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Introduction

Abstract

Common PCR assays for quantification of fungi in living plants cannot be used to
study saprophytic colonization of fungi because plant decomposition releases
PCR-inhibiting substances and saprophytes degrade the plant DNA which could
serve as internal standard. The microsatellite PCR assays presented here overcome
these problems by spiking samples prior to DNA extraction with mycelium of a
reference strain. PCR with fluorescent primers co-amplifies microsatellite frag-
ments of different length from target and reference strains. These fragments were
separated in a capillary sequencer with fluorescence detection. The target/reference
ratio of fluorescence signal was used to calculate target biomass in the sample. Such
PCR assays were developed for the mycotoxin deoxynivalenol (DON)-producing
wheat and maize pathogen Fusarium graminearum and the biocontrol agent
Trichoderma atroviride, using new microsatellite markers. In contrast to real-time
PCR assays, the novel PCR assays showed reliable fungal biomass quantification in
samples with differentially decomposed plant tissue. The PCR assays were used to
quantify the two fungi after competitive colonization of autoclaved maize leaf
tissue in microcosms. Using a DON-producing F. graminearum wild-type
strain and its nontoxigenic mutant we found no evidence for a role of DON
production in F. graminearum defense against T. atroviride. The presence of
T. atroviride resulted in a 36% lower wild-type DON production per biomass.

Trichoderma spp. aggressively colonize crop residues of
maize and wheat throughout the decomposition process

Fusarium head blight of small grain cereals is a re-emerging
disease in many cereal growing regions around the world
(McMullen ef al., 1997). One of the predominant species
associated with Fusarium head blight is Fusarium grami-
nearum Schwabe [teleomorph Gibberella zeae (Schwabe
Petch), (Bottalico & Perrone, 2002)]. Many isolates of F.
graminearum have been found to produce the mycotoxin
deoxynivalenol (DON) (Bottalico & Perrone, 2002), which
is commonly found in barley, maize, rye, wheat and mixed
feed (Bennett & Klich, 2003). Fusarium graminearum sur-
vives on decomposing plant material present after crop
harvest, particularly from maize (Windels & Kommedahl,
1984; Dill-Macky & Jones, 2000), which serves as inoculum
source for subsequent crops, e.g. wheat (Sutton, 1982).
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(Broder & Wagner, 1988). They have been used successfully
for biological control of a wide range of soil and residue
borne plant pathogens (Hjeljord & Tronsmo, 1998). Inocu-
lation of wheat and black oat straw with Trichoderma
resulted in a reduced F. graminearum incidence (Fernandez,
1992), making Trichoderma a promising candidate to con-
trol the survival of F graminearum on crop residues.
However, a recent study has shown that the mycotoxin
deoxynivalenol (DON) down-regulates the nagl chitinase
gene, which may be involved in the biocontrol activity of
Trichoderma atroviride Karsten strain P1 (Lutz et al., 2003)
(teleomorph = Hypocrea atroviridis, Dodd et al., 2003),
suggesting that DON production plays a role in the defense
of F. graminearum against this antagonist. To establish a
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Trichoderma mediated disease control, the role of DON
production will have to be determined.

To investigate this factor in the interaction between
Trichoderma and Fusarium, a method for biomass quantifi-
cation of each fungus is needed, in addition to the already
established DON quantification with ELISA (Lutz et al.,
2003). PCR assays that have been developed to quantify
toxigenic Fusarium in infected plant parts (competitive PCR,
Nicholson et al., 1998; Edwards et al., 2001 and real-time
PCR, Schnerr et al., 2001; Bluhm et al., 2004; Reischer et al.,
2004; Waalwijk et al., 2004) are not suitable for studying
saprophytic competition among fungi on plant tissue be-
cause they assume constant efficiency of target DNA extrac-
tion and PCR amplification. This is inappropriate for plant
material colonized by saprophytes because the decomposi-
tion process releases substances that inhibit PCR amplifica-
tion (Wilson, 1997). Coamplification of specific plant DNA
sequences (Winton et al., 2002) cannot serve as an internal
standard for PCR inhibition because plant DNA is degraded
by saprophytes. Furthermore, the assumption of constant
DNA extraction efficiency is questionable in samples with
changing composition. Normalization of total DNA, a com-
mon approach to standardize variability in DNA extraction
(Nicholson et al., 1998; Edwards et al., 2001), is inapplicable
because plant DNA declines. In all competitive PCR assays,
added DNA is used as internal standard for inhibitory effects
in PCR amplification (Nicholson et al., 1998; Edwards et al.,
2001), but these assays still lack a standard for variation in
the DNA extraction because the artificially constructed
competitor DNA is added after DNA extraction.

The novel method presented here is based on PCR of a
microsatellite. Microsatellites are composed of simple se-
quence repeats found in all eukaryotic organisms (Li et al.,
2002). For the development of microsatellite markers,
sequences with simple sequence repeats must be identified
in a genome database or a repeat-enriched clone library.
Specific primers are then designed on flanking regions of the
repeats. Many microsatellites contain a variable number of
repeats in different individuals, resulting in length poly-
morphism of the amplified fragment commonly used in
population genetic studies (Tenzer et al., 1999) but in our
case, for a competitive PCR.

The aim of this study was to develop a robust method for
quantification of fungi in samples with decomposing plant
material. The PCR assays presented here for the DON-
producing plant pathogen F. graminearum and the biocon-
trol agent T. atroviride are based on spiking samples with
mycelium of a closely related reference strain and competi-
tive amplification of differently sized microsatellite alleles.
These assays make it possible to investigate the role of
E. graminearum DON biosynthesis in the colonization of
sterilized maize leaf tissue in competition with the biocon-
trol agent T. atroviride.
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Materials and methods

Fungal strains and culture conditions

Trichoderma atroviride strain P1 is an isolate from wood
chips and was classified for a long time as Trichoderma
harzianum ATCC 74058 based on morphological features.
However, DNA sequence analysis has shown that it is more
closely related with T. atroviride (Kullnig et al., 2001).
Trichoderma harzianum strain RAC616 is a Swiss isolate
and was used as reference in the PCR assay. Trichoderma
strains were stored as a spore suspension in 20% (v/v)
glycerol at — 20 °C. Fusarium graminearum strain GZ3639
was isolated from scab-infected wheat in the midwest
United States (Proctor et al., 1995). Fusarium graminearum
strain GZT40 is a derivate of GZ3639 that contains the
transformation vector pGZTS4-, which disrupts the tri5
gene and eliminates DON production (Proctor et al.,
1995). Fusarium graminearum strain 9701 is a Swiss isolate
from wheat and was used as reference in the PCR assay.
Fusarium graminearum strains were stored on 1.5% malt
extract (Oxoid, Hampshire, UK) agar slants at 3 °C. For
mycelium production, Trichoderma strains were grown for 7
days in 250 mL 1/5 PDB [4.8 g potato dextrose broth (Difco,
Detroit, MI, USA), pH 6.5] on a shaker at 180 r.p.m. at 24 °C
in darkness. Fusarium strains were grown under the same
conditions in 1.5% malt extract (Oxoid). For inoculation of
experiments, the fungi were grown for 5 days on agar plates
[12g agar (Oxoid)] with the same media at 24°C in
darkness.

Development of microsatellites

A sequence database (Syngenta, Torrey Mesa Research
Institute, San Diego, CA) of the F. graminearum genome
was screened for simple sequence repeats. Oligonucleotide
primers for PCR amplification were designed on the flank-
ing regions of repeats with the online service ‘Primer3’
(Rozen & Skaletskyand, 2000). Specificity and length poly-
morphism were tested with DNA of closely related and other
organisms (Table 1). Because of high costs of fluorescent
primer construction, primer screening was performed
with [y ~?’P]ATP-labeled forward primer (Amersham Bios-
ciences, Uppsala, Sweden) under conditions as described by
Tenzer et al. (1999). PCR products were analyzed on a 6%
denaturing acrylamide gel (National Diagnostic, Atlanta,
GA) and visualized with an X-ray film [X-Omat AR (East-
man Kodak Company, Rochester, NY)]. To find simple
sequence repeats in the genome of T. atroviride, two repeat
enriched clone libraries (with TG and TC repeats) were
constructed with genomic DNA of strain P1 using a
previously described protocol (Tenzer et al., 1999). Clones
with repeat inserts were identified with a Southern dot blot
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Table 1. Characteristics, specificity, and alleles of microsatellites used in this study

Fusarium graminearum microsatellite, MS-Fg103

Trichoderma atroviride microsatellite, MS-Ta4

Sequence primer fwd

Sequence primer rev

Repeats

Source

Alleles (bp) in different organisms:
Fusarium graminearum (20 strains)
Fusarium culmorum (20 strains)
Fusarium crookwellense (five strains)
Fusarium sambucinum (one strain)
Fusarium acuminatum (three strains)
Fusarium avenaceum (three strains)
Fusarium poae (two strains)
Fusarium verticilloides (three strains)
Fusarium oxysporum (two strains)
Trichoderma atroviride (one strain)
Trichoderma harzianum (four strains)
Trichoderma album (three strains)
Microdochium nivale D54
Pseudomonas fluorescens CHAO
Maize (two varieties)

5'-GGTATCCGTACAACCCGATG-3/
5-TTCTTTGATTTGGACCGAGG-3’
TG

Sequence database™

225,227,229, 233, 235, 237, 241, 257, 263

221

219

267

No amplification
No amplification
No amplification
No amplification
No amplification
No amplification
No amplification
Not determined
No amplification
No amplification
No amplification

5'-ATCTGGCACTGCTTGGTAGG-3'
5'-TCGATCGCCTTCGTATTAGG-3’
TC

Enriched clone library for TC repeats

No amplification
No amplification
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
132

132,142

132

No amplification
No amplification
No amplification

*The microsatellite marker MS-Fg103 was derived from the £ graminearum genome database of the Torrey Mesa Research Institute, San Diego, CA
(Syngenta). The sequence was also found in contig 1.224 of the genome sequence of Gibberella zeae strain PH-1 deposited in GenBank with accession

number AACMO01000224.

Alleles in bold face were used in the competitive microsatellite PCR assays.

(Tenzer et al., 1999) and sequenced with M13 universal
primers by Synergene Biotech GmbH (Zurich,
Switzerland). Primer design and test PCRs were performed
as described above for F. graminearum.

Preparation of samples and DNA extraction

Samples of microcosm experiments were freeze dried and
weighted in 2mL reaction tubes using a microbalance
accurate to 0.0l mg. To each sample, 2.5mg freeze-dried
mycelium of F. graminearum strain 9701 and 2.5 mg freeze-
dried mycelium of T harzianum strain RAC616 were added.
Samples were then homogenized with glass balls in a
Fastprep FP120 machine (Savant, Holbrook, NY) for 30 s at
maximum level. DNA was extracted with the DNeasy Plant
mini kit following the protocol of the manufacturer (Qia-
gen, Hilden, Germany) except for a 50% increase of the cell
lysis buffer volume and adaptation of the volumes in
subsequent steps.

Competitive microsatellite PCR and fragment
analysis

PCR with microsatellite MS-Fgl03 or MS-Ta4 was per-
formed in a 10 pL volume containing 5 pL of 1:50 diluted
DNA extract, 1 x reaction buffer (Amersham Biosciences),
0.1 mM of each ANTP, 0.2 uM of forward and reverse primer
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(Table 1), and 1 U of Taq polymerase (New England
BioLabs, Beverly, MA). One quarter of the forward primer
was dye-labeled [Beckman D4 dye for MS-Ta4, Beckman D3
dye for MS-Fg103 (Beckman—Coulter, Fullerton, CA)]. PCR
was carried out in a T1-Thermoblock (Biometra, Gottingen,
Germany) under the following conditions: 5min at 94 °C
for denaturation, 35 cycles of 30's at 94 °C, 30's at 60 °C, and
60s at 72 °C, with a final extension of 10 min at 72 °C. For
each sample, 1.5 ul. MS-Ta4 PCR product and 3 uL of MS-
Fg103 PCR product were pooled in 20 uL deionized water.
After purification with Sephadex G-50 (Amersham Bios-
ciences), 1 uL of the CEQ DNA size standard 400 (Beck-
man—Coulter) was added. DNA fragments were separated by
capillary electrophoresis and detected with laser-induced
fluorescence in a CEQ 2000XL DNA analysis system (Beck-
man—Coulter), and analyzed with the software provided by
Beckman—Coulter (version 4.2.0). The average peak height
ratio from two replicate PCR assays was used to calculate the
target/reference PCR products ratio for each microsatellite.

Calibration of competitive PCR assays

For each PCR assay, external standards were prepared in
triplicate. Freeze-dried mycelia of the target strains (F.
graminearum GZ3639 and T. atroviride P1) were mixed with
freeze-dried mycelium of the reference strains (F. graminear-
um 9701 and T. harzianum RAC616) in ratios of 1:8, 1:4,
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1:2,1:1,2:1,4:1and 1:8 in a total of 30 mg weight. DNA
extraction and competitive microsatellite PCR were done as
described above. The measured target/reference PCR pro-
ducts ratio was displayed on a logarithmic scale against the
known mycelium ratio. A linear regression was performed
on the data points from MS-Fgl03 and MS-Ta4, respec-
tively, with the program systat, version 10 (Systat Inc.,
Evanston, IL).

Comparison with real-time PCR

Six mg freeze-dried mycelium of F. graminearum GZ3639 or
T. atroviride P1 were mixed with 24 mg nontarget material
composed of autoclaved maize leaves, air-dried maize leaves,
lyophilized mycelium of the other fungus (T. atroviride P1
or E graminearum GZ3639), or nonsterile maize stalks
collected in spring from the soil surface. Three replicates of
each mixture and three replicates of 6 mg pure mycelium
were spiked with reference mycelium and assayed in separate
competitive microsatellite PCR assays. Three identical repli-
cates were analyzed with real-time PCR using our new
microsatellite primers (Table 1) and the DNA binding dye
SYBR®Green. For these assays, DNA was extracted without
prior addition of reference mycelium and DNA was quanti-
fied in triplicates of 1:100 diluted extracts with PicoGreen™
(Molecular Probes Europe, Leiden, the Netherlands) accord-
ing to the manufacturer’s recommendations using a
SPECTRAFluor Plus instrument (Tecan, Mannedorf, Swit-
zerland). Real-time PCR was performed in a 15 pL volume
containing 5 uL of 1:100 diluted DNA extract, 1 x SYBR™"
Green PCR Master Mix (Applied Biosystems, Foster City,
CA, USA), 0.2 uMm of forward and reverse primers. Cycling
was done in an ABI Prism 7700 apparatus (Applied Biosys-
tems) under the same conditions as described for the
competitive microsatellite PCR. The replicates were quanti-
fied in separate real-time PCR assays. A serial dilution
(1:50, 1:100, 1:200, 1:400, and 1:800) of the DNA
extracts from 6mg pure mycelium of F graminearum
GZ3639 and T. atroviride P1 was included for calibration of
each assay. Fisher’s LSD test (systar) was used to compare
the means of the recovered biomass from different mixtures
and the means of DNA yield from mixtures without
reference mycelium.

Role of Fusarium graminearumDON production
in interaction with the antagonist Trichoderma
atroviride

The early maturing maize hybrid Fuxxol (RAGT Semences,
Rodez, France) was grown on an experimental field of
Agroscope FAL Reckenholz (Zurich, Switzerland) in 2003.
At tasseling stage, the 5th leaf from the top was collected
from 20 randomly selected maize plants. From each leaf, six
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rectangular pieces (76 x 26 mm) were cut. The leaf pieces
were stored at — 20 °C until use. For each experiment, 30
leaf pieces were placed on microscopy slides with the adaxial
side down. Each leaf piece was fixed on the short sides with
stainless paper clips and put on wetted filter-paper in a glass
Petri dish and autoclaved at 120 °C for 20 min. Test trials
with nonsterile leaves have shown that the natural micro-
flora varies among leaf pieces, which affected the growth of
our target fungi. Autoclaving was performed to obtain
reproducible results, although the sterilization could have
an effect on the interaction between the inoculated fungi.
Pieces from one leaf were assigned randomly to one of the
following treatments:

1 T atroviride P1

2 F graminearum GZ3639

3 F graminearum GZT40

4 T. atroviride P1 and F. graminearum GZ3639

5 T atroviride P1 and F. graminearum GZT40

6 No inoculation.

For treatments 4 and 5, pieces of agar (8 x 4mm) from
plates with actively growing T. atroviride and F. graminear-
um were placed inverted at opposite sides of the leaf piece
(5cm from each other). For treatments 1-3, only one agar
plug was placed at the same place on the leaf piece. After 10
days of growth at 24 °C in 100% humidity in the dark, the
centre square of the leaf piece was cut out and transferred to
a 2mL reaction tube. For determination of DON content,
1 mL of sterile distilled water was added to each tube. After
the tubes were shaken horizontally for 2 h at 200 r.p.m., they
were centrifuged for 2 min at maximum speed in a micro-
centrifuge. DON levels were quantified in the supernatant
using ELISA as described below. The samples with the
remaining supernatant were frozen at — 80 °C and freeze
dried. Fungal biomasses were quantified with competitive
microsatellite PCR as described above using microsatellite
MS-Fgl03 for F. graminearum strains and microsatellite
MS-Ta4 for T. atroviride P1. DON production by F. grami-
nearum was calculated for individual microcosms relative to
the biomass of the F. graminearum strain. Data from three
trials with six replicates each were pooled after no significant
trial X treatment interaction was determined in a prelimin-
ary GLM analysis (P=0.944 for F. graminearum biomass,
P=0.242 for T. atroviride biomass, P =0.272 for DON levels,
and P=0.223 for DON production) (systar). Means were
compared with Fisher’s LSD test.

DON quantification

DON levels were quantified in 50 pL of a 1:10 dilution of
the aqueous sample extracts (see above) using a commercial
enzyme-linked immunosorbent assay [Ridascreen Fast
DON (R-Biopharm, Darmstadt, Germany)]. If necessary,
the extracts were further diluted to fall into the range of
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calibrators and measured again. The test detects DON and
3-acetyl DON with equal sensitivity down to 0.2 ugg ™' and
has negligible cross reactivity with DON-related substances
such as nivalenol, 15-acetyl-DON, triacetyl-DON, triacetyl-
nivalenol, tetra-acetyl-DON, and fusarenon X.

Results and discussion

Microsatellites

Screening of a genome database of Fusarium graminearum
available through the Torrey Mesa Research Institute (Syn-
genta) revealed more than 200 loci with simple sequence
repeats (SSR). Primers were designed on the flanking
regions of 21 sequences containing more than seven repeats.
The primer pair MS-Fg103 was selected because it amplified
a single DNA fragment of variable length without consider-
able stutter (Fig. 1). Stutter fragments are characteristic for
microsatellites and result from DNA polymerase slippage on
simple sequence repeats (Daniels et al., 1998). Amplification
of a single allele occurred with DNA of all tested strains of
the haploid fungus F. graminearum and the closely related
species Fusarium culmorum, Fusarium crookwellense and
Fusarium sambucinum from the section Discolor but not
with DNA of Fusarium strains from other sections or any
other organism tested (Table 1). Of 12 alleles identified, two
were used in the quantitative PCR assay: the allele 241 bp (19
TC repeats), which is present in the trial strain F. graminear-
um GZ3639, and the allele 229 bp (13 TC repeats), which is
present in the reference strain F. graminearum 9701. The
microsatellite MS-Ta4 was developed from the repeat en-
riched genomic libraries of Trichoderma atroviride P1. All of

132
150000 =— T.atroviride P1
125000 -
o
o F.graminearum GZ3639
& 100000 - 112 T.harzianum RAC61 69
g .
I}
a .
S 75000 F.graminearum 9701
u_:: size standards 24
50000 1 'Y 229
120(|140 160 180190299 220 240 260
250001 | I | [ |} 1 J '
L A
OP—.LL.-“I.'L‘ "lll = 'L“-"‘—"I"' ..... J ")‘JJ “I-"*—

16 17 18 19 20 21 22 23 24
Constant velocity time (minutes)

Fig. 1. Microsatellite PCR product analysis from a sample containing
DNA of four fungal strains using a sequencer with capillary electrophor-
esis and laser-induced fluorescence detection. Peaks of Trichoderma
strains represent the product of a competitive PCR with microsatellite
MS-Ta4 and those of Fusarium strains represent products of a competi-
tive PCR with microsatellite MS-Fg103. The two PCRs were done
individually and pooled for fragment analysis.
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the 31 sequenced clones (17 from the TG library and 12
from the TC library) contained SSRs but some inserts were
identical. In some other clones, the SSRs were too close to
the cloning site to design PCR primers. Finally, eight
primers were designed on sequences containing more then
10 repeats. The primer pair MS-Ta4 was selected because it
generates a DNA fragment with little stutter (Fig. 1) of either
132 or 142bp for Trichoderma strains only (Table 1). The
allele of 132 bp (13 TG repeats) is present in T. atroviride P1,
which was used in the microcosm experiments, and the
allele 142bp (18 TG repeats) is present in T. harzianum
RAC616, which serves as reference in the PCR assay.

Competitive microsatellite PCR

To test the use of microsatellites MS-Fg103 and MS-Ta4 for a
competitive PCR, DNA was extracted from mycelium mix-
tures of a trial and a reference strain. A capillary sequencer
was used to separate and quantify the fluorescently labeled,
differently sized PCR products (Fig. 1). We found a linear
correlation between biomass ratio of F. graminearum strains
GZ3639 and 9701 and their MS-Fgl03 PCR product ratio
(R*=0.997, P < 0.001, Fig. 2) and also a linear correlation
between the biomass ratio of T. atroviride P1 and T.
harzianum RAC616 and their MS-Ta4 PCR product ratio
(R*=0.995, P < 0.001, Fig. 2). These correlations were used
for the development of competitive PCR assays for the
quantification of the trial strains F. graminearum GZ3639
and T. atroviride P1. Freeze-dried samples were spiked with
freeze-dried mycelium of the closely related reference strains
E. graminearum 9701 and T. harzianum RAC616, respec-
tively. The biomass of trial strains was calculated from the
PCR product ratio using the linear regression equations
from standard mixtures and the known amount of reference
biomass. Since a mutation in the DON synthetic pathway
does not affect the microsatellite site, the MS-Fg103 PCR
assay could also be used to quantify the F. graminearum
strain GZT40 with interrupted DON synthesis (Proctor
et al., 1995).

To our knowledge, a microsatellite locus has never been
used for the development of a quantitative competitive PCR
assay. Given the natural length polymorphism of these
markers it was not necessary to construct an artificial
competitor as in common competitive PCR. Instead, the
differently sized microsatellite DNA of a closely related
reference strain serves as competitor. As this competitor
was added as mycelium before DNA extraction, it also works
as an internal standard for variation in DNA extraction.

However, the microsatellites and the reference strains
must be carefully selected because, firstly, microsatellites
often generate stutter peaks that can mask other alleles and,
secondly, shorter alleles can be preferentially amplified
(Daniels et al., 1998). In our PCR assays, these drawbacks
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Mycelium ratio in mixtures from two strains

Fig. 2. Standard curves for the quantification of Fusarium graminearum
GZ3639 (A) and Trichoderma atroviride P1 (o) with competitive micro-
satellite PCR. Lyophilized mycelia of F graminearum GZ3639 and F.
graminearum 9701 and, correspondingly, mycelia of T. atroviride P1 and
T. harzianum RAC616 were mixed in different ratios each in three
replicates. The ratio of strain-specific PCR products is plotted on a
logarithmic scale against the ratio of mycelia in standard mixtures. The
lower equation describes the linear regression through PCR product ratio
of the Fusarium-specific microsatellite MS-Fg103 (peak height of
GZ3639 divided by peak height of 9701). The upper equation describes
the linear regression through PCR product ratio of the Trichoderma-
specific microsatellite MS-Ta4 (peak height of P1 divided by peak height
of RAC616).

were circumvented by selection of microsatellites without
considerable stutter and selection of reference strains of
similar fragment length. Moreover, a slightly preferential
amplification of reference or target allele equally affects
the measured target/reference ratio in samples and
standard mixtures and therefore is included in the assay
calibration. Our PCR assays were designed to monitor two
specific strains but they can also be used for other strains of
FE. graminearum or T. atroviride or closely related species. For
example, the microsatellite MS-Fgl03 assay was also used
to quantify the biomass of the Swiss F. culmorum strain
9713 on maize residues (A. Naef, unpublished data). Our
competitive microsatellite PCR could be used to quantify
specific strains in field samples (Figs 3a and c) but this
application requires preliminary identification of prevalent
microsatellite alleles to select a reference strain with distinct
allele.

Comparison with real-time PCR

To compare reproducibility and recovery of the novel
competitive microsatellite PCR with real-time PCR, a
known amount of target biomass was assessed in mixtures
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with different nontarget materials. The mixtures for real-
time PCR were identical except for the omission of reference
spiking. Extracted DNA was quantified with a DNA-binding
fluorescent dye from samples without reference mycelium
(Table 2). The presence of autoclaved maize leaves and
partially decomposed overwintered maize stalks decreased
the total DNA yield. This decrease was significant for F.
graminearum mycelium mixed with partially decomposed
maize tissue (Table 2). Addition of air-dried maize leafs and
nontarget mycelium increased the total DNA yield. The
competitive microsatellite PCR assays for T. atroviride P1
and F. graminearum GZ3639 were not affected by any
nontarget material and recovered completely the target
mycelia (Figs 3a and c). Conversely, the real-time PCR
assays showed decreased recovery of target mycelia in the
presence of nontarget material (Figs 3b and d). Overall
variation was lower with the competitive microsatellite
PCR (standard error, SE=0.08 mg with MS-Fgl03 and
SE=0.06 mg with MS-Ta4) than with real-time PCR
(SE=0.34mg with MS-Fgl03 and SE=0.58mg with
MS-Ta4).

Quantitative PCR assays without internal standards such
as the real-time assays used, rely on constant extraction and
amplification efficiency of target DNA. However, less DNA
was extracted from a mixture of F. graminearum mycelium
with decomposed plant tissue than from mycelium alone
(Table 2), suggesting that the extraction efficiency of fungal
target DNA is affected by the presence of decomposing plant
tissue. The low real-time PCR biomass recovery in the
presence of decomposed plant tissue and other nontarget
materials (Figs 3b and d) indicates that the amplification
efficiency of target DNA was also not constant. The non-
target materials must have released PCR-inhibiting sub-
stances that were coextracted with the DNA (Wilson,
1997). Commonly used standardization approaches for
PCR quantification of fungi in living plant parts, such as
normalization of total DNA concentration before PCR
(Nicholson et al., 1998; Edwards et al., 2001) or coamplifica-
tion of plant DNA sequences (Winton et al., 2002), assume a
constant amount of extractable plant DNA. In samples with
decomposing plant material, this assumption is compro-
mised by the degradation of plant DNA. Our novel PCR
assays use the DNA of a spiked reference strain as internal
standard for variation in DNA extraction and variation in
PCR amplification and therefore are not affected by the
variable DNA content and the presence of PCR inhibitors in
decomposing plant material such as field-overwintered
maize residues.

The range of quantification with our PCR assays depends
on the amount of spiked reference mycelium and therefore
is limited by the range of accurate weighing. With our
equipment and the described external and internal stan-
dards, it was possible to accurately quantify fungal biomass
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ferent letters above them are significantly dif-
ferent according to Fisher's LSD test
(P < 0.05).

from 0.01 to 0.8 mg(mg dry sample) ~' in samples of
approximately 25mg dry weight. A lower detection range
can be achieved by increasing the sample weight with an
unaltered amount of spiked reference mycelium. The quan-
titative range of two orders of magnitude is narrow com-

pared to the five orders of magnitude achieved with real-

Table 2. Total DNA extracted from 6 mg freeze-dried mycelium of either
Fusarium graminearum GZ3639 or Trichoderma atroviride P1 mixed with
24 mg of different non-target material

Total DNA yield* (ng)

Mixed with £

graminearum Mixed with T.
Nontarget material GZ3639 atroviride P1
None (pure target mycelium) 3.82+0.70b 2.72+0.20a
Autoclaved maize leafs 2.47+1.12ab 2.22+0.76a
Freeze-dried maize leaves 10.74 +1.89¢ 8.05+2.36b
Mycelium of nontarget fungus’ 15.00+1.29d 17.26 +1.17¢
Field-overwintered maize residues* 1.68+0.51a 2.22+0.34a

*Extracted DNA was quantified with the fluorescent DNA stain
PicoGreen™. Values represent means (4 standard deviation) of three
replicate mixtures. Values within a column followed by different letters
are significantly different according to Fisher’s LSD test (P < 0.05).
"Nontarget mycelium was from T. atroviride P1 and F graminearum
GZ3639, respectively.

Maize stalks from the previous year were collected in spring.
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time PCR assays (Edwards et al., 2002; McCartney et al.,
2003), but our microsatellite-based competitive PCR assays
showed a lower variability than real-time PCR assays within
the range of interest.

Role of Fusarium graminearumDON production
intheinteraction with the antagonist
Trichoderma atroviride

The novel PCR assays were used to test whether DON
synthesis by F. graminearum is involved in the fungal defense
against the biocontrol agent T. atroviride on autoclaved
maize leaf pieces mimicking postharvest maize residues.
Preliminary experiments have shown that the natural mi-
croflora varies between leaves and leaf pieces, which affected
the growth of the two inoculated fungi in microcosms. We
autoclaved the maize leaf tissue to obtain reproducible
conditions because surface-sterilization could not comple-
tely remove the natural microflora. Autoclaving, however,
modifies tissue composition, potentially affecting the fungal
interaction. T. atroviride strain P1 was confronted with
either the wild-type F. graminearum strain GZ3639 or the
insertional mutant GZT40 (Proctor et al., 1995) lacking
DON production. We let the antagonists competitively
colonize the maize tissue and observed mutual intermin-
gling of mycelia after 5 days of incubation. Fungal biomass
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and DON levels were quantified after 10 days (Table 3). The
biomasses of the two F. graminearum strains were signifi-
cantly reduced in the presence of T. atroviride P1 (15% and
16% reduction of GZ3639 and GZT40, respectively) but the
biomass of the biocontrol agent itself was reduced even
more (50% and 55% reduction by GZ3639 and GZT40,
respectively). None of the biomass differences between
microcosms with DON-producing wild-type F. graminear-
um GZ3639 and atoxigenic mutant GZT40 was significant.
DON was detected only in microcosms with the wild-type F.
graminearum GZ3639. The measured concentrations were
significantly reduced in the presence of T. atroviride P1
(Table 3). The mean DON reduction of 45% exceeded the
mean GZ3639 biomass reduction of 15%. Consequently, the
mean DON production per biomass of GZ3639 was sig-
nificantly lower (36%) in joint culture with T. atroviride
than in solitary culture (Table 3).

Our quantification of fungal biomass showed that DON
reduction resulted only in part from a biomass reduction of
E. graminearum, suggesting that presence of T. atroviride P1
affects DON synthesis in F. graminearum GZ3639. A pre-
vious report of reduced DON levels in agar tube assays with
E. graminearum and T. harzianum (Cooney et al., 2001)
could not separate biosynthesis reduction from biomass
reduction because fungal biomass was not quantified. An
alternative explanation for reduced DON concentrations
would be DON degradation by Trichoderma, but strain P1
was not able to degrade synthetic DON in malt extract
medium (A. Naef, unpublished data), nor could the T.
harzianum strain used in the tubular bioassays metabolize
DON (Cooney et al., 2001). The ability to degrade DON
under aerobic conditions generally seems to be rare in the
microbial community (Volkl et al., 2004). It remains to be
shown whether the repression of DON synthesis is Tricho-

A. Naef et al.

derma-mediated or a general phenomenon that results from
crowding with any antagonist. If T. atroviride actively also
reduces DON synthesis in an agricultural setting, this could
offer a biocontrol strategy to reduce DON levels in crop
residues.

In contrast to our observations, stimulation of F. grami-
nearum DON production was reported in the competition
with Fusarium verticillium or Fusarium proliferatum on
irradiated maize kernels (Velluti et al., 2001). Fungal bio-
masses were not quantified in this study, and it is possible
that higher DON levels resulted from a stimulated F.
graminearum growth. However, the authors suggested that
DON production is a defense strategy of F. graminearum.
This hypothesis was further supported by a report of DON-
mediated repression of the biocontrol gene nagl in T.
atroviride P1 (Lutz et al., 2003). The encoded Nagl N-acet-
ylglucosaminidase degrades chitin in fungal cell walls and is
relevant to biocontrol of fungi (Brunner et al., 2003). Yet, we
found no significant differences in the fungal biomasses in
the comparison between F. graminearum GZT40 with inter-
rupted DON synthesis and wild-type F. graminearum strain
GZ3639 (Table 3). This indicates that DON production did
not provide the wild type with a competitive advantage
against T. atroviride, although the DON level in the presence
of T. atroviride (42ngmg ") exceeds the levels which Lutz
et al. (2003) reported to cause nagl gene repression
(1-5ngmg ~'). Other biocontrol genes in T. atroviride P1
which are not affected by the presence of DON, like the
endochitinase gene ech42 (Lutz et al., 2003), may compen-
sate for the loss of one enzyme involved in its biocontrol
activity. The low competing ability of T atroviride P1 in our
microcosm further suggests that substrate competition is
more important than mycoparasitism in the saprophytic
interaction between these two fungi.

Table 3. The biomasses of Trichoderma atroviride strain P1, Fusarium graminearum strain GZ3639 (DON™ wild type), or . graminearum strain GZT40
(DON ™~ mutant), the mycotoxin DON content of samples, and the DON production per £ graminearum biomass after individual and competitive

colonization of maize tissue™

Fungal biomass*
(ng per mg sample)

DON production®

DON content? (pg per mg

Fungal strain(s) T. atroviride F. graminearum (ng permg sample) F. graminearum)
F. graminearum DON™ alone 284 +9a 76.9+7.3a 279+ 25a

F. graminearum DON ~ alone 297+ 12a BDL

T. atroviride alone 366 +39a BDL

T. atroviride and F. graminearum DON™ 178 +17b 241 +15b 42.445.6b 179+ 23b

T. atroviride and F. graminearum DON ~ 149+ 16b 250+ 11b BDL

*Agar plugs of the fungi were placed at opposite ends of an autoclaved leaf piece and incubated for 10 days at 24 °C.

"Biomass of fungi was measured with competitive microsatellite PCR. Values are means (= standard error of mean) of three experiments with six
replicates per experiment. Values within a column followed by different letters are significantly different according to Fisher’s LSD test (P < 0.05).
IDON content was measured with quantitative ELISA. Values and statistics as described in .

SDON production was calculated for each replicate in relation to £ graminearum biomass. Values and statistics as described in .

“BDL, below detection limit of 0.2 ng per mg sample.
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We did not expect such a low competitiveness of T.
atroviride P1 because in vitro tests on malt extract and
potato dextrose agar showed faster mycelial growth of
T. atroviride P1 than of F. graminearum GZ3639 at the
chosen temperatures (A. Naef, unpublished data). Further-
more, Lutz ef al. (2003) report no effect of Fusarium strains,
including GZ3639, on the growth of T. atroviride P1 in
confrontation assays on malt extract agar. The visual quan-
tification of fungal growth on agar plates (measurement of
mycelium area Lutz et al., 2003) that was used is difficult for
intermingling fungi and may have misinterpreted their
interaction. Furthermore, agar plates and maize tissue differ
in many properties that could affect the interaction. Differ-
ences in water activity, for example, have been shown to
affect the competing abilities of F. graminearum and Tricho-
derma (Marin et al., 1998). Our microcosm design and the
presented PCR assays offer a system to screen Trichoderma
spp. for better performance against F. graminearum than T.
atroviride P1. We would point out that our microcosms
cannot replace subsequent field trials with maize residues,
because discrepancy between in vitro tests and the perfor-
mance in biological control is a common problem and has
been reported for Trichoderma in the control of wheat
seedling blight caused by E graminearum (Dal Bello et al.,
2002).

In conclusion, the competitive microsatellite PCR assays
presented here allowed reliable biomass quantification of
T. atroviride and F. graminearum in samples which con-
tained a variable amount of DNA and PCR inhibitors, such
as air-dried maize leaves and field-overwintered maize
residues. Competitive microsatellite PCR could have appli-
cations for the quantification of other fungi, particularly
under conditions where real-time PCR performs poorly. We
used our PCR assays to test the competitive ability of a
DON-producing F. graminearum and its nontoxigenic mu-
tant against the biocontrol candidate T. atroviride in a
standardized microcosm with autoclaved maize leaf tissue.
As we found no evidence for a recently suggested competi-
tive advantage conferred by F. graminearum DON produc-
tion (Velluti et al., 2001; Lutz et al., 2003), biocontrol
application of Trichoderma is unlikely to increase selection
for toxigenic F. graminearum specimens; this needs to be
proven under field conditions. In our competition assays, we
further observed partially reduced DON production per
E. graminearum wild-type biomass in the presence of
T. atroviride. The role of T. atroviride in this DON reduction
and a potential biocontrol application require further in-
vestigation. Although we found no evidence for DON
production as a defense strategy against antagonism, one
should be careful drawing the conclusion that DON has no
relevance in the saprophytic stage of Fusarium. DON is a
potent inhibitor of eukaryotic protein synthesis (Bennett &
Klich, 2003) and toxic to insect cells (Fornelli et al., 2004 ), so
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it may potentially affect any other decomposer of crop
residues, including arthropods.
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