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Abstract

White mould disease leads to production of sclerotia, which subsequently survive in soil and may be responsible
for future epidemics. The effect of the mycoparasite Coniothyrium minitans in decreasing survival of sclerotia of
Sclerotinia sclerotiorum was studied. Infection of sclerotia of S. sclerotiorum by C. minitans can be achieved by a
single conidium. Under optimal conditions, 2 conidia per sclerotium produced 63% of the maximum infection (ca.
90%) of sclerotia produced by up to 1000 conidia. Similar results were observed on the infection of stem pieces
infected by S. sclerotiorum. In field trials, application of conidial suspensions of C. minitans to a bean crop soon
after white mould outbreak led to a higher percentage of sclerotial infection than later applications. Ninety per
cent infection of sclerotia was obtained within 3 weeks of application by C. minitans suspensions in the range of
5 × 105 and 5 × 106 conidia ml−1 at 1000 l ha−1. The concentration of the conidial suspensions and the isolate
used were of less importance. The result was marginally affected by the germinability of the conidia (75% against
61% infected sclerotia at 91% and 16% viability of isolate IVT1, respectively). Less apothecia of S. sclerotiorum
developed in soil samples collected after 2 months from plots sprayed immediately after disease outbreak than
from those treated 11–18 days later. It is concluded that a suspension of 106 conidia ml−1 in 1000 l ha−1 (= 1012

conidia ha−1) sprayed immediately after the first symptoms of disease are observed, results in >90% infection of
sclerotia of S. sclerotiorum. The infection of sclerotia, which prevents their carry-over, occurs within a broad range
of inoculum quality.

Introduction

White mould, caused by the fungus Sclerotinia
sclerotiorum, is one of the most damaging plant dis-
eases of the temperate zone. Due to the pathogen’s
wide host range and its survival as sclerotia, the
control of white mould largely relies on the use of
fungicides. Public pressure for less dependence on
chemical crop protection has stimulated research on
biological control. Two specific fungal antagonists
of S. sclerotiorum, Sporidesmium sclerotivorum and
Coniothyrium minitans have drawn special attention
in this respect (Adams and Ayers, 1981; Whipps and
Gerlagh, 1992). Coniothyrium minitans was registered

as ‘Contans’ for white mould control in lettuce in
Germany in 1997 and as ‘Koni’ in Hungary in 1998
(Whipps and Lumsden, 2001). Recently, Contans has
been registered in many other countries and for vari-
ous crops (www.Prophyta.de). Coniothyrium minitans
is highly specific to Sclerotinia spp. and Sclerotium
cepivorum. Specificity has the advantage of excluding
undesirable side-effects, but limits the market size,
making the product less attractive to producers and
more expensive to customers. Consequently, the user
of such an expensive product aims at a good effect,
while using the minimal quantity, although the realis-
tic dosage of such a biocontrol agent is also a function
of the price of chemical alternatives.
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There are two main approaches in the application of
C. minitans: (1) to the soil to kill sclerotia, the source of
apothecia (the fruiting bodies), and (2) to crop debris to
infect mycelium and sclerotia of S. sclerotiorum, which
consequently prevents contamination of the soil with
viable sclerotia (Gerlagh et al., 1999).

The mycoparasite lacks active growth through
the soil which limits the effect of application of
C. minitans conidia to soil (Adams, 1990). To com-
pensate, large quantities of inoculum and thorough
mixing may enhance contact between sclerotia and
the mycoparasite. However, Williams et al. (1998)
have shown that the soil mesofauna can transport
conidia of C. minitans in the soil. This could result in
a substantial reduction in numbers of sclerotia, even
with lower densities of inoculum. When a diseased
crop or crop debris is treated with a suspension of
C. minitans conidia, the conidia have direct access to
the survival structures of S. sclerotiorum. The question
arises whether this would allow the use of much lower
dosages of the biological control agent (BCA) than
with soil application, without jeopardising its effect.

The present study addresses two aspects of this
problem. Firstly, elucidation of the minimum number
of conidia of the mycoparasite necessary to cause
substantial infection and subsequent death of sclerotia
of S. sclerotiorum in in vitro experiments. This study
was extended to include plant tissue pervaded by
S. sclerotiorum. Secondly, the effect of concentration,
spore batch (quality and isolate) and application time
on sclerotial infection and apothecial production was
studied. Field plots were sprayed with realistic concen-
trations of conidial suspensions after the appearance
of first disease symptoms with the aim to induce a high
degree of infection of sclerotia in order to guarantee
a reduced soil contamination and therefore control of
future white mould epidemics.

Materials and methods

Spore suspensions of C. minitans

Coniothyrium minitans was grown in spawn bags on
oats for 3–4 weeks at 20 ◦C (Gerlagh et al., 1999).
After incubation, the culture was used immediately or
stored at 4 ◦C after drying for 24 h at room temperature
in a sterile airstream. Spore suspensions were prepared
by macerating the oat grain inoculum in a household
blender. About 100 g (dry weight) of the inoculum was
added to 1 litre tap water, macerated for 10 s, stored

for 30 min at 4 ◦C, and then macerated for 2 min at
full speed. The thick suspension was passed through
a sieve to eliminate chaff and subsequently through
double cheesecloth. The concentration of the remain-
ing suspension was counted with a haemacytometer
and the suspension diluted according to the needs.
The concentration commonly used for application as
a BCA was 5 × 106 conidia ml−1.

Depending on the experiment, three isolates of
C. minitans, IVT1, C15 (Gerlagh et al., 1996) and a
German isolate received from Dr. P. Lüth (Prophyta),
were used.

Infection of sclerotia by C. minitans

Laboratory experiments
Production of sclerotia and plant tissue colonised
by S. sclerotiorum. A culture of S. sclerotiorum was
obtained from infected carrot. Sclerotia were produced
on potato dextrose agar (PDA, Oxoid, Basingstroke,
UK) in 9 cm diameter Petri dishes incubated in dark-
ness at 20 ◦C. After 1 week the first ripe (black) scle-
rotia of >2 mm diameter were collected and stored at
4 ◦C in a Petri dish sealed with parafilm. Every second
day new sclerotia were collected from the same dishes
until production had stopped.

Snapbean, Phaseolus vulgaris, cv. Groffy, was
sown in 14 cm pots filled with potting soil and grown
in the greenhouse at 20 ◦C under natural light condi-
tions. Stems of 6-week-old plants were cut in 1.2 cm
segments, surface sterilised in 1% sodium hypochlo-
rite for 30 s, and rinsed three times in sterilised tap
water. The segments were arranged in a concentric
circle in Petri dishes containing PDA and inoculated
with S. sclerotiorum 24 h earlier. After 3 days of incu-
bation at 16 ◦C the segments had been colonised by
the pathogen. They were collected and put individu-
ally in a sterile 24-well cell culture plate (COSTAR,
Cambridge, MA, USA). They were further incubated
for 3 days at 20 ◦C in the dark, with a moist filter paper
in the cover of the plate to maintain humid conditions.

Inoculation with C. minitans and assessment of
infection. Sclerotia were individually applied in a
sterile 24-well cell culture plate. A 25 µl spore sus-
pension of C. minitans was applied on top of each
sclerotium. Spore suspensions were diluted to yield
1, 5, 10, 50, 100, 500 and 1000 conidia per 25 µl
droplet. Real numbers per droplet were checked on
a microscope slide, 6–8 drops per concentration. Cell



491

culture plates were incubated at 20 ◦C for 2 weeks
with moist filter paper in the cover to create optimal
conditions for infection. Subsequently, sclerotia were
screened for infection by C. minitans. They were
surface sterilised, bisected and plated on PDA plus
tetracycline (Whipps and Budge, 1990) and the per-
centage of infected sclerotia was scored after 2 weeks
of incubation in the dark at 20 ◦C. Other plates were
incubated for 3 weeks and screened by visual obser-
vation at 50× under the dissecting microscope, which
was repeated after one more week of incubation. The
presence of C. minitans was evident as black pycnidia
with conidia oozing out in black, shiny slime.

Sclerotinia sclerotiorum-infected stem segments
were inoculated with C. minitans in the same way as
sclerotia. Care was taken not to inoculate sclerotia
whenever they were formed on the tissue. Infection of
S. sclerotiorum on the stem pieces by C. minitans was
assessed visually after 3 weeks of incubation.

The experiments were set up as a randomised block
(block = 24-well plate) design. In each 24-well plate
10 sclerotia were inoculated with a specific spore
concentration of isolate IVT1, and 10 with the same
concentration of isolate C15. Four control sclerotia in
each plate remained uninoculated. The sclerotial ran-
domised block design had three plates (replicates) per
conidial concentration. This experiment was repeated
twice, with the 5 conidia per 25 µl droplet treatment
missing in the first repetition. The stem segment assay
consisted of five plates (replicates) per conidial concen-
tration, each containing per plate ten stem segments per
isolate, and again four uninoculated control segments.

Additional experiments were performed with
S. sclerotiorum-infected stem segments at incubation
temperatures of 15 and 10 ◦C .

Field trials
Field trials were performed in 1995 and 1996 to com-
pare the effect of timing of C. minitans application, of
different conidial concentrations of suspensions, and
different qualities (isolates and batches) on sclerotial
infection by the mycoparasite.

Lay-out trial one, 1995. A split-plot design field trial
was laid out on May 22, 1995 with 156 subplots of
5×5 m2 with snapbean, cv. Groffy, separated from each
other by a 3 m wide maize buffer to prevent recipro-
cal contamination with C. minitans between plots with
different treatments. Rows of bean were 50 cm apart;
15 untreated bean seeds m−1. Crop management was

limited to hand weeding, and fertilising according to
normal agricultural practice. No crop protectants were
applied. The field contained the following treatments
in four replicate blocks.

The three main plots per block represented
soil inoculation with laboratory-grown sclerotia
of S. sclerotiorum at three levels, 0, 1 and 5 g
sclerotia m−2, randomised within the blocks. The
sclerotia were grown on beans, washed free from
bean residues, and incubated for at least 6 weeks at
4 ◦C to stimulate germination with apothecia. They
were spread on the field immediately before sowing
the bean crop and subsequently raked in to obtain a
distribution within the superficial layers of the soil in
order to assure production of apothecia after canopy
closure of the bean crop.

Within each plot, 13 treatments were randomly allo-
cated to subplots. After the appearance of symptoms
of white mould, subplots were sprayed with a suspen-
sion of C. minitans conidia in water at a rate equivalent
of 1000 l ha−1 (2.5 l per subplot). The application time
of C. minitans (early, August 8 (immediately after the
first symptoms of white mould had been found); mod-
erately late, August 16; or late, August 24), the isolate
(IVT1, C15 or German isolate) used and the concen-
tration (5 × 105, 106 or 5 × 106 conidia ml−1) varied:

1. Early, IVT1, 5 × 105;
2. Early, IVT1, 106;
3. Early, IVT1, 5 × 106;
4. Early + moderately late, IVT1, 5 × 105;
5. Early + moderately late, IVT1, 106;
6. Early + moderately late, IVT1, 5 × 106;
7. Moderately late, IVT1, 5 × 105;
8. Moderately late, IVT1, 106;
9. Moderately late, IVT1, 5 × 106;

10. Late, IVT1, 106;
11. Late, C15, 106;
12. Late, German isolate, 106;
13. Control (untreated)

To follow the infection of sclerotia by C. minitans, a
collection of 5 sclerotia of S. sclerotiorum per subplot
took place weekly, beginning 8 days after the spray
application. Sampling within the subplots was random
from different plants, and continued until the crop
was overripe and drying. The number of sclerotia
sampled was reduced when too few (< 5) bean plants
with white mould occurred in the plot. Infection of
sclerotia by C. minitans was assessed by plating sur-
face sterilised sclerotia onto PDA as described above
(Laboratory experiments).
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Lay-out trial two, 1996. In 1996, a comparable trial
was laid out, with minor modifications. Plot size was
5 × 4.5 m2, and sowing date was May 30. The trial set-
up was the same as in 1995 with four replicate blocks,
each consisting of three main plots with inoculation of
0, 1 and 5 g sclerotia m−2.

Subplots were sprayed with a suspension in water
of C. minitans, 1000 l ha−1 (2.25 l per subplot). There
were 12 different treatments (subplots), differing in
time of application of C. minitans (early, August 9;
moderately late, August 20, or late, August 27), in iso-
late of C. minitans (IVT1 or C15) used, in the quality
of the conidia (% viability), and in concentration of
the spore suspension (106 conidia ml−1 for treatments
1–3 and 6–11 and 5 × 105 and 5 × 106 conidia ml−1

for treatments 4 and 5, respectively). The quality of
conidia was influenced by the duration of incubation
of the culture of C. minitans. Three weeks of incuba-
tion led to production of conidia with 91% and 83%
germination on PDA within 48 h for IVT1 and C15,
respectively. Six weeks of incubation of IVT1 yielded
conidia with 16% germination. The treatments were:

1. Early, IVT1, 91% viability;
2. Early, IVT1, 16% viability;
3. Early, C15, 83% viability;
4. Early and moderately late, IVT1, 91% viability,

5 × 105 conidia ml−1;
5. Early and moderately late, IVT1, 91% viability,

5 × 106 conidia ml−1;
6. Moderately late, IVT1, 91% viability;
7. Moderately late, IVT1, 16% viability;
8. Moderately late, C15, 83% viability;
9. Late, IVT1, 91% viability;

10. Late, IVT1, 16% viability;
11. Late, C15, 83% viability;
12. Control (untreated).

To stimulate germination of S. sclerotiorum sclero-
tia and production of apothecia on the soil, irrigation
was applied two times per week, beginning by the mid-
dle of July. Irrigation was discontinued by the middle
of August when natural rainfall became sufficient (at
least two rainy periods per week). First apothecia were
observed on July 29. Weekly collection of sclerotia
from the subplots was as in 1995.

Survival of sclerotia; soil samples

Based on experience (Gerlagh et al., 1999) sclerotia
infected by C. minitans were believed not to survive in

the soil and produce apothecia in the next season. To
assess the effect of the C. minitans treatments on the
numbers of sclerotia surviving in the soil after the 1996
bean crop, composite soil samples were collected from
all subplots by taking five superficial (10 cm deep) soil
samples of 1–1.5 kg (dry soil) per subplot at the end
of the 1996 growing season. Each composite sample
was stored over winter in a cold warehouse in a plastic
tray 30 × 40 × 8 cm3. The soil was kept moist by reg-
ular watering. With the rise of temperature in spring,
apothecia developed on the soil. Numbers of apothecia
were counted weekly until no new apothecia appeared
in June. The number of apothecia per tray was consid-
ered proportional to the number of surviving sclerotia
in the soil samples.

Statistics

Laboratory experiments
The relationship between percentage of infected sclero-
tia and the density of C. minitans (numbers per droplet)
was described by the exponential model

y = A[1 − exp(−cz)]

where y is the percentage of the pathogen population
infected, z is the density of C. minitans, c is a constant
that governs the efficiency of the biological control
agent and A represents the maximum percentage
that can be infected by C. minitans (Johnson, 1994;
formula 4). This model allows less than 100% infec-
tion of sclerotia with high inoculum doses. In separate
analyses, both target density values and realised den-
sities were used in fitting the exponential model to
observed percentages of infection of sclerotia and of
stem pieces by C. minitans as scored in the labora-
tory experiments. Under the exponential model the
response is 63%, 86% and 91% of the maximum value
at densities of z = 1/c, 2/c and 3/c, respectively.
An approximate 95% confidence interval for 1/c was
computed as 1/c ± 2 × SE(1/c), where SE denotes
the standard error. The exponential model was fitted
to the data of each substrate ∗ isolate ∗ screening
method combination, using the non-linear procedure
in GENSTAT (Genstat 5 Committee, 1993; 1997).

Field trials; infection of sclerotia
For a visual assessment of differences in mean per-
centages of infected sclerotia with time between the
spray treatments and the control treatment, means were
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plotted against the number of weeks after spraying.
This was done separately for the set of early spray treat-
ments and the control, the set of moderately late spray
treatments and the control and for the set of late spray
treatments and the control. The treatments which were
sprayed twice, early and moderately late, were anal-
ysed as early sprays.

For the 1996 experiment, differences between treat-
ments in percentage of infected sclerotia at 4 weeks
after spraying were investigated by fitting logis-
tic regression models for over-dispersed proportions
(McCullagh and Nelder, 1989) to the observed counts
of infected sclerotia. For comparisons with the con-
trol treatment a logistic model with replicate and treat-
ment as explanatory variables was fitted to the observed
counts of infected sclerotia of each set separately.
Effects of different levels of time of application and of
‘type of isolate’ (IVT1 with 91% viability, IVT1 with
16% viability and C15) were investigated by fitting a
logistic model with replicate, time of application, iso-
late and the interaction between time of application and
isolate to the observed counts of infected sclerotia of
the set of 9 factorial treatment combinations of time of
application (early, middle late and late) and isolate.

In the model, the relationship between the probabil-
ity P , 0 < P < 1, that a random sclerotium will be
infected and the explanatory variables was described
by the logit-link function, i.e.

Logit(P ) = ln

(
P

1 − P

)
= constant + replicate

+ effects explanatory variables

In the models the variance of the observed counts (Y )
of infected sclerotia was assumed to be proportional to
binomial variance, i.e.

Var(Y ) = ϕnP (1 − P),

where n is the number of sclerotia examined and ϕ

denotes the dispersion parameter, with ϕ > 1 in case
of over-dispersion.

Apothecial counts
Differences in total counts of observed apothecia were
examined using a generalised linear model for gamma
distributed counts (McCullagh and Nelder, 1989). In
the model, the relationship between mean counts and
the explanatory variables was described by the log-link
function. The log-link function reads

ln(µ) = constant + replicate

+effects explanatory variables

The log-link function was used, assuming proportional
treatment effects are more appropriate than additive
effects. The model assumed that the coefficient of vari-
ation in the observed counts is approximately constant.
The validity of this assumption was checked by inves-
tigating the relationship between sample variance and
sample mean on log–log scale. Two models were used:
in model 1 replicate, time of application and treatments
within time of application were taken as explanatory
variables. In model 2 replicate, time of application, iso-
late (IVT1 with 91% viability, IVT1 with 16% viability
and C15) and their interaction were taken as explana-
tory variables. Model 1 was fitted to the observed
counts of all treatments. Model 2 was fitted to the
data of the 9 factorial treatment combinations of time
of application and isolate. Effects due to differences
between different levels of artificial contamination of
the plots were ignored, because they did not show any
effects.

For generalised linear models an analysis
of deviance is used as a generalisation of the analysis of
variance for data with Normal errors. In an analysis of
deviance table each deviance represents the variation
accounted for by its corresponding term having elim-
inated the effects of terms above it, but ignoring any
effects of those terms below it. The criterion for inclu-
sion of a term in the model is an F -test for the ratio of
the mean deviance for the particular term to the mean
deviance of the rest. The mean deviance of the rest is an
estimate for the over-dispersion of the observed propor-
tions or an estimate of the square of CV for the observed
counts of apothecia. Pairwise comparisons between
treatment means on the logit or log-scale were tested
using t-tests. All statistical analyses were performed
with GENSTAT 5 (Genstat 5 Committee, 1993; 1997).

Results

Laboratory experiments

Infection of sclerotia and stem segments gave virtu-
ally the same results. Experiments with stem segments
incubated at 15 and 10 ◦C also yielded the same lev-
els of infection by C. minitans (data not shown). The
data were analysed both for the targeted numbers of
conidia per droplet (0, 1, 5, 10, 50, etc. conidia per
droplet) and the numbers realised (as counted in the
drops sampled on the microscope slides), but this led
to essentially the same results. Data from two experi-
ments with sclerotia and one with infected stem pieces
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Table 1. Parameter estimates related to percentage infection by C. minitans of both sclerotia of Sclerotinia sclerotiorum and bean stem
pieces infected by S. sclerotiorum. The infection was caused by a variable number of conidia (range 1–1000), isolates IVT1 and C15,
and assessed by plating on agar and by visual inspection

Substrate Isolate Screening
method

Trial
number

Analysis according to
realised number of conidia
per droplet

% accounted
for∗

Estimate of droplet concentration for
63% of maximum response
(# per 25 µl suspension)

A c 1/c Confidence interval
1/c (95%)

Lower
limit

Upper
limit

Sclerotia IVT1 Plating 1 78.0 (5.67) 0.50 (0.244) 75 2.0 (0.96) 0.1 3.9
Sclerotia IVT1 Plating 2 81.3 (3.58) 0.62 (0.188) 68 1.6 (0.49) 0.6 2.6
Sclerotia C15 Plating 1 95.3 (2.49) 0.50 (0.082) 86 2.0 (0.33) 1.3 2.7
Sclerotia C15 Plating 2 95.7 (4.62) 0.59 (0.124) 86 1.7 (0.36) 1.0 2.4
Sclerotia IVT1 Visual 1 79.4 (5.46) 0.13 (0.048) 87 7.8 (2.92) 2.0 13.7
Sclerotia IVT1 Visual 2 68.7 (1.90) 0.43 (0.081) 91 2.3 (0.44) 1.4 3.2
Sclerotia C15 Visual 1 58.6 (10.68) 0.03 (0.018) 4 34.9 (22.47) 0 79.8
Sclerotia C15 Visual 2 74.6 (2.05) 0.45 (0.051) 96 2.2 (0.25) 1.7 2.7
Stem pieces IVT1 Visual 1 87.5 (5.18) 0.42 (0.154) 61 2.4 (0.88) 0.6 4.2
Stem pieces C15 Visual 1 90.6 (2.66) 0.77 (0.158) 85 1.3 (0.26) 0.8 1.8
∗By exponential model. The parameter estimates are based on the equation y = A[1 − exp(−cz)], in which: y = percentage
infection; A = the asymptote value; maximum % infection at high inoculum dose; c = efficiency parameter; z = number of conidia
(per 25 µl droplet inoculum). The SEs are indicated between brackets. At z = 1/c, 2/c and 3/c the % infection is 63%, 86% and
91%, respectively of A.

(analysed according to realised number of conidia) are
summarised in Table 1 and Figure 1.

The asymptote value A, the maximum percentage
infection by C. minitans obtained with high num-
bers of conidia per droplet, ranged from 58.6% to
95.7%. The lowest values were generally obtained with
visual examination of treated sclerotia. The percentage
accounted for by the model varied between 61% and
96%, with the exception of visually assessed sclerotia
of C15 in the first experiment (Figure 1d). In the lat-
ter case only 4% of the variance was explained, and
no fitted line was drawn in the graph. Even at 2 coni-
dia per droplet, 63% (column 1/c) of the asymptote
infection percentage was already reached. Only in the
first experiment, at this low number of applied conidia,
visual inspection of infection of sclerotia led to aber-
rant figures for both IVT1 and C15 compared to diag-
nostic plating of the sclerotia. Visual inspection of stem
pieces gave similar results as the plating of sclerotia.
Four or six conidia per droplet led to 86% and 91% of
the maximum infection.

Field trials

The number of apothecia in the field were often low
(<1 m−2) in 1995. No relation was found between the

appearance of apothecia and the artificial contamina-
tion of the field, indicating a poor germination of the
applied sclerotia of S. sclerotiorum, which nevertheless
could be seen on the soil. In most subplots, the disease
incidence (number of bean plants infected) was low in
1995 in contrast to infection in 1996.

The percentage of sclerotium infection by
C. minitans increased with time after application.
One week after spraying it was still low in 1995 and
only 70% infection was reached 4 weeks after the
early spray treatment with the highest concentration
(Figure 2). Plots which received early plus moderately
late sprays had similar infections to those which only
received early sprays. They were therefore presented
in the same graph as the early spray. Except for the
late spraying and the moderately late spraying with
lowest concentration (5 × 105), the infection percent-
age finally reached a level of 50–80%. Infection of
sclerotia from control plots remained low.

In 1996, 30–60% of the sclerotia were infected with
C. minitans at 1 week after spraying. One or two weeks
later the infection had reached about 80% for all early
spraying treatments, and the overall infection finally
reached 90%. The effects of application time was
highly significant (Table 2). Based on the calculated
P -values of the t-tests for pairwise differences early
application resulted in a significantly higher infection
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Figure 1. Effect of increasing numbers of C. minitans conidia on the percentage infection of sclerotia and S. sclerotiorum-colonised stem
segments realised in laboratory trials. Fitted lines are based on the exponential model y=A[1− exp(−cz)], and realised conidial numbers.
Graphs a–d contain data from two trials (trial 1�; trial 2×). The fitted line for d, trial 1, was unacceptable as only 4% of the variation was
accounted for. a = C. minitans isolate IVT1; infection of sclerotia scored by diagnostic plating; b = C. minitans isolate IVT1; infection
of sclerotia scored by visual inspection; c = C. minitans isolate C15; infection of sclerotia scored by diagnostic plating; d = C. minitans
isolate C15; infection of sclerotia scored by visual inspection; e = C. minitans isolate IVT1; infection of stem pieces scored by visual
inspection; f = C. minitans isolate C15; infection of stem pieces scored by visual inspection.

rate (84%) than moderately late (64%) and late (53%),
which did not differ significantly. Late treatment did
not differ from the control (50% infection).

There was slight evidence for isolate (IVT1, 91%
viability as opposed to IVT1, 16% and C15, 83%)
effects (0.05 < P < 0.10). IVT1, 91% viability
resulted in significantly higher infection rate (75%)
than IVT1, 16% (61% infected sclerotia; P = 0.02),
while the remaining pairwise differences were not sig-
nificant (66% infected sclerotia for C15). The effects

of isolate and viability and their interaction with time
of application were extremely limited. Lower concen-
trations of spray suspension (5 × 105 versus 1 × 106 or
5×106 conidia ml−1) resulted in a slight delay of infec-
tion, but after 3 weeks the same level was attained for
all concentrations (Figure 3A). Later spraying delayed
high infection percentages more than lower number or
quality of conidia. Even by the end of the experiment
moderately late and late spraying did not result in the
level of infection realised with earlier spraying. The
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Figure 2. Effect of various treatments (2.5 l conidial suspension of C. minitans per plot) of a S. sclerotiorum-infected bean crop on
the percentage of sclerotia infected by C. minitans compared to the control. (Trial 1995) Treatments were performed immediately after
appearance of the first symptoms (A, early spray, in week 0, isolate IVT1, at concentrations of 5×105, 106 or 5×106 conidia ml−1, treatments
1–3, respectively), 8 days later (B, moderately late, in week 1, isolate IVT1, at concentrations of 5 × 105, 106 or 5 × 106 conidia ml−1,
treatments 7–9, respectively), or 16 days later (C, late, in week 2, isolates IVT1, C15 and a German isolate at 106 conidia ml−1, treatments
10–12, respectively). Three treatments received both an early as well as a moderately late spray (A, treatments 4–6) at concentrations
mentioned above. In all treatments weekly sampling of sclerotia started 1 week after spraying and continued until the end of the experiment.
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Table 2. Deviance table for counts of infected sclerotia at 4 weeks after spraying. The effect of
time of application (early, moderately late and late) and isolate of C. minitans (IVT1 with 91%
viability, IVT1 with 16% viability, and C15 with 83% viability) in the nine factorial combinations
on infection of sclerotia of S. sclerotiorum was analysed

Source Degrees of
freedom

Deviance Mean
deviance

Deviance
ratio

F probability∗

Replicate 3 0.53 0.18 0.1 0.949
Time of

application (T )
2 43.17 21.59 14.6 <0.001

Isolate (I) 2 8.47 4.23 2.9 0.062
Interaction T ∗I 4 2.87 0.72 0.5 0.746
Residual 96 141.60 1.48

Total 107 196.63 1.84
∗According to F -distribution, ignoring effect in the following rows.

control plots also gradually developed quite high levels
of infection by C. minitans, stabilising at about 40%,
and not statistically different from the infection of late
sprayed plots (Table 3; Figure 3).

Apothecia

The validity of the model assumption of approximately
constant CV was investigated by linear regression of
ln(sample variance) on ln(sample mean) of the treat-
ments. The variance accounted for by the fitted line
was 94% and the slope of the fitted line was 1.78
(SE = 0.13). Since for data with a constant CV the
relationship between ln(variance) and ln(mean) is lin-
ear with a slope of 2 the validity of the assumption
was not doubted. Some treatments showed rather low
mean counts, suggesting a low incidence of apothe-
cia. At low incidence, zero counts for individual plots
are quite probable. Since apothecia were found for all
treatments we considered zero counts to be due to sam-
pling and not to be structural. Since the generalised
linear model for gamma distributed data cannot cope
with zero counts we added a small positive value to all
counts prior to analysis. The robustness of this proce-
dure was investigated by adding 0.02, 0.1 and 0.5 to the
observed counts. In all cases conclusions on treatment
effects were the same.

The effect of explanatory variables on the number of
apothecia was analysed according to models 1 and 2
(Deviance Tables 4 and 5, respectively). Both analyses
led to the same conclusions.

The number of apothecia scored on the trays with
soil samples from the 1996 trial field was only influ-
enced by the time of spraying. Control trays produced
28.1 apothecia on average, late sprays 20.3, moderately

late sprays 13.0, early sprays 2.4, and early plus moder-
ately late sprays 0.9. The latter figure was significantly
different from all others. Early sprays resulted in sig-
nificantly lower numbers of apothecia than moderately
late or late sprays and the control. The control did not
differ from moderately late or late sprays. The effect
of concentration of the spray suspension or spore batch
(viability) was insignificant (Figure 4 and Tables 3–5).

Discussion

Trials with BCAs to control plant pathogens generally
use initially high BCA concentrations in order to prove
the potential benefit. Hundreds of kilograms of inocu-
lum per hectare as a soil application of C. minitans
(Whipps and Gerlagh, 1992) is common. McQuilken
et al. (1997) film-coated S. sclerotiorum-infected seeds
of sunflower and sclerotia with 5×106 and 7–14×106

conidia of C. minitans per gram respectively. These
numbers were still insufficient to improve seedling
survival, but effectively prevented development of
apothecia from the sclerotia. With inoculum dosages
in the order of 500–3000 kg ha−1 (depending on the
substrate), McLaren et al. (1996) succeeded in strongly
reducing the development of apothecia in soil. At such
concentrations, a quantitative dose effect was estab-
lished with dose variations 1 : 3. Tu (1999) also reported
a much better suppression of apothecia with 106 than
with 104 conidia of C. minitans per gram of experimen-
tal soil. Budge et al. (1995), as well as McQuilken and
Whipps (1995), found high percentages (80–100%) of
infected sclerotia in plots treated with high doses of
C. minitans (2300 kg ha−1). But even in control plots,
some of the sclerotia were infected by C. minitans.
McQuilken et al. (1995) showed a strong (>90%)
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Figure 3. Effect of various treatments (2.25 l conidial suspension of C. minitans per plot) of a S. sclerotiorum-infected bean crop on
the percentage of sclerotia infected by C. minitans compared to the control. (Trial 1996). Treatments were performed immediately after
appearance of the first symptoms (A, early spray, in week 0, isolate IVT1, 91% viability; IVT1, 16% viability; C15, 83% viability;
treatments 1–3, respectively), 11 days later (B, moderately late, in week 1, batches of isolates as above, treatments 6–8, respectively) or
18 days later (C, late, in week 2, batches of isolates as above, treatments 9–11, respectively). Early, moderately late and late sprays were
at a concentration of 106 conidia ml−1. Two treatments received both an early as well as a moderately late spray with IVT1, 91% viability
at concentrations of 5×105, and 5×106 conidia ml−1, respectively (A, treatments 4 and 5). In all treatments weekly sampling of sclerotia
started 1 week after spraying and continued until the end of the experiment.
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Table 3. Comparison of percentage infection of sclerotia at 4 weeks after spraying in 1996 in relation to apothecia development in the
following year. Treatments consisted of single sprays of a S. sclerotiorum-infected crop with conidial suspensions of C. minitans varying
in isolate, quality and concentration and applied at three periods after the start of the epidemic. Only treatments 4 and 5 received two
sprays. The effect of treatments on percentage sclerotial infection was grouped per spraying time to account for the increase of infection
of the control 4 weeks after gradually later spraying

Treatment
number

Description % infected sclerotia Numbers of apothecia

Application time Isolate Viability (%) Concentration Real value Logit Real value In scale

12 Early −(Control) 35.0 −0.62 a∗ 28.1 3.34 e
1 IVT1 91 106 95.3 3.26 c 1.5 0.41 b
2 IVT1 16 106 76.7 1.81 b 3.3 1.21 bc
3 C15 83 106 83.3 2.23 bc 2.5 0.92 b
4 (+moderately late) IVT1 91 5 × 105 91.2 2.96 bc 1.6 0.47 b
5 (+moderately late) IVT1 91 5 × 106 93.3 3.26 c 0.3 −1.32 a

12 Moderately late − (Control) 36.7 −0.55 a 28.1 3.34 e
6 IVT1 91 106 68.3 1.32 b 21.7 3.08 de
7 IVT1 16 106 61.7 1.02 b 11.5 2.44 cde
8 C15 83 106 63.3 1.09 b 5.7 1.74 bcd

12 Late −(Control) 50.0 0.00 a 28.1 3.34 e
9 IVT1 91 106 62.5 0.51 a 20.6 3.03 de

10 IVT1 16 106 45.0 −0.20 a 19.3 2.96 de
11 C15 83 106 52.5 0.10 a 20.9 3.04 de
∗Figures within the same column, and with respect to the % infected sclerotia within the same spraying time-group, not followed by the
same letter are significantly different (P < 0.05).

Table 4. Deviance table of the analysis of effects of replicate, time of application and treatments
within time of application on apothecial counts. Time of application consisted of four treatments
and control; C. minitans was applied to sclerotia of S. sclerotiorum on a bean crop early, moderately
late and late as a single application, and early plus moderately late. Treatments within time of
application consisted of IVT1 with 91% viability, IVT1 with 16% viability, or C15 with 83%
viability applied as a single spray at 106 conidia ml−1 and IVT1, 91% viability applied at 5 × 105

or 5 × 106 conidia ml−1 twice (early and moderately late)

Source Degrees of
freedom

Deviance Mean
deviance

Deviance
ratio

F probability∗

Replicate 3 33.64 11.21 3.53 0.017
Time of application (T ) 4 159.96 39.99 12.58 <0.001
Treatment within T 7 26.25 3.75 1.18 0.319
Residual 129 410.16 3.18

Total 143 630.01 4.41
∗According to F -distribution, ignoring effect in the following rows.

Table 5. Deviance table of the analysis of effects of replicate, time of application, isolate treat-
ments and their interaction on apothecial counts. The analysis was restricted to the factorial com-
binations of time of application (early, moderately late and late) of C. minitans, isolates IVT1 with
91% viability, IVT1 with 16% viability, or C15 with 83% viability to sclerotia of S. sclerotiorum
on a bean crop

Source Degrees of
freedom

Deviance Mean
deviance

Deviance
ratio

F probability∗

Replicate 3 21.70 7.23 2.32 0.081
Time of application (T ) 2 71.81 35.91 11.50 <0.001
Isolate (I) 2 1.90 0.95 0.30 0.738
Interaction T ∗I 4 12.36 3.09 0.99 0.417
Residual 96 299.77 3.12

Total 107 407.55 3.81
∗According to F -distribution, ignoring effect in the following rows.



500

0

10

20

30

40

50

60

70

80

90

100

5 1 4 3 2 8 7 10 9 11 6 C

Treatment

infected sclerotia (%)

apothecia (#)

Figure 4. Effect of various treatments (described in Figure 3) of a S. sclerotiorum-infected bean crop on the percentage of sclerotia
infected by C. minitans at 4 weeks after the spray application and on the number of apothecia developing on soil samples collected from
differently treated subplots. Soil samples were collected in autumn following the experiment, stored during the winter, after which the
apothecia were counted in spring.

suppression of apothecial germination in spring after
application of 0.8 and 1.6 l m−2 C. minitans inoculum
to soil in the preceding autumn. Spring application,
however, was less effective; a significant suppression
of apothecia started only at >2 months after appli-
cation of C. minitans. Hedke and Tiedemann (1999),
working with ‘Contans’ also confirmed that soil
application of the BCA in autumn was effective. The
concentration was low (only 1 or 2 kg ha−1) in their
trials and the difference in quantity was less relevant.

It is obvious that the environment (disregarding
nutrients) in the soil is much more stable and gen-
erally favourable for the activity of micro-organisms
than above ground and may possibly lead to more
efficient exploitation of the applied antagonist in soil.
However, it is much easier to reach sclerotia on above
ground crop parts than in the soil. This would limit the
need for a large quantity of inoculum in above ground
application compared to soil incorporation. In order to
better understand the weight of each of these factors,
we first examined the minimal number of conidia
required for infection under near optimal conditions
in the laboratory. The application of C. minitans to the
above ground crop was then performed in field trials
with inoculum doses much lower than normally used
for soil application. The scores reflected not only the
effect of the amount of C. minitans applied, but also

its reproduction within the sclerotia for new infec-
tions. The results obtained in laboratory tests show the
remarkable effectiveness of just 2 conidia, suggesting
that the application of very low amounts of C. minitans
on a diseased crop can effectively infect the sclerotia,
and thus control the pathogen under otherwise optimal
conditions. The field trials largely confirm this idea.

The field experiments showed sclerotial infections
by C. minitans in the order of 90% 4 weeks after
spraying when performed immediately after the first
observation of disease symptoms. When sprayed later,
the infection rate was slower, perhaps due in part to
the lower temperatures later in the season. The impor-
tance of the natural population build-up of C. minitans
after introduction to the crop can be clearly seen from
the similarity in sclerotial infection following treat-
ments differing in isolate, concentration, or germinabil-
ity of conidia. Even accidental infection of sclerotia by
C. minitans in the control reached the same level of
infection as the late application of poor quality coni-
dia (treatment 10, Figure 3). The effect of late spraying
with high quality inoculum was not even statistically
different from control (Table 3). Huang et al. (2000)
found a similar recovery of C. minitans in all treatments
(control included) in a biocontrol trial with several
potential antagonists to S. sclerotiorum, underlining its
unique capacity to be dispersed in a diseased crop.
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All data indicate that an early application of the
antagonist, as soon as the first disease symptoms
appear, is the best way to reduce survival of newly
formed sclerotia. When the crop persists in the field for
at least 3 weeks after application, the inoculum quality
and dosage are less decisive, at least under the condi-
tions of these trials.

The final percentages of sclerotial infection scored
during these trials considerably underestimate the
effect of C. minitans. As the sampling period pro-
gressed, it became more difficult to collect sclero-
tia in the majority of the treatments, due to the fact,
that sclerotia had completely decomposed and disap-
peared after infection by C. minitans. The rare sclero-
tia which could be collected may have escaped early
infection, or were produced by recent progress of
S. sclerotiorum on the bean crop. A 90% disappearance
of sclerotia after early treatment with C. minitans is cer-
tainly not exaggerated, given the difficulty in collect-
ing sclerotia in such plots. If 90% infection occurred
in the remaining 10%, this represents 99% suppres-
sion. When sprayed later however, part of the sclero-
tia will have dropped on the soil, and might escape
infection. This would result in higher percentages sur-
vival than expected on the basis of estimated percent-
ages infection of sclerotial samples. A difference of a
factor 100 was observed for apothecia recovered from
control plots and from plots sprayed early and mod-
erately late with 5 × 106 conidia ml−1 (Table 3). This
supports the order of magnitude mentioned for sup-
pression of sclerotial survival. In these experiments the
reduction of sclerotia due to diverse other biological
mechanisms is taken for granted. Bourdôt et al. (2000)
calculated a half-life time of about 1 year for sclerotia
of S. sclerotiorum in soil. Clearly this general decline
is many orders of magnitude less than the effect of
C. minitans.

With a concentration of 106 conidia ml−1, applied
at a rate of 1000 l ha−1 (1012 conidia ha−1) as soon
as the first symptoms appear, satisfactory results can
be obtained within broad ranges of inoculum quality.
This result might have been expected, since 2 coni-
dia were sufficient to infect the majority of sclerotia
(under optimal conditions). Since sclerotia are gen-
erally larger than 1 mm (diameter), 1012 conidia ha−1

(100 conidia mm−2) provide sufficient potential over-
dose to account for less optimal conditions, low ger-
minability of conidia and/or a leaf area index of the
crop of >1. This makes biocontrol of S. sclerotiorum
by C. minitans a reliable, robust practice.
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