with
analytical methods (high performance liquid chromatography/mass spectrometry, HPLC-MS)
is laborious, expensive and not adequate as fast decision guidance for farmers and traders
(Magan et al., 2000).

Volatile organic compounds provide a potential alternative to detect Fusarium infection in
crops. The purpose of this study was to investigate the suitability of a fast detection system for
Fusarium infected wheat and maize on the basis of specific volatile biomarkers. Moreover,
we wanted to optimize a simple and inexpensive bioassay for the detection and quantification
of the estrogenic mycotoxin zearalenone in agricultural commodities. These methods can be

used as risk-management tools in modern agriculture and food production.
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2 Volatile Markers for the Infection of Maize

(Zea mays L.) Ears with Fusarium spp.

Abstract

Volatile organic compounds (VOCs) belong to various chemical classes. They are known to
mediate numerous interactions and play a role in plant response to abiotic and biotic stress,

such as high temperature, drought and attack by pathogenic fungi and insects.

In the present study, we investigated the volatile profile of healthy and fungal-infected maize
(Zea mays L.) ears under greenhouse conditions. For this purpose, maize ears were infected at
the main flowering stage with several strains of Fusarium graminearum, F. verticillioides and
F. subglutinans as well as mixtures of F. graminearum and F. verticillioides by injection of
spore suspensions into the silk channel. Volatile profiles of maize ears were investigated at
24 dpi and in time series between 4 and 24 dpi. Sample collections were carried out by solid-
phase microextraction (SPME) and with a non-destructive open-loop-stripping (OLS)

procedure. Analysis was carried out by gas chromatography mass spectrometry.

The volatile profiles of healthy and infected maize ears differed significantly and it was
possible to identify a set of 27 volatile biomarkers for Fusarium infection. The marker set
included common Cs to Cg volatiles and specific sesquiterpenoid compounds, such as a- and
B-selinene, P-macrocarpene and B-bisabolene. Furthermore, trichodiene, the well known
volatile marker for trichothecene production was found. Markers were detected within 4-8 dpi
and their emission continued until early milk ripeness (24 dpi). The volatile biomarkers from
infected maize ears were not found under in vitro conditions. To link volatile signatures with
other defense and interaction mechanisms, we further assessed the formation of plant and
fungal secondary metabolites, such as mycotoxins, zealexins and oxylipins. The results

indicate a broad defense response of the plant towards pathogen attack.

Volatile biomarkers for Fusarium infection and associated mycotoxin contamination appear
particularly useful for the early detection of fungal infection before disease symptoms become

visible.
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2.1 Introduction

Phytopathogenic fungi cause severe problems in agricultural crops each year. Fungal
infections lead to considerable economic losses and to decreasing product quality by the
contamination of food commodities with toxic metabolites (Bennett & Klich, 2003;
D’Mello et al., 1999). In this context Fusarium spp. are of particular interest. They play an
important role in maize (Zea mays L.), but also in wheat (Triticum aestivum L.) and other
small-grain cereals (Logrieco et al., 2002; Placinta et al., 1999). Maize ear rot is induced by a
broad Fusarium species complex, including F. verticillioides (Sacc.) Nirenberg,
F. graminearum Schwabe, F.avenaceum (Fr.) Sacc., F.subglutinans (Wollenweber &
Reinking) P.E. Nelson, Toussoun & Marasas and F. proliferatum (Matsushima) Nirenberg
(Dorn et al., 2009, Logrieco et al., 2002). Fusarium spp. produce secondary metabolites
(mycotoxins) that exhibit multiple toxic effects in  mammals and humans
(Zinedine et al., 2007; Rotter, 1996; Gelderblom et al., 1991). Main Fusarium mycotoxins
regularly found in maize, include trichothecenes, fumonisins, zearalenone and moniliformin
(Glenn, 2007; Placinta et al., 1999).

Volatile organic compounds (VOCs) are hydrocarbons with a high vapour pressure. They are
released by most organisms and belong to various chemical classes, such as alcohols, esters
and terpenes. Due to their volatility, these molecules can travel large distances in
heterogeneous environments (Tholl et al., 2006; Kesselmeier & Staudt, 1999). Moreover,
volatiles are known to mediate various ecological interactions (Dicke & Baldwin, 2010;
Wenke et al., 2009). The headspace of a plant-pathogen-system comprises volatiles that are
likely to be emitted by the pathogen, such as 1-octen-3-ol and 3-octanone (Boerjesson et al.,
1989), but also volatile signals that might be released by the host plant (i.e. 3-(Z)-hexenal)
(Bate & Rothstein, 1998). It has to be considered that a plant releases protective volatile
signals not only upon pathogen or insect attack, but also upon abiotic stress, such as drought
or high temperatures (Holopainen & Gershenzon, 2010). The emission of volatiles from biotic
or abiotic stress, can co-occur with the formation of other secondary metabolites involved in
plant defense, such as zealexins, a class of non-volatile sesquiterpenoid phytoalexins
(Huffaker et al., 2011), and plant oxylipins that derive from the oxidation of polyunsaturated
fatty acids (PUFAS) and contribute to various plant defense mechanisms
(Goebel & Feussner, 2009).



New Strategies for the Detection of Fusarium Infection and Mycotoxin Contamination of Cereals And Maize 26

The use of volatiles for the recognition of fungal spoilage was extensively discussed in the
last years (Turner & Magan, 2004; Schnuerer et al., 1999; Jelen & Wasowicz, 1998). So far,
two common methods have been described for the collection of volatiles under controlled
conditions, a dynamic and a static procedure. The time-consuming dynamic procedure (also
loop-stripping), as described by Grob (1973) and Grob & Zuercher (1976), is based on an air
stream that circulates through a sample covering container and volatile molecules enrich on an
adsorbing matrix (volatile trap). The dynamic procedure, which is considered as non-
destructive, may be operated in a closed-loop or an open-loop mode (Tholl et al., 2006). The
second procedure, the static volatile sampling, is based on an adsorbing matrix (i.e. polymer)
that is exposed into a sealed container, which includes the sample. The solid-phase
microextraction (SPME), which was first described by Arthur & Pawliszyn (1990), is up to
now the most common technique for the static sampling of volatiles (Jelen et al., 2012;
Vas & Vékey, 2004). After a volatile collection with either static or dynamic procedure, the
trapped molecules can be released from the adsorbent material by solvent extraction or
thermal desorption. Usually, the following analysis is carried out by gas chromatography
mass spectrometry (GC-MS) (Tholl et al., 2006). Beside these sensitive bench-top techniques
for volatile profiling and analysis, there are new transportable devices available, such as
compact ion mobility spectrometers (IMS) (Borsdorf & Eiceman, 2006) or physicochemical
sensors, so called electronic-noses (Turner & Magan, 2004). These devices enable the
analysis of wvolatiles in the field and in post-harvest and storage processes
(Campagnoli et al., 2011; Vautz et al., 2006).

Recent studies on the volatile emission of maize tissue, infected with Fusarium spp., report a
broad volatile profile, including leaf alcohols and terpenoid compounds (Piesik et al., 2011).
Of particular interest is the sesquiterpene trichodiene. Its use as a volatile marker for the

biosynthesis of trichothecenes was first reported by Jelen et al. (1997).

Until now, most approaches in context with Fusarium infection of crops are based on in vitro
studies with fungi growing on sterile grain or artificial media (Dickschat et al., 2011,
Girotti et al., 2010; Demyttenaere et al., 2004; Bartelt & Wicklow, 1999). Under such
conditions, the response of the host plant towards fungal infection (i.e. release of volatiles in
terms of plant defense and plant-plant signaling) is excluded and, therefore, it is expected to
find a more diverse volatile spectrum on live plants being infected with Fusarium species. Of
particular interest is a specific set of volatile biomarkers to discriminate not only between
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‘infected’ and ‘non-infected’ fields/plants, but also between different Fusarium spp. and the
associated spectrum of mycotoxins. Because an application of fungicides against Fusarium is
only reasonable at early stages of infection, it has to be assessed how early these infection
specific volatiles are detectable. These markers could be a useful tool for crop protection and
consequently to limit the transfer of contaminated material to the food chain of humans and

animals.

The objective of the present work is to investigate the volatile profiles of Fusarium infected
maize ears over the time and with different sampling strategies to establish a reliable set of
volatile markers for the infection of maize with toxigenic Fusarium species. Furthermore, the
induction of secondary metabolites from the plant and the fungus (i.e. mycotoxins,
compounds of plant defense) has to be examined and linked with the emission of volatile

compounds.
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2.2 Materials and Methods

2.2.1 Plant Material and Growth Conditions

Experiments were performed on two maize varieties, including commercial hybrid maize
(Ronaldinio, obtained from KWS Saat AG, Einbeck, Germany) and a dwarf maize cultivar
(Gaspe Flint landrace, originally collected in Quebec, Canada, provided by Prof. Dr. J.
Schirawski, Department for Molecular Biology of Plant-Microbe Interaction, University of

Goettingen, Germany).

Hybrid maize was grown under greenhouse conditions at 26 + 5 °C. The photoperiod was set
to 16 h using mercury vapour lamps (6600 lux at ear height). Relative humidity (RH) was
58 %. Greenhouse experiments were repeated twice, once in summer and once in winter.
Dwarf maize was grown under the same greenhouse conditions as described for hybrid maize
but also under controlled conditions in a climate chamber (Kaelte Klima, Northeim, Germany,
26 °C, 70 % RH, 16 h photoperiod, 30000 lux).

Maize seeds were sown in mixed soil consisting of 30 % sand (< 2 mm granularity) and 70 %
commercial plant substrate (Fruhstorfer Erde, Typ T25, HAWITA Group, Vechta, Germany).
After 21 days of growth, the hybrid maize plants were separated and single plants were
transferred to plastic pots (18 x 18 x 25 cm). Dwarf maize seedlings were sown and raised in
plastic pots (11 x 11 x 12 cm). Plants were irrigated with tap water as required. After one
month of growth, plants were supplemented weekly with a macronutrient fertilizer
(N: P: K=15: 10: 15), dissolved inirrigation water.

2.2.2 Fungal Strains

Infections of hybrid maize ears were carried out with two strains of F. graminearum
(including a nivalenol (NIV) and a deoxynivalenol (DON) chemotype), two strains of
F. verticillioides and one strain of F. subglutinans. Infection of dwarf maize ears included one

strain of each F. graminearum, F. verticillioides and F. avenaceum.
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Apart from the strains that were used for maize infections, eight strains of F. subglutinans
were used for the optimization of a species-specific real-time PCR assay for F. subglutinans.

The sources of fungal material and abbreviations used in this study are described in Tab. 2.1.

Tab. 2.1 Overview of fungal material

Abbreviation
Fusarium sp. Name Source used in the
present study

F. graminearum Fg71 2 T. Miedaner, University of Hohenheim, Germany FG1
Fg210.1 wt b Phytopathological strain collection, Division of Plant Pathology and FG2
Crop Protection, University of Goettingen, Germany
F. verticillioides Fvital A. Prodi, University of Bologna, Italy Fv1
FM8114 Fusarium Research Centre, Pennsylvania State University, USA Fv2
F. subglutinans ~ CBS 215.76 CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands FSUB
43.92 H. Lew and A. Adler, Linz, Austria

215.96 H. Lew and A. Adler, Linz, Austria

Fsub2-17 P. Karlowsky, Shaam 6-39, China

Fsub2215 E. Moeller, field isolate from maize, Radzikéw, Poland
Fsub2213 E. Moeller, field isolate from maize, Radzikéw, Poland
Fsub2209 E. Moeller, field isolate from maize, Radzikéw, Poland
Fsub2220 E. Moeller, field isolate from maize, Radzikéw, Poland
F. avenaceum DSM 62161 Leibniz Institute - German Collection of Microorganisms and Cell FA

Cultures, Braunschweig, Germany

 Nivalenol (NIV) chemotype
P Deoxynivalenol (DON) chemotype

2.2.3 Production of Fungal Spores

Fungal spores were produced under sterile conditions in liquid mung bean medium following
a modified protocol of Bai & Shaner (1996). Modifications included a pre-cultivation step for
5 days at 28 °C to enhance final spore concentration. Final cultures were filtrated through

cotton wool and centrifuged at 7320 g for 5 min. The supernatant was discarded and spores
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were, subsequently, re-dissolved in glycerol (15%, v/v, Carl Roth, Karlsruhe, Germany).
Suspensions were mixed gently and the number of spores was counted with a Thoma chamber
(0.0025 mm?2). Spore suspensions were stored at -70 °C and germination tests were regularly
performed on potato-dextrose-agar (PDA, Carl Roth, Karlsruhe, Germany) to assess the
viability of spores.

2.2.4 Inoculation of Maize Ears

Commercial hybrid maize ears were infected either with single fungal strains (FG1, FG2,
FV1, FV2, FSUB) or with mixtures of F. graminearum strains and F. verticillioides strains.
The mixed infection treatment MIX A included spores of FG1, mixed with FV1, whereas
treatment MIX B included spores of FG2 and FV2. Experiments with dwarf maize included
treatments with FG1, FV1 and FA (no mixtures).

Inoculum for the infection of maize ears was produced in autoclaved tap water. For single
infection of hybrid maize ears, spore concentrations of F. verticillioides and F. subglutinans
were set to 10° mL™. The spore concentration of F. graminearum (higher aggressiveness than
other Fusarium spp. used in this study) was reduced to 10° mL™. Inoculum for mixed
infection treatments was produced with a spore concentration of 10° mL™ for each species.
Control plants were treated with water only. Each hybrid maize ear was treated with one mL
inoculum by injecting the spore suspension into the silk-channel at main flowering stage
(BBCH 65) following the inoculation method of Reid et al. (1995) (BBCH growth stages are
based on the scale of Zadoks et al. (1974)).

For infections of dwarf maize ears, spore concentrations were set to 10°mL* for
F. graminearum and 2 x 10° mL™ for F. verticillioides and F. avenaceum. Considering the
small ear of dwarf maize, only 500 pL inoculum per ear were used. In case of dwarf maize,
20 pL of adhesion detergent Tween®20 (Applichem, Darmstadt, Germany) were added to

each suspension. Control plants were treated with water and Tween®20.

Maturing stage of each plant was estimated daily and the date of infection (BBCH 65) was
determined individually. Prepared inoculum was stored at 4 °C for no more than 3 days.
Suspensions were kept on ice during inoculations and homogenized before use. Inoculations
were carried out between 11 am and 2 pm. To avoid cross contaminations, separate syringes
were used for each treatment. They were cleaned with ethanol (80 %, v/v, Carl Roth,
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Karlsruhe, Germany), dried and reused. The number of replicates, harvest time point and
further details about the experiments with hybrid and dwarf maize are given in Tab. 2.2. The
success of infection and cross-contamination between treatments was estimated by

quantitative real-time PCR (polymerase chain reaction, section 2.2.13).

2.2.5 Handling of Plant Material for Chemical and Molecular Analysis

Hybrid maize ears were harvested at 24 days past inoculation (dpi) (n =5, maturity stage of
early milk ripeness, BBCH 73) as well as in time series at 6 different time points (n = 3, time
points 4, 8, 12, 16, 20 and 24 dpi) (see Tab. 2.2). Dwarf maize (n = 6) was already harvested
at 14 dpi. Hybrid maize and dwarf maize ears were collected, dehusked and the evaluation of
disease severity, as percentage of affected ear surface, was carried out on the naked ear.
Afterwards, maize ears were cut longitudinally in two halves and handled according to the
experimental design as illustrated in Fig. 2.1. For the analysis of volatiles, an aliquot of 2 g
from the tip of one half were transferred to an inert glass vial for solid-phase microextraction
(SPME) (20 mL volume, VWR, Darmstadt, Germany). The vial was sealed with a screw cap
containing a silicone-polytetrafluoroethylene (PTFE) septum (1.3 mm, VWR, Darmstadt,
Germany). Prior to use, the glass vial and metal screw cap had been pre-conditioned at 160°C
for 3 h in order to remove any traces of volatile contaminants. Collected greenhouse samples
in vials were immediately bedded in a closed ice bucket and stored at -20 °C within 30 min
from harvest (SPME collection in section 2.2.6). The other half of the ear was used for further
analysis and stored at -20 °C or -70 °C in case of dwarf maize. Hybrid maize material from
the second half was freeze-dried and ground with a ball mill (Retsch, Haan, Germany).
Aliquots of homogenized material were used for quantitative real-time PCR (section 2.2.13)
and for the analysis of mycotoxins and oxylipins (sections 2.2.12 and 2.2.15). Fresh dwarf
maize material was processed in liquid nitrogen and used for quantitative real-time PCR, for
gene expression analysis (section 2.2.14) and for the analysis of phytohormones and zealexins
(section 2.2.16). Aliquots for each step of analysis are given in the corresponding sections

below.
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Fig. 2.1 Schematic display of the sample preparation of hybrid maize and
dwarf maize ears after harvest: Collected ears were dehusked and cut in two
(1) volatile profiing by solid-phase
microextraction (SPME) followed by gas chromatography mass spectrometry
(GC-MS) (SPME/GC-MS) and the other half of the ear was used for (2)
supplementary analysis, such as determination of fungal DNA (quantitative
real-time PCR, gPCR) and transcription levels of genes involved in the
formation of volatile compounds, as well as analysis of secondary metabolites

halves: one half was used for

hybrid maize

2g

—>

I

SPME

vial

(precise aliquots are given in the correspondent extraction protocols)

Furthermore, the systemic distribution of VOCs within different parts of the maize plant was

monitored at 24 dpi in either three vertically divided parts of the hybrid maize ear (ear-tip,

ear-centre, ear-base) or in three leaves of the plant (second leaf above maize cob, leaf next to

the maize cob, second leaf below maize cob, see Tab. 2.2). Samples from maize ear material

were collected as described earlier, considering the three different ear sections. Sampling of

leaf material was carried out by separating a section of each leaf between 10 cm and 20 cm

behind the stem. Afterwards, 1 g of the separated leaf material was coiled up, cut in four parts

of the same size and transferred to an SPME glass vial. Samples were transported and stored

as described before.
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Tab. 2.2 Experimental schedule for hybrid maize and dwarf maize

Hybrid maize Dwarf maize
Treatment Sasf::i;:i(;g Egr:?’m:; Time series Systemic SPME / GEA *
(SPME 2) LS 3 ) Distribution

CONT (water control) n=4 n=3 . n=>5 n =6

FG1 n=4 n=3 - n=6
FG2 n=4 n=3 6 time points, n = 3 n=5 -

FVv1 n=4 n=3 6 time points, n = 3 n=5 n==6
Fv2 n=4 n=3 - - -
MIXA (FG1, FV1) n=4 n=3 . -
MIX B (FG2, FV2) n=4 n=3 . -
FSUB n=4 n=3 . -

FA - - - n==6

Further descriptions and source of fungal material is given in Tab. 2.1
Solid-phase microextraction (SPME)

Open-loop stripping (OLS)

Gene expression analysis (GEA)

A W N P

2.2.6 Collection of Volatiles Using Static Procedure

SPME was employed as static system for the collection of volatile molecules from the gas
phase above plant material, the so-called headspace (HS). A SPME fibre, coated with
polydimethylsiloxane divinylbenzene (PDMS-DVB, 65 um coating thickness, Supelco USA),
was used as adsorption matrix. The fibre was initially cleaned by a bake-out at 260 °C for
60 min, followed by three blank injections. Prior to volatile analysis, frozen maize samples in
vials were allowed to equilibrate to room temperature and centrifuged at 1627 g for 2 min to
collect maize material at the bottom of the glass vials. Prior to VOC extraction by SPME,
samples were heated to 40 °C for 25 min. The HS-SPME extraction was then carried out for
10 min at 40 °C (see Fig. 2.2). Equilibrium of extraction was obtained under these conditions.
The fibre was immediately injected in the GC inlet (heated to 260 °C) for VOC desorption

and chromatographic analysis.

2.2.7 Sampling of VOCs Using Dynamic Procedure

An open-loop-stripping (OLS) system, with continuous supply of new ambient air, was
applied on the live maize plant. The procedure is illustrated in Fig. 2.2. Glass cartridges, each
packed with 1.5 mg activated charcoal (AC) (obtained from D. Graenicher, Daumazan sur
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Avrize, France), were used as volatile traps. Previous to use, these charcoal traps were rinsed 3
times with dichloromethane (DCM, anhydrous, >99.8 %, stabilized with amylene, Sigma-
Aldrich, Taufkirchen, Germany) and 3 times with n-pentane (anhydrous, > 99%, Sigma-
Aldrich, Taufkirchen, Germany). Traces of organic solvents were removed under vacuum
(2 min). A gas-washing bottle (250 mL total volume, 55 mm diameter, Carl Roth, Karlsruhe,
Germany), filled with 100 g AC pellets (1 mm diameter, steam activated, Sigma-Aldrich,
Taufkirchen, Germany), was used as a pre-filter for incoming ambient air. The head of the
bottle was filled with glass wool to hinder leakage of AC pellets during the run. Commercial
cooking bags, made of polyester (50 cm adjusted length, Toppits, Minden, Germany), were
used to cover the maize ear. Silicon tubes (4 mm inner diameter, Carl Roth, Karlsruhe,
Germany) of a defined length (3 different sizes per set) were used to connect all system
components (see also Fig. 2.2). Commercial polyvinylchloride tape (Coroplast, Wuppertal,
Germany) was used to connect tubes and foil bag as tight as possible without harming the
plant. The tape material had no contact with sample or headspace. A vacuum-pump, equipped
with a PTFE-coated membrane (model N86KT.18, VWR, Darmstadt, Germany), was used to
pull air through the system. A single pump was used for two OLS cycles at the same time via
connection with Y-valve (polyprophylene, Carl Roth, Karlsruhe, Germany). The valve was
placed behind the volatile traps. The flow rate in a single loop ranged between 1.1 and 1.5 L
min™*. OLS collections on maize ears were carried out for 24 h to exclude diurnal variations of
volatile emission. The start of each collection was between 11 am and 4 pm. Blank runs were

performed with empty bags to determine the background signal of the system.

After sampling, cartridges were rinsed with 100 uL DCM spiked with 8 pg mlI™ nonyl acetate
(FCC grade, Sigma-Aldrich, Taufkirchen, Germany) as internal standard. The eluate was
collected in 1.5 mL glass-vials, equipped with 200 pl glass inserts (Macherey-Nagel, Dueren,
Germany) and stored at -20 °C. After Extraction, the volatile traps were cleaned with DCM
and n-pentane as described before. Each trap was used up to 100 times. If necessary, VOC
traps were rinsed with nitric acid (1 M, Sigma-Aldrich, Taufkirchen, Germany) followed by
DCM and n-pentane clean-up. The AC containing gas-washing bottles, sampling bags and
tubes were re-conditioned at 160°C for 3 h. These components were used several times after

re-conditioning.
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HS-SPME Open-Loop-Stripping

(1) SPME assembly
@ (2) Glass vial with sample
(3) Gas-washing bottle

(4) Sample containing bag
(5) Volatile trap

(6) Y-valve with second loop

@ (7) Vacuum pump

Fig. 2.2 Schematic display of the applied static (headspace solid-phase microextraction,
HS-SPME) and dynamic (open-loop-stripping, OLS) sampling strategies for volatiles, air
flow in OLS follows no. 3 (entry) to no. 7 (exit)

2.2.8 Gas Chromatography (GC) Conditions for Volatile Profiling

An Agilent 6890 gas chromatograph coupled with an Agilent 5973 mass selective detector
(both obtained from Agilent, Waldbronn, Germany) and equipped with an autosampler for
SPME vials (PAL Combi, obtained from CTC Analytics AG, Zwingen, Switzerland) was
used to analyse the SPME samples and extracts of dynamic samplings. The GC was equipped
with a capillary HP-5MS column (Agilent, Waldbronn, Germany, nominal diameter:
0.25 mm, length: 30 m, nominal film thickness: 0.25um). Conditions were as follows: inlet
pressure: 48.5 kPa; He 19 mL min™; injector: 250 °C; transfer line: 260 °C, electron energy:
70 eV. The GC was programmed as follows: 40 °C (2 min isothermic), increasing at 3.2 °C
min™ to 140 °C followed by 80 °C min™ to 250 °C (3.38 min isothermic) and operated in
splitless mode; carrier gas (He): 1 mL min™. The scan range was between 40 and 450 atomic
mass units. OLS samples were injected with a volume of 2 pL. For liquid injections, the
syringe was washed two times with DCM after each injection. Furthermore, a GC with flame
ionization detector (FID, GC model 6890n, Agilent, Waldbronn, Germany) was employed to

analyse OLS extracts for quantitative purposes. Data processing is described in section 2.2.18.
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2.2.9 Comparing Static and Dynamic Sampling

Infected kernels from a hybrid maize ear, treated with F. graminearum spores (strain FG1),
were collected after 24 dpi and homogenized with mortar and pestle. Aliquots of 5 g fresh
matter were distributed in 3 replicates to SPME vials and glass Petri dishes (92 mm diameter)
(vessels were preconditioned at 160 °C for 3 h prior to use). The HS-SPME was conducted as
described before (section 2.2.6). For OLS, the glass Petri dishes with infected material were
placed in foil bags and connected to a dynamic system as described earlier (section 2.2.7).
The OLS was carried out for 4 h. An empty bag was looped as control. Nonyl acetate (8 pg
ml™) was used as an internal standard in the OLS procedure. Both, HS-SPME and OLS, were
carried out at the same time to exclude differences in VOC signatures due to decomposition of

material. GC-MS analysis was carried out as described earlier (section 2.2.8).

2.2.10 Invitro Assay with Fusarium Cultures on Autoclaved Maize and Rice Kernels

F. graminearum strain 1 (FG1) and F. verticillioides strain 2 (FV2) were incubated for 9 days
on GM7 medium (Utermark & Karlovsky, 2007) (25 °C, dark conditions). Aliquots of 3 g
non-infected maize material, harvested in greenhouse trials, were transferred to SPME glass
vials. Relative water content was adjusted to 80% (w/w) by addition of double distilled water.
The equivalent weight of dry rice kernels (not contaminated, BAK Kardesler GmbH, Gemlik,
Turkey) were transferred to glass vials and relative water content was adjusted to 80 % (w/w)
as well. Vials were autoclaved at 121°C for 20 min and cooled down to room temperature.
Overgrown GM7-plugs (@ 0.5 mm) with young fungal mycelium of FG1 and FV2 were
separated with a cork borer and transferred to the prepared vials. A sterile GM7-plug was
transferred to autoclaved medium as negative control. Prepared cultures (n = 3) were
incubated for 7 days in darkness at room temperature. During the first 5 days, vials were not
sealed airtight to allow gas exchange. To avoid contamination, they were sealed with one
layer of Parafilm® M (American National Can, Greenwich, Connecticut, USA). Vials were
sealed airtight during the last 48 h prior to analysis to allow the accumulation of volatiles in
the headspace. Gas chromatographical analysis was carried out by SPME/GC-MS as

described earlier (section 2.2.8).
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2.2.11 Effect of VOCs from Infected Ear Material on Fungal Growth

F. graminearum strain FG1 and F. verticillioides strain FVV1 were incubated on PDA for 3
days (25 °C, darkness). Aliquots of 2 g maize material from greenhouse trials (control
treatment, F. verticillioides (FV1) and F. graminearum (FG2) treatment) were blended with
8 mL DCM. Extracts were shaken for 10 h and centrifuged for 10 min at 7320 g. Supernatant
was transferred to a new centrifuge tube (Sarstedt, Nuembrecht, Germany) and the total
volume was filtered though a PTFE-filter (Perfect Flow, 13 mm, 0.2 um, Wicom,
Heppenheim, Germany). Extracts were stored in glass vials at -20 °C. PDA medium was
poured out in one-half of sterile two-chamber Petri dishes (90 mm diameter, Sarstedt,
Nuembrecht, Germany). The other half was filled with a layer of sterile cotton wool. An
overgrown agar plug with young fungal mycelium of each Fusarium strain (5 mm diameter)
was transferred to the centre of each PDA half. Fungal material was incubated at 25 °C in
darkness. After 24 h, the Petri dishes were sealed with one layer of PTFE tape (Wendler, Aue,
Germany) and one layer commercial PVC tape. A loophole was gently melted in the lid above
the cotton wool using a hot injection needle. Aliquots of 40 uL DCM extracts were
transferred to the cotton wool. Each growing strain was treated with (1) pure DCM, (2)
extracts of control plant material and with (3) extracts of material infected with the same
strain (n = 3). The hole was immediately closed with a PTFE coated septum. The diameter of

the growing culture was measured 3 times within 72 h.

2.2.12 Mycotoxin Extraction and Analysis

Mycotoxin content was determined by HPLC-MS using methods described before for
thrichothecenes DON and NIV (Adejumo et al., 2007a), zearalenone (ZEN) (Adejumo et al.,
2007b) and Fumonisins B1 and B2 (further labelled as FB1, FB2) (Visentin et al., 2012).

2.2.13 Quantification of Fungal DNA

DNA was extracted from aliquots of 100 mg maize ear material following a protocol of
Brandfass & Karlovsky (2008). Gel electrophoresis was performed to confirm the quality and
uniformity of extraction process. DNA was loaded on 0.8% (w/v) agarose gel prepared in
TAE buffer (40mM Tris, 1 mM EDTA (ethylenediaminetetraacetic acid) (both substances
were obtained from Carl Roth, Karlsruhe, Germany), pH adjusted to 8.5). Electrophoresis was

carried out for 60 min at 60 V. DNA was stained with ethidium bromide (2mg L™,



New Strategies for the Detection of Fusarium Infection and Mycotoxin Contamination of Cereals And Maize 38

Applichem, Darmstadt, Germany) and documented with a gel imaging system (Vilber
Lourmat, Marne la Vallee, France). To reduce content of inhibitory TE buffer, DNA was
diluted 1:10 (v/v) with double distilled water.

Low-volume quantitative PCR assays were developed by Dastjerdi et al. (unpublished).
Reaction mixtures contained double distilled water, filled to 4 pL reaction volume per well,
NHa-reaction buffer (16 mM (NH4),SO, and 67 mM Tris-HCI), species specific primers
(0.3 uM forward (fwd) and reverse (rev) primer), 0.1 x SYBR Green | solution (Invitrogen,
Karlsruhe, Germany), BIOTaq DNA polymerase, MgCl, buffer, dNTP solution and 1 pL
sample template (concentration for reagents, i.e. polymerase and buffers, is presented in
Tab. 2.3). Buffers, dNTPs and Taq polymerase were obtained from Bioline (Luckenwalde,
Germany). Quantitative real-time PCR analysis was performed with a CFX 800 real-time
PCR cycler (BioRad, Hercules, California, USA). Melt curve analysis was included to
confirm the specifity of individual PCR product. Wells with unspecific fluorescence signals,
i.e. due to primer dimers, were not quantified. An overview of applied PCR procedures is

presented in Tab. 2.3.

Tab. 2.3 Characteristics of PCR assays for the quantification of fungal DNA in maize samples

F. graminearum

F. verticillioides

F. subglutinans

F. avenaceum

MgC|2

dNTP

Primer (fwd/rev)

Taq polymerase

Temperature

procedure

Publication

2.5 mM

200 pM

Nicholson et al.
(1998)

0.03U*

34 x (94°C (30sec),
64°C (25sec), 72°C
(25sec))

Brandfass &
Karlovsky (2008),
modified by
Dastjerdi
(unpublished)

25mM

100 uM

Mulé et al. (2004)

0.03U*

35 x (94°C (40sec),
62°C (30sec), 72°C
(40sec))

Nutz et al. (2011),
modified by
Dastjerdi
(unpublished)

3.5mM

100 pM

Mulé et al. (2004)

0.025 U *

34 x (94°C (30sec),
64°C (30sec), 72°C
(40sec))

This work

2 mM

150uM

Turner et al. (1998)

0.025U *

34 x (94°C (30sec),
62°C (25sec), 72°C
(30sec))

Dastjerdi et al.
unpublished

* per reaction unit
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Fluorescence  signals  were  exported and  factorized as  described in
Brandfass & Karlovsky (2008). Fungal DNA concentrations in unknown samples were
calculated according to a standard row (8 DNA concentration steps from 0.51 pg pl™ to
1111.11 pg pI™). Standards were produced in non-contaminated maize matrix (1:10 (v/v)
diluted in double distilled water), which was spiked as required with concentrated fungal
DNA. To obtain fungal DNA in high concentrations, Fusarium strains were cultivated in
potato dextrose broth (PDB, Carl Roth, Karlsruhe, Germany) for 5 to 7 days at 26 °C. Fungal
mycelium was collected and freeze-dried. The DNA extraction from homogenized fungal
material was conducted as described in Brandfass & Karlovsky (2008), but included an
additional phenol clean-up step to remove impurities. The DNA concentration of standard
stock solutions was determined by densitometrical analysis on 1.2% (w/v) agarose gel in TAE
buffer (60V, 60min) using Multi Analyst software (BioRad, Hercules, California, USA).

2.2.14 Analysis of Terpene Synthase Genes tps6/11

Total RNA was extracted from aliquots of 100 mg fresh matter (ground with mortar and
pestle in liquid nitrogen) using RNeasy Plant Mini Kit (Quiagen, Hilden, Germany). Quality

of extraction was confirmed by gel electrophoresis (1.2 % (w/v) agarose gels).

Further analysis was carried out in the Max Planck Institute for Chemical Ecology in Jena
(Germany) (gently guided by Dr. T. Koellner and S. Irmisch). Concentration of RNA was
measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher, Wilmington, DE, USA)
at 260 nm. RNA concentration was adjusted to 50 ng pL™*. DNase digestion was carried out,
followed by synthesis of cDNA using Super Script 11l polymerase (Invitrogen, Karlsruhe,
Germany). Each volume was diluted 2:1 (v/v). Amplification of DNA was accomplished for
each candidate primer pair using Phusion High-Fidelity DNA-Polymerase (Biozym, Hessisch
Oldendorf, Germany). Primer pairs were pre-selected on the basis of gel electrophoresis. PCR
products were purified with QIAquick PCR Purification KIT (Quiagen, Hilden, Germany).
Ligation of DNA fragments in pCR®Blunt II-TOPO® vector (Invitrogen, Karlsruhe,
Germany) followed according to the manufacturers’ instructions. The vector was transformed
in competent cells of Escherichia coli. Colony PCR was carried out to identify successful
transformation. After an incubation period of 24 h at 37 °C, Plasmid DNA was extracted from
E. coli cultures with NucleoSpin Plasmid Kit (Macherey-Nagel, Dueren, Germany). Plasmid
inserts were sequenced to confirm correct transformation. Quantitative real-time PCR was

carried out for housekeeping genes (putative APT1a for adenine phosphoribosyltransferase 1;
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primer forward HG5: 5°—- AGGCGTTCCGTGACACCATC-3’, primer reverse HG6:
5’ - CTGGCAACTTCTTCGGCTTCC-3’) and candidate genes (tps6/11, QRT5: 5°-
TGGTAATTTGGACTTAGTTTCACG-3’; QRT6: 5° - CACTGTCTCTCCATGAATCCTC-
3”) using Brilliant 111 Ultra-Fast g°PCR master mix (Agilent, Waldbronn, Germany). Relative
fold change of target genes in comparison to housekeeping genes was calculated for each

treatment.

2.2.15 Detection of Oxylipins

The formation of oxylipins was analysed by Dr. C. Herrfurth and Prof. I. Feussner in the
Department for Plant Biochemistry, Albrecht-Haller-Institute for Plant Sciences (Goettingen,
Germany). Aliquots of freeze-dried hybrid maize material, corresponding to 2 g fresh weight,
were extracted according to the protocol of Goebel et al. (2003) and methylated with
trimethylsilyldiazomethane (2 M in hexane, Sigma-Aldrich, Taufkirchen, Germany). The
analysis of non-oxidized fatty acid methyl esters (FAMES) was performed with an Agilent
6890 gas chromatograph equipped with a capillary DB-23 column (Agilent, Waldbronn,
Germany, nominal diameter: 0.25 mm, length: 30 m, nominal film thickness: 0.25um) and
heptadecanoic acid as internal standard. Hydroxyl fatty acids were purified on reverse phase-
HPLC equipped with ET250/2 Nucleosil 120-5 C18 column (Macherey-Nagel, Dueren,
Germany) as described in Goebel et al. (2003). Eluate fraction was collected between 8 and
13.5 min, evaporated to dryness and re-dissolved in 2 pL acetonitrile. After addition of 2 puL
N,O-bis(trimethylsilyl)trifluoroacetamide (Sigma-Aldrich, Taufkirchen, Germany), analysis
was carried out with an Agilent 6890 gas chromatograph equipped with DB-23 column and
coupled with an Agilent 5973 MS. Standard curves were constructed by plotting ion

intensities vs. molar amounts of known hydroxyl fatty acids.

2.2.16 Extraction and Analysis of Zealexins and Jasmonic Acid (JA)

Aliquots of 100 mg fresh dwarf maize ear material were transferred to 2 mL reaction tubes. A
volume of 800 pL 1-propanol-H,O-HCL (2:1:0.005, v/v/v, fuming HCL, 37%, Merck,
Darmstadt, Germany), containing deuterium labelled jasmonic acid (d5-JA, 0.15 pg ml™, Dr.
Ehrenstorfer, Augsburg, Germany) as internal standard, was added to each tube (extraction
steps were performed in darkness). After 60 min of incubation on ice, samples were shaken
for 30 min. Aliquots of 1 mL cold DCM were added and samples were shaken again for
15 min on ice. Extracts were centrifuged for 30 s at 10000 g and the bottom layer (DCM-1-



41 Chapter 2: Volatile Markers for the Infection of Maize (Zea mays L.) Ears with Fusarium spp.

propanol phase) was transferred into 4 mL glass vials. Two aliquots of 400 pL were collected
from each sample. One of the aliquots was used for phytohormone analysis and the other one

for the analysis of zealexins.

The phytohormone analysis was carried out by Dr. R. Splivallo (Molecular Phytopathology
and Mycotoxin Research, University of Goettingen, Germany). For this purpose, samples
were evaporated to dryness under vacuum, stored and re-dissolved in 200 pL methanol-water
(1:1, v/v) containing 7 mM acetic acid (Sigma-Aldrich, Taufkirchen, Germany) for HPLC-
MS analysis. Aliquots of 10 uL were injected to HPLC and eluted at 40 °C with a flow rate of
0.2 mL min™. Chromatography was performed on a Kinetex® C18 column (100mm x 2.10mm
with 2.6um particle size) equipped with a C18 guard column (2.0mm) purchased from
Phenomex Inc. (Aschaffenburg, Germany). The following program was used for elution:
90 % (v/v) solvent A ([95:5] [H,0:Acetonitrile] containing 7 mM acetic acid) and 10 % (v/v)
solvent B (methanol containing 7 mM acetic acid) for 1 min; ramp to 20 % (v/v) B in 3 min
19 sec, ramp to 30 % (v/v) B in 36 sec; ramp to 98 % (v/v) B in 1 min; hold for 2 min 32s
followed by re-equilibration to 10 % B. Under those conditions, JA eluted at 7.4 min.
Phytohormones were detected in the mass spectrometer in multiple reaction monitoring
modus (MRM) with the following mass transitions: JA, 208.9 >59.0 (9.5 eV); d5-JA,
214> 61.8 (14.0 eV). A calibration curve based on the ratio of the peak areas of unlabeled JA
standard to d5-JA standard was used for the quantification of JA.

For zealexin analysis, samples were derivatized with 4 pmol trimethylsilyldiazomethane
(2 uL of a 2 M solution in hexane), as described in Schmelz et al. (2004). Samples were
injected with a volume of 1 pL to an Agilent 6890 GC, equipped with a DB-23 column,
coupled with an Agilent 5973 MS. Conditions were as follows: inlet pressure: 52.5 kPa; He
11 mL min; injector: 260 °C; transfer line: 260 °C, electron energy: 70 eV. The GC was
programmed as follows: 50 °C (1 min isothermic), increasing at 10.0 °C min™ to 260 °C
(15 min isothermic) and operated in split mode (split ratio of 7:1); carrier gas (He):
1 mL min™. Data processing included integration of chromatograms and identification by

mass-spectral data (refer to section 2.2.18).
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2.2.17 Stem Elicitation Assays

A stem phytoalexin elicitation assay was carried out according to the descriptions of
Huffaker et al. (2011). Stock solutions of JA and Ethephon (ETP) were prepared in ethanol
(PA grade) (Sigma-Aldrich, Taufkirchen, Germany). Working solutions were prepared in
double distilled water (ethanol 5 %, v/v; (1) 200 mmol JA (as Na® salt) and (2) 66 nmol ETP
in 20 uL volume, (3) mix of 200 nmol JA and 66nmol ETP (JA-ETP) in 40 pl volume). Five
week old dwarf maize plants, cultivated in greenhouse as described earlier (section 2.2.1),
were cut off 5 cm above soil. Two sections of 3 cm were separated from the lower stem part
of each plant. A defined incision of 2 mm depth was cut in each section at full length.
Prepared solutions of JA, ETP and JA-ETP were transferred to the incisions. Aliguots of
20 pL ethanol 5 % (v/v) were used as control treatment (n = 3). Inoculated stem sections were
embedded in 20 mL inert glass vials and incubated for 24 h at room temperature and normal
light conditions. After incubation, samples were stored at -20 °C. HS-SPME sampling and

GC-MS analysis were carried out as described earlier (section 2.2.8).

Stems of healthy dwarf maize plants were treated following the descriptions of
Huffaker et al. (2011). For this purpose, stems were incised with a scalpel 2 cm above the soil.
Incisions were filled gently with 20 pul 100 nm JA and 33 nm ETP (dissolved in a 5 % (v/v)
ethanol solution) or with 20 pl ethanol 5% (v/v) as control treatment. After 24 h of incubation,
stem sections with incisions were collected and transferred to SPME vials. Samples were
analyzed by SPME/GC-MS as described in the previous section (2.2.8).

2.2.18 Data Processing and Statistical Analysis

Chromatograms of OLS and SPME samples were integrated automatically using Agilent
MSD ChemStation software (version D.01.02.16, 15 June 2004, Agilent, Waldbronn,
Germany). Integration parameters were set to: initial area reject = 1; initial peak width = 0.02;
shoulder detection = OFF; initial threshold = 14. Kovats’ retention indices (KI) were
calculated based on a homologous series of n-alkanes (Alencar et al., 1984).

Species-specific real-time PCR was used to validate fungal infections. Samples that were

infected with other Fusarium sp. than the intended species were removed from analysis.
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To allow a statistical data evaluation for both sampling strategies (SPME/GC-MS and
OLS/GC-MS), retention times were aligned manually to one decimal place. The alignment of
retention times was justified with respect to the high resolution and low temporal shift among
peaks. A matrix was created, in which the peak areas of each sample were assigned to the
corresponding retention times. Accordingly, the designed data matrix included all retention
times and assigned peak areas occurring in one experiment. In cases were chromatograms

revealed no integrable areas for specific retention times, the peak areas were set to zero.

Prior to statistical analysis, no data normalization was performed for the SPME/GC-MS data,

while OLS/GC-MS peak areas were normalized to the peak area of the internal standard.

An R-script (version 2.14.2011-12-16 for Windows, http://www.r-project.org/) was applied
for further data processing. The non-parametric Kruskal-Wallis test (one-way analysis of
variance by ranks), as described in Siegel & Castellan (1988), was employed to identify
significant differences between control and individual Fusarium infection treatments. The

formula is given below:

> JN(N-I—I)>< 1 N 1
B %(k—l) 12 n.n

¢ u

R -R,

= average of ranks within group

= control group

= group (treatment, other than control)
number of groups (treatments)

number of cases in the combined sample
=number of cases within group

R A n>u|
i

The Kruskal-Wallis test is included in the contributing package ‘pgirmess: data analysis in
ecology”  (version  2.14.2, recent version is  available at  http://cran.r-
project.org/web/packages/pgirmess/index.html). The test was conducted on each retention
time vector containing peak areas of all replicates within treatments (= groups). These vectors
correspond to individual volatile compounds. Vectors that revealed significant differences

between one or more infection treatments and the healthy control were considered as markers.

Marker identification was performed by calculation of retention indices (KI), by injection of
authentic standards (only major isoprenes) and by comparison of their MS fragmentation
pattern to those available in mass spectral libraries, including NIST 08 (National institute of
Standards and Technology, Gaithersburg, Maryland, USA), the Adams Library (Robert P.
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Adams, 2007, Identification of Essential Oil Components by Gas Chromatography/ Mass
Spectrometry, Allured Publishing Corporation, Carol Stream, Illinois, USA) and the Wiley
Registry of Mass Spectral Data (8" edition, John Wiley & Sons Inc., Hoboken, New Jersey,
USA).

Quantitative data, i.e. for toxin concentration, fungal biomass and oxylipins (quantification by
standard rows), were averaged within treatments. Results below LOQ were set to 0. Multiple
comparisons were carried out in a post-hoc Scheffé test (p < 0.05) for data sets with unequal
sample size and Tukey’s honestly significant difference test (p < 0.05) for balanced data sets
following ANOVA.
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2.3 Results

2.3.1 Optimization of a Specific Real-Time PCR Assay for F. subglutinans

Three published primer pairs were evaluated for the optimization of a specific real-time PCR
assay for F.subglutinans (Primer pair 1. Fsub565 fwd (5’- TCATTGGTA
TGTTGTCGCTCATG - 3”), Fsub622A rev (5’- GTGATATGTTAGTACGAATAAAGGGA
GAAC - 3"), published by Nicolaisen et al. (2009), Primer pair 2:
61-2 F (5’- GGCCACTCAAGAGGCGAAAG - 3’), 61-2R (5 - GTCAGACCAGAGCAAT
GGGC - 3°), published by Moeller et al. (1999), Primer pair 3: SUB 1 (5°-CTGT
CGCTAACCTCTTTATCCA-3), SUB 2 (5-CAGTATGGACGTTGGTATTATAT
CTAA - 37), published by Mulé et al. (2004)). In a first step, preliminary primer specifity tests
were performed using pure standard DNA of eight F. subglutinans isolates (No. 43.92, No.
215.96 (H. Lew and A. Adler, Linz, Austria), Fsub2-17 (P. Karlovsky, Shaam 6-39, China),
Fsub2215, Fsub2213, Fsub2209, Fsub2220 (E. Moeller, field isolates from maize, Radzikdw,
Poland) and FSUB (CBS 215.76, full reference in section 2.2.2). Furthermore, we included
F. graminearum strain 1 (FG1) and F. verticillioides strain 1 (FV1) as reference DNA for
non-target sequences. A standardized PCR protocol was established according to the
published optimal conditions of all three primer pairs (2mM MgCl,, 200 uM dNTP, annealing
temperature: 62 °C for 60 sec). Preliminary PCR assays, including melt curve analysis, were
carried out with a BioRad iCycler (BioRad, Hercules, California, USA). Primer pair 1 resulted
in unspecific PCR products for water control, F. subglutinans DNA and reference DNA and
was, consequently, excluded from further analysis. Primer pair 2 and 3 amplified
F. subglutinans DNA with the same efficiency, but primer pair 2 did not specifically amplify
target DNA. Consequently, further PCR optimization was carried out with primer pair 3 and
DNA extracted from the described FSUB strain. Gradient real-time PCR using CFX 800 real-
time PCR cycler was carried out for an annealing temperature range between 54 °C and
68 °C. MgCl, concentrations were tested in the range of 2.0 - 4.5 mM and applied dNTP
concentrations ranged between 100 - 250 uM. Considering ct-values and specifity of primer
annealing, it can be recommended to use a MgCl, concentration of 3.5 mM and a dNTP
concentration of 100 uM. The PCR assay can be operated in a broad temperature range.
Nevertheless, 64 - 66 °C turned out to be most suitable to achieve low ct-values and specifity

of primer annealing.
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2.3.2 Comparison of Dynamic and Static Sampling Strategies for the Collection of
VOCs

SPME is a non-exhaustive equilibrium based extraction technique, which permits quick
extraction of volatiles from complex matrices without time consuming sample preparation
(Ouyang & Pawliszyn, 2008; Vas & Vékey, 2004). SPME is considered to be at best semi-
quantitative without the use of proper calibration accounting for possible matrix effects. For
SPME extractions, we not only normalized sample mass (always 2 g), extraction time
(10 min) and temperature (40 °C), but also compared the results of SPME with OLS, an
exhaustive extraction technique for which we used an internal standard for data normalization.
Comparison of the results, obtained with both sampling methods, indicates a high correlation
(R? = 0.998) between OLS data, normalized to the internal standard, and the non-normalized
SPME data (see Fig. 2.3). This illustrates that matrix effects are negligible during SPME
sampling. It also implies that our SPME data, from maize ear samples, yield quantitative
results, which permits to directly compare a given volatile peak area, from one sample to the

other.
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2.3.3 Set of Volatile Biomarkers for Fusarium Infection of Maize Ears by SPME/GC-
MS Analysis

The volatile profile of Fusarium infected hybrid maize ears differed considerably from the
profile of non-infected maize. Statistically significant differences (p <0.01) between
non-infected and infected maize ears were observed for a set of 27 volatile compounds
(infection markers), detected at 24 dpi (Tab. 2.4 and Fig. 2.4 A). We observed de novo
synthesis of VOCs upon infection as well as a relative increase or decrease in VOC emission.
This illustrates qualitative (absence or presence) and quantitative differences. Depending on
their occurrence, markers were specific to single species of Fusarium (i.e. trichodiene for
F. graminearum infection) or general of Fusarium infection (i.e. B-selinene occurred in
infected ear material independent from the species). The set of markers contained alcohols

and carbonyls (Cs — Cg compounds), as well as sesquiterpenoid compounds (C1s, SQTS).

A large group of volatile terpenoid markers was found in infected hybrid maize. Among this
group, 5 sesquiterpenes, B-selinene, a-selinene, B-macrocarpene, 3-bisabolene and trichodiene
(only in FG1/FG2), were identified as main markers, because this group appeared only upon
infection and peak abundances were remarkably higher than for other volatile signals. Fig. 2.5
presents a stacked chromatogram of a control and a F. graminearum treatment, illustrating the
formation of these main VOC markers upon infection. The infection with F. graminearum
resulted in a diverse set of other isoprenoid markers, including (+)-aromadendrene,
longifolene, germacrene D, (E)-B-farnesene, a-muurolene, but also unidentified
sesquiterpenoids. The mass spectra of unknown SQTs, extracted from chromatograms of
hybrid maize samples, infected with F. graminearum (strain FG1), are presented in Fig. 2.7.
The unknown SQT (KI 1418), germacrene D and a-muurolene were also released in all other
infection treatments but not considered as markers for these treatments, whereas
(E)-B-farnesene and two unidentified SQTs (KI 1488 and Kl 1547) were also present in
F. subglutinans infected ears (in this case as well no significant differences observed).
Non-infected hybrid maize ears released (+)-cycloisosativene and a-ylangene at highest
levels. These volatile SQTs were absent or found with minor abundances in the headspace of

Fusarium infected samples.
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Tab. 2.4 Overview of volatile markers for Fusarium infection of hybrid maize ears and statistical
differences to control treatment at time point 24 days post-inoculation (dpi) (analysis by
SPME/GC-MS)

Mode of Observed differences * between infected ® and non-infected ©

Klaer ~ Chemical identi
calc ty identification®> OLS®

FG1 FG2 FSUB FV1 FV2 MXA MIXB
753 1-pentanol Kl, MS 25 0 4.8 128* 0.8 0.5 15
856 3-hexen-1-ol Kl, MS 11.4* 114* 3 14 75 114 114+
889 no ID 7.1 114* 31 1.8 4.8 8.4 2.6
904 2-heptanol KI, MS 13.3* 174* 7.8 53 8.8 10.3 17.1*
978 1-octen-3-ol KI, MS 9.8 11.8* 0.3 5.7 38 9.5 35
985 3-octanone Kl, MS 9.3 9 25 155* 15.2* 175* 20.8*
993 3-octanol Kl, MS 4 0 0 9 7.7 9 15.3*
1017 no ID 0.8 0.6 15 7 9.7 125* 10.9*
1375 (+)-cycloisosativene Kl, MS + 11.8* 18* 2.8 25 11.8* 125* 18*
1380 a-ylangene Kl, MS + 134* 155* 0.3 0.3 7.8 12.3* 155*
1410 (+)-aromadendrene Kl, MS 17* 8.4 0 0 0 0 9.6
1412 longifolene Kl, MS + 17.3* 11+ 0 0 0 0 10.3
1418 SQT unknown + 18+ 14 * 3.9 3.3 0.1 0.4 10.3
1431 germacrene D Kl, MS + 125* 5.8 3.7 15 6.7 10 51
1442 SQT unknown 17* 105 0 0 0 0 11+
1445 SQT unknown 165* 11.3* O 0 0 0 10.8*
1477 (E)-B-farnesene Kl, MS + 155* 75 9.3 0 0 35 24
1485 SQT unknown 16.8* 8.4 0 0 0 0 9.9
1488 SQT unknown 16.5* 135* 2.8 0 0 0 9.9
1496 a-muurolene Kl, MS 13.1* 0.3 2.9 2.9 2.9 2.9 31
1499 B-selinene STD + 13.3* 125* 17.7* 18.7* 8 11.3 13*
1509 a-selinene STD + 129* 7 13~ 142* 52 4.5 8.5
1517 3-macrocarpene STD + 225* 19* 9.2 10.2 5.2 9.2 17.3*
1525 B-bisabolene STD 19.3* 16* 10.3 10.3 2 10 13.8*
1533 trichodiene Kl, MS + 165* 13* 0 0 0 0 9
1547 SQT unknown 8.3 15+ 4.2 0 0 3.2 6.3
1603 no ID 1.3 10 18.7* 11 7 12.3* 14+

1 Calulated Kovats' indices (Klcac), based on a homologous series of n-alkanes

2 Identification by mass spectral libraries (MS), by Kovats' indices (KI) or by comparison with authentic standard (STD)

3 Volatile markers, confirmed by dynamic open-loop-stripping (OLS) are labelled with ‘+'

4 Obsened differences between 'Fusarium infected' and 'non-infected' following Kruskal-Wallis test; significant differences are
labelled with ™ (p < 0.01, critical difference for FG1, FG2 and MIXB is 10.5, for others 11.4), 3<n <4

5 Inoculation of maize ears with Fusarium strains, abbreviations FG1, FG2 = F. graminearum strains, FSUB = F.subglutinans
strain, FV1, FV2 = F. verticillioides strains, MIXA = FG1 and FV1, MIXB = FG2 and FV2, source of fungal material is presented
in Tab. 2.1

6 Control treatment (ears inoculated with water)

Beside the important group of isoprenoids, other volatiles were identified as markers in hybrid
maize trials. The group includes well known compounds that might be emitted by the plant,
such as 3-hexen-1-ol and 2-heptanol, but also by the fungus, such as 1-octen-3-ol, 3-octanone
and 3-octanol.
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Fig. 2.4 Distribution of selected volatile markers (A) among all Fusarium infection treatments of
hybrid maize ears at time point 24 days post-inoculation (dpi) (3 <n <4) and (B) in time series

among infection with F. graminearum (FG, strain FG2) and F. verticillioides (FV, strain FV1) at

days); sampling and analysis by SPME/GC-MS; color coding,
as specified in legend, is based on normalized data (first normalization: peak area by total ion
chromatogram (TIC), second normalization: means by maximum, 0 = absent (white), 1

time points 4 — 24 dpi (n =3, d

maximum (black)), abbreviations for treatments (FG1, FG2, FSUB, FV1, FV2, MIX A, MIX B) are
given in Tab. 2.4, Cont = control treatment; markers are ordered by calculated Kovats’ retention

indices (KI, shown in brackets)
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The dwarf maize variety was selected as reference because it completes its life cycle faster
than the commercial hybrid maize (3 months until harvest for dwarf maize, compared to 4
months for hybrid maize) and occupies less space in greenhouse. The selected set of volatile
markers from commercial hybrid maize was largely confirmed by the analysis of dwarf
maize. Alcohols and carbonyls, such as 3-hexen-1-ol, 2-heptanol and 3-octanone, occurred in
the same pattern. Most sesquiterpenes, including the main group of markers, were present.
Especially F. avenaceum infected dwarf maize ears, showing an intermediate disease severity
(89 %) between highly aggressive F.graminearum (100 %) and almost symptomless
F. verticillioides (14 %), yielded in a diverse volatile spectra, including main group of VOC
markers (except trichodiene) with high signal intensities. However, 8 selected SQT
compounds from hybrid maize trials, unknown compound (KI 889), unknown compound
(KI11017), (+)-aromadendrene, unknown SQT (KI 1418), germacrene D, unknown SQT
(KI 1442), a-muurolene and unknown SQT (KI 1547), were not detectable in dwarf maize.

Fig. 2.6 illustrates symptoms of Fusarium infection on dwarf maize ears.

Fig. 2.5 Stacked chromatograms of
control and F. graminearum treatment of
maize ears, illustrating de novo synthesis
of defined main VOC markers for
infection, (1) B-selinene, (2) a-selinene,
(3) B-macrocarpene, (4) B-bisabolene,
(5) trichodiene (only in F. graminearum
infection)

F. graminearum

Control

Fig. 2.6 Typical symptoms of Fusarium infection on dwarf maize ears, inoculated with
(A) water as control treatment (no symptoms), with (B) F. verticillioides spores and
with  (C) spores of F.graminearum after 14 days post-inoculation (dpi).
F. verticilllioides infected ears show fungal mycelium on single kernels, whereas
F. graminearum infected ears show extensive development of fungal mycelium on the
surface
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Fig. 2.7 Mass spectra of unknown sesquiterpenoid compounds, defined as markers for ear

infection of hybrid maize with F. graminearum; m/z = mass to charge ratio; sampling and analysis
by SPME/GC-MS; mass spectra were extracted from infected maize kernels with F. graminearum

strain FG1; calculated Kovats' retention indices (KI) are presented in brackets; SQT =
sesquiterpene
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2.3.4 Volatiles Found in Mixed Infection Treatments of Hybrid Maize by
SPME/GC-MS Analysis

The mixed infection of hybrid maize ears with strains of F.graminearum and
F. verticillioides (MIX A, MIX B) revealed a mixture of volatile signals that were previously
described for both single infections (see also Tab. 2.4 and Fig. 2.4 A). Thus, specific signals
that were only detected upon single infection with F. graminearum, such as trichodiene or
longifolene, were also detected if this species grew together with a competing species. On the
other hand, compounds that were most likely released by the fungus (i.e. 3-octanone), which
were of minor importance in F. graminearum single treatments, showed high abundances if

the species grew together with F. verticillioides.

2.3.5 Temporal Release of VVolatile Compounds During Pathogenesis (SPME/GC-MS
Analysis)

Temporal emission (4 — 24 dpi) of the given set of volatile markers is displayed as colour
code in Fig. 2.4 B. SPME/GC-MS analysis revealed that the majority of markers for
F. graminearum (FG2) or F. verticillioides (FV1) infection were detectable after 4 to 8 dpi.
Most of the markers were continuously released until 24 dpi. Fig. 2.8 illustrates quantitative
differences for 6 selected markers in F. graminearum and F. verticillioides infected tissue
between 4 dpi and 24 dpi. For the latest time point (24 dpi) it was demonstrated that
2-heptanol and (+)-cycloisosativene were largely emitted by control plants. In accordance
with this, time series revealed a quantitative decrease of both compounds with disease
progress of FG2 and FV1. The markers 3-octanone, B-selinene, [-macrocarpene and
B-bisabolene showed a temporal increase in abundance. Except for 3-octanone, FG2 induced
volatile markers to a larger extent than FVV1. For the last time point (24 dpi), it was observed

that signal intensities dropped in some cases.

Time point 4 dpi allowed to discriminate between ‘healthy’ and ‘infected’. By time point
8 dpi it was possible to distinguish between red ear rot and pink ear rot. Qualitative
biomarkers for F.graminearum, identified at 24 dpi, never appeared in F. verticillioides
treatment. Moreover, a quantitative decrease of healthy control signals, such as 3-hexen-1-ol,

was observed with progress in maturity.
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Fig. 2.8 Effect of Fusarium infection treatment and time point of harvest on the emission of 6
selected volatile markers from hybrid maize kernels; data given as mean peak areas, normalized
by total ion chromatogram (TIC) + standard error; ears were infected with F. graminearum (strain
FG2) and F. verticillioides (strain FV1); measurements at 6 time points (4-24 days
post-inoculation, dpi); sampling and analysis by SPME/GC-MS; n =3
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2.3.6 Confirmed VOC Biomarkers by Non-Destructive Sampling (OLS) and Range of

Quantities

Because of the unnatural conditions used for the SPME sampling (i.e. cutting and freezing of
sample material), another volatile sampling method was used to confirm that markers
identified by SPME/GC-MS were actually emitted from undamaged plants.

In a preliminary test, a non-destructive closed-loop-stripping (CLSA) procedure, which
generally has a strong ability to enrich volatiles (Kunert et al., 2009), was tested and turned
out to be inadequate for samples with high water content, such as the maturing maize ear. The
test revealed that in case of CLSA the accumulation of humidity over a sampling period of
several hours was very high, which resulted in a soaking of the charcoal matrix and
subsequently the blocking of volatiles adsorption. The reduction of water content in CLSA
was tested with 100 mg magnesium sulphate (powder, 99.5%, Sigma-Aldrich, Taufkirchen,
Germany), packed in glass cartridges between glass wool. The MgSO, cartridge was placed
between sample and adsorbent. It became soaked with water within a few hours, which
consequently clogged the complete system. Because of the impropriety of the closed-loop
procedure, a dynamic OLS, with continuous supply of ambient air and equal temperature and
humidity conditions, compared to greenhouse conditions, was applied (conditions were

assessed, data not shown).

The 24 h OLS system on hybrid maize plants in greenhouse confirmed 10 volatile markers of
the previously described marker set with the static sampling (37 %, see also Tab. 2.4).
Confirmed markers included the sesquiterpene cluster identified by SPME/GC-MS, with the
exception of B-bisabolene, (+)-cycloisosativene, a-ylangene, longifolene, an unknown SQT
(KI 1418), germacrene D and (E)-p-farnesene. Quantitative results, as mean peak area,

normalized by peak area of nonyl acetate as internal standard, are presented in Tab. 2.5.

Estimating the concentration of sesquiterpenoid volatiles was performed on a flame ionization
detector (FID) and revealed that SQTs were emitted from infected maize ears at 0.03 - 0.3 ug
24 h™ OLS sampling.
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Tab. 2.5 Occurrence of volatile markers in dynamic sampling (OLS) on Fusarium infected and
non-infected maize ear material at time point 24 days post-inoculation (dpi) (infection treatments are
explained in Tab. 2.4)

VOC Mean peak area normalized by peak area of internal standard 2 + standard error
1

No- CONT FG1 FG2 FSUB FV1 Fv2 MIX A MIX B
1 0.33 + 0.05 0.22 + 0.08 0.47 £+ 0.09 0.76 + 0.16 0.93 + 0.26 0.97 + 0.22 0.87 £+ 0.21 0.98 + 0.06
2 0.18 £+ 0.02 0.16 £+ 0.07 0.32 £+ 0.05 0.50 + 0.12 0.63 + 0.18 0.66 + 0.14 0.60 £+ 0.20 0.73 = 0.05
3 0.14 + 0.02 0.32 + 021 0.21 + 0.06 0.25 + 0.03 0.12 + 0.00 - 0.26 + 0.16 0.37 + 0.08
4 0.34 + 0.08 045+ 0.06 0.41+ 0.11 0.62 + 0.04 0.40 + 0.02 0.43 + 0.02 0.32+0.07 0.42 + 0.01
5 - 0.17 + 0.11 057 + 0.16 0.35 + 0.08 0.24 + 0.08 0.27 + 0.08 0.45+ 0.18 0.64 + 0.02
6 - 0.06 £+ 0.05 0.17 £+ 0.01 0.11 + 0.06 0.05 + 0.05 - 0.10 + 0.10 0.18 + 0.02
7 - 0.46 + 0.44 1.36 + 0.47 0.23 + 0.04 0.22 + 0.06 0.24 + 0.05 1.44+0.73 0.98 + 0.36
8 - 0.09 + 0.08 0.21 + 0.05 0.04 + 0.04 0.11 + 0.06 0.10 + 0.05 0.30 + 0.21 0.23 + 0.06
9 - 0.70 + 0.67 1.56 + 0.24 0.05 + 0.05 1.59 + 1.59 0.04 + 0.04 0.97 + 0.53 1.29 + 0.36
10 - 0.09 + 0.08 0.18 + 0.04 - - - 0.06 + 0.06 0.05 + 0.05

1 (1) (+)-cycloisosativene (2) a-ylangene (3) longifolene (4) SQT (Kl 1418) (5) germacrene D
(6) (E)-B-farnesene (7) B-selinene (8) a-selinene (9) B-macrocarpene (10) trichodiene

2 Nonyl acetate as internal standard, 8 ug mL™

2.3.7 Systemic Distribution of VOCs

Since spore suspensions were inserted into the silk channel of the maize ear, the infection
started at the tip of the ear and moved downwards. Fungal biomass, measured with
quantitative real-time PCR, was highest in the upper part of the ear for both species,
F. graminearum and F. verticillioides (data not shown). As expected, signal intensities of
volatile markers were highest in the upper part of the maize ear and decreased longitudinally
moving towards the base of the ears (data not shown). Furthermore, none of the selected

volatile markers from infected ears could be detected in collected maize leaves.

2.3.8 Volatile Spectra of in vitro Cultures on Maize and Rice and Effect of Infected

Maize Volatiles on Fungal Growth

It is known that the volatile profile changes according to the substrate (i.e. plant material,
artificial medium). To check whether the VOC spectrum changes on dead (sterile) plant
material, the emission of volatile signals was investigated under in vitro conditions. Volatile
markers from the Fusarium infected maize ears in greenhouse (identified with

SPME/GC-MS) were not detected under in vitro conditions on autoclaved maize material.
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Under in vitro conditions on sterile maize kernels, few terpenoid compounds that did not
appear in greenhouse trials were detected (no data presented). In vitro cultures on autoclaved
rice kernels did not release volatiles of the selected marker set for hybrid maize as well.

Similar to sterile maize, few terpenoid compounds were detected (data not shown).

The effect of VOC extracts, derived from the maize-pathogen system, on the growth of
Fusarium spp. was observed under in vitro conditions (maintainable volume of DCM was
determined empirically in a preliminary experiment, data not shown). DCM extracts of
Fusarium infected maize ear material had no significant effect on the fungal growth of

F. graminearum and F. verticillioides.

2.3.9 Fungal Biomass, Disease Severities and Mycotoxin Production in Infected Hybrid

Maize

Concentration of fungal DNA, as indicator for fungal biomass in infected plant tissue, was
investigated. Quantitative real-time PCR revealed a proper infection for all treatments with
Fusarium strains at time point 24 dpi (few replicates, showing an inadequate infection were
excluded from analysis). In single infection treatments with F. graminearum, the biomass of
FG1 was higher than FG2, whereas the F. verticillioides strain FV1 produced a higher
biomass than FV2 (data not shown). In time series, the presence of fungal DNA of
F. graminearum and F. verticillioides was confirmed for all 6 time points from 4 to 24 dpi. In
the mixed infection treatments at 24 dpi, the quantitative real-time PCR indicated a complete
suppression of FG1, if the strain grew together with FVV1. Fungal biomass of FG2 was not
suppressed by mixed infection. No suppression of F. verticillioides biomass (both strains) was

observed in the mixed infection treatments.

Mean disease severities at time point 24 dpi were estimated to be 91 % for FG1, 50 % for
FG2, 60 % for FV1, 7 % for FV2, 25 % for FSUB, 13 % for MIX A and 75 % for MIX B.
Disease progress, monitored as disease severity at each time point of the time series, was

continuous from 4 to 24 dpi for both species.

The relationship between formation of infection specific VOCs and toxic secondary
metabolites of the fungus was investigated. An overview of mycotoxin concentrations after
24 dpi is given in Tab. 2.6. In single infection treatments, FG1 produced NIV and,
respectively, FG2 produced DON to a high extent (DON and NIV concentration > 50 mg kg™
on average). Estrogenic ZEN was irregularly produced by both F.graminearum strains.
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Fumonisins B1 and B2 were produced by both F. verticillioides strains, whereas FV1

produced fumonisins on a larger scale.

Tab. 2.6 Influence of Fusarium infection treatment on the formation of mycotoxins deoxynivalenol
(DON), zearalenone (ZEN), nivalenol (NIV) and fumonisins B1 and B2 (FB1, FB2) in infected hybrid
maize ears after 24 days past inoculation (dpi)

Toxin concentration [mg kg™ dry weight + standard error | b

Infection treatment 2

DON ZEN NIV FB1 FB2
CONT - - - - -
FG1 - - > 50° - -
FG2 > 50° 0.55 = 0.45 - - -
Fv1 - - - > 10° > 10°
FVv2 - - - 1.07 £ 045 0.51 £ 0.22
FSUB - - - - -
MIXA (FG1, FV1) - - - 167 + 1.33 0.23 + 0.14
MIX B (FG2, FV2) >50°  0.03 + 0.03 - 0.12 + 012 0.08 + 0.08

a CONT = control treatment (water inoculated), fungal treatments are explained in Tab. 2.4

b Analysis with HPLC-MS, 4 <n <5

¢ Concentration exeeds range of detection (trichothecenes (DON, NIV): > 50 mg kg'l; fumonisins (FB1,
FB2): > 10mg kg™

In time series, with F. graminearum strain FG2 and F. verticillioides strain FV1, DON was
detected at 4 dpi. As expected, fumonisins were detected from a later time point of 16 dpi.
Results revealed no clear trend of time-dependent DON and fumonisin accumulation in maize

ear (see Fig. 2.9).

Relation between emission of volatile markers and mycotoxin concentration over time is
presented in Fig. 2.9. It is illustrated that the relative quantity of trichodiene, as volatile
precursor in biosynthesis of trichothecenes, showed roughly the same pattern as DON
production over all time points. The correlation between quantity of trichodiene and DON
was high until 20 dpi (R? 204pi = 0.86), but dropped afterwards. 3-Octanone, a common volatile
compound with probable fungal origin and highest abundances in F. verticillioides treated
maize ears, was found to show same temporal development than FB1 concentration. Hence,
mean quantities of 3-octanone and FB1 from F. verticillioides infected maize ears correlated

with R2 = 0.86 over time.
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Fig. 2.9 Relative quantity of volatile compounds trichodiene and 3-octanone as mean peak area,
normalized by total ion chromatogram (TIC) % standard error, and mycotoxin concentration
(deoxynivalenol (DON, mg kg'l dry matter (DM) * standard error), fumonisin B1 (FB1, ug kg'1 DM =
standard error)) in hybrid maize ears over 6 time points from 4 to 24 days post-inoculation (dpi);
toxin analysis was performed by HPLC-MS, VOC analysis was conducted by SPME/GC-MS, n=3

In mixed infection treatments with F. graminearum and F. verticillioides, strain FG1 stopped
the production of NIV (in accordance with biomass), whereas DON production by FG2 was
not affected. The concentrations of Fumonisins FB1 and FB2, produced by F. verticillioides

strains, were lower in the mixed infection treatments compared to single infection.

2.3.10 Transcription of Terpene Synthase Genes in Infected Dwarf Maize

Transcript levels of terpene synthase genes tps6 and tpsll, involved in the formation of
B-bisabolene and B-macrocarpene (Koellner et al., 2008), were investigated. The transcription
of tps6 and tps11l was not found to be significantly upregulated by infection of dwarf maize
ears with Fusarium species (Scheffe test, p <0.05). Nevertheless, the transcription level of
tps6/11, expressed as relative fold change compared to the housekeeping gene, was 36 X
higher than control in the F. graminearum treatment and 24 x higher than control in the
F. avenaceum treatment. Transcription level in F. verticillioides was only 4 x higher than in
the non-infected control. We found no correlation between [-bisabolene and p-macrocarpene
formation and transcription of tps6/11 (data not shown). Relative fold changes in transcription
of terpene synthase genes, and correlation between disease severity and transcription level are
illustrated in Fig. 2.10 A and B.
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Fig. 2.10 Effect of fungal infection on the transcription of terpene synthase genes involved
in plant defense reactions: (A) Influence of Fusarium infection treatment on transcription
level of terpene synthase genes tps6 and tpsll (expressed as relative fold increase,
compared to transcription of house-keeping gene) and estimates of infection as percentage
of disease severity, no significant differences in tps6/11 transcription between treatments
were found (Scheffé test); control = water inoculated ears, fungal treatments are described
in Tab. 2.4; 4 < n < 6; (B) Low correlation between disease severity and transcription of
terpene synthase genes (R2 = 0.35)

2.3.11 Oxylipins in Fusarium Infected Hybrid Maize Ears

Results of oxylipin analysis in infected hybrid maize ears illustrate clear differences between
control treatment and Fusarium infected material. Levels of oxidized fatty acids (by 9- and
13-lipoxygenases) were largely upregulated in infected tissue. Fig. 2.11 presents
concentrations of oxidized fatty acids (9/13-hydroxyoctadecadienoic acid (9/13-HOD) and
9-/13-hydroxyoctadecatrienoic ~ acid  (9/13-HOT)) among infection treatments.
F. graminearum strain FG1 induced highest levels of oxylipins, whereas infections with both
F. verticillioides strains did not result in statistically significant increases compared to the
control treatment. Maize samples, treated with mixed spore suspensions of F. graminearum
and F. verticillioides, expressed intermediate levels of plant oxylipins. No significant
differences between fatty acids, such as a-linoleic acid (18:3) and linoleic acid (18:2), were
observed among infection treatments (data not shown). Thus, there was no effect of the

infection treatment on the availability of substrates for lipid peroxidation.
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The stem elicitation assay in dwarf maize plants revealed few differences between control and

phytohormone treatments.

Abundances of sesquiterpenoids (+)-cycloisosativene and

a-ylangene were slightly upregulated by ethephon and JA-ethephon treatments compared to

the control treatment of collected stem sections. Abundances in volatile -caryophyllene,

which is ubiquitous and was not identified as volatile marker, were insignificantly upregulated

by all phytohormone treatments. Same trends were observed under in vivo conditions (data

not shown).
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2.3.13 Zealexins and Phytohormones in Fusarium Infected Dwarf Maize Ears

Zealexins and phytohormones play a role in plant defense reactions. Changes in the formation
of these secondary metabolites upon infection with Fusarium spp. were checked. The
sesquiterpenoid zealexins Al and A3 were absent in the water inoculated control and present
in Fusarium infected dwarf maize material. The detected mass spectra of zealexins and the
co-occurrence of zealexins and their known volatile precursors, p-bisabolene and
B-macrocarpene, are presented in Fig. 2.13. A strong correlation between quantities of
zealexin A3 and its precursor zealexin Al (R? = 0.899) was found.

No statistical difference was found between concentrations of JA among Fusarium infection
treatments (see Fig. 2.12) of dwarf maize ears.

0.8 9

a
0.6 a
a Fig. 2.12 Fusarium infection of dwarf maize
0.4 1 has no effect on the formation of jasmonic acid
a (ng g* fresh weight (FW)), no within plot
0.2 - differences were found by Scheffé test (p <
0.05), CONT = water treatment, FA =
F. avenaceum FG = F. graminearum (FG1),
0.0 -
FG FV

FV = F. verticillioides (FV1),3<n<5
CONT FA

Jasmonic acid [ng g FW]
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Fig. 2.13 Occurrence of zealexins in dwarf maize ears infected with Fusarium spp. (analysis by
GC-MS after derivatization), (A) mass spectra of zealexin Al / A3, structures were published by
Huffaker et al. (2011), m/z = mass-to-charge-ratio, (B) zealexin biosynthesis includes precursors
B-bisabolene and B-macrocarpene (pathway modified from http://pmn.plantcyc.org/PLANT/NEW-
IMAGE?type=PATHWAY&object=PWY-6888; accessed November 03, 2012), (C) influence of
infection treatment on the formation of zealexins and their volatile precursors 3-macrocarpene and
B-bisabolene in dwarf maize (3 < n < 6), given as peak area, normalized by total ion chromatogram
(TIC) + standard deviation, treatments: Control = water treatment, F. graminearum (strain FG1),
F. verticillioides (strain FV1), F. avenaceum (strain FA), statistical differences between treatments
within terpenoid compounds are illustrated with within plots different letters (Scheffé test, p < 0.05)
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2.4 Discussion

In this study, we identified a set of 27 volatile markers (see Tab. 2.4 and Fig. 2.4) specific to
maize ears infected with toxigenic Fusarium spp., such as F.graminearum and
F. verticillioides, the causal agents of ear rot in maize and producers of toxic metabolites.
These volatile markers included compounds already reported in fungi and plants. For example
3-octanone, a common eight carbon containing (Cg) volatile of probable fungal origin, which
has been suggested to be a marker of microbial spoilage (Magan & Evans, 2000; Jelen &
Wasowicz, 1998; Boerjesson et al., 1989; Kaminski et al., 1974). Six carbon containing
volatiles (Cg), such as 3-(Z)-hexenal, were similarly reported to be induced in plants upon
pathogen or herbivore attack and some studies described their induction after abiotic stress
(Holopainen & Gershenzon, 2010; Matsui, 2006; Rostas et al., 2006; Engelberth et al., 2004;
Farag et al., 2004).

In contrast to these Cg and Cg hydrocarbons, which are widespread among plants and
microbes, we also identified a group of sesquiterpenoid markers for Fusarium infection of
maize ears, which occurred only in our pathosystem and a limited number of other plant
species. These sesquiterpenes included five compounds, which appeared as major signals in
the chromatograms of infected maize ears (see Fig. 2.5). Among these five major compounds,
two (B-macrocarpene and [-bisabolene) are supposed to be precursors of zealexins, a class of
phytoalexins. Huffaker et al. (2011) reported these acidic non-volatile sesquiterpenes to occur
in young maize stems upon fungal infection, herbivory and treatments with stress hormones.
Beside zealexins, the group also detected p-macrocarpene in fungal infected maize stems.
Previously, Koellner et al. (2008) investigated volatiles from maize leaves after herbivory and
could not detect B-macrocarpene but low amounts of B-bisabolene. In the present study we
demonstrated the occurrence of B-macrocarpene and B-bisabolene as well as the induction of
zealexins A1 and A3 in Fusarium infected maize ears. These results demonstrate that in
addition to non-volatile zealexins, maize ears also produce large amounts of sesquiterpenoid
volatiles, which might possibly be involved in direct defense against pathogens, but could also

play a role in plant-plant signalling.

Major sesquiterpene infection markers further included a- and B-selinene, known components
of celery oil (Rao et al., 2000). In plants, different from maize, both compounds have been
reported to be involved in plant defense against pathogens and insects (Tuetun et al., 2008;
Momin et al., 2000) and might consequently play a similar role in maize.
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The last major terpenoid infection marker was trichodiene, the well known volatile precursor
in the biosynthesis of trichothecenes (Jelen et al., 1997). The compound was exclusively
induced upon F. graminearum infection. Trichodiene was extensively described as a volatile
marker for F.graminearum, F.culmorum and the associated mycotoxin contamination
(Girotti et al., 2012; Perkowski et al., 2008).

Other sesquiterpenoid markers for Fusarium infection (minor signals in chromatograms from
infected maize, compared to major group of markers) included (+)-aromadendrene,
(E)-B-farnesene and a-muurolene, which have already been described in infected plants by
others (Sabater-Jara et al., 2010; Sokovi¢ et al., 2009; Schnee et al., 2006; Bernasconi et al.,
1998) and a set of unidentified sesquiterpenoid compounds. In summary, among the 27
volatile markers for Fusarium infection identified in this study, sesquiterpenes were the most

infection specific.

The source of volatile markers (maize plant or fungus), identified in the present study is not
always evident. C¢ and Cg hydrocarbons or sesquiterpenes can be produced by numerous
plants and microbes, and possibly by the intimate interaction of both classes. Monitoring the
emission of volatiles over time and linking the volatile levels with factors, such as fungal
biomass, mycotoxin analysis or plant gene expression, can help to distinguish which organism
(plant or fungus) is behind the production of volatiles. For example, we found a strong
correlation between normalized peak area of Cg volatile 3-octanone and FB1 concentration in
F. verticillioides infected maize ears over time (R? = 0.86, Fig. 2.9), which supports the
assumption that the volatile compound is of fungal origin. We further observed the co-
occurrence of volatile trichodiene and DON (Fig. 2.9) in F. graminearum infected samples
until 20 dpi (R?04pi= 0.86). After this time stage, the volatile precursor dropped
quantitatively, while the toxin concentration still increased. One reason might be that
quantitative fluctuations between precursor and product of fungal origin undergo a temporal
shift. Although the differences were not significant, we observed high fold changes in the
transcription of terpene synthase genes tps6/11 in infected dwarf maize ears compared to
control (Fig. 2.10). These plant genes encode terpene synthases that catalyse the formation of
B-macrocarpene from fB-bisabolene intermediates (Koellner et al., 2008), which indicates that

both detected volatiles are of plant origin.

Interestingly, we could not detect any of the 27 selected volatile markers for Fusarium

infection of maize ears in the headspace of in vitro cultures with Fusarium spp. growing on
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sterilized maize and rice kernels. Therewith, our results are in contrast to other studies
reporting the occurrence of trichodiene, and also other common terpenes, under these
conditions (Girotti et al., 2010; Jelen et al., 1997).

Numerous volatile markers for Fusarium infection, identified through SPME/GC-MS, were
also detected through OLS/GC-MS. Both methods were, however, not always in agreement.
For example, the dynamic OLS captured sesquiterpenoid compounds but no other volatiles,
such as Cg hydrocarbons. One reason might be that many short-chain alcohols are poorly
retained on activated carbon (Harper, 2000), which was used as adsorbing matrix in OLS,
while they are better trapped by polymers (i.e. PDMS-DVB) that were used in the static
sampling (Snow, 2000). Employing a multiple layer adsorption in the OLS, as suggested in
Liu et al. (2008) and Brancaleoni et al. (1999), or the parallel use of different adsorbing
materials could have solved the problem. Another reason for the observed differences
between OLS and SPME might be the fact that the SPME sampling was performed on cut and
frozen sample material, while the OLS was carried out on live plants. Nevertheless, it has to
be stressed that despite these major differences, both methods agreed by 37 % and both
confirmed the occurrence of sesquiterpenoid volatiles (including major group of markers) in

the headspace of Fusarium infected maize ears.

The majority of volatile markers for Fusarium infection could be detected at an early time
point of 4 - 8 dpi. At this time stage, a visual detection of fungal infection is hardly possible
without opening the ear. Thus, the volatile markers could serve as a tool for an early, non-
destructive detection of fungal infection in the field (patent application, University of
Goettingen, Germany, DE 101012204237.7).

Sensitive portable devices, such as ion mobility spectrometers (IMS), could possibly be used
to transfer the technology to the field or to post-harvest processes (i.e. storage, transport or
feed production). The early and fast detection of fusarioses in maize fields by volatile markers
and respectively the classification into ‘healthy’ and ‘contaminated’ crops, could serve as
decision guidance for the application of pesticides (until now not for the field application in
Germany) and the selection of a convenient marketing strategy. If highly contaminated fields
with fusarioses cannot be used for human and animal consumption (following the regulation
for maximum levels of mycotoxins by Commission Regulation (EC) no. 1126/2007), they still

might be suitable for energy use. Sensors with a proper sensitivity to distinguish between
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single volatile compounds could be used to monitor the product quality in post-harvest

processes, by screening the headspace for target VOCs.

As a whole, the detection of specific volatile markers, as shown in this study, could be a
useful risk-management tool for the early and fast detection of Fusarium infection in the field

and in post-harvest processes.
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3 Volatile Biomarkers for the Fusarium Infection of

Wheat (Triticum aestivum L.) Ears

Abstract

Fusarium species cause huge economic losses in maize and small-grain cereals all over the
world. The Fusarium head blight (FHB) of wheat is caused by a species complex of
F. graminearum, F. culmorum, F. avenaceum and other species. FHB is often accompanied
with the accumulation of toxic secondary metabolites of fungi, named mycotoxins, such as
deoxynivalenol (DON) and nivalenol (NIV). These metabolites exert negative effects on

humans and animals (i.e. immune-suppression).

In the present study, we investigated the emissions of volatile organic compounds (VOCs)
from Fusarium infected summer wheat ears (including F. graminearum, F. avenaceum and
F. poae single and mixed infections) under greenhouse conditions by SPME/GC-MS. We
analysed the mycotoxin production by HPLC-MS and fungal biomass by species-specific
real-time PCR. Observations were carried out at 21 days post-inoculation (dpi) as well as in

time series (TS) from 7 to 21 dpi (TS only with F. graminearum and F. avenaceum).

We detected a set of 13 volatile biomarkers for the infection of wheat ears with Fusarium spp.
The set included common volatiles already reported in fungi and plants, such as (E)-2-hexenal
and 3-octanone, but also two unidentified sesquiterpenes (Kovats' retention indice (KI) 1421
and K1 1467). These terpenoid markers were only released from Fusarium infected material
and serve, therefore, as qualitative markers for Fusarium infection. Apart from the volatile
analysis, we found abnormally high concentrations of mycotoxins, especially trichothecenes,
in infected samples. Furthermore, we observed a suppression of F. avenaceum DNA and

enniatin production upon mixed infection with F. graminearum.

The present set of volatile biomarkers may be transferred to the field (i.e. screening for
relevant volatiles with portable detectors) and could serve as fast decision guidance for plant

protection strategies.
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3.1 Introduction

Pathogenic Fusarium spp. cause severe problems in the production of small-grain cereals,
especially wheat (Triticum aestivum L.) all over the world (Goswami & Kistler, 2004;
McMullen et al., 1997). The typical discolouration of the infected ear, described as Fusarium
head blight (FHB), is mainly caused by a species complex of F. graminearum Schwabe,
F. culmorum (W. G. Smith) Sacc. and F. avenaceum (Fr.), but other species may be involved
(Parry et al., 1995). The infection of cereals with Fusarium spp. causes huge economic losses
and a reduction of product quality by the contamination with toxic secondary fungal
metabolites (mycotoxins). Among this group of Fusarium toxins the sesquiterpenoid
trichothecenes, such as deoxynivalenol (DON) and nivalenol (NIV), are of outstanding
importance  (Bennett & Klich, 2003; D’Mello etal., 1999; Placintaetal., 1999). These
metabolites can cause multiple toxic effects in humans and animals. Moreover, an estrogenic
toxin, named zearalenone (ZEN), with strong influences in animal production is produced by
some Fusarium spp. (Doell & Daenicke, 2011; Zinedine et al., 2007; Kuiper-Goodman et al.,
1987). Hence, the European Commission established thresholds for the most common

Fusarium toxins (Commission Regulation (EC) no. 1126/2007).

To prevent the transfer of contaminated grains to the food chain is a major task for farmers,
traders and  fabricants, but also  governmental authorities  (Miller, 2008;
Morgavi & Riley, 2007). Up to now, the exact determination of Fusarium contamination is
conducted by time-consuming and expensive methods, such as quantitative real-time PCR for
the specific determination of fungal biomass (Niessen, 2007) and liquid chromatography mass
spectroscopy (LC-MS) for the evaluation of toxin contamination (Krska et al., 2008). These
methods do not provide a fast decision guidance for the production chain, since they require a
time-consuming sample preparation. A novel approach for the detection of fungi in
agricultural commodities is the analysis of volatile organic compounds (VOCs) as fast
indicators for fungal spoilage (Schnuereretal., 1999). The most common technique for
volatile analysis is gas chromatography mass spectrometry (GC-MS) (Tholl et al. 2006), but
recent studies report the use of electronic noses (E-noses) or other transportable devices to
discriminate between contaminated and non-contaminated material (Campagnoli et al., 2011,
Eifler et al., 2011; Presicce et al., 2006).

Jelen et al. (1997) described the volatile isoprenoid trichodiene as a specific marker for

trichothecene syntheses of toxigenic Fusarium species. The outstanding role of trichodiene
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was later supported by other studies (Girotti et al., 2012; Perkowski et al., 2008). Apart from
this prominent compound, other sesquiterpenes, but also alcohols and aldehydes were
reported as important volatiles emitted by Fusarium infected cereal grains (Piesik et al., 2011,
Girotti et al., 2010; Presicce et al., 2006; Boerjesson et al., 1989).

So far, most studies investigating volatile emissions upon Fusarium infection were carried out
on sterile grains or artificial media (Girottietal., 2010; Presicce et al., 2006;
Demyttenaere et al., 2004; Jelen et al., 1997; Boerjesson et al., 1989). Only
Girotti et al. (2012) and Perkowski et al. (2008) monitored volatiles from infected wheat trials
in the field. Both groups were mainly referring to trichodiene as marker for infection.
Currently, there is a lack of knowledge about the emissions of the diverse spectrum of
volatiles from living wheat plants, infected with important Fusarium species, and the need to
establish a specific set of volatile markers for an infection under natural conditions. In future,
this set may provide a possible tool for Fusarium infection management and decision

guidance for fungicide application.

In the present study, we intended to investigate, if a set of early volatile biomarkers is
available upon infection of wheat plants by major toxigenic Fusarium species originating
from different climatic regions (F.graminearum, F.avenaceum and F.poae) (spatial
distributions and climatic conditions, favoured by different Fusarium spp., were discussed by
Bottalico & Perrone (2002) and Parry et al. (1995)). Moreover, we wanted to observe the
temporal emission of volatiles and to link our findings with severity of infection and further
methods commonly used to screen for the presence of Fusarium (i.e. fungal biomass
determined by quantitative PCR and concentrations of mycotoxins determined by LC-MS

analysis).
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3.2 Materials and Methods

3.2.1 Plant Material and Growth Conditions

A commercial summer wheat cultivar (‘Taifun’, moderate susceptible to FHB, obtained from
KWS Saat AG, Einbeck, Germany) was grown under greenhouse conditions in two
independent repetitions. Temperature was set to 26 £ 5 °C. Light regime was set to 16 h day /
8 h night using mercury vapour lamps (6600 lux). Relative humidity (RH) was 58 £ 16 %.
Four seeds per plastic pot (11 x 11 x 12 cm) were sown in mixed soil consisting of 70 % plant
substrate (Fruhstorfer Erde, Typ 25, HAWITA Group, Vechta, Germany) and 30 % sand (0 —
2 mm granularity). Plants were bottom-irrigated with tap water as required. Number of wheat
plants per pot was reduced to two within 6 -8 days after germination. The wheat was
provided with a macronutrient fertilizer as described for maize (see chapter 2, section 2.2.1).

Side shoots were continuously removed until harvest.

3.2.2 Fungal Material and Infection

If not stated otherwise, the details on fungal strains are given in the descriptions for maize
infection in chapter 2 (section 2.2.2 and Tab. 2.1). The infections of wheat ears were carried
out with two strains of F.graminearum (labelled as FG1 and FG2), one strain of
F. avenaceum (labelled as FA) and one strain of F. poae (labelled as FP: strain F448, obtained
from A. Prodi, University of Bologna, Italy). Each strain was used as single treatment as well
as in mixed infection treatments with MIX A, being a mixture of FG1 and FA spores, and
MIX B, consisting of FG1 and FP spores.

Fungal spores were produced following a modified protocol of Bai & Shaner (1996). The
modifications included one step of pre-culturing on mung bean medium (mung beans
obtained from Alnatura GmbH, Bickenbach, Germany). Spore suspensions of the pre-culture
were transferred to the new medium. After 5 days of incubation, the spore suspensions were
centrifuged, decanted and spores were re-dissolved in sterile glycerol (15 %, Carl Roth,
Karlsruhe, Germany). Suspensions were stored at -70 °C and germination tests were carried
out regularly on potato dextrose agar (PDA, Carl Roth, Karlsruhe, Germany) to check for the

proper viability of spores.
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For the production of inoculum, spores were counted with a Thoma chamber (0.0025 mm?)
and dissolved in sterile tap water to obtain concentrations of 2 x 10° spores mL™. In case of
MIX A and MIX B, spores of each strain were produced separately and mixed before use. A
volume of 20 pL Tween®20 (Applichem, Darmstadt, Germany) was transferred to each spore
suspension (prepared in aliquots of 12 mL). The control treatment was carried out with water

and Tween®20. Prepared inoculum was stored at 4 °C for a maximum of 3 days.

Infections of wheat ears were carried out by spray inoculation (described by Miedaner et al.,
2003) at main flowering stage (stage BBCH 65 as established by Zadoks et al. (1974)). The
time point was determined individually by a daily observation of emerging anthers. Spore
suspensions were transferred to spray diffusers (Carl Roth, Karlsruhe, Germany, 20 mL total
volume, 0.05 mL per dose). Each ear was treated with a volume of 1.5mL of spore
suspension. For this purpose, 15 spray doses were applied on each side of the ear with a
distance of 10 cm. The wet ear was subsequently covered for 48 h with a transparent plastic
bag (DM, Karlsruhe, Germany). Prior to use, the bag was moistened with water at the inner
surface. If the inoculation time points of two plants growing in one pot were different, the
second ear was covered with a plastic bag. To exclude cross-contamination in greenhouse

chamber, each ear was covered with a cylindrical PE-tube until sampling.

3.2.3 Assessment of Disease Severity

Disease severity (DS) was assessed individually after 7, 14 and 21 days post-inoculation (dpi).
The parameter was calculated as described in formula [1] (see below). The area under disease
progress curve (AUDPC) was calculated as described in Simko & Piepho (2012). The
equation is given in [2] (see below).

number of infected spikelets x percentage of infected surface

1] DS =
[ total number of spikelets per ear

TP, — TP. n-1 TPy, — TP;_ TP, — TP,_
[2] AUDPC = |DS, x%] + [Z <D5i X %)] n [Dgn xnfnl]
i=2

AUDPC = Area under disease progress curve
DS = Disease Severity
TP = Time point of assessment
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3.2.4 Sample Preparation and Collection of Volatile Molecules

If not stated otherwise, the used materials and preparative steps in the following descriptions
are the same as for the maize experiment (references are given in chapter 2, sections 2.2.5 —
2.2.6).

A static sampling of volatiles was carried out with head space solid-phase microextraction
(HS-SPME). For this purpose, wheat ears were harvested at 21 dpi (end point harvest) for all
infection treatments as well as in time series for FG1 and FA treatments after 7, 14 and
21 dpi. Experimental schedule of wheat trials is given in Tab. 3.1. Ears were collected,
weighed and DS was estimated. For further analysis, each sample (each replicate) was
generated by pooling of 4 ears. Hence, for HS-SPME, all spikelets from one side of an ear (4
ears per replicate) were transferred to a 20 mL SPME vial, which was thereafter closed air
tight with a screw cap equipped with a silicone-polytetrafluoroethylene (PTFE) septum (both
obtained from VWR, Darmstadt, Germany) and stored at -20 °C prior to analysis of volatiles.
The remaining spikelets from the opposite side of the ears were pooled, oven-dried at 45 °C
for 7 - 9 days and ground with a ball mill (Retsch, Haan, Germany). This material was used
for supplemental analysis, such as real-time PCR for the determination of fungal biomass in
ear tissue (section 3.2.7) and mycotoxin analysis by liquid chromatography (section 3.2.6).
Volatile molecules were extracted with HS-SPME and analyzed by GC-MS (SPME/GC-MS)

as described for maize (see chapter 2, sections 2.2.6 and 2.2.8).

Tab. 3.1 Experimental schedule for summer wheat trials

Tregtment / Abpreviation Experiment 1 Experir.nent 2 —

Fusarium spp. SPMEL SPMEL Time series
(SPME)
F. graminearum FG1 n=28 n=5 3time points, n =3
F. graminearum FG2 n=238 n=>5 -
F. avenaceum FA n=238 n=5 3time points,n=3
F. poae FP n=28 n=>5 -
(FG1 + FA) MIX A n=38 n=>5 -
(FG1 + FP) MIXB n=238 n=>5 -

! Solid-phase microextraction (SPME) at time point 21 days post-inoculation (dpi)
2 SPME at time points 7, 14 and 21 dpi



77 Chapter 3: Volatile Biomarkers for the Fusarium Infection of Wheat (Triticum aestivum L.) Ears

3.2.5 Invitro Assay with Autoclaved Wheat and Rice Kernels

Volatile profile of F. graminearum (FG1), F. avenaceum (FA) and F. poae (FP) cultures on
sterile rice and wheat medium were investigated. The procedure followed the descriptions for
maize (n =3, chapter 2, section 2.2.10). Non-inoculated material of summer wheat was
collected from greenhouse trials, checked for fungal infection by quantitative real-time PCR

(data not shown) and used as wheat medium for fungal cultures.

3.2.6 Mycotoxin Extraction and Analysis

Mycotoxins were extracted from aliquots of 300 mg homogenized wheat flour according to

the protocols presented in chapter 2 (section 2.2.12).

3.2.7 Quantification of Fungal DNA

Similarly to maize, the concentration of fungal DNA was assessed by real-time PCR and used
as parameter for fungal biomass. Fungal DNA was extracted from 100 mg wheat flour with
the CTAB method as described in Brandfass & Karlovsky (2008). The preparation of DNA
standards in wheat matrix and quantitative real-time PCR analysis followed the descriptions
already presented in chapter 2 (section 2.2.13). The PCR assay for F. poae was optimized by
Dastjerdi (not yet published).

3.2.8 Data Processing and Statistical Analysis

Processing of GC-MS data was performed as described for maize (chapter 2, section 2.2.18),
including the calculation of Kovats' retention indices (KI) and comparison with mass spectral
libraries. Because of possible cross-contamination of the wheat samples, all samples were
screened by Fusarium species-specific real-time PCR. Samples showing an infection with
Fusarium species that were different from the species used for inoculation were excluded
from the analysis. Consequently, samples of control treatment were excluded, if the PCR
analysis revealed a fungal infection. Volatile compounds were selected for the set of
biomarkers, if they were statistically confirmed by both experiments, (Kruskal-Wallis test,
p =0.01).

Further quantitative data, i.e. toxin concentration and fungal biomass, were averaged within

infection treatments. Single results below the limit of quantification (LOQ) were set to 0. If
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not stated otherwise, results are presented for one out of two independent wheat experiments

under greenhouse conditions.
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3.3 Results

3.3.1 Selected Volatile Markers for the Fusarium Infection of Wheat

The two independent greenhouse experiments with summer wheat revealed high variations in
disease development (DS was remarkably higher in one out of two experiments among all
infection treatments). Thus, only common volatile compounds, statistically confirmed by both
experiments, were selected for the set of biomarkers.

The level of 13 volatiles, identified by SPME/GC-MS, significantly differed between
Fusarium infected and non-infected summer wheat plants. This set of biomarkers included
ketons, aldehydes, alcohols and terpenoid compounds. The concentrations of volatiles were
remarkably lower than in maize (see chapter 2, section 2.3). Qualitative and quantitative
differences between healthy plants and Fusarium infected plants were detected. An overview
about identification, quantities and statistical results for both independent experiments are
presented in Tab. 3.2. Volatile (E)-2-hexenal, 2-heptanol, 1-octen-3-ol and an unknown
compound (KI 1516) were most abundant in uninfected plants. Compounds, detected in single
infections, were also detected in mixed infection treatments, although mixed treatments
seemed to be dominated by F.graminearum related volatiles. Two sesquiterpenoid
compounds (m/z: 204, KI 1421, KI 1467) that were not identified by mass-spectral libraries,
appeared in all infection treatments with the exception of F. poae treatment. Their mass

spectra are presented in Fig. 3.1 A.

Quantitative differences in VOCs emission between infection treatments, given as simple
colour code based on normalized data, are illustrated in Fig. 3.1 B. Because of overlapping
peaks and mass fragments, it was not possible to distinguish between 2-pentyl-furan, which

was also present in maize, but not identified as marker, and 2-octanone.

As previously described for maize (chapter 2), marker compounds were not detected under in

vitro conditions on rice and wheat medium.
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Tab. 3.2 Normalized peak areas of 13 selected volatile markers for Fusarium infection in summer wheat ears after 21 days post-inoculation (dpi)

Mean peak area, normailized by total ion chromatogram (TIC) + standad error *

2 3 Wheat experiment 1 (n = 8) Wheat experiment 2 (n = 5)
chalc ID
CONT FA FG1 FG2 FP MIX A MIX B CONT FA FG1 FG2 FP1 MIX A MIX B
* * * *
711 2-pentanone 146 £+ 037 253+021 386+ 018 570+ 039 257+ 045 372+035 371+038 201 + 065 065+046 359 046 304 + 053 284 £ 017 224015 276 + 041
* * *
754 2-hexanone 0.03+002 015+002 0.9+ 002 024+ 003 012+ 004 016+ 004 022 + 0.02 011 + 011 0.35 £ 005 038 + 0.07 031 + 008 0.16 * 0.06
* * * *
799 2-hexenal, (E)- 105+033 028+017 001+ 00l 006+ 004 O051+032 008006 019 +0.19 0.21 + 0.08
* * *
831 2-heptanone 0.32+004 078+016 122+ 011 114+ 010 052+ 008 108+ 019 106 + 0.12 028 £ 009 005+003 129+033 069 +008 017 + 006 118 +0.18 064 * 0.12
842 2-heptanol 0.98 £ 0.33 013+ 0.13 0.40 + 0.27 0.16 + 0.05
* *
919 no ID 0.08 +0.01 023+007 0.0+ 001 023007 005#002 024+012 019 £ 0.12 0.07 £0.05 036 +012 014 + 0.07 0.27 £ 0.04  0.14 * 0.06
* *
925 1-octen-3-ol 050 +0.07 034+012 010+ 001 028+ 009 014+ 007 036+ 020 036 + 0.27 033 £ 014 005+005 027+008 007 + 007 0.17 £ 0.04  0.04 * 0.04
* *
933 3-octanone 011+002 076+032 1.08+ 017 1.68 + 0.48 067 + 030  1.04 + 0.42 036 + 014 0.05+004 955+210 372+078 005%002 7.90 +069 535 + 208
* *
936 furan, 2-pentyl- / 2-octanone ~ 043 008 124+062 077 011 094+ 015 024 %003 095+ 022 062 * 013 062 + 040 027 £0.06 378 + 048 264 + 018 020 £ 010 355 £0.35 278 + 0.56
* *
945 3-octanol 0.05+0.04 009+005 00700l 012003 00100l 012+ 004 003 + 0.0l 0.02 £002 022+010 013 + 0.06 0.33 £ 0.04  0.09 * 0.06
* *
1421 SQT unknown 0.05+002 004+ 001 001+ 001 0.04 + 0.01  0.01 + 0.00 0.10 £ 001  0.04 + 0.04 0.06 £ 0.03  0.03 * 0.03
* * * *
1467 SQT unknown 0.05+002 003+ 001 004+001l 006+002 004%002 003+ 001 039 +010 027 + 006 005+ 005 062 +024 020 * 0.06
* *
1516 no ID 0.23 + 0.06 001 £ 001  0.01 + 0.01 0.08 + 0.02

1 Analysis of HS-SPME samples by GC-MS, significant differences to control treatment are labelled with *' (statistic: Kruskal-Wallis test, p = 0.01), Treatments: CONT = water treatment;

FA =F. avenaceum; FG1 and FG2 = F. graminearum strains, FP = F. poae, MIX A= FGL1 and FA, MIX B = FG1 and FP (further information on strains is provided in chapter 2, Tab. 2.1)
2 Calculated Kovats' retention index, based on homologous series of n-alkanes

3 Chemical identity, obtained from mass spectral libaries
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Fig. 3.1 Identified volatile markers for Fusarium infection in wheat, (A) mass spectra of
unknown sesquiterpenes (SQT) (m/z = mass-to-charge ratio), calculated Kovats’ indices
(KI) are presented in brackets, (B) Distribution of selected volatile markers for Fusarium
infection in wheat at time point 21 dpi, based on normalized GC-MS-data (peak areas,
normalized by total ion chromatogram (TIC), and mean values normalized by maximum
within marker and experiment), color coding is specified in legend (1 = maximum, O = not
detected), Abbreviations: Wheat 1 = first wheat experiment (n = 8), Wheat 2 = second
wheat experiment (n = 5), infection treatments CONT, FA, FG1, FG2, FP, MIX A and MIX
B are described in Tab. 3.2
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3.3.2 Volatile Terpenoids Released Upon Moderate Infection with F. avenaceum and

F. poae

As mentioned before, estimated disease severities at time point 21 dpi varied among both
trials. Mean DS =+ standard deviation observed for FA infection was 33 £ 12 % in one trial and
71 £ 8 % in the other trial. Mean DS of FP infection was 11 + 10 % in one and 41 +7 % in
the other trial. Two monoterpenes (m/z: 136), appearing exclusively upon F.avenaceum
infection and two sesquiterpenes (SQTSs) that were only present in F. poae infected spikelets,
were detected in both trials. They were however identified as statistically significant infection
markers only in one out of two experiments (only in the case where estimated disease

severities were low). Mass spectra of these terpenoids are presented in Fig. 3.2.

F. avenaceum
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Fig. 3.2 Mass spectra of unknown monoterpenes (MT), detected upon F. avenaceum
infection of wheat and unknown sesquiterpenes (SQT), detected upon F. poae
infection; terpenoid volatiles were detected in both experiments, but not statistically
confirmed as common markers by Kruskal-Wallis test (p = 0.01), mass-to-charge
ratio = m/z, calculated Kovats’ indices (KI) are presented in brackets
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3.3.3 Time Series - Temporal Release of Volatile Compounds from Fusarium Infected

Wheat Ears

At time point 7 dpi, 10 out of 13 selected volatiles were present in both infection treatments
with F. graminearum strain FG1 and F. avenaceum strain FA. Control signals (E)-2-hexenal
and unknown compound (KI 1516) were absent in time series with infected ears. The
unknown sesquiterpene (KI 1421) was present from 7 dpi until 21 dpi in FA treatment and
appeared from 14 dpi upon infection with FG1. Unknown SQT (KI 1467) was present in FG1
infected tissue at time point 21 dpi and absent in F.avenaceum treatment. 2-Heptanol,
previously described with highest signal intensities in the control treatment, was absent at
21 dpi, but present at earlier time points. Fig. 3.3 illustrates temporal emission of 6 selected

volatile markers for Fusarium infection of wheat ears.

20 -

Peakarea/ TIC [%]

2.51

Peakarea/ TIC [%]

0.0-

15 1

10 A

1.0 4

2-heptanone

2-pentyl-furan
[ 2-octanone

=
L/—I——I:
7 14 21
dpi

- F. avenaceum

0.3

0.6 1

0.0 -

0.504

0.25

0.00-

1-octen-3-ol

3-octanol

dpi

SN2 F graminearum

10

0.8+

0.4-

0.0-

3-octanone
’
/

i
i’—.——.—

SQT (KI 1421)

A
7 14 21
dpi

Fig. 3.3 Temporal emission of 6 selected volatile markers in Fusarium infected wheat
ears over 3 time points from 7 to 21 days post-inoculation (dpi), data given as peak
area normalized by total ion chromatogram (TIC) = standard error, analysis was
performed with SPME/GC-MS, calculated Kovats’ indice (Kl) of unknown sesquiterpene

(SQT) is presented in brackets, n =3
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3.3.4 Disease Progress

Disease symptoms on artificially infected wheat ears were present from time point 7 dpi and
intensified over the time. Estimates of disease severity (DS) and calculated AUDPC values, as
well as typical symptoms on infected wheat ears (appeared as lesions and discolouration) are
presented in Fig. 3.4. Estimated disease severity was highest upon F. graminearum infection,

followed by mixed infection (MIX A, MIX B), F. avenaceum and F. poae infection.
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Fig. 3.4  Monitoring of disease progress on Fusarium infected wheat ears, estimated disease
severity [%] as mean + standard deviation within treatments (abbreviations of treatments FG1, FG2,
FA, FP, MIX A, MIX B and CONT are described in Tab. 3.2); within plots different letters (a-d)
represent statistical differences between treatments within time points (7, 14, 21 days post-
inoculation, dpi) (Scheffé test, p < 0.05); values for area under disease progress curve (AUDPC)
were calculated according to the equation given in section 3.2.3, 7 <n < 8; picture shows disease
symptoms (as lesions and discoloration) after spray inoculation of the ear with Fusarium spores

3.3.5 Mycotoxin Contamination and Fungal Biomass

An overview of mycotoxin concentrations in Fusarium infected wheat at time point 21 dpi
(end point) is given in Tab. 3.3. At this time point, DON was exclusively produced by
F. graminearum strain FG2 (DON chemo type). NIV was produced by F. graminearum strain
FG1 (NIV chemo type) and F. poae (FP). NIV appeared in both mixed infection treatments to
lower extents than in FG1 single infection. Trichothecenes were not detected in control and

F. avenaceum treated samples (even though trichothecenes appeared in every treatment with
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F. graminearum spores, their volatile precursor trichodiene was not detected by gas
chromatographical analysis).

ENN B and ENN B1 appeared in both treatments with F. avenaceum spores (FA, MIX A),
although concentration in single infection was 10 - 12 fold higher than in mixed treatment
with FG1 (see Fig. 3.5). ENN Al was only present in F. avenaceum single treatment.
ENN B1 concentration was found to be 9 - 10 fold lower than ENN B. Furthermore, the
concentrations of ENN B1 and ENN B were highly correlated (R2 = 0.99). Beauvericin (BEA)
was detected in both treatments with F. poae spores (FP, MIX B).

Although BEA production was slightly reduced in mixed infection treatment, there was no
suppression of F. poae biomass upon co-incubation with F. graminearum. The concentration
of F. avenaceum biomass was 3 times lower in mixed infection treatment, compared to single

infection, whereas F. graminearum biomass stayed constant (Fig. 3.5).

Tab. 3.3 Effect of infection treatment on the level of mycotoxins in wheat ears at time point 21 days
post-inoculation (dpi)

Toxin concentration in wheat flour [ mg kg™ DM + standard deviation]*

Infection treatment
DON ? NIV 3 ENNAL* ENNB°® ENNB1° BEA’
Control - - - - - -
F.avenaceum (FA) - - 04 + 02 247 + 131 29 + 19 -
F. graminearum (FG1) - 421.1 + 195.1 - - - -

F.graminearum (FG2) 156.6 + 81.8 - - - - -

F.poae (FP) - 392 + 112 - - - 0.81 + 0.73
MIX A (FG1 + FA) - 238.7 £ 109.8 - 21 £ 19 02 + 0.2 -
MIX B (FG1 + FP) - 193.3 + 629 - - - 0.17 + 0.24
! DM = dry matter, analysis by HPLC-MS, n=5 ® Enniatin B (ENN B), LOQ = 0.001 mg kg-1 DM
2 Deoxynivalenol (DON), LOQ =1 mg kg™ DM ® Enniatin B1 (ENN B1), LOQ = 0.001 mg kg-1 DM
3 Nivalenol (NIV), LOQ = 1 mg kg DM 7 Beauvericin (BEA), LOQ = 0.001 mg kg-1 DM
“ Enniatin A1 (ENN A1), LOQ = 0.001 mg kg™ DM LOQ = Limit of quantification

Time series revealed a constant accumulation of mycotoxins NIV and ENN B over time. The
quantitative results are presented in Tab. 3.4 and illustrated in context with fungal biomass
and DS over time in Fig. 3.6. The correlation between mean mycotoxin concentration and
mean fungal biomass (F.graminearum biomass and NIV concentration: R?2 = 1.00,

F. avenaceum biomass and ENN B concentration: R?2 = 0.68) as well as between mean
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mycotoxin concentration and disease score over time (DS % and NIV: R2? =1.00, DS % and
ENN B: R? = 0.99) were high.
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Fig. 3.5 Nivalenol (NIV) production and DNA concentration of
F. graminearum (strain FG1) were not affected by mixed infection of summer
wheat ears with F. avenaceum (FA) (MIX A is mixed infection treatment with
FG1 and FA), while production of enniatins (shown for ENN B) and DNA
concentration of FA are significantly reduced in mixed infection compared to
single infection treatment with FA only; statistical differences within
treatments (t-test, p <0.05) are labeled with letters (a,b); time point of
investigation = 21 days after inoculation; DM = dry matter, Q1= lower quartile
(25%), Q2 = median, Q3 = upper quartile (75%); n =5

Tab. 3.4 Accumulation of nivalenol (NIV) and enniatins (ENN B/B1) in Fusarium infected
wheat ears over 3 time points (7, 14 and 21 days post-inoculation, dpi)

Toxin concentration in wheat flour [ mg kg DM + standard deviation ] ?

Time point F. graminearum F. avenaceum
NIV ENN B ENN B1
7 dpi 286.4 18 7.5 + 1.4 0.9 + 0.2
14 dpi 4195 + 1135 249 + 15.6 3.3 + 2.3
21 dpi 517 + 594 346 £ 4.1 4.4 + 0.7

# Mycotoxin concentration in dry flour of wheat ears infected with F. graminearum (FG1) or F. avenaceum (FA),
analysis by HPLC-MS, DM = dry matter, limits of quantification (LOQ) are described in Tab.3.3,n=3
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Fig. 3.6  Relation between level of mycotoxins (nivalenol (NIV), enniatin B
(ENN B)), fungal DNA (F. graminearum strain FG1, F. avenaceum strain FA) and
estimated disease severity (DS %) over three time points from 7 to 21 days after
inoculation (d); data presented as mean values * standard deviation; correlations
were calculated for means per time point; DM = dry matter; n = 3
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3.4 Discussion

In the present study we identified a set of 13 volatile markers by SPME/GC-MS for the
infection of summer wheat ears with toxigenic Fusarium species of different climatic
allocations (F. graminearum, F.poae, F.avenaceum) (see Fig. 3.1 and Tab. 3.2). The

biomarkers were detected from 7 dpi on, which was the first time point of our investigations.

Considering methodology, the suitability of the applied HS-SPME sampling for quantitative
comparisons, with respect to the reproducibility of extraction, was examined and already
discussed for maize (see chapter 2, section 2.2.9 for methodology and 2.3.2 for results). We
assume that observed differences in the volatile profiles between both summer wheat trials
and the fact that the profile of the second experiment was much more discriminative than the
volatile pattern of the first one (see Fig. 3.1) were based on the different intensity of infection,
which was stronger in the second trial. The different levels of disease severities might be
caused by seasonal variations that affected greenhouse conditions (i.e. light conditions and
temperature).

The volatile markers, released by Fusarium infected wheat ears, included common VOCs that
have been reported in fungi and plants, such as (E)-2-hexenal (plant volatile) and 3-octanone
(fungal origin). The group of those five to eight carbon containing molecules (Cs — Cg) was
largely coincident with the compounds identified in maize and was already discussed in
chapter 2.

In comparison to the previously reported results in maize, the chromatograms from Fusarium
infected summer wheat did not reveal a large spectrum of terpenoid compounds. Other
authors as well reported only a small group of terpenes, such as ubiquitous p-caryophyllene,
from wheat attacked by fungal pathogens or insects (Piesik et al., 2011; Jelen et al., 1995).
Only one volatile terpene, trichodiene, was detected by Perkowski et al. (2008) in infected
wheat under field conditions. The set of volatile biomarkers, described in the present work
(see Tab. 3.2, Fig. 3.1) included only two compounds of terpenoid origin (sesquiterpenes,
K1 1421, KI 1467). These compounds could not be identified by mass spectral libraries.
Nevertheless, both volatiles were not present in non-infected wheat ears and serve, therefore,
as qualitative markers for Fusarium infection (i.e. present or absent). Not statistically

confirmed as marker compounds, but of particular interest because of the general assumption



89 Chapter 3: Volatile Biomarkers for the Fusarium Infection of Wheat (Triticum aestivum L.) Ears

that terpenoids show a certain specifity to ecological interactions (Pichersky & Gershenzon,
2002), is the group of other volatile terpenoids that were detected specifically in the case of
F. avenaceum (monoterpenes, KI962, KI976) and F. poae (sesquiterpenes, Kl 1541,
K1 1578) infection. The identification by mass spectral libraries was not possible for these
terpenes either. In contrast to other observations, including our own results in maize, obtained
with the same sampling procedure and adsorbing material, we could not identify volatile
trichodiene from Fusarium infected wheat tissue. This was surprising, because we observed
the formation of trichothecenes (i.e. DON, NIV) to a large extent. One reason might be that
the volatile precursor is efficiently converted to non-volatile products and is, therefore, not
released in detectable concentrations.

In genreal, the described selection of 13 volatile markers allows to distinguish between
‘infected’ and ’non-infected’ wheat, but offers few possibilities to categorize between
different Fusarium species. In this context, it has to be considered that under natural
conditions it is more likely that FHB is caused by a multiple species complex, than by a single
species (Waalwijk et al., 2003). In opposite to the described results in maize, we found mainly
quantitative (i.e. 2-heptanone, compound KI919) and few qualitative differences
(sesquiterpenes, unknown compound Kl 1516) between treatments. Especially F. avenaceum
and F. graminearum infected plants show quite similar volatile patterns. F. poae infection,
revealing lowest disease severities (Fig. 3.4) among all tested Fusarium species, barely shared
signals of the other treatments (neither of healthy plants nor of F.graminearum and
F. avenaceum infection). Similarly to maize (chapter 2), it has to be checked, whether the
present set of biomarkers could be transferred to the field (i.e. for a screening for volatile
markers with portable detectors) and serve as fast decision guidance for plant protection and
food safety strategies.

Apart from the VOC biomarkers, we monitored disease severities, mycotoxin concentrations
and fungal DNA. As expected, these parameters were constantly increasing from 7 dpi to
21 dpi and were highly correlated (as observed for F. graminearum and F. avenaceum). It has
to be considered that the mycotoxin concentrations in infected ears, especially DON and NIV,
were abnormally high. Generally, is not expected to find such high concentrations under
natural conditions in the field (Bottalico & Perrone, 2002; Placinta et al., 1999). Interestingly,
we found a significant suppression of F.avenaceum DNA and enniatin production upon

mixed infection with F. graminearum (MIX A), whereas the latter species stayed
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unchallenged in the mixed treatment (Fig. 3.5). A suppression of F. avenaceum by

F. graminearum was not reported yet.
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4 A Bioassay for Zearalenone (ZEN) Based on the

Mycoparasite Gliocladium roseum

Abstract

Fusarium spp. cause severe problems in the production of maize (Zea mays L.), wheat
(Triticum aestivum L.) and other small-grain cereals worldwide. The infection causes yield
losses and contamination of food and feedstuff with toxic secondary metabolites, so called
mycotoxins. Among this group of metabolites, the macrocyclic acid lactone zearalenone
(ZEN). The toxin exerts estrogenic effects in mammals and humans. It is produced by several
Fusarium spp. including F. graminearum, F.culmorum, F.equiseti and F. crookwellense.
Until now, several bioassays have been described for an inexpensive detection of ZEN in
agricultural commaodities. Those bioassays are mainly based on the human estrogen receptors

a and B and do not specifically respond to ZEN or its derivates.

The soil borne mycoparasite Gliocladium roseum Bainier (syn. Clonostachys rosea) has been
extensively studied as a biocontrol agent against fungal diseases of plants. G. roseum is able
to detoxify ZEN by secretion of a specific lactonase. The goal of the present study was to
develop an inexpensive and specific high-throughput bioassay, based on a recombinant
G. roseum strain that carries a fusion of the ZEN-sensing promotor-element (zes2) with a
reporter gene (green fluorescent protein, GFP), for the detection of ZEN and its reductive

metabolites in complex matrices, such as maize flour.

Maize plants were grown in the field and infected with ZEN-producing Fusarium spp.
Harvested ears were dried and ground. Aliquots were extracted and cleaned with different
procedures including conventional solid-phase extraction and immunoaffinity clean-up (IAC).
The G. roseum indicator strain was grown in 96-well microplates. Fluorescence of GFP was
measured with a fluorescence reader (FLX800, Biotek) in time series after addition of ZEN
extracts. Apart from the quantitative approach, the use of the bioassay for a qualitative high

throughput fungal strain screening for ZEN production was evaluated.
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We found an approximately linear relation between ZEN concentrations in maize samples
predicted by the devoloped G. roseum ZEN-bioassay and the determined concentrations by
HPLC-MS after IAC clean-up (ZEN concentrations ranged from 0.9 mg kg™ to 90 mg kg™).
The assay is therefore suitable for complex matrices, such as maize. In a screening of fungal

strains, a precise division of strains into ZEN- producers and non-producers was possible.

The presented approach could serve as pioneering work to use sensitive biological systems,
such as antagonistic interactions of microorganisms, for the detection of biological active

metabolites.
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4.1 Introduction

Filamentous fungi of the genus Fusarium cause severe problems in the production of small-
grain cereals and maize (Zea mays L.) worldwide (Logrieco et al., 2002; McMullen et al.,
1997). The infection, which is usually caused by a multiple Fusarium species complex, leads
to typical symptoms described as ‘Fusarium head blight’” (FHB) of wheat (Triticum
aestivum L.) and other small-grain cereals and ‘red ear rot’ or ‘pink ear rot’ of maize.
Economical losses are a consequence of the reduction in yield and product quality, due to
contamination with toxic metabolites of fungi, named mycotoxins (Miller, 2008; Bennett &
Klich, 2003; Tanaka et al., 1988). Most important Fusarium mycotoxins, as described in

D’Mello et al. (1999), are trichothecenes, fumonisins and zearalenone (ZEN).

ZEN (previously known as F-2 toxin) is a macrocyclic B-resorcylic acid lactone containing an
olefinic double bond and keto group [6-(10-hydroxy-6-oxo-trans-1-undecenyil)-resorcylic
acid lactone]. The structure was first described by Urry et al. (1966) (see Fig. 4.1). The
nonsteroidal compound is produced in the polyketide pathway of numerous Fusarium spp.
including F. graminearum Schwabe, F. culmorum (W. G. Smith), F. equiseti (Corda) Sacc.
sensu Gordon and F. crookwellense Burgess (Bennett & Klich, 2003; Bottalico & Perrone,
2002; Caldwell et al., 1970). The benefit of ZEN for phytopathogenic Fusarium spp. is still
not fully understood, but Utermark & Karlovsky (2007) described its inhibitory effect on the

growth of filamentous fungi and emphasized its advantageous role in competition.

ZEN is commonly found in feed and foodstuff in temperate regions worldwide. Its synthesis
usually takes place before harvest, but inappropriate storage conditions, such as high
humidity, may also lead to an accumulation (Zinedine et al., 2007; Kuiper-Goodman et al.,
1987). With a melting point between 161 —163 °C, ZEN is comparatively stable and
withstands most processing steps in food production (Jackson & Bullerman, 1999).

ZEN, which is hardly toxic (LDso (femate raty > 10,000 mg kg'l), binds to estrogen receptors and
resembles 17p-estradiol (Zinedine et al., 2007; Kuiper et al., 1998). Because of its powerful
estrogenic effect on mammals and humans it is considered to be a nonsteroidal estrogen or
mycoestrogen, rather than a mycotoxin (Bennett & Klich, 2003). Especially in pigs, which
are highly susceptible, but also other animals, ZEN may lead to hyperestrogenism, disrupted
conception, abortion as well as suppression of the innate immunity (Marin et al., 2010;
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Kuiper-Goodman et al., 1987). Furthermore, it has been reported that ZEN leads to
hyperestrogenic syndroms and precocious pubertal development in woman (Massart &
Saggese, 2010). Other studies described a carcinogenic (Yu et al., 2005; Ahamed et al., 2001)
and genotoxic (Stopper et al., 2005; Lioi et al., 2004; Pfohl-Leszkowicz et al., 1995) effect of
ZEN.

The stereoisomers a-zearalenol (a-ZOL) and B-zearalenol (B-ZOL) are reductive metabolites
of ZEN. a-ZOL is considered to be several times more estrogenic (Gromadzka et al, 2008;
Hagler et al., 1979). Both isomers are also known to have cytotoxic effects in mammals, such
as the induction of oxidative damage and apoptosis (Othmen et al., 2008). A semi-synthetic
anabolic agent, based on the ZEN-related compound a-zearalanol (zeranol) (Ralone®, Ralgro®
etc.) has been prohibited in the European Union since 1981, but is still in use in beef
production in other countries. Even its illegal use as a sports drug in humans was reported
(Thevis et al., 2011). The zeranol metabolites p-zearalanol (taleranol) and zearalanone were
also reported to possess estrogenic properties (Leffers et al., 2001). Fig. 4.1 illustrates the
structures of ZEN, its reductive metabolites a-ZOL and -ZOL and the human estrogen
17pB-estradiol.

H,C
o)
HO.
=
OH
zearalenone B-estradiol

HO.
Fig. 4.1 Chemical structures of estrogenic
zearalenone (ZEN), 17B-estradiol and
H stereoisomers of zearalenol (a-zearalenol
(a-ZOL), B-zearalenol (3-ZOL))

a-zearalenol B-zearalenol

The provisional maximum tolerable daily intake (PMTDI) of ZEN was documented to be 0.5
ug kg? body weight (Zinedine et al., 2007). Because of the apparent health risks, the
European Commission established maximum levels for ZEN in foodstuff (Commission
Regulation (EC) no. 1126/2007). Hence, the maximum ZEN level in bread and other bakery
products is determined to be 50 pg kg™.
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The analysis of ZEN and its derivates is usually performed with liquid chromatography,
combined with fluorescence detection (Tanaka et al., 1985) or mass spectrometry
(Songsermsakul et al., 2006). Also enzyme-linked immunosorbent assays (ELISAS) for ZEN
are still in use (Bennett et al., 1994). A clean-up of contaminated sample material (i.e. corn,
foodstuff) using immunoaffinity columns (IAC) prior to chromatographical analysis, is
considered as a suitable method for the reduction of undesired matrix effects (Erbs et al.,
2007; Visconti & Pascale, 1998).

Because the analysis by liquid chromatography is expensive and time-consuming, researchers
attempted to develop a cheap bioassay for the detection of ZEN and other estrogenic
compounds in foodstuff. Until now, several bioassays mainly based on the human estrogen
receptors o and 3 have been described (Winter et al., 2008; Bovee et al., 2004; Mitterbauer et
al., 2003). These bioassays respond to physiological estrogens as well as to phyto- and

mycoestrogens. Thus, they can not be used for a specific detection of ZEN and its derivates.

The mycoparasite Gliocladium roseum Bainier (syn. Clonostachys rosea) is a common
biocontrol agent against phytopathogenic fungi, such as Botrytis cinerea, the causal agent of
grey mould in fruits and vegetables (Morandi et al., 2000; Sutton et al., 1997). Beside other
protective enzymes, G. roseum secretes a specific lactonase that converts ZEN to non-

estrogenic cleavage products (el-Sharkawy & Abul-Hajj, 1988).

The aim of the present study was to develop a sensitive and inexpensive high-throughput
bioassay, based on a G. roseum zes2::gfp strain that carries a fusion of the ZEN sensing
promoter element (zes2) with a reporter gene (green fluorescent protein, GFP), for the specific
detection of ZEN and its most important metabolite a-ZOL in complex matrices, such as corn

flour.
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4.2 Materials and Methods

4.2.1 Recombinant Gliocladium roseum Strain and Spore Production

A recombinant G. roseum strain (wild type (wt) = DSM 62726, obtained from Leibniz
Institute DSMZ, Braunschweig, Germany), carrying a fusion of the zearalenone-sensing
promotor (zes2) with a reporter gene (GFP, S65T, Acc. No. EF090408) was constructed by
Dr. J. Utermark (Molecular Phytopathology and Mycotoxin Research, University of
Goettingen, Germany). The process of Agrobacterium tumefaciens-mediated transformation is
described in Utermark & Karlovsky (2006). An activation of the ZEN-sensing promoter leads
to fluorescence emission by the constructed zes2::gfp strain. The recombinant G. roseum

strain and wt are listed in Tab. 4.1.

G. roseum spores were produced in a liquid mung bean medium, following a modified
protocol of Bai & Shaner (1996). For this purpose, 80 g of mung beans were transferred to
1 L of demineralized water. The water was boiled until all beans opened and, subsequently,
filtered through cotton wool. Portions of 250 mL were distributed to Erlenmeyer flasks and
autoclaved (121°C, 20 min). Aliquots of 250 pL G. roseum spore suspension or, respectively,
grown mycelium on agarose plugs (0.5 cm x 0.5 cm), were transferred to the prepared flasks.
Cultures were incubated for 15days at 25°C and dark conditions on a rotary shaker.
Afterwards, suspensions were filtered through cotton wool and centrifuged at 2440 g for
10 min. Supernatant was discarded and spores were re-dissolved in 500 pL glycerol (15 %
(v/v), Carl Roth, Karlsruhe, Germany). Suspensions were stored at -70 °C and germination
tests were performed frequently on potato dextrose agar (PDA, Carl Roth, Karlsruhe,

Germany) to assess the viability of spores.

4.2.2 Fungal Material for Stain Screening

A set of 38 fungal strains, mainly Fusarium spp. (ZEN-producers and non-producers), were
cultivated for a fungal strain screening (described in sections 4.2.13 — 4.2.16). An overview of

fungal material is presented in Tab. 4.1.
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Tab. 4.1 Overview of fungal material

Fungal species Isolate No./ Code Origin Source
Fusarium avenaceum DSM 62161 Dianthus caryophyllus, Germany A
CBS 121.73 Dianthus caryophyllus, England B
DSM 21724 Beta vulgaris, Germany A
F. culmorum Fc 4.0 unknown C
F. equiseti 090 unknown D
020 unknown D
F. graminearum FG210.1 unknown C
FG71 unknown E
102.3 wt unknown C
FG 7-34 Triticum aestivum, Australia E
FG 201.1 wt unknown C
FG 108.1 wt unknown C
FG 104.2 wt unknown C
FG 203.1 wt unknown C
FG 210 unknown C
FG 106.2 wt unknown C
FG 211.1 wt unknown C
Fg 7-28 wt unknown E
Fg 7-29 wt unknown E
. oxysporum DSM 2018 Hordeum vulgare, Germany A
DSM 62291 Citrus sinensis, Germany A
. poae FS 41 unknown F
F448 unknown F
. proliferatum DSM 764 unknown A
DSM 62267 Zea mays, Iran A
DSM 62261 Cymbidium hybrid, Germany A
DSM 63267 Sansevieria trifasciata, Germany A
. subglutinans CBS 215.76 Zea mays, Germany B
PK 2-17-7 Zea mays, China G
. tricinctum 063 unknown D
032 unknown D
. verticillioides Fvita 1 unknown H
FRC M-8114 USA I
DSM 62264 Zea mays, Germany A
GF A Zea mays, USA J
GF F Sorghum bicolor, USA J
Gliocladium roseum wt (DSM 62726) Kalanchoe sp., wilting plant, Germany A
zes2::gfp recombinant strain of wt (DSM 62726) C
Trichoderma harzianum T.s. unknown K
T12 unknown L

A = Leibniz Institute - DSMZ, Braunschweig, Germany, B = Fungal Biodiversity Centre, Utrecht, The
Netherlands , C = Fungal strain collection, Plant Pathology, University of Goettingen, Germany, D = Institute
for Sugar Beet Research, Goettingen, Germany, E = T. Miedaner, University of Hohenheim, Germany,
F =A. Prodi, University of Bologna, ltaly , G = P. Karlovsky, University of Goettingen, Germany,
H = F. Cardinale, University of Turin, Italy, | = FRC Pennsylvania, USA, J = B. Tudzynski, University of
Muenster, Germany, K = Sauter & Stepper GmbH, Ammerbuch, Germany, L = University of Hannover,
Germany
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4.2.3 Plant Material from Field Trials

Several cultivars of commercial hybrid maize were grown under field conditions. Maize ears
were inoculated with spore suspensions of different F. graminearum strains at main flowering
stage, as described by Reid et al. (1995). Maize ears were harvested at late maturing stage,
dehusked and oven-dried. Afterwards, material was ground and homogenized. A
representative set of samples was selected, based on quantitative real-time PCR analysis for
F. graminearum (data not shown). Wheat material from field trails (partially inoculated with
Fusarium spp.) was collected from different regions in Germany. The ear material was
oven-dried, ground and homogenized as well. Similarly to maize, the selection of wheat

samples followed species-specific PCR analysis (data not shown).

4.2.4 General Setup of the G. roseum Bioassay and Measurement Procedure

All experiments were carried out in liquid GM7 medium as published by Utermark &
Karlovsky (2007). Cultures of the G. roseum zes2::gfp strain were grown in sterile flat-bottom
96-well microplates with lid (transparent, Sarstedt, Nuembrecht, Germany). For this purpose,
46 pL liquid GM7 medium and 8 L spore suspension, with an adjusted spore concentration
of 675 000 spores mL™, were transferred to each well. The microplates were centrifuged at
1627 g for 60 s to collect the suspension at the bottom and transferred to an autoclaved glass
container with lid (further described as growing chamber, 20 cm diameter, 5 cm height). The
microplate lid was opened to facilitate gas exchange. For maintenance of humidity in the
growing chamber a Petri dish (60 mm diameter, Sarstedt, Nuembrecht, Germany) was filled
with 20 mL sterile water and added to each container. The glass container was sealed with one
layer of Parafilm®M (American National Can, Greenwich, CT, USA). Cultures were
incubated at 25°C in darkness. After 48 h of pre-growing, 6 uL of ZEN analyte in
methanol-water (MW) (40:60, v/v) were added to each well with a G. roseum zes2::gfp
culture. Methanol content within 60 pL total reaction volume per well was below 5% (v/v)
and, therefore, not considered as harmful for the fungus. Cultures were incubated again at
25 °C in darkness.

First fluorescence measurement (read) was carried out 24 h after addition of analyte. Further
measurement steps followed in intervals of 12 h. Cultures were covered during transport to

protect the light sensitive assay. A Biotek FLx800 fluorescence microplate reader (Biotek,
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Bad Friedrichshall, Germany) was used to detect fluorescence emission, expressed as relative
fluorescence unit (RFU), of the G. roseum zes2::gfp strain in exposition to ZEN. The machine
was equipped with an optical filter set for excitation at 485 + 20 nm and emission at 528 + 20
nm. Temperature during measurements was set to 25 °C. The parameter of optical sensitivity,
with respect to signal-to-noise ratio, was adjusted according to the manufacturers’ instructions
prior to the first measurements. Bottom readings were carried out to achieve the smallest
distance between fluorescence sensor and growing culture. Blank readings of empty wells
(bare plastic) were carried out to subtract the background of the plate. Analysis was
performed with Gen5™ microplate data collection & analysis software (Biotek, Bad

Friedrichshall, Germany).

The appearance of propagules and mycelium of G. roseum as well as the incubation chamber
and the instrument for fluorescence detection are illustrated in Fig. 4.2. Furthermore, the
general setup procedure with 48 h pre-culturing of the G. roseum zes2::gfp indicator strain, is
illustrated in Fig. 4.3 A.

Fig. 4.2 Morphological traits of
G. roseum and images of the bioassay
for zearalenone (ZEN), (A) conidia of
G. roseum, (B) growing culture of the
G. roseum zes2:gfp strain on GM7
agarose medium, (C) glass incubator
with microplate and growing cultures in
wells (picture below), (D) fluorescence
reader with microplate

4.2.5 Assessment of Bioassay Kinetics and Detection Limits in General Procedure

A ZEN standard row in concentrations of 1.0 — 27.5 ug mL™ was prepared in MW (40:60,
vlv, LC-MS grade, Th. Geyer, Renningen, Germany, double distilled water). The used ZEN
Stock (10 000 pg ZEN mL™) was obtained from Fermentek (Jerusalem, Israel). The prepared

standard row was transferred in 6 replications to cultures of the G. roseum zes2::gfp strain as
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described for the general setup procedure (section 4.2.4) (final concentrations in medium were
in the range of 0.1 - 2.75 pg mL™). Pure MW (40:60, v/v) was added in 12 replications as
negative control. Fluorescence measurements were carried out at 24, 36 and 48 h after
addition of the analyte. The time point of maximum response of G. roseum zes2::gfp strain
towards ZEN, expressed as RFU, was selected as best time point for quantitative purposes.
The limit of detection (LOD) was calculated as mean RFU of the negative control (zes2::gfp
strain treated with MW only) plus 3 times standard deviation and the limit of quantification

(LOQ) was determined as mean RFU of the negative control plus 9 times standard deviation.

4.2.6 Evaluation of Assay Specifity to ZEN, its Reductive Metabolites and Other
Estrogens

B-Estradiol (B-EST) (> 98 %, as powder, Sigma-Aldrich, Taufkirchen, Germany) was
dissolved in pure methanol and, subsequently, diluted to concentrations of 5, 15 and
20 ygmL™* in MW (40:60, v/v). Stereoisomers a-zearalenol (a-ZOL) and B-zearalenol
(B-ZOL) (as powder, both obtained from Sigma-Aldrich, Taufkirchen, Germany) were
dissolved in acetonitrile (ACN) and diluted to concentrations of 10, 20 and 30 pg mL™ in
MW (40:60, v/v). Samples were added in two independent replications to G. roseum zes2::gfp
culture as described earlier (general setup, section 4.2.4). Final concentrations in medium
were, therefore, 0.5, 1.0, 1.5 and 2 pg B-EST mlI™ and 1.0, 2.0 and 3.0 ug 0-ZOL / p-ZOL
mL™. Furthermore, the fluorescence emission of G. roseum wt in exposition to ZEN was
assessed. Pure ZEN standards in concentrations of 1.0, 2.0 and 3.0 pg mL™ (in medium) were
used as reference for a positive response. Fluorescence readings were carried after 24, 36 and

48 h as described earlier (section 4.2.4).

4.2.7 Alternative Setup — A Procedure with Direct Exposure of G. roseum Spores to
ZEN

Aliquots of 60 pL pure ZEN standards in concentrations between 0.05 and 4.0 pg ZEN mL™
in MW (80:20, v/v, 10 concentration steps) were transferred in 6 replications to a 96-well
microplate. Pure MW (80:20, v/v) was added in 12 replications as negative control. The filled
microplates were transferred to a glass bowl with lid (equipped with spacer to facilitate air
exchange) and the organic solvent was evaporated under a fume hood. Thereafter, a volume
of 52 pL liquid GM7 medium was transferred to the dry residue. After 60 min of resting at
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room temperature, 8 uL of a G. roseum zes2::gfp spore suspension (675 000 spores mL™)
were added to each well and plates were centrifuged for 60 s at 1627 g. Cultures were
incubated in a glass bowl at 25 °C in darkness. Measurement of fluorescence response started
after 24 h and continued until 60 h. The process of this alternative procedure, also described

as direct exposure procedure, is illustrated in Fig. 4.3 B.

A

) + GM7 [ +ZEN Read Read Read

+ spores 1 2 3
24h 36h 48h
B) +ZEN +GM7 |:> Read Read Read
+ spores 1 2 3
24h 36h 48h
Evaporation
I | | | | | | | |
preparation g 12 24 36 48 60 72 84 96 hours

phase

Fig. 4.3 Time schedule of assessed procedures for G. roseum zes2::gfp bioassay for zearalenone
(ZEN) detection, (A) general procedure: fungal cultures were incubated for 48 h before ZEN
containing analyte was added (section 4.2.4), (B) alternative procedure: spores of G.roseum
zes2:.gfp were immediately exposed to ZEN (section 4.2.7); favoured time points for fluorescence
readings are labelled in black (selection of optimal time points for measurements are described in
detail in results section)

4.2.8 General Procedure with Solvent Extracts of Maize Field Samples After Clean-up

with Immunoaffinity Columns (IAC)

ZEN was extracted from contaminated maize material including a clean-up step with 1AC
(ZearaStar®, Romer Labs, Tulln, Austria, ZEN-capacity of 2000 ng per column). At first, 10 g
of homogenized maize flour were transferred to a 50 mL centrifuge tube (Sarstedt,
Nuembrecht, Germany) and blended with 40 mL ACN-water (75:25, v/v, ACN was purchased
from Th. Geyer, Renningen, Germany). Samples were homogenized and transferred to a
shaker for one hour. After this, samples were centrifuged for 10 min at 7320 g. To reduce the
content of organic solvent, as required by IAC manufacturer, 4 mL of each supernatant were
transferred to a new centrifuge tube and diluted with 36 mL PBS-buffer (phosphate buffered
saline, 137 nM NaCl (Carl Roth, Karlsruhe, Germany), 2.7 mM KCI, 12 mM total phosphate
(HPO,* and H,PO4, Na;HPO,4, KH,PO,), pH 7.4 was adjusted with HCL, all chemicals,
except NaCl, were purchased from Merck, Darmstadt, Germany). ZEN concentrations in
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samples from artificial inoculated field trails were expected to be very high, but the capacity
of employed IAC was limited to 2 pg. Thus, the dilution in PBS-buffer was repeated twice to
obtain 3 dilution steps (1:10 (v/v), 1:100 (v/v) and 1:1000 (v/v)). Further clean-up was carried
out according to the IAC-manufacturers’ instructions. Samples were eluted from the 1AC
matrix with 1.5 mL methanol and subsequently evaporated to dryness in a vacuum
concentrator (35°C, overnight, Christ, Osterode, Germany). Dry residues were re-dissolved in
35uL MW (40:60, v/v). Reference measurements with high-performance liquid
chromatography mass spectrometry (HPLC-MS, 1200 LC equipped with Mistral 510 column
oven (Varian, Darmstadt, Germany) and Kinetex® C18 column (Phenomex Inc.,
Aschaffenburg, Germany)), were carried out with a 1:100 (v/v) dilution of each sample
extract in MW (50:50, v/v).

For the purpose of quantification, dilution series from sample extracts were prepared to ensure
the comparability of RFU values of unknown samples to the RFU values of the applied ZEN
standard row. The final extracts were diluted 3 times in 1:2 (v/v) steps with MW (40:60, v/v).
Hence, 4 subsamples were generated (VOjac = undiluted extract, V1jac= 1:2 dilution,
V2iac = 1:4 dilution, V3,ac = 1:8 dilution). Prior to use, extracts were stored at -20 °C. Each
sample was transferred in two replications to G. roseum zes2::gfp culture plates as described
for the general setup (section 4.2.4). The process of sample preparation including IAC clean-

up is illustrated in Fig. 4.4.
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4.2.9 General Procedure with Extracts of Maize Field Samples After Conventional
Solid-Phase Extraction (SPE)

Conventional solid-phase extraction (SPE) with Bond Elut Mycotoxin columns (BE, Agilent,
Waldbronn, Germany) was carried out as a second clean-up procedure of solvent extracts
from maize field samples. At first, 2 g of homogenized maize flour were blended with 18 mL
ACN-water (84:16, v/v). Samples were shaken and centrifuged as described for IAC clean-up
(section 4.2.8). Cyclohexane (Carl Roth, Karlsruhe, Germany) was used for sample defatting.
Afterwards, 4 mL of the lower phase were transferred to BE columns (see Fig. 4.12 A and B).
The eluate was captured in 15 mL centrifuge tubes. Aliquots of 2.8 mL were transferred to
new tubes and evaporated to dryness in a vacuum concentrator (35 °C, overnight). The
residues were re-dissolved in 40 uL MW (40:60, v/v). Similarly to IAC clean-up, the final
extracts were diluted in 1:2 (v/v) steps with MW (40:60, v/v) (VOge = undiluted sample,
V1ge = 1:2 dilution, V2ge = 1:4 dilution).

ZEN extracts from maize material were added to the pre-cultured G. roseum zes2::gfp strain
as described for the general setup (section 4.2.4). Fluorescence readings were carried out at
time points 24, 36 and 48 h after addition of the analyte.

4.2.10 Calculation of Matrix Correction Factors for IAC and Conventional SPE Clean-

up of Maize Samples in General Procedure

Non-contaminated maize material from field trials (confirmed as not contaminated by
real-time PCR) was extracted and cleaned with both IAC and BE columns as described earlier
(sections 4.2.8 and 4.2.9), including the 3 additional dilutions steps with PBS-buffer in IAC
procedure. Prepared extracts were spiked with ZEN in concentrations between 0.0 and
40 pg ml™. Each Spiked sample was transferred in 3 replications to cultures of the G. roseum
zes2::.gfp strain as described for the general setup (section 4.2.4). The matrix effect of these
samples equals the effect of undiluted sample extracts (earlier described as VO dilution). Pure
ZEN standards in MW (40:60, v/v, same concentration range) were used as a reference.
Fluorescence readings were carried out at time points 24, 36 and 48 h after addition of

analyte.

Matrix effects, or respectively, factors of matrix correction (cf, see formula below) were
determined to enable the calculation of ZEN concentrations in field samples on the basis of
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ZEN standard rows in MW. For this purpose, the factors between mean RFU values of each
ZEN concentration step in matrix and pure MW were calculated. Afterwards, the factors were
averaged within a defined matrix background (IAC or conventional SPE) at a certain time
point after addition of analyte (t = 24, 36 or 48 h). It was assumed that the calculated matrix
effects for VO (undiluted) were reduced by 50 % with each 1:2 dilution step of the field
samples (applied dilution steps IAC: VOac, Vliac, V2iac, V3iac; dilution steps for
conventional SPE (BE): VOgg, V1ge, V2gg).

Matrix correction: x,,= X,/ cf,

Xi1¢ = matrix corrected RFU at time pointt
Xo: = RFU (blank value) at time pointt
cf, = factor of matrix correction at time point t

4.2.11 Bioassay with Extracts from Field Samples Employing Conventional SPE Clean-

up and Alternative Procedure

Extraction of ZEN from field samples of maize (n = 12) and wheat (n = 8) was carried out
with ACN-water (84:16, v/v) followed by clean-up with BE columns as described earlier
(section 4.2.9, no concentration under vacuum). ZEN standard rows in maize and wheat
matrix were constructed (ZEN concentrations between 0.5 and 4.0 ug ml™*). HPLC-MS
measurements of unknowns were carried out as reference. Aliquots of 60 pl (sample extracts
and standards) were added to the microplates and further procedure followed the instructions

as given in section 4.2.7.

4.2.12 Data Processing and Calculation of ZEN Concentration in Field Samples

ZEN concentrations in field samples were calculated on the basis of ZEN standard rows in
matrix (no correction) or MW (with matrix correction). For the quantification of ZEN in
maize field samples after clean-up with conventional SPE or IAC (general setup with
48 h pre-growing of the fungus), the blank RFU values (raw data) were first corrected for
matrix effects as given in the equation (See equation for matrix correction, 4.2.10). After this,
ZEN concentrations were calculated according to the standard row in MW. Based on these
data, the quantification of ZEN in maize flour was performed in consideration of the
extraction process (i.e. volumes, dilutions, aliquots). The suitability of the G. roseum
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zes2::gfp assay for quantification of ZEN in complex matrices was evaluated on the basis of
HPLC-MS reference measurements.

4.2.13 Cultivation of Fungal Strains and Extraction of ZEN for Strain Screening

Fungal strains were cultivated on rice medium. For this purpose, 3 g rice kernels (BAK
Kardesler GmbH, confirmed as not contaminated with mycotoxins by HPLC-MS analysis)
were transferred to 50 mL centrifuge tubes. A volume of 2 mL demineralized water was
added to the kernels. Tubes were closed with cotton stoppers and autoclaved (121 °C,
20 min). Selected fungal strains were pre-cultivated. For this purpose, diluted spore
suspensions were transferred to PDA medium and incubated at 25 °C. After 48 h, single
colonies were collected and transferred to new medium. After 2 days, overgrown discs with
young fungal mycelium were replaced with a cork borer (0.5 cm diameter, one disc per fungal
strain) and transferred to the prepared rice substrate. Fungal cultures were incubated for 6
weeks at 22 °C in darkness (see Fig. 4.12 C and D). After incubation, cultures were blended
with 30 mL ACN-water (84:16, v/v) and shaken over night. Next day, samples were
centrifuged for 10 min at 7320 g. For each sample, an aliquot of 6 mL was collected from the
clear supernatant and transferred to a new centrifuge tube. The extracts were blended with 1x
volume cyclohexane to remove fatty acids and centrifuged again. A volume of 4 mL from the
lower phase was transferred to BE column. The flow-through of 2.8 ml was collected in a new
tube and evaporated to dryness. Dry residues were dissolved in 400 uL MW (80:20, v/v).
Each sample was diluted 1:10 (v/v) with MW (80:20, v/v) and stored at -20 °C prior to use.
HPLC-MS analysis was carried out as reference.

4.2.14 Plate Layout for Fungal Strain Screening

Fungal strain screening for ZEN production was carried out as described earlier for the
alternative setup. The process included direct exposure of G.roseum zes2::gfp strain to
extracts without pre-growing of the fungus (section 4.2.7). Experiments were carried out in
two independent replications (two microplates, 24 h time shift between replications). For this
purpose, 60 pL of each sample extract (undiluted and 1:10 diluted) and 3 negative controls
(MW only) were transferred to the wells. Solvent was evaporated and zes2::gfp spores with
GM7 medium were supplemented as described earlier. Measurements of fluorescence
emission were carried out after 24, 36 and 48 h of incubation.
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4.2.15 Use of Defatted Crude Extracts from in vitro Cultures for Fungal Strain

Screening

A selection of 9 defatted crude extracts from fungal cultures on rice medium was collected
prior to BE clean-up (section 4.2.13). The extracts were obtained from cultures of 3
F. graminearum strains (FG210.1, FG71, FG211.1 wt), 2 strains of F. verticillioides (GFA,
FRC M-8114) and one strain of each F. culmorum (Fc 4.0), F. proliferatum (DSM 62261),
F. tricinctum (063) and Trichoderma harzianum (T12). Further procedure followed the

description as given in section 4.2.14.

4.2.16 Data Evaluation for Fungal Strain Screening

Strains were assigned to be ZEN-producers if fluorescence signal exceeds a signal-to-noise
ratio of 20. The signal of noise or, respectively, background was defined as mean fluorescence
signal of the negative control (treated with MW only).
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4.3 Results

4.3.1 Characterization of the Bioassay

4.3.1.1 Response of G. roseum zes2::gfp Strain to ZEN and Other Estrogens

So far, the available estrogen bioassays do not respond specifically to mycoestrogens. Hence,
the response of the G.roseum zes2::gfp fusion strain towards B-EST and the zearalenol
stereoisomers a-ZOL and B-ZOL was tested. The emission of fluorescence by G. roseum
zes2::gfp strain was upregulated upon exposure with ZEN and a-ZOL, but not other
estrogenic compounds. As expected, G. roseum wild type revealed no fluorescence emission
exceeding background signal. The same was observed for G. roseum zes2::gfp strain exposed
to MW only (negative control). The Response of G.roseum zes2::gfp strain to selected

estrogenic molecules is illustrated in Fig. 4.5.
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Fig. 4.5 Fold change in fluorescence emission by G. roseum zes2::gfp strain relative to
negative control in cultures exposed to different concentrations of estrogenic B-estradiol (j3-
EST), a-zearalenol (a-ZOL), B-zearalenol (B-ZOL) and zearalenone (ZEN); applied procedure
followed general setup as described in section 4.2.4; measurements were carried out at time
point 24 h after addition of analyte; interrupted horizontal threshold line presents fluorescence
emission of G. roseum zes2::gfp strain treated with pure methanol-water (40:60, v/v) (negative
control, equals 1); presented is one out of two data sets (both replications are in accordance),
data illustrate the specificity of the bioassay for a-ZOL and ZEN
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4.3.1.2 Assay Kinetics in General Procedure with Pre-Culturing of G. roseum

The temporal development of fluorescence emission by G.roseum zes2::gfp strain, as
response to broad range of ZEN concentrations, was examined and limits of detection were
assessed. Maximum response of the pre-cultured G. roseum zes2::gfp strain towards ZEN was
detected at an early time point of 24 h after addition of the estrogenic mycotoxin. This was
observed for all assessed concentrations of ZEN (below 2.5 pug ml™). Fluorescence emission
by zes2::gfp strain dropped continuously from 24 h on. Measurements were also performed at
earlier time points than 24 h, but these earlier readings resulted in a lower response to ZEN
and a high variation within concentration steps (data not shown). The time point of maximum
response (24 h) was determined as optimal time point for quantitative purposes. Fig. 4.6

illustrates the temporal development of fluorescence emission for four selected concentration

steps.
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Fig. 4.6 Temporal response, expressed as fluorescence emission,

of

G. roseum zes2:gfp strain (general procedure, section 4.2.4) to zearalenone
(ZEN) in concentrations of 0.5, 1.0, 1.5, and 2.5 pg mL™" in medium, revealed
maximum response at 24 hours after addition of ZEN containing analyte, time
point 24 h was favoured for further analysis, Q1= lower quartile (25%), Q2 =

median, Q3 = upper quartile (75%), n = 6
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The dose dependent response of G. roseum zes2::gfp strain towards ZEN at the favoured time
point of 24 h is illustrated in Fig. 4.7. Calculated limit of detection (LOD) was
0.05 pg ZEN mI™* in medium and limit of quantification (LOQ) was determined to be
0.13 pg ZEN mlI™ in medium.
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Fig. 4.7 Dose dependent response of pre-cultivated G. roseum zes2::gfp strain
to zearalenone (ZEN) in medium, at time point 24 h after addition of ZEN
analyte, revealed strong correlation (r = 0.99), handling of strain is described in
general procedure (section 4.2.4), response is expressed as relative
fluorescence unit (RFU) (mean = standard deviation (0)); calculated
fluorescence thresholds for limit of detection (LOD, blank mean + 3 times o) and
limit of quantification (LOQ, blank mean + 9 times o) are illustrated as horizontal
lines (see legend), LOD was 0.05 ug ZEN mL™ and LOQ was 0.13 ug ZEN mL™,
n==6

The effect of maize matrix on the fluorescence response of pre-cultured G. roseum zes2::gfp
strain towards ZEN was assessed for the extraction with immunoaffinity columns (IAC) and
conventional SPE clean-up (BE). The effects are illustrated in Fig. 4.8. The matrix effect was
determined for 3 time points (24 h, 36, 48 h) after addition of ZEN containing analyte. As
described earlier, the extracts from plant material were diluted in several steps with PBS-
buffer prior to IAC clean-up and, subsequently, concentrated under vacuum. No differences in
matrix effect were found between these preparative dilution steps (see Fig. 4.8). Thus, the
obtained matrix effects for IAC clean-up were combined. For the favoured time point of 24 h
after addition of ZEN, the factor of matrix correction (cf) was determined to be 1.43 for IAC

clean-up and 0.73 for conventional SPE clean-up.
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Fig. 4.8 Effect of maize matrix on fluorescence emission (given as mean relative
fluorescence units (RFU) + standard deviation) of a G. roseum zes2::gfp culture (general
procedure, section 4.2.4) exposed to zearalenone (ZEN) after clean-up with immunoaffinity
columns (IAC) and conventional SPE (Bond Elut Mycotoxin) at time points (t) 24, 36 and 48
hours after addition of ZEN containing analyte; the matrix effect was assessed for undiluted
samples (undiluted = VO0), presented matrix factors fit to VOac or VOgg, factor of matrix
correction at time point t (cf) was calculated according to the formula given in section
4.210,n=3

4.3.1.3 Assay Kinetics in Alternative Procedure with Direct Exposure of G. roseum
zes2:.gfp Spores to ZEN

The general procedure, including a pre-cultivation of G. roseum and addition of analyte after
48 h, is comparatively time-consuming. Therefore, a simplified procedure (alternative
procedure), comprising a direct exposure of G. roseum zes2::gfp spores to ZEN, was assessed.
The highest fluorescence emission was observed at time point 60 h after initiation. As
specified for the first procedure, the time point of maximum response was assured as optimum
for quantitative purposes. The response of the G.roseum zes2::gfp strain (without pre-
incubation) towards ZEN after 36, 48 and 60 h is presented in Fig. 4.9. Fluorescence readings
were also performed at earlier time points, but before 24 h, the fungal development was not

visible and fluorescence signal was not exceeding background signal. For the
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alternative/direct exposure procedure, a linear response in fluorescence emission to ZEN was
observed for a concentration range between 0.25 pg mL™ and 2 ug mL™. Under the tested
conditions, a saturation of the recombinant strain with ZEN was observed for concentrations
above 2 pg mL™. Calculated LOD at time point 60 h was 0.01 ug ZEN mI™* in medium and
LOQ was determined to be 0.04 pug ZEN mL™ in medium.
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Fig. 4.9 Response of G. roseum zes2::gfp strain (alternative procedure, handling
is described in section 4.2.7) after 36, 48 and 60 h of exposition to zearalenone
(ZEN), maximum response was observed at time point 60 h, linear response to
ZEN was observed in a range between 0.25 ug mL™and 2 ug mL™in medium, n = 4

4.3.2 Quantification of ZEN in Field Samples

The accuracy of the present bioassay for the detection of ZEN in complex matrices (operated
in different modes), compared to expensive but precise HPLC-MS reference data was
evaluated. HPLC-MS analysis revealed a broad spectrum of ZEN concentrations in the tested
set of maize field samples (n = 17). ZEN concentrations were in the range between
0.9 mg kg™t and 90 mg kg™ dry matter. After clean-up with IAC columns, the predicted ZEN
concentrations by G. roseum zes2::gfp bioassay correlated strongly (r = 0.85) with the results
of liquid chromatography. The correlation is presented in Fig. 4.10.
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After simpler clean-up with conventional SPE-columns (only 7 samples), the ZEN
concentrations in contaminated maize field samples predicted by G.roseum zes2::gfp
bioassay correlated only with r = 0.73 with the determined ZEN concentrations by HPLC-MS
(see Fig. 4.11).
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Because of its time-saving properties, the alternative procedure, comprising a direct exposure
of G. roseum zes2::gfp spores to ZEN, was tested for the assessment of ZEN in field samples
of maize and wheat. Unexpectedly, the tested alternative procedure turned out to be improper
for semi-quantitative purposes in context with these matrices because the fluorescence
emission, as response of G.roseum zes2::gfp strain towards ZEN, exceeded background
signal only for concentrations above 2 ug ml™ in both undiluted matrices and only at late time
points (> 60 h after addition of ZEN containing analyte). To reduce inhibitory matrix effects
of maize and wheat, a clean-up of crude extracts with 1 x volume ethyl acetate was tested (pH
adjusted as required). This clean-up turned out to be not suitable for semi-quantitative

purposes as well (data not shown).

Fig. 4.12 Sample preparation for
G. roseum bioassay, (A) conventional solid-
phase extraction (SPE) with Bond Elut
Mycotoxin columns fixed to a vacuum
chamber, (B) staining of SPE columns after
use, left column was used for a sample,
which  was profoundly infected with
F. graminearum, right column was used for
a healthy maize sample, (C) in vitro culture
on rice medium for fungal strain screening,
cotton stoppers were used to facilitate gas-
exchange (D) incubator with space-saving
strain cultures in centrifuge tubes

4.3.3 Fungal Strain Screening

The use of the present G. roseum bioassay for a qualitative high-throughput fungal strain
screening for ZEN production was examined. According to HPLC-MS reference
measurements, all tested fungal isolates (n = 38) were addressed properly to the group of ZEN
producers and non-producers by G. roseum bioassay (after SPE clean-up). An overview of the
assignment is given in Tab. 4.2. The fluorescence response of the recombinant strain towards
ZEN in culture extracts at time point 36 h revealed a strong correlation with determined ZEN
concentrations in extracts as determined by HPLC-MS (r = 0.93). The relation is presented in
Fig. 4.13.
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The response of the G. roseum zes2::gfp strain towards crude solvent extracts from in vitro
cultures (9 selected isolates) was tested, to investigate the applicability of a simplified
screening procedure without SPE clean-up. In this case as well, the assignment of fungal
strains to the group of ZEN producers and non-producers, following the same criteria as
described earlier, was possible from time point 36 h after initiation.
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Tab. 4.2 Assignment of 38 fungal strains to the group of zearalenone (ZEN) producers (labeled with
‘+’) and non-producers (labeled with ~‘) by G. roseum zes2::gfp bioassay and HPLC-MS

Identified as ZEN-producer ( + )/ no ZEN-
producer (-)

Fungal species Isolate No./ Code* Bioassay HPLC-MS

Fusarium avenaceum DSM 62161 - -
CBS 121.73 - -
DSM 21724 - -
F. culmorum Fc 4.0 + +
F. equiseti 090 - -
020 - -
F. graminearum FG210.1
FG71
102.3 wt
FG 7-34
FG 201.1 wt
FG 108.1 wt
FG 104.2 wt
FG 203.1 wt
FG 210
FG 106.2 wt
FG 211.1 wt
Fg 7-28 wt
Fg 7-29 wt
F. oxysporum DSM 2018
DSM 62291
F. poae FS 41
F448 - -
F. proliferatum DSM 764 - -
DSM 62267 - -
DSM 62261 - -
DSM 63267 - -
F. subglutinans CBS 215.76 - -
PK 2-17-7 - -
F. tricinctum 063 - -
032 - -
F. verticillioides Fvital - -
FRC M-8114 - -
DSM 62264 - -
GF A - -
GF F - -
Trichoderma harzianum T.s. - -
T12 - -

+ + + +
+ + + o+

+ + + + + + + +
+ + + + 4+ + o+ o+

* |solate No. / Codes are specified in Tab. 4.1
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4.4 Discussion

A sensitive and specific bioassay for the detection of estrogenic ZEN and its derivates in
maize field samples was described. The employed G. roseum zes2::gfp mutant selectively
responded to the estrogenic mycotoxin ZEN and its most critical metabolite a-ZOL (see
Fig. 4.5). The response was dose-dependant (see Fig. 4.7), as shown by Utermark &
Karlovsky (2006), who described the use of a microplate reader for fluorescence
measurements. The assay was suitable for a qualitative detection of ZEN in a broad
concentration range (Fig. 4.7, Fig. 4.9) and for a quantitative evaluation of ZEN
contamination of maize field samples in the range of 0.9 mg kg* to 90 mg kg™*. ZEN-
concentrations, determined with the help of the G.roseum bioassay and by HPLC-MS,
correlated with r = 0.85 (Fig. 4.10).

Clean-up of sample extracts and conditioning of the G. roseum zes2::gfp strain are important
for an accurate evaluation of toxin contamination. Our results indicate that conventional SPE
columns are less suitable to reduce the inhibitory effect of maize matrix on the indicator
strain. We assume that the maize matrix inhibited the growth of the G. roseum zes2::gfp strain
or the substrate accessibility was affected by matrix compounds. A clean-up step on IAC was
more efficient than conventional SPE to reduce matrix effects. The beneficial use of an IAC
clean-up for liquid chromatography analysis of ZEN was also reported by Erbs et al. (2007),
Visconti & Pascale (1998) and Scott & Trucksess (1997). A new clean-up method, based on
dynamic covalent hydrazine chemistry (DCHC) (Siegel et al., 2010), might also be useful in
combination with the present bioassay. Comparison of direct exposure of the G. roseum
zes2::gfp spores to ZEN (section 4.2.7) and pre-incubation of spores for 48 h before ZEN was
added (section 4.2.4) showed that the latter was more suitable for the analysis of field sample
extracts. We assume that the pre-incubation phase provides larger fungal surface due to the
growth of young reactive hyphae (fungal development is visible from that time point on),

which might fasten the recognition and, consequently, the fluorescence response to ZEN.

Beside the aforementioned semi-quantitative approach in field samples, we successfully
applied the G. roseum zes2::gfp bioassay for a qualitative discrimination of ZEN-producing
fungi from others. For this purpose, a conventional SPE clean-up, after solvent extraction of
ZEN from fungal cultures (rice kernels as substrate), was sufficient. Preliminary results, based
on a small number of samples, indicate that a SPE clean-up can actually be omitted for a
qualitative screening on rice. Furthermore, the screening of fungal strains for ZEN production
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can be carried out without pre-incubation. Apart from the qualitative detection of ZEN in
fungal cultures, we observed a strong correlation between fluorescence response of the
G. roseum zes2::gfp bioassay after SPE clean-up and ZEN concentration determined by
HPLC-MS (r = 0.93, Fig. 4.13). Because extracts of maize matrix required IAC clean-up,
these results indicate that rice extracts inhibit the G. roseum assay to a lower extent than

maize.

This is the first report of a ZEN-bioassay, applicable for a screening of field samples that
selectively corresponds to ZEN and its reductive metabolite a-ZOL, but no other estrogenic
compounds. All previously described bioassays for ZEN were not specific for Fusarium
mycoestrogens, but responded to a broad spectrum of compounds, like genistein,
17B-estradiol and other hormonal substances (Winter et al., 2008; Bovee et al., 2004;
Mitterbauer et al., 2003; Mayr et al., 1992; Welshons et al., 1990). Considering the fact that
ZEN causes severe problems in animal production and the instance that the protein-source in
animal food is usually based on legumes that release estrogens to a high extent, the
application of such unspecific estrogen bioassays for a mycotoxin risk management in

agriculture is questionable.

The described bioassay for ZEN can be accomplished with common laboratory equipment
and consumables, such as chemicals for media, glassware and organic solvents. In comparison
to common bench-top liquid chromatography systems, the costs of analysis are low. Hence, it
might be suitable for the application in developing countries and as a risk assessment tool for
non-governmental organizations. Under certain conditions (heating of the lid can be switched
off), a real-time PCR cycler can be used instead of a microplate reader (Utermark &
Karlovsky, 2006), extending the applicability of the method to laboratories equipped for DNA

analysis.

Apart from the quantitative and qualitative application for ZEN detection, the described
bioassay could serve as a model approach for the specific detection of metabolites in
biological systems by an employment of microorganisms with abilities to recognize and,
respectively, transform or decompose these metabolites. Nevertheless, the approach requires a

distinct knowledge about interactions, biological pathways and the molecular level.



119 Chapter 4: A Bioassay for Zearalenone (ZEN) Based on the Mycoparasite Gliocladium roseum

Acknowledgements

We acknowledge the working group of Prof. v. Tiedemann (Plant Pathology section,

University of Goettingen, Germany) for the provision of fungal isolates and Dr. Sabine Nutz

for the support with maize material from field trials.

References

Ahamed S, Foster JS, Bukovsky A, Wimalasena J
(2001) Signal transduction through the
ras/Erk pathway is essential for the
mycoestrogen zearalenone-induced cell-
cycle progression in  MCF-7 cells.
Molecular Carcinogenesis 30:88-98.

Anonymus (2007) Commission regulation (EC) no.
1126/2007amending Regulation (EC) No
1881/2006 setting maximum levels for
certain contaminants in foodstuffs as
regards Fusarium toxins in maize and
maize products. Official Journal of the
European Union 255:14-17.

Bai G-H, Shaner G (1996) Variation in Fusarium
graminearum and cultivar resistance to
wheat scab. Plant Disease 80:975-979.

Bennett GA, Nelsen TC, Miller BM (1994)
Enzyme-linked immunosorbent assay for
detection of zearalenone in corn, wheat,
and pig feed: collaborative study. Journal
of AOAC International 77:1500-1509.

Bennett JW, Klich M (2003) Mycotoxins. Clinical
Microbiology Reviews 16:497-516.

Bottalico A, Perrone G (2002) Toxigenic Fusarium
species and mycotoxins associated with
head blight in small-grain cereals in
Europe. European Journal of Plant
Pathology 108:611-624.

Bovee TFH, Helsdingen RJR, Rietjens IMCM, et
al. (2004) Rapid yeast estrogen bioassays
stably  expressing human  estrogen
receptors o and P, and green fluorescent
protein: a comparison of different
compounds with both receptor types. The
Journal of Steroid Biochemistry and
Molecular Biology 91:99-1009.

Caldwell RW, Tuite J, Stob M, Baldwin R (1970)
Zearalenone production by Fusarium
species. Applied Microbiology 20:31-34.

Cha S-H, Kim S-H, Bischoff K, et al. (2012)
Production of a highly group-specific
monoclonal antibody against zearalenone
and its application in an enzyme-linked
immunosorbent  assay.  Journal  of
Veterinary Science 13:119.

D’Mello JPF, Placinta CM, Macdonald AMC
(1999) Fusarium mycotoxins: a review of
global implications for animal health,
welfare and productivity. Animal Feed
Science and Technology 80:183-205.

el-Sharkawy S, Abul-Hajj YJ (1988) Microbial
cleavage of zearalenone. Xenobiotica
18:365-371.

Erbs M, Hartmann N, Bucheli TD (2007)
Determination of the cross-reactivities for
alpha-zearalenol, beta-zearalenol,
zearalanone, alpha-zearalanol, and beta-
zearalanol on three commercial
immunoaffinity columns targeting
zearalenone. Journal of AOAC
International 90:1197-1202.

Gromadzka K, Waskiewicz A, Chelkowski J,
Golinski P (2008) Zearalenone and its
metabolites: occurrence, detection, toxicity
and guidelines. World Mycotoxin Journal
1:209-220.

Hagler WM, Mirocha CJ, Pathre SV, Behrens JC
(1979) Identification of the naturally
occurring isomer of zearalenol produced
by Fusarium roseum “Gibbosum” in rice
culture. Applied and Environmental
Microbiology 37:849-853.

Jackson LS, Bullerman LB (1999) Effect of
processing on Fusarium mycotoxins.
Advances in Experimental Medicine and
Biology 459:243-261.

Kuiper GGJM (1998) Interaction of estrogenic
chemicals and phytoestrogens  with
Estrogen Receptor. Endocrinology
139:4252-4263.



New Strategies for the Detection of Fusarium Infection and Mycotoxin Contamination of Cereals And Maize 120

Kuiper-Goodman T, Scott PM, Watanabe H (1987)
Risk assessment of the mycotoxin
zearalenone. Regulatory Toxicology and
Pharmacology 7:253-306.

Leffers H, Naesby M, Vendelbo B, et al. (2001)
Oestrogenic  potencies  of  Zeranol,
oestradiol, diethylstilboestrol, Bisphenol-A
and genistein: implications for exposure
assessment  of  potential  endocrine
disrupters. Human Reproduction 16:1037—
1045.

Lioi M., Santoro A, Barbieri R, et al. (2004)
Ochratoxin A and zearalenone: a
comparative study on genotoxic effects
and cell death induced in bovine
lymphocytes. Mutation Research/Genetic
Toxicology and Environmental
Mutagenesis 557:19-27.

Logrieco A, Mulé G, Moretti A, Bottalico A (2002)
Toxigenic ~ Fusarium  species  and
mycotoxins associated with maize ear rot
in Europe. European Journal of Plant
Pathology 108:597-609.

Marin DE, Taranu I, Burlacu R, Tudor DS (2010)
Effects of zearalenone and its derivatives
on the innate immune response of swine.
Toxicon 56:956-963.

Massart F, Saggese G (2010) Oestrogenic
mycotoxin exposures and precocious
pubertal development. International
Journal of Andrology 33:369-376.

Mayr U, Butsch A, Schneider S (1992) Validation
of two in vitro test systems for estrogenic
activities with zearalenone, phytoestrogens
and cereal extracts. Toxicology 74:135-
149.

McMullen M, Jones R, Gallenberg D (1997) Scab
of wheat and barley: A re-emerging
disease of devastating impact. Plant
Disease 81:1340-1348.

Miller JD (2008) Mycotoxins in small grains and
maize: Old problems, new challenges.
Food Additives & Contaminants: Part A
25:219-230.

Mitterbauer R, Weindorfer H, Safaie N, et al.
(2003) A sensitive and inexpensive yeast
bioassay for the mycotoxin zearalenone
and other compounds with estrogenic
Activity. Applied and Environmental
Microbiology 69:805-811.

Morandi MAB, Sutton JC, Maffia LA (2000)
Effects of host and microbial factors on
development of Clonostachys rosea and
control of Botrytis cinerea in rose.
European Journal of Plant Pathology
106:439-448.

Othmen ZO-B, Golli EE, Abid-Essefi S, Bacha H
(2008) Cytotoxicity effects induced by
zearalenone metabolites, a-zearalenol and
B-zearalenol, on cultured Vero cells.
Toxicology 252:72-77.

Pfohl-Leszkowicz A, Chekir-Ghedira L, Bacha H
(1995) Genotoxicity of zearalenone, an
estrogenic  mycotoxin:  DNA  adduct
formation in female mouse tissues.
Carcinogenesis 16:2315-2320.

Reid LM, Hamilton R I., Mather DE (1995) Effect
of macroconidial suspension volume and
concentration on expression of resistance
to Fusarium graminearum in Maize. Plant
Disease 79:461-466.

Scott PM, Trucksess MW (1997) Application of
immunoaffinity columns to mycotoxin
analysis. Journal of AOAC International
80:941-949.

Siegel D, Andrae K, Proske M, et al. (2010)
Dynamic covalent hydrazine chemistry as
a selective extraction and cleanup
technique for the quantification of the
Fusarium mycotoxin zearalenone in edible
oils. Journal of Chromatography A
1217:2206-2215.

Songsermsakul P, Sontag G, Cichnamarkl M, et al.
(2006) Determination of zearalenone and
its metabolites in urine, plasma and faeces
of horses by HPLC-APCI-MS. Journal of
Chromatography B 843:252-261.

Stopper H, Schmitt E, Kobras K (2005)
Genotoxicity of phytoestrogens. Mutation
Research/Fundamental and  Molecular
Mechanisms of Mutagenesis 574:139-155.

Sutton JC, Li DW, Peng G, et al. (1997)
Gliocladium roseum a versatile adversary
of Botrytis cinerea in crops. Plant Disease
81:316-328.

Tanaka T, Hasegawa A, Yamamoto S, et al. (1988)
Worldwide contamination of cereals by the
Fusarium mycotoxins nivalenol,
deoxynivalenol, and zearalenone. 1.
Survey of 19 countries. Journal of
Agricultural and Food Chemistry 36:979—
983.



121 Chapter 4: A Bioassay for Zearalenone (ZEN) Based on the Mycoparasite Gliocladium roseum

Tanaka T, Hasegawa A, Matsuki Y, et al. (1985)
Rapid and sensitive determination of
zearalenone in cereals by high-
performance liquid chromatography with
fluorescence  detection.  Journal  of
Chromatography A 328:271-278.

Thevis M, FuBhoeller G, Schaenzer W (2011)
Zeranol: doping offence or mycotoxin? A
case-related study. Drug Testing and
Analysis 3:777-783.

Urry WH, Wehrmeister HL, Hodge EB, Hidy PH
(1966) The structure of zearalenone.
Tetrahedron Letters 7:3109-3114.

Utermark J, Karlovsky P (2007) Role of
zearalenone lactonase in protection of
Gliocladium roseum from fungitoxic
effects of the mycotoxin zearalenone.
Applied and Environmental Microbiology
73:637-642.

Utermark J, Karlovsky P (2006) Quantification of
green fluorescent protein fluorescence
using real-time PCR thermal cycler.
BioTechniques 41:150-154.

Visconti A, Pascale M (1998) Determination of
zearalenone in corn by means of
immunoaffinity clean-up and  high-
performance liquid chromatography with
fluorescence  detection.  Journal  of
Chromatography A 815:133-140.

Welshons WV, Rottinghaus GE, Nonneman DJ, et
al. (1990) A sensitive bioassay for
detection of dietary estrogens in animal
feeds. Journal of Veterinary Diagnostic
Investigation 2:268-273.

Winter P, Nau H, Lampen A, Kamphues J (2008)
Detection  of  estrogenically  active
substances in diets for sows by an in vitro
bioassay supported by HPLC analysis.
Journal of Animal Physiology and Animal
Nutrition 92:337-344.

Yu Z, Zhang L, Wu D, Liu F (2005) Anti-apoptotic
action of zearalenone in MCF-7 cells.
Ecotoxicology and Environmental Safety
62:441-446.

Zinedine A, Soriano JM, Molt6 JC, Mafies J (2007)
Review on the toxicity, occurrence,
metabolism, detoxification, regulations
and intake of zearalenone: An oestrogenic
mycotoxin. Food  and Chemical
Toxicology 45:1-18.



New Strategies for the Detection of Fusarium Infection and Mycotoxin Contamination of Cereals And Maize 122

5 General Discussion

The present study was concerned with two main objectives. The first aim was the
development of a new approach for the fast recognition of Fusarium infections of maize and
wheat under natural conditions. For this purpose, we investigated the use of volatile organic
compounds (VOCs) as infection markers for a classification among ‘infected” and ‘non-
infected’ ears. The second aim was the development of a specific high-throughput bioassay
for the detection of zearalenone (ZEN), an estrogenic mycotoxin produced by several
Fusarium spp., in agricultural commodities. In this case, we employed a recombinant strain of

the mycoparasite Gliocladium roseum that is able to detoxify ZEN by a specific lactonase.

VVOCs are low-molecular carbons with high vapor pressure and a high structural diversity.
Almost every organism (i.e. plants, animals, microbes) releases volatiles, which are more or
less specific to that organism under a certain environmental and physical condition (i.e. light,
temperature, nutrition) (Holopainen & Gershenzon, 2010; Kesselmeier & Staudt, 1999). It is
accepted that plants, especially herbs or medicinal plants, have a characteristic volatile profile
and their volatile emission is regulated by the developmental stage (i.e. flowering) and by the
stress situation of the individual plant (Dudareva et al., 2004). In this context, it has been
reported that maize releases some volatiles, such as (E)-p-caryophyllene, upon attack by
herbivores or fungi (Smith et al., 2012; Piesik et al., 2011). The release of plant VOCs upon
biotic stress is often involved in direct or indirect plant defense (Soliman & Badeaa, 2002;
Kessler & Baldwin, 2001; Dafereraetal., 2000; Dicke et al., 1990; Turlings et al., 1990;
Baratta et al., 1998). Depending on the developmental stage, also fungi produce characteristic
volatiles that might be advantageous during infection and competition
(Kramer & Abraham, 2011; Linton & Wright, 1993). In the past, such fungal volatile
signatures (i.e. 3-octanone, 3-octanol) were used for the recognition of fungal spoilage in
storages or under in vitro conditions (Magan & Evans, 2000). Up to now, only few reports
have focused on the volatile profile of fungal infections on live plants, for example
Perkowski et al. (2008) and Girotti et al. (2012), who monitored volatiles from cereals

infected with F.culmorum and F.graminearum. Both groups emphasized the role of
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trichodiene as infection marker. Until now, the VOC emission of Fusarium infected maize

ears has not been investigated under in vivo conditions.

In the present study, the volatile spectra released from Fusarium infected plants were
monitored in the greenhouse or climate chamber to exclude natural infections with Fusarium
spp. that would normally appear in the field (Henriksen & Elen, 2005; Placinta et al., 1999;
Parry et al. 1995). Ear infections were carried out with toxin producing Fusarium species,
occurring in maize (F.graminearum, F. verticillioides, F.subglutinans) and in wheat
(F. graminearum, F. avenaceum, F. poae) all over the world (Dorn et al., 2009; Stenglein,
2009; Osborne & Stein, 2007; Logrieco et al., 2002; Bottalico & Perrone, 2002). An endpoint
monitoring of volatile profiles (endpoint (maize) = 24 dpi, endpoint wneary = 21 dpi) as well as
time series with several intervals between inoculation and endpoint were conducted. Time
series were performed to assess the earliest timepoint for a detection of specific markers
indicating fungal infection. A static (SPME) and/or a dynamic system (non-destructive OLS
with internal standard calibration), each followed by GC-MS analysis, were employed for the
samplings. Both, SPME and OLS, techniques are well described in the literature for the
investigation of VOCs from fungi (Jelen, 2003; Demyttenaere et al., 2003) and small-grain
cereals and maize (Hiltpold & Turlings, 2008; Jelen et al., 2003). The non-exhaustive
SPME/GC-MS method, applied without calibration, is considered as a qualitative up to semi-
quantitative method (Vas & Vékey, 2004). Difficulties and constraints in context with the
SPME procedure (i.e. selectivity of adsorbent, humidity and temperature adjustment,
determination of an adequate exposure time) and its quantitative use were discussed by
Matich et al. (1996), Ai (1997) and Ouyang & Pawliszyn (2008). Considering these aspects,
we normalized the procedure of sample collection for SPME as well as sample mass,
extraction time and temperature during extraction process. Furthermore, we compared the
results of normalized dynamic and non-normalized static sampling and received a high
correlation for sesquiterpeoid compounds (r = 1). Hence, we concluded that matrix effects are
of minor importance and, consequently, used the SPME/GC-MS approach for quantitative
comparisons between volatile profiles of infected ears with Fusarium spp. (single and mixed

infection) and of non-infected ears.

On commercial hybrid maize ears, infected with strains of F. graminearum, F. verticillioides
and F. subglutinans or with a mixture of F. graminearum and F. verticillioides strains, we
identified a set of 27 volatile biomarkers to distinguish between ‘healthy’ and ‘infected’ ears

as well as between different species of Fusarium (time point 24 dpi). Numerous volatile
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markers, identified via SPME/GC-MS, were also detected by non-destructive OLS/GC-MS.
However, the used adsorbent material, activated charcoal, was selective for some molecules
and did not capture all substances that were detected by SPME/GC-MS. Multiple layer
absorption, as described by Liu et al. (2008) and Brancaleoni et al., (1999), or the parallel use
of different adsorbents could have solved the problem of selectivity. Our investigations on
summer wheat ears, infected with F. graminearum, F. poae and F. avenaceum and mixtures
of F. graminearum with F. poae or F. avenaceum, revealed a set of 13 volatile markers for
infection (at 21 dpi). VOC collections in time series showed that the identified volatile
markers were largely present from the earliest time points of our investigations on (4 dpi in
maize and 7 dpi in wheat). Under field conditions, where infection procedures may be
temporally inhibited by unfavorable conditions for fungal growth (i.e. temperature and

humidity), it seems possible that markers appear later.

The identified volatile markers in maize and wheat included a number of common 5 to 8
carbon containing volatiles (Cs - Cg). These VOCs are widespread among plants and microbes
(Combet et al., 2006; Hatanaka, 1993; Kaminski et al., 1974). Unsurprisingly, the Cs - Cg
group, detected from Fusarium infected plant material, included compounds of probable
fungal origin, such as 3-octanone and 3-octanol. These volatiles have been reported for other
fungal genera than Fusarium (Kaminski et al., 1974), such as Penicillum (Chitarra et al.,
2005), Aspergillus, Phialophora (Sunesson et al., 1995) and Myrothecium (Banerjee et al.,
2010), and could, therefore, not serve as specific markers for a Fusarium infection. Moreover,
it was stated that these volatiles are general indicators for fungal spoilage in domestic homes
and edibles (Polizzi et al.,, 2012; Schnuerer et al. 1999). Hence, a detection of such
‘mushroom’ volatiles in the field or during harvest processes would generally indicate a
fungal contamination. Surprisingly, we detected 1-octen-3-ol, described as typical fungal
volatile by Kaminski et al. (1972) and Kaminski et al. (1974), in non-infected wheat samples.
This volatile was also found in the head-space of non-infected wheat ear material by Birkett et
al. (2004) and in barley (Hordeum vulgare L.) (Cramer et al., 2005), confirming that it might
be released by the plant as well.

Other VOCs of the Cs - Cg group, such as 2-heptanol, were often described as typical plant
volatiles, i.e. GLVs (Rostas et al., 2006; Hatanaka, 1993). As expected, these compounds
were detected with highest concentrations in non-infected maize and wheat plants (ears,
inoculated with water only). Our experiments revealed that the more severe the fungal

infection was (F. graminearum single and mixed treatment showed highest aggressiveness on
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wheat and maize) and the more advanced the infection process was (checked in time series)
the less abundant were typical plant volatiles in both, infected wheat and maize. We assume
that the reduction of typical plant volatiles upon Fusarium infection might be caused by water
and nutrient depletion in the ear, as described by Miedaner (1997), but also by the disruption
of plant metabolic pathways due to phytotoxicity of fungal secondary metabolites (i.e.
disruption of protein synthesis in eukaryotic cells by trichothecenes) (Desjardins & Hohn,
1997).

Beside those common Cs - Cg volatiles, we detected a de novo synthesis of sesquiterpenes
after Fusarium infection in both, maize and wheat. Volatile sesquiterpenes were the
predominant class among identified markers in infected hybrid maize ears (18 SQTSs, 67 % of
marker compounds, identified by SPME/GC-MS), whereas the wheat marker set contained
only two SQTSs out of 13 compounds. A group of five SQTs was identified as major signals in
chromatograms of infected maize ears (present <8 dpi). The group was not detected in non-
infected ears and consisted of o- and B-selinene, B-macrocarpene, B-bisabolene and
trichodiene. Selinene derivatives were described as major components in the essential oil of
many plant species, such as Apium graveolens (B-selinene, Momin et al., 2000; Rao et al.,
2000), Callicarpa macrophylla (Singh et al., 2010), Leptospermum scoparium, Kunzea
ericoides (Porter & Wilkins, 1999) and Hypericum linarioides (a-selinene, Cakir et al., 2005).
It has been reported that selinene exerts antimicrobial effects (Joshi, 2013; Vukovic et al.,
2007) and its inhibitory effect on Fusarium spp. was discussed by Cakir et al. (2005). Thus,
we assume that a de novo synthesis and release of selinene derivatives is part of the maize
plant defense response against Fusarium infection. Apart from this, there are also evidences
that o- and B-selinene might be of fungal origin, as reported by Polizzi et al. (2012) from
Periconia britannica. The two compounds, p-macrocarpene and B-bisabolene, are volatile
precursors in the synthesis of zealexins, a class of phytoalexins that was recently described by
Huffaker et al. (2011) in young maize stems upon biotic stress. This indicates that both SQTs
contribute to plant defense as well. In this context, we demonstrated the induction of non-
volatile zealexins Al and A3 in Fusarium infected maize ears and, consequently, confirm the
induction of this defense pathway. The last sesquiterpenoid of the major group of volatile
markers from infected maize was trichodiene, the well known volatile precursor of
trichothecenes (i.e. DON, NIV) (Demyttenaere et al., 2004; Jelen et al., 1997). It was
exclusively detected in F. graminearum infected maize but not in wheat ears, treated with the

same species. This was surprising, because others reported trichodiene from wheat,
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contaminated with trichothecene producing Fusarium spp. (Perkowski et al., 2008). One
option might be that the transformation of trichodiene to non-volatile products was efficient
and, consequently, the release of the volatile intermediate was minimized. Another
explanation might be that the release of trichodiene from wheat was limited to very early time
points (present < 7 dpi) that were not investigated in our study. Further terpenoid volatiles,
released from infected maize were (+)-aromadendrene, (E)-B-farnesene and o-muurolene,
which were already reported in plants upon biotic stress (Sabater-Jara et al., 2010; Sokovi¢ et
al., 2009; Schnee et al., 2006; Bernasconi et al., 1998). Two sesquiterpenes,
(+)-cycloisosativene and a-ylangene, were released by non-infected maize ears at highest
levels and were absent or found in minor concentrations in the headspace of Fusarium
infected tissue (at 24 dpi). Time series from 4 to 24 dpi illustrated that these signals decreased
quantitatively over time with disease progress in Fusarium infected ears (similar to Cs - Cg
plant VOCs). Both compounds were described in other plants than maize before and might
also possess antimicrobial features (Lin et al., 2012; Chen et al., 2012; Hosni et al., 2011).
The remaining 6 sesquiterpenoid compounds in maize and the two SQTs in infected wheat

were not identified.

Among all volatile compounds, identified as markers for Fusarium infection of wheat and
maize, the terpenoid compounds were the most infection specific. The described profiles of
volatile markers in hybrid maize and in summer wheat offered the possibility to distinguish
between infected and non-infected ears and the marker set in maize enabled to discriminate
between the most important Fusarium species on maize, F.graminearum and
F. verticillioides, the main causal agents of red and pink ear rot. The majority of volatile
markers for Fusarium infection was detected at an early time point of 4 - 8 dpi. At this time
stage, a visual detection of fusarioses in maize fields is hardly possible without mechanical
injuring of the ear. Thus, we assume that specific volatile markers could serve as a tool for an
early, non-destructive detection of fusarioses in the field. Apart from this, the field-detection
of volatiles would immediately reveal information about the infection status, because further
preparative steps are not necessary. In contrast to this, the common detection techniques for
Fusarium infection and their toxic secondary metabolites, such as real-time PCR and
HPLC-MS, require a laborious sample preparation and analysis. Nevertheless, the transfer of
the described technology to the field requires portable detectors with adequate sensitivity.
Until now, there are several devices available, such as E-noses that were already used for the

prediction of fumonisin contamination in maize (Gobbi et al., 2011; Falasconi et al., 2005) or
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detection of fungal spoilage (Keshri et al., 1998) , but also ion mobility spectrometers (IMS),
which posses a high sensitivity (Kolakowski & Mester, 2007; Borsdorf & Eiceman, 2006).
With calibrated portable detectors (i.e. incorporated in standard processes) the present
technology could be used for field measurements and for the monitoring of harvest or
post-harvest processes (i.e. storage, transport or feed production). A classification into
‘healthy’ and ‘contaminated’ by volatile profiling could serve as decision guidance for the
application of pesticides as part of good agricultural practice and the selection of a suitable

marketing strategy (i.e. human consumption, animal feed, energy use).

Our results from in vitro experiments with Fusarium spp. growing on autoclaved maize,
wheat and rice kernels revealed no comparable VOC-profiles to greenhouse trials. The results
indicate that volatile infection markers, applicable in the field, should be obtained under
natural conditions (considering the volatile background of the live plant that releases relevant

VOCs upon pathogen attack).

In future, it has to be clarified whether the described volatile biomarkers for Fusarium
infection are constantly expressed among cultivars, as expected from our experiments with the
dwarf maize variety, or if they are cultivar-specific. So far, an effect of the cultivar was
reported for other agricultural and horticultural crops (i.e. potato, tomato, wine) (Vilanova et
al., 2012; Berna et al., 2004; Duckham et al., 2002). Apart from this, also the intraspecies
variation of the pathogen (i.e. mixture of released secondary metabolites, chemotypes) might
affect the volatile spectra in infected crops. Of particular interest is the specificity of the
described set of volatiles to an infection with Fusarium spp. As discussed earlier, our volatile
markers included common fungal volatiles (i.e. 3-octanone) that would probably also appear
upon infection with other fungal pathogens (i.e. Ustilago maydis in maize, Puccinia

striiformis in wheat).

In addition to the analysis of VOCs, we monitored the mycotoxin contamination in infected
plants by HPLC-MS. Hybrid maize samples were checked for fumonisins, DON, NIV and
ZEN and summer wheat samples were analyzed for DON, NIV, ZEN, enniatins and BEA.
Our analysis revealed that the concentrations of mycotoxins in infected ear material were
exceptionally high in both, maize and wheat. This was observed especially for NIV and DON
in F. graminearum infected wheat ears (single infection). In fields, naturally infected with
Fusarium spp. (usually appearing as multiple species infection), it is not expected to find such
high concentrations (Bottalico & Perrone, 2002; Placinta et al., 1999). We found that the
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mycotoxin concentrations were considerably higher in single infection treatments than in
mixed infection treatments and assume that the reduced mycotoxin levels in the mixed
treatment are caused by interspecies competition. This aspect was also discussed by Xu et al.
(2007) and Cooney et al. (2001) and is supported by our findings in wheat. In this case we
reported a significant suppression of mycotoxin and biomass production by F. avenaceum,
provided that the species grew together with F. graminearum.

Beside mycotoxins and zealexins, we analyzed a third class of non-volatile secondary
metabolites in hybrid maize ears, the plant oxylipins. We found a significant up-regulation of
these compounds upon pathogen attack (especially in F.graminearum infected ears).
Oxylipins are known to possess antimicrobial properties and act as chemical defense agents
close the site of pathogen attack (Goebel & Feussner, 2009; Prost et al., 2005; Farmer et al.,
2003; Blée, 2002). So far, it was emphasized that they have a signaling function in the plant
(Eckardt, 2008). Since the oxylipin formation is initiated by multiple stress factors (Howe &

Schilmiller, 2002), it is not likely that their up-regulation is specific to Fusarium infection.

In the present study, we reported that a classification among infected and non-infected plants
is possible based on the analysis of non-volatile secondary metabolites, such as toxins,
zelaexins and oxylipins. Nevertheless, their analysis is time-consuming and expensive (i.e.
due to sample preparation and costs of bench-top instruments), therefore, these compounds
are not suitable for a broad application during industrial processes. In contrast to this, the
monitoring of volatiles might be realized with calibrated portable devices, without impairing
the plant or the product.

Apart from the detection of fungal presence on live plants by volatile analysis, we reported for
the first time a sensitive and specific high-throughput bioassay for the detection of
zearalenone and its most critical metabolite a-ZOL in maize field samples. For this purpose,
we employed a zes2::gfp mutant strain of G.roseum that selectively corresponds to the
estrogenic mycotoxin. We observed a dose-dependant response (fluorescence emission of the
mutant strain), which was also reported by Utermark & Karlovsky (2006), who compared the
use of a microplate reader and a conventional real-time PCR cycler for fluorescence
measurements. The assay was suitable for a ZEN concentration range in field samples
between 0.9 mg kg™ to 90 mg kg™. Quantitative results by HPLC-MS and zes2::gfp bioassay

revealed a high correlation (r = 0.85).
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We optimized the extraction and clean-up process of ZEN from complex matrixes, such as
maize flour from Fusarium contaminated ears. A clean-up step with immunoaffinity columns
(ZearaStar®) was more convenient to reduce matrix effects than simple SPE clean-up (Bond
Elut Mycotoxin). Utilization of a novel clean-up method, the dynamic covalent hydrazine
chemistry (DCHC), as described by Siegel et al. (2010), might also be useful in combination
with the described ZEN bioassay and should be checked in future.

Apart from the semi-quantitative approach, we successfully applied the described bioassay for
a qualitative discrimination of ZEN-producing fungi from others (ZEN was extracted from
fungal cultures, mainly Fusarium spp., on rice medium). Compared to the aforementioned
procedure for quantification, a simplified sample extraction and assay setup were sufficient to
obtain a precise qualitative classification among fungal strains (i.e. pre-incubation of the
zes2::gfp strain could be omitted). Interestingly, we observed a strong correlation between
fluorescence response of the G. roseum zes2::gfp bioassay and ZEN concentration in extracts
from rice cultures determined by HPLC-MS (r = 0.93).

This is the first report of a bioassay that selectively corresponds to ZEN and its reductive
metabolite a-ZOL, because all known bioassays, advertised for the recognition of ZEN,
respond to a broad spectrum of estrogenic compounds, like genistein, 17f3-estradiol and other
hormonal substances (Winter et al., 2008; Bovee et al., 2004; Mitterbauer et al., 2003; Mayr et
al., 1992; Welshons et al., 1990).

The described zearalenone bioassay can be accomplished with common laboratory equipment
and consumables. Compared to liquid chromatography the G. roseum ZEN bioassay is cheap,
so it might be suitable for the application in developing countries, but also for non-
governmental organizations, who cannot afford expensive bench-top instruments. Under the
condition that the heating can be switched off, the use of a conventional real-time PCR cycler,

instead of a fluorescence microplate reader, is possible (Utermark & Karlovsky, 2006).

The Gliocladium bioassay for ZEN, as described in the present study, could serve as a model
approach for a detection of metabolites in biological systems by specific microbial
recognition. Nevertheless, this concept requires a broad knowledge about biological
interactions and, especially, the molecular level (i.e. identification of a target MO that
specifically corresponds to a certain compound, decomposition of the analyte, expressed

genes).



New Strategies for the Detection of Fusarium Infection and Mycotoxin Contamination of Cereals And Maize 130

As a whole, this is the first work emphasizing the use of a specific set of volatile biomarkers
for the identification of Fusarium contamination in maize and wheat ears that was obtained
under seminatural conditions (i.e. in the greenhouse). Volatile markers appeared early and the
combination of VOCs allowed differentiating between distinct Fusarium species in maize.
Furthermore, we reported for the first time a specific bioassay for the estrogenic Fusarium
mycotoxin ZEN. The semi-quantitative assay is applicable for a high throughput-screening of
field samples and selectively corresponds to ZEN and its reductive metabolite a-ZOL, but no

other estrogenic compounds.

Both methods, the volatile biomarker approach and the ZEN-bioassay, could serve as tools for
the control of Fusarium and Fusarium related hazards to humans and animals (i.e. through

precise sorting of agricultural commodities or target-oriented application of fungicides against

Fusarium).
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Summary

Fusarium diseases occur worldwide in important agricultural crops and lead to the reduction
of yield, seed quality and contamination of food commodities with toxic secondary
metabolites, so called mycotoxins. The Fusarium head blight (FHB) of wheat and other small-

grain cereals and the Fusarium ear rot of maize are of particular importance.

In the present work, the use of volatile organic compounds (VOCs) for the detection of
Fusarium infections of summer wheat and hybrid maize ears was investigated. Experiments
were performed in the greenhouse. Maize ears were infected with F. graminearum,
F. verticillioides and F. subglutinans. Wheat ears were infected with F.graminearum,
F. avenaceum and F. poae. Apart from single infections, also pairwise mixed infections were
conducted. A static procedure (solid-phase microextraction, SPME) and a dynamic procedure
(open-loop-stripping, OLS) were used for the collection of volatiles. Analysis was performed
by GC-MS. A non-parametric test (Kruskal-Wallis) was employed to identify specific
volatile biomarkers for infection. A set of 27 volatile markers for Fusarium infection was
found in maize. In this case, the combination of VOCs allowed to distinguish between
F. graminearum and F. verticillioides infection. Wheat trials resulted in a set of 13
characteristic VOCs for Fusarium infection. The selected markers included common 5 to 8
carbon containing volatiles (Cs - Cg) being widespread among plants and microbes, but also
infection-specific sesquiterpenoid markers (CisH24). Monitoring of the temporal VOCs
emission revealed that volatile markers were largely present at early time points. Thus, in
maize the detection was possible before symptoms were visible (4 — 8 dpi). Monitoring of
volatile profiles with respect to marker compounds, i.e. with portable detectors in the field or
in storage facilities, offers the possibility for a fast and non-destructive detection of Fusarium

infections and concurrently the prediction of mycotoxin contamination.

The macrocyclic acid lactone zearalenone (ZEN), produced by several Fusarium spp., exerts
estrogenic effects in animals and humans and occurs frequently in feed and foodstuff in the
temperate regions. Especially pigs are highly susceptible. So far, several bioassays have been

described for the detection of ZEN. The available assays are largely based on the human
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estrogen receptors o and § and do not selectively correspond to ZEN, but to a broad spectrum
of estrogens (i.e. genistein, 173-estradiol). This work is the first report of a specific bioassay
for ZEN and its most critical metabolite a-zearalenol (a-ZOL). The assay is based on a
recombinant strain of the mycoparasite Gliocladium roseum (zes2::gfp) and allows a ZEN
detection from field samples (i.e. contaminated maize). The sample preparation, including
immunoaffinity clean-up, and conditioning of the indicator strain (i.e. pre-cultivation) were
optimized. The assay was suitable for a qualitative detection of ZEN in a broad concentration
range and for a quantitative evaluation of ZEN contamination in maize field samples in the
range of 0.9 mg kg™ to 90 mg kg™. Furthermore, the assay was successfully applied for a
qualitative fungal strain screening for ZEN production. The G. roseum zes2::gfp bioassay can
be accomplished with common laboratory equipment and might be suitable for the application

in developing countries.
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Zusammenfassung

Phytopathogene Fusarium spp. treten weltweit in landwirtschaftlichen Kulturen auf und
fihren hdufig zur Ertragsreduktion, Verschlechterung der Produktqualitdt sowie
Kontaminationen der Ernteglter mit toxischen Sekundérmetaboliten, sog. Mykotoxinen. Die
durch Fusarium spp. hervorgerufene partielle Taubahrigkeit (FHB) des Weizens und anderer
Getreidearten sowie die Fusarium Kolbenfaule an Mais sind aus dkonomischer Sicht von

besonderer Bedeutung.

Im Rahmen dieser Arbeit wurde die Verwendung von volatilen organischen Verbindungen
(VOCs) zur Detektion von Fusariosen an Sommerweizen und Hybridmais unter
Gewadchshausbedingungen  untersucht.  Maiskolben  wurden mit  F. graminearum,
F. verticillioides und F. subglutinans infiziert, wahrend Weizenéhren mit Sporensuspensionen
von F. graminearum, F. avenaceum und F. poae inokuliert wurden. Auch Mischinfektionen
wurden durchgefuhrt. Fur die Sammlung der VOCs wurde ein statisches Verfahren
(Festphasenmikroextraktion, SPME) sowie ein dynamisches Verfahren (open-loop-stripping,
OLS) eingesetzt. Die Analyse erfolgte in beiden Fallen mittels GC-MS. Ein
nichtparametrischer Test (Kruskal-Wallis) wurde zur Identifikation von spezifischen volatilen
Markern herangezogen. Auf diese Weise konnte an Mais ein Set aus 27 volatilen Biomarkern
fur die Infektion mit Fusarium spp. ermittelt werden. Die Kombination der VOCs ermdglichte
hier die Unterscheidung zwischen Infektionen mit F. graminearum und F. verticillioides. An
Weizen konnte ein Set aus 13 charakteristischen VOCs fiir den Fusarium Befall ermittelt
werden. Die selektierten volatilen Marker beinhalteten sowohl einfache Molekdle mit 5 bis 8
Kohlenstoffatomen (Cs- Cg), welche hdufig von Pflanzen und Mikroorganismen emittiert
werden, als auch infektionsspezifische Sesquiterpene (CisH24). In Zeitreihenversuchen konnte
gezeigt werden, dass ein GroRteil der relevanten VOCs bereits nach kurzer Zeit emittiert wird.
So waren in Mais volatile Biomarker detektierbar, bevor Symptome am Kolben erkennbar
waren (4 — 8 Tage nach der Inokulation). Ein Monitoring von VOC-Profilen im Hinblick auf
volatile Marker konnte eine schnelle und nicht-destruktive Detektion von Fusarium
Infektionen (ggf. auch Risikoabschdtzung zur Mykotoxinbelastung), z.B. im Feld oder Lager,

ermdoglichen. Hierfiir stehen transportable Detektoren zur Verfiigung.
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Das makrozyklische Lacton Zearalenon (ZEN) wird von mehreren Fusarium spp. produziert
und besitzt eine 6strogene Wirkung auf den menschlichen und tierischen Organismus.
Schweine gelten diesbeziiglich als besonders anféllig. ZEN wird in gemaRigten Klimazonen
regelmaRig in Lebens- und Futtermitteln nachgewiesen. Bislang wurden zahlreiche Bioassays
fur die Detektion von ZEN beschrieben. Sie basieren meist auf den menschlichen
Ostrogenrezeptoren o und P und reagieren unspezifisch auf eine Vielzahl von &strogenen
Substanzen (z.B. Genistein, 17p-Estradiol). Die vorliegende Arbeit beschreibt erstmalig ein
Bioassay zur spezifischen Detektion von ZEN sowie dem kritischen Metabolit a-Zearalenol
(a-ZOL). Das Assay basiert auf einer zes2::gfp Mutante des Mykoparasiten
Gliocladium roseum und ermdglicht eine Detektion von ZEN in Feldproben (z.B.
kontaminierter Mais). Schritte zur Probenvorbereitung und Extraktion, einschliel3lich
Aufreinigung mit Immunoaffinitatssaulen, sowie die Kultur des Inditaktorstammes wurden
optimiert. Das Assay eignet sich fiir die qualitative Detektion von ZEN in einem weiten
Konzentrationsbereich sowie fiir eine quantitative ZEN Bestimmung in kontaminierten Mais
Feldproben im Bereich zwischen 0,9 mg kg™ und 90 mg kg™. Neben der Detektion in
Feldproben, konnte das Bioassay erfolgreich flir ein Screening von Pilzstimmen zur
Identifikation von ZEN-Produzenten eingesetzt werden. Das hier beschriebene G. roseum
zes2:gfp Bioassay kann mit einer einfachen Laborausstattung durchgefiihrt werden und eignet

sich maoglicherweise fiir die Anwendung in Entwicklungslandern.
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