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Abstract

Fusarium graminearum causes important diseases of small-grain cereals and maize and produces several
mycotoxins. Among them, deoxynivalenol (DON) and zearalenone (ZEA) can accumulate in feedstuffs and
foods to health-threatening levels. Although DON is important for fungal virulence in wheat, disease
severity in the field does not correlate with mycotoxin concentrations. We compared gene expression and
mycotoxin production of lipase-deficient mutants (Afg/1), strongly reduced in virulence, and the respective
wild-type isolate. Afg/l mutants exhibited up-regulated DON production during wheat head infection. On
isolated wheat kernels, DON was only produced in low quantities, but higher in wild-type than in Afg/l
mutants. In contrast, neither wild-type nor Afg/l mutants produced ZEA during wheat head infection.
However, ZEA was clearly detectable on wheat kernels. Here, Afg// mutants revealed a dramatically
enhanced ZEA production. We could correlate the altered amounts of DON and ZEA directly with the
expression of the toxin-related genes 7ri5 for DON and PKS4 and PKSI13 for ZEA. Based on Tri5
expression and the infection pattern of the wild-type and Afg// mutants, we suggest that the transition zone
of rachilla and rachis is important in the induction of DON synthesis. Gene expression studies indicate an
involvement of the lipase FGL1 in regulation of 8§ PKS genes and ZEA production.

Abbreviations: FHB — Fusarium head blight; DON — deoxynivalenol; ZEA — zearalenone; PKS — polyketide
synthase; Dpi — days post-inoculation

Introduction

The fungal pathogen Fusarium graminearum
(teleomorph Gibberella zeae) is the causal agent of
Fusarium head blight (FHB) on wheat, barley, and
other small-grain cereals and Fusarium cob rot on
maize. FHB has gained increasing economic
importance as it causes severe losses, especially
during epidemic outbreaks (Goswami and Kistler,

2004). Not only yield is seriously reduced (Pom-
eranz et al., 1995), but also significant levels of
mycotoxins hazardous to animals and humans
contaminate Fusarium-infected grain and corn
(Marasas et al., 1984). Several countries have
therefore adopted or intend to legislate maximum
limits for mycotoxins, among them the trichothe-
cene deoxynivalenol (DON) and the polyketide
zearalenone (ZEA) (van Egmond and Jonker,
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2004). The European Commission introduced
maximum limits for DON and ZEA in unpro-
cessed cereals and cereal products intended for
human consumption in July 2006 (Anon, 2005).

Mycotoxins are reported to be important for
infection and possibly saprophytic growth under
natural environmental conditions (Yoder, 1980;
Desjardins et al., 1989; Lutz et al., 2003). A
known example is the mycotoxin DON, which
has an important function during infection. 7ri5
encodes a trichodiene synthase, the first enzyme in
the trichothecene biosynthetic pathway. The
inability of Tri5 disruption mutants to produce
DON significantly decreased their virulence in
wheat (Proctor et al. 1995; Bai et al., 2001). Dur-
ing plant infection, F. graminearum spreads by
systemic growth through the rachis from one spike
to another (Kang and Buchenauer, 1999; Ribi-
chich et al., 2000; Wanjiru et al., 2002). In contrast
to wild-type, DON-deficient mutants could only
infect spikelets at the point of inoculation (Bai
et al., 2001).

The first indication of an involvement of
secreted lipases in plant infection came from
Comménil et al. (1998). They showed that sup-
plementation of conidial suspensions with poly-
clonal antibodies against an extracellular lipase of
Botrytis cinerea suppressed lesion formation on
detached tomato leaves. Recently, we were able
to show that the secreted lipase FGL1 of
F. graminearum is a virulence factor required for
infection of cereals and maize (Voigt et al., 2005).
In contrast to the wild-type strain, infection with
lipase-deficient mutants was restricted to directly
inoculated spikelets. This indicates an involvement
of the extracellular lipase FGLI at later stages of
invasive growth.

Since the lipase-deficient F. graminearum
mutants exhibit a phenotype similar to the
DON-deficient mutants, the aim of this study
was to examine whether an inability to produce
DON might cause the reduction in virulence of
lipase-deficient mutants. Moreover, any changes
in DON production of the lipase-deficient mu-
tants would help to understand DON induction
and production in F. graminearum. This should
be seen against the background of observations
showing that FHB reduction is not necessarily
associated with a significant reduction in myco-
toxin concentration (D’Mello et al., 1998; Magan
et al., 2002). Hence, there is a growing concern

that sub-lethal levels of particular fungicides may
even lead to an increase in mycotoxin produc-
tion. This might be associated with changes in
mycotoxin induction due to reduced growth of
the pathogen.

Even though F. graminearum does not require
ZEA for infection of wheat (Gaffoor et al., 2005)
and barley (Kim et al., 2005), this mycotoxin is a
threat for stored grain (Wilson and Abramson,
1992). Incorrect storage conditions, e.g. moisture,
can lead to increases in the mycotoxin content
(Moss, 1984; Homdork et al., 2000). Similar to
DON, almost nothing is known about induction
mechanisms of ZEA synthesis. Therefore, the
second aim of this study was to examine possible
differences in ZEA production of the F. grami-
nearum wild-type and the lipase-deficient mutants
that might indicate induction mechanisms. Since
the genetic background of the polyketide-derived
metabolite ZEA was recently discovered (Gaffoor
et al., 2005; Kim et al., 2005), it is possible to refer
putative differences in ZEA production to differ-
ences in the expression of the ZEA-related poly-
ketide synthase genes PKS4 (=ZEAI) and PKSI3
(=ZEA2). Initial results prompted us to analyse
the expression of the whole PKS gene family
(Kroken et al., 2003; Gaffoor et al., 2005) of the
wild-type and the lipase-deficient mutant on col-
onized wheat kernels.

Materials and methods
Fungal strains and culture conditions

Fusarium graminearum strain 8/1 was obtained
from Dr. T. Miedaner (Miedaner et al., 2000).
Lipase-deficient strains Afg/l-1/-2/-3 originated
from our disruption of the secreted lipase FGLI
in F. graminearum (Voigt et al., 2005). Media,
culture conditions, and induction of conidiation
were performed according to Voigt et al. (2005).

Wheat infection

The high vyielding, FHB-susceptible German
spring wheat cultivar Nandu (Lochow-Petkus,
Bergen-Wohlde, Germany) was chosen for wheat
head infection assays. Seeds from this wheat
cultivar were sown in soil at 21 °C, approximately
70% humidity, and a photoperiod of 16h



(10,000 Lux) per day. Three weeks after germi-
nation, young plants (~8 plants per pot) were
fertilized with 3x4g of a NPK-fertilizer
containing urea formaldehyde and magnesium
[15-8-15-(2)] with trace elements (PlantoSan
Compact, Spiess-Urania Chemicals, Hamburg,
Germany). Infection was performed when plants
reached anthesis (approximately 6-7 weeks after
germination; Zadoks growth stages 65-69; Zadoks
et al., 1974). A single spike was inoculated within
the palea and lemma of two basal florets of two
spikelets with a droplet of 10 ul water containing
200 conidia of F. graminearum wild-type or
lipase-deficient strain Afgll-2 per spikelet. As a
negative control, spikes were inoculated with pure
water. The inoculated spikes were enclosed in
small plastic bags during the first 3 days to ensure
a high humidity for infection and to prevent
cross-contamination of different F. graminearum
isolates. The inoculated plants were incubated in
a growth chamber at 21 °C with a 16 h photo-
period (10,000 Lux). For expression analysis
inoculated spikelets were collected 1, 3, 7, and
14 days post-inoculation (dpi) and frozen in
liquid nitrogen for subsequent RNA isolation. To
detect mycotoxin production, inoculated wheat
spikes were harvested 14 dpi (additionally 42 dpi
for ZEA analysis), dried for 2 days at 90 °C, and
milled in a commercial blender (MX 32, Braun,
Frankfurt/Main, Germany) for 30s.

Induction of toxin production on isolated cereal
kernels

The production of the mycotoxins DON and
ZEA was induced on both wheat and maize
kernels. Fifty grams of kernels and 50 ml water
were autoclaved in a 500 ml Erlenmeyer flask.
Autoclaved kernels were inoculated with 4 x 10°
conidia from each of the following strains: F.
graminearum wild-type and lipase-deficient strains
Afgll-1,-2,-3. Uninoculated samples served as the
control. Incubation was carried out at 28 °C in
the dark for 1 week, followed by 2 weeks incu-
bation at room temperature and diffuse day light.
For expression analysis kernels were frozen in
liquid nitrogen for subsequent RNA isolation.
Samples were dried for 2 days at 90 °C and
milled for subsequent mycotoxin detection as
detailed above.

3

Expression analysis by quantitative real-time PCR

To study the expression of the 7ri5 gene and the
PKS genes on isolated kernels and during wheat
head infection, RNA was isolated with the Invi-
sorb Spin Plant-RNA Mini Kit (Invitek, Berlin,
Germany). For RT-PCR RevertAid M-MulLV
Reverse Transcriptase (Fermentas, St. Leon-Roth,
Germany) was used according to manufacturer’s
instructions. The resulting single stranded cDNA
was then used as template in quantitative PCR
real-time (QPCR). The single stranded cDNA was
normalized in dependence of the level of consti-
tutively expressed pB-tubulin mRNA (Doohan
et al., 1999). B-tubulin primers (TubbF and R)
were found to be specific for F. graminearum.
qPCRs were carried out with gene specific primers
(Table 1) using the iQ SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA) in a volume of
25 pl. Quantification of gene expression was per-
formed with gene specific cDNA fragments of
known concentration. qPCR were run with the
iCycler Thermal Cycler (Bio-Rad), using a pro-
gramme consisting of an initial denaturation step
for 3 min at 94 °C, followed by 60 cycles of
denaturation at 94 °C for 15 s, annealing at 60 °C
for 30 s, and extension at 72 °C for 45 s, followed
by melting curve analysis to check specificity of
product amplification.

On the basis of known PKS sequences (Kroken
et al., 2003) gene specific primers were designed for
PKSI (=PKSS8, Gaffoor etal., 2005), PKS2,
PKS3, PKS4, PKS5, PKS6, PKS7, PKS9, PKSIO0,
PKSI11, PKSI2, PKS13, PKS14 (= PKS16, Gaf-
foor et al., 2005), and PKSI5 (Table 1). Trich-
odiene synthase specific primers (TriSF and TriSR)
were designed according to GenBank sequence
U22464 (Proctor et al., 1995). qPCR were per-
formed using normalized cDNA from F. grami-
nearum wild-type and Afgll-2 mutant colonized
wheat kernels. For Tri5, PKS4 and PKS13 qPCR
were additionally performed for infected wheat
heads and maize kernels.

The expression of the lipase FGLI during
colonization of wheat kernels was performed by
conventional PCR with primers comprising the
complete FGLI ORF (Voigt et al., 2005). The
previously normalized ¢cDNA of wild-type and
lipase-deficient strain Afgl//-2 served as template
(as described before). Similar to this, PKS4
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Table 1. Primers used in quantitative real-time PCR

Identification

Sequence (5 — 3')

Accession no.*

TubbF TGCTGTTCTGGTCGATCTTG XM 389706
TubbR GACGGAAGTTTGGACGTTG

TriSF GCCTTCTCGAGTATATTCGATACC U22464
Tri5SR GACCCAAACCATTCATACGACG

PKSI1F GGCAGTCAACCAGGATACG AHO013707
PKSIR AGGCCGCGAATAAGAGTTGAAA

PKS2F TCTTCTACTCGGATCTCTTCAG AY495627
PKS2R ACAGCATCATCAGTCGTCAAC

PKS3F CGCGCTGATTTGGATGATGACA AY495628
PKS3R AGCTGCGAGACCCCATTGACC

PKS4F GAAGCCTGGCGACCGTGTGAGTA AY495629
PKS4R CCACCAAGGCCTCCGACAAAGA

PKS5F CTTCTCGACCCGCAACCTCAAT AY495630
PKSSR CCAGGCGAGCTAGTTTCTTGATGC

PKS6F ATGGCCTGTGCAAGAAATC AY495631
PKS6R AACACCCGCCCACCAACCAG

PKS7F TGGAGTTCAGCGTTCATCACCTA AY495632
PKS7R CGTCTAACACTGCCGCGAATCTCA

PKS9F CATCTCGTAGTTATTGGGGGAAGT AY495634
PKS9R GCAGGAGACATCGATAGTAGCAGA

PKS10F GCGCAAGCAGACAACCAT AY495635
PKSI10R TCGGAAGCCATACCCTGAG

PKSI11F AGGCTGCTGGTTTTGAGGTG AY495636
PKSIIR ATCGTCGCCGGTTAGTGTGG

PKS12F GAGATCGTGTTGGTGTGTTC AY706311
PKSI2R GAAGCTTCCAAGATCTGTGAG

PKS13F GTAGTGAGCTGTATGAGACCA AY495638
PKSI13R ATAGGATCCGAGTAGTTGG

PKS14F TTTTCTCTGGTGCTGGTAAGGAC AHO013706
PKSI14R CTCCGAAGAAGTTGGTGTGATGA

PKSI15F GCCACTGCTTCGTCGTCTT AY495640
PKSI5R CTCTCCCAGGCGTGTATCAG

“Sequence data for primer design.
(F) Forward primer.
(R) Reverse primer.

expression analysis of wild-type colonized wheat
kernels 7 dpi was performed with the primers
PKS4F and R (Table 1).

Determination of mycelium amount
in mycotoxin samples

To determine the amount of mycelium in inoc-
ulated wheat spikes and infected wheat kernels,
cereal samples were ground in liquid nitrogen;
70-80 mg of ground samples were used for DNA
isolation, which was performed according to the
manufacturer’s instructions of the NucleoSpin
Plant Kit (Macherey & Nagel, Diiren, Ger-
many). Pure, ground F. graminearum wild-type

mycelium was used as standard. Resultant DNA
served as template in qPCR wusing [-tubulin
primers (TubbF and R, Table 1). By calculating
the number of B-tubulin gene copies per milli-
gram mycelium of the standard and considering
a 50% weight loss of dried inoculated kernels,
determination of milligram mycelium per gram
ground sample was possible. For maize samples,
mycotoxin concentration was calculated as ug
toxin per gram substrate used for extraction.

Deoxynivalenol (DON) detection

Extraction procedure of DON in cereals was done
according to manufacturer’s instructions of the



MycoSep 227 Trich+ Columns (Romer Labs
Diagnostic, Herzogenburg, Austria), only modi-
fying the sample weight and volume of subsequent
extraction steps. For DON detection, 1-(heptaflu-
orobutyryl)imidazole (Fluka, Buchs, Switzerland)
was used for derivatization according to Cohen
and Lapointe (1982). DON standard (Sigma, St.
Louis, MO, USA) solutions in the range of 250—
4000 ng DON ml™" 2.2 4-trimethylpentane were
transferred into a test tube, dried in a nitrogen
stream, derivatized like the cereal samples, and
used for calibration. DON was analysed on a gas
chromatograph (Hewlett-Packard Model 5890,
Palo Alto, CA, USA) equipped with electron
capture detector, controller and automatic injector
7673A (Hewlett-Packard), and integrator 3396A
(Hewlett-Packard). A 30 m x 0.25 mm id fused
silica capillary column coated with DB-1, 0.25 um
film thickness was used.

Zearalenone (ZEA) detection

Depending on sample size, 0.1-1 g of flour was
extracted with 5 ml methanol/water (70:30 v/v) in
an ultra-turrax (T25, Janke & Kunkel, Staufen,
Germany) for 2 min. The extract was centrifuged
in a labofuge (Heraeus Christ, Osterode, Germany)
for 10 min at 5000 rpm. The supernatant was
passed through a 0.45 ym filter (25 mm PTFE
Multoclear, CS-Chromatographie Service,
Langerwehe, Germany) and 20 ul were injected to
the HPLC-system. HPLC-equipment consisted of
an autosampler (Model 717 Plus, Waters, Milford,
MA, USA) connected with a HPLC pump (pump
64, Knauer, Berlin, Germany) and a solution-de-
gaser (Degassex DG-4400, Phenomenex, Torrance,
CA, USA). The analytical column was a Polygosil
60-NH2, 250 mm x 4.6 mm, particle size 5 um
(Machery & Nagel), heated in an oven (Waters) to
30 °C. The flow rate of the mobile phase of ace-
tonitrile/water (94:6 v/v) was 0.5 ml min~' iso-
cratic and the effluent was monitored at excitation
wavelength A., = 275 nm, emission wavelength
Aem = 470 nm with a fluorescence detector (F-
1050 Fluorescence Spectrophotometer, Merck-
Hitachi, Darmstadt, Germany). For calibration
ZEA standard solutions (Sigma) in the range of
0.25-4 ug ml™' ZEA were directly transferred into
the HPLC-system.

Results

DON determination of colonized cereal kernels
and infected wheat spikes

Spikes of intact wheat plants and wheat as well as
maize kernels were inoculated with F. graminea-
rum wild-type and lipase-deficient strains (Afg/I).
DON concentration of kernels was determined
21 dpi and spikes 14 dpi. Mycotoxin production
was normalized to the amount of mycelia present
in the different tissues. Whereas mycelium devel-
opment was comparable on isolated kernels, wild-
type mycelia had doubled in size compared to
mutant strains during infection of wheat spikes.
Wheat kernels inoculated with Afg// strains had
DON concentrations about 50% that of kernels
inoculated with the wild-type. DON was not
present in control kernels (Figure 1A). Similar
results were obtained for maize kernels showing a
lower DON concentration for all tested lipase-
deficient strains (Figure 1C).

In contrast to wheat and maize kernels, DON
concentration was about 200% in Afgl/l strain-
infected wheat spikes than in wild-type infected
spikes (Figure 1B). Fungal biomass of infected
wheat spikes was determined by quantitative real-
time PCR (qPCR). It was about 50% in Afgll
strain infected spikes compared to wild-type
14 dpi. Generally, DON concentrations were at
least 250-fold higher in wheat spikes (ranging from
18.9 to 40.2 mg DON g~! mycelium) as compared
to wheat kernels (ranging from 0.028 to 0.069 mg
DON g~ mycelium) after fungal colonization.

TriS gene expression after growth on cereal kernels
and during infection of wheat spikes

The concentration of DON depended on two
factors: inoculum and substrate. To analyse whe-
ther DON concentration correlated with the
expression of the Tri5 gene, Tri5 transcription was
quantified. Normalized cDNA derived from colo-
nized kernels 21 dpi and infected wheat spikes 1, 3,
7, and 14 dpi served as template in qPCR. The
Afgll strain revealed a Tri5 expression reduction
of almost 50% on wheat kernels as compared to
F. graminearum wild-type infection (Figure 2A).
On maize kernels, a 25% reduction was observed
(Figure 2C), but the expression level was only 10%
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Figure 1. DON concentration of wheat kernels and spikes and maize kernels inoculated by F. graminearum wild-type (wt) and
Afgll strains (Afgll-1/-2/-3). (A) DON concentration of wheat kernels after inoculation with different F. graminearum strains incu-
bated at 28 °C for 1 week and subsequently at RT for 2 weeks. Amount of fungal mycelium per gram substrate was determined
via quantitative PCR. qPCR was performed with six replicates each. (B) DON concentration of inoculated wheat spikes of intact
plants after incubation at 21 °C for 2 weeks. Determination of fungal mycelium as indicated in (A). (C) DON concentration of
maize kernels after inoculation with different F. graminearum strains incubated as indicated in (A). DON concentration was quan-
tified by gas chromatography. Measurements were repeated twice with two replicates each.

of that on wheat kernels. In planta, Tri5 expression
profile of the Afgl] strain completely differed from
wild-type (Figure 2B). The expression was con-
stant from 1 to 3 dpi and then strongly increased
until 14 dpi. In contrast to this, wild-type reached
highest Tri5 expression 3 dpi with a subsequently
decreased expression 7 dpi and unchanged
expression level 14 dpi. At this time point, 77i5
expression of the Afgll strain was five times higher
than of the wild-type. 7ri5 expression was about
1000-times greater on inoculated spikes than on
wheat kernels.

ZEA determination of colonized cereal kernels
and infected wheat spikes

ZEA concentration was determined in the
same samples previously used for DON detection.
Unlike DON production, ZEA production on
wheat kernels was heavily increased for Afgll
strains as compared to the wild-type, resulting in a
10 to 12-fold higher ZEA concentration for strains
Afgll-1 and -3 and a more than 50-fold higher
concentration for strain Afgll-2. Control kernels
were free of ZEA (Figure 3A). A 7 to 10-fold

higher ZEA concentration was determined for
Afgll strain-inoculated maize kernels (Figure 3B).
ZEA was not detected during colonization of
either wild-type and Afg/l strain-infected wheat
spikes 14 and 42 dpi.

PKS4 and PKS13 gene expression after growth
on cereal kernels and during infection of wheat
spikes

To study whether ZEA-related gene expression
correlated with measured ZEA concentration,
the expression of the PKS4 and the PKSI3 gene
was quantified in qPCRs. The same normalized
cDNA used for 7ri5 expression analysis before,
served as template. PKS4 expression in the li-
pase-deficient strain was detectable 21 dpi of
wheat kernels, whereas no detectable expression
of this gene was present in the wild-type (Fig-
ure 4A). A PKS4 expression in the wild-type was
detected 7 dpi of wheat kernels (Figure 4D).
Analysis of ¢cDNA derived from wild-type and
Afgll-2-inoculated maize kernels showed a low
expression of PKS4 in the wild-type, but a
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Figure 2. Tri5 gene expression of F. graminearum wild-type (wt) and Afg/l strain 2 (Afgll-2) during colonization of wheat and
maize kernels and wheat head infection. (A) cDNA generated from isolated RNA of inoculated wheat kernels 21 dpi. (B) cDNA
generated from isolated RNA of directly inoculated wheat spikelets 1, 3, 7, and 14 dpi of five independently infected wheat plants
each. (C) cDNA generated from isolated RNA of inoculated maize kernels 21 dpi. All cDNA samples were normalized according
to B-tubulin (7ubb) expression. Error bars indicate confidence interval with probability of error of o = 0.05. qPCR was performed

with eight replicates each.

10-times higher PKS4 expression in the Afgll
strain (Figure 4F). Analysing the PKS4 expres-
sion during infection of wheat spikes, no signif-
icant difference was detected between wild-type
and Afgll-2. Both strains revealed a relatively
low expression rate during infection (Figure 4B).
PKS4 expression of the Afgll strain was 7-fold
higher after colonization of wheat kernels as
compared to wheat head infection. In contrast to
PKS4, the PKSI13 expression of the Afgll strain
did not deviate from wild-type on colonized
wheat kernels 21 dpi (Figure 4C). During infec-
tion of wheat spikes neither wild-type nor lipase-
deficient mutant expressed PKS13.

Expression of the PKS gene family of wild-type
and lipase deficient strain after growth on wheat
kernels

The analysis of the PKS4 and the PKS/3 genes
in the wild-type and the lipase-deficient mutant
revealed strong differences in the expression of
PKS4, whereas PKS13 expression was unchanged
on colonized wheat kernels (Figure 4A, C). Since
the PKS gene family comprises of 12 further
known members, we were interested in determin-
ing, if the disruption of the lipase FGLI1 affects
only PKS4 or if additional PKS genes are affected

during colonization of wheat kernels. The lipase
FGL1 was expressed by the wild-type on this
substrate (Figure 4E). The expression level among
different PKS genes varied highly within a given
fungal isolate (Figure 5A). PKS3, 5, 6 and 12 were
expressed at a relatively low level (~0.001-
0.002 mol PKS mol™" Tubb; Figure 5B). In con-
trast, PKS/ and // showed an approx. 100-times
higher expression. Additionally, differences were
detected between PKS gene expression levels of the
F. graminearum wild-type and the lipase-deficient
mutant (Figure 5A). The expression of 8 out of 14
PKS genes was deregulated in the mutant. PKS2,
11, 12 and 1[4 exhibited decreased expression,
whereas PKS4, 7, 9 and 15 showed an elevated
expression. Highest differences were determined
for PKS11, revealing an expression that was more
than twice as high in wild-type; and for PKS7 and
PKS9 with 2.5 and nearly 4-times higher expres-
sion in the mutant strain, respectively. However,
PKS4 was the only PKS gene to be expressed in
the lipase-deficient mutant.

Discussion

We assessed mycotoxin production of a highly
virulent field strain and defined mutant strains
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Figure 3. ZEA concentration of wheat and maize kernels
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(Afgll), strongly reduced in virulence. These mu-
tants differ from wild-type in the disruption of a
single gene, which encodes the secreted lipase
FGL1 (Voigt et al., 2005). We tested these near
isogenic isolates for their ability to generate the
mycotoxins DON and ZEA under different con-
trolled conditions. Whereas DON constitutes an
important virulence factor to wheat (Proctor et al.,
1995; Bai et al., 2001), ZEA is not involved in
virulence (Gaffoor et al., 2005; Kim et al., 2005)
and its physiological function is still unknown.
DON contamination is primarily associated with
Fusarium infection in the field. However, inap-
propriate conditions during the storage of grain
can result in further increases in DON content
(Birzele et al., 2000; Homdork et al., 2000). In
contrast to DON, ZEA is reported to be produced
on grains (Wilson and Abramson, 1992). These
observations correspond to our results. The wild-
type strain produced DON predominantly during

infection and to only a minor extent during growth
on autoclaved grains (Figure 1A, B). ZEA, how-
ever, was produced at high concentration, only on
grains (Figure 3A, B), but not during infection of
wheat spikes. Since we tested the ZEA content of
infected wheat heads 14 and 42 dpi, ZEA pro-
duction at later stages of infection cannot be
excluded. Matthidus et al. (2004) have shown that
ZEA production of F. culmorum was not detect-
able until 44 dpi and strongly increased after-
wards. Similar to ZEA, the red mycelial pigment
aurofusarin is not required for the infection of
wheat spikes (Malz et al., 2005). A possible func-
tion of this polyketide could derive from its bio-
activity (Dvorska et al., 2002). Therefore, it has to
be elucidated whether ZEA also exhibits similar
bioactivity. These polyketides might be synthe-
sized by F. graminearum to antagonise competing
organisms during the saprophytic growth phase.
DON synthesis during saprophytic growth might
have a similar, specific function since general
growth of F. culmorum in vitro was not affected by
inhibited toxin production (Miller et al., 1996).
We found conditions that enhanced mycotoxin
production in the lipase-deficient (Afg/l) mutants
(Figures 1B, 3A, B). To get a better understanding
of the increased DON production during wheat
head infection, we quantified the expression of the
Tri5 gene. Unlike wild-type, the Afg/l mutants are
unable to spread through the spike and produce
typical FHB symptoms (Voigt et al., 2005). Al-
though virulence was reduced, the production of
DON was markedly increased during the limited
infection of the spike (Figure 1B). The expression
of the Tri5 gene was shown to correlate with DON
production in vitro (Doohan et al., 1999). Here, we
determined that the expression of the 7ri5 gene in
wild-type peaked 3 dpi with a subsequent reduc-
tion in transcriptional activity during the next
stages of wheat spike colonization. In contrast to
this, the Afgll mutant exhibited a steady increase
in Tri5 transcription (Figure 2B). Thus, Tri5
transcription not only correlated directly with the
elevated DON production of the Afg/l mutant
during plant infection, but also indicated a puta-
tive induction mechanism: during wild-type colo-
nization, the 7ri5 expression is maximally induced
approx. 3 dpi. At this point of infection, the wild-
type reaches the transition zone of the rachilla and
rachis and starts to enter the rachis. After 3 days,
the expression decreases as the wild-type continues
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Figure 4. Gene expression analysis of F. graminearum wild-type (wt) and Afg/l strain 2 (Afgll-2) during colonization of wheat and
maize kernels and wheat head infection. (A) PKS4 expression of colonized wheat kernels. Template cDNA was generated from iso-
lated RNA of inoculated wheat kernels 21 dpi. PKS4 expression was not detectable in wild-type. (B) PKS4 expression during
wheat head infection. Template cDNA generated from isolated RNA of directly inoculated wheat spikelets 1, 3, 7, and 14 dpi of
five independently infected wheat plants each. (C) PKSI3 expression of colonized wheat kernels. Template cDNA was used as de-
scribed in (A). PKSI3 expression was not detectable during wheat head infection. (D) PKS4 expression of colonized wheat ker-
nels7 dpi with wt. B-tubulin (7ubb) expression served as expression control in conventional PCRs. Negative control (c—) was
carried out with template cDNA of control kernels. (E) FGLI expression of colonized wheat kernels. Template cDNA was used as
described in (A). B-tubulin (7Tubb) expression served as expression control in conventional PCRs. (F) PKS4 expression of colonized
maize kernels. Template cDNA was generated from isolated RNA of inoculated maize kernels 21 dpi. (A-C + F) All cDNA sam-
ples were normalized according to B-tubulin (7ubb) expression. Error bars indicate confidence interval with probability of error of
o = 0.05. qPCR was performed with eight replicates each.

to grow inside the spike. In contrast to this, the We hypothesize that F. graminearum strains
infection of the lipase-deficient mutant is restricted with a low aggressiveness in the field, possibly
to the directly inoculated spikelet and cannot enter through a mutated virulence factor, are trapped by
the rachis (Voigt et al., 2005). The mutant remains plant defence mechanisms and are prevented from
in a state of constantly inducing Tri5 expression colonizing the spike effectively. In this case, fungal
(Figure 2B), resulting in increased DON produc- mycelium might primarily remain in the spikelet or
tion (Figure 1B). Hence, the transition zone of other DON-inducing compartments of the spike.
rachilla and rachis, or specific components of it, A particular fungicide application at sub-lethal
could constitute a strong inducer of DON syn- level or incorrect time-points (Henriksen and Elen,
thesis in F. graminearum. Contrary to common 2005) might act similarly on the fungus. This
belief, the high DON production of the lipase- would explain observations in the field that a FHB
deficient mutant was related to its reduced growth reduction is not necessarily associated with a sig-
during infection (Yoder, 1980; Proctor et al., nificant reduction of the mycotoxin content
1995). However, a DON-inducing effect of the (D’Mello et al., 1998; Magan et al., 2002).

transition zone would explain that the restricted In addition, our results demonstrate that DON
growth of the fungus caused high DON concen- alone is not sufficient for pathogenicity, although

tration. it represents an important virulence factor for
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Figure 5. Expression analysis of PKS genes of F. graminearum colonized wheat kernels. (A) cDNA generated from isolated RNA
of wheat kernels inoculated with F. graminearum wild-type (wt) and Afgll strain 2 (Afgll1-2) 21 dpi. All cDNA samples were nor-
malized according to B-tubulin (7ubb) expression. Error bars indicate confidence interval with probability of error of o = 0.05.
qPCR was performed with eight replicates each. (B) Section of (A) with altered scale to illustrate the level of the weakly expressed

genes PKS3, 5, 6 and 12.

wheat (Proctor et al., 1995; Bai et al., 2001). Even
the overproduction of DON could not restore
wild-type virulence in our virulence-reduced Afg/l
mutants. This is in accordance with field experi-
ments, in which DON production did not correlate
with the general aggressiveness of F. graminearum
field isolates (Miedaner et al., 2000).

During growth on autoclaved grains, the lipase-
deficient mutants exhibited similar growth char-
acteristics as the wild-type. We demonstrated this
by biomass quantification via fungal DNA-con-
tent comparisons. However, the DON production
of the Afg/l mutants was reduced to approx. 50%
of the wild-type (Figure 1A). The differences in
DON concentration corresponded to the tran-
scription rate of the 7ri5 gene which had half the
expression rate in the mutant compared to wild-
type (Figure 2A). In general, we could show that
the induction of DON production was low during
saprophytic growth on harvested wheat kernels,
but high during plant infection. This demon-
strates, first, that specific factors present only
during plant infection enhance 775 expression.
These factors seem to be absent during the colo-
nization of kernels. Second, the increased DON
production does not constitute an advantage for
saprophytic growth. This is in accordance with the
observation that DON production is not required
for saprophytic growth on kernels (unpublished
results).

In contrast to DON, ZEA production of the
Afgll mutants was dramatically enhanced during
growth on kernels. One of the tested lipase-
deficient mutants consistently showed an approx.
50-fold increase in ZEA concentration during
growth on wheat kernels, whereas the two other
mutant strains exhibited a 10 to 12-fold increase
(Figure 3). The basis of this difference is unknown
especially as we were unable to detect any other
differences within these three mutants. On maize
kernels, all three Afg/l mutants uniformly exhib-
ited the same 7 to 10-fold increased ZEA concen-
tration (Figure 3B). In general, the saprophytic
growth on wheat kernels resembled the results
obtained from maize kernels.

Recently, the polyketide synthases PKS4 and
PKS13 were shown to be involved in ZEA syn-
thesis (Gaffoor et al., 2005; Kim et al., 2005). We
analysed the expression of these two genes 21 dpi
of the kernels and could correlate the strongly
elevated ZEA production of the lipase-deficient
virulence mutant with the elevated expression of
PKS4. PKS4 was only expressed in the Afgll
mutant strain at this time point (Figure 4A). We
did not detect a difference in PKS13 gene expres-
sion on wheat kernels (Figure 4C). Therefore,
the strongly elevated ZEA production of the
Afgll mutants seems to be caused solely by
the continued expression of the PKS4 gene in the
mutant during later stages of colonization of



wheat kernels. A key role of this polyketide syn-
thase in ZEA synthesis has been reported by
Galffoor et al. (2005) and Kim et al. (2005). Thus,
the complete repression of the PKS4 gene in wild-
type at the measured time point of kernel coloni-
zation is sufficient to reduce the ZEA production
as compared to the mutants, in spite of the con-
sistent expression of the second key gene, PKSI3.
During wheat head infection, neither the Afg/l
mutant strain nor wild-type produced ZEA. The
genetic background for this is likely to be the
complete PKS13 repression during infection, con-
firming the expression analysis of Gaffoor et al.
(2005). We detected PKS4 expression in both
strains without significant differences during wheat
head colonization, however, at a relatively low
level (Figure 4B). Our expression studies suggest a
complex regulation of ZEA synthesis by expres-
sion or repression of only one of the two ZEA-
related PKS genes. In wild-type, PKS4 is repressed
at later stages during colonization of autoclaved
wheat kernels, and PKS13 is repressed throughout
wheat head infection.

However, PKS4 and I3 were not the only PKS
genes showing an altered expression after the
deletion of the secreted lipase. We observed
expression changes for the majority of the PKS
genes. After 21 days of growth on kernels, four
genes were up-regulated and an additional four
genes were repressed in the Afg/l mutant com-
pared to wild-type. The deletion of a single gene,
coding for a secreted lipase, has therefore several
seemingly unrelated consequences: (i) a reduction
in virulence, (ii) an increase in the virulence factor
DON during the reduced wheat head infection,
(iii) an increase of the mycotoxin ZEA during
saprophytic growth on kernels caused by the
deregulation of the PKS genes.

Regarding the regulation of a whole PKS gene
family, no direct link is known between a secreted
lipase and polyketide synthesis. The lipase gene is,
as many other genes, catabolically repressible and
substrate inducible. We confirmed the expression
of the lipase gene during saprophytic growth on
kernels (Figure 4E). We hypothesize that plant
material degraded by the fungal lipase regulates
PKS gene expression. This would be in agreement
with the model that we propose for induced DON
production during wheat head infection: plant
substances induce T7i5 expression. However, the
nature of these plant products has to be elucidated.
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